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QBJECTIVES

The objective of this research program has been to provide an understanding of
the manner in which variations m metal precursors and oxidic support materials,
particularly lanthanide oxides, influence the reduction behaviors and catalytic/surface
properties of dispersed non-noble Group VIII trapsition metals. Support materials
selected for study provide appropriate variations in several important physical/chemical
properties, including acid-base character and cationic multi-valency. The goals of the
project have been to attain an increased understanding of the gemeral phenomenon of
support effects, and to enable correlations to be -ade between physical/chemical
properties of support materials and the catalytic behaviors of transition metals that are
dispersed on their surfaces. Owr research effort during the past year has comprised
two principal areas of investigaton involving support/precursor effects, viz.,
hydrocarbon conversion and surface carbon formation on dispersed nickel catalysts, and
reduction behaviors/catalytic properties of supported cobalt. Details of research

progress in these two areas are provided in the following sections.

Reactions of n-alkanes over supported nickel catalysts at ~400°C result in the
formation of hydrogen-deficient carbonaceous species (i.e, coke} on the catalyst
surface. It is not certain whether the deposited coke remains localized on the metailic
sites that led to its formation or migrates onto the support material. The gaseous
hydrogen that is released during this process subsequently reacts with addidonal alkane
to form - hydrogenolysis/-hydrocracking products, as well as with the deposited
carbonaceous surface species to produce both aromatic homologation. products and

(possibly) additional C; - Cs non-aromatic products. In the case of n-hexane reactant,



for example, the overall process can be represented by the following generalized

reaction scheme:

n-CeHye —Lw CH (5) + Ha(g) (1)
n-CgHiq + H; — C; - C5 Alkanes (2)

3 Aromatics
CH; + Hz\,_cl_cs 3

The principal emphasis of our study of this system has been to investigate the effects
of variations in support, metal loading level, reaction temperature, and n-alkane
reactant in inflnencing the selectivity of the above conversion processes.

Catalysts. The nickel catalysts used for this study were prepared by
impregnation of the various supports to incipient wetness, using aqueous solutions of
Ni(NOs3),, foliowed by vacuum drying at 110°C. Three catalysts, having loading levels
-c;f 0.5, 2.0, and 5.0 wt% Ni (reduced basis) were prepared for each of three supports
having a wide range of surface areas. All catalysts were reduced prior to use by
treatment in flowing H, for 16 h at 400°C. Properties of the nine catalysts used are
summarized in Table 1. '

Iablel
Properties of Supported Nickel Catalysts

SA - %o Metal Reduction — Metal Exposure (H/Ni)
Support (m?/g) 0.5% 2.0% 5.0% 05% 2.09% 5.0%
La,05 15 73 100 95 0.11 0.14 0.14
SiO; Gel 290 35 58 63 0.67 046 0.35
Charcoal 1200 6 10 16 1.11 1.02 0.95




Extents of metal reduction were determined {assuming NiG formation) by pulse titration
‘with O, at 450°C, except for the charcoal-supported catalysts, which were done at
200°C, using the system described in the next paragraph; metal exposures were
~ measured by Hy adsorption at 0°C. |

Procedure.  All reaction studies were performed using 2 grease-free, stainless
steel pulse-flow systern with a tubular quartz reactor containing a 50 mg catalyst
sample. Pulses of n-hexane or n-butane reactant (each containing ~10% as many moles
of hydrocarbon reactant as total moles of reduced, exposed Ni in the catalyst sample)
were injected into a helium stream that flowed continuously through the reactor.
After passing through the catalyst bed, each pulse of products plus unconverted
reactant was carried directly into the inlet of a gas chromatograph, where separation
and analysis of the pulse occurred. The amount of uneluted carbonaceous surface
species deposited during each pulse was calculated by a difference method. Total
. amounts of surface carbon, as determined by quantitative combustion in O after each
experiment, typically agreed within ~10% with the cumulative calculated amounts.

Results and Discussion. Results for a typical pulse experiment, using n-hexane
reactant at 400°C over 2 5 wi% Ni/SiO, catalyst are shown in Fig. 1, which displays
certain features that were commonly observed. Total conversion of successive reactant
pulses decreases with increasing deposition of surface carbon, although the extent of
conversion decline is markedly influenced by reaction temperature and catalyst identity
(see below). The fraction of each pulse that reacts to form surface carbon remains
almost constant for at least the first 20 puises, corresponding to a total amount of
deposited carbon equivalent to several monolayers. Initial puises of hydrocarbon
reactant are converted primarily into carbonaceous surface species, with the
concomitantly released bydrogen reacting with additional hydrocarbon to produce
primarily non-aromatic C; - Cs paraffins. Aromatic products begin to appear only
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after several previous pulses have deposited adequate surface carbonaceous species to
react with gaseous Hs. Significantly, although ~809% of the total aromatic products
formed during n-hexane reaction is benzene, toluene and naphthalene are also observed.
It is not yet clear whether reaction of surface carbon also leads to nom-aromatic
products (the lower branch of reaction (3) abave) s:mnltancously with formaton of
aromatics. In most experiments, relatively little change in the distribution of gaseous
products was observed after about the fifth pulse in a series, and all data in
subsequent Figures are shown for puise No. 5

We have investigated the effects of variations in reaction temperature, support
material, and hydrocarbon reactant on the reaction selectivity for each metal loading
level. Results for n-hexane conversion over Ni/SiO- at three reaction temperatures in
the range 325 to 475°C are summarized in Figs. 24. At each tcﬂlperature, rotal
conversion generally increases and aromatics formation decreases with increases metal
loading level. Hence, formation of surface carbon that reacts with gaseous H, to
- produce aromatic products appears to be increasingly favored on smaller metal particles
(see table above). It is also clear from these data that, for a given support and meial
loading, increasing reaction temperature causes a decrease in selectivity to aromatic
products, but has relatively little effect on that of surface carbor formation.

