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The circumstances in the preparation of active thorium oxide which control the
properties of the oxide have been investigated for thoria obtained by precipitaticn
and thermal dehydration of the hydroxide. Surface area and crystallite size deter-
minations, as well as some tests of catalytic activity, have been used to characterize
the thoria. In addition to the temperature of conversion of the hydroxide to the
oxide, the reagent concentrations, methods of mixing and extent of washing in the
process of preparing the hydroxide have been found to affect strongly the nature of
the resulting oxide. The dehydration of alcohols is found to be much more sensitive
to the surface area of the catalyst than is the dehydrogenation.

INTRODUCTION

Active thorium oxide has been reported
to be a catalyst for several types of reac-
tions. Among these is the decomposition of
aleohols, for which it serves as cither a
dehydration or dehydrogenation catalyst,
depending in a complex way upon the
procedure by which the oxide is prepared
and also upon the conditions under which
the reaction is carried out. Schwab (1)
discussed the directive effects in this reac-
tion in terms of the requirement that, for
a concerted dchydration reaction, there be
available two opposite walls of a pore or
crack of suitable dimensions. It has also
been reported recently that thoria cata-
lyzes the dehydration of 2-ols to form se-
lectively 1-olefins (2).

A study of the relation between the
structure of thorium oxide and the nature
of the reactions which are catalyzed at its
surface has been underway in these labora-
tories. This paper presents the results of
work dealing with the effects of conditions
of preparation of the oxide, as derived from
precipitated thorium hydroxide, on the
physical properties of the catalyst, with
some consideration of the relation to cata-

lytic activity. Subsequent papers will treat
the course and mechanism of reactions
catalyzed by the thoria surface.

METHODS

The general procedure for the prepara-
tion of thorium oxide employed in this
work has been the preeipitation of thorium
hydroxide from a solution of thorium
nitrate by addition of ammonia, filtering,
washing, and drying the precipitate, and
activation by heating at a suitable elevated
temperature between 400° and 800°C. Both
the conditions of precipitation of the hy-
droxide and the conditions of conversion of
the hydroxide to the oxide affect the prop-
erties of the final product. To study the
precipitation and washing process, a stand-
ard activation procedure was followed,
which is implied for all materials in the
following discussion unless other activation
conditions are specifically described. In
this procedure, the filtered and washed
hydroxide was dried for approximately 24
hr at 110-120° and was then heated under
vacuum for 4 hr at 600°C.

The thorium nitrate used in preparing
the catalyst samples was the tetrahydrate,
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as obtained from Fisher Scientific Com-
pany. The ammonia was Baker and Adam-
son, reagent grade, containing approxi-
mately 29% NH;, used as received. For
almost all the catalysts described here, the
ammonia was taken from a single bottle.

The surface area of each oxide sample
was calculated from data on the adsorption
of nitrogen at liquid nitrogen temperature,
obtained in a conventional volumetric ap-
paratus, by application of the BET iso-
therm equation. Before determination of
the isotherm, the sample was cleaned by
evacuation at 200° for 1 hr. Average size
of the crystallites composing the solid was
estimated from the width of X-ray diffrac-
tion lines obtained with a Norelco record-
ing diffractometer. Copper K, radiation
was used, with a nickel filter. The samples
were ground to —400 mesh and spread in a
shallow holder. Crystallite size was esti-
mated by the Scherrer equation (3),

L = K\/Bcos 6

in which L is the average crystallite dimen-
sion perpendicular to the set of planes pro-
ducing diffraction, K is a constant assumed
equal to unity, and B = B,?2 — b2, where
B; is the measured half-width at half-
maximum intensity and b is the corre-
sponding value for erystalline ThO,.

RESULTS AND DISCUSSION

Factors in Hydroxide Preparation
Affecting the Surface Area

Two of the qualitative circumstances
surrounding the formation of the hydroxide
from which the oxide is derived were found
to be quite important. The first of these is
the rate at which ammonia is added to
the solution of thorium nitrate. Under the
conditions used in this work, large surface
area is developed only if the ammonia is
poured rapidly into the solution. Although
the points given in Table 1 suffer from lack
of reproducibility because of the method of
washing, they indicate that, when ammonia
is run in slowly from a buret, the surface
area is uniformly quite low. A number of
other precipitations have been carried out,
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TABLE 1
SurracE ArREAs OF THORIUM OXIDE® SHOWING
ErrEcTs or RATE OF ADDITION OF AMMONIA
AND OF AMOUNT OF WASHING

