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Parahydrogen conversion and hydrogen-deuterium equilibration have been inves- 
tigated on neodymium, gadolinium, dysprosium, and erbium oxides over the tem- 
perature range 77” to 657°K. At low temperatures, where the equilibration reaction 
is absent, the conversion proceeds by a paramagnetic mechanism in which the rate 
is dependent upon the 4f electronic structure of the oxides. There is evidence for 
a similar mechanism for conversion at intermediate temperatures (140-400°K). At 
high temperatures both the conversion and equilibration reaction proceed with 
comparable rates on all four oxides studied. Both reactions are considered to proceed 
by the same chemical mechanism, in which the similar outer electronic states, 
5s and 5~3, control catalytic activity. 

INTRODUCTION 

Few investigations have been made of 
the influence of 4j electronic structure on 
the catalytic properties of the rare earth 
oxides. Studies of ethyl alcohol decomposi- 
tion (1) and of cyclohexane dehydrogena- 
tion (2) have shown little variation in 
activity over the series of oxides, and it 
has been suggested that the similar outer 
electronic states, 5s and 5p, control cat- 
alytic activity. The oxides have been found 
to be catalysts for carbon monoxide oxida- 
tion, but no comparison of activities was 
considered possible (3). This arose from 
the observation that the activities were 
dependent on oxygen and temperature pre- 
treatments, and on unknown deviations 
from stoichiometry in cases where the rare 
earth ion can possess different valency 
states. 

In a previous publication (4) it has been 
shown that neodymium oxide is a catalyst 
for the parahydrogen conversion over the 
temperature range 77” to 642°K. It was 
established that the conversion proceeded 
by a physical, paramagnetic mechanism at 
low temperatures and by a chemical mech- 
anism at high temperatures. Comparison of 

experimental rates with those calculated 
from theoretical models showed that only 
a small fraction of the surface was cat- 
alytically active at all temperatures. One 
reason for this small active fraction may 
be that only cations situated at macro 
defects or next to surface anion vacancies 
are active. Alternatively, the surface may 
be almost saturated with irreversibly ad- 
sorbed water, in the form of hydroxyl ions, 
which block access to the neodymium ions. 
The present contribution reports experi- 
ments which were made to ascertain which, 
if either, of these explanations is correct. 
A full study of parahydrogen conversion 
and hydrogen-deuterium equilibration on 
gadolinium, dysprosium, and erbium oxides 
is also reported. The results of this study 
are discussed in conjunction with those of 
the earlier work on neodymium oxide. 

EXPERIMENTAL 

The apparatus, procedure, and method 
of calculating both experimental rate con- 
stants Ic, and absolute rates k, have previ- 
ously been described (4,5). The sampIes 
of oxide used were of “Specpure” grade 
supplied by Johnson, Matthey & Co., and 
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had been prepared by heating the corre- 
sponding oxalates to 21073°K. Surface 
areas were determined by the BET method 
using krypton at 77°K (uKr = 21 A’), and 
were found to be independent of the time 
of evacuation at 673°K. The following spe- 
cific surface areas, the mean of three 
determinations, were obtained: NdzO,, 11.9 
m*/g; Sm,O,, 4.14 m*/g; Gd,O,, 2.27 m2/g; 
DyzO,, 2.96 m’/g; Er203, 2.77 m*/g. 

RESULTS 

General 

In the previous work on Nd,Os (4) it 
was found that evacuation for 150 hr at 
673°K gave a surface of reproducible 
activity. In an effort to determine why 
only a small fraction of the surface was 
responsible for this activity, an investiga- 
tion of the effect of evacuation at higher 
temperatures has now been made. Three 
separate samples of Nd,O, and one of 
Dy,O, were first evacuated for 150 hr at 
673”K, and then evacuated at a series of 
progressively higher temperatures. The 
catalytic activity for parahydrogen con- 
version at 77°K was determined after each 
evacuation. Table 1 shows the thermal his- 

The effect of pretreating the oxide sur- 
face with hydrogen at high temperatures 
was investigated with Nd,O,. Such treat- 
ment could give rise to partial surface re- 
duction and may also assist the removal of 
surface hydroxide ions. The hydrogen pre- 
treatments and subsequent rates of conver- 
sion at 77°K and a hydrogen pressure of 
4 mm Hg on a single sample of Nd,O, are 
given below: 

