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The multi-pathway (dehydration/dehydrogenation) conversion of ethanol has been used to inves- 
tigate the nature and behavior of catalytically active sites on lanthanum and neodymium sesquiox- 
ides. Catalytic reaction data, coupled with infrared spectroscopic characterizations of adsorbed 
species, indicate that at least two different types of catalytically active sites are generated on 
activated La203 and Nd203 surfaces that are prepared by thermal dehydration of the corresponding 
trihydroxides. One kind of site (designated Type I) is much less numerous than the other (Type If), 
but is more strongly basic and has a much higher initial activity for alcohol dehydration, via a 
probable ethoxide intermediate, at 300-400°C. The parallel alcohol dehydrogenation pathway, on 
the other hand, occurs only on Type II sites, which also have moderate dehydration activity. The 
resulting aldehyde product readsorbs exclusively on the more strongly basic Type I sites, where it 
undergoes a series of secondary condensation reactions that cause a decrease in the overall rate of 
alcohol dehydration. The comparative behavioral features of the two kinds of sites may be due to 
differing surface environments, with Type I sites being in structurally more defective and/or more 
energetic surface locations than are Type II sites. Increases in pretreatment temperature of the 
oxides cause thermally induced transformations of Type I sites into Type II sites by a surface 
annealing or restructuring process, with corresponding modifications in the observed catalytic 
behaviors for the two alcohol conversion pathways. © 1990 Academic Press, Inc. 

INTRODUCTION 

The complexity of the catalytic and sur- 
face properties of basic metal oxides is well 
established (I-4). On many of these mate- 
dais, the presence of several different and 
distinguishable kinds of adsorption and cat- 
alytic sites has been confirmed by selective 
adsorption processes and the kinetic behav- 
iors of multi-pathway catalytic reactions. 
Previous studies in our laboratory have 
provided selected information about the na- 
ture, behavior, and mode of generation of 
catalytically active sites on lanthanum ses- 
quioxide (1, 2). We have demonstrated, for 
example, the profound influence of varia- 
tions in catalyst preparation and pretreat- 
ment conditions, particularly thermal his- 
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tory, on the subsequent activity and 
selectivity of this material for double-bond 
isomerization of n-butenes. Our most re- 
cent investigations have involved the utili- 
zation of other, more complex, diagnostic 
probe reactions, notably the multi-pathway 
conversion of alcohols, as well as spectro- 
scopic characterization techniques, with 
the aim of further refining our understand- 
ing of the nature of catalytic sites on this 
oxide. An additional goal has been to ex- 
tend these studies to include certain other 
lanthanide sesquioxides, in an attempt to 
develop a generalized description of cata- 
lytic behaviors for this series of basic metal 
oxides. 

The multi-pathway (dehydration/dehy- 
drogenation) conversion of alcohols has 
frequently been employed as a diagnostic 
or model reaction for studying the catalytic 
properties of metal oxides, and several au- 
thors have suggested correlations between 
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the observed activity/selectivity behaviors 
of oxides and certain of their chemical/ 
physical properties (3). In making such cor- 
relations, particular emphasis has been 
placed upon the importance of acid-base 
properties of oxides as a key factor influ- 
encing catalytic activity (4), selectivity (4, 
5), reaction mechanism (6), and mode of 
water and/or hydrogen elimination (6-8). 
"Acid"  catalysts, such as titanium oxide 
(9), alumina (10), and silica-alumina (11), 
are traditionally regarded as primarily de- 
hydration catalysts, while "basic"  oxides, 
including zinc oxide (12, 13) and the alka- 
line earth oxides (14), are viewed as primar- 
ily dehydrogenation catalysts (11). Thomke 
(15-18) and others (5), however, while rec- 
ognizing the possible significance of acid- 
base properties in determining catalytic be- 
havior, have emphasized the concept of 
elimination mechanism as a more useful cri- 
terion for categorizing alcohol conversion 
over metal oxides. Tamaru and co-workers, 
for example, have employed a dynamic in- 
frared spectroscopic technique to establish 
that, at reaction temperatures, an enolate- 
type species is the principal reaction inter- 
mediate during dehydrogenation of 2-pro- 
panol over zinc oxide (12, 13) and possibly 
over magnesium oxide as well (19). 

The difficulties inherent in making such 
broad generalizations about catalytic be- 
havior, however, are exemplified when an 
attempt is made to include the lanthanide 
oxides in such acid-base categorizations. 
Although the rare earth oxides, particularly 
the lighter members of the series, are essen- 
tially "basic ,"  Tolstopyatova and co-work- 
ers, among others, have reported that both 
dehydration and dehydrogenation of etha- 
nol occur, in an approximately 2:1 ratio, 
over the sesquioxides in this series (20, 21). 
The latter studies, however, and most 
others that have addressed alcohol conver- 
sion over rare earth oxides, were per- 
formed using samples that had been pre- 
pared by thermal decomposition in air of 
appropriate hydroxides or oxalates precipi- 
tated from aqueous solutions of soluble lan- 