The influence of variations in support material and, indirectly, metal particle size
(as shown by differing metal exposures) is illustrated in Figs. 5-7 for reaction of
n-hexane at 400°C. Use of the low surface area LayOs support (Fig. 5), on which Ni
particles are extensively reduced but relatively large, results initially in complete
conversion of each pulse, but leads to almost exclusive formation of surface
carbonaceous species, with virtually no evolution of gaseous products. With the Si0O,
suppott, on the other hand (Fig. 6), only ~60% of the fifth pulse is converted to
surface carbon on each catalyst. On this support, aromatic products decrease and non-

aromatics ipcrease with increasing metal particle size (increasing loading level). The



greatest selectivity to aromatics occurred with the charcoal-supported catalysts (Fig.
7). although the variation with metal loading'lcvel is not as smooth as for the La,O3
and Si0, supports.

The nature of the surface carbon reaction leading to aromatic product formation
was investigated by employing n-butane reactant. Results for three Ni/SiO, catalysts
at a reaction temperature of 400°C are shown in Fig 8. Although the extent of
aromatics formation is somewhat less for each of the three catalysts than those
observed using n-hexane reactant under identical conditions (Fig. 3), results for the
two reactant are, in gemeral, similar. It is significant that aromatic products are
observed during reaction of n-butane, since, unlike the case for p-hexane reactant,
unimolecular formation of an aromatic ring is not possible. The generation of benzene
from n-butane has the same significance as the formation of tolueme and higher
aromatics from n-hexanﬁ. The carbonaceous surface species that is deposited during
reaction of any saturated hydrocarbon may have a pseudo-aromatic or ring-like
-structure that tends to react with gaseous H, to produce principally aromatic species.
We plan to perform a series of tracer experiments involving pulses of isotopically-
labelled n-13CgH;s and n-I3C,H;g reactants, in an attempt to elucidate the genesis of
gaseous aromatic products during these hydrocarbon conversion reactions.

The results of this investigation of supported mickel catalysts can be summarized
by the following conclusions:

1) Selectivity of n-alkane conversion over dispersed nickel catalysts is markedly
influenced by variations in support material, metal loading, and reaction
temperanire.

2.) For n-hexane reactant, selectivity to aromatic products mcreases with:

a) Decreasing metal loading level and, hence, increasing metal exposure
and decreasing metal particle size.
b.) Decreasing reaction temperature.



3.) Selectivity to carbonaceous surface species during n-alkane conversion

increases with increasing metal pal;tidc size, but is relatively unaffected by

variations in reaction temperature.

The second principal area of emphasis in this project has been an investigation of
the effects of variations in support and metal precursor on the reduction behaviors of
dispersed cobalt catalysts and on their corresponding activity/selectivity characteristics
for CO bydrogenation. A series of catalysts containing ~6 wt% Co was prepared by an
incipient wetness impregnation technique, using aqueous solutions of Co(NOs),, CoCl,
and Co(CH3COO),; supports employed included a fumed silica (Cab-O-Sil), LayO3, and
CeO,. Pre-calcination, when performed, was in O, for 16 h at 500°C; reduction
treatments involved exposure to circulating Hj for 8 b at either 400 or 700°C. All CO
hydrogenation experiments were carried out in a recirculation, batch-type reactor at a
reaction temperature of 250°C and an initial H5/CO reactant ratio of 2/1 at 1 am

- total pressure. _

The effects of variatons in support, metal precursor, calcination, and reduction
temperature on catalyst behaviors for CO hydrogenation are summarized in Table 2.
Certain generalizations can be made on the basis of these data.

Effect of Support Among the catalyst and treatment variables investigated,
support identity has the most pronounced and predictable effect on selectivity for the
CO bydrogenation reacton over dispersed cobalt For each of the three metal
precursors, both the average hydrocarbon product chain length and the C, + C3
olefin/paraffin ratio increases in the following order, regardless of reduction
temperature, calcination, or overall catalyst activity:

Co/Si0; < Co/CeO; < Co/LaOs



Table2
Resuits for CO Hydrogenation over Supported Cobalt Catalysts!

Reduction Initial Ave. HC O/P
Support Precursor  Calcination Temp(°C) Activity® Length®  Rartio*
Sio, Co(NO3), No 400 26.0 13 03
No 700 404 13 0.2
Yes 400 52 13 03
Yes 700 9.0 1.7 19
CoCl, No 400 0.05 13 02
No 700 < 0.01 - -
. Yes 400 95 12 04
Co(CH,C00), No 100 ] 3 03
[s] A 1
» No 700 12.0 12 0.4
Yes - 400 18.1 14 04
Yes 700 0.6 15 0.9
CeQs Co(NO3)» No 400 10.1 18 1.7
No 700 Q5 16 04
Yes 400 6.6 1.9 1.8
§ﬁ % 8.‘1” 1.6 0.9
CoCl, (1] 1 - -
No 700 0.03 - -
Yes 400 0.01 - -
Co(CH5CO0), NS Jrs < oo ] i
o | - -
No 700 < 0.01 - -
Yes 400 16 2.0 24
Yes 700 0.02 - -
Las0Os Co(NO3)» No 400 57 2.1 30
No 700 10.8 20 40
Yes 400 < 0.01 - -
Yes 700 < 0,01 - -
CoCly No 400 36.4 22 29
No 700 < 0.01 - -
Yes 400 < 0.01 -
Co(CH;COO), N 20 on - -
o - -
No 700 39 2.1 3.2
Yes 400 < 0,01 - -
Yes 700 13.1 1.8 28

I Reacton conditions: 25 1atm, Hy/CO = 2/1

2 mole CO/mole Co-sec x 10* at 5% CO conversion

:?cuaa:c chain lengths and O/P ratios could not be calculated for activities < ~0.1
or +C3



Under the reaction conditions used in this study, the hydrocarbon product over
Co/SiO is > 75% methane (average chain length = ~13) and is largely paraffinic.
indicating that extensive secondary bydrogenation of the primary olefin product occurs.
In comparison, corresponding average chain lengths over Co/CeO; and Co/La,O5 are
~19 and 2.2, respectively.

