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CHAPTER I

: ' : ' INTRODUCTION " ■ • ; :

Among the notable achievements made possible by the
advent of the quantum theory was the conclusion by Heisen-
" • r T' '' ' '■ : '■ . ■■ • . : . .. . ..berg, in 1927, that hydrogen consists of two varieties of

molecules. These were termed orthohydrogen and parahydrogen
by Bonhoeffer and:Harteck who, in 1929, experimentally
demonstrated their existence and carried-out extensive in- •
'vestigations on interconversion between the two types.

. An ordinary light hydrogen molecule consists- of two 
• protOhs, associated with two electrons. Every proton, due to 
its spin, has a magnetic moment. The resulting rotational ■ 
quantum numbers are odd .for orthohydrogen molecules, where 
the two proton spins are parallel, ..and even for parahydrogen . 
molecules, where' the proton spins are antiparallel.*• ,

At room temperature, normal hydrogen consists- of an 
approximate ratio of three parts of orthohydrogen to one part 

; of parahydrogenj: yet,. at temperatures' approaching absolute 
■ zero, hydrogen in thermodynamic equilibrium consists almost

*drtho- to para- states. are not restricted to hydrogen.
:- However, with the exception of deuterium, homonuclear, diatomic 
'molecules that possess nuclear spins do not readily lend them- 
' selves to Investigation. . - „



completely of the latter form* '
Quantum theory has shown the ortho-parahydrogen inter- 

conversion to he a forbidden transition; thus the conversion 
resulting from spontaneous radiation can be expected to be 
practically negligiblej although, because of the existence of 
the nuclear magnetic moments^ the possibility of the tran
sition is somewhat increased. Purthermore, conversion.arising 
from collisions of the gaseous molecules, where molecular 
magnetic moments provide the perturbing.fields, has a half- 
life of approximately three years.^ Fortunately, however, 
the conversion may be readily catalyzed and both homogeneous 
and heterogeneous catalyzed reactions (as well as uncatalyzed 
reactions in' liquid and solid hydrogen) may reach equilibrium 
in extremely short periods of time.

The ratio of parahydrogeri to prthohydrogen at equilib
rium at a particular temperature may be calculated as a function
• '■ , ■ ■ ■ ' ■ • ■ ■ '■ ■ : . h ' ■ ; . 'of the rotational and spin quantum numbers.

Generally, conversion is considered to take place 
through one of two mechanisms: the magnetic or low temperature 
reaction or the high temperature or chemical mechanism,•where 
the hydrogen molecules chemisorb,. dissociate and recombine in 
the equilibrium concentrations for that temperature. Unfort-
' ■ ' ' V ' ..unately, there are no well defined zones in which each of these 

mechanisms operates exclusively.
At low temperature, equilibrium may be achieved when



the molecules experience perturbations exerted by the inhomo- 
geneous magnetic field due to a paramagnetic source„ Although 
Bonhoeffer and Harteek did much of their early work in hetero
geneous catalysis using 11 diamagnetic'' charcoal. Parkas and , 
-Sassehe^ observed conversion in the presence of paramagnetic 
gases and paramagnetie ions in solution, Taylor and Diamond^ 
found that: conversion took place more rapidly on paramagnetic 
surfaces with large capacities for van der Waals adsorption; 
it was also found that the velocity of the.reaction was In- ; 
Creased with increasing magnetic, susceptibility, A.modifi
cation of' Wigner's' theory of elastic Collisions was made by 
Harrison and McDowell who studied heterogeneous catalysis on . 
a solid free radlcai and concluded that conversion took place 
in a physically adsorbed lasrer of hydrogen molecules.

Aithough all forms of matter possess magnetic proper- 
ties> paramagnetism is restricted to a rather small number of 
substances, some of the most interesting being certain ions 
of the rare earths. Kinetic work being carried out on neo- 
dynium in fhis laboratbry necessitated the use of a suitable . 
support for the. paramagnetic ions. Catalytic irtertness being 
a primary consideration. Alumina was a natural choice; 
however, when different samples proved to be quite; active in 
the ortho- to parahydfogeu conversion, resort was made to . 
another material. Nevertheless,:a question had been raised 
concerning this activity of "diamagnetic" alumina. The



research described herein deals with an attempt to determine 
whether or not these observations can .be explained on the 
basis of iron, being present (probably as ferric oxide) on ,
the surface of the alumina as an impurity and to examine other 
possible mechanisms based on both the magnetic and chemical 
theories of conversion.



