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ABSTRACT

Adsorption isotherms of the form

CA -- )n
+ ($ (PA

were determined Lr two para-ortho-hydrogn converpion 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. Lngmuir's Isotherm holds at194.6"K, while at lower temperatures
(e.pproxtmately 60-90"K), the adsorption mechanism appears to be one where two molecules
are adsorbed on five effective centers.

(Distribution of this abstract iv unlimited)
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SECTION 1

INTRODUC TION

GENERAL INFORMATION of hydrogen would be greatly increased, and

The existence of the para and ortho modi- the equired size of the heat echanger

fications of molecular hydrogen is a direct could be reduced.

result of the orientation of the nuclear spirs The relative eathalpies of para, equilib-
associated with the hydrogen atoms of the rium, and normal hydrogen are shown in
molecule. In molecular hydrogen, the nuclear Figure 2. The differences in the enthalpies
spine of the individual atoms are oriented of hydrogen of the various compositions
either in the same direction (parallel), which represent the enthalpy change due to con-
corresponds to the ortho modification, or in version, 1 the hydrogen Is used in a ref - g-
the opposite direction (antiparallel), which eration circuit which does not conttln a
corresponds to the para modification. These conversion catalyst, the ternperAture-
two orientations of nuclear spins are respon- e n f h a I p y path will follow the parit curve.
sible for the differences in the magnetic and However, if a conversion catalyst Is i,.luded
the thermal properties of ortho and para in the system, causing the temperature-
modifications of molecular hydrogen. An enthalpy path to follow the equilibrium curve.
equilibrium, which is a function of tenpera- significantly greater quantities of refrig-
turo, exist,, between the two forms. eration can be provided by the hydrogen at

low temperatures. The successful application
Under equilibrium conditions. showln of this conversion could increase payload

graphically in Figure "1, the para-hydrogen because of reduction in the weights of heat
concentration in the pure hydrogen gas varies exchangers. The strategic inccrporation of
fron essentially 100% para at 36'R to approx- this concept in heat exchanger equipment
imately 25% para at 270°R. Since the para to wo'id alleviate "pinch-point" areas by in-
ortho-hydrogen conversion is endothermic in creasing available refrigeration and, there-

this temperature range (339 cal or i e s per fore, the driving force which causes the flow

=ole), certain additional low temperature or het.

refrigeration is available from the conver-

sion. Interest in the conversion of hydrogen Low-temperature heterogeneous catalysis
stems from the heat of conversion when the was considered the most promising technique
reaction proceeds at low temperatures. for effecting the para-orto shift of hydrogen.

Many of the next ,eneration of a -p,-,rly st- ,i • - - r_
vehIcles willt use hydrogen as a fuel or of the conversion catalysts for xise in the
propellant. At high flight ape-so. the problems production of a large quantity of liquid para-
associated with cooling air-breathing aircraft hydrogen. In this process, normal hydrogen
engines and other parts will become critical. (equilibrium hydrogen at standard tempera-
Problems will be encountered in cooling the ture contains approximately 25% para-

walls of the combustion chamber and the hydiogen and 75% ortbo-hydrogen) Is
exhaust noztle. The hydrogen fuel will be the converted to the corresponding equilibrium
roost logical reservior available to absorb hydrogen (approximately 100% para-hydrogen)
Wat and thereby provide the critically needed at liquid hydrogen temperatures (approxi-
cooling capacity. In many engines under mately 36*R). This process step is included in

t consideration, the hydrogen must be vapor- the production of liquid hydrogen, since fail-
ived and superheated in order to obtain ure to convert the normal hydrogen to themufcetha-bobgcapacItIeapr equilibrium concentration wounld result in the

- pound of fuel. If the para-ortho shift of the conversion occrn elo-'ly during s toage.

bydrngeu cvuld be obtained below a tempera- Since this particular reaction (nci-ina to
Wre of 2700R, the effective heat sink capacity 99.79% para-ydroen) is exothermic with a

*Jllustratlons and tables are in the appendix.
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heat release of 226 BTU/lb, the liquid According to theories formulated, there are
hydrogen would boil away even if it were two fuindamental methods of inducing anortho-
stored in a perfectly insulated container. For to-para or para--to-ortho transition. One

this reason, the conversion from ortho- method consists of dissociating the hydrogen

hydrogen to para-hydrogen is made during the molecules and allowing the atoms to

production cycle, and the liberated heat is recombine. When dissociated, the two atomic

taken away at this time. Chromium oxide nuclei no longer are oriented with respect to

supported an alumina was found to be effective nuclear spins. Upon reassociation, the

for this conversion, however, a systematic molecules are formed according to the eqvI-

istudy was undertaken to find materials which libriuw energy distribution determined b' the

might be more effective, temperature. Trhe other method involves the
interaction between an inhomogeneous mag-

netic field and the magnetic field associated
Various metallic oxides such as cerium with the nuclear spin of the hydrogen nuclei.

