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FOREWORD

This report was prepared by Air Products and Chemicals, Inc., under
USAF Contract No. AF33(616)-7506. This contract was initiated under
Project No. 3048, '’Aviation Fuels", Task No. 30193, "High Energy
Fuels". This work begun under the direction of the Directorate of
Materials and Processes, Aeronautical Systems Division, WrightPatterson Air Force Base, Ohio, with Messrs. James H. L. Lawler
and Perie R. Pitts, Jr. acting as project engineers. This report will
be administered under the direction of the Technical Support Division,
Air Force Aero Propulsion Laboratory, Research and Technology
Division.
This final report covers work conducted from March 1962 to September
1962 and includes the technical information contained in Quarterly
Progress Report VII.
The work discussed in this report was supervised by Mr. J. A. Carlson,
Jr., Manager of Advanced Projects, and was directed by Dr. Clyde
McKinley, Director, Research and Development Department. Special
thanks are due Mr. H. E. Lindenmoyer, Mr. L. Cirocco and Mr. S. W.
Shurskis for their contributions to the experimental programs. The
authors express their gratitude to Mr. G. M. Gigliotti, for his technical
editorship and Miss M. Frederick for preparing the manuscript.
This report is Part II of a three-part report which includes Part I, II,
and a classified supplement.
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ABSTRACT

Investigations of the low-temperature, heterogeneous catalysis of the
para-ortho shift of hydrogen for the recovery of the endothermic heat
of conversion as low-temperature refrigeration are reported. The
research program included: studies of the effects of catalyst acti¬
vation temperature, particle size, and chamber diameter on con¬
version activity; adsorption studies; the determination of separation
factors of advanced catalysts; and preliminary work to determine the
‘magnetic properties of advanced catalysts.
An extensive catalyst development program has resulted in improved
catalyst systems for the conversion. The most advanced catalyst shows
an activity 10.5 times more effective, on a weight basis, than hydrous
ferric oxide gel which is the best commercial catalyst available for the
conversion.
This technical documentary report has been reviewed and is approved.

j l\ILA.C fP.tä
MARC P. DUNNAM
Chief, Technical Support Division
AF Aero Propulsion Laboratory

Part n of Final Report
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I. INTRODUCTION
With the increasing interest in the use of hydrogen as an air breathing
engine propellant, the originators of PR No. 08189 have recognized the
intriguing possibilities of recovering the refrigeration from vaporizing
liquid parahydrogen. It is known that molecular hydrogen exists in two
modifications, which are designated as orthohydrogen and parahydrogen.
An equilibrium, which is a function of temperature, exists between these
two forms. Under equilibrium conditions, the parahydrogen concentration
varies from essentially 100% para at 20° K and below, to approximately
25% para at 150°K and above.
Since the para to orthohydrogen conversion is endothermic in the tem¬
perature range of 20°K to 150°K, certain additional low temperature
refrigeration is available if the hydrogen is at or near equilibrium at
all temperatures along a heat exchanger. In order to recover this low
temperature conversion refrigeration, extremely high conversion rates
must be achieved. Therefore, the objectives of this investigation were
the determination of the parameters that effect this shift of para-to
orthohydrogen and the development of a method for speeding the shift
toward the equilibrium ratio at low temperatures. These objectives
were accomplished through a catalyst development program which ulti¬
mately resulted in a catalyst 10.5 times more effective than the best
commercial catalyst for this reaction.

Manuscript released by authors June 1963 for publication as an
ASD Technical Documentary Report.
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CATALYST DEVELOPMENT PROGRAM

Low-temperature, heterogeneous catalysis is considered the most
promising technique for effecting the para-orthohydrogen conversion
at the rate and under the conditions specified in the existing contract.
The catalytic effect is attributed to the influence of the inhomogeneous
magnetic field of the magnetic component of the catalyst upon the
physically adsorbed hydrogen. Therefore, the primary requirements
for an effective catalyst are considered to be high physical adsorptive
capacity for hydrogen, or high surface area, high concentration of
magnetic component in the catalyst and a magnetic component in the
catalyst with a high magnetic moment.
The preparation and testing of improved catalyst materials continued
during the final months of the contract period. Much of the effort was
concentrated on the catalyst system which was under study for the last
several reporting periods. Several novel starting materials and com¬
plex preparation techniques were explored qualitatively to determine
their effectiveness. These new approaches lead to the development of
even more active low-temperature catalysts for the hydrogen shift.
The details of the various preparation techniques and the materials
utilized are not included in this report, as this information is classi¬
fied "Confidential".
Cocurrent with this effort, studies were performed to determine the
effect of catalyst activation temperature, particle size, chamber dia¬
meter, and surface area on the conversion activity. Adsorption studies
were also conducted to determine the physical and chemisorptive capa¬
city of the advanced catalysts. A mathematical model based on a sepa¬
ration factor concept was developed to acquire a better understanding of
the reaction kinetics involved in the low temperature ortho-parahydrogen
conversion. An experimental apparatus for measuring the magnetic
susceptibility was set up and calibrated and the techniques for analyzing
experimental magnetic data were established.
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III. THEORETICAL AND EXPERIMENTAL STUDIES
A. Activity Data on Improved Catalysts
The conversion activity of a series of improved catalysts prepared in our
laboratory was determined at a pressure of 100 psig and a temperature
of -320° F. Conversion data were obtained by measuring the parahydrogen
concentration of a normal hydrogen (25% para) feed stream after passage
tlirough the catalyst chamber at various flow rates. Experimental data
on the hydrous ferric oxide gel standard and on two of the most improved
catalysts are presented in Table 1. These data are shown in plotted form
in Figure 1 to illustrate how the relative conversion effectiveness was
determined. The plot shows the percent parahydrogen in the effluent versus
the flow rate of hydrogen expressed as grams of hydrogen per minute per
gram of catalyst. The ratio of flow rates at a given effluent composition
indicates the ratio of conversion activities. For example, from the table,
the iron gel (20-5) showed 46. 5% parahydrogen in the effluent at 0.199 grams
H2 per minute per gram of catalyst while the improved catalyst (10-2) showed
a 46.3% parahydrogen composition at 1.61 grams H2 per minute per gram of
catalyst. The ratio of flow rates indicates that 10-2 can effect essentially
the same degree of conversion at a flow rate eight times that at which the
iron gel (20-5) can effect this degree of conversion. Since the fraction con¬
verted is the same in both cases, the quantity of hydrogen converted per unit
time per unit mass of catalyst is a factor of eight higher with the improved
catalyst than with the iron gel. Expressed another way, one pound of this im¬
proved catalyst properly activated will perform the same amount of con¬
version as eight pounds of the iron oxide gel under the same flow conditions.
Table 2 presents the conversion activity (relative to the iron gel reference)
for a series of improved catalysts developed in our laboratory. Experi¬
mental data from the ortlio-para hydro gen conversion reaction were used to
determine these relative activities as described above for catalyst 10-2.
In most cases, the surface area as determined by B.E.T. nitrogen ad¬
sorption measurements is also included. A direct correlation between
activity and surface area is not illustrated but the trend that the higher
area materials are generally the more active catalysts is apparent. This
was shown by Weitzel, et al (1) in their work on hydrous ferric oxide gel
catalysts. However, the type of promoter or paramagnetic material used
in the catalyst will influence the relationship between surface area and
activity. Further, the distribution of the promoter or active sites on the
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TABLE 2
CONVERSION ACTIVITIES FOR IMPROVED CATALYSTS
Catalyst
Identification
Number
8