OEABTER II

, ' : - experimental; '■ ■ ■ '■

The hlgh-vaouxEa procedures used In;this research may 
be, outlined "briefly as follows: When a vacuum of approx-
-'■■ ■ ■ . ' : -  'jr. ':'. ' ' . , . / : ' . . ' :imately 10“° mm. of .mercury had been obtained by the use of 
a Duo-Seal vacuum.pump and mercury diffusion pump, measured : 
with’ a McLeod gauge, gases1 were introduced into storage bulbs ■■ 
after having,passed oyer purification units. If, ortho- to' 
parahydrogen'conversion-determinations were to be made, 
hydrogen from one of these bulbs was allowed to enter evacu
ated reactors onto the pretreated•catalysts. After reaction, 
the gas was then removed into sample storage bulbs. Prom 
these bulbs, aliquots required for the determination of con- • 
version.rates were passed into a thermoconductivity dell.

In the case of surface area measurements, the complete 
system was evacuated while the material in- question degassed 
by pumping and, heating. The dead-space surrounding the sample 
was determined with helium,, the gas removed"and finally 
nitrogen admitted and adsorbed on the sample. From the ad- 
■ sorption;isotherm obtained for a given material, its surface ■. 
area was computed, . h. v-;. ;; -

A. G-as Purification . ' -i''''- ' ■■
. / Hydrogen purification and storage were carried out with



' - ■■ : ; • • ■■■■. ■ ■ : 6 
. the apparatus and proeedure described 1$ Park. ̂

Nitrogen was obtained from a steel cylinder'supplied 
by the Air Reduction Company. The gas was passed through a 
trap filled with copper turnings at 350°C. to remove oxygen ■
as copper oxide, then through indicating silica gel at liquid 
nitrogen temperature to remove water vapor (Figure 2).

Helium was obtained from a steel cylinder supplied by 
the'Matheson Co.> Inc. The gas was passed over both the 
copper and silica gel and finally, to remove any nitrogen 
present, through a trap filled with animal charcoal at liquid 
nitrogen temperature. • ^

Carbon monoxide of high purity was supplied by the Air - 
Reduction Company in 1 liter bulbs equipped with breakseals.
It underwent no further purification. •

B. Sample Storage - ' \ .....
I. After leaving the reactors, the samples were allowed 

to-expand into evacuated $00 ml. bulbs over mercury, the gas 
was then compressed by raising the mercury in the bulbs.
Cases, for analysis, were then obtained by means of locks on 
each of the uplts.

C. Reactors
The design of a typical reactor is shown in Figure 1.

The alumina was contained ■ in a 15 ml. Ramsbottom flask connected 
by 2 ml. capillary tubing to a stopcock. The U-tube trap was



7
kept Immersed in liquid nitrogen until a given run was com
pleted. : ' : ' " ; . - ; ; '

D. Sampling
! After a particular treatment, the furnace was removed 

and, immediately, the reactor was submerged in a Dewar of 
liquid nitrogen. Two successive portions of normal hydrogen 
at approximately 2 cm. pressure were admitted to the reactor 
for 1 minute each and pumped away. About 2 cm, pressure of 
normal hydrogen was then, admitted to the reactor at time 
zero, the latter being immediately isolated from the system. 
After a predetermined period of reaction, the hydrogen was 
■ then expanded into an evacuated sample bulb,

E, Determination of the Rate Constant

1, Analysis of Hydrogen Samples
The ■Farkas Mcrothermal Conductivity Method of analysis

10 ■ - - ■ ■ ■ ■ ,, ■ '■ , - , : , , ; ■ was used. Details of construction and operation are given
by Park, The basis of this method lies in the difference in
heat capacities and, consequently, thermal conductivities, of
ortho- and parahydrogen,.the latter having the higher values.

2, Calculation of the Rate Constant
The orthq- to parahydrogen conversion is a first order 

reaction and, therefore, the difference in concentration of 
orthohydrogen after reaction.time t and at equilibrium is
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Figure 1. A typical reactor used for the 
ortho- to parahydrogen conversion.

00



given by
-kt

ut = uoe

where u0 is the difference in concentration of orthohydrogen 
in normal and equilibrium hydrogen. The rate constant is

t Ut

Since, by this method of analysis, the concentrations are 
proportional to the resistances in the cell wire, the rate 
constant equation may be written

k = i  m  Rg " Rl
t *2 - Rt

where R2 and are the resistances obtained with hydrogen 
brought to equilibrium at 77°K. and at room temperature, re
spectively, and R^ Is the resistance obtained with a sample 
of unknown composition. This result divided by the weight 
of the alumina gave the rate constant per gram-seconds.