thanide salts. This preparation method, al- 
though achieving increased catalyst surface 
areas, does not permit investigation of, for 
example, the known marked influence of 
pretreatment evacuation temperature on 
the two reaction pathways. Additionally, 
calcination and subsequent handling in air 
causes the surfaces of these basic oxides to 
become partially or wholely covered by 
carbonate entities that result from contact 
with atmospheric carbon dioxide and that 
can markedly influence catalytic behavior 
(20-22). The presence of these carbonate 
species and their effect on catalytic activity 
for several reactions, including olefin isom- 
erization and alcohol dehydration, have 
been demonstrated for a variety of metal 
oxides (1, 10, 23). Furthermore, recent 
studies by Thomke (18) indicate that, in 
contrast to the results of Tolstopyatova (20, 
21), primary alcohols undergo dehydration 
but not dehydrogenation over lanthanum 
and samarium sesquioxides. This contra- 
diction underscores the importance of sys- 
tematically determing the influences of cat- 
alyst preparation method, pretreatment 
conditions, and surface purity on the ob- 
served catalytic behaviors of these oxides. 

The present study was undertaken to de- 
termine the effects of catalyst pretreatment 
conditions and of selected adsorbed probe 
molecules on the activity and selectivity of 
lanthanum and neodymium sesquioxides 
for the dehydration/dehydrogenation of 
ethanol. The intent of the investigation was 
to obtain more detailed information about 
the nature and behavior of catalytically ac- 
tive sites on these oxides than has previ- 
ously been available. 

EXPERIMENTAL METHODS 

Materials. Lanthanum and neodymium 
sesquioxides (>99.9% purity) were ob- 
tained from Ventron Corp., and these low- 
surface-area (< 1 m2/g) materials were indi- 
vidually convertd into the trihydroxide 
precursors used in this study by treatment 
with an excess of triply distilled, deionized 
water for 16 hr at 100°C. The trihydroxide 
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products were each filtered, dried in air 
overnight at 110°C, crushed, and separated 
into appropriate mesh sizes. Essentially 
complete (>99%) conversions of both ses- 
quioxides into the corresponding trihydrox- 
ides using this procedure were verified by 
thermally dehydrating samples of the two 
products and observing mass losses within 
0.05% of the expected values (viz., 14.22% 
for La(OH)3 --~ La203 and 13.83% for 
Nd(OH)3 ~ Nd203). 

Preparation of catalytically active forms 
of lanthanum and neodymium sesquioxides 
from the trihydroxide precursors was ac- 
complished using methods described previ- 
ously (I, 2, 24). Pretreatment of both cata- 
lysts prior to each experiment involved 
overnight evacuation at 900°C to remove 
surface carbonate entities and residual re- 
action species, followed by exposure to 100 
Torr of circulating oxygen for 1 hr (with 
continuous removal of combustion prod- 
ucts by an in-line trap maintained at 
-196°C) and subsequent evacuation for 1 
hr at the same temperature. The samples 
were then quantitatively rehydrated in situ 
to the corresponding trihydroxides by ex- 
posure to an excess of gaseous, CO2-free 
water for either 4 hr at 25°C (in the case of 
La203) or 16 hr at 100°C (in the case of 
Nd203), evacuated at the desired pretreat- 
ment temperature in the range 400-1000°C 
for either 16 hr (La203) or 10 hr ( N d 2 0 3 )  to a 
residual pressure of less than l0 -5 Torr, and 
then rapidly cooled under vacuum to reac- 
tion temperature. BET-N2 surface areas of 
LazO3 and NdzO3 samples prepared by this 
pretreatment sequence varied inversely 
with final evacuation temperature and are 
summarized in Table 1. Catalyst samples 
(50 mg dehydrated weight) of 20/30 mesh 
granules were used for both catalysts in all 
experiments performed at a reaction tem- 
perature of 350°C. In experiments involving 
reaction temperatures of 300 and 400°C, 
catalyst sample weights were appropriately 
adjusted to give approximately the same 
overall rate of conversion as that observed 
at 350°C. 

TABLE 1 

Effect of Pretreatment Evacuation Temperature 
on Surface Areas of La203 and Nd203 

Pretreatment Surface area 
temperature (°C) ~ (m2/g) 

La203 Nd:O3 

300 14.5 - -  
400 14.6 17.1 
500 13.6 14.9 
600 12.1 14.0 
700 10.4 13.1 
800 7.9 11.3 
900 4.5 9.1 

1000 - -  5 . 4  

Evacuation times, following rehydration, 
were 16 hr for La203 and 10 hr for Nd203. 

Absolute ethanol (>99.9% purity) was 
obtained from IMC Chemical Group, Inc., 
and was further purified by repeated vac- 
uum distillations from 25 to -78°C, with 
final evacuation at -196°C to a residual 
pressure of < 10 -4 Torr. Helium (99.999%), 
used as a diluent for the catalytic reaction 
experiments, and oxygen (99.9%), used 
during the pretreatment procedure, were 
Airco high-purity grades, and were further 
purified before use by passage through a 
trap at -196°C. Carbon dioxide was Linde 
instrument-grade (99.99%) and was passed 
through a trap at -78°C before use. Gas- 
eous water, used for catalyst rehydration 
during the pretreatment procedure, was 
taken from the vapor phase over a de- 
gassed, saturated solution of Ba(OH)2 
stored in a vacuum-tight vessel, which as- 
sured CO2 removal via BaCO3 precipita- 
tion. 

