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FOREWORD

This report was P7epared as part of the {n-housa vesearch on unconventional asrospace
fuels by the Fuels, Lubrication, and Hazards Branch, Support Technology Divisfon of the
Alr Force Aero Propulgion Laboratory,

This analysis wag performad under Project 3048, Asrospace Fuels, Task 304802, Un-
conventional Puels,

This report was submitted Ly the author 7 December 1666,

Publication nf this $ findings or
conclusions, It ts pub

ARTHUR V. CHURCHILL,

Chief, Fuels, Lubricatfon and Hazards Branch
Support Technology Division
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ABSTRACT

Adscorption isotherms of the form
UK tp)"
Cp s —_—A

i+« (pA)"

were determined f.r two para-ortho-hydrogen conversion catalysts, hydrous ferric oxide gel
and nickel oxide silicate, at temperatures from 63°K to 196°K and at pressures from 1 to

10 atmospheres.

For the catalysts studied, Langmuir’'s Isotherm holds at 194,6°K, while at lower temperatures
(rpproximately 60-90°K), the adsorption mechanism appears to be one where two molecules
are adsorbed on five effective centers.

(Distribution of this abstract is unl'imited)




TABLE OF CONTENTE

SECTION
I INTRODUCTION
Genersal Information
Objectives of Report

PROCEDURE FOR DETERMINING THE CONCENTRATION CF
ADSORBED HYDROGEN AT VARIOUS TEMPERATURES ’
AND FRESSURES

JIf  CONCLUSION

APPENDIX ILLUSTRATIONS AND TABRLES

REFERENCES




o

AFAPL-TR-66-142

FIGURE

1

ILLUSTRATIONS

Equilibrium Para-Hydrogen Concentration As a Funcidon of Temperature

Enthalpy Vs. Temperature for Equilibrium, Paru, sud Normal Hydrogen
&t 1500 PSIA

Reciprocal Plot of Isothermal Adsorption Data for Hydrogen on Hydrous
Ferric Oxide Gel Catalyst

Reciprocal Plot of 1sothermal Adsorption Data for Hydrogen on
Nickel Oxide Silicate Catalyst

Lourrelation of Hydrogen on Hydrous Ferric Oxide Gel According
to Equation (2)

Correlation of Hydrogen on Nickel Oxide Silicate According to
Equation (2)

Effect of Temperature on the Constant K’

Doty \H*‘}‘*




T

—emq

L BT, 1P ORGP

R PR A A U DS S WM TN W i & e’

-

AFAPL~TR~66-142

LIST OF TABLES

TABILES

I

i

» K

Adsorption Data for Hydrogen at 63. 16°K With Hvdrous Ferric Oxide
Gel as Catalyst

Adsorption Data for Hydrogen at 77°K Wiih Hydrous Ferric Oxide
Gel as Catalyst

Adsorption Data for Hydrogen &: 87.8°K With Hydrous Ferric Oxide
Gel as Catalyst

Adgorption Daia for Hydrogen at 194.6°K With Hydrous Ferric Oxide
Gel as Catalyst

Adsorption Data for Hydrogen at 63.16°K With Nickei Oxide Silicate
as Catalyst

Adsorption Data for Hydrogen at 77°F With Nickel Oxide Silicate
a8 Ca‘alyst

Adsorption Data for Hydrogen at B7.8°K With Nickel Oxide Silicaw
as Catalyst

Adsorption Data fox Hydrogen at 194.6°K With Nickel Oxide Silicate
as Catalyst

Values of L' aed n
Values of K’

Adsorntion Isctherms for Hydrogen

 ————— e e e -

PAGE

11

13

14

15

16

17




Cap

AL (73 T A e

LA LT

AFAPL-TR-66-142

BECTION I
INTRODUCTION

GENERAL INFORMATION

The existence of the para and ortho modi-
fications 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 atoms are orienied
either in the same direction (parallel), which
corresponds to the ortho modification, or in
the opposite direction (antiparallel), which
gorresponds to the para modification. These
two orientations of nuclear spins are respon-
sible for the differences in the magnetic and
the thermal properties of ortho and para
modifications of molecular hydrogen. An
equilibrivm, which is & function of tempera-
turo, exists between the two forms.

Under equilibrium conditiong, shown
graphically in Figure *1, the para-hydrogen
concentration in the pure hydrogen gas varies
fro.n essentially 160% para at 36°R to approx-
imately 25% para at 270°R. Since the para to
ortho-hydrogen conversion is endothermicin
this temperature range (339 calories per
mole), certain additional low temperature
refrigeration is available from the conver-
sion. Interest in the conversion of hydrogen
stems from the heat of conversion when the
reaction proceeds at low temperatures.