Evacuation for 156 hr at 673°K 
k, = 2.84 X 10’” molecules/cm* set 

Heat for 64 hr in 2.2 mm of Hz at 881”K, 
followed by 2 hr evacuation at 681°K 

k, = 3.15 x 10’” molecules/cm’ set 
Heat for 16 hr in 22 mm of Hz at 1628”K, 
followed by 2 hr evacuation at 1028°K 

k, = 3.01 x 10’” molecules/cm2 set 

The rates, although higher than those 
previously observed for Nd,O,, show little 
variation on hydrogen pretreatment, and it 
is concluded that negligible surface reduc- 
tion has taken place. Once again, the pres- 
sure dependency of conversion remained 
effectively unaltered. 

If water is irreversibly adsorbed on rare 
earth oxides as surface hydroxyl ions it 
may be expected to undergo hydrogen iso- 
tope exchange with deuterium gas; this is 

‘l-ABLE 1 
THE EFFECT OF HIG~-‘I’E~~P~R.\TURE EVACUATION ox C.I~L\I.YI~IC A~TIYITY .\T 57”li 

NdaOa DY%OJ - 
km 

Evacuation (mckcules/cm~ set) Evacuation (molec”lt&m~ set) 

150 hr at 673°K 2.19 x 10’3 
plus 14 hr at 707°K s. 2.50 x 10’3 
plus 16 hr at 950°K 3.03 x 10’3 
plus 16 hr at 1085°K 2.18 x 10’3 

150 hr at 673°K 
plus 16 hr at 825% 
plus 22 hr at !Wl”K 
plus 16 hr at 1175°K 

2.20 x 16’4 
2.34 x 10’4 
2.28 x 16’1 
1.91 x 10’4 

tory and rates of conversion at a hydrogen known to occur with silica and alumina 
pressure of 4 mm Hg that were obtained (6,7). To test this, a sample of Nd,O, was 
for DyaO, and one representative sample evacuated for 150 hr at 673°K and then 
of Nd,O,. It can be seen that the tempera- exposed to deuterium for 72 hr at the same 
ture of evacuation has no significant influ- temperature. Analysis of the gas phase was 
ence on the subsequent catalytic activity. then attempted using a micro-Pirani gauge, 
Furthermore, it was observed that the pres- but the sensitivity was insufficient to deter- 
sure dependency (see below) also remained mine if exchange had occurred. This experi- 
effectively unaltered after each thermal ment awaits repeating using a more sensi- 
treatment. tive method of gas analysis. 
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The above observations show that high- 
temperature evacuation and hydrogen pre- 
treatment do not increase the catalytic 
activity to any marked extent. This sug- 
gests that evacuation for 150 hr at 673°K 
is sufficient to give a reproducibly clean 
surface, and this procedure was adopted 
for all oxides used in the present study. 

The Effect of Temperature 

The effect of temperature on the rate of 
conversion, at a constant hydrogen pres- 
sure of 4 mm, has been studied on Gd,O,, 
Dy,O,, and Er,Os. Two series of experi- 
ments were made on each oxide, one at 
increasing temperatures and one at de- 
creasing temperatures. The results, plotted 
as log k, against l/T”K, are shown in 
Figs. l-3. Apart from small numerical dif- 
ferences, the plots show the same features 
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2 4 6 8 10 12 
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FIG. 1. Plots of log&, against l/T”K ‘for 
Gd,O,; -0, parahydrogen conversion at increas- 
ing temperatures ; --@--, parahydrogen conver- 
sion at decreasing temperatures; .. . A . . ., and 
. . . A . . . , hydrogen-deuterium equilibration. 

for both series. The numerical differences 
probably arise from the presence of chemi- 
sorbed hydrogen atoms in the series at 
decreasing temperatures, which are absent 
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FIG. 2. Plots of log&, against l/T”K for 
Dyz03; a-, parahydrogen conversion at increas- 
ing temperatures; --@--, parahydrogen conver- 
sion at decreasing temperatures; ... A . *., hydro- 
gen-deuterium equilibration. 
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FIa. 3. Plots of log&, against l/!!‘“K for 
Er20s; a-, parahydrogen conversion at increas- 
mg temperatures ; --@--, parahydrogen conver- 
sion at decreasing temperatures; .. . A ..., and 
. . . A . . ., hydrogen-deuterium equilibration. 
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FIG. 4. Collected plots of loglakm against l/T”K for parahydrogen conversion at increasing t,cm- 
peratures. 

at increasing temperatures. Figure 4 shows 
collected data, together with that for 
Nd,O, (4)) at increasing temperatures only. 
The curves for Nd,O,, Gd,O,, and Er,O, 
have the same general form, but with 
Dy,O, the activity peak at intermediate 
temperatures (140-400°K) is absent. 

