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THE ORTHO-PARA HYDROGEN CONVERSION
ON IRON OXIDE-7INC OXIDE CATALYSTS

INTRODUCTION

INTRODUCTORY REMARKS. Among the many items which one
must take into consideratioh when studying solid-gas
catalysis is the magnetochemical nature of the solid which
may affect that particular reaction under consideration.
Pierce W, Selwood has published an excellent review of this
aspect of catalysis (23). Of the many examples given, two
can be cited which have direct application to the work at
hand. First, the work of Gustav F, Hilttlig and his co-
workers must be mentioned. Working with equimolar iron
oxlde-zine oxide mixtures, Huttig has studied ‘the variation
of several properties with pretreatment temperature. Using
the reactions 2N,0 «----> 2Np + 0, and 2C0 + 02 ———> 2002.
two peaks of catalytic asctivity were found, one after
heating the catalyst m%xture at 400° C, and one after
heating at 600 - 650° C. Simultaneous measurements of
magnetic susceptibility show a sharp rise after the heat
‘treatment has reached 550° C, and incipient ferromagnetism
at about 650° C, The surprising feature of these magnetic
results is that x-ray diffraction studies show no trace of
the zinc ferrite lattice before about 650° C, Many other

physical propertles point to the same conclusion, namely,
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that active intermediates are formed during the course of
the transformation of mixed oxides into spinels which are
responsible for the enhanced cétalytic.aéﬁivity. This and
many other studies are exten;ivelin their scope and have
been given attention in reviews other than Selwood's

(1, pp. 172-176) (15, pp. 151-160),

Another example of the lmportance of the magnetic
state of the catalyst 1s that of the low temperasture ortho-
parshydrogen converslon. Taylor and Dismond (26) have
shown that the ortho-parahydrogen conversion is much more
rapid on paramagnetic oxides than on chemically similar
ones which are diamagnetic.

Another item which one would expect to affect the
catalytic efficiency of a solid is the absolute magnitude
of the surface area, Thaet paramagnetic heterogeneous ortho-
parahydrogen conversion end strong hydrogen adsorption go
together has been shown by the experiments of Turkevich
end Selwood (28). These experiments showed very clearly
thet a solid free radical, e, % diphenyl-§-picryl hydrazyl
does not appreciably catalyze the ortho-parahydrogen cone
version although the radical ieg 100 percent dissociated
(paramagnetic), Diamagnetic zinc oxide was also relatively
inactive but strongly absorbed the hydrogen. When the free
‘radiecal and the zinc oxlde were mixed, a rapid conversion
took place, This is interpreted to mean that two factors

are necessary for the heterogeneous conversion of ortho to
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parahydrogen at low temperatures, namely the existence of a
field which 1sAinhomogeneous in molecular dimensions and a
very long contact of hydrogen with the field ensured by
van der Yaal's adsorption of hydrogen on the zinc oxide.

Beeck (3) has pointed out the necessity of more direct
measurements beyond simple kinetic procedures. The many
complex nhenomena occuring at the interface of a hetero-
geneous reaction must be adequately controlled or meintained
constant. The control of all these phenomena may be nearly
impossible, but at least those properties thought to ine
fluence the reaction whould be determined.

THE PROBLEM. Hecently, Bupp and Scott (6, 7) developed
a method which accomplished some of Beeck's requirements in
that the magnetic susceptibility, surface area and cata=
lytic efficiency for solid catalysts in situ could be
determined. For this study the decomposition of nitrous
oxide at SOOo C and at one atmosphere pressure was chosen
to serve as an index of efficiency for various iron oxide-
zine oxide catalysts pretreated for six hours at several
elevated temperatures.

Several interesting questions arise in connection
with this work. Perhaps the foremost is the selection of
the reaction used as the index of catalytic efficiency.

The reaction was carried out at an elevated temperature
at which either or both the magnetic susceptibility and

the surface area of the catalysts were undergoing a change.
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From this stendpoint it seemed desirable to use a reaction
which proceeded at a low enough temperature to eliminate
as much change as possible in the catalysts during the reac-
tion period. The reaction also had to be one in which
elther the magnetic properties of the catalyst or the
surface area, or both, played a role. The conversion of
normal hydrogen (3 orthotl para) to equilibrium hydrogen
at -195° C (approximately 1 ortho:l para) seemed to fit
these prescribed conditions and consequently was chosen to
serve as an index of efficiency for the catalysts used.

The catalysts chosen for this purpose were some of
the equimolar iron oxide-zinc oxide mixtures pretreated
for six hours at elevated temperatures. Significant
changes 1n magnetochemical properties as well as changes
in specific surface are observed following this thermal
treatment which in turn should influence the efficlency of
the catalyst,

The second question which arises when studying the
work of Bupp and Scott 1s one of experimental technique.
In short, they reported a principal error in their effi-
clency determinations due to nitrous oxide by-passing the
catalyst bed. This feature would impose a limitation on
the accuracy of any kinetic information taken. In their
case, however, the spread in efficlencies from one catalyst
to the next was so great that the significance of the

error was minimized., Nevertheless, for other reactions
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this may not be true. It was felt that a change in design
could eliminate this difficulty., This change in design is
discussed under the section entitled EXPERIVMENTAL METHOD,

A third question arising from the work of EBupp and
Scott 1s one of Incompleteness. There is presented a plot
showing that the catalytic effeclency varies linearly with
the specific surface area of the iron oxide-zinc oxide
catalysts whose surfaces have been changed by the use of
various pretrecatment temperatures for six hours. However,
no weight was given to the fact that the magnetochemical
nature of the catalyst also changed. It was proposed that
an attempt be made to at least partially rectify this if
the need should arise in using the ortho-parahydrogen con-
version.

