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- Solid state chemistry of the préparation of
lanthana-supported metal catalysts — study

of the impregnation step
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The solid state reactions occurring at the support throughout the preparation process

of lanthana-supported metal catalysts is reported. Specifically it is concerned with the
impregnation step. When following the usual procedure, i.e. impregnation of lanthana with
an aqueous solution of the precursor, heavy carbonation of the support with formation of a
hydroxycarbonate phase, La{(OH)CO,, was found to occur. Simulated impregnation treat-
ments with distilled water have shown that the nucleation of the hydroxycarbonate phase, not
observed on tanthana simply exposed to air, is not specifically induced by the presence of the
precursor salt. Likewise, it has been found that the nucleation of La(OH)CO, does not take
place upon heating the oxide in air at 383 K, as in the drying treatment which follows the
wetting step of the impregnation process. Accordingly, nucleation of the new carbonated
phase must occur during the wetting step. Once the formation of La(OH)CO; has begun, the
support can slowly take up further amounts of CO, by simple exposure to air. In this way,
impregnated support phases actually consisting of as much as 80% La(OH)CO; could be
observed. It can be concluded from the present work that the occurrence of carbonation
phenomena on lanthana constitutes a major feature of its behaviour as a support of the tran-
sition metals. To date, however, this is an aspect which has received very little attention.

1. Introduction

Since the pioneering papers of Ichikawa [1, 2], the
attention paid to the lanthanum oxide-supported
transition metal phases has notably increased. At
present. both the catalytic activity data [3-5] and the
characterization studies [6, 7] suggest that the behav-
iour of this new type of supported metal catalyst
ought to be considered rather unconventional.

As recently suggested [8], the high reactivity of the
fanthanum oxide against H,0 [9-11] may be one clue
1o the interpretation of singularities of the lanthana-
supported metal catalysts. In effect, it has been
proposed [8] that the reduction treatment, in addition
to allowing the preparation of the dispersed metal,
induces the dehydration of the support from La(OH),
10 La.O,. The latter reaction would be responsible for
the partial coverage of the metal particles by the
support. [n other words, the preparation of lanthana-
supported metals, at least when following the usual
procedures [3-5, 8], implies the occurrence of solid
state reactions at the support, which obviously can
influence the microstructure of the resulting metal/
support phases, and, in summary, the general proper-
tics of these phases. No similar phenomena are
observed in the classic metal/support phases, as in the
case of the silica- and alumina-supported metals.
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According to results reported previously [12-14],
the manipulation in air of lanthana not only causes its
complete hydration, but also the carbonation of the
sample to such an extent as to be considered a bulk
process. However, in studies of the behaviour as a
support of lanthanum oxide, the latter reaction has
cither been ignored or rather vague references to it
have been made [6, 13].

In a very recent paper [16], we discussed some
aspects of the preparation of lanthana-supported
phases, where the likely occurrence of carbonation
phenomena on the support should be taken into
account. Likewise, some preliminary results obtained
by us have shown that lanthana samples impregnated
with the metal precursor salt exhibit higher carbona-
tion levels than the oxide samples simply exposed to
air, which suggests that the impregnation step can
induce further carbonation of the support [17]. These
results, as well as the complete absence of information
about this topic in the current literature, prempted us'
to carry out the investigation reported here.

In the present work, in effect, the solid state reactions
occurring at the support through the impregnation
step of the preparation process of two lanthana-
supported rhodium catalysts with quite different metal
loadings were studied. In accordance with this study,
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Figure | TG diagrams of lanthana, (a) stabilized in air,
(b) submitted to six eycles of wetting drying with distilled
H,0, (c) after 18 welting- drying cycles with distilled H, O,
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with no precedents in the current literature, the
carbonation of lanthana should be considered a major
feature of its behaviour as support of the transition
metals. This introduces additional elements in the
discussion of such behaviour, and, in summary, can
contribute to a better understanding of the actual
nature of this complex metal/support system.

