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In order to assess the distribution and the promotional effects
of La3+, a characterization study has been performed on a series of
La3+-promoted 20 wt% Co/SiO2 catalysts of varying La/Co atomic
ratios (0, 0.05, 0.1, 0.2, 0.3, 0.5, and 0.75) prepared by impregnation
of prereduced and passivated Co/SiO2 in order to minimize effects
of promotion on Co particle size distribution. La3+ was found to be
well dispersed over the Co/SiO2 catalyst. However, it did not appear
to be evenly distributed on the Co metal surface. From temperature
programmed reduction, low La3+ loadings (La/Co ≤ 0.2) were found
to moderate the strong Co–support interactions resulting from
aqueous impregnation of Co/SiO2 and to improve the reducibil-
ity of the Co oxide. [Aqueous impregnation of prereduced Co/
SiO2 has been shown earlier to result in the formation of Co silicates
(Haddad, G. J., and Goodwin, J. G., Jr., J. Catal. 157, 25 (1995))].
On the other hand, high La3+ loadings (La/Co ≥ 0.5) appeared to
induce La–Co compound and/or nonreducible Co-silicate forma-
tion, possibly due to the higher pH of the impregnating solution.
The results indicate the multiple effects that promoters may have
on supported metal catalysts. In addition to possibly affecting reac-
tion on the sites, they may act to modify significantly the structure
of the metal catalyst, for example by moderating metal–support in-
teractions. Obviously, one expects that promoted catalysts prepared
directly from precursors may exhibit large differences in metal dis-
persion. However, even when promoted catalysts are prepared from
a precalcined or prereduced supported metal catalyst, the act of
adding a promoter may have as much an effect in modifying the
catalyst as the final presence of the promoter. c© 1996 Academic Press, Inc.

INTRODUCTION

Co-based catalysts have been demonstrated to be very
effective in F–T synthesis. The high activity, the minimal
formation of carbon which may increase catalyst life, the
low selectivity for making CO2, and the high selectivity for
making long chain paraffins makes Co catalysts especially
suitable for the indirect conversion of natural gas to
liquid fuels and waxes (1–5). A review of commercial Co
catalysts under development for F–T synthesis reveals
that they consist typically of four major components:
the primary F–T metal (Co), a second transition metal
(usually noble), oxide promoters (alkali, rare earth, and/or

1 To whom correspondence should be addressed.

a transition metal oxide such as ZrO2), and a high surface
area oxide support (silica, alumina, or titania) (6). The
primary function of oxide promoters in general has been
to improve the product selectivity. Rare earth oxides have
been studied as promoters in supported catalysts such as
Ni, Co, Ru, Pd, and Fe (7–21). Most of the work in this
area, however, has centered around the effect of these rare
earth oxides on catalyst selectivity and activity (10–16).
Only a few studies have addressed the effect of these
promoters on the structure of the metal catalysts (17–21).

Barrault and Guilleminot (18) observed a 100-fold in-
crease in specific activity and TOF as a result of low levels
of La addition to a Co/C catalyst. They attributed this pro-
motional effect to the creation of new sites and not to the
inhibition of carbon monoxide adsorption. Ledford et al.
(17) investigated two methods of preparing La-promoted
10 wt% Co/Al2O3 catalysts. They observed promotional
effects only when La3+ was impregnated first followed by
Co and no effects when La3+ was impregnated second on a
calcined Co/Al2O3 catalyst. For catalysts with low levels of
La3+ promotion, there was little effect on the structure or on
CO hydrogenation activity. On the other hand, for higher
La3+ loadings, La–Co mixed oxides were suggested to form,
metallic Co phase dispersion was shown to be enhanced,
and the TOF was found to decrease. Therefore, the method
of preparation and the concentration of La3+ appear to be
important factors in obtaining promotional effects.

Recently, Co silicate has been shown to form as a result of
aqueous impregnation of reduced and passivated Co/SiO2

(22). In that study it was shown that water impregnation and
subsequent drying had a severe effect on the structure of a
reduced catalyst. The Co oxide phase declined in favor of
Co silicate formation which reduced completely only above
800◦C.

Ethane hydrogenolysis is a structure-sensitive reaction
which has largely been utilized to study supported metal
and bimetallic catalysts. Structure-sensitive reactions are
useful in characterizing decoration of metal surfaces by
catalyst modifiers such as poisons (23, 24) since these
reactions often require a relatively large ensemble of sur-
face metal atoms for an active site. The larger the size of
the reaction ensemble, the more structure sensitive the re-
action. Ethane hydrogenolysis has been reported to require
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a large reaction ensemble on the order of 12 metal surface
atoms (25, 26). Ethane hydrogenolysis has been used suc-
cessfully with hydrogen chemisorption to study potassium
dispersion in a series of K+-promoted Ru/SiO2 catalysts
(24).