Apparatus. All catalytic reaction experi- 
ments were performed using a closed-loop, 
recirculation-type batch reactor (555 cm 3 
total volume) of a design described previ- 
ously (I, 2). The all-glass reaction system 
was connected via greased stopcocks to a 
conventional, mercury-free high-vacuum 
gas handling system. Initial reactant pres- 
sures were measured to -0 .1  Torr using a 
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low-volume pressure transducer equipped 
with a digital display. Except where other- 
wise noted, standard conditions employed 
for all experiments involved initial ethanol 
reactant and helium diluent pressures of 50 
Torr each and a reaction temperature of 
350°C. 

Reactant/product mixtures were periodi- 
cally analyzed by expanding 0.1 vol% sam- 
ples into the previously evacuated loop of a 
gas sampling valve on a gas chromato- 
graph. The ethanol reactant and all prod- 
ucts, except for H2, were separated using a 

in. × 10 ft stainless-steel column contain- 
ing 80/100 mesh Porapak P maintained at 
100°C. Hydrogen was separated from the 
remainder of the reaction mixture in sepa- 
rate samples injected onto a ~ in. × 6 ft 
column containing 80/100 mesh Linde 5A 
molecular sieve, also maintained at 100°C. 
Effluent from the latter column was passed 
through a ¼ in. × 1 ft column containing 
CuO at 400°C, in order to quantitatively 
convert eluted H2 into H20 prior to detec- 
tion and thereby increase the accuracy of 
H2 analyses. Quantitative analyses of all re- 
action mixtures were based on peak areas 
reported by a recording digital integrator 
and resulting from the output of a thermal 
conductivity detector, following calibrated 
corrections for differing thermal responses 
of the various components. 

Infrared spectra were obtained using a 
Perkin-Elmer Model 399 spectrophotome- 
ter that was interfaced to a microcomputer- 
based data acquisition and processing sys- 
tem. The latter was used to apply ensemble 
averaging techniques for signal enhance- 
ment and noise reduction that were neces- 
sary in order to quantify the relatively weak 
absorption bands of adsorbed species on 
the low-surface-area oxide catalysts. The 
quartz cell employed for these studies was 
an integral component of a high-vacuum 
gas handling system and was of standard 
design, featuring KCI windows and con- 
taining a heated region into which the sam- 
ple could be moved by a windlass arrange- 
ment for thermal treatment. Samples were 

prepared in the form of self-supporting 
pressed disks having an optical density of 
20-30 mg/cm 2 and were subjected to the 
same dehydration/rehydration pretreat- 
ment procedure as that used for samples in 
the catalytic reaction studies. All spectra 
were recorded in the double-beam trans- 
mission mode, using air as a reference, and 
with the sample at ambient temperature. 

X-ray diffraction patterns of powdered 
La203 and Nd203 samples were obtained 
using Seifert-Scintag Pad II and General 
Electric XRD 700 instruments, respec- 
tively. Both units were equipped with 
CuKa fltered radiation sources and were 
operated at a voltage of 40 kV and a current 
of 20 mA. The scan speed was 2°/min in all 
cases, with a take-off angle of 5 °. All oxide 
samples were prepared for the X-ray dif- 
fraction measurements using the same pre- 
treatment method as that employed for the 
catalytic and infrared samples. The pre- 
treated samples were transferred in a vac- 
uum-sealed vessel to a glovebox, where 
they were loaded under a dry N2 atmo- 
sphere into a sealed and demountable stain- 
less-steel sample holder equipped with a 
permanently mounted hemispherical Mylar 
film window that prevented sample contam- 
ination by atmospheric water and carbon 
dioxide during X-ray measurements. 

RESULTS AND DISCUSSION 

Reaction Products and Selectivity 

In agreement with previously reported 
results (20, 21), we observed that both de- 
hydrogenation (to acetaldehyde) and uni- 
molecular dehydration (to ethylene) of eth- 
anol occurred over the two oxides La203 
and Nd203 in the reaction temperature 
range 300-400°C. (Unimolecular dehydra- 
tion of alcohols to olefins, rather than bi- 
molecular dehydration to ethers, is com- 
monly observed over metal oxide catalysts 
at temperatures exceeding -300°C (6, 25).) 
Figures 1 and 2 present typical product dis- 
tributions obtained at 350°C over LazO3 and 
Nd203, respectively, that had been pre- 
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FIG. I. Reaction product formation during ethanol 
conversion at 350°C over La203 pretreated at 400°C, 

treated at 400°C. Both the activities and re- 
action selectivities of the two oxides are 
very similar under these conditions. In- 
deed, the overall behaviors of the two ma- 
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FIG. 2. Reaction product formation during ethanol 
conversion at 350°C over Nd~O3 pretreated at 400°C. 

terials, with certain minor exceptions, 
closely resembled each other at all reaction 
and pretreatment temperatures studied, 
and, unless otherwise noted, all subsequent 
discussion and interpretation of experimen- 
tal results applies equally to both oxides. 