P. Surface Area Determination

1. Description of Apparatus
The arrangement of equipment is shown diagramatically

in Figure 2. From A, gases enter a purification trap equipped 
with stopcocks in suitable positions to allow traps C and D 
to be by-passed when desired. The treatment of nitrogen and 
helium is given in Section A; hydrogen was passed over the



A„ To hydrogen, helium and nitrogen cylinders
B, Purification trap filled with copper turnings
0. Purification trap filled with silica gel .
D. Purification trap filled with animal charcoal
E. To 1 liter storage bulbs
F. To pumpipg system
G. To meter-stick manometer
H. To air and to vacuum pump
1. Mercury reservoir
J, Nitrogen vapor pressure manometer 
K. Const an t-vo lume manometer.
L. Electrical contacts 
M. Water-jacketed bulb system 
N. Catalyst container
0. Condensation tube for nitrogeh vapor pressure manometer 
P. Glass to stainless steel standard-taper joints 
Q. Needle: valves V': \
R. Diaphragm valves
S. Stainless steel manifold with threaded connections .
T. Mercury drain.



To sources of hydrogen and helium /
To pumping system .
To 1 liter bulb of carbon monoxide 
To,analytical system
TJ-tube trap (maintained at approximately ■ 77°K.) 
Catalyst in 15 ml. Ramsbottom flask '
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Figure 2. Apparatus for surface area determinations.



. . '' : • ■ ' ■ " 11 
copper turnings to reduce the copper oxide formed and thus
re-establish the efficiency of the material.

Storage bulbs were provided to hold gases at pressures 
slightly over an atmosphere for periods of not longer than 
one week. As well as supplying gas,"three lines from the 
storage-bulb manifold E provided a means of leak checking. 
Four stopcocks joined both, sides of the two 1 in. standard- 
bore manometers J and K to the pumping manifold F consisting 
of a McLeod gauge, U-tube cutoff and a diffusion pump.

These manometers, the mercury reservoir X, and the 
bulb system M> shown below the dotted line in Figure 2, 
were enclosed in a glass-fronted case. The mercury levels 
throughout the system were controlled by needle valves Q and 
the three-way stopcock H, leading to the atmosphere and to a 
pump. By manipulation of these, rough adjustments of the 
mercury lev&ls in the constant-volume manometer K and the 
bulb system M were made, Fine adjustments were then obtained 
with the diaphragm valves R. Constant volume in the right- 
hand side of manometer K was insured by the electrical 
contacts L connected to a magic eye. The- readings were taken 
with a Gaertner Scientific Co. cathetometer, M901, situated 
approximately 2 feet in front of the manometer case. This 
instrument was capable of readings of t 0.005 cm. Unfortun
ately, vibration due to the floor pumps reduced this value, 
but the problem was considerably alleviated by averaging a •



number of readings at each point. The readings of the 
mercury levels were facilitated by a movable shutter at the 
rear of the case. ' "

The nitrogen vapor pressure manometer J was open to a 
line ending in the condensation tube 0 which contained a 
small amount of glass wool to promote formation of the liquid 
phase when the proper nitrogen pressure within the tube had 
been reached. This pressure was assumed to be essentially 
that of the barometric pressure existing in the room, but 
differing slightly because of oxygen dissolved in the liquid 
nitrogen bath in which the condensation tube and sample tube 
N were submerged. i

' The bulb system M consisted of five bulbs joined with 
• capillary tubing (indicated by triple lines in Figure 2) and 
surrounded by a water jacket which was provided with a 
thermometer well. It was necessary to calibrate these bulbs, 
as well as the capillary tubing which would be opened to the 
samples bulbs. The former was accomplished by filling the 
bulbs with mercury to the mark above the top bulb and draining 
each bulb to the mark beneath it from outlet T into a weighed . 
flask, taking care to maintain a constant temperature within 
the manometer case. The weight of mercury removed from each 
bulb, along with the known density of mercury at the temper
ature at which the operation was carried out, provided the r 
necessary information for volume determinations.' Having cal-



ciliated these values, the line' volume was easily obtained by 
admitting a few cm. of helium Into the system and utilizing 
the resulting pressure-volume data given by altering the 
volume of the system in known amounts and observing the pre
ssure changes in the constant-volume manometer.

The stainless steel manifold S whs constructed with 
the use of threaded joints. Three standard-taper connections 
sealed with Apiezoh W joined it to the glassware. Above each 
connection, a nipple was blown in the glass tubing to trap 
any air which might leak into the system past the threaded 
joints. ■ ■ v"" ',-;

• tJnlfOrm temper at tire throughout the ease was maintained 
by a blower'* Although this did not prevent a temperature ' 
change with time, it was found to be adequate for this work.

