








b. Results

To determine the comparative effectiveness of the
various catalysts, the space velocity was measured
for each in STP volumes per minute per unit volume
of catalyst when converting normal 25 percent para-
hydrogen to 90 percent para with the catalyst at
20°K. The results of this initial series of measure-
ments are shown in table 1, where the catalysts are
arranged according to increasing space velocities.
Also shown is the relative effectiveness of each cata-
lyst when compared with the Harshaw chromic
oxide on alumina.

TaBLE 1. Conversion of 25-percent para to 90-percent para
at 20° K, 15 psig
Relative
Catalyst Space space
velocity velocity
(Cr:05=1)
STP/min

Gadolinium oxide, unsupported_ ... _____________ 10 0.2

Crude ceric oxide, unsupported ... 20 .4

Neodymium oxide, unsupported ______ 20 .4

FeClyonsilicagel _______.__"__________ 20 .4

29, paramagnetic FesO3 on porous glass 20 .4

159, paramagnetic Fe;03 on Florex______ 24 .5

Ferric ammonium sulfate, unsupported - . 30 (i

Magnetite, Fe;O4, unsupported . ________________ 40 48

209, Cr203 on alumina (Harshaw)_______________ 50 1.0
159, paramagnetic Fe;O3 and 9.3% Cr:0:; on

ATIING 50 1.0

5.3%, Ni and 0.249, thoria on alumin: 60 il

189, MnOgzon silicagel _____________ 80 1.6

0.5% Nionalumina________________ 100 2.0

Hydrous manganese dioxide, unsupported._.____ 190 3.8

Hydrous ferric oxide, unsupported . _____________ 330 6.6

The rare-earth oxides did not show up very well,
being less than half as active as chromic oxide on
alumina. (It is difficult to compare these results
with the work of Taylor and Diamond [6] because
no actual space velocities are reported in their
article.) In the present investigation, the laboratory
preparations of iron oxide free from ferromagnetism
were hardly as good as the reference chromic oxide
on alumina. The high magnetic susceptibility of
ferric ammonium sulfate at the temperature of the
conversion did not result in an outstanding catalyst,
but gave an activity between those of paramagnetic
iron oxide on Florex and unsupported synthetic
magnetite. The nickel and manganese compounds
resulted in good catalysts, with !4 percent nickel on
alumina twice as good and manganese dioxide on
silica gel 1.6 times as good as the reference chromic
oxide on alumina.

Although attempts to reduce ferromagnetism of
supported iron oxide catalysts did not help the cata-
lytic effectiveness, there was a marked improvement
in both manganese and iron when the supported
oxide was replaced by the unsupported hydrous
form. Thus hydrous manganese oxide was about
four times and hydrous iron oxide almost seven times
as good as chromic oxide on alumina.

3. Hydrous Iron Oxide Catalyst
3.1. Laboratory Studies

Additional measurements with the hydrous iron
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oxide disclosed at once that the space velocity for
liquid-phase conversion could be further increased
by a very significant factor simply by using a smaller
particle size. The original measurements had been
made with approximately %-in. pellets. Cutting
each of these into about four pieces increased the
space velocity from 330 to 750, and grinding the
material into a fine powder resulted in a STP space
velocity of almost 2,000 per minute.

Since there are obvious disadvantages to the use of
fine powders in liquefiers, it was desirable to prepare
more of the material in order to experiment with
various mesh sizes and particle modifications.
Difficulties were encountered, some of which are
referred to by Weiser [14], i. e., properties of the
hydrous oxides may show marked variations with
small variations in treatment of the sample. Al-
though reasonable care was taken to use the same
procedure in the preparation of several samples, the
space velocities of the resultant products would vary,
sometimes by a factor of 2 or 3. It was necessary
to prepare a number of batches before sufficient
high-activity material was ccllected to support the
research and charge one of the large Cryogenic
Engineering Laboratory liquefiers.

The reasons for the increased activity of the better
preparations were not entirely clear. No correlation
was found, for example, between catalytic activity
and the concentration of various metallic impurities
as determined by spectrographic analysis. In-
creased bulk density was identified with increased
catalytic activity, but the procedure for obtaining
a high-density product was not apparent. Of course,
some increased activity of the unsupported oxide
should be anticipated because of the higher percent-
age of iron in the sample. This is certainly an over
simplification and would not explain the range in
catalytic activities of the other iron preparations.