2. Experimental details

The lanthanum oxide used here was a commercial
sample from Alfa-Ventron, 99.9% pure. Before its use
as support, the lanthana sample was exposed to air for
several weeks. This exposure time is much longer than
that needed to achieve the complete stabilization of
the oxide, ~24h [13]. The BET surface area of the
oxide aged in air, as determined by nitrogen adsorp-
tion at 77 K., was found to be 10 m? g~'. This value did
not significantly change upon treating the sample
either with an aqueous solution of rhodium nitrate or
with distilled water. The metal precursor salt was
Rh(NQO,), - 2H,O from Ventron, and had a 36%
metal content.

The lanthana impregnated rhodium nitrate samples
with 1% and 10% metal loadings were prepared by
the incipient wetness impregnation technique. In the
first case (1% rhodium loading), the impregnating
solution contained 1 g rhodium salt in 100cm?® H,O.
To prepare the 10% metal loading sumple the con-
centration of the solution was four times greater. In
cither case, the corresponding aqueous solution of
RI(NO,); was added dropwise to a known weight of
the support. which was stirred thoroughly after each
drop. New drops of the solution were added until the
pore volume was filled, at which point the next drop
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would produce a slurry in the beaker. The saumple was
then dried in air, at 383 K, for 10 h. In order (o achieve
the desired metal loading, the impregnation treatment
was repeated six times (1% sample). or eighteen times
(10% sample).

Thermogravimetric analysis (TG) and temperature
programmed decomposition (TPD) experiments were
all carried out in a helium flow at lcm’*sec”'. and a
heating rate of 0.1 K sec '. The analysis of the evolved
gases from the TPD experiments was carried out with
a mass spectrometer (MS), Vacuum Generator. model
Spectralab SX-200, interfaced to a microcomputer
Apple Ile. The TPD-MS experimental device has been
described and characterized elsewhere [18, 19],

The infrared spectra were recorded with an instru-
ment Perkin Elmer, model 710B. The samples were
studied in a matrix of KBr (2.5% of the sample)
pressed under 5 x 10® Pa.

The X-ray diffraction (XRD) studies were carried
out using a Siemens, model D-3500 instrument. The
radiation was CuKux, and a nickel filter was used.

3. Results

3.1. Starting support phase

As staled above, the starting support phase used in
both the actual impregnation studies and those of
simulated impregnation with distilled water. was a
lanthunum oxide previously stabilized in air. In this
way, problems inherent to work with a support phase
not well-defined are precluded. This aged in ar
lanthana sample has been found Lo show a behaviour
similar to that reported by us for several other
lanthana samples [12-14]. Thus, the TG trace of the
sample studied here, Fig. |, is characterized by three
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Frewre 2 TPD-MS diagrams of lanthana, (a) stabilized in air. (b) after six cycles of welting-drying with distilled H.O, (¢} submitted to

I® weting drying cyceles with distilled H,O.

well-defined steps. Rosynek and Magnuson {10, 11]
huve assigned the first two steps to the dehydration of
LatOH). to La,O; through an intermediate oxyhydrox-
ide phase. LaOOH. The third step is interpreted by
them us due to decomposition of surface carbonate
species. As discussed previously [13, 14], however, the
carbonation undergone by lanthana, upon exposure
to uir. cannot be considered a simple surface process.
In fact. from the TG reported in Fig. 1, the amount of
CO, taken up by lanthana is estimated to be equi-
valent to 27 mol nm . much higher than 8 moinm~?*
estimated for a surface process. Accordingly, we have
proposed the formation of a hydroxycarbonate-like
phase. which can be formulated as La,(OH),CO,
[13. 14]. Tt is worth noting thatl the formation of this
phase cannot be detected by XRD, which has probably
contributed to the occurrence of a bulk carbonated
phase on the aged in air lanthanum samples being
ignored.

In summary, earlier results obtained by us on
vartous lanthana samples [13, 14], as well as those
corresponding to the sample used here, support that,
upon expasure to air, the oxide rapidly and completely
rransforms  into  partially carbonated hydroxide.
Neither the nature nor the amount of the carbonated
phase have been found to change after prolonged
exposure to air, even for years.