The low-temperature conversion proceeds 
by a physical mechanism, and is of particu- 

lar interest since it can be used to investi- 
gate surface paramagnetism. This may 
arise either from the presence of free sur- 
face valencies or from paramagnetic sur- 
face ions. Table 2 gives the rates of con- 
version observed at 77” and 90°K on five 
rare earth oxide surfaces which were free 
from chemisorbed hydrogen. In a separate 
study of the adsorptive properties of rare 

Oxide 

k, at hydrogen pressure of 4 mm 
(molecules/am set) 

Hydrogenuptnkeat pressure of 4 mm 
(moleeules/cm~) 

Magnetic 
Iorlic radius moment of 
of Mea+ ion Mea+ ion 

A 
(Bohr 

Heat of 
magnetons) 77°K 90% 77°K !JO”li 

adsorption 
(kcal/mole) 

N&03 1.15 3.68 2.29 x 10’3 1.67 x 10’3 4.15 x 10’3 1.14 x lC’3 l.S5 
Sm203 1.13 1.65 5.16 x 10’2 4.93 x lC’2 4.87 X 10’” 1.56 x 10'3 2. (Xi 
G&G 1.11 7.94 1 .Ol x 10’4 l.bi x lC’4 5.37 X 1Ol3 1.81 x 10’3 2.13 
UY so, 1 .oi lO.ciO I .z? x 10’4 I .98 x ICI4 6.55 X 10L3 3.03 x 10’3 2.26 
IhO, 1 Of !I 60 1.9-r x 10” 2.31 x lc;‘” - 
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earth oxides (8), information has been ob- 
tained on low-temperature hydrogen ad- 
sorption. This is summarized in Table 2 as, 
(i) the adsorption uptake at 77” and 90°K 
at an equilibrium pressure of 4 mm, and 
(ii) the isosteric heat of adsorption. The 
values for Nd,O, differ from those previ- 
ously obtained (4), but they are regarded 
as the more reliable. It can be seen that 
although the hydrogen uptake and heat 
of adsorption increase with the lanthanide 
contraction, this is not so for the rate of 
conversion. The rate of conversion and its 
major dependence on surface paramag- 
netism is discussed below. 

The Effect of Pressure 

The effect of pressure on the rate of 
conversion has been measured over a range 
of pressures at a number of different tem- 
peratures. If hydrogen adsorption obeys 
the Freundlich isotherm, then k, = k,p” or 
k, = kzpcn-l), where p is the pressure, n is 
the kinetic order of reaction, k, and k, are 
constants ; n is given by the expression n = 
(a log k,/a log P)~, or n = 1 + (a log k,/a 
log P)~. The values of n determined by this 
method, together with the applicable pres- 
sure ranges, are given in Table 3. No 
change in the value of n at 77°K was ob- 
served after high-temperature evacuation 

of Nd,O, and DyzO,, or after hydrogen 
pretreatment of Nd,O,. 

At low temperatures, and with the oxides 
showing the greatest hydrogen adsorption, 
negative reaction orders were obtained. 
These negative orders were shown to be a 
reproducible effect by changing the geome- 
try of the reaction system, and they are 
indicative of catalyst poisoning by ad- 
sorbed hydrogen molecules. 

Hydrogen-Deuterium Equilibration 

Hydrogen-deuterium equilibration on 

Gd,O,, Dy,O,, and Er,Os has been studied 
over the temperature range 193650”K, 
using a mixture of 50% normal hydrogen 
and 50% deuterium, at a constant pressure 
of 4 mm. The samples of oxide were not the 
same as those used for the conversion ex- 
periments, but were from the same prepa- 
ration and were evacuated in identical 
fashion. 