2. Operation of Apparatus
The sample upon which a surface area determination 

was to be made was incorporated into the system and- evacuated 
for approximately 12 hours at 350°C., then brought to liquid 
nitrogen temperature,

The dead-space volume was obtained by the use of helium 
the adsorption of which, at these temperatures, was negligible' 
The pressure differences observed before and after the sample— 
bulb stopcock was opened, along with, the known volume of the 
system initially, sufficed to fix this value. The helium, was 
:theh pumped away. . , - - -; . - '



With the dead-space closed off and the mercury level 
in the bulb system at the lowest mark, a previously estimated 
amount of nitrogen was allowed to enter the apparatus and the 
pressure was noted. The dead-space was then opened to the 
gas and adsorption upon the sample took place. When equilib
rium was achieved, the pressure was taken again, along with 
readings of the temperature and nitrogen vapor pressure. 
Several more pressures were observed by reducing the volumes 
successively with the use of the bulb system. The two top 
bulbs, being of small volume, were not used; instead, 
additional nitrogen was introduced into the system and the 
process repeated. It was desirable to have at least five 
sets of pressure-volume data within the 0.05 to 0.30 relative 
pressure range, with temperature and nitrogen vapor pressure 
readings for each set.

The sample weight was determined by removing the evac
uated sample bulb from the line and weighing it, then care
fully breaking it open to remove the sample, and finally, 
weighing the fragments.

3. Calculations of Results by the BET Method^
For plotting purposes, the BET equation may be written 

in the convenient form



'Where :Va was the volume adsorbed at pressure P and .nitrogen 
vapor pressure Pq^ V̂ ' the volume of, a monolayer^, and c an 
.energy funofIon. ■ The volume of a monolayer was obtained' 
directly by taking the;' reciprocal of the sum of the slope 
and intercept. The surface area per gram was then equal to 
a constant times Vm 'divided by the sample weight, the con
stant being the area occupied by a nitrogen molecule times 
Avogadro's number divided by the volume occupied by a mole \
•of gas measured at S.T.P. • • ' ;

G-. Colorimetric. Determination of ' Iron Coneentration^
Since no solvent could be found in which alumina was 

readily soluble to any ■significant extent * a potassium bi-' ,
sulfate fusion was used, and the resulting material was 
dissolved in 100 ml. of 1:20 sulfuric-.acid. It was found ‘ 
.necessary to maintain the.molten state for 2 hours and then 
allow 10 to 20 hours for dissolution. A blank fusion was 
made as well as a set of standard solutions of ferric ammonium . 
sulfate. - To a 10 ml. aliquot of each of .these was, added 1 ml. , 
of 10$ potassium thiocyanate. Readings, were taken on a Bausch : 
& Lomb.Monochromatic Colorimeter. The results' were plotted 
on . logafithiiic paper and the iron ' concentration of the blank •/' 
was subtracted'from that of the alumina samples, f This method 
was reported to be suitable for determinations of iron con- ' .'
,cehtrations as.low:as'0.02:ppK in solution. Although the
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results of -two crude determinations on Sample A varied by 
40^ this was small.by comparison with.the difference between 
Samples A and 33.

H, , Removal of the Iron
A slight modification of the method described by 

Kummer^ was employed.
When a "plateau" in the rate constant vs. degassing 

time curve had nearly been achieved, the sample was treated 
for 24 hours with 30 cm. (pressure measured at room temper
ature) of hydrogen at 450°C. to reduce the surface iron.
After degassing for 12 hours, carbon monoxide at 30 cm. pre
ssure was then maintained on the sample at room temperature 
for 24 hours to react with the iron and form a carbonyl.
The latter could then be pumped away. If, however, it Was not 
removed (i.e., frozen out in the U-tube trap), being diamag
netic, it would have had a negligible effect in the ortho- 
to parahydrogen conversion.



CHAPTER III

DISCUSSION

A. Preliminary Considerations
Since there was little question that the increase in 

the ortho- to parahydrogen conversion rate on alumina with 
continued pumping and heating was associated with the removal 
of water molecules from the sample surface, it was at first 
thought that the subsequent exposure of surface iron was re
sponsible for this rate increase. Therefore, two aluminas of 
widely varying iron concentrations were chosen for analysis. 
One sample, obtained from Johnson, Matthey & Company Limited, 
Catalogue Number 345 (hereafter designated as Sample A), was 
listed as having the following impurities given in parts per 
million: sodium, 5I iron and potassium, 3j calcium and copper 
2j silicon, lj magnesium and silver, less than 1. The other 
material, obtained from J. T. Baker Chemical Co. (hereafter 
designated as Sample B), had been assayed in weight per cent 
as: follows: chloride, 6.003,° sulfate,. 0.001; heavy metals 
(as lead), 0.005; iron, 0.002.