Particle Size
(Mesh Size)

Surface Area
(M2/gm)

Conversion Activity
(Relative to 20-5)

70-80

551

4.25

10-2

70-80

517

8.00

10-4

70-80

6.81

12- 2

70-80

7.20

13- 2

70-80

515

5.77

18-2

70-80

318

3.80

47

70-80

52

70-80

479

7.72

52-1

70-80

542

8.76

88

70-80

277

1.65

94-1

70-80

406

0.95

94-2

70-80

432

1.68

94-3

70-80

422

1.06

100

70-80

249

1.24

101

70-80

245

1.53

1049-100

5.80

50-80

9.70

6
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surface and the availability of these sites provide variations in the corre¬
lation. Although high surface area materials are necessary to provide
high activity catalysts, such characteristics as site concentration, site
distribution and pore size are equally important.
Table 2. shows that several catalysts significantly more active than the
iron gel reference have been developed and tested. The most active
catalyst shown in the table exhibits an activity almost ten times greater
than the standard iron gel when compared on a weight basis. The surface
area of this material (1049-100) was not measured but is similar to sample
(52-1) which has an area of 542 square meters per gram and a relative
activity of 8.76.
The data presented in Table 3 shows para-orthohydrogen conversion data on
both the iron gel standard (20-5) and the improved catalyst (10-2). These
data were obtained by measuring the parahydrogen concentration of an
essentially 99.8% parahydrogen feed stream after passage through the cata¬
lyst chamber at -320° F and 100 psig at various flow rates. These data aye
shown in plotted form in Figure 2 which illustrates that for the para to ortho¬
hydrogen conversion, catalyst (10-2) is again several times more effective
than the iron oxide gel standard (20-5). Actual comparison shows that the
relative activity is only six to seven times the iron gel for the para to ortho
conversion while the relative activity is eight times for the reverse reaction.
The conversion interval (99.8% para to 50.7% para at equilibrium) and thus
the quantity of hydrogen converted is considerable with this improved cata¬
lyst. Therefore, the quantity of refrigeration developed in the catalyst bed
by this endothermic para to orthohydrogen conversion tends to lower the
bed temperature below that of the liquid nitrogen bath. Since the tempera¬
ture of the catalyst determines the equilibrium parahydrogen concentration
toward which the conversion proceeds, the conversion rate decreases as
the conversion interval decreases. This effect is substantiated by data in
Table 3 for para-orthohydrogen conversion with catalyst (10-2) in an 1/8"
I.D. catalyst chamber and by Figure 2 where these data are plotted. With
the 1/8" I.D. chamber, the equilibrium parahydrogen concentration for
-320° F could not be established even at the lowest flow rates. This implies
that heat transfer restrictions in this larger diameter bed permitted the
establishment of a significant temperature gradient across the bed.
The data from Table 1 pertaining to the reference catalyst (20-5) and the
improved catalyst (1049-100) for the ortho to parahydrogen conversion are
presented in Figure 3 in a slightly different form. In Table I, columns
seven and eight show the inverted flow rate expressed in pounds of catalyst
per pound of hydrogen flow per second and the percent of equilibrium that
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is achieved for the various flow rates. The percent of equilibrium for
ortho to parahydrogen conversion is defined as

% Equilibrium =

^i ~ Co
Ci - Ce

x 100

where Cj is the mol fraction of orthohydrogen in the feed, Co is the mole
fraction of orthohydrogen in the effluent, and Ce is the mol fraction of
orthohydrogen at equilibrium for the temperature of conversion. In Figure
3, the pounds of catalyst per pound of hydrogen flowing per second is
plotted as a function of the percent of equilibrium achieved. The engineering
advantages of the improved catalyst (1049-100) compared to the reference
catalyst (20-5) are evident. In order to achieve 80% conversion with the
hydrous ferric gel (20-5), about 290 pounds of catalyst per pound of hydrogen
per second are required and with the improved catalyst (1049-100) only 29. 5
pounds of catalyst per pound of hydrogen per second are necessary. A
relative activity of 9.67 for sample (1049-100) is determined from the ratio
of these quantitites. Alternatively, for a constant hydrogen flow rate, the
weight of 20-5 to effect 40% conversion and the weight of catalyst (1049-100)
to achieve almost complete conversion are the same.
B. Effect of Catalyst Activation Temperature on Conversion Activity
All catalysts prepared in the laboratory were activated before their con¬
version activity was experimentally determined. The catalysts reported
in Tables I, II, and in were activated by passing dry, high purity hydrogen
through the filled catalyst chamber for one hour while the chamber was
immersed in an activation bath. The activation equipment which was
utilized was relatively simple but quite effective for use with commercial
catalysts exhibiting low conversion activities. This activation procedure
was satisfactory for a qualitative appraisal of the effect of modifications
of the starting materials and the preparation techniques on the catalyst
conversion activity. The advanced catalysts which Air Products has been
developing, however, are more sensitive to activation conditions than
commercial catalysts. It was found that the activation technique which was
used earlier in the catalyst development program was inadequate to permit
reproducible high-temperature activations of the advanced catalysts. A
new, high temperature activation apparatus, therefore, was designed and
fabricated.
After the new activation apparatus was placed in operation, tests were begun
to determine the optimum activation temperatures of several of the advanced
catalysts. Several catalysts showed a significantly greater weight loss during