Many of the next generation of sercepace
vehicles will use bydrogen as a fuel or
propellant. At high fiight spe xds, the problems
associzted with cooling air-breathing aircraft
engines and other parts will become critical,
Problems will be encountered in cooling the
walls of the oombustion chamber and the
exbaust nozzle. The hydrogen fuel will be the
most logical reservior available to absorb
brat and thereby provide the critically needed
cooling capacity. In many engines under
copsideration, the hydrogen must be vapor-
ized and superheated in order to obtain
pufficient heat-ahsorbing capacities per
pound of fuel. If the para-ortho shift of the
hydrogeun cuuld be obtained below atempera-
ture of 270°R, the effective heat sink capacity

*ustrations and tables are in the appendix,

of hydrogen would be greatly increased, and
the required size of the heat exchanger
could be reduced.

The relative eathalpies of para, equilib-
rium, and normal hydrogen are shown in
Figure 2, The differences in the enthalpies
of hydrogen of the various compositions
represent the enthalpy change due to con-
version, i the hydrogen is used in a refrig-
eration circuit which does not contain a
conversion catalyst, the tempersature-
enthalpy path will follow the parsa curve.
However, if a conversion catalyst is included
in the system, causing the temperature-
enthalpy path to follow the equilibrium curve,
significantly greater quantities of refrig-
eration can be provided by the hydrogen at
low temperatures. The successful application
of this conversion could increase payload
because of reduction in the weights of heat
exchangers. The strategic inccrporation of
this concept in heat exchanger equipment
would alleviate ‘‘pinch-point’> areas by in-
creasing available refrigeration and, there-
fore, the driving force which causes the flow
of heat.

low-temperature heterogeneous catalysis
was considered the most promising technique
for effecting the para-ortho shift of hydrogen.

Early studics invoived the characterization
of the conversion catalysts for wse in the
production of a large guantity of liquid para-
bydrcgen. In this process, normal hydrogen
(equilibrium hydrogep at stapdard tempera-
ture contfains approximately 25% para-
bydrogen and 75% ortho-hydrogen) is
copverted to the corresponding equilibrium
hydrogen (approximately 100%, para-hydrogen)
at liquid hydrogen temperatures (approxi-
mately 36°R). This processstep isincluded in
the nroduction of liquid bydrogen, since fail-
ure to convert the normal hydrogen to the
equilibrium concentration would resul! inthe
conversion ocourring elowly during storage.
Since this particular reaction {ncmnal io
99.78% para-hydrogen) is exothermic with a
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heat release of 226 BTU/lb, the ligquid According to theories formulated, there ure
hydrogen would boil away even if it were twou fandamental methods of inducing an ortho-
stored in a perfectly insulated container. For to-para or para-to-ortho transition. One
this reason, the conversion from ortho- method consiste of dissociating the hydrogen
hydrogen to para-hydrogen is made during the molecules and allowing the atoms to
productivn  cvcle, aund the liberated heat is recombine. When disscciated, the two atomic
takep away at this time. Chromium oxide puciei no longer are oriented with respect to
supported on alumina was found to be effective nuclear spins. Upon reassociation, the
for this conversion, however, a systematic ruolecules are formed according to the equi-
study was undertaken to find materials which Hbrium energy distribution determined by the
mijght be more effective. temperature. The other method involves the
interaction between an inhomogeneous mag-
netic field and the magnetic field uassociated

. . . ; . with the nucliear spin of the hydrogen nuclei.
an;g;;ufezgﬁ)io:’;g'bg:l?dg\i?);‘;x:te%m::é ::? The dissociation Sr chemicg)l, ngeghanism iB
supported, were studied. Unsupported cetalyzed by any method which is capable of
hydrous ferric oxide proved to be the most §:°f“°‘?’€ hidrogeln tﬁoms or att least ;’f
effective conversion catalyet of those studied. stroying t % molecular bond between the
A space velocity of 330 STP/minute wes two nuclei. The magnetic or physical

A . : . . hanism is catalyzed by any inhomog-
schieved with 1/8-inch pellets of this material mec . . )
(Reference 3). eneous magnretic field of molecular dinension,