Gustav F, Hilttlg reported that after pretreating
equimolar iron oxide mixtures at 410° C, a catalytically
active phase wes forued. Doubt has been expressed about
the significance of this as the reaction was run at a
temperature above that of the pretreatment temperature..
Nevertheless, it was further proposed in this reéearch to
run a reactlion on a catalyst so prepsred to check this
point,

The most striking work done with the low temperature
heterogeneous ortho-parahydrogen conversion is the pre-
viously cited work of Taylor and Dianond in which evidence

is presented which indicates that the ortho-parahydrogen
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conversion 1s really much more rapid on catalysts having a
paramagnetic moment. Although striking, this work brings
to mind two important questions. 7The first question being
the justification in using the magnetic susceptibilities
reported at 25° C in some cases and not at -195° C, the
reaction temperature. Also, in many cases the magnetic
susceptibility data used were not‘those of the samples
used but values extracted from the literature. Also, one
may note that no surface measurements were made, although
1t wes coneeded that the magnitude of the surface was a
determining factor,

In summerizing, the purpose of this study was to
investigate the catalytie properties of ignited iron
oxide~zinc oxide mixtures toward the ortho-parshydrogen
conversion using an adaptation of the method of Bupp and
Scott in which measurements of magnetic susceptibility,
surface area and catalytic efficiency can be determined on
the same sample (or another sample treated in the same way)
in situs It was hoped that & series of determinations of
this sort could be used to correlate the efficiency of the
catalyst with surface area and its magnetochemical pro=-

perties,

ORTHO AND PARAHYDROGEN., Hydrogen has two distinet
states owing to the fact that the proton has spin proper=-

ties. One state has a totel spin of 0 (parahydrogen) and



even rotational quantum numbers. The other state has a
total spin of 1 (orthohydrogen) and odd rotational quantum
nunbers. A good review of the ortho and parshydrogen

system may be found in Ferkes' book, Light and Heavy

Hydrogen (9). Nevertheless, some of this material will
be briefly stated here iIn order to develop the material
needed for this work.

As early as 1912, Eucken observed that the specifiec
heat of hydrogen having at room temperature the value 5/2 R
in agreement with the classical theory for diatomic mole-
cules, gradually decreased when the temperature was lowered
to 50° K, Below 50° K the specific heat had the value of
3/2 R characteristic of monatomic gases, However, no exact
formula representing the specific heat at low temperatures
could be obtained., It was not until Heisenberg and Hund
considered the aspin properties of the proton that progress
was made in explaining quantitatively the specific heat
curve for hydrogen. Hund's attempt to derive an exact
quantitative agreement feiled because of en incorrect
assumption that transitions between the two states were
possible when only the temperature was changed. The slter-
nating intensity in the line spectrum of hydrogen observed
by Mecke in 192l was readily explained however on the
assumption that the spectrum really consisted of two sets
of lines, one due to each modification. From the intensity

ratio, it was calculated that at room temperature the ratio



of the two forms was three to one. The solution of the
specific heat problem was achieved by Dennison who pointed
out that if the correct value of the moment of inertia and
correct statistical weights as found from band spectra were
employéd, the formula did not even represent qualitatively
the form of the experimentel curve. He showed however,
that perfect agreement between experiment and theory could
be obtained if hydrogen was considered as & mixture of the
two different modifications whose ratio did not change
although tﬁe temperature did. The fact that these two
different modifications cen be considered as different
gases having different specific heats is the basis for
distinguishing between ortho and parahydrogen.

‘hen the temperature 1s changed in the presence of a
catalyst, the ratio of ortho to parahydrogen will be deter-
mined by the temperature. These proportions are given in

Table 1.



Table 1,
Ortho-Para Equilibria for Molecular Hydrogen

Percentage of Parahydrogen

Temperature, ©K at Equilibrium
20 2
0 8
i foih
0 9
60 25.39
70 5.83
78 o713
80 118439
90 L2,75
100 38.51
150 28.5.
® 25,00

In the hydrogen molecule itself the bond distance is
0.7& angstroms, The radius of the hydrogen atom is 0.37
angstroms (20, p. 168).

Although the proportions of ortho to parahydrogen are
temperature dependent, the transition is forbidden if only
the temperature is changed. Calculations indicate a
transition probeblility of 1 in 300 years eliminating this
as an importent method of interconversion. Nevertheless,
many materials act as catalysts for the change and this
must be considered before assembling an experimental
system.