This paper reports on the effects of La3+ addition on
the Co/SiO2 structure as determined by physical (XRD),
chemical (H2 chemisorption, TPR), and reaction (ethane
hydrogenolysis, SSITKA) techniques. The objectives of this
study were to determine the distribution of La3+ and to
assess its effect on metal–support interactions and on the
catalytic properties of the catalysts.

EXPERIMENTATION

Catalyst Preparation

Catalyst nomenclature. In this paper, catalyst designa-
tion is given by B-LaR, where “B” refers to the calcined,
reduced, and passivated 20% Co/SiO2 base catalyst; “La”
to La3+ species; and “R” to La/Co atomic percent. In
this paper, base refers to the original calcined–reduced–
passivated batch of catalyst which was used to prepare all
the promoted catalysts and the unpromoted one. Following
calcination La probably exists mainly in the form of La2O3.
Upon exposure to H2O or CO2, it can form LaO(OH) and
La(OH)3 or La2(CO3)3, respectively (27). Heating those
compounds in the absence of H2O or CO2 cause them to
revert back to La2O3. La species will be referred to only as
“La3+” in this paper.

Preparation of the Co base catalyst. The 20% Co/SiO2

base catalyst (B) was prepared by the incipient wetness
technique using an aqueous solution of Co(NO3)2 · 6H2O
(J. T. Baker Inc.) and Cab-O-Sil silica (amorphous fumed
silica powder from Cabot Corp.). A 20 wt% loading was
used since this would be the loading typical for a sup-
ported Co catalyst in a commercial Fischer–Tropsch synthe-
sis process. The solution pH used was 5. Incipient wetness
occurred at about 1.8 ml/g of silica. Impregnation was fol-
lowed by drying at 90◦ overnight, calcining in flowing air
at 300◦C for 6 h, and reducing in flowing H2 at 350◦C for
22 h. Temperature ramp rates used during calcination and
reduction were 1◦C/min. The catalyst was passivated after
reduction by allowing air to leak slowly into the reduction
chamber at room temperature.

Preparation of La-promoted Co catalysts. Catalysts B-
LaR were prepared by impregnating to incipient wetness
the base catalyst B with the appropriate amounts of aqueous
solutions of La(NO3)3 · 5H2O (Aldrich Chemical Company,
Inc.) to obtain catalysts with La/Co atomic ratios of 0.0, 0.05,
0.1, 0.2, 0.3, 0.5, and 0.75. The catalyst having La/Co = 0.0
was prepared by impregnation of the base catalyst with dis-
tilled water in order that all the catalysts would be exposed
to the same procedure and conditions. This was followed

by drying overnight at 90◦C and rereduction in flowing H2

at 350◦C for 22 h. A La/SiO2 catalyst (La–S), consisting of
La3+ (equivalent in amount to that of B-La75), was also
prepared for reference.

Elemental Analysis

Elemental analysis using inductively coupled plasma
spectroscopy (ICP) (Galbraith Laboratories) was carried
out to determine final Co loadings. ICP was also done on
the water phase of a (20% Co/SiO2 + water) slurry heated
at 90◦C for 12 h to investigate any leaching of contaminants
from the silica to the solution during the drying step of the
catalyst preparation.

XRD Measurements

X-ray measurements were performed on a Philips X’pert
System X-ray diffractometer with monochromatized Cu
Kα radiation. The XRD instrument was operated at 40 kV
and 30 mA. Three hundred milligrams of each catalyst was
placed inside a dish for XRD. Using the same amounts for
all the catalysts permitted quantitative analysis based on
the XRD profiles. The spectra were scanned at a rate of
2.4◦/min (in 2θ).

Static Hydrogen Chemisorption

Gas volumetric chemisorption was measured using the
method of Reuel and Bartholomew (28). One gram of
catalyst was first heated in 100 cc/min of H2 to 320◦C at
a rate of 1.6◦C/min and then held at this temperature for
12 h in order to rereduce it. H2 was then desorbed for 1 h at
320◦C under a vacuum of 10−6 Torr. After H2 chemisorp-
tion for 5 h at 100◦C with an initial H2 pressure of 350 Torr,
the adsorption isotherms were measured at 25◦C by the
decreasing pressure method. The high temperature for ini-
tial adsorption was used since the chemisorption process is
known to be highly activated on cobalt (29). One hour was
allowed for equilibration at each H2 pressure at 25 ◦C. The
amount of total chemisorption was obtained by extrapo-
lating the total adsorption isotherm to zero pressure. The
reversible H2 desorption isotherm was measured at 25◦C
following evacuation of the catalyst for 10 min at that tem-
perature. The total amount of chemisorbed H atoms was
used to determine the number of vacant Co◦ atoms at the
surface using the relationship H/Cos = 1 (28).