In contrast to the observed pattern of selectivity bebavior, trends in overall
catalytic acuﬂty are more complex. Variations in metal precursor, pre-caicination,
and, to a lesser extent, reduction temperature all play important roles in determining
activity for CO hydrogenation over cobalt, and few generalizations can be made. Pre-
calcination of all three precursors on the LayO; support invariably results in very low
catalytic activity when subsequent H, reduction is at 400°C, while much higher activity
is attzined when reduction is performed at 700°C. Powder x-ray diffraction (XRD)
data indicate that each of the three cobalt salts undergoes a solid-state reaction with
LayO; during calcination to produce the perovskite LaCoO; The latter requires

* substantially higher teruperatures for reduction in Hy than is the case for the CosO4
that is generated by calcination of SiOy and CeOrsupported precursors. Both
temperature-programmed reduction (TPR) and x-ray photoelectron spectroscopic (XPS)
results confirm that reduction of all three cobalt precursors occurs much more readily
on CeO, than on either SiO; or LasO5 It appears that the presence of the multi-
valent certum cations in CeO,, plays an important role in promoting cobalt reduction.

Effect of Preawsor. At both reduction temperatures, the nitrate precursor, in
general, leads to the most active catalysts for CO hydrogepation. On both SiO, and
CeO, supports, the chloride salt produces catalysts having activities more than two
orders of magnitude lower than those derived from the nitrate. Although TPR profiles
indicate that the chloride salt is easily reducible, the low activiies of chloride-
derived catalysts are probably due to poisoning of metallic sites by residual Cl- ions,
whose presence on these materials following reduction treatment has béen confirmed by



XPS. Significantly, the CoCly/La,05 starting material results in a very active catalyst,
- despite the presence of residual CI,, due t_o anion scavenging by the highly basic
LayO; support.

~ The acetate precursor is more varied in its behavior on the three supports than
are the other two cobalt salts. On SiO,, it leads to catalysts having activities
comparabie to those of nitrate-derived catalysts, particalarly after calcination, while on
CeO» measurable activity is only achieved by H, reduction at 430°C of a pre-calcined
material. With LayOs-supported acetate, activity for CQ hydrogenation is negligible
following H, treatment at 400°C of ecither a calcined or uncalcined starting material,
“ut high activity is attained in both cases when a reduction temperature of 700°C is
employed. TPR measurements indicate that, in addition to the expected formation of
CH, and COs, thermal treatment of Co(CH3CO0),/La;0; also resuits in evolution of
scbstantia! amounts of gaseous Ho. The latter is presumably derived from the highly
labile surface hydroxyls on this support. This thermal process requires temperatures
"> S00°C for completion and may account for the lack of significant catalytic activity
following H, treatment at only 400°C.

10



PUBLICATIONS

A manuscript entitled *NH3 and CO, Adsorpiion onto La;03," based on results
obtained in this investigation, bas recently been submitted for publication in the
Journal of Caralysis. A copy of this manuscript is enclosed for reference purposes.

FERSONNE]

The following two-graduate students, both doctoral candidates, are currently being
supported by funding from this project:

Dale R. Palke
Christine A. Polansky
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NH3 AND COp ADSORFTION ONTO Laj03

by
Michael P. Rosynek!l and Gregory N. DelliSante

Department of Chemistry, Texas A&M Universicy
College Statcion, Texas 77843

Rurning Tictle: NH3 and COy Adsorption onto Laj03



ABSTRACT

NHa and CO2 adsorpcida onto ﬁn evacuated Laj03 surface was investigared.
NH3 adsorption at 50°C led to weak, nondissociative-coordination of NHj
molecules to La* sites via the nitrogen lone-pair electrons. However, with
COp, bonding at 50°C was to surface 02 jons. Generaved were unidentate
carbonates which rearranged ac 250°C to bidentate coo:ﬁination. By reacting
an NH3 and CO; mixture en Laj03 at 50°C carbamate species were formed. At
250*C, these entities dehydrated to cyanate species coordinated to La3* sites
through the oxygen atom. Above 500°C, the surface bonding rearranged to
produce stronger, bidentate linkage, and above 800°C, polymerizationm produce
were observed. €0y adsorption was shown to reverse the bidentate-linked
cyanate back to the .weaker, unidentate coordination. H»0 expesure at 350°C
reverses the entire dehydration by couverting the cyanates back to NH3 and

CO2. Mechanisms and adsorption sites for these reactions are discussed.
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INTRODUCTION

Las03 displays a wide variety of catalytic behaviors some of which are
unique to the lanthanide oxides. Despite this, few studies which reveal the
nature of adsorption sites have been reported. Certain specific types of
adsorption sites can often be shown to be catalytically "active. These
adsorprion sites <can Dbe characcefized by carefully analyzing the
chemisorption of well-defined gaseous probe molecules. NH3 and CO; have been
shown to be poisens for a number of catalytic reactionms which occur on Laj03.
The weak and dissimilar acid-base properties of these molecules also makes
them a good combination for probiné surface sites. However, NH3 and €O
adsorprion on Las03 has been largely Ignored except for an investigation by
Minachev et al. (1). They detected and analyzed one adsorbed specie for each
adsorbate by cthermal desorption, but were unable to determine che actual
modes of adsorption. Addi:iomlly, no interaction between the chemisorbed
species was detected. In the present study, transmission IR spectroscopy was
used to more-definitively investigate the narure of cthese NH3 and €Oz

adsorption sites on Laz0j3.