The results shown in Figures 1 and 2 
demonstrate that, although the dehydration 
pathway is uncomplicated by the occur- 
rence of secondary reactions, including hy- 
drogenation of the ethylene product by hy- 
drogen formed during the dehydrogenation 
reaction, the latter pathway is more com- 
plex and involves secondary reactions of 
the acetaldehyde primary product that ulti- 
mately produce carbon dioxide, acetone, 2- 
propanol, and n-pentenes. It should be 
noted that, although simple dehydrogena- 
tion of ethanol would generate equimolar 
amounts of hydrogen and acetaldehyde, the 
molar amount of gaseous hydrogen product 
observed over both catalysts greatly ex- 
ceeds that of the aldehyde throughout the 
range of reactant conversion shown. More- 
over, the discrepancy is only partially ac- 
counted for by the observed amounts of 
secondary products, and the remaining 
mass imbalance is due to the presence of 
considerable adsorbed acetaldehyde on the 
catalyst surfaces. At a reaction temperature 
of 300°C (Fig. 3), where gaseous acetalde- 
hyde product is absent entirely, the mass 
imbalance is even greater than at 350°C, 
while at 400°C (Fig. 4), it is almost negligi- 
ble, the discrepancy between amounts of 
hydrogen and acetaldehyde products being 
almost entirely accounted for by the sec- 
ondary reaction products. 

This description of the prevailing surface 
processes is supported by the experimental 
results depicted in Fig. 5, for which acetal- 
dehyde, rather than ethanol, was employed 
as the reactant at 350°C over a La203 sam- 
ple pretreated at 400°C. The aldehyde pro- 
duces hydrogen as its principal reaction 
product, and the mass loss due to acetalde- 
hyde adsorption (after accounting for total 
amounts of secondary products) is very 
nearly twice the amount of gaseous molecu- 
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FIG. 3. Reaction product formation during ethanol 
conversion at 300°C over La203 pretreated at 400°C. 

lar hydrogen at all conversions shown. Fur- 
thermore, the relative amounts of carbon 
dioxide, acetone, and n-pentenes are simi- 
lar to those observed during ethanol con- 
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FIG. 5. Reaction product formation and reactant ad- 
sorption during acetaldehyde conversion at 350°C over 
La203 pretreated at 400°C. 

version over the same catalyst at this tem- 
perature (Fig. I). These results, together 
with those of infrared spectroscopic mea- 
surements that will be subsequently de- 
scribed, indicate that acetaldehyde disso- 
ciatively adsorbs onto the catalyst surface 
during reaction to form acetate-like species 
via loss of carbonyl hydrogen atoms. The 
latter combine to appear as molecular Hz, 
the molar amount of which is thus one-half 
that of the adsorbed aldehyde. The surface 
entities derived from adsorbed acetalde- 
hyde then slowly undergo a series of con- 
densation-type reactions with gas-phase 
ethanol and/or acetaldehyde to form the 
observed secondary products. These pro- 
cesses probably involve aldol- or Canniz- 
zaro-type condensations, which are known 
to occur readily on basic catalysts (26). 

Nature and Behavior o f  the Active Sites 

Information about the nature and behav- 
ior of the active sites that are utilized by the 
two reaction pathways was obtained by in- 
vestigating the influence of catalyst pre- 
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FIG. 6. Effect of catalyst pretreatment temperature 
on initial rates of ethanol dehydration and dehydro- 
genation at 350°C over La203. 

nally produced acetaldehyde.) It is evident 
that the initial rate of alcohol dehydration 
declines continuously with increasing pre- 
treatment temperature in the range investi- 
gated, while the initial activity for dehydro- 
genation, although only 5-15% that of 
dehydration, is virtually unaffected by vari- 
ations in prior evacuation temperature. The 
corresponding activity/selectivity behavior 
of Nd203 (Fig. 7) is nearly identical to that 
exhibited by La203, except that the de- 
crease in initial dehydration activity with 
increasing pretreatment evacuation temper- 
ature is less pronounced. 

The virtual lack of sensitivity of the ini- 
tial dehydrogenation reaction rates to 
changes in catalyst pretreatment tempera- 
ture indicates that the surface concentra- 
tion and/or relative activity of the sites uti- 
lized during this pathway are not affected 
appreciably by variations in thermal treat- 
ment. The pronounced declines in initial 
dehydration rates, on the other hand, sug- 
gest that the number and/or activity of the 
most active sites used by this pathway is 

treatment temperature on the observed de- 
hydration and dehydrogenation rates and 
by exploring the effect of certain probe mol- 
ecules on catalytic activity and selectivity. 
Figure 6 summarizes initial reaction rates 
observed for the two ethanol conversion re- 
actions at 350°C over freshly pretreated 
La203 samples that had been evacuated at 
various temperatures in the range 400- 
900°C. The activities shown for dehydra- 
tion are based on the initial rates of gaseous 
ethylene formation. Those indicated for de- 
hydrogenation represent two-thirds of the 
initial rate of appearance of gaseous hydro- 
gen, since, as noted previously, virtually all 
of the initially generated acetaldehyde at 
this temperature quickly readsorbs via loss 
of carbonyl hydrogen atoms which subse- 
quently combine to produce molecular hy- 
drogen. (Thus, the net result of ethanol 
dehydrogenation plus acetaldehyde read- 
sorption is the appearance of 1.5 mole of 
molecular hydrogen for each mole of origi- 
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TABLE 2 