Temperature Programmed Reduction (TPR)

TPR experiments were carried out on the Co catalysts
using an Altamira Instruments AMI-1. A catalyst was re-
oxidized by flowing ultra pure O2 over it while heating at
a ramp rate of 5◦C/min to 350◦C. This temperature was
maintained for 6 h to ensure complete oxidation; then the
temperature was allowed to decrease to 40◦C while still in
O2 flow. Ar was passed through the catalyst bed at 40◦C
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for 1/2 h, in order to flush the gas phase and any weakly ad-
sorbed O2 on the catalyst from the system, TPR was carried
out using a 5% H2 in Ar gas mixture (Matheson) as the re-
ducing gas with a flow rate of 30 cc/min and a temperature
ramp of 5◦C/min to 900◦C. The amount of H2 consumed by
the catalyst was measured by a thermal conductivity detec-
tor (TCD) and recorded as a function of temperature.

Ethane Hydrogenolysis

The experimental configuration for this reaction was a
differentially operated, fixed-bed Pyrex reactor. A gas mix-
ture of 10% ethane in H2 (Linde, CP grade) was used
without any further purification. Additional H2 (Liquid
Carbonic Specialty Gas Corporation, Ultra Pure) for the
reaction was further purified by passing through a Deoxo
unit and an activated charcoal trap. He (Liquid Carbonic
Specialty Gas Corporation, Ultra Pure, 99.999%) was used
as a diluent after passing through a molecular sieve trap.
Brooks mass flow controllers were used to control the flow
of gases. A catalyst was first heated in 100 cc/min of H2 to
320◦C at a rate of 1.6◦C/min and then held at this temper-
ature for 12 h in order to rereduce it prior to reaction. The
flow rates used for reaction were H2/C2H6/He = 15/0.3/84.7
cc/min at 101 kPa pressure. A six-way valve was used to
switch between the reaction mixture and H2 flows. Reaction
temperatures and flow rates were selected to give conver-
sions of less than 5% for catalyst samples of 35 mg.

In order to study initial reaction on a clean catalyst with
minimal deposited carbon, product stream analysis was
done after only 5 min of reaction. The catalyst was then
bracketed with H2 for 30 min at reaction temperature. This
was shown to effectively maintain the initial activity of the
catalyst. The data for the Arrhenius plots were obtained by
taking the first reaction measurement at 280◦C, the highest
reaction temperature used in this study. The rest of the re-
action data were then taken at lower temperatures in 20◦

intervals with hydrogen bracketing between reaction mea-
surements. After measurement at the lowest temperature,
the temperature was increased to the initial temperature
of 280◦C and the activity remeasured to ensure that the
catalyst had not undergone any significant change. Prod-
uct analysis was performed using a Perkin Elmer 8500 Gas
chromatograph fitted with a porapack Q column held at
90◦C and a flame ionization detector (FID).

Isotopic Transient Kinetics during Ethane Hydrogenolysis

Steady-state isotopic transient kinetic analysis
(SSITKA), developed in large part by Happel (30),
Bennett (31), and Biloen (32), is a powerful kinetic tech-
nique for studying catalyst surfaces under reaction
conditions. By using isotopic switching and keeping
the reaction environment constant during the isotopic
transient, accurate measurements of the concentration of
intermediates and their activities under reaction conditions

are possible. This technique was performed as described
in detail elsewhere (33). The reaction conditions used
were flow rates of H2/C2H6/He = 6/0.15/43.85 cc/min at
202.6 kPa pressure and a temperature of 260◦C.

RESULTS

XRD

XRD of the La–S reference (La3+/SiO2) showed no
diffraction lines. The XRD patterns of the reduced and pas-
sivated base and water-impregnated catalysts, B and B-La0,
showed characteristic peaks corresponding to Co◦, CoO,
and Co3O4 crystallites (Fig. 1). The dominant phase was
Co◦. XRD profiles of B-La0 and the La3+-promoted cata-
lysts showed a decreased amount of the detectable crys-
talline phases Co◦, CoO, and Co3O4 as compared with the
base unimpregnated catalyst (B). The La3+-promoted Co
catalysts also showed no X-ray diffraction lines of La2O3.
Recalcination was done to convert these phases into Co3O4

for better quantitative analysis of the Co phase. Figure 2
shows the XRD results for B, B-La0, and La3+-promoted
(B-La10 and B-La75 having La/Co = 0.1 and 0.75, respec-
tively) Co catalysts after recalcination. The XRD pattern
of the base catalyst (B) showed characteristic peaks corre-
sponding to Co3O4 crystallites. The B-La0 catalyst exhibited
a decreased amount of the detectable Co3O4 phase com-
pared with the base catalyst (B). The low loading catalyst
(B-La10) showed a small additional decrease in the Co3O4

phase while the high loading one exhibited even less.

TPR

Figure 3 gives the TPR curves for the La3+-promoted
and unpromoted catalysts. Table 1 presents the degrees of
reduction during TPR to 900◦C of the recalcined catalysts.

FIG. 1. XRD patterns for reduced and passivated unpromoted and
La3+-promoted 20% Co/SiO2 Catalysts.
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FIG. 2. XRD Patterns for unpromoted and La3+-promoted 20% Co/
SiO2 catalysts after calcination at 300◦C.