3.2. Suppart treated as in the impregnation
process with distilled water
In addition to the characterization of the starting
support phase, our study of the impregnation process
includes investigation of the evolution undergone by
lanthana when submitted to a series of wetting—drying
cycles with both distilled water and aqueous solutions
of rhodium nitrate, The study of the alterations
induced on the support by either of the above treat-
ments, simulated or true impregnation processes, is
aimed at obtaining information about the likely
influence of the presence of the transition metal salt on
the solid state reactions occurring at the support
during the impregnation step. ,
Fig. 1 shows the TG traces of lanthana treated 6 and
18 times with distilled H,O, as well as that of the
starting support. According to the TPD-MS study
reported in Fig. 2, the last step of the TG traces above
corresponds to the evolution of CO,. Then, this step

can be used to estimate the amount of CO. taken up
by the support. As deduced from Fig. 1. the larger the
number of impregnation cycles, the higher the carbon-
ation of lanthana. Furthermore, the TG diagram for
the sample treated 18 times shows a fourth decom-
position step, at 650K, which could indicate the
occurrence of alterations in the mechanism of decom-
position of the treated samples with respect to that of
the starting lanthana. The appearance of a new
decomposition step can also be deduced from the
TPD-MS spectra in Fig. 2, according to which the
dehydration of the treated sample shows a peak
between the two characteristic features observed on
lanthana simply aged in air.

The diftfraction pattern of the starting lanthana
sample, included in Fig. 3, agrees well with that
reported in the ASTM file for La(OH}),. In the case
of the samples treated 6 and 18 times, however.
additional lines, those marked with asterisks in Fig. 3.
can easily be observed. This series of lines, the inten-
sity of which grows with the number of wetting—
drying cycles, fits well with that reporied previously
[20, 21] for a lanthanum hydroxycarbonate phase,
that can be formulated as La(OH)CO,. This suggests
that the simulated impregnation treatments carried
out on the lanthana aged in air induces not only
further uptake of CO, by the sample, but also the
formation of a new crystalline hydroxycarbonate-like
phase, not existing in the untreated sample. This inter-
pretation is also consistent with the results of the
infrared spectroscopic study reported in Fig. 4.

Three regions can be distinguished in the infrared
spectra depicted in Fig. 4: the range of the OH stretch-
ing modes (3000 to 4000cm™'); the typical range
containing the absorptions due to the carbonate
modes described as v, v., and v, in Gatehouse et al.’s
notation [22] (1000 to 1700cm™'); and the range,
below 1000em™!, at which bands due to v, vs, v,
modes of the carbonate species, as well as that at
around 640cm ™', assignable to a deformation mode
La—-O-H of the hydroxide {23, 24], can be observed.

From analysis of Fig. 4, important morphological
changes can be observed in the carbonate bands in the
1000 to 1700cem ™! range. In effect, after three treat-
ment cycles, sharper bands at 1440 and 1500cm ™!
develop over the broader ones at 1380 and 1480 cm ™'
which exist in the lanthana sample aged in air. Like-
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Figure 3 Study by XRID of lanthana. Gi stabiiized
in air, (b) after six weting dryving cyeles with
distilled H, O, (£) submitted 10 I8 wettmg drving
cycles with distitled H,O.

wise, upon increasing the number of wetting-drying
cycles, the asymmetrical band at 1070cm ™' found in
the starting lanthana sample transforms into a clearly
resolved doublet, in which the sharp absorption at
1090cm ' finally becomes stronger than that at
1070cm ™', These results can be rationalized, assum-
ing that the wetting—drying treatments induce the
formation of a new phase on lanthana. Furthermore,
this new carbonated phase is not formed when a
sample of lanthana aged in air is held at 383 K, in air,
for sufficient time to complete the eighteen treatment
cycles, In effect, the study by TG, XRD and infrared
spectroscopy of the sample resulting from a prolonged
treatment at 383K (approximately 2 weeks) did not
show any evidence of the altcrations reported above.
This suggests that the main process responsible for the
occurrence of the new carbonated phase would be the
wetting step rather than the drying treatment in air at
383 K.