The alumina was given an initial heating at 800°C. for 
16 hours, followed by 1 to 2 hours of drying at 125 C. immed
iately before setting up for a run. All runs were made' at 
450°C, ±10°, the heaters previously having been brought to 
temperature.

17



' " ^ v 5 : ' 18. Chapin and - Parle*had. shown- that, with constant geo- 
itietry- of system, a definite sample weight vs. rate constant 
relationship existed. This work further indicated that a 
platean in: the time of pumping and heating vs. rate constant 
plot should be reached more immediately .the smaller the sample 
weight. Consequently^ for the. present work,, sample weights 
■' of 30 to 50 mg. were used. These were treated in . 15 ml. ■ ''
. Eamsbottom flasks, ;v v. " ; y - / i-n '/:V ; ■

. '16 17 ' ' ■. Hinden and: Weller, after doing extensive research
on aluminas, concluded that: the; surface area undergoes no 
aigtiifleant changes wtth cdhtlnued pumping and heating. For . 
example, they reported that the surface:area of an alumina ^. 
sample which had been heated and pumped at 4-50*0. for 64: 
hours was essentially the same as after only 16 hours of 
this treatment,16 ■ '' ' ' ' :

Initially,'the reactors were joined to the manifold 
by vertical lengths of capillary tubing; however, after mak
ing a large number of runs, it was observed that a minimum 
amount of.reproducibility existed. 'Chapin^ et al found • 
that minute amounts of water vapor were poisoning the active ̂ > 
sites; and, that this was. at 'least, partly responsible for the ■ , 
poor correlation of results^ thus the U-tube trap shown in 
Figure 1 was .introduced. This Innovation proved to be of 
great value 'in the present work. ■' '': '. .r'--:‘; - : ' ' ■ ' -:
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B. E x p e r i m e n t a l  D a t a

Typical curves of rate constants vs. time of pumping 
and heating for Samples A and B are shown in Figure 3.* It 
will be observed that the maximum values are nearly reached 
after 3 to 4 days of pumping and heating. This varies con
siderably with the individual run, however, and appears to be 
especially affected by the number of times the pretreatment 
had been interrupted previously in order to make rate con
stant determinations. Blanks run on empty Ramsbottom flasks 
failed to show any significant conversion after 72 hours of 
pumping and heating at 450°C.

TABLE I.
Summary of Surface Area and Iron Content

D a t a  f o r  S a m p l e s A a n d  B

D e t e r m i n a t i o n S a m p l e  A S a m p l e  B
Surface Area (in m.2g.”l)a 174 168
Surface Area (in m? g. -l)b 172 155
Iron Content (in wt. %)c 3 X 10-4 2 x 10-3

Iron Content (in wt. 1.0
1.4 2.3

2.9
x 10-3 x 10-3

a Sample weighed according to Section C of Chapter II. 
b Sample weighed in air and assumed to contain moisture, 
c Supplier1s assay, 
d Colorimetric analysis.

*See Appendix for a table of data obtained from runs 
of this type on Samples A and B.
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Figure 3. Typical rate constant vs. time of pumping and heat
ing curves for Samples A and B at 450*0.



Because of the difficulty;Involved in accounting for 
the numerous variables inherent in the experimental work 
necessary to obtain the rate constant data presented in this 
Section, no attempt has been made to calculate the limits of 
error. Instead, an alternate procedure was adopted. A large 
amouht of data on a given alumina, averaged over points taken 
on material having experienced similar pretreatment, nearly . 
always showed the spread in tiie rate constant values to be

, ■ ■ _ o  "  . .contained within the range of % 0.15 x 10 rate constant 
units around the particular average value in question, re
gardless of its position on the rate constant vs. time of 
pretreatment curve. Consequently, the figures included in 
this section have been provided with error limits of this 
magnitude.

The steps in Table II represent the following pro
cedure: Step 1, 22 hours of pumping and heating; Step 2, an
additional 66 hours of pumping and heating; Step g, the in
dicated gases had been maintained on the samples for 24 
hours and pumping and heating had been resumed for 12 hours ,* 
Step 4, again the indicated gases had been maintained on the 
samples for 24 hours at room temperature and then pumping 
and heating had been resumed for 12 hoursj Step 5* Steps 3 
and 4 were repeated. Run II underwent no gas treatment but 
was pukped and heated throughout the experiment.



TABLE II.