The TPR profile for catalyst B in Fig. 3 shows two major
reduction peaks at 280 and at 340◦C and a broad shoulder
extending to 500◦C. The first two reduction peaks are identi-
fied to be due to Co3O4 which reduces in two steps (34). The
broad shoulder is assigned to a Co3+ species interacting with
the SiO2 surface (35). For the water-impregnated catalyst
(B-La0) the Co3O4 peaks were significantly reduced, and
most of the Co was reducible only above 600◦C. This high
temperature species is attributed to Co silicate (34, 36). The
origin of formation of this Co silicate has been discussed in
detail in an earlier paper (22). The results given in that
paper showed that this Co silicate is unable to be reduced
during the standard reduction treatment. This Co silicate
will be designated red.-Co silicate for being reducible dur-
ing TPR to 900◦C. All La3+-promoted catalysts showed the
formation of red.-Co silicate upon La3+ precursor solution

TABLE 1

Reducibility Data for Unpromoted and La-Promoted 20% Co/SiO2

% Co reduced during Difference in reducibility
% Co reduced during standard reductionb (% red. at 900◦C

Catalyst TPRa to 900◦C at 320◦C − % red. at 320◦C)

B (20% Co/SiO2) 80 80 0
B-La0 70 30 40
B-La05 88 50 38
B-La10 95 47 48
B-La20 95 50 45
B-La50 80 51 29
B-La75 67 48 19

a Co3O4 + 4H2 → 3Co + 4H2O for species reducing below 500◦C: mol Co reduced = 3/4 (mol
H2 consumed). CO2SiO4 + 2H2 → 2Co + SiO2 + 2H2O for species reducing from 500–900◦C:
mol Co reduced = mol H2 consumed. % reduction = [(total mol Co reduced)/(total mol of
Co)] × 100%. Error estimated at ± 10%.

b Obtained from TPR 100–900◦C after in situ reduction at 320◦C for 12 h.

FIG. 3. Temperature programmed reduction profiles for unpromoted
and La3+-promoted 20% Co/SiO2 catalysts.

impregnation and drying. However, for high La3+ loadings
(La/Co ≥ 0.5) the amount of red.-Co silicate (reducible in
the range 600–900◦C) was sharply diminished.

The base catalyst (B) had a total reduction level of 80%
(see Table 1). The total degrees of reduction on TPR to
900◦C for the water impregnated catalyst and the La3+-
promoted (La/Co = 0.05, 0.1, 0.2, 0.5, and 0.75) catalysts
were 70, 88, 95, 95, 80, and 67%, respectively. It is there-
fore noted that La3+ promotion of Co/SiO2 with low La3+

loadings (La/Co ≤ 0.2) led to an improved total degree of
reduction. However, for La/Co ≥ 0.5, the total degree of
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FIG. 4. Static hydrogen chemisorption uptake for La3+-promoted
20% Co/SiO2 catalysts versus La/Co atomic ratio.

reduction decreased. The results indicate the existence in
all cases of a portion of the Co not able to be reduced for
T ≤ 900◦C. This Co is possibly a form of Co silicate not re-
ducible below 900◦C.

Table 1 also presents the degree of reduction based on
the amount of Co reduced during reduction at 320◦C, esti-
mated by digital subtraction of the TPR profile of the cata-
lyst signal following TPR to 900◦C after in situ rereduction
at 320◦C from the profile of a standard TPR of the calcined
catalyst from 40 to 900◦C. The degree of reduction during
the standard reduction procedure (at 320◦C) is more appli-
cable for determination of the amount of Co◦ and its parti-
cle size for the catalysts as normally used. The performance
of such calculations revealed reduction levels at 320◦C of

TABLE 2

H2 Chemisorptiona Data for Unpromoted and
La-Promoted 20% Co/SiO2 Catalysts

µmol H2/g cat µmol H2/g Co

Catalyst Total Irr. Total Irr. dp
b (nm)

B 76 59 380 295 18
B-La0 45 36 225 180 11
B-La05 51 37 318 231 13
B-La10 58 47 361 292 12
B-La30 67 55 450 369 9.5
B-La75 62 52 482 404 9

a Static H2 chemisorption at 100◦C. Error estimated at
± 10%.

b Estimated assuming Htot/Cos = 1, 5.46 × 10−20 m2/Cos,
dp = 5/SCo/ρCo, and based on % Co reduced during standard
reduction at 320◦C (see Table 1).

80% for the base catalyst, B, 30% for the water-impregnated
one (B-La0), and about 50% for all the La3+-promoted cat-
alysts. It is therefore clear that La3+ promotion led to im-
proved reducibility at 320◦C over the water-impregnated
catalyst B-La0.