Various metallic oxides such as cerium

Air Products and Chemicals Inc. developed
In early 1860, the U. B. Air Forc?, with its a nickel oxlde silicate catalyst which was
increasing interest in the use of hy.irogeu as 10.5 times more active on a weight basis
ar air-breathing engine propellant, recog- than the staudard hydrous ferric oxide gel.*
nized the intriguing possibilities of recover- y
ing the =available refrigeration frcm para- OBJECTIVES OF REPORT
hyarogen fuel and initiated a prugrum tc In this report, the author will attempt to
develop catalysts {at Air Products and Chem- analyze the hydrogen adsorpiion data tabu-
ical Inc.) to obtain additional cooling from the lated in Reference 5**, for both the advanced
para-ortho shift. This work was carried out nicke] oxide silicate catalysi apd the com-
under contract AF388(616)-7506 ard later riercial hydrous ferric oxide gel. The
uwnder contracts AF33(657)-10333 and apalyses will be directed toward deterrainiog
AF88(615)-1816. The objectives of the the adsoryption isotherm and gaining anunder-
investigation were tc determine the param- standing of the posciblc mechaview for e
eters toat eMect the shilt of para-hydrogen important adsorption step at the low tempera-
%0 ortho-hydrogen snd to develop a catalyst tures of interest. The analyses will follow the
for speeding the shift toward the equilibrium approach of Koble and Corrigan (Reference 4)
ratio at low temperatures. The hydrous ferric in conjunction with adeorption data for pure
oxide ygel developed for the ortbho to para hydrocarbons. Thbe author has taken the
hydrogen shift in commerical piaits was Koble-Corrigan approach to develop an ex-
found to be effective alsc for the desired para pression for determining the concentration of
to ortho hydrogen shift and was chosen as a faydrogen adsorbed at various teraperatures
baseline iv the study. and preasures.

*Recent efforts by the contractor have resulied ina nickel oxide catelyst that was 22 tlnes
more active, on 8 weight basis, than the standard.

s+From Reference 5 the data uped was equilibrium pressure in aimospheres and volume
adsorbed (STP) ml/gm (ce) whick are shows in Tables 1 through VIII in this technical report.

(&
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7 SECTION II
FROCEDURE FOR DETERMINING THE CONCENTRATION OF ADSORBED

HYDROGEN AT VARIOUS TEMPERATURES AND PRESSURES

in Reference 4 a general form for an
adsorption isotherm was formulated and is
te (o)
. )
CA z _-——'_A——T (‘)
I+ K (p, )

whera

C Az concentration of adsorbed gas moles
per gram of catalyat

L’ = empirical adsorption constant related
to the total number of active centers
avalilable on the adsorhbent

K’ = empirical adsorption constant re-
lated to the equilibrium constant

o = g constant

Py = equilibrium preesure of the adsorbed
gas

Adsorption data for hydrogen on both the
coinmercial hydrous ferric oxide gel catalyst
and the advanced nickel oxide silicate
inatertal will be used in conjunction with
Equation (1), and the various constunts will be
detormined. .

Equation (1) is inverted and rearrunged to
give

S R N l_ (pl )" (2)

The ocriginal data were reported In
Roference 5 as volume of gas adsorbed, in
milliliters at standard conditions, and the
equilibrium pressure, in atmospheres, of the
hydrogen in contact with the catalyst, The
adsorption data for the two catalysts at four
different temperatures are presented in
Tables ~ through VII, together wich the
manipul.tions necessary for the later treat-
ment of the date.

The approximation of the conatant L’ for &
given catalyst 18 givca in Figures 3 and 4 {or

the standard and advanced materials, respec-
tively. L’ {8 determined froin the rectengular
piot 1/C 4 versus 1/p A

Figure 3 18 a plot of 1/CA versus l/pA for

three of the four test temperatures for the
hydrous ferric oxide gel. The intercept was
determiied to be 0,025; this value could have
ranged from approximately 0,020 to 0.040
according to the data reported. That L' is a
constart independent o temperature i8
demonstrated by Figure 3, where the various
isotherms converge on apparently the same
intercept.