The rates of equilibration at 193” and 
294°K are shown in Table 4, together with 
the results previously obtained for Nd,O, 
(4). The figures in brackets against the 
rates of equilibration are the ratios of the 
rate of equilibration to that of parahydro- 
gen conversion at the same temperature 
and pressure. The magnitude of the ratios 
are such that, with the exception of DyzO,, 

TABLE 3 
V~4~1.4~10~ OF REACTION ORDER 

T(X) 
K&03 Pressure (mm) 

n 

2’(X) 
SmrOa Pressure (mm) 

n 

T(“K) 
cklzos Pressure (mm) 

n 

T(X) 
DyrOr l’ressrire(mm) 

n 

!l’(“K) 
Er203 Pressure (mm) 

n 

65” 77” 
l-3 4-12 l-3 4-18 
0.20 -0.30 0.54 0.10 

- 77” 
- 2-4 5-21 
- 0.54 0.00 

- 77” 
- l-10 
- 0.00 

- ii” 
- l-9 

-0.07 

7’7” 
- 2-4 5-11 

-0.06 -0.47 

90” 193” 
2-10 2-8 
O.OG 0.11 

go0 - 
14 5-19 - 
0.30 0.00 - 

. 90” 158” 
l-10 2-7 
0.12 0.09 

90” 193” 
2-10 2-8 
0.00 0.10 

90” 193” 
3-9 2-8 

-0.13 0.16 

273” 373’ 461’ 588” 
2-5 2-5 2-9 2-10 
0.00 0.42 0.42 0.13 

- 
- 
- 

273” 
3-9 
0.21 

273” 
2-8 
0.00 

- - 543” 
- - 2-9 
- - 0.00 

377” - 544” 
2-8 - 2-8 
0.29 - 0.45 

327” - 524” 
2-7 - 2-7 
0.35 - 0.49 
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the parahydrogen conversion at these tem- 
peratures is predominantly proceeding by a 
physical mechanism. Alternatively, it may 
be proceeding by a chemical mechanism on 
isolated double sites. Equilibration could 
not be studied below 193°K owing to the 
limitations of the micro-Pirani method, but 
there is nothing to suggest that the rate is 
anything but less than that at 193°K. 

At higher temperatures, where the rates 
are higher, they can be expressed by the 
relationship k, = Aexp (--E/R 7’). The re- 
lationships for the four oxides, together 
with the applicable temperature ranges, are 
given in Table 4. The rate data are also 
plotted in Figs. l-3. 

DISCUSSION 

The parahydrogen conversion at low 
temperatures is considered to take place by 
a physical mechanism, which arises from 
the interaction of the nuclear spin of the 
hydrogen molecule with the inhomogeneous 
magnetic field at the surface of the catalyst. 
Several possible mechanisms have been de- 
veloped from the original theory of para- 
magnetic conversion proposed by Wigner 
(9). Harrison and McDowell (10) have 
considered a mechanism where the conver- 
sion takes place during the translational 
motion of physically adsorbed hydrogen 
molecules across a paramagnetic surface. A 
mechanism proposed by Sandler (11) and 
developed by ourselves (4) considers con- 
version taking place when an adsorbed 
molecule vibrates perpendicularly to the 
plane of the surface on an individual ad- 
sorption site. Under these conditions, each 
vibration is equivalent to a simple collision. 

In considering the low-temperature con- 
version on Nd,Os (4), calculation showed 
that conversion during elastic collisions 
without adsorption was insufficient to ac- 
count for the observed rate by a factor of 
~10~. This also applies to the additional 
oxides now studied. For the translational 
mechanism of Harrison and McDowell to 
give the kinetic orders that have been 
observed in the present work (Table 3), a 
complete or almost complete monolayer of 
physically adsorbed molecules would be re- 
quired. With the oxides studied the maxi- 
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mum hydrogen uptakes that were observed 
are only 0.01 to 0.04 of a calculated mono- 
layer, and it is concluded that the transla- 
tional mechanism is not applicable. 