Hydrogen Chemisorption

Table 2 presents the results of static H2 chemisorption
at 100◦C on the base 20%Co/SiO2 catalyst (B), the wa-
ter impregnated catalyst (B-La0), and the La3+-promoted
catalysts. Since the weight percentage of Co in the La3+-
promoted catalysts differed substantially from that in the
original unpromoted catalysts (due to the weight of the La
added), the hydrogen uptakes were also calculated on a per
gram Co basis (see Table 2). The total H2 uptakes for cata-
lyst B and B-La0 were 380 and 225 µmol H2/g · Co, respec-
tively. Figure 4 shows plots of the total hydrogen uptake
and the irreversible uptake as a function of La3+ content
of the impregnated Co/SiO2. These data show that the H2

uptake increased with La3+ loading up to La/Co = 0.3 (cata-
lyst B-La30) and then leveled off for higher La3+ loading.
The number of surface Co◦ atoms (estimated based on the
assumption Htot/Co◦

s = 1) and the percentage reduction at
320◦C were used to calculate the average Co metal particle
size, dp. The average dp of the base catalysts B and B-La0
were determined to be 18 and 11 nm, respectively. On the
other hand, dp ranged from 13 nm for B-La05 to 9 nm for
B-La75. These calculations were based on the total hydro-
gen uptake, which has been suggested to more accurately
represent Co metal dispersion on silica (28). Obviously, any
blockage of the Co surface by La3+ would be expected to
have an impact on the accurate determination of dp based
on hydrogen chemisorption.

Ethane Hydrogenolysis

Reaction was carried out on these catalysts between 220
and 280◦C. Table 3 displays the ethane hydrogenolysis rates
for the catalysts at 280◦C, the turnover frequencies, and
the apparent activation energies. The activity of the water-
impregnated catalyst (B-La0) was 25% lower than that of
the unimpregnated base catalyst. Figure 5 is a plot of the
rate versus the La3+ content for the impregnated Co/SiO2

catalysts. The following observations can be made regarding
the effect of La3+ addition on the specific activities of these
catalysts. The specific activity went through a maximum for
La/Co = 0.1 (catalyst B-La10) and then decreased to a level
that was still higher than that of the water-impregnated cat-
alyst B-La0. The same trend is observed in comparing the
La3+-promoted catalysts with the unimpregnated base cat-
alyst B, except that the activities for the highest La3+ load-
ings were slightly less than that of B. An examination of
the activation energy with respect to La3+ content shows a
decrease from 22 to 17 kcal/mol between the base and the
highest La3+ loaded catalysts. However, there was really
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TABLE 3

Ethane Hydrogenolysis over Unpromoted and
La-Promoted 20% Co/SiO2

Ratea TOFb Eapp
c

Catalyst (nmol/g Co/s) (s−1) × 103 (kcal/mol)

B 1785 2.4 22
B-La0 1300 2.9 21
B-La05 1835 2.9 19
B-La10 2453 3.4 22
B-La20 2297 — 21
B-La30 1985 2.2 19
B-La50 1579 — 18
B-La75 1531 1.6 17

a 280◦C; 101 kPa; H2/C2H6/He, 15/0.3/84.7 cc/min;
reproducibility, ± 3%.

b Based on total H2 chemisorption.
c For reaction in the temperature range 220–280◦C.

little difference in Eapp until the highest loadings of La3+

(La/Co ≥ 0.5). Based on hydrogen chemisorption data, the
TOF value increased for the water-impregnated catalyst
and for the low La3+-promoted catalysts (La/Co ≤ 0.1) and
then decreased with increasing La3+ loading relative to the
base catalyst B.

To better assess the nature of the surface activity of
these catalysts, steady-state isotopic transient kinetic anal-
ysis (SSITKA) of ethane hydrogenolysis was performed.
SSITKA is a powerful kinetic technique for the determina-
tion of surface concentrations of active intermediates and
their specific activities under steady-state reaction condi-
tions. The SSITKA results were evaluated based on a model
developed by Chen and Goodwin using experimental mea-
surements (33). According to this model, the reaction can

FIG. 5. Ethane hydrogenolysis rate for La3+-promoted 20% Co/SiO2

catalysts versus La/Co atomic ratio.

FIG. 6. Surface reaction model for ethane hydrogenolysis over the
20% Co/SiO2 catalyst.

be considered to proceed via two pools of surface interme-
diates in series with the initial pool exhibiting reversible
adsorption of ethane (see Figure 6). The first pool con-
sists of intermediates, C2Hx, and the second one consists
of mono-carbon species, CHy. This model allows for the
determination based on the isotopic transients of the aver-
age residence time (τ j) of carbon-containing species on the
surface, the concentrations of intermediates in each pool
(Ni), and pseudo-first-order rate constants (ki). k1 is a mea-
sure of the activity of C–C bond rupture, and k2 is that of
the hydrogenation step. They both, however, potentially
also contain the surface concentration of chemisorbed hy-
drogen. Since one cannot determine the fraction of ethane
which adsorbs on the active sites, τC2H6,m (τC2H6 measured)
is only an average value for time of surface holdup for all
ethane molecules (some of which undoubtedly did not ad-
sorb). Therefore, τC2H6,m ≤ τC2H6 (the actual average resi-
dence time of only adsorbing/desorbing ethane molecules).
Consequently, τ1 ≥ τC2H6,m and τ2 ≤ (τCH4,m − τC2H6,m). The
calculation of these parameters and their relationships to
their theoretical parameters, as derived and discussed in
reference (33), are shown in Table 4. As seen in Table 4,
values calculated for Ni’s, τi ’s, and Ki’s, τi ’s are estimations
reflecting either maximal or minimal values. However, for
comparison purposes, these estimations will be used and the
parameters will be referred to by their theoretical names.