22
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EXPERIMENTAL METHODS

Materials. Ventron Laps03 was cempletely rehydrated in boiling water
open to the atmosphere to obtain La(OH)3 from which 1R samples were made.
The oxygen used came from Airco, Inc., and was high purity grade {99.9%. It
was further purified by passage through & glass-bead-filled trap maintained
at -136°C. Distilled Hy0 was furrther purified by numerous freeze-pump-thaw
cvcles at -78°C. Prior exposure to activated charcoal was required to
completely remove organic impurities. Anhydrous gradé NH1 (99.9%) was
obrained from Matheson Gas Products Co. NH3 (98% atom % D) was obtained from
Merck and Co., Ipec. 15N'H3 (99 atom % N-15) was from Stohler Isotape
Chemicals. All three ammonias were freeze-pumped at -78°C and -13%6°C. The
NHy was additionally exposed to an excess of similarly precreated Laj03 prior
to sample exposure to remove last traces of impuricties. Linde instrumentc
grade €Oy (99.9%) was used. 13c0p (99 atom % C-13) and clBo; (99 actom % O-
18) were bo:h obtained from Stohler Isoctope Chemicals, The carbon dioxides
were each passed through a trap at -78°C before use. HCN was generated by
mixing concentrated reagent grade HSO; and reagent grade KCN followed by
drying over reagent grade, anhydrous PyOsg.

Apparatus. For transmission IR studies a Vycor IR cell of standard
design with KCl windows was employed. A furnace capable of quickly arctaining
1000*C was wrapped around its shafr. A separate Vycor sample heolder
vertically suspended a chip of Laz03 sample on a thin copper wire which could
be internally wound. This windless arrangement allowed dellicate movement of
rhe sample from the viewing to heating area with high precision. All work

was done in an all-glass system equipped with a hot-oil diffusion pump in
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series with a mechanical forepump capable of attaining pressures of 10-6
Tory.

A Perkin-Elmer 399 repeticive scanning IR was mounted around the IR
celi. The IR cell irself was clamped to the vacuum system for the life of
each sample. These steps assured a reproducibiliry of at least 5 percent in
the gas adsorption cechnique, vhich was required for quan:i_.t:ative
megsurements.

Preocedure. 1In a typical experiment, La(OH)3 was hand ground for about
an hour and then weighed and pressed at 5000 p.s.i. between steel disks o
obtain a 15 x 10 mm wafer of abour 40 g I..a203/cnz optical density. Once the
wifer was placed in the IR cell, the zell itself would be clamped to the
vacuum system. and the surface of the sample cleansed by 24 hours of vacuum
heating at 800°C. Ibi; trestment included one hour of O3 treatment at 800°C
toward the end of this period. Howvever such Oy treatment would always be
followed by at least 30 aminutes of vacuum heating. A background spectrum
would reveal a lack of adsorbed species and assure that A-type Lag03 has been
formed to an adequate degree. This surface was either used in an experimenc,
or, alternactively, the sample was then re-exposed to about 22 torr of water
in the vacuum system at 25°C for 3 hours so as to complecely rehydrate the
L2503 back to La(OH)3. Next, debydration at 600-800°C for a short time would
convert the material back te A-type La?03. This more-timely pretreatment was
sometimes done to increase the surface area of cthe starting oxide. The
surface area of a sample thus treated was still cypically ooly 7 mzjg_

During an experiment, a background scan was taken and scored in computer
memory . A probe gas was then admitted to the sample with the sample

temperature maintained from 25-900°C, However all IR spectra themselves were

28



taken with the sample maintained at aboutr 50°C (IR beam heating alone).
Following removal of the probe gas at the exposure temperature, and sample
cooling to auwbient temperature, a spectrum would be taken with the new
adsorbed species and the background spectrum subtraéted from it before final
display. Addirionally, each individual spectrum was ensemble averaged
numerous times by Tepetitive scamming. Only chemisorbed species at
equilibrium (Relative to the scamning tire) could be gquantitatively studied
by this procedure. By interpreting the bonding nature of the adsorbed probe

molecules, information about the behavior of adsorption sites was obtained.
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RESULTS AND DISCUSSION

Nii3_Adsezprion

When NH3 was exposed to Lap03 at 50°C the only resulcing IR band was a
single, fairly broad and symmetric, extremely weak band at 1092 em~id., an
illustration of this respouse appears in Figure 1. The band reached full
intensity within minutes following exposure. With ewvacuation Cthe band
immediately shifred to 1132 el This dependence of band position on
adsorbate pressure is a common observation, and reflects addictional NHj
adsorption onto weaker sites as the NH3 pressure was increased. All IR
evidence of chemisorbed species vanished following vacuum heating at only
130°C for about 20 minutes. Removal of chemiserbed NH3 by vacuum heating at
about 250°C, followed by readsorption of NHz at abour 50°C, resulted in the
same quantity of ‘adsorbed NHj. Therefore, the NH3 adsorption was both
- nondestructive and reproducible.

Deuterium and N-15 labeled NH3 were also adsorbed. With NH3 adsorpcrion
the bands each shifted about 200 cm~l. Using 1°NH3, the bands each shifted
5-10 em~l. These shifes suggest the origin of the band as the symmetzic
deformation of an NH3 molecule coordinated Te a La3* site via the nitrogen
lone-pair electrons. The symmetric deformation is well-known to produce the
most intense band in the gas phase NH3 spectrum and appears at 963 and 932
cn-!. The band is split due to inversion doubling. For the gas phase NHj
spectrum, isotopic labeling with ND3 and 15NHj3 results in shifts of 202 and &
en-1, respectively, and these correspond to the values observed for the N3
surface species (2).