An excellent correlation was found between cata-
lytic activity and surface area as determined from
low-temperature nitrogen adsorption by application
of the Brunauer, Emmett, and Teller theory [15].
The surface areas of three laboratory preparations of
30 to 100 mesh hydrous iron oxide are shown in figure
3 plotted against their corresponding catalytic ac-
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Ficure 3. Correlation of catalytic activity with surface area.



tivities relative to the reference chromia catalyst.
The crosses passing through each point correspond to
the confidence limits of the measurements. It is ap-
parent that the degree of correlation is striking
within the range studied. The factors that affect
the surface area of the ultimate catalyst have not
been thoroughly investigated, but it is felt that
variations in the degree and extent of heating during
formation and/or activation are of prime importance
in this regard.

Selwood [12] deseribed in considerable detail the
preparation of iron oxide free from ferromagnetism.
When Selwood’s directions were not followed, as in
the preparation of unsupported hydrous ferric oxide,
appreciable ferromagnetism was introduced.? Yet,
these were the very samples that exhibited the
highest catalytic activity. Admittedly, very little
is known regarding the effect of ferromagnetism on
catalytic activity. In discussing the applicability
of ferromagnetic studies to catalyst structure prob-
lems, Selwood [12] states, “Ferromagnetism, in
contrast to paramagnetism, is a cooperative phe-
nomenon. A substance does not become ferro-
magnetic until the grain size exceeds a certain
critical size, sometimes referred to as the ferro-
magnetic domain. This is a situation which some-
what weakens the applicability of ferromagnetic
studies to catalyst structure problems. Those
particles which are too finely divided to show ferro-
magnetism are precisely those which are likely to
exhibit the most catalytic activity. This is true by
virtue of their large surface area, if for no other
reason.”  From the results of the present work, the
influence of ferromagnetism might, indeed, have
enhanced the activity of the catalyst. As stated
previously, only 2%-fold increase in activity of iron
over chromium was to be expected, based on para-
magnetic considerations. The actual improvement
realized was many fold greater than this.

The results of the particle-size investigation are
interesting. For liquid-phase conversion granules of
20 to 30 mesh proved almost twice as effective as
10 to 20 mesh, but 40 to 50 mesh was very little
better than 20 to 30 mesh. Tests of particles smaller
than 50 mesh showed very little further improvement.
For vapor-phase conversion at 76° K the situation
was somewhat different. Here the gain in going
from 10 to 20 mesh to 40 to 50 mesh was only about
15 percent, and again beyond 50 mesh there was
little or no further improvement.

The space velocities for ortho-para conversion in
the presence of these hydrous iron oxide granules
are so high that very small samples of catalyst,
usually 7 ml, were used for making the measure-
ments. This was necessary to avoid having complete
conversion at all but excessively high flow rates.
The smaller samples also made possible a considerable
simplification of the apparatus, as shown in figure 4.
The catalyst was merely placed in a slim capsule
with ¥%-in.-diameter inlet and outlet lines and
dropped through the neck of a standard 50-liter

F 31t was possible to pick up particles of this catalyst preparation by means of a
small permanent magnet,
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Ficure 4.  Ortho-para catalyst testing capsule.
liquid-hydrogen Dewar. Space velocities for con-
version of 25 to 90 percent para, measured in this
way, had STP values between 2,000 and 2,500 per
minute for liquid-phase conversion when using
granules of 20 mesh or smaller. Interms of liquid-
hydrogen production, this means 1 liter of catalyst
placed in the liquid receiver will convert 150 to 190
liters of liquid per hour from 25 to 90 percent para.