oxide, ferric oxide, neodymium oxide, and The dissociation or chemical mechanism is

r manganese dioxide, both su pported and u catalyzed by any method which is capable of

supported, were studied. Un ppr th e d producing hydrogen atoms or at least of

hydrous ferric oxide proved to be the most destroying the molecular bond between the

effective conversion catalyety o3 those studied two nuclei. The magnetic or physical

A space velocity of 330 STP/minute w5 mechanism is catalyzed by any inhomog-
achieved with 1/8-inchpellets of this Trateria eneousmagneticfield of molecular din ension.
(0Reference 3).

Air Products and Chemicals Inc. developed

In early 1960, the U. S. Air Forc 3, with Its a nickel oxide silicate catalyst which was

increasing Interest In the use of hydrogeti as 10.5 times more active on a weight basis

an air-breathing engine propellant, recog- than the staadard hydrous ferric oxide gel.*

.ulzed the intriguing possibilities of recover- OBJECTIVES OF REPORT

iag the available refrigeration from para-
hydrogen fuel and Initiated a prssgrum to In this report, the author will attempt to

develop catalysts (at Air Prodicts and Chem- analyze the hydrogen adsorption 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 nickel oxide silicate catalysL and the corn-

under contract AF33(616)-7506 and later tiercial hydrous ferric oxide gel. The

under contracts AF33(657)-10333 and analyseE will be directed towarddeterraining

AF83(615)-1316. The ob;ectives of the the adsorption isotherm and gaining an under-

inveetgatlon were to determine the parar- standing of thue ws.-c mehanieim for t-f

ers tnat eff-ct the shilt of para-hydrogen important adsorption step at the low tempera-

to ortho-hydrogen and 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 a. loi tamperatures. The hydrous ferric in conjunction with adsorption data for pure

oxide gel developed for the ortho to para hydrocarbons. The author has taken the

hydrogen shift in commerical piants was Koble-Corrigan approach to develop an ex-

found to be effective also for the deslred para pression for determining the concentration of

to ortho hydrogen shift and was chosen as a hydrogen adsorbed at various temperatures

baseline iv the study. and pressures.

*R00oent efforts by the contractor have resulted in a nickel oxide cat.Lyst that was -29, tims

more aotive, on a weight basis, than the standard.

**From eferenoe 5 the data used was equilibrium pressure in atmospheres and volume

adsorbed (STP) mi/gm (cal- which are shown In Tables I through VIII in this technical report.
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SECTION U

PjOCEDURE FOR DETERMINING THE CONCENTRATION OF ADSORBED
HYDROGEN AT VARIOUS TEMPERATURES AND PRESSURES

in Reference 4 a general form for an the standard and advanced materials. respec-
adsorption isotherm was formulated and is tively. L' is determn-Ied from the rectangular

' lplot 1i/CA versus 1/PA.
I + K' pA Figure 3 is a plot of 1/CA versus I/PA for

A
Swhere three of the four test temperatures for thehydrous ferric oxide gel. The intercept was

.. CA = concentration of adsorbed gas moles determir.dto be 0.02.; this value couldhaveA per grain of catalyst ranged from approximately 0.020 to 0.040
e o taccording to the data reported. That L' is a

L =empirical adsorption constant related constant independent of: temperature is

to the total number of active centers demonstrated by Figure 3, where the various

available on the adsorbent Isotherms converge on apparently the same
intercept.

K' = empirical adsorption constant re-
lated to the equilibrium constant Figure 4 is a plot of 1/CA versus 1/pA f

the hydrogen adsorption on the advanced
n = a constant nickel oxide silicate cotalyst. Here, again, the

isotherms converge on the same intercept
PA equilibrium pressure of the adsorbed which was determined to be 0.0105. This

gas strengthens the concept that L' is a constant
aad is independent of temperature.