T ¥ T T T T T T 3 T 3 i
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In the stretching OH range of the spectra included
in Fig. 4, the existence of two features can be noted.
The sharp, strong band at 3600 cm ' can be assigned
to La(OH), [11, 13, 23, 24]. The lower frequency band
initially appears as a broad feature centred at aboul
3400 to 3410cm ', Upon increasing the number of
treatment cycles, the band becomes better defined.
stronger, and moves slightly to higher frequencies.
3425¢cm ', 1t can also be deduced from Fig. 4 that the
intensity of this band increases in paraliel with thav of
the carbonate bands, and, on the other hand. that the
difference of intensity between the bands at 3600 and
3425cm ' diminishes as the number of treatment
cycles increases. Very recently, Dexpert e af. [25] have
discussed the infrared spectra of the lanthanide
hydroxycarbonates, Ln{OH)CO;. According to this
study, the ancylite-like, A-type. 4/ hydroxycarbonates
are characterized in the vy range by a doublet. hardly
resolved for elements belonging to the first half of the

Figure 4 Study by infrared spectroscopy ol tanthana sub-
milted to successive eyeles of wetting drving with distilied
L O. The number of eycles iv mdicuted on the night-hand
side
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lanthanide series. the average frequency of which
ranges from 342510 3515¢m ' as the atomic weight of
the rure earth clement increases. In summary, the
inirured spectra reported in Fig, 4 are also consistent
with the occurrence, associated with the series of

wetling drying treatments, of further uptake of CO,
leading o the formation of a new crystalline phase,

A-type La(OH)CO,.

3.3. impregnated samples
Twa lanthana-impregnated rhodium nitrate samples,
with 1% and 10% rhodium loadings, were prepared.
Six and eighteeen impregnating cycles were necessary
in order to achieve the desired metal loadings.

Fig. 5 shows the TG diagrams of the two impreg-

nated samples recently prepared. From the last step of
these diagrams, the total amount of CO, taken up by
the support can be estimated. In the present case,
2.6% and 7.8% were found to be the CO, uptakes by
the samples with 1% and 10% rhodium loadings.
respectively. These results, like those obtained on
lanthana treated with distilled water only, indicate
that the larger the number of impregnation cycles the
higher the level of carbonation reached on the
support.

The impregnated samples have also been studied by
XRD (Fig. 6). This study reveals the existence of
diffraction lines other than those corresponding to
La(OH),. These additional lines, which are especially
intense in the case of the sample with 10% metal

{a)

4

Figure 6 XRD study afl recently prepared lanthana
impregnated samples with (a) 1% and (b) [0%

20

10 2 metal loading.

3797



(a)

{b)

T T T T T T T T T T T T T

4000 3200 2400 1800 1400 1000

loading, agree well with those depicted in Fig. 3 and,
therefore, should be ascribed to the presence of the
hydroxycarbonate phase, La(OH)CO,, previously
reported [20, 21].

The infrared spectroscopic study of the impreg-
nated samples is reported in Fig. 7. [t can be deduced
from analysis of this figure that the lanthanum
hydroxide (band at 3600cm '), coexists with a
hydroxycurbonate phase peaking at 3425e¢m ™', In the
1000 to 1700cm ' region of the spectra, in addition to
the bunds due to carbonate species, the appearance of
a broad shoulder centred around 1300cm ' can be
noted. probably due to nitrate species incorporated in
the support through the pracess of impregnation. In
the case of the sample with 10% metal loading, a
sharp feature at 1380cm ' can also be observed. This
band can be assigned to nitrate vibration modes in the
rhodium nitrate.

600 cm”!

Figure 7 Infrared spectra of the recently prepared lanthiinag
impregnated samples with (a} 1% and (b) 10% metal
loading.