3.2. Hydrous Iron Oxide in CEL Liquefiers

The hydrous iron oxide catalyst has been used
for liquid-phase conversion in two small and one
large liquefier at the NBS Cryogenic Engineering
Laboratory and has performed at least as well as
predicted by the laboratory-scale space-velocity
measurements. In the small liquefiers the catalyst
was placed between screens in such a way that
liquid head building up outside the catalyst con-
tainer provided sufficient force to push liquid up
through the bed from bottom to top. This was
found to be more satisfactory than simply discharg-
ing the unconverted liquid on top of the catalyst
and attempting to withdraw it from the bottom of
the bed. The difficulty in the latter approach arises
because returning vapor, caused by heat of conver-
sion, forms a barrier that effectively prevents down-
ward flow of liquid. The liquid therefore builds up
on the catalyst until it spills over the top of the
container. With the former arrangement, however,
one liquefier, using 370 ml of 30- to 40-mesh catalyst,
produced 40 liters per hour of 90 percent para, and
another using 1,200 ml of 10- to 20-mesh produced
80 liters per hour of 95 percent para. The realized
space velocity is, in the first instance, a little less
than was predicted on the basis of laboratory meas-
urements, whereas in the second case the catalyst
performed somewhat better than predicted
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For installation of the new catalyst in the large
liquefier a novel split-flow arrangement designed
by V. J. Johnson and P. C. Vander Arend was em-
ployed [16]. The system, as illustrated in figure 5,
involves a second Joule-Thomson expansion valve
connected directly to an assembly made up of the
catalyst container, preceded and followed by ade-
quate heat-exchanger surface. The catalyst con-
tainer and heat exchangers are immersed 1n liquid
supplied through the usual Joule-Thomson expan-
sion valve. After passing through this condensation-
conversion-recondensation train, the entire steam
goes directly to the liquid-transfer siphon. Thus,
unconverted liquid is used as refrigerant to condense
totally and to remove heat of conversion from the
stream of converted liquid that is delivered to the
storage vessel.

The results of three trial runs with this arrange-
ment and 1.5 liters of 30- to 100-mesh hydrous iron
oxide catalyst were reported by Johnson [16]. At
that time about 4,500 liters of liquid had been
made, and the quantity of catalyst, as well as the
area of heat-exchanger surface, appeared to be
borderline. Since these initial runs, however, the
catalyst has received more consistent cleanup treat-
ment, and experience has been gained in operation
of the split-flow double-valve arrangement. Although
no changes in catalyst or heat exchangers have been
made, there has been a significant improvement in
performance. An additional 100,000 liters of liquid
has since been produced. Most of this has passed
through the catalyst at 230 to 240 liters of liquid
per hour. This represents a liquid space velocity
of about 2.6 per minute, or an STP space velocity
of a little more than 2,000 per minute. Space velocity
measured in the laboratory for a small sample of
this batch of catalyst gave 2,200 STP per minute
for conversion from 25 to 90 percent para.
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Freure 5. Installationof hydrous iron oxide catalyst in large
Cryogenic Engineering Laboratory liquefier.

3.3. Catalyst Activation and Lifetime

After initial drying and activation of the catalyst
in air at temperatures up to 140° C, the normal
activation procedure has been to maintain the
hydrous iron oxide granules at reduced pressure and
moderate temperature for at least 16 hr. In the
laboratory, evacuation has been to the order of 1 mm
Hg or less at 110° to 120° C. These conditions are
maintained immediately prior to an activity test,
and the vacuum is broken with pure hydrogen gas.
The catalyst changes its structure and is completely
ruined if heated much beyond 140° C.

In one test it was found that a few days of exposure
to atmospheric air reduced the effectiveness to one-
third of its normal value. In another test a cleanup
of 6 hr resulted in a space velocity of 1,800 per min-
ute, whereas a 3-day cleanup raised this to 2,600 per
minute. The behavior indicated by these laboratory
tests is also borne out in the large liquefier. For
example, power failure prior to one liquefaction run
resulted in a cleanup of only 3 hr at the specified
temperature. This run produced 80 to 85 percent
parahydrogen. Subsequent runs with the same
catalyst and a 16-hr cleanup resulted in 90 to 95
percent parahydrogen at equal or higher production
rates.

In an effort to obtain data on the probable lifetime
of the catalyst, a sample was cycled in the laboratory
between use at 20° K and activation at 110° C.
The sample was subjected to a total of 31 cycles over
a period of 6 weeks. The total time in use for con-
version was 137 hr, and the total time on activation
was 821 hr. The conversion activity remained essen-
tially constant throughout, being actually a little
higher at the end than at the beginning of the tests.
Plant-scale data on catalyst lifetime consists at
present of production of about 100,000 liters of
converted liquid over a period of about 5 months.
The hydrous ferric oxide catalyst (1.5 liters of 30 to
100 mesh) being used shows no sign of decreasing
activity.
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