11
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activation than previously experienced. The unsupported, hydrous ferric
oxide gel catalyst (20-5) and advanced catalyst (1049-100), for example,
showed additional weight losses of 6% and 15%, respectively when activated
at their optimum activation temperatures. This means that the activities
of both catalysts are actually higher than previously reported. The activity
of advanced catalyst (1049-100) was previously reported as 9.67 relative
to the standard iron gel standard (20-5). Through correction for this
additional weight loss during activation of 9%, an activity of 10. 5 times the
iron gel standard was calculated for advanced catalyst (1049-100).
C\_Effect of Catalyst Particle Size on Conversion Activity
A study of the effect of catalyst particle size on the conversion activity for
one of the improved catalysts was performed. The catalyst was separated
into various mesh size ranges by sieving. A U.S. Standard Sieve Series
was used to accomplish this sizing. Samples of each size were packed in
1/4" I.D. X 1" long conversion chambers, activated by purging with highpurity, dry nitrogen at 150°C for two hours, and the conversion activity
determined at -320° F and 100 psig. The results are tabulated below for
catalyst 1049-51.
Mesh Size Range

Particle Size Range (microns)

Activity Relative to
Iron Gel (70-80 mesh)

25-30

710 to 590

3.25

30-50

590 to 297

3.58

50-70

297 to 210

4.11

70-80

210 to 177

4.08

10%

)+

) +15%
)0

These data indicate that the activity increases as the particle size decreases
and this effect is attributed to internal or pore diffusion limitations in the
catalyst. By reducing the particle size, the average pore length is reduced
and the diffusion characteristics are improved until a point is reached beyond
which no further improvement is observed. This particle size is considered
to be that which exhibits no limitation to conversion activity as a result of
diffusional restrictions. In effect, the total surface is available for con¬
version, whereas in larger particles, the interior surface cannot function
efficiently because of mass transfer limitations.
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D. Effect of Chamber Diameter on Catalyst Activity
The effect of chamber diameter on the apparent conversion activity was
studied by measuring the conversion by an improved catalyst in various
diameter chambers. All other parameters were held constant. Conver¬
sion data were obtained for the ortho-para shift at 100 psig and -320 F
using three different inside diameter chambers, namely 1/4' I. D- >
1/8" I D and 1/16" I. D. These data are presented in Table IV and
illustrated in Figure 4 where the effluent parahydrogen concentration
is plotted against the mass flow rate of hydrogen per unit mass of
catalyst for the three different chamber diameters. With the 1/4 l. u.
chamber, equilibrium hydrogen corresponding to the bath temperature
could not be achieved even at the lowest flow rates because of the warm¬
ing effect of the conversion on the catalyst bed. With the 1/8" l. D.
chamber, the effect is less pronounced, and with the 1/16" I. D. chamber,
equilibrium hydrogen is obtained at low flow rates indicating that the bed
temperature is essentially that of the cryogenic bath. The data for the
iron gel catalyst was included for comparison.
In Figure 5, a plot of the conversion rate versus the log-mean driving
force is shown to illustrate the effect of chamber diameter. The deviation
of the intercept from the origin is interpreted as an indication of the
magnitude of the temperature interval between the catalyst bed and the
cryogenic bath. Since Ce - the equilibrium composition - is defined by
the bed temperature, any difference between bed and bath temperatures
will be reflected in the log-mean driving force when Ce is chosen as a
function of the bath temperature. The heat transfer requirements within
the catalyst bed become more severe as the catalyst activities increase,
since the increased conversion is accompanied by increased liberation
or absorption of heat.

E. Effect of Surface Area on Conversion Activity
A special technique for increasing the surface area, and therefore the
activity of a catalyst, has been qualitatively examined. The effects oi
this special technique are illustrated below, where the surface area an
the activity, relative to the standard iron gel (sample 20-5) are presented
for both specially treated and untreated samples for a given activation
temperature. The special samples are designated as (-2) while the
control samples are marked (-1).
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Ortho-Para Conversion at 100 psig and -320° F with 25% Para Feed.
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Catalyst
Sample No,

Surface Area
M^/Gm

Activation
Temp. °C

Relative
Activity

52-1
52-2
19-A-l
19-A-2

479
542
321
273

145
145
150
150

4.60
5.73
1.90
1.56

26-1
26-2
26-1
26-2

256
239
256
239

130
130
155
155

4.59
5.13
5.60
6.53

28-1
28-2
30-1
30-2

309
376
555

250
250
150
150

4.44
5.27
2.19
4.26

% Change
in Activity

+24.6
-17.9
+11.8
+16.6
+18.7
+94.5

This tabulation represents four samples of supported catalysts with
different concentrations of promoter and one unsupported catalyst. The
catalyst systems represented by numbers 52 and 28 show both an increase
in surface area and an increase in activity as a result of this special treat¬
ment. Samples of number 26 exhibit an increase in activity but a para¬
doxical decrease in surface area. In the case of 19A which was the unsup¬
ported sample, the treatment resulted in a decrease in both surface area
and activity. Number 30 exhibited a very significant increase in activity
as a result of the special technique but the surface area of the treated
sample is not yet available for comparison with the untreated sample.
Although the catalyst data resulting from special treatment does not show
a clear-cut correlation between surface area and activity, only the unsup¬
ported catalyst (19-A) experienced a decrease in both. The four supported
catalysts showed definite increases in activity after treatment, although
the surface area did not reflect this gain in every case. It is anticipated
that further examination of this procedure will broaden our understanding of
this effect and ultimately provide additional improvements in catalyst activity.
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F. Adsorption Studies