Surface

Time to add Volume of area of
ammonia wash water Final pH oxide

(min) (ml) of washings (m2/g)
0 300 9 1.1
0 700 7 4.7
0 900 5 6.1
1.6 300 9 1.4
1.3 900 7 1.0
1.6 800 5 9.4
1.9 900 5 4.8
10.9 300 9 0.7
9.3 900 7 1.3
9.6 1050 5 5.2
35.0 300 9 0.4
35.5 800 7 0.7
36.5 900 5 0.7
69.0 300 9 0.0
66.9 800 7 0.5
74.9 1100 5 0.3

« Fifty ml of concentrated ammonia was added to
500 ml of solution containing 40 g Th(NO;)44H,0.
The precipitate was washed on the filter with suffi-
cient water to give the indicated final pH of the
wash.

under various conditions; in no case did
the surface areas for slow precipitation
exceed the order of those given in Table 1,
while oxides of much larger area could be
obtained, as will be shown below, by use of
rapid precipitation. Unless otherwise speci-
fied, the materials described in this paper
were made by the rapid precipitation
process.

The data given in Table 1 were obtained
for samples in which the hydroxide precipi-
tate was washed with water as it remained
in the form of filter cake on filter paper in
a Biichner funnel or on a fritted dise. The
sixth and seventh entries of the table are
included particularly to illustrate the fact
that the reproducibility of the areas of the
oxides prepared in this way was rather
poor. When washing was carried out by
slurrying the hydroxide with wash water,
stirring with a mechanical stirrer, and de-
canting the supernatant liquid, the condi-
tion of the resulting oxide was found to be
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quite reproducible. Most of the results de-
seribed below were obtained by this method
of washing, which thus becomes the sec-
ond important feature of hydroxide prepa-
ration.

Table 1 also indicates an increase in area
with larger volumes of wash water. The
results shown in Fig. 1, obtained by the
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adding 60 ml of concentrated ammonia to
a solution of 50 ¢ of hydrate in 340 ml of
water (0.27 M). With hydroxide 14, an at-
tempt was made to determine the effect of
amount of wash water used by taking sam-
ples as washing proceeded, rather than by
working with individual portions of the
precipitate. Following the initial precipita-

0O Hydroxide 8
® Hydroxide 13

® Hydroxide 14

1 | | |

0 30 60 90

120 150 180 210

Wash water. ml per g Th{NOj3) 4H,0

Fig. 1. Effect of volume of water used in washing thorium hydroxide on the surface area of the
resulting oxide, for three different hydroxide samples.

more satisfactory washing method, show
clearly the effect of the amount of washing
on the surface area of the product oxide.
Hydroxide 8 was prepared from a solution
containing 40 g Th(NO;),-4H.0O in 500 ml
(0.145 M) by addition of 50 ml of concen-
trated ammonia. The filtered precipitate
was divided into six equal portions, each
of which was washed with a different
amount of water by the process of slurry-
ing, stirring, and decanting. As will be seen
later, the thorium nitrate concentration
was below the optimum value for develop-
ing maximum surface area of the oxide.
Hydroxide 13 was prepared and washed in
the same way; the only difference was that
the initial precipitation was carried out by

tion by addition of 200 ml of ammonia to
80 g of the hydrate in 350 ml of aqueous
solution (0.41 M), all of the filtered pre-
cipitate was slurried in 300 ml water and
the slurry was stirred mechanically for 10
min. A portion of the suspension was re-
moved during the stirring, and the precipi-
tate in this portion was separated by filtra-
tion, dried, and activated. The wash water
was decanted from the remaining material
and 400 ml of fresh water was added. After
another period of stirring for 10 min, a
second sample was removed. This process
was repeated and samples were taken after
each washing with 400 ml of water. The
beginning of peptization was observed to
occur after a total wash volume of 1500 ml,
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and the wash water had a pH of 7 at a
total volume of 1900 ml.

All three sets of data show a rapid rise
of surface area during the early washing
stages, followed by a maximum value be-
vond which there is a plateau or a slow
decline with further washing. During this
process, the pH of the wash water drops
from 9 to 5 and the concentration of nitrate
ion in the wash water undergoes a simul-
taneous decrease. The maximum in the sur-
face area is reached when washing is con-
tinued to a pH slightly greater than 7. It is
also quite interesting to notice that a ma-
terial for which the maximum surface is
higher requires a smaller amount of wash-
ing to develop this maximum value of the
surface. This indicates a more open struc-
ture of the hydroxide precipitate, permit-
ting freer access of the wash water to the
interior of the particles with consequent
easier removal of the excess ions. To deter-