For the general population of inorganic coordination compounds, three

deformation vibrations of ligated NH3 molecules occur. The degenerate
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deformation is observed in the region of 1650-1560 cm"l, the symmecric
deformation in the region 1350-1150 em~l, and the NH3 rocking frequency from
950-650 cm"l (3). This is consistent with the present assigrment for NHj3
adsorption on Las03. i

IR studies of NH3 adsorption on oxide surfaces have been reviewed
(&,5,6). However, the rare earths as absorbents have been largely ignored.
One reason may be that on basic oxides, acid sites are ofren believed to have
a less significant effect on catalytic activity than the effect of basic
sites. On the more acidic oxide Al;03, Peri used NH3 adsorption as probe to
detect charnges :T.n. the concentration of acid sirtes during precretment (7).
Results were strongly corrected to catalytic results. Since Alp3 derives its
catalytic nature from its strongly acidic Lewis acid sites, this is mnot
unexpected. An IR study of NH3 adsorptien onto a number of oxide surfaces
has been reported by Filimonov et al. (8). They examined KH3 adsorption onto
' a number of metal oxides. Their results are consistent with these cbtained
on Las03. - They observed a band due to the syme:ric deformation of
coordinated NH3 molecules at 1280-1240, 1220, 1220, 1230-1190, 1180 and 1070-
1110 em ! for Al,03, BeO, Zn0, ZrO;, NiO, and MgO, respectively. A similar
study was reported by Minachev et al. (1); however, thermal gravimecric
desorption was used instead of IR spectroscopy to detect adsorbed NH3 on both
acidic and basic oxides. On the acidic Alp03, three types of stronmgly
adsorbed NHa were identified. Adsorption of NH3 onto the basic oxides of La
and I'd was also verified. Adsorption onte La and Nd oxides was the weakest,
resulting in removal of all adsorbed species following vacuum heacing at only
115°C, which is in agreement with cthe present results. Morimote et al.

performed an IR study of NHz adsorption omto ZnO (9). Even the acid sites on
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Zn0 were strong enough to cause dissociative adsorptiom to produce surface
amides. Although the acid sites on Laj03 appear much weaker, they probably
exist in large number. LaCla has been d.ete;:'mined. to coordinate large
quantities of NH3, with coordipation numbers as great as nine (10). The acid
sitlzs on Lag03, compsred to thoese on other oxides are therefore seen to be
quite weak. They do exist however and. are quite accessible tTo NH3
adsorption. These sites may offer catalytic usefulness for reactioms
requiring weak, no:_:xd.estructive cationic sites or acid-base sites.
Cartbon Dioxide Adsozption

When €0p was adsorbed onto Laz0z at 50°C the most intense bands are
observed instantly at 1492 and 1389 eml. They reach their maximum intensicy
within 5-10 minutes, the final intensity being independent of the CO
pressure, A sequence of spectra appear in Figure 2 and depict CO3 adsorption
onto Las03 at 5S0°C followed by vacuum heating of chemisorbed species. Broad
bands are observed at 1492 and 1389 em~l. Vacuum heating at 350°C generates
two less intense bands which appear at 1568 and 1306 em-1, Chemisorption of
excess COp at 350°C does not result in significancly increased band
inctensities at 1568 and 1306 cm"l. The concentration of the adsorbed species
is limited by the number of adsorption sites. The bands at 1492 and 138%
cm"l are due to the antisymmecric stretching mode of a unidentate carbonate
species formed from the reaction of gas phase COp with surface 0-2 ioms.
Much less intense bands were also observed at 1060 and 850 cm"l which can be
assigned to the symmetric stretching and deformation vibrational modes of the
same species, respectively,

The COp adsorption experiments were repeated using C-12 and 0-18

isotopically labeled C0s gasses. With €-13 labeling the band due to the
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antisvmmetric stretch ac 1492/1389 em -t shifts vo 1452/1378 em~l, and ic
shifrs ro 1477/1378 em~l for 0-18 labeling. Therefore, observed for C-132
labeling was a shift of 40 and 11 em™}, and for 0-18 labeling, a shift of 15
and 11 em"}, for the antisymmetric and symmetric stretcﬁing components,

::eépectively. These shifts are consistent with those expected from the

assigned species (11). The following mechanism applies.

o )
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c
. Lag0q {
COp > 0
50°C |
1-3.3+
0
il
Lo
Las03 /N
— 4] o]
325°C { |

Many investigators have exaﬁined_coz adsorption onto metal oxides. Hair
has summarized the possible modes of COp adsorption onto basic oxides ancd has
reviewed IR adsorption studies (5). Rosynek and Magnuson reported CO2
adserption followed by vacuum heating on Laz03 (12). The present
investigation repor;:s gimilar results. Rosynek et al. quantified the COz
adsorption using a microbalance and determined chat the surfzce coverage was
about 7-8 €02 molecules/100 aZ. For hexagonal Las03 this value corresponds
to approximately one CO; molecule per surface 0°2 ion, resulting in complete
coverage of the surface oxides. A study of COj adsorption on Sc203 at 250°C
reported similar results. Evidence was found indicating symmetric carbonate
species, which displayed a single band at 1330‘ eml, and also bidentate

carbonate species, which displayed bands at 1440 and 1220 em-1 (13). Oon
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alumina, more weakly held surface carbonates were formed by the reaction of
CO» with surface oxides (14). Bicarbonate species were also observed
following lower pretreatment tempertures. The IR spectrum of a few
lanthanide carbonates was published by Caro, Sawyer and Eyring including a
spectrun of La(CO3)3-8Hp0 (135). This spectrum of this compound is wvery
similar to that of the La(OH)3 starting materials used in the present study.
Caro et al. prepared the carbonates by.stirring powdered oxides in water
using CO gas. It took 24 hours to convert the oxides. A somewhat similar
reaction occurs when the hydroxide starting materials are slowly contaminated
by gas pthase COy in a hﬁmid atmosphere. They observed bands at 1460, 1360,
1075, and 850 cm”l, and concluded that che C03'2 group in the rare earth
normal carbonate exhibits the' IR spectrum of a unidentate coordinated
carbonate ion. On nickel oxide, COp adsorption resulted in bands at 1620 and
1350 cm"l. These bands were atctributed to either bicarbonate or bidentate
coordination (16). This behavior is ;ary unlike that on Las03.
NH3-and GOp_Ceadsorption