Conversion by collision with other molecules may
arise by a simple interchange of nuclei. However, calcu-

lations have indicated a half life for the transition to
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be three years at atmospheric pressure, Thus, this mecha-
nism can be ruled out as an important one under normal
experimental conditions,

Conversion by collision with hydrogen atoms is pos=-
slble but not plausible under normal experimental
conditions,

Magnetic perturbation can cause a certain amount of
spin reversal, This was first observed by Farkas and
Sachsse (9, pe 79) with mixtures of parahydrogen and
oxygens This does become the important method of conver-
slon if paramagnetic materials are in the system,

The heterogeneous conversion in which we are interested
has been studied extensively., Nevertheless, a small amount
of background material needs to be repeated here. Larly
studies indicated that some catalysts are effective only at
low temperatures while others are effective only at higher
ones, The same catalyst, such as charcoal, may exhibit
both positive and negative temperature coefficilents
according to the temverature range investigated. The
negative temperature coefficient is found at low tempera-
tures, and the positive one is found at higher temperatures
(9, p. 90). Due to this minimum activity range, two
separate mechanisms have been proposed for the conversionj
one 1s effective at low temperatures and has a negative

temperature coefficient while the other is effective at

high temperatures and has a positive temperature
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coefficient. The similarity between the temperature
dependence of the conversion and that of hydrogen sorption
(25) suggested that the two meéhanisms involved van der
Waal's adsorption at low temperatures and activated
adsorption at high temperatures,

Among other facts which support the contention that
the conversion of parahydrogen occurs at low temperatures
among molecules adsorbed on the surface by van der VWaal's
forces and at high temperatures by activated adsorption
is the work of Harkness and Emmett (12). They found that,
on magnetite at «190° C with a space velocity of 12,000,
the parahydrogen conversion, which is nearly complete on
e clean surface, is reduced to 12 percent if the catalyst
is cooled from };50° C in an atmosphere of hydrogen. This
may be explained by the diminution of van der Waal's
adsorption.

Also, one may clte work using the isotope reactlon
Ho+ D2 ~ww=Pp 2HD (22, pe 215)., It is assumed that the
isotope reaction cannot be achleved in adsorbed layers
when the binding to the surfece is by van der Vaal's
forces. On the other hand, if the reaction does occur, it
is to be assumed that activated hydrogen exists on the
surface, In comparison with the rapid conversion of ortho
to parahydrogen on Crp0, gel surfaces at liquid nitrogen
temperatures, the isotope exchange is slow. This indicates

that the rapid spin isomerization at liquid nitrogen
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temperatures 1ls not due to any marked degree to activated
adsorption, but is rather to be ascribed to magnetic
forces on the surfaces.

According to a theory proposed by Wigner (30), the
ortho~parahydrogen interconversion cannot take place unless
there is a perturbation introduced which depen&s both on
nuclear spins and on position of the nueclei. An inhomo=-
geneous magnetic field of molecular dimensions satisfies
both these criteria., Continuing further, it was shown on
theoretlical grounds that the veloecity of the conversion
should be proportional to the square of the Bohr magneton
number. Many experiments using ilonic solutions and para-
magnetic gases have born out the validity of this thinking.

The fact that Vigner's theory could be applied at
least qualitatively to the heterogeneous case gained
support from the results furnished by Teylor and Diamond.
It is the purpose of this work to furnish additional

experimental evidence along thie line.

THE OXIDE CATALYSTE, DBefore continuing further, it
1s well to look upon some of the physicel relstionships
between the iron oxides, some properties of zinc oxide,
end the propérties of equimolar iron orxide=-zine oxide
mixtures. Welo and Baudisch (29) have published an
extensive review on the oxide hydrateé and the oxldes of

iron. An interesting set of transitions is discussed:
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Fe30) + 0p -2202.C5 gamma Fe204 A Alpha F9203

The FGBOM (magnetite) and gemma F°203 are strongly ferro-
magnetic. Alpha Fezo3 is generally thought of as being
paramagnetic although careful studies have shown that it
may actually be ferromagnetic with a low saturation
permeability.

Katzoff and Ott (15) have made a study of alpha ferrie
oxide. <hey found the structure to be rhombohedral with
the lattice constant a, to be 5.413 angstroms. The angle
& was found to be 559 17.5¢',

Holgerson (1) has studied by x-ray methods many
gspinels lsomorphous to magnetite and gemma ferric oxilde.
Magnetite is reported to have a lattice constant of 8.417
angstroms. Among other materlals he studied is zine
ferrite. Yhe cube edse is reported as 8.&03 angstroms,

Gamma ferric oxide has been investigated by Thewlis
(27) and he found the lattice constant to be identical to
that of magnetite except that in the gamma ferric oxide
structure four oxygen positions are vacant In each unit
cube, The lattice constant was found to be 8.L0 angstroms
with the structure being a face centered cube. Haul and
Schoon (24, p. 223) have shown that the unit cell of gemma
ferric oxide is Fep)034. The oxidation is therefore

FezhOBZ'f 20p =====» Fep) 036

Zine oxide has a hexagonal structure with a, equal to

3.25 angstroms and Co equal to 5.23 angstroms. It is
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slightly diamagnetic in chafacter.

A study of zinc oxlde and alpha ferric oxide mixtures
pretreated at varlous temperatures has ylelded some in-
teresting results., Some of the reported magnetiec
properties for the pretreated equimolar mixtures are shown

in the following table:

Table 2.