Figure 4 18 a plot of 1/(1A veraus 1/pA for

the hydrogen adsorption on the advanced
nickel oxide silicate cetalyst, Here, again, the
fsotherms converge on the same intercept
which was determined to be 0,0105. This
strengthens the concept that L’ {s a constant
and {s independeat of temperature,

The quantity (l/CA ~ 1/L"), {rom Tables I
through VIO, i8 plotted versus 1/p A OO

logarithimic coordinates for the four tem-
peratures studied. F.gure § isthe correlation
for the commercial hydrous ferric oxide, and
Figure 6 is a similar plot for the advanced
nickel catalyst. Kohle in Referzance 4, recom-
mended that the value of L' Le correctad by
trinl end error until the plot of log
(l/CA - 1/L') ersus l/pA gave a straight

line. This procedure was not followed with
thia data since the adjustment of L' could not
atraighten out all of the curves, which
fudicates that raechanisms weyre changing with
both pressure and temperature,

The Isothermsa for the adsorption on the
catalysts studled are parailel for the 63.16,
77.0, and 87.8°K over a pressure range of
approximately 1 to 10 atmospheres; data be-
yond this region were inoonclusive and
indicated possible changes in the slopes of the

curves.
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According to Koble’s derivation of Equa-
tion (@), n should be either an integer or a
fraction composed of small integers. Table IX
presents the slopes of the isotherms from
Figure 5 for the commercial cstalyst and
similar data from Figure 6 for the advanced
catalyat, These data indicate that the adsorp-
tlon meshaniem changes from the lower
temperatures to the higher one for both
catalysts tested; in fact, the same type of

adsorption seems to be taking place tn hoth
catalysis,

Hydrogen adeorption on both catnlysts at
194,6°K follows the Langmuir Isothevm, which
has been defined as a specific case of the
general adsorption expression (Equation 1),
where n is oqual to unity, The mechanism for
the hydrogen adsorption at this temperature
is

Hy+ L s 4 (3)

where .2 18 an active center. The expression
relating concentration of the adsorbed gas to
its equilibrium partial pressvre is
K' U py
Cy, '—‘———,J-- {4)
t 1+ K py
t
At lower temperatures (60-80°K) for both
catalysts tested, the adsorption mechanism
resemblos the following:

2hy, + o4 s2(Hgr el (5!

which indicates thai two molecuies of hydro-
gen are sdeorbed on flve active centers. The
expression relating the gas concentration

adsorbed to the gas partial pressure for this
mechanism is

L]
K'L' $
( Pul }

/g

CH € ;
1+ K (,“:3

{6)

Tha author postulated that tie true mecha-~
niem ig, simply physical adsorptin~ of two
molecules on five active centers. It seems
unlikely that the mechunism could be chemical
dissociation because the near cryogenic tem-
peratures are not compatible with activated
adsorption associated with the moclecular
dissociation mechanisms.

The values of K’ were deterinined fro: ~ the
intercepts of the izrotherms with the oi." .ate
at l/pA = 1 from Figurec 6 and 6 for the

oatalytic materials stulied. The intercept
gives the value of the quantity 1/L'K', 8o that
K’ can be calculated. These values for the
catalysts of juterest are given in Table X,

Since K'is related to the true thermio-
dynamic equilibrium ccnstant, a plot of log
K'versus tne reciprocal of the absolute
temperature should be & reasonably straight
line. Figuve 7 i8 a piot of this information
for the catalys's of luterest. Since the lines
are essentially straight, the slope should
furnish s uwseful cmpirical oonsiant that

oouid be used to predict K'for temperatures
other than those measured.
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SECTION IIt
CONCLUSIONS

The adsorption data en the commercially
‘available hydrous forric oxide ge! and the ad-
vaoeced nickel oxide silicate material fndicate
that the adsorption mechanism {s physical.
This conclusfon is veached primarily because
the data were obtained at low temperatures.
There are indications aleo that the adsorptian
mechanism changee with temperature and
possibly with pressure: but, for the tempera-
tures studied (53.16 to 194,6°K), the basic
mechanism is physjca} adsorption, Table XI
ltets the expressions for the catalysts at the
test temperatures,

References 6, 7, and 8 suggested that two
mechanisms occurred with Para-ortho con-
version catalysts. One mechaniam is in-
creasingly effective as the temperature is
lowered, and the other is increasingly
effective as the temperature is raised, Taylor
(Reference 9) showed that two types of
adsorption occurs, Physatcal adsorption
{(Van der Waals) occura at low tsmperatures
and decreases as the temperature incresses
while act{vated, or chemisorptior takes place
above room temperature and incresses as
the temperature Increases, These theorfes
back the contention of this euthor that physical
adsorption 1s occurring,

Yor the Catalysis studied, Langmuir's
Isotherm holds at 194.6°K, while at lower
temperatures (appmximately 60-90°K) the
adgorption mechanism appsars to be one
where two molecules are adsorbed on five
active centers,