The kinetic orders and hydrogen uptakes 
are, however, in accord with the vibrational 
mechanism taking place on a small satu- 
rated fraction of the total surface. On the 
basis of the vibrational mechanism the ab- 
solute rate is given by the expression k, = 
+nv, where # is the collisional efficiency, n 
the number of molecules adsorbed per cm2, 
and Y their frequency of vibration perpen- 
dicular to the surface, The collisional ef- 
ficiency is given by + = Kp.2r,-6 where p is 
the effective magnetic moment of the ad- 
sorption site, rs the distance of the hydro- 
gen molecule from the adsorption site dur- 
ing interaction, and K is a constant which 
varies with temperature. Calculations of 
the rate of conversion on the oxides at 
90°K and 4 mm pressure have been made 
putting p equal to the magnetic moment of 
the trivalent rare earth ion, rs = 2 A, v as 
Dewing and Robertson’s value of 4.5 X 
101l/sec (12) and n = 1Ol3 molecules/cm2. 
For all oxides the calculated rates are 
20.01 of the observed rates. 

The numerical discrepancy between ob 
served and calculated rates of conversion 
would be reduced considerably if rs were 
less than 2 h and if a higher value of v 
were obtainable. Consideration of the .rea- 
son why only a small fraction of the oxide 
surface is catalytically active leads to a 
further possible source of the discrepancy.’ 
The experiments on high-temperature evac- 
uation and hydrogen pretreatment indicate 
a clean catalyst surface which would be 
expected to be uniformally active. Hpw- 
ever, if the surface is polarized and rear- 
ranged in the Verwey-Weyl sense, with the 
oxygen ions outermost, close access to the 
paramagnetic metal ions might be pre- 
vented. Surface anion vacancies would then 
give rise to a number of isolated sites at 
which hydrogen molecules could approach 
the metal ions. At such sites more than one 
ion would be accessible and a number of 
vibrational modes could contribute to con- 
version, resulting in an absolute rate higher 
than that calculated on the basis of a single 

perpendicular vibration. Furthermore, if 
more than one hydrogen molecule could 
‘(enter” the vacancy, a condition favored 
by increasing the surface concentration of 
hydrogen, a number of the vibrations would 
be restricted and the rate of conversion 
would fall. This may be the reason for the 
negative kinetic orders observed with 
DyzO, and Erz03, and with Nd,O, at 65°K. 

The oxides used in the present study 
were prepared at ~1073°K and they can 
be expected to have the cubic type C struc- 
ture (13). It was possible that the Nd,O, 
was an exception to this, since it has the 
hexagonal type A structure if prepared at 
1123°K or above. X-ray powder photogra- 
phy of the Nd,O,, following 150 hr evacua- 
tion at 673”K, confirmed that it was of the 
type C structure. The type C structure is 
closely related to the face-centered cubic 
fluorite structure, and is derived from it by 
the ordered absence of oxygen ions from 
one-quarter of the lattice positions, thus 
giving rise to a high concentration of anion 
vacancies. Anderson and GaIlagher (14), 
in considering possible oxygen adsorption 
sites on Pr203, have shown that the undis- 
torted surface of a type C rare earth oxide 
has one in four anion sites vacant. Follow- 
ing Anderson and Gallagher, ‘we calculate 
the number of anion vacancies in a Nd?O:, 
surface, containing equal areas of (100)) 
(llO), and (111) planes, to be. 2.49 X 1014/ 
cm2. This number increases slightly 
throughout the series of oxides used to 
2.74 X 1014/cm2 for ErZ03, owing to the 
size of the unit cell decreasing with the 
lanthanide contraction. Consideration of 
the kinetic and adsorption data at 90°K 
indicates that the concentration of cata- 
lytically active sites is z1013/cm2, and 
clearly these cannot be identified with the 
concentration of surface vacancies. How- 
ever, if association of these vacancies to 
give vacancy clusters can occur, the con- 
centration of these would be lower than 
that of single vacancies and may form the 
active sites. Such an argument is based on 
the assumption that cations exposed in the 
surface have insufficient adsorption poten- 
tial to contribute any significant conver- 
sion. 
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In Fig. 5 the rate of conversion at 90°K 
and 4 mm pressure is plotted against p*. 

a0 

)J* (Bohr magnetons) 

FIG. 5. Plots of I:,,, at 4 mm pressure against 
p’; -0, 90°K (Er,O,,a from Table 2, b other 
experiments) ; . . . @ . . . . the maximum rate at 
intermediate temprrntures (14&400”K), 

The data is from Table 2, with the excep- 
tion of point b for ErZ03, which is from 
further experiments. The plot shows the 
fundamental dependence of the rate of con- 
version upon pz, and the intercept is such 
that a surface containing no paramagnetic 
ions can be expected to show vanishingly 
small catalytic activity. However, unpub- 
lished data for the rate of conversion on 
ALO, at 90°K and 5 mm pressure shows 
that I%, = 6.45 X 1Ol3 molecules/cm2 set 
(15). On Al,O, the conversion is not 
caused by paramagnetic ions, but by free 
valencies arising from surface distortion 
following the removal of adsorbed water. It 
follows that free valencies do not play a 
part in the conversion on rare earth oxides, 
with the possible exception of Ere03, where 
the rate lies above the line in Fig. 5. 