Effect of  Pretreatment Evacuation Temperature on 

Phase Composit ions of  La203 and Nd~O3 

Pretreatment 
temperature 

(°C)~ 

La203 Nd203 

% % % % 
C-Type A-Type C-Type A-Type 

300 62 38 100 0 
400 44 56 100 0 
500 31 69 95 5 
600 30 70 89 11 
700 13 87 75 25 
800 0 100 62 38 
900 0 100 30 70 

1000 0 100 0 100 

a Evacuation times, following rehydration, were 16 hr for 
La203 and 10 hr for Nd203. 

decreased by increasing pretreatment tem- 
perature. The observed effect may be 
caused by one or more of several possible 
thermally induced phenomena, including 
crystallographic structure transformations 
of the two oxides, changes in concentra- 
tions of residual surface hydroxyls, or fun- 
damental alterations in the chemical/struc- 
tural nature of the active sites. Additional 
experiments were performed in order to as- 
certain the relative importance of these fac- 
tors in influencing the observed catalytic 
behaviors of La203 and Nd203. 

At temperatures below 2000°C, the stoi- 
chiometric lanthanide sesquioxides can 
exist in any of three distinct crystalline 
modifications, viz., the so-called A-type 
(hexagonal), B-type (monoclinic), and C- 
type (body-centered-cubic) polymorphs 
(27). Thermally induced transformations (C 

A and C ~ B) between the three phases 
of a single oxide are essentially irreversible 
under anhydrous conditions, and the tem- 
perature required to effect such transitions 
varies inversely with lanthanide cation ra- 
dius. The lightest (largest cation radius) 
members of the series (La203 to Pr203) exist 
primarily in the A-type structure at all tem- 
peratures, with the C-form being only meta- 
stable. The intermediate oxides (Nd203 to 
Dy203) assume a stable C-type structure 
following preparation or treatment at low 

temperatures (<500°C), but transform to ei- 
ther the A-type ( N d 2 0 3 )  o r  B-type ( 8 m 2 0 3  

to Dy203) modification at higher tempera- 
tures. The heaviest (smallest cation radius) 
oxides in the series (HozO3 to LuzO3) exist 
only as the C-type polymorph at all temper- 
atures below 2000°C. 

Table 2 presents the results of X-ray 
powder diffraction studies of the effect of 
pretreatment temperature on phase compo- 
sitions of La203 and Nd203 samples that 
had been pretreated using the same dehy- 
dration/rehydration/evacuation method as 
that employed for the catalytic reaction ex- 
periments. The relative amounts of the two 
structures in each case are based on the 
peak area of the most intense line in the 
pattern for each polymorph. These are 
0.3294 nm (222) for C-La203, 0.3200 nm 
(222) for C-NdzO3, 0.2974 nm (101) for A- 
LazO3, and 0.2902 nm (101) for A-NdzO3, 
where the number in parentheses repre- 
sents the (hkl) reflection of the line. All ob- 
served d-spacings were within 0.001 nm of 
values reported by previous investigators 
(28-31). The phase compositions shown do 
not represent thermodynamic equilibrium 
at the indicated temperatures, because a 
fixed evacuation time was used in each 
case, but they do serve to reveal the actual 
compositions of the catalysts used for the 
catalytic reaction experiments. 

In the case of La203, the metastable C- 
type phase was not observed in pure form, 
even following treatment at the lowest 
temperature (viz., 300°C) at which decom- 
position of the hydroxide precursor is es- 
sentially complete. With increasing temper- 
ature of evacuation, the C-type structure 
gradually transforms into the A-type, with 
the latter being the only form observed fol- 
lowing treatment at ->800°C. With Nd203, 
the pure C-type structure is obtained at 
<500°C, and it also transforms into the A- 
form with increasing temperature, the pro- 
cess becoming complete at 900 to 1000°C. It 
is apparent, however, that the declines 
shown in Figs. 6 and 7 for initial alcohol 
dehydration rates with increasing pretreat- 
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ment temperature do not directly correlate 
with the thermally induced structure trans- 
formations observed for either of the two 
oxides. Conversion of C-type La203 to the 
A-form, for example, is completed between 
700 and 800°C, but the initial rate of alcohol 
dehydration continues to decrease up to the 
highest pretreatment temperature investi- 
gated, viz., 900°C. 