An interesting surface reaction between NH3 and C0p was observed to
oceur on Lap0a. Shown in Figure 3 is the res;lt of reacting zn equimolar NHj3
and CO9 gas mixture over Lajs03 at 50°C. Surface species immediately
developed as was evidenced by the appearance of three bands at 1622, 1533,
and 1449 cm~}. No other bands were discernible. In Figure 4 changes in the
band’s intensities are shown following vacuum heating of cthese surface
species. Vacuum heating at only 200°C caused the three bands to wvanish
simulcaneously, while at the same time a new band at 2171 em-1 developed.
With higher temperature vacuum heating this band was slewly replaced by a

band at 1985 ecm*l. Therefore, three independent species are responsible for

30

11



this series of bands. Hearing at higher temperatures for longer periods
eventually caused removal of the -1985 em-1 band, with a concomitzant
generation of a broad, fearureless band in the 1700-1250 region, due to the
CN stretch of heterogeneous, poorly-defined. polymeric materials.

When the chemisorbed forms of NH3 and CO; were reacred by sequential
adsorprion and evacuation of each gas, the above reaction only occured if the
order of aﬁsorpl:ion and evacuation at 50°C was NH3 and then COz. The
reaction is therefore between chemisorbed NH3 and gas phase CO2. The
unidentate carbonare species did not react with either gas phase or
chemisorbed NHiy. As described above, the same bonds can also be generated,
to a slightly greater maximum intensity. by adsorbing a gas mixture of NH3
and COy at the same temperature required for the conversion of the
chemisorbed species. The adsorption sites for NH3 and COz om laz04 therefore
behave independently.

Isotopically labeled NHj and CO; gas combinations were also adsorbed. at
50°C and the shifts cbserved for the bands at 1622, 1533, and 1449 cm~l were
. measured. For the 1622 em1 band, a shift of 158 em-t oceurs for
trideuﬁerium labeling of the NH3. This suggests a vibration involving a
proten. Less significant shifts resulted for N-15 and C-13 labeling of € and
9 cm'l. respectively; however, use of 0-18 labeled CH; caused mo shifz at
all. Based on these shifts and the band position, the origin of cthe
vibration is an antisymmetric NH bending vibration of an amide species. For
the 1533 cm~l band, significant shifts occured for C-13 and 0-18 of 32 and 5
em~l, respectively, but insignificant shifts were observed for N-15 and
erideurerium labeling. Similarly, for che 1449 em 1 band, significant shifrs

developed for C-13 and 0-18 of 39 and 17 cm"l, respectively. However, a

»
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shift of 6 cm"! vibratioms originate from the antisymmetric and symmerric
stretch, respectively, of a carboxyl group. The wavenumber separacion
between the bands, as well as the band position of the antisymmerric stretch,
normally increase with imcreasing oxygen coordination for carboxylic groups
(2). Hence, these results indicate rhe formation of a surface carbamare

species coordinated through an oxygen atom with the surface.

o KRHp
N/
c H
La303 | |
€Oz + NHy — o > o-1 + 0
50°¢C l i
Such a species would generate three easily observed bands, wviz., an

antisymmertric and symmetric COO0 stretch and an NHp bending mode. The
isotopic shifrs they would display are within the correct magnitudes ro match
x:.hose observed (4,5). In addition, when an equimolar mixture of NHq and CO»
is increased in pressure To about 100 torr, a white precipitace of ammonium
carbamate forms. Ammonium carbamate actually originates from the reaction of
unstabie carbamic acid with excess NH3. The reaction on the surface does not
go far enough te¢ produce ammonium carbamate since a much stronger base than
the NH3, the surface oxides themselwves, compera successfully for the preoton.
Additicnazlly, this is supported by the absence of a band due to NHo' species
in the 145 cm"l Tegion. A noncatalytic industrial synchesis of urea by
reacting NH3 and COy under heat and pressure was once developed in 1873 by
Divers (17). 7The intermediate is ammonium carbamare which isomerized to urea
(18). In fact, urea is still produced by a similar process today (19).

Francis and Thorne reported using organo-tin catalysts to prepare a large
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pumber of new carbamartes of tertiary .aleohols which can be used in new
synthecic routas {20).

The isotopic labeling results for the 2171 em"! band are depicted in
Teble 1. They are alsc compared to the band positien and isotopic shifrs for
ionic cyanate ilons dissalved in solid seolution (21,22). Tﬁe isotopic shifcs
as well as the band positions a.greé ¢losely. Cyanate ion§ on Las03 would
form an ionic bond. The N-15 shifr of 17 em-1l is characteristic of cyanates;
no other simple carbon, nitrogen, or oXygen compounds would be expected To
chow this small a shift. For example, ionic cyanides typically show an N-15
of 234 em~l, and that expected for fulminates is 37 em™l (11). The cyanide
stretching reglen has received much atrention for organic and transition
metal inorganic cyanides (23, 24, 25) and even for the Lanthanide and
actinide ecyanides (26). Because of their size, the lanthanides tend tTo
accommodate a number of cyanide ligands easily, and IR spectra typically
ceveal more than one band in the 2180-2080 cml region. Although 2171 em™!
would be high for the La-CN stretch, cyanides cannet be ruled ouc by the
position of the band alone. The isotopic shift data, however, definitely
rules out cyanide species and suggests the generation of cyanate ions from
NH3 and COz exposure. This reaction appears to have bheen previously
unreported. Generating cyanates from NH3 and CO2 would be expected to occur
in the presence of a strong dehydrating agent, in this case the surface 072
jons (18,27.28,29). The balanced overall eqution for this process is:

NHy + CO2 HOCN + Hp0. The HOCN remains adsorbed on the surface as
eyanate and hydroxyl ions.