Magnetic Susceptibility Data For Equimolar Alpha
Ferric Oxide-Zine Oxide Mixtures at 25° C

¥ x 10° x 10°
Pretreatment cgs units cgs units
Sample Temperature, °C By Kittell (16) By Bupp (6)
Fep04 None 37.6 20.4
Mixture 20 19.33 13.9
00 21.39
00 21.77 16.7
530 18.7
2%0 il.?
0 Te7
670 k7.0

Kittell and Hiittig (16) have shown that similar oxide
mixtures do not display field strength dependency of
magnetic susceptibility until pretreatment temperatures
are in excess of 650° C. The enhancéd magnetic properties
appearing between 600 and 650° C were thus attributed to
the appearance of a phase in the system which was not

zine ferrite.
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EXPERIMENTAL METHOD

INTRODUCTORY REMARKS. An adaptation of the method of
Bupp and Scott was used for the experimental work reported
herein, This method approaches the ideal set forth by
Selwood in his review on "Magnetism and Catalysis" in which
he states the necessit& of designing an experimental system
in which the magnetic susceptibility, specific surface, and
the catalytic activity of a solid substance cen be deter-
mined simultaneously for one sample in situ., As the
experimental set-up used wes very similar to that one set
up by Bupp for his PhD thesis work (5), only a brief
description of the apparatus will be given where no impore
tant changes have been made. A more detailed dliscussion
will be given of those parts of the apparatus either
peculiar to this problem or to those parts which have

been altered to improve the experimental method.

APPARATUS., Plate I is a schematic diagram of the
entire experimental system. A brief account of the experi=-
mental procedure will now be given in order tororient the
reader before going into greater detail of either procedure
or equipment,

Briefly, the system was used in this manner. About
five grams of unifdrm powder was contained in a sample tube

which will be referred to as the reference vial. This
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vial, confined by the reaction chamber, was freely suspen-
ded from a glass fiber which in turn was hung from a fine
copper berylllium spring. Below thls reference vial the
reaction chamber was designed in such a manner that gas
could pass through & bed of several grams of the same
catalyst, It is to be noted that this arrangement allows
both the catalyst bed and the reference vial, each filled
with the same catalyst, to be treated in the same manner.
The function of the catalyst bed is to serve as a catalyst
for the reaction while the function of the reference vial
filled with catalyst powder 1s to serve &s a means of
determining magnetic susceptibilities and surface areas
by detecting the magnitude of any forces acting on the
sample by means of a traveling microscope,

The amount of conversion was measured by use of a
thermal conductivity cell which will be discussed later.
Likewise to be discussed later is the flowmeter which was
used to meter the gas flowlng through the catalyst bed.

The pressure in the system was read from the dif=-
ference between an open mercury manometer and a barometer,
A closed manometer indicated eny pressure drop across the
catalyst bed. The pressure in the system varied from less
than §5 x 10'3 mm to atmospheric pressure depending upon
the operation being conducted. A cartesian diver type of
manostat was used to control the pressures in the range of

30 = j00 mm during the nitrogen adsorption runs in
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determining the surface areas. The system was evacuated
through a 20 mm outside diameter vacuum manifold by means
of a two stage mercury diffusion pumnp backed by a Cencoe
Hyvac mechanical pump. (Henceforth, all sizes of glass
tubing given will refer to the outside diameter.) A
McCleod guage was‘attached 50 the manifold to read the
lower pressures.

The glass throughout the system was pyrex and all
tubing, unless otherwise noted, was 8 mm. Stopcocks 1, 2,
3, 5, 7, 8, 10, 17 and 21 were 2 mm bore with 8 mm tubing.
Stopeocks 13, lh and 15 were also 2 mm bore but with 8 mm
capillary tubing. Stopecocks L, 16, 18 and 20 were of 1 mm
bore. Stopcocks 6, 9 and 19 were of l mm bore.

Suspension Seetion. The suspension section was

similar to that one used by Lemar P. Bupp, The mejor
change incorporated was that the male joints on both ends
of the 125 mm condenser were 24/4,0 standard taper. A bath
thermostated at 30.00° C was passed through the jacket.

A 24/10 standard taper female jolnt was used to make
a cap for the top of the suspension section. This cap had
a 3 mm glass hook sealed in to extend downward. This glass
hook served as the support for a fine copper beryllium

spring having the following characteristics:
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Table 3.
Spring Constants

weight: L.99g
number .of turns: L10

length closed: 10.7 mm
outside diameter: 0.85 cm
wire diameter: 0,027 em

The referehce vial and catalyst were attsched to the
spring by means of a glass rod 1 mm in dlameter which had
small hooks on both ends. About five cm below the top of
this glass rod was a glass circle 6 mm in diameter in which
there was & cross hair made of Duco cement., This cross hair
was followed by means of a traveling microscope (having a
6 em range) when the sample was acted on by an outside
force. The micrometer screw on this microscope was
graduated to 0.01 mm,

The spring was calibrated by adding standard weights
in the same manner as was done by Bupp. The sensitivity
was found to be 20.8 mg/mm.