Adsorption data for hydrogen on both the
commercial hydrous ferric oxide gel catalyst The quantity (1/C A - 1/L'), from Tables I
and the advanced nickel oxide silicate
knaterial will be used in conjunction with through Viii, is plotted versus 1/pA on

Equation (1), and the various constants will be logarithImic coordinates for the four tem-
determined. peratures studied. F.gure 5 is the correlation

for the commercial hydrous ferric oxide, and
Equation (.) is inverted and rearranged to Figure 6 is a similar plot for the advanced

give nickel catRlyet K-ble in Refer~ncc 4. rccom-
n mended that the value of L' be corrected by

- - - (7T (2) trial and error until the plot of log
CA ~ K ~A(1/CA -I/L') 'ersus 1/PA gave a straight

The original data were reported in line. This procedure was not followed with

Reference 5 as volume of gas adsorbed$ in this data since the adjustment of L' could not

milliliters at standard conditions, and the straighten out all of the curves, which

equilibrium pressure, in atmospheres, of the indicates that mechanisms were changing with

hydrogen In contact with the catalyst. The both pressure and temperature.
adsorption data for the two catalysts at four The Isotherms for the adsorption on thei different temperatures are presented In

catalysts studied are parallel for the 63.16,
'rabies ' through VII1, together wiih the 77.0, and 87.8K over a pressure range of
manipul'tion necessary for the later treat- approximately 1 to 10 atmospheres; data be-
ment of the date. yond this region were inconclusive and

The approximation of the constant L' for a Indicated possible changes in the slopes of the
given catalyst is givf r in Figures 3 and 4 for curves.

3
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According to Koble's derivation of Equa- which indicates that two molecules of bydro-
tion (1). n should be either an integer or a gen are &dsorbed on five activ centers. The
fraction composed of small integers. Table IX expression relating the gas concentration
presents the slopes of the isotherms from adsorbed to the gas partial pressure for this
Figure 5 for the oommerdal catalyst and mechanism is
similar data from Figure 6 for the advanced K' L(
catalyst. These data indicate that the adsorp- -__L'_PHI

tion mechanlsm changes from the lower + )'p s '/6

temperatures to the higher one for both 2
catalysts tested; in fact, the same type of
adsorption seems to be taking place in both The author postulated that tie true rnecha-
catalysti. nism Is. simply physical adsorptio- of two

molecules on five active cevters. It seems

Hydrogen adsorption on both catrlyots at unlikely that the mechanism could be chemical

194.6K follows the Langmuir Isotherm, whh dissociation because the near cryogenic tem-

has bee defined as a specific cai (i h peratures are not compatible with activated

general adsorption expression (Equation 1), adsorption associated with the molecular

where n is oqual to unity. The mechanism for dissociation mechanisms.

the hydrogen adsorption at this temperature The values of K' were determined fro * the
is intercepts of the ieotherms with the oi. 'ate

H2 +1 Xt.( at 1/PA 1 from Figures 5 and 6 for the

catalytic materials strdied. The intercept
The expession gives the value ,f the quantily I/L' K'. so that

where is an active center. The psio K' can be calculated. nhose values for the
relating concentration of the adsorbed gas to catalysts of luterest are given In Table X.
its equilibrium partial preset,'re is

KI Ll p4 Since WKs related to the true thcrtao-
C _ _ (4) dynamic equilibrium constant, a plot of logH2 I + K'pKversus the reciprocal of the absolute

I temperature should be a reasonably straight

At lower temperatures (60-90*K) for both line. Figure 7 is a plot of this information
catalysts tested, the adsorption mechanism for the catalyas of interest. Since the lines
resembles the following: are essentially straight, the slope should

furnish A ueef-d cmplrical (xnoitnt tjhatOt
could be used to predict Kfor temperatures

2H2 + A a 2 CH1 )other than those measured.

4
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I SECTION MI

CONCLUSIONS

The adsorption data on the comumercially the aet~al conversion can Occur, a hydrogenavailabl( hydrowi ferric Oxide gel and the ad- molecule must diffuse out of tbe main gasvanced nickel oxidle silicate material indicate sr am t th uf c ofte aaytcp ti etha th a sortio m cha ism IsPhysical. and eventually into a small pore of theThis Conclusion is reached priznarnjy because Particle. The molecule must then ad~orbthe data2 were obtained at low temperatures. onto the sjurface ftectlyt ehvT h er ar it ilca io ~ ale th t th a d orp to~ d e te rm in e di th a t th s ste p is p h ysica l a iso rp -mnechanism changes with temperature and tion. ;Dnce the molecule is adorbed, it willpossibly with Pressure, but@ for the tempera- mgaeaogtesrae ehp asnlues studied (63.16 to i94.6-K), the basic near 'ng tie surnter , Forhap passing?~mechanism is physical adso rion. Table XT hydrogan shfactive center s g teneraly re
list. t e peratress.n o h atl ss a h asisociated w th unshared eletrone. In siong,testtem era wesInhomgeneous, 

magnetic fields around suclh
electrons, the restrictions against sponta-neous coaversion are remnoved, and the