The SSITKA results (see Table 5) show that a measure of
the true “TOF” of C–C bond rupture, k1, more than doubled
relative to the base catalyst (B) upon impregnation with dis-

TABLE 4

Calculation of the SSITKA Parameters and Their Relationships to
the Theoretical Values

Theoretical Relationship to measurements used
Parameter relationship to estimate parameters

N1 NT
a–N2 ≥ NT − RC2H6 · (τCH4,m − τC2H6,m)

N2 N2 ≥ RC2H6 · (τCH4,m − τC2H6,m)

τ 1 τC2H6 ≥ τC2H6,m

τ 2 τCH4 − τC2H6 ≤ τCH4,m − τC2H6,m

k1
b RC2H6 /N1 ≤ RC2H6 /[NT − RC2H6

· (τCH4,m − τC2H6,m)]
k2

b 1/(τCH4 − τC2H6 ) ≥ 1/(τCH4,m − τC2H6,m)

a NT is based on stopping the flow of ethane and measuring the total
amount of surface intermediates reacted off in H2.

b Pseudo first order rate constants.
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TABLE 5

SSITKA of Ethane Hydrogenolysis at 260◦C

RC2H6
a N1

d N2
d

(µmol/g TOFH
b τC2H6

c τCH4
c τ 1 τ 2 k1

d k2
d (µmol/ (µmol/ 21

b,e 22
b,e

Catalyst Co/s) × 103 (s) (s) (s) (s) (s−1) (s−1) g Co) g Co) × 102 × 103

B 1.95 2.3 0.8 1.4 0.8 0.64 0.16 1.5 12.5 1.3 1.64 1.7
B-La0 0.85 3.4 0.5 1.0 0.5 0.5 0.34 2.1 2.5 0.4 0.5 0.9
B-La10 1.74 2.4 0.8 1.3 0.8 0.54 0.29 1.9 6.0 0.94 0.83 1.3
B-La30 1.53 1.7 0.9 1.4 0.9 0.5 0.28 2 5.4 0.78 0.6 0.9
B-La50 1.31 1.4 0.7 1.3 0.7 0.66 0.35 1.5 3.7 0.87 — —
B-La75 0.85 0.9 0.8 1.5 0.8 0.65 0.55 1.5 1.5 0.55 0.15 0.6

aAt 260◦C; 202.6 kPa; H2/C2H6/He, 6/0.15/43.85 cc/min.
b Based on static hydrogen chemisorption.
c Time resolution, 0.1–0.2 s.
d ki is intrinsic activity of intermediates based on a pseudo-first-order rate dependence and Ni is the surface abundance

of intermediates in pool one or two, based on the model developed by Chen and Goodwin (33).
e 2i is the surface coverage of intermediates = Ni/(total adsorbed Hb).

tilled water and drying at 90◦C (B-La0). However, as can
be noted, the number of intermediates in pool 1 decreased
from 12.3 to 2.5. This supports the TPR, XRD, and hydrogen
chemisorption results that a sizable amount of the Co phase
was converted into a nonactive phase upon water impreg-
nation and drying of the base catalyst. La3+ addition had a
pronounced effect on the number of intermediates in pool
1, N1. This number more than doubled for the catalysts with
La/Co ≤ 0.3 compared with the water-impregnated catalyst.
However, for higher loadings of La3+ the number of inter-
mediates N1 again decreased. La3+ addition to the Co/SiO2

catalysts up to La/Co ≈ 0.5 had little effect on the measure
of “true” TOF of C–C bond rupture, k1. The observed dou-
bling of this value for these La3+-promoted catalysts (see
Table 4) relative to the base catalyst B is attributed to the
effects of water impregnation alone. For all the catalysts, the
effects on the parameters of pool 2 were essentially identi-
cal to those for pool 1 except less significant. However, the
activity of the intermediates in pool 2 (for hydrogenation)
decreased for La/Co ≥ 0.5 rather than increasing.