t
I
I

I

General
The purpose of the adsorption studies was to gain knowledge concerning
the catalytic ortho-parahydrogen conversion mechanism. It was felt
that a relationship might be established between physical adsorptive
capacity and catalyst conversion activity, and between chemisorption
capacity and catalyst conversion activity. Physical and chemisorption
capacities are both related to the surface area of the solid catalyst
sample but in different ways. Physical adsorption occurs on the sur¬
face of solids because valence or other attractive forces of the atoms
or molecules in the outmost layer of the solid catalyst are not so fully
utilized as in the interior of the solid. The extent of physical adsorption
depends upon the specific nature of the catalyst and the molecules being
adsorbed, temperature, and pressure. The forces causing physical
adsorption are similar to those causing the condensation of a gas to
liquid. The heat evolved during adsorption is small, the process is
reversible, and the adsorbed molecules of gas may be several layers
thick. Physical adsorption might be thought of as a measure of the
surface area of the adsorbent. Quantitatively, chemisorption is
generally of a smaller magnitude than physical adsorption and is not as
strongly pressure dependent. In chemisorption a surface compound is
formed and the heat evolved may be significant. The chemisorption
process is irreversible and only a single chemisorbed layer may be
formed. Chemisorption might be thought of as a measure of the
number of chemically active sites on the surface of the adsorbent.
Experimental Apparatus
The experimental apparatus used for the adsorption studies is shown in
Figure 6. The apparatus consisted of a catalyst test section and a
measurement section. The catalyst test section consisted of a glass
dewar into which was placed a stainless steel cylinder having a volume
of about 75 ml. This cylinder was filled with a weighed catalyst
sample. A sketch of this stainless steel catalyst chamber is shown
in Figure 7. The two coiled heat exchangers on either side of the
catalyst chamber were used for activating the catalyst sample prior
to the performance of an adsorption test. A cover was placed on top
of the dewar to prevent atmospheric contaminants from diffusing into
the cryogenic fluid with which the dewar was filled during the tests.
Quick connects with double-end shut-off valves were provided to
facilitate installation of the catalyst chamber into the test section and
to eliminate the possibility of contaminating the activated catalyst
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Figure 6 Experimental Apparatus for Adsorption Studies
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Figure 7 Construction of the Catalyst Chamber
20
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sample with atmospheric air. The measuring section consisted of a
sensitive, high-pressure, Heise gauge and a stainless steel ballast
tank. A mechanical vacuum pump was connected to this section at
valve 6.
The apparatus was assembled and leak checked by pressurizing it
with helium. Both sections of the apparatus were volume calibrated
in the manner described below.
The volume of the ballast tank was determined by filling it with
demineralized water and noting the empty and filled masses. The
mass of water required to fill the ballast tank was divided by the
density of the water to obtain the volume of the ballast tank which was
found to be 75.15 ml. The catalyst test section was disconnected
from the measuring section at quick connect 5. Valves 1, 2, 3 and 6
were opened. The measuring section was evacuated to 10~4 Torr by
means of the mechanical vacuum pump and valve 6 was closed. The
section was then pressurized with helium by opening valve 1. Valve
1 was closed and the section allowed to attain an initial-charge, equi¬
librium pressure which was noted. Valve 3 was closed, valve 6
opened, and the section was evacuated to 10-4 Torr. Valve 6 was
closed and valve 3 slowly opened. The final equilibrium pressure of
the section was noted with valve 3 fully opened. The total volume of
the measuring section was then calculated from the initial-charge
and final equilibrium pressures and the volume of the ballast tank
using the ideal gas law.

V = vi (1 + Zi)
P2
where
V
Pj
P2
Vj

=
=
=
=

total measuring section volume
initial-charge equilibrium pressure
final equilibrium pressure
volume of ballast tank

The measuring section volume was calculated for several different
initial-charge equilibrium pressures. The mean value of the calcu¬
lated volumes was used as the volume of the measuring section.
The volume of the catalyst test section was determined in a similar
manner with and without catalyst in the catalyst chamber.
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Method of Operation
Each catalyst sample was activated before an adsorption test was
begun. The measuring section was evacuated by opening valves 1,
2, 3 and 6 (See Figure 6). The catalyst chamber was cooled to room
temperature and placed in the glass dewar filled with cryogenic fluid.
The catalyst chamber was then connected to the pre-evacuated
measuring section by quick connect 5 and valve 4 was opened slowly.
When the pressure reached approximately 10-4 Torr, valves 4 and 6
were closed. The measuring section was charged with gaseous
hydrogen through valve 1 and the initial-charge equilibrium pressure
was noted. Valve 4 was slowly opened permitting hydrogen to enter
the catalyst test section. The system reached equilibrium in about
15 minutes at which time the equilibrium pressure was noted. Valve
4 was closed and valve 1 was opened to recharge the measuring
section to a pressure slightly higher than the initial-charge pressure.
Valve 4 was slowly opened permitting hydrogen to enter the test
section. When equilibrium was reached the equilibrium pressure was
noted. This procedure was repeated several times until the equi¬
librium pressure reached 400 psig. Test temperatures of 63.16°K,
77°K, 87.8°K and 194.6°K respectively, were obtained by filling the
glass dewar with liquid nitrogen under vacuum, liquid nitrogen at
atmospheric pressure, liquid argon, and an acetone-dry-ice mixture.
Method of Calculation
The volume of gas adsorbed by the catalyst surface under equilibrium
conditions was calculated from the equation developed below.

(Pn-l-Pn-1') Vaux

*(Pn-Pn’)

vaux _ p i ( Vaux + Vcat
RTaux
R Taux RTcat

denoting differences Pi - Pj', P2 - P2
Pn - Pn' by APi, AP2_APn-l, APn respectively we have
n=n

Nad = Po £AP Vaux
n-1

RTaux
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where
Vaux
VCat
Taux
Teat
Nad
R