Rate Constants for Sample B Obtained to Determine 
the Effects of Various Steps in the Hg-CO Treatmenta,k

Step Run I 
kc Avg. k

Run II 
k Avg. k

Run III 
k Avg. k

Run IV 
k Avg. k

1 0.85
0.93 0.89 1.091.21 1.15 0.86

0.98 0.91 0.961.08 1.02

2 2.74
2.89 2.81 2.78

2.80 2.79 2.973.03 3.00 2.90
3.02 2.96

3 (Ha) 3.00
3.02 3.01 2.80

2.86 2.83 (He) 2.80
3.00 2.90 (He) 2.90

2.96 2.93

4 (CO) 2.61
2.68 2.64 3.00

3.02 3.01 (He) 3.29
3.37 3.33 (CO) 3.20

3.34 3.27

5 2.68
2.73 2.71 3.06

3.12 3.09 3.12
3.31 3.21 3.30

3.33 3.31

a All treatments were carried out at 450°C., unless otherwise stated in the text.
b A gas pressure of 30 cm. (measured at room temperature) was used 

in all steps.
“1 —I 2c All values tabulated equal the rate constant (in gm. min. ) x 10 .

roro
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TABLE III.

R a t e  C o n s t a n t s  f o r  D e g a s s i n g  t o  P l a t e a u  R e g i o n  
F o l l o w e d  b y  t h e  H g - C O  T r e a t m e n t  f o r  

S a m p l e s  A  a n d  B a

P u m p i n g  a n d  
H e a t i n g  T i m e  

i n  H o u r s

S a m p l e  A
A v e r a g e  k

S a m p l e  B  
k  A v e r a g e  k

20 1.86
2.02 1.94 1.05

1.17 1.11

40 2.90
3.00 2.95 1.62

1.79 1.70

80 4.05
3.95 4.00 2.91

2.95 2.93

104 4.194.31 4.25 3.03
3.11 3.07

128 4.05
4.09 4.07 2.94

3.03 2.98

1 
a o treatment0 4.08

4.22 1.15 2.60
2.67 2.64

a All steps were carried out at 450°C., unless otherwise
b

stated.
All values represent the rate constant / -1 -1X(in gm. min. )
x 10^.

c Procedure was identical to that described in Steps 3
and 4 of Table II. 

C. Evaluation of Data
F r o m  t h e  p r o c e e d i n g  d a t a ,  i t  i s  i m m e d i a t e l y  a p p a r e n t  

t h a t  S a m p l e  A, w i t h  a  r e l a t i v e l y  l o w  i r o n  c o n c e n t r a t i o n ,  w a s  

m o r e  a c t i v e  i n  t h e  o r t h o -  t o  p a r a h y d r o g e n  c o n v e r s i o n  t h a n  

w a s  S a m p l e  B. T h i s  r e s u l t  c a n  b e  e x p l a i n e d  o n  t h e  b a s i s  o f  

o n e  o r  m o r e  o f  t h e  f o l l o w i n g  f a c t o r s : (l) a  m u c h  l a r g e r



surface area was associated with Sample Aj (2) a much larger 
fraction of the total iron existed on the surface of Sample 
A; (3) the crystal struetures and surface constructions were 
sufficiently different that on Sample A hydrogen molecules 
were exposed to a greater extent to the effects of the iron 
impurityj or (4) something other than iron was largely re
sponsible for the catalytic activity.

The first possibility is eliminated by comparing the 
surface area data in Table IV The likelihood of the second 
factor being of significance,is strongly questioned by 
noting the lack of attenuation of activity in Sample A after 
it was treated"with hydrogen and carbon monoxide, while the 
activity of Sample B appears to have been reduced (Table III). 
Furthermore, the data of Table II indicates that this re
duction in activity was not the result of poisoning by 
hydrogen or carbon monoxide.

A difference in,crystal structure and/or surface mor
phology was altogether possible and, in fact. X-ray diffraction 
patterns obtained by Nichols1^ suggested that these differences 
were present. Nevertheless, the existence of one (or both) 
of these conditions does not explain the experimental data.
The surface of Sample A might very well have contained a 
greater number of cracks and pores (relative to Sample B) 
large enough to admit hydrogen molecules and allow conversion 
but too small to permit the entrance of carbon monoxide



molecules and escape of iron carbonyl molecules. However, 
it is hardly likely that a situation of this nature could 
exist without Sample A having a fairly high surface area com
pared to Sample B.

Stumpf, etal,20 along with a number of investigators, 
demonstrated the existence of .several forms of alumina, commonly 
referred to as'V'-type aluminas because of their low but finite 
water content and surface areas which are somewhat greater 
than that of the high temperature form, oc-alumina. These 
various forms are the result of different methods of pre
paration followed by calcination at particular temperatures.* 
X-ray diffraction patterns indicated that Sample B consisted 
largely of oc-alumina, while Sample A gave such a diffuse 
pattern that it was impossible to ascertain its structure. 
However, by the preceeding arguments in this section, it seems 
unreasonable to attribute to Sample A a crystal structure 
where the impurity iron was in much more desirable locations 
for the promotion of the ortho- to parahydrogen conversion 
than it was in the case of Sample B, yet was unavailable for 
reaction with carbon monoxide.