Reaction Chamber. The resction chamber was considera-

bly redesigned from that used by Bupp. It 1s shown in

cross section in Plate II with the reference vial containing
the catalyst in position. It consisted of & body made of

2 2l mm pyrex tube L5 cm in length with a 2l,/L0 stendard
taper female joint on tops, A 13 em length of 10 mm tubing,
with a coarse grade fritted disc dividing this tube into
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two compartments, wes jJolned to the bottom of the body on
the inside by means of 2 ring sesl. This 10 mm tube was
continued to the outside of the body with a 12 mm tube
12 mm long. A L mm thermocouple well extanded through the
length of the 12 mm tubing into the 10 mm tubing nsarly up
to the fritted dlsc which was about 5 em in the main body
of the reactlon chamber,

Incoming gas entered the reactlon chamber 12 cm below
the 24/L0 standard taper joint. The standard taper joints
of the sample section and that of the suspension sectlon
were sealed with apiezon "W" wax., The 8 mm tubing for the
incoming gas was directly sealed to the remainder of the
system and had to be broken each time the reaction chamber
was removed,

The gas escaped through the catalyst hed by way of an
8 mm tube which was attached to the 12 mm tubing at the
bottom of the reaction chamber. This exit tube was also
directly sealed to the system and had to be broken each
time the system was disassembled.

The sample section was heated for outgassing purposes
by means of a removable tubular electric oven. This was
constructed from a copper tube base 33 mm in length and
i em in diameter, This base was wrapped in asbestos
followed by a wrapping of 1/8 inch asbestos rove. It was
then painted with sodium silicate. After drying, another

wrapping of asbestos rope was applied. Between these
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grooves number 18 nichrome wire was then wrapped to glve a
total reslstance of 19 ohms, The e¢ylinder was then given
& third wravping of esbestos rope followed by another
wrapping of ssbestos. Thls was painted once agein with
sodium sllicate and sllowed to dry.

The reference vial was constructed by flattening out
the bottom of 2 3 ineh pyrex teat tube snd adding a glass
hook on top. The reference vial weighed 1,92 grems, had a
total height of 70,9 mm and had a voluse of 0.406 ml/em,
The volume versus helght determination was made by welghing
mereury which was added to various heights in the visl,

The dotted clrele shown in Plate II represents the
posltion of the poles of & permanent magnet which was
employed for meking magnetic susceptibility measurements,
This magnet had a fleld strength of sbout 1600 ocersteds
with & gap of 30 m= and pole dlameter of [0 mm, The
magnet was mounted so that it ecould be swung transverse
te the reference vial inslde the reaction chamber., When
megnetic memsurements were mede at =195° ¢ using liquid
nitrogen, & styro-foam block 30 em x 6.5 em x 3.8 em was
hollowed out in such a manner so thet it could be slipped
around the reactlion chamber and kept fllled with ligquid
nltrogen long enough to determine the magnetic susceptle
bility at this temperature,

Floumeter. Flate ITI shows the type of flowmeter
used in this study, Thls 1s a design simllar to one
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proposed by Appleby and Avery (1). Incoming gas passed
through a mercury trap and through & 5 cm length of 6 mm
tubing. The outlet was 2«3 mm above the inlet providing
a constant gradient along the horizontal path. The large
U tube was filled to such an excess that a new slug would
close the entrance before the original slug completely
left the slightly inclined tube. At all times therefore,
the system was closed to gas flow and the volume of gas
flowing could be measured by the number of slug cycles.
This flowmeter was very satisfactory and proved more
sul table than some others using this same principle in
that 1t was easy to dismount and clean. It was very
rugged and easy to conatruct.

The flowmeter was calibrated by means of a gas burette
and found to contain 5.92 ml/eyele. It should be pointed
out here that the flowmeter calibration 1s not critical
in this work., The only limitation being that the volume
displaced per cycle does not change, This 1s true since
we are interested not in the absolute rate of reaction,
but we are interested in comparing reaction rates between
the different catlysts used.

Hanostat. The manostat used was the gsame one that
was used by Bupp, based on the design of R, Gilmont (10).

Parahydrogen Cenerator. The preparation of 1:1

hydrogen (1 ortho:l para) was carried out in a pyrex

vessel containing finely ground coconut charcoal., Plate IV
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shows this generator in cross section. This generator
consisted of a 25 mm pyrex tube 30 cm long with a 2L/L0
standard taper female joint on top and a l mm thermo-
couple well extending 5 em through the base into the

body. The construction was such that the incoming gas
arriving through a 2L/4L0 stendard taper male joint which
wac sealed with Apiezon "W" wax to the main body of the
generator had to come into contect with the entire charcosl
column before leaving the generator by way of an § mm tube
which led from neer the base of the generator through the
male joint on top.

The charcoal was evacuated through the hydrogen
outlet (et L00° C) by means of a Cenco-Hyvac mechanical
pump. The generator was heated by a removable electrie
furnace similar to that for the reaction chamber. The
bese was & 30 mm aluminum cylinder 23 cm long. Number 23
nichrome resistance wire was wound around this base in
analogous manner to that for the reaction chamber furnace.
A total resistance of 1& ohms easily gave temperatures
greater than L00° C when current was supplied to it from
a variable transformer, A five ampere AC ammeter was
included in series with the resistance wire.