The effect on the two alcohol conversion 
pathways of variations in the concentration 
of residual surface hydroxyls was also ex- 
plored. Figure 8 displays the effect of pre- 
treatment temperature on the integrated ab- 
sorbance intensity of the infrared band at 
3590 cm -1 that is due to O - H  stretching of 
surface hydroxyl groups on LazO3 (22). It is 
clear that detectable surface hydroxyls are 
completely removed from La203 following 
evacuation at temperatures above 600°C. 
Analogous results were obtained for 
Nd203, with complete hydroxyl removal 
occurring at slightly higher temperatures 
than those required for La203. Conse- 
quently, no correlation can be made be- 
tween surface hydroxyl concentration and 
the observed decline in ethanol dehydration 
rate with increasing pretreatment temper- 
ature. 

In order to further investigate the possi- 
ble influence of residual surface hydroxyls 
on the catalytic activities of these oxides, a 
sample of La203 catalyst was pretreated in 
the usual manner, using a final evacuation 
temperature of 800°C, cooled under vac- 
uum to 400°C, exposed at the latter temper- 
ature to 20 Torr of gaseous water for 1 hr, 
and then evacuated for 16 hr at the same 
temperature. The resulting material had a 
surface hydroxyl concentration virtually 
identical to that of a normally pretreated 
sample when the final evacuation tempera- 
ture was 400°C (as confirmed by a parallel 
infrared spectroscopy experiment). The 
catalytic activity of the sample for both al- 
cohol reaction pathways, however, was 
identical to that of a sample that had been 
pretreated in the usual manner at 800°C. 
Hence, although surface hydroxyls may in- 
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FIG. 8. Effect of pretreatment temperature on rela- 
tive amount of residual surface hydroxyls on La203. 

fluence the activity and/or selectivity of 
certain other oxide catalysts for alcohol 
conversion (10, 25), it appears that on 
La203 and NdzO3 such hydroxyls can easily 
be displaced by reacting ethanol molecules 
at the reaction temperatures employed for 
this study and do not affect the rate of ei- 
ther pathway. The observed loss of initial 
dehydration activity with increasing pre- 
treatment temperature for both oxides is 
evidently caused by essentially irreversible 
changes in either the chemical/structural 
nature or the surface concentration of the 
active sites. Only complete bulk rehydra- 
tion to the trihydroxide and subsequent 
evacuation at a lower temperature can ef- 
fect recovery of the dehydration activity 
lost by higher temperature treatment. 

The nature of such thermally induced 
changes in active site properties was inves- 
tigated using adsorbed carbon dioxide as a 
probe. In separate experiments, CO2 was 
exposed in the infrared cell to freshly pre- 
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FIG. 9. Effect of pretreatment temperature on ca- 
pacity of La203 to "s t rongly" adsorb carbon dioxide. 

treated samples of La203 for 1 hr at the am- 
bient infrared beam temperature (viz., 
50°C), and then briefly evacuated at this 
temperature in order to remove weakly ad- 
sorbed CO2. The integrated absorbance in- 
tensity of the band doublet at 1390 and 1465 
cm -j, resulting from the doubly degenerate 
anti-symmetric stretching mode of surface 
unidentate carbonate species (23), was then 
measured and compared to that observed 
for the same bands after evacuating the 
sample for 40 min at 300°C. The ratio of the 
latter intensity to the former was taken to 
be a measure of the amount of "strongly 
adsorbed" CO2 on the sample and is shown 
as a function of sample pretreatment tem- 
perature in Fig. 9. It is evident that the de- 
crease in amount of this strongly adsorbed 
CO2 with increasing prior pretreatment 
temperature of the sample closely parallels 
the corresponding decline in initial alcohol 
dehydration activity of La203 shown in Fig. 
6. This observation suggests that the high 

initial activity observed for the dehydration 
pathway on both oxides is primarily due to 
the most strongly basic surface sites, i.e., 
those sites that are capable of most strongly 
retaining adsorbed CO2, and, furthermore, 
that the surface concentration of these sites 
is adversely affected by increases in evacu- 
ation temperature. 

The significance of this correlation was 
confirmed by experiments in which C02 
was added to the initial ethanol/helium re- 
action mixture. Figure I0 illustrates the de- 
pendence on reaction time of the rates of 
the two ethanol conversion pathways for 
three typical runs, with no added CO2, over 
Nd203 samples pretreated at various tem- 
peratures in the range 400 to 1000°C. The 
results shown were obtained at a reaction 
temperature of 350°C, but the type of be- 
havior depicted was observed over both ox- 
ides throughout the reaction temperature 
range 300 to 400°C. The initially high dehy- 
dration rates decline rapidly with increasing 

I | i f i i i 

5 Dehydrogenation 

A 

~E Pretreatment Temperature 

5 

50 100 150 
Reaction Time (min) 

FIG. 10. Dependence of ethanol dehydration and de- 
hydrogenation rates at 350°C on reaction time over 
Nd203 pretreated at the indicated temperatures. 
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time of exposure to the catalyst and eventu- 
ally reach much lower, but essentially sta- 
ble, residual levels. This marked rate de- 
crease is not due to accumulation of 
product water molecules on the catalyst 
surface, since addition of 10 Torr of gas- 
eous water to the initial ethanol/helium re- 
action mixture resulted in the same high ini- 
tial activity as in the absence of added 
water. In addition, it should be noted that, 
although the initial activity for dehydration 
is inversely dependent on catalyst pretreat- 
ment temperature, the reverse is true for 
the lower, residual dehydration rates. In 
the case of the dehydrogenation pathway, 
not only is the initial activity virtually inde- 
pendent of pretreatment temperature, as 
noted previously, but the rate remains es- 
sentially constant throughout the course of 
the reaction. 