DISCUSSION

Effect of La3+ Loading on Silicate Formation
and Reducibility

The addition of La3+ resulted in a modification of the
reducibility of the Co/SiO2 catalysts. As had been shown
earlier, the sequential aqueous impregnation of Co/SiO2 re-
sulted in the formation of Co silicates (22), primarily red.-
Co silicate (reducible at ≤ 900◦C). At low La3+ loadings
(La/Co ≤ 0.2), the amount of normally reducible (at 320◦C)
Co increased from 30 to about 50% as compared with the
water-impregnated base catalyst (B-La0), but no significant
effects were observed on the amount of red.-Co silicate
formed. The same increase in reducibility at 320◦C was also

noted for the high La3+ loading catalysts (La/Co ≥ 0.5) but
here the amount of red.-Co silicate formed decreased. The
67% increase in the degree of reduction at 320◦C is at-
tributed to an effect of La3+ in moderating the strong Co-
support interaction resulting from aqueous impregnation
of prereduced Co/SiO2. The formation of additional nonre-
ducible Co silicate at the highest La3+ loadings (La/Co = 0.5
and 0.75) was possibly the cause for the decrease in the
amount of red.-Co silicate which occurred concurrent with
a decrease in the total degree of reduction for these cat-
alysts. A pH of 12 has been found to have a big impact
on reducibility of Co/SiO2 (37). Also, for a Ni/SiO2 system
(38), Ni silicate formation was found to be favored by a pH
higher than 8. The pH of the La3+ solutions used here was
measured to be between 7 and 8.5. However, because of
La3+ basic properties, it is possible that, during La3+ solu-
tion impregnation and drying, the actual solution pH was
higher than the initial measured value and was also higher
for the higher La3+ loading catalysts.

Another possibility is that a La–Co oxide phase was
formed. Ledford et al. (17) studied the effect of La3+ load-
ing on the properties of Co/La/Al2O3. For La/Co ≥ 0.3 they
suggested that Co3O4 was suppressed in favor of an amor-
phous dispersed La–Co mixed oxide (17). Barrault et al.
(18) also suggested the formation of La–Co compounds for
a carbon-supported La3+-promoted Co catalyst based on
an observed 100-fold increase in the TOF for CO hydro-
genation. In both of these studies no direct evidence for
the formation of La–Co compounds was found. However,
although not proven, its formation can not be ruled out.

Effect of La3+ on Ethane Hydrogenolysis Activity

SSITKA results can shed some light on the actual effects
of La3+ addition on the intrinsic activity of these catalysts.
SSITKA of ethane hydrogenolysis performed at 260◦C
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showed an intrinsic C–C bond rupture rate (k1) for the
water-impregnated catalyst (B-La0) double that of the
base catalyst B. This phenomenon has been discussed thor-
oughly in an earlier work (22). The results presented in that
paper suggested that the increase in the intrinsic rate (k1)
may have been due mainly to a decrease in the reduced Co
particle size caused by water impregnation and drying. La3+-
promoted catalysts showed similar intrinsic rate constants,
k1, to that of B-La0, except for the highest La3+ loading.
However, the hydrogenation activities, k2, of the interme-
diates (CHy) did not differ significantly for all the catalysts.
Thus, based on these results, it is considered that La3+

had little impact on the activity of Co/SiO2 for ethane hy-
drogenolysis except, perhaps, for the highest La3+ loading.

Effect of La3+ Loading on Co◦ Dispersion

The increase in hydrogen uptake with the increase in La3+

loading suggests that the number of exposed Co metal sur-
face atoms increased. This was also indicated by the increase
in activity, the degree of reduction, and the numbers of inter-
mediates, N1 and N2, with low La3+ loadings. The decrease
again in the number of intermediates for the higher La3+

loadings is considered to be due only to increased block-
age of the ethane hydrogenolysis sites (∼12 Co atoms) by
La3+. Previous XRD results (22) indicated a decrease in
the reduced Co particle size by the aqueous impregnation
alone. As a consequence of the reduced particle size effect
coupled with that of La3+ in moderating the strong Co–
support interaction discussed earlier, both resulting during
aqueous impregnation, a larger Co◦ surface can be sug-
gested to have been produced on the Co/SiO2 catalyst. On
the other hand, an increase in the hydrogen uptake due to
hydrogen spillover from the initial adsorption sites on Co to
La3+ species on or near these adsorption sites is also possi-
ble. However, the presence of a higher Co dispersion upon
La3+ promotion is supported by recent CO hydrogenation
studies (40) on these catalysts. The results of these studies
(40) show that La3+ addition leads to higher CO hydrogena-
tion activity, related directly to an increase in the number of
Co sites. In addition, the TOF’s for ethane hydrogenolysis
remained relatively constant (for a calculated ratio).

La3+ Dispersion on the Catalyst

The lowest level of La3+ loading used was sufficient to
form a unit cell monolayer on the SiO2 surface, according
to calculations based on the formation of La2O3. The ab-
sence of a La3+ XRD diffraction pattern is attributed to
a well dispersed La3+ phase, as has been suggested previ-
ously for a 10% La2O3/Al2O3 catalyst (39). The sharp in-
crease in hydrogen uptake upon the addition of low lev-
els of La3+ (La/Co ≤ 0.1) and its approach to a constant
value for higher levels suggest that the Co surface was pos-
sibly saturated with La3+ at relatively low La3+ loadings
(La/Co ≥ 0.1). La3+ has been found to be well dispersed in

several supported systems [Co/Al2O3 (17) and Ni/C (19)].
Since the Co still had significant ethane hydrogenolysis ac-
tivity for even the highest loadings of La3+, it can be con-
cluded that a significant fraction, perhaps even most of the
La3+ was sitting on the SiO2 surface.