If impurity iron is set aside as a major contributor 
ih the ortho- to parahydrogen conversion on alumina, two

*See Technical Paper Number 10, Alumina Properties,, 
published by the Alumina Co. of America.in 1953* for a com
prehensive bibliography on alumina research.



: major questions remain to be answered: to what may this
actiyity he attributed and why should it vary in magnitude 

v among aluminas ? /%,' -  ̂y;',/: ,?d , :■

Alternative Mechanisms , , ; .■ .id'
With the exception of blanks run in parallel with '

alumina-supported' catalysts 5 no . work dealing with ortho- to ; 
parahydrogen'conyersion ̂ oh alWina- alone rwas f pdnd in the n 
literatnre. .howeyer^ there' is much speculation regarding : .v - 
conversion on other diamagnetic materials. : . s . • v.

. ' ,If one point of agreement exists between most writers 'nic %: -i' 
. on this. subject5 it is the assumption that hydrogen molecules d ■r • - 
v are actually adsorbed on the' catalytic surface during the '

period of conversion. Parkas and Sandler^ wrote that a ■
■ simple collision process could not explain rates of comrer- ;/"i
. sion' obtained'experimentally,1 while Harrison and McDowell, as 
mentioned earlier, gave, evidence that the reaction took place 
in. an - adsdrbed la,yer of hydrogen mole s. -; d lurkeyich and: ;
Selwood^^ showed that neither oC, oC-diphenyl^^-picrylhydrazyl, , 
nor zinc oxide had;a Strong tendency t o 'convert hydrogen. A dvf 
mixture of these two substances, however, gave rapid* CfOnverslqn̂ ; ;;/, :: 

! ■ Apparently, the capacity of the zinc oxide for van der Waals > ; , -
adsorption ensured a sufficient contact time to allow con- •

: version on the paramagnetic -free radical. Cunningham and
,. J o h n s ton, 2"̂ working with, alumina-supported catalysts, assuraed



that conversion took place only in the first adsorbed layer 
of hydrogen molecules and that here the orthohydrogen was 
preferentially adsorbed.

Sandler^ described an interesting experiment where 
eatalytically active blue titanium dioxide was bleached by 
treatment with oxygen, simultaneously iosing its effective
ness. In the ortho- to parahydrogen conversion. The formation 
of color centers (lattice defects) was attributed to a stOi- 
ehiometric. deficiency of oxygen induced by heating. Unpaired 
electrons associated with some of these color centers pro
vided inhomogeneous magnetic fields conducive to conversion.
It is very possible that a mechanism of this sort was involved 
in the present research. For this reason> the difference in 
the rate constants' for Samples A and B in the plateau regions 
probably lies in the variations in the number, type, and 
location of inherent defects in the two alumina lattices.
This point will be further discussed later in this section.

In order to obtain a rough approximation of the number 
of unpaired electrons that would be necessary to explain the 
experimental results obtained in'this research, recourse was 
made to the data of Chapin and G r e n d a , where conversion 
rates were determined for known amounts of gadolinium ions 
adsorbed on a silica gel support. A rate constant of 
3.24 x lG"2(gm. of support)"^ mini1 lying in the vicinity 
of those obtained in the present work was Obtained with



' . '■ 30
272^gms. of gadolinium ions adsorbed per gram of silica gel. 
If the surface area of the.silica gel was taken, to be 500
m •/gm., it was foundbthat there were 1,5 % 10""? Qd / Ar

of silica gel. Applying the factor 63/3 to account for the 
difference in the squares of the magnetic moments of the gad
olinium ion and the electron, a value of 3.2 x 10”^ unpaired 
electrons/ of silica gel was obtained. Correcting for the 
difference in surface areas of the aluminas and the silica
gel, this value was increased to about 1 x 10""3 unpaired

" : ' /Oa . - ' ■' '■ ' 'electrons/ A^ of alumina. This was approximately one un-
: :: ■ ■" o . ' , . .paired electron/1000 Ar,