Temperature control. The temperatures were controlled

by use of thermocouples made from chromel-alumel thermo-
couple wire., A millivoltmeter was calibreted using a

Dewar flask of crushed ice and water in which a reference
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couple was always immersed. A plot of scale reading of the
millivoltmeter employed versus the temperature of the
reference bath resulted in & linear relationship. The
reference temperatures ﬁere the bolling point of water
(100° C), the melting point of tin (231.8° C), the melting
point of lead (327.4° C) and the melting point of zinc
(419.5° ¢).

Thermal Conductivity Cell. The thermal conductivity

cell and accoumpanying Wheatstone bridge arrangement was
taken from an article by Bolland and Melville (3)., This
method of distingulshing between the two forms of hydrogen
is based on the principal that a wire with low temperature
coefficient of resistance should give a different re-
sistance when the same amount of voltage ls applfed to the
wire which is in the presence of gases of different thermal
conductivities. In this case parahydrogen has a greater
heat conductivity than orthohydrogen, i.e. the resistance
of the wire should be measurably greater in the presence
of normal hydrogen than in the presence of 1l:1l hydrogen
when observed at low temperatures where the differences

in thermal conductivities is a maximum,

The cell was constructed using a filament from a 7%
watt G, E, light bulb. The filament had a resistance of
190 ohms at 25° C, Each end of the filament was spot-
welded onto a short length of number 36 tungsten wire.

This arrangement was mounted in an 8 mm capillary tube as



28
gshown in Plate V. An 8 mm tube led gas into or away from
the cell through a doser arrangement (see Plate I), This
doser arrangement was set up in order to insure the fact
that the same amount of gas entered the conductivity cell
each time it was filled. This was estimated to be about
100 mn of pressure,

Toward the end of this research a conductivity cell
was constructed by sealing an outlet of soft glass directly
to the light bulb itself. This in turn was attached to the
doser arrangement by means of rubber tubing. A cell con-
structed in thlis manner seemed to work as well as the one
1llustrated in Plate V,

The resistance of the cell was measured while bathed
in liquid nitrogen by the standard Wheatstone bridge method
whose arrangementvis shown in Plate V. The resistance of
the cell was calculated from the resistances of the other
three legs of the bridge by the following equation which
is evident from the arrangement of the resistances shown

in Plate V:
R{ee11) = (100/1000) (R) = 0.1 R (1)

With a slightly altered design which ineluded a
manometer to measure the absolute pressure in the cell, it
was shown that there was a linear relationship between the

resistance of the cell and the parahydrogen content, The
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procedure for using the cell will be described later, but
it may be said here that the cell was often extremely
difficult to stabilize,

Enough voltage was applied to the VWheatstone bridge
to give a total resistance of about 70 ohms to the hydrogen
filled cell, The cell resistance was about 2.2 ohms less
whanlsurrounded by 1:1 hydrogen than when surrounded by
normal hydrogen., That equilibrium hydrogen was obtained
over the charcoal is verified by the fact that in increasing
the contact time over some of the catalysts which were very
active, no conversion over 100 percent was observed when
referred to that hydrogen coming from the parahydrogen

generator.

REAGENTS. The reagents listed'below were specially
prepared for this work in the same manner as done by Bupp.
The reagents prepared are listed below with only little
additional comment which is deemed worthwhile for the
completeness of this work,

Gamma ferric oxide. This material was prepared by
the oxidation of magnetite. Pure magnetite was made by
coprecipitation of ferric and ferrous ions using the method
of Lefort (29, p. 397) which involved the precipitation of
ferrous and ferric ions from solution with the use of
amnonia., This method was followed explicitly and will not

be repeeted here. The conversion to gamma ferric oxide
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was carried out by passing nitrous oxide through a bed of
this magnetite at 500° C, The resulting product was a
dark red powder which showed no x-ray diffraction lines
due to alpha ferric oxide.

Alpha ferric oxide, The alpha ferric oxide was

synthesized using a method devlised by the Bureau of
Standards (8). This method i1s based on the precipitation
of ferric ions with ammonia from an agqueous solution of
nitrate which had been recrystallized several times. Bupp'
and Scott reported the major impurities of alpha ferric
oxide prepared in this manner to be a trace of molybdenum
and a trace of manganese.

Zinc Oxide. The zlnc oxide was prepared by a method

suggested by Roscoe and Schorlemmer (21, pp. 642-6l3).
This was based upon a precipitation of zine carbonate
from a freshly prepared zinc sulfate solution. Ignition
of the preclpitate resulted in zine oxide which was yellow
when hot and white after it cooled. Bupp and Scott
reported a purity of 99.8 percent for zinc oxide prepafed
in this manner. The major impurities were listed as being
aluminum, calcium, magnésium and silicon.

Hydrogen. The hydrogen used throughout this study
was obtained from a compressed gas cylinder supplied by
the National Cylinder Gas Company. The principle impurie

ties were small amounts of oxygen and water vapor,
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Nitrogen. The nitrogen used for the surface area
determinations was obtained from a compressed gas cylinder
supplied by the National Cylinder Gas Company. The major
impurity was oxygen.

Before entering the system both the hydrogen and
nitrogen were passed through a bubbler contalining 10
percent alkaline pyrogallic acid followed by a furnace
tube held at }j00° C to remove all of the oxygen. Fol-
lowing thls treatment, the gases were passed through a
calcium chloride tower and a liquid nitrogen trap to

remove all moisture and condensaeble gases.