35—

30—

25p=

20—

Oxide Surfoce Area, m2/a

P

*———

BREY, JR., DAVIS, SCHMIDT, AND MORELAND

mine the effect of concentration of the
thorium nitrate solution on properties of
the precipitate, aliquots of 1.80M and
0.30 M solutions, each aliquot containing
the equivalent of 6.0g of the thorium
nitrate hydrate, were diluted to various
concentrations and 10 ml of concentrated
ammonia was added rapidly to each. The
results are shown in Fig. 2, with the oxide
surface area plotted against the logarithm
of the thorium ion concentration. It is ob-
served that a maximum area is obtained,
under these conditions, for a concentration
near 0.3 M with areas decreasing rapidly
below 0.1 or above 1.0 M concentration.
The effect of varying the ratio of am-
monia to thorium ion concentration was
studied for solutions containing 80g
Th(NO,),-4H.O per liter. As shown In
Table 2, the areas rise rapidly with con-
centration of ammonia at the lower values
and then level off, with further excess of

-50 ~40 —-3.0

—-2.0

-0 ¢o

Logarithm Molar Concentration Thorium Nitrate

Fia. 2. Effect of concentration of thorium nitrate on the surface area of

oxide.

the resulting thorium
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TABLE 2
SURFACE AREAS OF THORIUM OXIDE SHOWING
ErreEcT OF AMOUNT OF AMMONIA ADDED
IN PRECIPITATION

Volume ammonia added Volume wash  Surface area

[m] per 100 ml Th(NOa)4 water of oxide
solution] (ml) (m2/g)

5 1200 8.3

7 1200 24.4

10 1600 31.2

15 1600 39.4

20 1600 38.2

30 2800 41.2

50 3000 37.6

100 3000 41.7

ammonia having little effeet, provided, of
course, that washing of the precipitate is
sufficient to remove excess ions. The stoichi-
ometric amount of ammonia is slightly
above 4 ml; no persistent precipitate is
formed below this concentration. The data
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show also that several times the stoichio-
metric amount is required, at least at the
concentration of thorium nitrate used here,
to produce the maximum surface area of
the oxide.

Factors in the Activation Process Affecting
the Surface Area

The effects of temperature and atmos-
phere of activation are indicated in Fig. 3.
The hydroxide used for this experiment was
precipitated as a single large batch, To a
liter of solution containing 166 g Th(NO,),
-4H,O0 (0.30 M) there was added rapidly
200 ml of ammonia. The precipitate was
filtered off and washed as a slurry with
mechanical stirring. Various portions of
the dried material were heated for 4 hr,
either (1) under vacuum in a Vycor tube,
or (2) in a Vycor boat exposed to the air,
or (3) in a Vycor tube in a stream of
water vapor generated in a boiler and

Under vacuum
In water vapor

In air

400 500 600

Temperature,

800

°c

Fie. 3. Effect of activation conditions on oxide surface area.
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heated in a preheating furnace ahead of the
activation furnace. Exposure to water
vapor or to the atmosphere is seen to re-
duce the area somewhat, with the effect of
the atmosphere being greatest at 700° and
the effect of water vapor greatest at 500°
and 600°. However, there is not a drastic
difference produced by activation atmos-
phere.

The time of heating of the material dur-
ing the preparation of the oxide also affects
the oxide surface area. As would be ex-
pected, a longer time of heating causes the
surface area to be smaller. Portions of one
particular sample were heated at 600° in
vacuum, surface areas were determined,
and then heating was resumed. This was
repeated several times and results of two
of these runs are shown in Fig. 4. The
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of the hydrate and washing the precipitate
by slurrying and decantation.

Crystallite Size of the Oxide

The estimates of average size of the
crystallites are based upon the broadening
of X-ray diffraction lines observed when
the region over which perfect erystallinity
extends is less than perhaps 500 A in thick-
ness. Measurements were made on the 111
diffraction line, which is the most promi-
nent in the pattern of the cubic ThO, lat-
tice. On several samples, widths were also
measured for the 220 and 311 lines, which
have moderate intensity. The accuracy of
measurement of the width for the less in-
tense lines was also less, causing greater
scatter of points, but no systematic change
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Fic. 4. Effect of heating time on oxide surface area. Curves are for two samples having different

initial areas.

hydroxide used in this experiment was
made by adding rapidly 100 ml of am-
monia to a liter of solution containing 80 g

of the relative widths of the three lines

could be observed in a variety of samples.
Figure 5 shows crystallite size data for the
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Fic. 5. Effect of activation conditions on crystallite size of thorium oxide from hydroxide 12.

same samples, designated hydroxide 12, for
which surface areas were given in Fig. 3.