Taylor and Diamond wrote that a slow conversion on 
diamagnetic surfaces may be due to a residual low temperature 
reaction of the activated type. Because of the large heat 
of dissociation of hydrogen molecules, it is unlikely that 
the energy of adsorption would have any effect in promoting 
this type of mechanismj however, the work of Hinden and 
Weller indicated another source of surface energy which merits 
• attention although, as will be pointed out, it is probably 
of little consequencf in a conversion run at liquid nitrogen 
temperature. . -
’ Cornelius, et al2^ have concluded that the removal of
water from the alumina leaves the surface in a strained, 
high-energy state. Hinden and Weller concurred with this 
opinion and ascribed the surface activity of dehydrated



alumina in the hydrogen-deuterium exchange arid in the hydro
genation of ethylene to.this condition. The hydrogenation 
of ethylene was earried out at several hundred degrees Kelvin 
and, theref ore, is of no interest , in the present discussion.
On the other hand, hydrogen-deuterium exchanges were run in 
the temperature range of ™78°C, to -123.5*0, The rate con
stants •ohtained in this work clearly pointed out the 
necessity of considering this mechanism in ortho- to para- 
hydrogen conversion experiments over alumina should they be 
made in this temperature range. However, the rate constant 
data showed a rapid decrease in the exchange rate with de
creasing reaction temperature Indicating an approach to 
very small values far above 7T°K. Therefore, at least for 
the present, it seems reasonable to contribute little im
portance to any conversion taking place over alumina at liquid 
nitrogen temperature which requires the dissociation and re
combination of hydrogen molecules.

v The X-ray diffraction patterns offer a further mech
anism for examination. While Sample B demonstrated fairly 
sharp lines, interpreted to be due largely to oc-alumina, .
Corrin^f suggests that the diffuseness of the pattern obtained 
from Sample A may indicate the presence of numerous crystallites,

V ' . . ' ■ ' ' - ° ■ : - ' ' ' ■ ■ :perhaps with diameters in the 200 A range, probably clumped ; 
into relatively large particles. Since grain boundaries be- 
tween crystallites which, have grown together can be sites of



high, energy, possibly they are "electron traps" where para
magnetic fields might exist. If this were, indeed, the case, 
then Sample A certainly would be expected to have a conversion 
rate greater than Sample B.



OmiPTER IV"'

' , , ; .y . conclusions: " . '

■ Sinee th6 two commercial aluminas investigated in this 
work did not exhibit equal activities in the ortho- to para- 
hvdrogen cdnversIoiL the mmber of catalytic sites must have ; ;:: 
differed between samples„ Obviously,- the removal of water 
molecules by evacuation.at 450°C. either exposed or intro
duced these sites j possibly both mechanisms were operating 
simultaneously. ■ L
v It appears reasonable to conclude that iron present as
an impurity on the surface of the aluminas was not the major 
factor involved ip conversion and, in one sample, could have 
been.disregarded altogether. Furthermore, it seems unlikely 
that a mechanism involving dissociation and recombination of 
the hydrogen mole,Gules over alumina Is of any consequence at 
liquid nitrogen temperature. : ; : ’ i

Because of the obvious complexity of the problem, ex
planations. based on other catalytic mechanisms would be.llittle 
more than speculation at the present, especially since it is 
possible that no Single reaction was operating exclusively. • 
However, it is hot unlikely that unpaired electrons existing 
in "traps", such as vacancies, dislocations, and other lattice 
defects, particularly grain boundafles in the case of Sample 
A, could have played a significant part in the conversion.



: ’ '■ ■; g h a l p t e R '  y  \  .. ^  ̂ ■ '  ■ ■ ■

SUGGESTIONS F O R  FURTHER WORK : . / "

. Electron paramagnetic resonance data should, be ob
tained. for these samples* even.V̂ houghi, since this is a measure : ■ 
of bnlk electron density^ the■density of the surface electrons 
could only he estimated. Also, hydrogen-deuterium exchange 

, e^eriments ’ at y7?K. should ■ support the Conclusion that the v 
eheraical type mechanism is negligible, • /-■ n, ;;,

limitations of the hydrogen^carbon monoxide treat
ment might well be explored with the use of aluminas impreg- ,

• nated with iron oxide and solid solutions of alumina and iron :i 
;; oxide. . y v .t.; >'x/'it

■ . Because of. the suggested presence of formations of
small crystallites in Sample A, it would be of further  ̂ ■
interest to attempt to anneal the crystallites by high tern- : ■;
■ perature pretreatment> without substantially reducing the.  ̂ ^
surface area3. and note if the ortho- to parahydrogen conver- : = 
sloh rate deofeases^ ;v;": ' ' V

34



APPENDIX

TABLE IV.
Rate Constants for Various Pumping and Heating 

Times for Samples A and B at 450*0.
Pumping and Heating 

Time in Hours Sample A Sample B
20 1.00
22 1.91 1.20

24 2.07 1.21
1.31

36 1.43

44 2.88 1.80
3.07 1.67

48 3.31 2.20
50 2.10

72 4.07 2.732.61
75 2.86
76 3.98 2.72
80 4.25
103 3.03
120 4.32
152 4.20 3.10
160 2.90
180 3.25
282 4.08 3.23
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