PROCEDURES. The methods used to ready the system for
experimental determinations and the menner in which
various units of the apparatus were calibrated are given
as follows:

Mounting the catalysts. The catalysts were finely

divided powders which were packed in both the reference
vial and the catalyst bed. The catalysts were well ground,
weighed and transferred to the reference vial by means of
a glazed paper funnel, The reference vial was then tapped
about 100 times on a hard surface and then packed with
pyrex glass wool to prevent exploding of the samples on
evacuation, The height of the packing was observed with a
millimeter rule and the tube hung on the spring suspension.

In order for the cross hairs to be in the range of the



33

microscope, small spacer rods were used to shorten or
lengthen the entire suspension system,

The catalyst bed support was filled with previously
welghed catalyst with the aid of & long stemmed glass
funnel which reached down into it at the bottom of the
reaction chamber, The catélyst bed was then also packed
with a small amount of pyrex glass wool. The reaction
chamber was then fitted into place and the height of the
catalyst bed was read by means of a millimeter scale. -

Surface Area Peterminations. The method of deter-

mining the extent of the interfacial surface on the solid
catalysts was the ssme as used by Bupp and Scott who made
use of the well known relationship derived by Brunauer,
Emmett and Teller commonly known as the BET relationship
(4)s In brief, the adsorption data was obtained by
welghing the amount of nitrogen adsorbed on the catalyst
in the reference vial at -195°% C while‘the system was held
at constant pressure by means of a manostat.

In greater detall, referring to Plate 1, stopcocks 5,
13, 18 and 20 were closed and stopcocks 8, 9, 16 and 19
were opened while the suspension section and reaction
chamber were evacuated to<5 x 10"3 mm, While heating
the reaction chamber at an elevated temperature (see the
gection on EXPERIMENTAL RESULTS for cutgeasaing tempera=
tures used), the catalyst was weighed by means of the

traveling microscope. Vhen the weight showed no more
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decrease with time, the reference sample was considered
outgassed, The same assumption was made for the catalyst
bed. The furnace was then turned off and removed. A one
liter Dewar flask of liquid nitrogen was slipped around
the reaction chamber after 1t had cooled to room tempera=-
ture.

Purified nitrogen was then admitted into the system
with stopcocks 2, 5, 8 and 16 open and stopcock 9 eclosed.
When the desired pressure was reached, the manostat was
set and allowed to take control, It was necessary for
gbout 20 ml/min of nitrogen to bleed into the system for
the manostat to operate properly.

In this menner the weight of the nitrogen at each of
various pressures was obtained., These weights could then

be used in the BET equation:

P - ) + (C‘l) . 2___
X(Pg=P) ~ X,C e 0 (2)

where P is the pressure of the system, Po the atmospheric
pressure, X is the mg of nitrogen adsorbed, Xm is the
number of mg of nitrogen which would form a monomolecular
layer over the surface of the sample, and ¢ is a constant,
From the data a graph, such as shown in Figure 1, was
constructed using P/Po as the absicissa and P/X(P,~P) as

the ordinate. The plots obtained were such that the
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Figure 1
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intercepts of the straight lines always were near the
origin making the value of ¢ large compared to l. Hence
the slope of the line could be taken as the reciprocal of
Xy with 1ittle error. Once having the value of X, the
specific surface in square meters per gramn could be

ecaleulated from equation (3):
AxNxX
T = ToTx | n

where @ is the specific surface in square meters per

gram, A is the cross sectional area of the nitrogen
molecule which was taken as 16,3 square angstroms (8, p.
A1559), Xm is the number of mg of nitrogen in the mono-
molecular layer, N is Avogadro's number, M is the molecular
welght of the nitrogen, and W is the sample weight.

A correction was made for self adsorption as well as
buoyant effect on the vial and suspension system. This
correction was determined by making a blank adsorption
investigation at several pressures on the ssmple tube.
This buoyant effeet was added to the apparent weight
adsorbed, #Another correction was due to the buoyant
effect of the sample itself. This was corrected for by
adding 4.9 mg per ml of sample (18), for a pressure of

760 rmmn, to the apparent amount of nitrogen adsorbed.
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Catalvytiec Efficleney Deterninations. The surfaces of

the catalysts were degassed under {5 x 103 mm at an
elevated temperature. For details concerning this degas-
sing, the section under EXPERIMENTAL RESULTS should be
consulted.

Hydrogen was passed from a compressed gas cylinder
through a reduction valve., The hydrogen at the reduced
pressure then passed directly into the leads which go into
the system. DBefore any gas was allowed to come into
contact with the catalyst already at -195° C, the leads
were completely flushed by alternately opening and c¢losing
stopcocké 1, b, 5 and 11 to the atmosphere. After the
leads were flushed for some time, hydrogen was admltted
into the system to atmospheric pressure with stopcock 9
closed. This was done by keeping stopcock 1 open using
enough hydrogen pressure so that hydrogen was going
through the mercury bubbler as well as into the system.
This insured that no air was drawn into the system when
it was opened to the hydrogen stream.