The shifts observed for the 1981 el band are very similar te those

observed for the 2171 em~l band. For both these bands, N-15 and C-13
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labeling results in shifts of about 18 and 54 cm'l, respectively, and a shife
of about 5 em"! for 0-18 labeling. Deuterium labeling results in no shift.
The specific origin of these shifts is uncertain but their similarity to the
shifts observed for the 2171 em~! band indicate that only a slight alteration
of structure could have occurred. A slight change in the way to cyanate is
bound to the surface could cause such an observation.

A few adsorption studies of isocyanate stability on metal oxides have
appeared. On acidic oxides, covalently bonded isocyanates with nitrogen
coordination would predominate over true cyanates, which are usually unstable
(2). Solymosi et al. have reacted NO and CO over oxide-supported platinum
catalysts at 250°C to generate surface isocyanates (30). IR bands believed
to belong to adsorbed cyanates were cobserved at 2272, 2318, 2241 and 2210
em~l for Alp03, Si0p, MgO, and TiOj, respectively. Bands were absent when NO

and CO were reacted on the supports themselves; however, there is evidence
that isocyanates form on the metal and then transfer to the SUPPOIT (31).
The CN triple-bond scre:ching node shifts to lower frequency with greater
electron withdrawal from the CN triple bond. On Cr303 the NO and CO reaction
has received a2 good deal of attention because it has been assumed that
isocyanaté surface species may play a role in the undesirable formation of
NH3 and HCN during the catalytic treatment of automobile exhaust gasses (31).
On Cry03, a band at 2150 cm~l was assigned to a Cr-CN species and a band at
2210 cml was assigned to a nitrogen coordinared WCO species coordinated to a
chromium ion. By adsorbing iseeyanic acid, HNCO, atc 298 K, the same bands
were generated. Cyanates adsorbed onto basic Las03 would be bound ionically

with the degree of oxygen coordinacion quite small. This would result in low

frequencies for the CN screcch.
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The result of adsorbing HCN is shown in Figure 5. Essentially identical
bands develop in the case of HCN adsorption, as was observed wich NHy and COg
coadsorption. However, when HCN is adsorbed, the bands each develop at lower
temperatures. This explains cthe slight shift to lower wavenumbers
jllustrated by the band at 2164 eml. With adsorption az 50°C, less
energetic sites were coordinmated than if the adscrption was performed at
250°C. The reaction is slow, taking almost two hours for the 2164 ca”l band
o reach its maximum intensity at S0°C. HCN is a very wesk acid. Om the
other hand, CN- ions are extremely strong bases, and perhaps while they are
on the surface, they are even stronger bases than 073 or OH" ions. The
initial step im this reaction is certainly the removal of a proton from the
HCN molecule. The next sTep is uncertain. - Because of the presence ¢f an
electron accep::iﬁg site, the liberated cyanides are oxidized to cyanartes.
The source of these slectron accepting sites may involve minute quantities of
adsorbed oxygen, -eicher jntroduced with the adsorbate or collected from
vacuum. Another explamation couid be an induced surface reduction, under

these extreme conditions, of La** to Lalt ions. Oxidacion of cyanides to

cyanstes is not difficult. The introduction of cyanide inte molten KBr

produces mostly cyanate by atmospheric oxidation (22). The mechanism below
describes this observation.

The reaction of HCN or similar probe molecules on oxide surfaces has
received some artention in recent years. Low et al. (32) and then Ho.rrow and
Cody (33) examined HCN and cyanogen, CpNp, adsorption onto silica at 800°C.
They observed a number o©f bands in the 2300-2100 cm"! regien. Some of the

bands can definitely be assigned to nitrogen coordinated cyanate species.

35

16



This cyanide oxidation on silieca is wvery similar te the present results for
adsorption onto Laj03, except that on Laj03, following HCN adsorption at
50°C, only cyarate specles were observed. The IR spectrum of adsorbed and
polymerized HCN on 50°C vycor glass has been published. When the adsorbed
BCN molecules polymerized, new bands were observed in the CN triple and
double bond stretching regioms (4,32).

Additionzl experiments further characterized the observed band.shifc
from 2171-1985 cm~l when the cyanate species were vacuum heated abeve 300°C.
When an equimolar mixture of NH3y and CO; was exposed at 336°C to the species
which exhibited a band at 1985 cm"l, the intensity of the 1985 em~l band
decreased, while that of the 2171 cm"l band increased. Therefore, the two
species responsible for these bands can coexist on the surface. The decrease

in the concentration of the more thermally stable species by NH3 and COj
- exposure represents an induced reversal of the equilibrium becween the 2171
and 1985 em™1 species. In an attempt To reproduce this behavior using sz
alone, the sexperimental results illuscrated in Figure 6 were obtained.
Again, the 1985 eml band decreases, and the 2171 cm"} increases in
intensity, as the concentration of surface unidentate carbomate species
increases. To ensure that the COs used in this experiment was NH3 free, the
02 was first tested by exposing aun excess amount of CO3 Co a2 clean Laj0j3
surface which was maincained at 280°C, followed by ensemble averaging of IR
spectra over the cyanate region. No cyanate production meant no NHi
impurity. The 1985 em~l species must therefore arise frem a change in the

way the cyanate bonds te the surface, a change which can be reversed by the
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adsorption of unidentate carbonate. .A nondestructive reaction at that

temperature which explains these observations appears below.

N n-1
11 f
cC c
! Lay03 BV SN
0-1 _._.._.-ﬁ 0‘1 0-1
50Q°C

The e¢yanate was further oxidized by the surface from unidentate to bidentate
coordination, much like the transition observed for COp at this temperature.
This would explain the very similar isotopic shifts observed for cthe 2171 and
1985 cm"! band.