At intermediate temperatures (140- 
400°K) Nd,O,, Gd,O,, and Er,O, show 
similar behavior, with the activity for con- 
version rising with temperature to a maxi- 
mum at 24&270”K and then falling as the 
temperature is further increased. For these 
oxides the rate of hydrogen-deuterium 
equilibration is only a very small fraction 
of that for parahydrogen conversion at the 
same temperature (Table 4). DyzO, is an 

exception to this and shows no maximum 
for conversion; the rates of hydrogen- 
deuterium equilibration and parahydrogen 
conversion being closely similar. It is pos- 
sible that for Nd,O,, Gd,O,, and Er,O, the 
conversion is proceeding by a chemical 
mechanism on isolated double sites with no 
surface migration of adsorbed atoms or 
interaction with other hydrogen molecules. 
There is, however, no evidence for such a 
mechanism on other surfaces. It is consid- 
ered that, with the exception of Dy,O,, the 
conversion occurs by the vibrational physi- 
cal mechanism on sites that are associated 
with an energy of accessibility. This en- 
ergy is sufficient to prevent the sites func- 
tioning at low temperatures, but does not 
slow down the rate at intermediate tem- 
peratures since the hydrogen molecule, 
having reached the active site, will undergo 
an increased number of vibrations before 
being desorbed. As the temperature is in- 
creased above that corresponding to the 
maximum rate, desorption of the hydrogen 
is favored and the rate of conversion falls. 
It is unlikely that the sites responsible for 
conversion can be the anion vacancies or 
vacancy clusters which are considered to 
be active at low temperatures. Possible al- 
ternative sites include anion vacancies in 
the subsurface layer and the octahedral 
interstices (14) which are inherent in the 
type C structure. The lower activity of 
Dy20, is obscure, but it is unlikely to arise 
from a difference in crystal structure, since 
no alternative to type C is known to have 
been reported. Figure 5 shows a plot of the 
maximum rate of conversion against y2 for 
Nd,O,, Gd,O,, and Er,O,. The dependence 
of the rate upon magnetic properties is 
again emphasized. 

At high temperatures (7’ > 400°K) the 
rate of parahydrogen conversion is only 
slightly greater than that of hydrogen- 
deuterium equilibration for each of the 
oxides studied. This indicates that both 
reactions proceed by the same chemical 
mechanism, although the parahydrogen 
conversion may still contain a small con- 
tribution from a paramagnetic mechanism. 
If the dissociative adsorption of hydrogen 
is the rate-controlling step in the chemical 
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mechanism, calculation (4) shows that the Department of Scientific & Industrial Research 

catalytic activity is associated with only a and to Esso Petroleum Ltd. for grants to one of 

small fraction of the available surface. us (D.R.A.). 

This is in keeping with the findings at low 
temperatures, and supports the concept of 
a polarized and rearranged surface, 

From the present investigation it can be 
seen that low-temperature activity is con- 
trolled by the magnetic properties of the 
oxides, which result from the 4f electronic 
structure of the rare earth ions. At high 
temperatures the activities for parahydro- 
gen conversion and for hydrogen-deuterium 
equilibration are closely similar for each 
oxide, suggesting that the outer electronic 
states, 5s and 5p control activity. It ap- 
pears that in reactions where hydrogen is 
present-alcohol decomposition (1) , cyclo- 
hexane dehydrogenation (2)) hydrogen- 
deuterium equilibration and parahydrogen 
conversion-the rare earth oxides show 
similar or regularly changing activities. 
This is in contradistinction to reactions 
where oxygen is present-carbon monoxide 
oxidation (3) and nitrous oxide decomposi- 
tion (8)-where deviations from oxygen 
stoichiometry give rise to irregular and 
irreproducible activities. 
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