=
=
=
=
=
=

volume of the auxiliary system, ml
volume of the catalyst system, ml
temperature of the auxiliary system, °K
temperature of the catalyst system, °K
number of moles of gas adsorbed
gas constant,
aims-ml
gm moles-0 K
Po, Pj, P2, P3, ... Pn-1> ?n = the first and subsequent
charge pressures, atms
Pi’» p2,i p3?> ••• Pn'-l» Pn' = the first and subsequent
equilibrium pressures, atms
Adsorption Tests
Two catalyst materials, a ferric oxide iron gel designated 20-5 and an
advanced type designated 1049-100, were tested at 63.16°K, 77.0°K,
87.8°K, and 194.6°K. No appreciable chemisorption is expected at
these temperatures. Data taken for each run included the mass of the
catalyst sample, the measuring section temperature, the catalyst test
section temperature, and a series of initial-charge and final equi¬
librium pressures. The raw data for a typical run are shown in Table 5.
Equation 1 was used to calculate the number of moles of hydrogen ad¬
sorbed by the catalyst for each final equilibrium pressure. The test
data is summarized in Tables 6 through 9. Figure 8, showing the
volume of hydrogen adsorbed per gram of catalyst versus final equi¬
librium pressure with temperature as a parameter, was plotted from
the data presented in Tables 6 through 9.
Chemisorption Tests
Chemisorption tests were run on catalysts 20-5 and 1049-100 at room
temperature and 100° C, and on catalyst 20-5 at 150°C. This was the
extent of the chemisorption tests because of the time limitation imposed
by the contract. The maximum chemisorption observed was 3 ml per
gram for catalyst 1049-100 at 100° C. The chemisorption data are not
shown on Figure 8 because of the difficulty in plotting these relatively
small values.
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TABLE 5
A TYPICAL DATA RUN - RUN 1
Catalyst: 1049-100

Weight: 36.2966 gms.

Temperature
of
Auxiliary System

Temperature
of
Catalyst System

300° K

77° K
Bath Coolant
Liquid Nitrogen

No.

Initial
Pressure
P, psia

Equilibrium
Pressure
P', psia

0
1
2
3
4
5
6
7
8
9

295. 50
200.00
199.75
200.25
200.00
249.50
300.00
399.00
495.50
496.50

14.50
39.25
67.00
93.00
115.25
143.75
178.50
228.50
290.00
339.00

CALIBRATED VOLUMES:
Volume of Auxiliary System

119.1 ml.

Volume of Catalyst System

81.4 ml.

Volume of Ballast Tank

75.1 ml.
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TABLE 6
ADSORPTION DATA FOR HYDROGEN AT 63.16° K

Catalyst: 20-5
Weight: 90.0899 gms.
Equilibrium
Pressure
P', atms.

0.221
1.16
2.62
3.94
5.15
6.16
9.03
11.3
15.6
19.0
22.1
24.6
26.6
28.0

Catalyst: 1049-100
Weight: 36. 2966 gms.

Volume Adsorbed
Per Gm.,
Cat., ml.

11.6
19.1
23.4
25.7
27.3
28.3
30.9
33.3
36.7
39.0
41.2
42.9
43.5
45.3

Equilibrium
Pressure
P', atms.

0.0
0.306
1.28
3.84
6.70
1.28
6.00
11.2
15.7
19.3
22.1

25

Volume Adsorbed
Per Gm.,
Cat., ml.

20.4
57.0
83.4
106
117
84.4
117
130
138
144
149
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TABLE 7
ADSORPTION DATA FOR HYDROGEN AT 77° K

Catalyst: 20-5
Weight: 90.0899 gms.
Equilibrium
Pressure
P', atms.

0,408
1,16
2,08
2,98
4,12
5.46
6.90
8.47
10.1
11,8
13,4
15.0

Catalyst: 1049-100
Weight: 36.2966 gms.

Volume Adsorbed
Per Gm;,
Cat;, ml.

6. 53
11,1
14.0
15.8
17,4
19.0
20.3
21.4
22.6
23,6
24.9
26.0

Equilibrium
Pressure
P', atms.

*0
*0.034
*0.136
0.986
2.67
.4.56
6.33
.7.84
,9.78
1,2.1
15.5
19.7
23.1

Volume Adsorbed
Per Gm;,
Cat;, ml.

10.3
20.2
34.4
48.7
67.0
77.9
84.6
88.9
93.8
98.3
105.

no.
114

* Experimental data for these points are not included in Table 5.
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TABLE 8
ADSORPTION DATA FOR HYDROGEN AT 87. 8°K

Catalyst: 1049-100
Weight: 36.2966 gms.

Catalyst: 20-5
Weight: 90.0899 gms.
Equilibrium
Pressure
P', atms.

0.476
1.43
2.81
4.49
6.36
8.67
11.8
15.9
20.8
24.5
27.1

Volume Adsorbed
Per Gm.,
Cat., ml.

4.31
8.08
11.1
13.4
15.3
16.9
18.7
20.6
22.5
23.5
24.1

27

Equilibrium
Pressure
P', atms.

Volume Adsorbed
Per Gm.,
Cat., ml.

0.221
0.816
2.69
6.22
11.05
4.06
10.7
16.5
21.0
24.5
27.0
28.8
30.2

18.2
31.6
50.4
66.2
78.1
58.3
77.9
86.3
90.7
92.9
94.7
96.1
96.7
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TABLE 9
ADSORPTION DATA FOR HYDROGEN AT 194.6° K

Catalyst: 20-5
Weight: 90.0899 gms.

Catalyst: 1049-100
Weight: 36.2966 gms.

Equilibrium
Pressure
P', atms.

Volume Adsorbed
Per Gm.,
Cat., ml.

0.952
2.84
4.69
6.46
8.20
10.7
15.2
20.7
27.1
30.1

0.123
0.494
0.742
0.998
1.23
1.58
2.19
2.96
2.98
3.79

Equilibrium
Pressure
P', atms.

1.38
3.67
6.12
0.56
12.8
16.1
19.5
22.8
26.3
29.6

28

Volume Adsorbed
Per Gm.,
Cat., ml.

1.45
3.15
7.17
7.72
9.47
11.1
12.5
13.9
15.3
16.7

STP Volume of H2 Adsorbed Per Gram of Catalyst, ml/gm

r 11— a i *

0

4

■
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20

EQUIUBRIUM PRESSURE, ATM.

Figure 8: Hydrogen Adsorption Isotherms

29

24

28

<^tà7^o</uc& a*t/CÀ&tmcaû
INC.