These cyanate species were also reacted with warter and oxygen at
elevated temperatures. At 50°C, water has mo effect within 30 minures, but
when left in the cell and then heated to 350°C for 20 minutes, both bands
were ccmpletely removed. However, new bands "also developed, and these are
illustrated in Figure 7. alse included in this figure is the effect of
vacuum heating on these new species. The result 1s identical to that
obtained when a water and CO, mixture were exposed to Lap03 at 3s50°C. These
new bands were produced when the surface cyanates were decomposed with wacter
back to CO, and NH3. The bands at 1507 and 1402 cm"l are due to unidenctate
coordinated carbomate. The band at 1339 cm~l is also due to carbonate. but
fonically or symmetrically bound. Ionic ¢arbonate species have heen observed
en other highly electropositive metal oxides (4). Similarly, 0O Creatment

was investigated and was found co have no effect even when left in the cell
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and heated te 336°C for 10 minutes: however, afrver about 30 minutes at 336°C.
both bands wvanished. The 1985 cm"l band decreased firsc, but both bands

gradually decreased and no new bands developed,
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CONCLUSION

Chemisorbing NH3 onto Lag03 at 50°C led to only one ctransmission IR band
appearing at 1092 em"l in the presence of gas phase NH3. The band shifred to
1135 em"l following NH3 evacuationm. The band vanished following vacuum
beating at 130°C. The vibration originated from the symmerric stretching
mode of an NH3 molecule coordinately bound to an exposed La3* sire. On the
other hand, adsorbing €07 ontio Laz03 at 50°C ylelded bands characteristic of
2 unidentate carbomate, which following vacuum heating at 350°C was converted
to bidentate coordinatien. By reacting a mixture of the gasses, a number of
distinct surface species were generated depending upon the temperature of
exposure. At 50°C, surface carbamate ions were formed, while at 200°C,
cyanate ions undergo a transition from unidenctate co bidentate coordination
at about S00°C similar to that observed for the carbonate loms.
Isotopically-labeled NH3 and CO; were used to verify these _assignments.

The syathesis of cyanate species from NH3 and COz 1s an unusual one.
Although urea is synthesized industrially from the reaction of NH3 and CO3,
further dehydration to produce cyanate is an urusual reaction, characteristic
of the extremely debydrating pature of Laz03 (19). Because of the importance
of cyanide and cyanate polymeric materials, the use of NH3 and COg or
similarly reacting amines and carboxylates to gemerate cyanate containing

entities may be significant.
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Fig. 6

FIGURE CAPTIONS

NHy adsorption onto Llag03 at 50°C.  Spectrum {a) is the Laj0jy
background. Following exposure to 5 torr of NHy at 50°C, specrtrum
(b) was obtained, and after evacuation for 10 minutes at 50°C,
spectrun (c) was taken . Difference spectra appear in (d)} and {e)
as indicated.

CO; adsorption onto Laj03 at 50*C followed by vacuum heating. In
spectrum (a), 128 torr of CO(2) were exposed for 10 minutes
followed by 10 minutes of evacuation at 50°C. Vacuum heating for
15 minutes at each of the indicated rtemperatures resulted In
spectra (b)-(d).

Sequential exposure of NH3 and COp to Laj03 at 30°C. Spectrua (a)
results from expesing 98 torr of COp for L0 minutes, followed by 10
minutes of evacuation at 50°C. Following removal of these bands by
oxygen and vacuum treatment at 800°C, in spectrum (b) 100 corr of
NH3 were exposed to the sample at 50°C for 7 minutes, followed by
10 minutes of evacuation at 30°C. Then, in spectrum (e}, 103 torr
of COs were exposed for 10 minuces, followed by 10 minutes of
evacuation at 50°C. Spectrum (d) is the result of subrracting
spectrum (a) from spectrum {c).

Result of vacuum heating on the bands generated by sequential
exposure of NH3 and CO; to Lap03 at 50°C. First, 100 torr of NHj
were exposed for 7 minutes, followed by 10 minutes of evacuation at
50*C. Next, 103 torr of COp were exposed to the s-mple for 10
minutes at 50°C, followed by 10 mimutes of evacuation at 30°C.
These spectra were obtained following 15 minutes of wvacuum
treatment at each of the incicated temperatures.

HCN adsorption onto La03 at 50°C followed by vacuum heating.

After exposing 2 torr of HCN for 5 minutes at 50*C, spectrum (a)

was taken. Spectrum (b) resulted following evacuation for 15
mirutes. Subsequent vacuum heating of this species for 15 minutes
at each rtemperature indicated resulted in spectra {(e)-(D).

Effect of CO; adsorption at 336 and 50°C on the bands resulting
from the reaction of NH3 and CO4 om Lap03 at 410°C. In spectrum
(a), 20 corr of an equimolar mixture of NH3 and COp were exposed at
£410°C for 15 minuces, followed by 10 minutes of evacuation ar 410°C
and 20 minutes at 350°C. In spectrum (b), 1l torr of €0y were then
exposed to the sample at 336°C for 20 minutes, followed by 5
minutes of evacuation at 336°C. After additional exposure o 10
torr of COp at 50°C for 15 minutes and evacuation for 10 minuces at
50*C, spectrum {c) was taken.
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Effect of vacuum heating on the bands generated by Hz0 exposure at
350*C to Lay03 which had been previously exposed to an equimolar
mixture of NHy and CO; at 320°C. First, 20 torr of an equimolar
mixture of NH3z and (0 were exposed at 320°C for 10 minutes,
followed by 10 minutes of evacuation at 320°C. Next, 20 rorr of
Ho0 were added to the cell, and kept in the cell whil® the sample
was heated to 350°C for 20 minutes, followed by evacuation at 350°C
for 10 minutes. Finally, to cobtain spectra (a)-(¢), the resulcting
species was vacuum heated ar each of cthe indicated temperatures for
25 minures. )
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