Another series of samples, designated
hydroxide S, each prepared by a separate
precipitation rather than taken as portions
of a common batch, was activated at vari-
ous temperatures. Portions were heated 3
hr in a vacuum, heated 5 hr in a vacuum,
heated 5 hr in a vacuum and then used for
periods of 12 to 100 hr as alcohol decom-
position catalysts, or heated 3 hr in water
vapor. To obtain each sample, 50 ml of
ammonia was added to a solution of 425 ¢

of hydrate in 250 ml of water, and the fil-
ter cake was washed in the funnel until the
wash was negative to pink litmus and then
with 500 ml of additional water. The re-
sults are shown in Table 3 and the crystal-
lite size plotted against surface area in
Fig. 6. A third series, designated hydroxide
VI, was obtained by activation of a precip-
itate obtained by adding 250 ml of am-
monia to 1250 ml of solution containing
210 g of hydrate, and filtering and washing
in the funnel. The results are also shown in
Table 3 and Fig. 6.
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TABLE 3
o
AVERAGE CRYSTALLITE SizE (ANGSTROMS) FOR THORIUM OxIDE CATALYSTS

o Hydroxide 8 Hydroxide VI
Activation
temp. After 3 hr in After 5 hr in After 5 hr and use After 3 hr in After use as
°C) vacuum vacuum as catalyst steam catalyst
400 44 — 54 47 —
500 58 74 75 67 80
600 76 89 92 98 115
700 103 114 116 — 162
800 162 210 211 180 274
1000
5001
;E; 200
<
& 100l
®
5 AN
S \\.
U so- O Hydroxide s AN
) * Hydroxide 12 X
3’ * Hydroxide vi
—-——==- Data of Reference{4)
20—
10 1 1 1 1 1 ] 1 1
0.2 0.5 1.0 2.0 5.0 10 20 50 100
Surface Area, m2/g
Fic. 6. Relationship between crystallite size and surface area for thorium oxide.

Consideration of all the data on crystal-
lite size indicates that the numerical value
is primarily related to the temperature of
activation rather than to any circumstance
of precipitation of the hydroxide. Of 95
samples activated by the usual procedure
of heating in vacuum for 4 hr at 600°, 79
had sizes within the range 80-100A. For
any given conditions of such precipitation,
there is a reasonably linear relationship on
a log-log plot between surface area and
average crystallite size. Examples are
shown in Fig. 6, along with the line found
by Alired, Buxton, and McBride (4) for
ThO, from the oxalate. The sintering proc-

ess appears to occur in parallel fashion on
various samples, leading to a decrease in
surface area and an increase in crystallite
size. However, the magnitude of the surface
area obtained is essentially unrelated to
the ecrystallite size. One must conclude,
therefore, that it is related to the extent of
aggregation of the primary structural units
which occurs during the precipitation
process.

Catalytic Activity of the Ozide

Although this paper does not deal pri-
marily with the reactions catalyzed by
thoria, some of the results obtained for al-
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cohol decomposition will be briefly dis-
cussed. For the study of this reaction a
microcatalytic reactor was employed, in
which a small portion of ethanol was va-
porized into a stream of helium and passed
over a bed of the oxide catalyst, main-
talned at a temperature between 275° and
400°C. The condensable products of the
reaction were trapped out and then ana-
lyzed by vapor phase chromatography. In
general, both dehydrogenation and dehy-
dration were observed. No ether was found
in the products of the reaction over any
catalyst. The amount of aleohol reacted
was accounted for, within 2-3%, by the
products formed in the two reactions, de-
hydration to ethylene and water, and dehy-
drogenation to hydrogen and acetaldehyde.
The three condensable products were deter-
mined direetly, and the amount of hydro-
gen was taken as equivalent to the acetal-
dehyde found.

70p
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Fic. 7. Relation of catalytic activity in decom-
position of ethyl alcohol to surface area of
thorium oxide. The catalysts were activated at
600°C and pelleted at 90 000 psi. The reaction
temperature was 350°. Crosses represent per cent
of the alcohol feed converted to acetaldehyde and
hydrogen; circles represent per cent of the alcohol
feed converted to water and ethylene.
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With catalysts having areas as low as
1 m?/g, extensive dehydrogenation oc-
curred, while dehydration was only ob-
served with oxide samples having relatively
large surface areas. Figure 7 shows typical
conversions of ethanol samples to acetal-
dehyde and to water for various thorium
oxide catalysts. The data given here are
for the reaction run at 350° under uniform
conditions for all samples. All catalysts
used in obtaining the data in this plot were
prepared by adding excess ammonium hy-
droxide to thorium nitrate solution, filter-
ing off the resulting precipitate, washing
the precipitate in the filter funnel until the
washings were neutral to litmus, drying at
110°, and heating in vacuum at 600° for
4 hr. The material was then powdered and
formed into pellets at 90 000 psi. The dif-
ferences in area were the result of changing
the rate of addition of the ammonia and
the concentration of the thorium nitrate in
the precipitation step.

The three samples of low area produced
no detectable dehydration of the aleohol,
while the two of higher area did produce
considerable dehydration. These results
may be explained if one associates the de-
hydration reaction with interior surfaces
or pore walls of the oxide, which are not
present in the low-area materials.
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