G. Separation Factors of Advanced Catalysts
The development of a mathematical model was undertaken in an effort to
acquire a better understanding of the reaction kinetics involved in the low
temperature ortho-parahydrogen conversion in a packed catalyst bed. The
model involves the preferential adsorption of orthohydrogen on the catalyst
surface. This preferential adsorption phenomenon was first observed by
Sandler!
The relative adsorbability of orthohydrogen and parahydrogen,
referred to as the separation factor, was defined by Sandler as the ratio of
concentrations of the two species in the adsorbed phase as compared to
that in the gas phase. Later Cunningham and Johnston^3/, utilizing the
Sandler concept, developed a mathematical representation of the process of
conversion of ortho to parahydrogen on a catalytic surface. The CunninghamJohnston approach provides a technique of analyzing the experimental data
for values of separation factor. It is expected that the separation factor is
strongly a function of temperature and is essentially independent of the
nature of the catalyst surface.
The Cunningham-Johnston equation when written in the form presented below
provides the means of analyzing dynamic conversion data for the evaluation
of separation factor. The derivation of this equation is given in Appendix I.
The expression is:
1
KjSVr
LMDF = n:Cei 1 + (S-l) C¡

1
S-l
' v(Ci-c0) " r;is:i7ce

The symbols used in the above equation are defined as follows:
LMDF = Logarithmic Mean Driving Force, In _il_£
C0-Ce
Vr
kj
V
Ci
C0
Ce
S

=
=
=
=
=
=
=

chamber volume, ft3
reaction rate constant, 1/min
gas velocity, ft3/min
inlet concentration of ortho, mole fraction
outlet concentration of ortho, mole fraction
equilibrium concentration of ortho, mole fraction
separation factor

Thus when 1/LMDF is plotted versus l/V(Ci-Co), a straight line should
result. The slope and intercept of the line will depend on the value of the
separation factor, S. However, the separation factor could be evaluated
from the knowledge of the intercept alone.
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The above method of analysis was applied to the experimental data obtained
on the catalysts developed in our laboratories. Initial analysis with low
activity catalysts were encouraging and the results obtained thereby were
consistent with published values. However, for highly active catalyst the
results were not sufficiently accurate. The intercept of the plot 1/LMDF vs.
l/V(Ci-C0) is sensitive, especially for high slope, to small variations in
activity. For this reason the bed must be operated isothermally. With the
highly active catalysts the internal bed temperature may be different from
the temperature of the bath. Reducing the chamber diameter has helped
somewhat to maintain isothermality. With more active catalysts the chamber
size needed to maintain a uniform temperature in the bed becomes impractical.
In spite of the experimental difficulties encountered during the application
of this model it is believed that this model is a better representation of the
process than the one which does not take into account the preferential ad¬
sorption.
In Table 10 are presented the values of separation factor calculated for three
different catalysts. 20-5 and 65 are commercially available iron gel and
iron oxide on alumina respectively. Sample 10-2 is one of the most active
catalyst developed to date. The three different low temperatures, namely
-297, -32Ü and 346° F were obtained by using liquid oxygen, liquid nitrogen
and liquid nitrogen under vacuum baths, respectively. The increase in the
value of the separation factor with decrease in temperature is in agreement
with prediction.
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H. Magnetic Properties of Conversion Catalysts
General
Studies of the magnetic properties of catalysts were conducted as part
of this laboratory's efforts, under Contract Nr. AF 33(616)-7506,
to investigate the low-temperature para-ortho shift in hydrogen. The
purpose of the studies was to generate fundamental information about
the magnetic properties of the catalysts being developed. It was felt
that this information would contribute to a sound understanding of the
relationships between the catalyst preparation techniques and the ob¬
served conversion activities. In this report, the techniques for the
analysis of experimental magnetic data will be discussed.
An effective catalyst for the hydrogen-shift reaction at cryogenic
temperatures must have three primary characteristics. It must have
a high physical adsorptive capacity for hydrogen, a high concentration of
"active" or magnetic specie and a high paramagnetic moment of that
specie. In 1933, Taylor and DiamondK, 5) showed that paramagnetic
substances are better low temperature conversion catalysts than are
diamagnetic substances. Farkas and Sandler(6) and Turkevich and
SelwoodCO showed that low-tempe rature, heterogeneous catalysis of
the para-orthohydrogen conversion could be ascribed to the influence
of the inhomogeneous magnetic field of the paramagnetic comoonent of
the catalyst upon the physically adsorbed hydrogen. Wigner(°) and
Kalckar and Teller(9) developed theoretical treatments of the para¬
magnetic conversion. Their results are the prediction that the low
temperature catalytic activity is proportional to the square of the mag¬
netic moment of the paramagnetic molecule and to the inverse sixth
power of the distance of closest approach of the hydrogen to the para¬
magnetic molecule. These predictions were substantiated by Farkas
and Sachsse(lO) who studied the effect of paramagnetic ions in solution
and of dissolved oxygen on the conversion of hydrogen. Although
Wigner's original theory was applicable for dilute homogeneous cata¬
lysis, Buyarnov(H) has demonstrated that the theory also applies for
dilute heterogeneous catalysis.
Analysis of Experimental Magnetic Susceptibility Data
To measure the paramagnetic susceptibility of a material, the sample is
placed in an inhomogeneous magnetic field and the force exerted on the
sample by the field is measured. By the Faraday method, the size of
the sample used is small with respect to variations in the gradient of
the field. In this case, the force exerted on the sample is calculated
by means of any one of the following relations:
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X moH

= <Tmo

(1)

8h

8S
= kvh
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M

8S

(2)

(3)

where m0 is the mass of the sample, v is the volume of the sample, H is
the strength of the magnetic field in which the sample is located, -&|ris
the gradient of the field in the direction of the axis of symmetry of the field,
X is the magnetic susceptibility per unit mass, <r is the specific magneti¬
zation, or the magnetic moment per unit mass, k is the magnetic suscepti¬
bility per unit volume, and 0 is the intensity of magnetization, or the mag¬
netic moment per unit volume. For measurements on solid samples, the
utilization of equations 1 and 2, above, is considered to be the most con¬
venient. X is the desired quantity for the present studies and equation 1 will
be utilized.
In this laboratory the sample will be suspended between the poles of an
electro-magnet by a thread which is attached to the weighing pan of a sensi¬
tive analytical balance. Because the analytical balance indicates the apparent
mass of the sample, equation 1 has been rearranged to the form:
980
( m - mo ^
H 8H/8S
m0

(5)

where m is the apparent mass of the sample with the magnetic field turned
on and mo is the mass of the sample with no current in the electro-magnet.
The fundamental units of X are (length)Vmass. When
measurable
quantities in equation 5 are expressed in cgs units, it is common practice
to consider the dimension of X as "cgs".
Xm, the molar susceptibility,
or the susceptibility of Avogadro's number of paramagnetic atoms, can be
calculated from the mass susceptibility derived above if the composition
of the sample is known.
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A generalized curve showing the variation of X m with temperature is
presented below.