When an excess (10 Torr) of CO2 was 
added to the initial reaction mixture at 
350°C over a Nd203 sample that had been 

pretreated at 400°C, the results shown in 
Fig. 11 were obtained. The initial dehydra- 
tion activity was now nearly the same as 
the much lower, residual activity that is 
achieved in a normal experiment after a suf- 
ficiently long reaction time. By contrast, 
the rate of the dehydrogenation pathway 
(based on molecular hydrogen formation) 
was unaffected by the presence of the CO2. 
Very significantly, however, the initial per- 
centage of the acetaldehyde product ap- 
pearing in the gas phase was more than 10 
times greater than that observed in the ab- 
sence of added CO2, and the secondary 
products (acetone and n-pentenes) resulting 
from acetaldehyde condensation reactions 
were almost entirely absent during the early 
stages of reaction. 

These results suggest that certain more 
strongly basic (Type I) surface sites (i.e., 
those capable of strongly retaining ad- 
sorbed CO2) are responsible for the high ini- 
tial dehydration activity of the two oxides 
and are also the sites on which the acetalde- 
hyde product of the dehydrogenation path- 
way dissociatively readsorbs and under- 
goes subsequent condensation processes. 
Accumulation of the adsorbed acetalde- 
hyde entities on these sites causes the ob- 
served rapid decline in dehydration activ- 
ity. Another, more weakly basic type of site 
(designated Type II), which does not 
strongly adsorb CO2, is also active for de- 
hydration and is, moreover, the only type 
of site utilized by the dehydrogenation 
pathway that produces acetaldehyde. The 
dehydration activity of these Type II sites 
is much lower than that of the Type I sites, 
but, following complete deactivation of the 
latter by adsorbed acetaldehyde species, 
they are the only sites available for dehy- 
dration and produce the stable, residual de- 
hydration activity that is observed in all 
cases after sufficiently long reaction times. 

It is likely that both of these two types of 
active sites involve surface 02- ions, but in 
differing structural environments. Type I 
sites may, for example, consist of 02- ions 
that are in structurally more defective and/ 
or more energetic surface locations than are 



NATURE OF ACTIVE SITES ON LANTHANIDE OXIDES 91 

the Type II sites. With increasing pretreat- 
ment temperature, Type I sites may gradu- 
ally transform into Type II sites by a 
surface annealing or thermally induced re- 
structuring process, thus causing the ob- 
served decline in initial dehydration activ- 
ity. This postulate is supported by the small 
but continuous increases in residual dehy- 
dration activity that occurred for both ox- 
ides with increasing pretreatment tempera- 
ture (Fig. 10). The lack of appreciable 
change in rate of the dehydrogenation path- 
way, which occurs only on the Type II 
sites, with increasing evacuation tempera- 
ture indicates that the latter are much more 
numerous than the Type I sites, even at the 
lowest pretreatment temperature investi- 
gated. 

Nature of the Adsorbed Species 

In order to more fully describe the types 
of surface processes occurring during reac- 
tion and to determine the cause of the initial 
decline in dehydration rate, infrared spec- 
troscopy was employed to investigate the 
nature and behavior of surface species that 
result from ethanol and acetaldehyde ad- 
sorption onto the two oxide catalysts under 
typical reaction conditions. The spectra 
presented have all been corrected for sam- 
ple background fluctuations by digital sub- 
traction and were obtained using La203; 
nearly identical behaviors, however, were 
observed for Nd203. A sample of La~O3 
that had been pretreated at 400°C was ex- 
posed to 20 Torr of gaseous ethanol at 
350°C for 30 min. Following evacuation for 
2 min at 350°C and rapid quenching of the 
sample to ambient temperature, spectrum a 
in Fig. 12 was obtained. The band group in 
the range 1300-1600 cm -1 can be ascribed 
to a surface acetate species, while the rela- 
tively sharp doublet with maxima at 1050 
and 1100 cm -I is due to an adsorbed ethox- 
ide entity. These species and their respec- 
tive infrared band assignments are similar 
to those reported previously for ethanol ad- 
sorption on ZnO (12), A1203 (32), and MgO 
(33). 
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FIG. 12. Infrared spectra resulting from ethanol ex- 
posure at 350°C for the indicated times to La203 pre- 
treated at 400°C. 