The overall mechanism for the para-to-
ortho (or Ortho-to-para) shift of hydrogen
consists of several consecutive steps, Before

~

the actval converaion can occur, a hydrogen
molecule must diffuse out of the main gas
8tream to the surface of the catalytic particle
and eventually imo g4 small pore of the
particle. The molecule must then adsorb
onto the surface of the catalyst, We have
determined that this step is phvsical adsorp-
tion. Dnce the molecule is adsorbed, it will
migrate along the surface, perhaps passing
near an active center., For the para-ortho
hydregen shift, active centers generally are
associated with unshared electrone, In scrong,
inhcmogenseous, magnetic fields around suck
electrons, the restrictions against sponta-
neous coaversion are removed, and the
molecule may change (o another modification,
Finally, the converted molecule mugt
evaporate (physical adsorption to physical
desorption) from the adsorbed layer, diffuse
along the pore to the outside surface of the
particle, and then diffuse {nto the main gas
stream that wilj carry it trom the catlalyst
chamber, One of thege steps, therefore, will
control the rate of conversions, Current
efforts are aimed at getting sufficient data
to determine the exact mechanism and the
rate controlling step,

Since the catalytic materlal desired by the
U. 8. Atr Foree for apulination io possiple
future afreraft systems must be ligntweight,
and since the adsorption characteristics at
the temperatures of interest are physical in
nature, a good catalyst must exhibit certain
qualities. Some of these characteristics would
be low density, high surface area, high ad-
surptive capacity, high fraction of the surface
&rea which contains active Ritas, high alte
acttvity, high percsity, and high thermal
oonductlvity,

Iy O U
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ILLUSTRATIONS AND TABLES




. ermeuiedwal, Jo
gopoung ® 87 UONBIIUeduo) weSorpiH-~-sred wnqmbsy ‘'t eandrg

Ho 'IVNIVHISNIL
obs ost 09¢ 022 08I 06

{ \ { |8 !

|

'€ JON3L333Y SLH0HIY SIHL NI 3ONIY3I 43N

v SY Q3SN SYM HIIHM ‘(2£61) 0682 ‘B¢ SOV
‘wivd ONINIG ONV SSINNHYH NC GASvE : 30N3IHI33Y

0l

ot

) J

0s

09

02

o8

AFAPL-TR-66-142 s

001

1M3DNA ‘KT Y NAH-YEYY




CONVERGE AT
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Figure 2., Euthalpy Vs. Temperature for Equilibrium, Pars, and Normal Hydrogen
at 1600 PBIA,
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Figure 6. Correlation of Hydrogen on Nickel Oxide Silicate According to
Equation (2)
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TABLE 1X

YALUES OF L' AND n

Hydrogen Adsorption On Hydrous Ferric Oxide Gel — L' = 38.46

Temperature

(°K)

Slope of curve
(Figure 5)

Nearest fraction
n

63.16°K

77°K

87.8°K
194.6°K

0.377
0.433
0.450
1.000

2/5
2/5
2/5
1

Hydrogen Adsorp

tion On Nickel Oxide Silica -- L' = 95,24

Temperature

(°K)

Slope of curve
(Figure 6)

Nearest fraction
n

63.16°K

77°K

87.8°K
194.6°K

Q.429
0.426
0.418
0.960

2/5
2/5
2/5
1
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TABLEZ X

VALUES OF X'

Temperature (°K)

Hydrous ferric oxide

Nickel oxide silicate

63.16

77

87.8
1945

0.260
0,133
0.095
0.017

0.598
0,314
0.211
0.008
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ADSORPTION ISOTHERMS POGR HYDROGEN

Bydrous ferric oxide gel adsorbent

K)

-63.16

-87.8

~194 .6

1.0(p, )2/°
2

———

1 + (0.26)(p, )2/5
2/'5){‘12
5.12(p, )
pﬂ2

1 + (0.13)(p, )2/5
3.65(p, )
E2

1+ (0.10) (py y2/s
2

0.65(p,, )
B
2

1+ (0.10)(py )
2

Nickel oxide/silicate

adsorbent

[T IR—

L mtn et 1oy ORI Wb

°5)
-63.16

“~77

-87.8

-194,6

56.95(pg y2/5
2
1 + (0.60){py )2/5
. Je
29.91(p, )2/5
HZ
1 + (0.31)(p, )2/5
B,

20.10(p y2/5
2

1+ (0.21) (py )2/5
2

0.76(py )
2

1+ (0.01)(pﬂ )
2
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