T

Tc

The temperature corresponding to the inflection point of the curve is called
the Curie point. Above the Curie point, the susceptibility is independent
of the strength of the magnetic field and is represented, in many cases(12)
by the Curie-Weiss law derived theoretically by Weiss(13).

Xm ~

C
T-A

6

( )

where C is the Curie-Weiss constant and A is the Weiss constant. In this
temperature region, the material exhibits paramagnetic properties. Below
the Curie point, the material is a ferromagnetic. The susceptibility does
not vary with the inverse of the temperature and is dependent, in a compli¬
cated manner, upon the strength of the magnetic field. The Curie-Weiss
constant must be evaluated as part of the calculation of the magnetic moment
and the number of unpaired electrons per molecule. For this reason, all
measurements will be made above the characteristic Curie temperature for
the material being studied.
Occasionally, paramagnetic materials contain traces of ferromagnetic
impurities. Since the susceptibilities of ferromagnetic materials may be
orders of magnitude higher than paramagnetic susceptibilities, minute
traces of ferromagnetic impurities can be readily detected. The effect
of the impurity can be eliminated quite simply, however, by making
measurements, for a given temperature, at two or more magnetic field
strengths. The magnetic susceptibility can be plotted versus the recipro¬
cal field and the trend can be extrapolated to infinite magnetic field, i.e.,
to 1/H = 0. Extrapolation in this manner corresponds to saturation of
the ferromagnetic impurity in an infinite magnetic field. At saturation,
the ferromagnetic domains become completely oriented and the suscep¬
tibility is independent of the field strength. In other words, at saturation
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a ferromagnetic material becomes paramagnetic. The saturated sus¬
ceptibility is the sum of the paramagnetic contributions of both the sample
and the impurity. As the impurity is generally present in trace amounts
only, the extrapolated susceptibility is considered to represent the
characteristics of the paramagnetic sample alone.
To continue the analysis of magnetic data, the inverse of the extrapolated
molar susceptibilities are plotted versus temperature. The reciprocal of
the slope of the resulting trend is numerically equal to the Curie-Weiss
constant, C. From both the slope and the intercept of the line with the
temperature axis, A/C, the value of the Weiss constant can be calculated.
A representative plot is shown below. The above relationships can be
verified analytically by solving Equation 6 for the reciprocal susceptibility
as a function of temperature.

T
Analytically, the constants can be calculated by means of the expressions:
A =

Xm op 1 T1 - X m » 2t2
Xmoo~T"I X m OP2

(7)

and
C

(T2 - Ti)

X m oo i • X m op 1
)( m op 1 - X m op 2

(8)

where the subscripts 1 and 2 refer to properties at two different tempera¬
tures, as indicated in the above plot.
The effective Bohr magneton number, or the effective magnetic moment,
may be computed by utilizing the relation(14):
X m oo (T-A )
eff

=

N /9 2

2.839
(9)
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where k is the Boltzmann constant, N is Avogadro's number and
9.27 X 10-27 erg/gauss, the magnitude of the Bohr magneton.

ß

is

For the transition group elements, the relationship between the effective
magnetic monent,
eff, and the number of unpaired electrons per oaramagnetic atom, n, is approximately represented by the expressions^);
(10)

This formula has been rearranged to the form:

(H)

The value of n, calculated by means of the above equations will be the
desired result of the measurements of the magnetic susceptibility of
catalyst samples.
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IV. SUMMARY AND CONCLUSIONS

The existence of the ortho and para modifications of molecular hydrogen
is a direct result of the orientation of the nuclear spins associated with
the hydrogen atoms of the molecule. In molecular hydrogen, the nuclear
spins of the individual atom are oriented either in the same direction
(parallel) which corresponds to the ortho modification, or in the opposite
direction (antiparallel) which corresponds to the para modification.
These two orientations of nuclear spins are responsible for the difference
in the magnetic and thermal properties of the ortho and para modifications
of molecular hydrogen. An equilibrium, which is a function of temperature,
exists between these two forms. Under equilibrium conditions, the parahydrogen concentration varies from essentially 100% para at 20° K to
approximately 25% para at 150° K. Since the para to orthohydrogen con¬
version is endothermic in this temperature range (339 calories per mole),
certain additional low-temperature refrigeration is available from this
conversion.
The investigation was concentrated on the area of low-temperature hetero¬
geneous magnetic field of the paramagnetic component of the catalyst upon
the physically adsorbed hydrogen. On this basis, an effective conversion
catalyst should exhibit a high surface area or physical adsorptive capacity
for hydrogen and a high density of paramagnetic sites on the surface.
An extensive catalyst development program has provided catalyst materials
with increased effectiveness for the hydrogen conversion reaction through
the optimization of such catalyst properties as physical adsorptive capacity
or surface area, concentration of paramagnetic component and the mag¬
netic moment of the paramagnetic component. A catalyst has been developed
in our laboratory that exhibits an activity on a weight basis which 10.5 times
that of the standard NBS-type hydrous ferric oxide gel. It is anticipated
that the development of catalyst systems which make available higher
percentages of the structural material as internal surface with uniform
distribution of paramagnetic sites throughout this surface will provide
significantly greater improvements in activity.
A study of the relationship between catalyst particle size (mesh size) and
catalyst conversion activity for several different catalysts showed that the
para-orthohydrogen conversion activity increased as the particle size de¬
creased. This particle size effect is caused by the limited diffusion of the
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flowing hydrogen into the interior regions or pores of the larger particles.
This diffusion limits the complete utilization of the active surface of the
catalyst. It is concluded that, with large particles, internal (pore)
diffusion is a controlling mechanism of the over-all conversion process.
With fine particles, the Thiele effectiveness factor approaches unity
which indicates that pore diffusion is no longer limiting.
The study of the effect of chamber diameter on conversion activity
suggested that non-isothermal conversion occurred in the catalyst chamber
as a result of the limiting heat transfer between the bulk gas phase at the
center of the packed bed and the inside chamber wall. In other words, the
catalyst bed was not at the same temperature as the cryogenic liquid
surrounding the chamber. This particular heat transfer process, as
shown by calculations, was significantly more restricted than any of the
other heat transfer mechanisms involved. The heat transfer require¬
ments within the catalyst bed become more severe as the catalyst activities
increase, since the increased conversion is accompanied by increased
adsorption and liberation of heat. With advanced catalyst systems,
essentially isothermal conversions were obtained with chamber dia¬
meters of 1/16" I.D.
No definite relationship between surface area and conversion activity
could be established, however, the experimental data indicated that, in
general, the catalysts with the higher surface areas exhibited the higher
conversion activities. The surface area effect is considered the result
of an increase in available sites which normally accompanies an increase
in surface area. In addition, an increase in surface area provides an in¬
creased hydrogen adsorptive capacity which essentially increases the
residence time in the catalyst bed for the average hydrogen molecule for
a given mass flow rate.
Adsorption studies were performed in an effort to establish a relationship
between physical adsorptive capacity and catalyst conversion activity and
between chemisorptive capacity and catalyst conversion activity. Ad¬
sorption isotherms were constructed from experimental test data on two
catalysts at 63.16°K, 77.0°K, 87.8°K, and 194.6°K. No appreciable
chemisorption is assumed at these temperatures. A preliminary corre¬
lation derived from data on the hydrous ferric oxide gel catalyst showed
that the ratio of relative adsorptive capacities and relative conversion
activities at 77. 0°K and 63.16ÔK were essentially equal. This suggests
that the conversion activity is a direct function of the adsorptive capacity.
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A mathematical expression for the process of conversion of ortho-to
parahydrogen on a catalytic surface, which takes into account the
preferential adsorption of orthohydrogen, was developed. Application
of this expression to the analysis of dynamic conversion catalyst permits
the evaluation of the separation factor of catalysts at a given tempera¬
ture. The separation factor is defined as the ratio of concentrations of
ortho- to parahydrogen in the adsorbed phase as compared to that in the
gas phase. Theoretically, the separation factor increases as the tempera¬
ture decreases and is considered essentially independent of the nature of
the catalyst surface. Calculated values of the separation factor were in
agreement with values determined at these temperatures by another
method and reported by Sandler ( 2 ). These separation factors were
also in agreement with the predicted temperature effect.
The apparatus for the study of the magnetic properties of the catalyst
materials was set up and calibrated and the techniques for analyzing the
magnetic data were established. Preliminary tests showed that many
catalyst samples exhibit ferromagnetic character at cryogenic tempera¬
tures. Since evaluation of the magnetic moment is best performed in the
temperature region where ferromagnetism is absent, the apparatus was
modified for operation at ambient temperature and above to permit the
determination of magnetic susceptibility at temperatures above the Curie
temperature and subsequent calculation of the average magnetic moment
per molecule of active specie in the advanced catalysts.
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APPENDIX I
Derivation of Equation for Evaluating the Separation
Factor of Catalysts
Assumptions
a.