The presence of preadsorbed CO2 (ob- 
tained by prior exposure of the sample to 
CO2 at 350°C, followed by brief evacuation 
at the same temperature) almost completely 
suppressed formation of the acetate spe- 
cies, but had virtually no effect on the 
amount of ethoxide observed. With in- 
creasing time of exposure to ethanol, the 
surface concentration of acetate increased 
rapidly, as shown in Figs. 12 and 13, but the 
amount of adsorbed ethoxide remained es- 
sentially constant. When these experiments 
were repeated using a La203 sample that 
had been pretreated at 800°C (Fig. 14), both 
the amount and the rate of surface accumu- 
lation of the acetate species were substan- 
tially lower than those observed for the 
sample pretreated at 400°C. (Note the dif- 
fering adsorbance scales in Figs. 12 and 14.) 
The observed amount of adsorbed ethox- 
ide, on the other hand, was only slightly 
larger for the latter sample than for the 
former. For both oxide samples, exposure 
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posure at 350°C for the indicated times to La203 pre- 
treated at 800°C. 

FIG. 13. Effect of ethanol exposure time at 350°C on 
amounts of surface acetate and ethoxide species 
formed on La203 pretreated at 400°C. 

to acetaldehyde produced infrared bands 
characteristic of the surface acetate species 
and with intensities approximating those 
observed following ethanol exposure under 
the same conditions, but did not generate 
bands due to the ethoxide entities. 

Further insight into the behaviors of 
these two surface species was obtained by 
investigating their interaction with each 
other. Approximately equal amounts of the 
two species, as shown in spectrum a of Fig. 
15, were generated on a La203 sample (pre- 
treated at 400°C) by exposure to ethanol at 
350°C for 15 min followed by evacuation for 
2 rain at the same temperature and then 
rapid cooling to ambient temperature. 
When the sample was heated for an addi- 
tional 15 min at 350°C under dynamic vac- 
uum (thus effecting immediate removal 
from the cell of desorbed species), the 
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FIG. 15. (a) Infrared spectrum resulting from ethanol 

exposure at 350°C for 15 rain to La203 pretreated at 
400°C; (b) following 15 min of evacuation at 350°C. 
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FIG. 16. (a) Infrared spectrum resulting from ethanol 
exposure at 350°C for 10 min to La203 pretreated at 
400°C; (b) following heating for 15 min at 350°C under 
static vacuum; (c) following heating for an additional 
30 min at 350°C under static vacuum. 

amount of surface acetate remained virtu- 
ally unchanged, but most of the original ad- 
sorbed ethoxide was removed, as seen in 
spectrum b of Fig. 15. The experiment was 
performed a second time, but the additional 
heating for 15 min at 350°C was made with 
the cell isolated from the vacuum system, 
thus allowing readsorption and subsequent 
surface reaction of the desorbed species. In 
this case (Fig. 16), the adsorbed ethoxide 
disappeared completely, and the amount of 
surface acetate species increased by ap- 
proximately 35%. In addition, mass spec- 
trometric analysis of the cell contents fol- 
lowing the closed-cell heating at 350°C 
revealed the presence of gaseous ethylene. 
It is likely, therefore, that decomposition of 
the adsorbed ethoxide species occurs by 
both a dehydration pathway that produces 
ethylene and by a dehydrogenation process 

that generates acetaldehyde, with the latter 
undergoing dissociative readsorption to 
cause the observed increase in amount of 
surface acetate. 

These spectroscopic results are consis- 
tent with the postulated dual-site nature of 
the oxide surfaces and site behaviors that 
have been discussed in the preceding sec- 
tion and suggest the following view of the 
surface processes that occur during the al- 
cohol conversion reaction. Initial adsorp- 
tion of ethanol on the more weakly basic 
(Type II) active sites of La203 and Nd203 at 
350°C occurs dissociatively to produce sur- 
face ethoxide species. Ethoxide entities are 
probably also formed during adsorption on 
the more strongly basic (Type I) sites, but, 
due to their apparently high reactivity to- 
ward dehydration and consequently short 
lifetimes on these sites, it is unlikely that 
they contributed appreciably to the ethox- 
ide bands observed in the infrared spectra. 
Decomposition of the ethoxide species on 
Type II sites occurs either by O-C bond 
breakage (i.e., the dehydration pathway) to 
ultimately produce ethylene or by hydrogen 
elimination and desorption of the resultant 
acetaldehyde (the dehydrogenation path- 
way). The latter readsorbs dissociatively, 
via loss of carbonyl hydrogen atoms, on the 
more highly active Type I sites to generate 
surface acetate species that participate in 
secondary condensation processes leading 
to the formation of acetone and n-pentenes. 
The former can readsorb on Type II sites 
and undergo hydrogenation to 2-propanol 
which can, in turn, become dehydrated to 
propylene on the same sites. The latter 
product was observed in small amounts 
during the catalytic reaction studies after 
sufficiently long reaction times, particularly 
at a reaction temperature of 400°C (cf. Fig. 
4). Accumulation of the strongly held sur- 
face acetate on the Type I sites effectively 
poisons their dehydration activity and 
causes the observed rapid decline in etha- 
nol dehydration rate with increasing reac- 
tion time. The Type II sites are responsible 
for the residual dehydration activity and for 
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all of the dehydrogenation activity exhib- 
ited by the two oxides. 
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