After its preparation, the impregnated sample with
1% rhodium loading was stored at room temperature
with no special precautions. When this sample was
studied some time later, it could be observed that the
carbonation reaction had progressed very notubly.
Figs 8, 9 and 10 show, respectively. the TG inlrared
spectroscopy and XRD diagrams of an impregnated
sample prepared three years earlier. The diagrams are.
from a qualitative point of view. similar to thase
obtained for the recently prepared impregnated
sample, It is worth noting, however, that the last step
of the TG trace on Fig. 8 indicates the occurrence of
a very heavy carbonation. In fuct, the amount of CO,
taken up by the support, as estimuted from the step
mentioned above, was found to be 9.8%,. the Jargest
of the values observed here. It can also be noted in
Fig. &, that the weight loss assoctated with the decom-
position step, centred around 630 K. appeared on the

Figure 8 TG trace of o Junthuna-impregnated rhodiun
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impregnated and wetted with distilled H,O samples,
increases very nolably., Because, in accordance with
Fig. 2. this latter step essentially corresponds to the
evolution of H,O. the two steps mentioned above can
be interpreted as the stages through which the crystal-
line hydroxycarbonate phase formed on the support
transforms into the lanthanum oxide.

4. Discussion

In accordance with the results reported above,
impregnation with an aqueous solution of a lanthana
sample. previously stabilized in air, induces further
uptake of CO, by the support, Amounts of carbonate
as much as eight umes Jarger than those found on the
lanthana simply aged in air have been observed on the
impregnated samples, Associated with this heavy
carbonation of the support, modifications of the
mechanism of its thermal decomposition, as well as
the appearance of a crystalline, A-type, hydroxy-
carbonate phase, similar to that reported earlier
{20, 21] have been found. This new phase could not be
observed either on the lanthana aged in air samples,
even in the case of very prolonged exposures to the air,
or on heating at 383 K| in air, the support phase used
as sturting material in the present work. This suggests
that the nucleation of the crystalline hydroxycarbonate
phase should be induced by the wetting treatment,
rather than by the drying treatment.

Qur results alse indicate that the presence of the
rhodium salt in the aqueous solution is not the major
reason for the occurrence of the nucleation process
mentioned above. In fact, the formation of the same
hydroxycarbonate phase could also be observed when
the starting lanthana sample was treated with distilled
waler. In accordance with this, similar effects on the
carbonation of lanthana ought to be expected from
the impregnation treatments in which aqueous sol-
utions are used, no matter what transition metal salt
15 used.

600 cm’

Figure 9 Infrared spectra of o lanthana mpregnated
RMNO,)wsample (1% metal londing) exposed 16 e for a
profonged pertod of time.,

1

A further interesting finding of the present work is
that, once the nucleation of the new hydroxycarbonate
phase has occurred, the growth of this phase can
continue by simple exposure of the sample to air, at
room temperature. This means that in contrast to
lanthana simply stabilized in air, which after approxi-
mately 24 h ageing reaches an apparent stabilization,
unaltered by exposure to air for years [13, 14], the
impregnated lanthana samples become labile against
the uptake of further amounts of CO,. In other words,
the actual nature of the support remains rather un-
defined, so that the intensity of the carbonation
process, which can reach very high levels, will depend
very much on the number of impregnation cycles, and
also on how the supported phase is manipulated and
stored after its preparation.

It can be concluded from the results reported here
that the behaviour of lanthana as a transition metal
support is very complex. Thus, we have recently found
[17] that the actual nature of the support phase result-
ing from the reduction, under the same conditions, of
two recently prepared lanthana-impregnated rhodium
nitrate samples, with 1% nd 10% metal loading, was
not the same. In effect, upon reduction at 623 K. the
catalysts obtained were, respectively, LaOOH-
supported rhodium, and a mixture of lanthanum
oxyhydroxide- and dioxymonocarbonate- (La,0,CO;)
supported rhodium. The differences in the carbon-
ation level reached by the support in either of these
cases responsible for the unobservation of the same
support phase, can now be reasonably interpreted.

In summary, it is our point of view that when the
ordinary procedure to deposit the transition metal
salts on to the lanthana support phase is followed, i.e.
using aqueous solutions of the precursor salts to carry
out either the impregnation or the ion-exchange treat-
ment [3-3, 8], occurrence of carbonation and further
evolution of the carbonate phase formed, should be
considered major features of the solid state processes

Figure 10 XRD diagram of a lanthana impregnated

80 70 60 50 40 30 20

Rh(NO,); sample (1% metal loading) exposed (o

10 28 air for a prolonged period of time.
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that take place on lanthana throughout the series of
steps involved in the preparation of lanthanum oxide-
supported metal phases.
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