The ortho-parahydrogen conversion takes place only in the first
adsorbed layer of the catalyst. The homogeneous conversion in
gaseous hydrogen is slow and can be neglected.

b.

There is a preferential adsorption of orthohydrogen by the surface.
All hydrogen in the chamber except the first adsorbed layer is at
the same ortho-parahydrogen concentration.

c.

The conversion within the first adsorbed layer is first order and
rate determining.

From these assumptions the following differential equation can be written.

where

=

ki Cif - k2 Cs"

(1)

Cg° = mole fraction of orthohydrogen in the main body
of the gas at time t.
C8° = mole fraction of orthohydrogen on the surface at
time t.
CgP = mole fraction of parahydrogen on the surface at
time t.
kj

= forward reaction rate constant.

k2

= reverse reaction rate constant.
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Defining the separation factor by

s

=

CS0/CBP

cg°/c¿>

and noting that
C¿> + C¿> = 1
C¿> + CgP = l

Equation (1) becomes
dC g
dt

and

Lotting

_= kl Cg° - k2 (l-Cg0)

(2)

s .Cs0/(1-C8°)

" cg7(i-c^)

(3)

in Equation (2) approach zero at infinite time
kt (C80)“ = k2[l-(C80)“]

(4)

where the superscript, «*» ; denotes the equilibrium mole fraction of
orthohydrogen at infinite time.

Combining Equation (3) and (4)
k2 -

ki S (cgor
l-(Cg0)4

Let o<. =■

i-(Cg°r
then k2 = kj S o<
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From Equation (3)
P0
S Cg°
8 = Cg° (S-l) + 1
Substituting k2 and Cs° into Equation (2) and rearranging the following
expression is obtained

C0 = mole fraction of orthohydrogen in the main body

where

of the gas at time t.
Ci = mole fraction of orthohydrogen in the main body
of the gas at time o.
Performing the indicated integration by parts and rearranging, the
following expression is obtained.
in Ce-Ci

Ce-Co tia
(1-KX)2
Ci-Co
" klS (S-l)«* + i +<*

.

t

(S-l) (It«*)
Ci-Co ~ (S-l)<x + 1 + oC
(6)

Recalling that

o< =

(C^L- or
1

where

Ce

-

Ce = equilibrium mole fraction of orthohydrogen in the
main body of the gas at infinite time
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and substituting c< into Equation (6)
ln

Ce"Ci

(7)

kjS
(1-Ce) 1 + (3-1) Ce

Cg-Co

Cí-Cq

t

S-l

“ i + (s;irc¡

The log mean concentration driving force is defined by
LMDF =

Cj-Cp
In cQ'.£L
Cq-Co

For a flow system the time interval, t, over which the conversion takes
place is given by

V
where

Vr = volume of catalyst chamber, ft^
V

= volumetric flow rate,

—
min

Making the above substitutions into Equation (7), the following equation
is finally obtained. This equation appears in section EII-F.
1
LMDF

kiS Vr
(1-Ce) 1 + (S-t) Ce

1
V (Ci-Co)

S-l
1 + (S-l) Cg

Summary of Nomenclature
Ce

= equilibrium mole fraction of orthohydrogen in the main body
of the gas at infinite time.
Cj
= mole fraction of orthohydrogen in the gas entering the catalyst
chamber.
Co
= mole fraction of orthohydrogen in the gas leaving the catalyst
chamber.
ki
= forward reaction rate constant, min-1.
LMDF = log mean concentration driving force.
S
= separation factor.
V
= volumetric flow rate of hydrogen, ft^/min.
Vr
= volume of catalyst chamber, ft3.
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