References 6, 7, and 8 suggested that two oecemacagetaotrmdiitonmechanisms occurred With pa~a-ortho Con- miolecle changetd mnoeMcule mstiversing clyti s. e meh a ai i in- evaporate (Physical adsorption to physicalorea m ng y ef ect ve s th te~ ~ pe abj Is desorption) from the adsorbed layer, diffuselowered, 11nd the O ther is incr'eaaIngly a-1on1 the pore to the Outside surface of theeffective as the temlperature Is raised. Taylor Particle. and then diffuse Into the main gas(Reference 9) Showed that two types of~ stream that will carry it from the catalystadsorption Occurs. PhY*ical adsorption Chamber. One of these steps. therefore, will(Van der Waais) occurs at low temperatures control the rate Of Conversions, Currentand decreaes as the temperatr 1 nreags efforts are aimned at gettingsufietdtwhile activated. or chein iorptjor, takes place todeem h eac eca ien ateabovle rMom temperature and increpses as rt etrmin tep.-c ecaiin n hthe temperature increases. These3 theories rt otoln tpback the contention of thi.&s author that physicalSi c th ca ly c m te al d sr d b t eAdsorption is occurring. S. inc th e alti mpiatei desre by thbeV. S.ArV" 4A- l~iVcr thVe odalynte Stujdiedf Langmuir's future aircraft systerns must be lightweight,isotherm hold$ at 194.6'K, while at lower and since the adsorption characteristics attemperatures (approXimately 6o-g90'K) th the temperatures of Interet are yialnawhrpto mechanism appears to be natre, a good catalyst must exhibit certainweetwo molecule's are Adsorbed on five qualities. Some of these characteristics w~ouldactive centers, e be low density. high surface area, high ad-The verll echaismforthe arato- scrptive capacity, high fract"on Of the surfaceT h e o v e a ll m e c a n i m f r t e p r a - o - a r e a w h ic h o n ta in s a c tiv e f lit , 11 ig h s teortio (,r ortho-to-para) shift of hydrogen activity, high purcsity, and high thermalcons1its of several consecutive Steps, Before 00nductivity.
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TABLE IX

VALUES OF L' AND n

Hydrogen Adsorption On Hydrous Ferric Oxide Gel L'- 38.46

Temperature Slope of curve Nearest fraction
(*K) (Figure 5) n

63.169K 0.377 2/5
77oK 0.433 2/5
87.8oK 0.450 2/5

194.6*K 1.000 1

Hydrogen Adsorption On Nickel Oxide Silica -- L' -95.24

Temperature Slope of curve Nearest fraction

(*K) (Figure 6) n

63.166K 0.429 2/5
77*K 0.426 2/5
87.8*K 0.4i8 2/5

194.6*K 0.960 1

rLw
23
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TABLE X

VALUES OF V~

Teperature (*K) HIydrous ferric oxide Nickel oxide silicate
63.16 0.260 10.598
77 0.133 0.31.4
87.8 0.095 0.211

-1 194.S 0.01710.8 0.00

fi

Ev



AFAPL-TR-66-142

1.C

____ NICKEL OXIDE SILICATE

HYDROUS
FERRIC OXIDE

I0.10IIIV M

0.01

I I T

0.00f, H_
00"0-001 0.010.I/T ('K-') 0

-Figure 7 Efetof Tenmperaixe on the Constant K'

25 ____



_v _ --- __

AFAPL-TR-66-142

T~ABLE XI

&bSORPTION1 ISOTlHERM FOR HYDbOGEN

Rydrous ferric oxide gel adsorbent

1.0(p )2/5

-63.16 CH 1 (02 6) a2)/

2 12( ) 02/5p )/

-77 2 2 -

[2 1 +(O. 13)(p 2/

3.65(pH )2/5

2

Nickel oxide/silicate adsorbent

56.95(p )2/S

22

Ce-29.9(pH)/

CH2 1 + (0.31)(P )2/5

-87.8 C2  1 + (0.21)( H 2/

-194.6 
Ch2- (0.01)(P

2 1 2
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