La3+ Distribution on the Co Surface

Based on the results discussed above, five possibilities can
be proposed to describe the potential distribution of La3+

over the active Co surface. The first possibility is that La3+

exists only on the SiO2 surface and is not on or near the Co
surface at all. The second is that La3+ decorates uniformly
the Co metal surface. The third possibility situation is that
La3+ forms island-like structures which block part of the
surface Co sites but also promote other sites. The fourth pos-
sibility is that La3+ is located at the Co-SiO2 interface. In the
following discussion the comparison of the La3+-promoted
catalysts will be made with the water-impregnated base cat-
alyst (B-La0) since it is more similar to the promoted cata-
lysts, as shown by TPR, XRD, and ethane hydrogenolysis.

Possibility 1 is not likely based on the findings that La3+

significantly affects the reducibility, and the hydrogen up-
take of the La3+-promoted catalysts.

Possibility 2 can be evaluated using the ethane hy-
drogenolysis results. A uniform La3+ distribution over the
Co metal surface seems unlikely since such an occurrence
would be expected to lead to a significant decline in reaction
rates for even low levels of promotion due to the structure
sensitivity of ethane hydrogenolysis. This was not observed
and in fact all promoted catalysts had higher activities than
that of the H2O impregnated base catalyst (B-La0).

Possibility 3 can be discussed in terms of the SSITKA
of ethane hydrogenolysis results. From SSITKA the num-
bers of intermediates N1 and N2 first increased with La3+

loading up to La/Co = 0.1 and then decreased moderately
with increasing La/Co atomic ratio to 0.75. Thus, based on
these observations and considering the structure sensitivity
of the reaction, it is suggested that La3+ blockage of the Co
surface was nonuniform and also very minimal. An island-
like structure coverage can be proposed to explain such
behavior, where a growth of the island size would account
for the noted moderate decrease in intermediates for the
highest loadings of La3+.

The fourth possibility can also be addressed using the
SSITKA results for ethane hydrogenolysis. Existence of
La3+ only at the support–metal interface cannot account
for all the blockage by La3+ of the Co surface determined
from SSITKA for the higher loadings. As the SSITKA re-
sults show, this blockage led to a decrease in N1 from 6 to
1.5 and in N2 from 0.94 to 0.55 mol/g Co for an increase
in the La/Co atomic ratio from 0.1 to 0.75. However, the
effect of La3+ on reducibility of the solution impregnated
Co catalysts would suggest some presence of La3+ species
at the metal–support interface.
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Recent preliminary studies of CO hydrogenation (pri-
marily methanation) on these catalysts (40) have shown
that La3+ addition to these catalysts leads to enhanced cov-
erage by methane intermediates and higher activity. These
results suggest that the La3+ and Co◦ phases are indeed in
close proximity with each other and suggest a clear pro-
motional effect by La3+ of the Co sites. Thus, the results in
summary would suggest that a combination of possibilities
3 and 4 perhaps best describes the arrangement of La3+

with Co◦ surface.

CONCLUSION

It is apparent from the results of this study that La3+ in-
teracted with the Co metal. Aqueous impregnation led to
strong Co–support interactions resulting in a decrease in
the amount of active Co◦ (22). The presence of La3+ in the
aqueous solution appeared to moderate the formation of
strong Co–support interactions leading to better reducibil-
ity of the Co oxide phase and to a greater number of exposed
Co◦ atoms. However, high loadings of La3+ (La/Co ≥ 0.5),
in addition to enhancing reducibility of Co/SiO2, appeared
to have led to higher interactions resulting in the forma-
tion of either a nonreducible Co silicate phase or a La–Co
one due, perhaps, to higher pH of the impregnating solu-
tion. La3+ was found to be well dispersed over the Co/SiO2

catalysts; however, it did not appear to be uniformly dis-
tributed on the Co metal surface. The results suggest that
La3+ probably was present on the Co metal surface in an
island-like structure and at the metal–support interface, as
well as being dispersed on the SiO2 surface.

While this study used only catalysts prepared from
Co(NO3)2, it is unlikely that a different Co salt would have
changed the effect of La3+ promotion seen. This is due to
the fact that the supported Co precursor was calcined and
reduced prior to the addition of the La(NO3)3 solution. Any
differences which did result, however, would probably be
more related to the differences produced in the original, un-
promoted Co catalysts. An unpublished preliminary study
carried out in our laboratory only found slight differences
when CoCl2 was used to prepare a supported Co catalyst
rather than Co(NO3)2.
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