The parshydrogen generator, having previously been
evacuated by a Cenco Hyvac mechanical pump for two hours
or more at h00° C, was immersed in a one quart Dewar flask
of liquid nitrogen. The charcoal was then saturated with
hydrogen at ~195° C by opening stopcoek 2, keeping stop=-
cock 1 open to a mercury bubbler such that the pressure

of the hydrogen in the leads was always slightly greater
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than atmospherie pressure. When the charcoasl became
saturated with hydrogen, the flowrate was decreased and
stopcock 10 was opened such that 1:1 hydrogen might flush
out the outlet. After several minutes of flushing stopeock
10 was closed and stopcock 2 opered Into the system again,

After openlng stopcock 17, the hydrogen flowrate was
ad justed to a desired rate, the flowmeter was placed into
operation by closing stopcock 16, and stopecock & was
closed foreing the normal hydrogen to pass through the
catalyst bed. The pressure drop across the catalyst bed
was noted by observing the difference in the readings of
the two arms of the closed mercury manometer. The baro=-
metric pressure was also recorded for each series of
runs. %hen the flowrate became constant, the number of
slugs of mercury passing a given mark per unit time was
recorded as determined with the aid of a stopwatch., From
this and the volume of the catalyst bed, the contact time
of the gas with the sample was calculated.

The thermal conductivity cell was then balanced. The
cell was evacuated through the manifold by opening stop-
cocks 13 and 15 while keeping stopcocks 12 and 1l closed.
After a shorf evacuation time, stopcocks 15 and 13 were
closed and stopcock 12 opened to allow normal hydrogen to
enter the doser. Stopcock 12 was then closed and stopcock
15 was opened allowing the trapped hydrogen to be expanded

into the conductivity cell which was immersed in liquid
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nitrogen., The resistance value of the cell was taken
exactly three minutes after switch 8 of the Y“heatstone
bridge ecircult was closed. This procedure was then
repeated and the resistance of the wire was determined in
the presence of 1l:1 hydrogen obtained from the parahydrogen
generator by opening stopcock 12 in that direction. This
procedure was continued until a maximum reproducible value
of &R (the resistance difference of the tungsten wire in
the presence of normal hydrogen and that in 1:1 hydrogen)
was obteined. This procedure took anywhere from two hours
up to twenty or thirty. In general, the resistance of the
cell decreased each time the cell was refilled before a
near constant value for the resistances was obtalned, If
the cell resistance ever increaaea markedly above the
preceding time, this was an indication that the cell had
lost its stebility. When this happened, the cell was
discarded and efforts to balance 2 new cell were begun.

After the cell was once balanced, catalytie efficiency
data was taken. For any given flowrate (contact time), the
resistance of the wire in the cell surrounded by normal
hydrogen was first measured. This was then followed by a
measurement of the resistance of the wire in the cell when
it was surrounded by hydrogen which had been extracted
from the system into the doser by stopcock 1. This was
then followed by a determination of the resistance of the

wire surrounded by l:l hydrogen. The efficiency of the
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catalyst, (amount of conversion toward 1l:1 hydrogen) was
ealculated by linear interpolation., This procedure was
repeated for each flowrate several times until nearly
constant conversion values were obtained. It should be
pointed out that at times the conductivity cell worked
very well and the data was reasonably reproducible. At
other times the cell worked very poorly and the data was
widely scattered.

Vhen the flowrates were changed, some time elapsed
before constent conversion values were obtained, since the
line had to be swept out with a gas of different composi-
tion, This was a very bothersome feature in the case of
very small flowrates.

Magnetic Calibrations. The experimental method used

for determining the megnetic susceptibilities of the
catalysts was an adaptation of the Gouy method. The Gouy
equation, which relates the varisbles involved in the

determinetion, may be expressed as
* 2_y2
I = Z4aw = %‘(kl‘kz)(Hl"Hz)A (h)

where f is the force exerted on the sample perpendicular
to the homogeneous magnetic field, ky 1s the magnetie
sugsceptibility per ml of the surrounding medium, H1 is the

maximum field to which the sample 1s sub jected, Hz is the
minimum field to which the sample is subjected, g is the
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gravitational constant, A is the cross sectional area of
the sample material, and aw is the apparent change in weight
of the sample on application of the magnetic field,

The magnet was calibrated in terms of (H%—H%)A versus
the height of hydrated ferrous ammonium sulfate, This was
done by packing the sample tube to different heights with
weighed amounts of the sulfate and positioning the magnet
transversely to the sample such that the maximum force
exerted on a sample could be noted. From such & series of
measurements made at room temperature as well as at
-195° C, the quantity (H% - H%)A was calculated for the
various sample helghts,

in greater detall, equation (l;) was solved for

(22 » ng)A to glve

(1} - B3)a = SfAY (5)

since the volume susceptibility kz of the vacuum in which
these determinations were made can be taken as 0.
IfaM is the observed difference in mm on the traveling
microscope for the maximum displacement of the sample when
the magnet was swung transverse to the sample, aw in grams

could be calculated from

Aw = 20.8 AM/1000 ' (6)
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By definition k = D‘X’_ (7)
where ’1% is the magnetic susceptibility per gram and D is
the apparent density in g/ml. Substituting equations (6)

and (7) into equation (5), one arrives at
(HE - HB)A = 1.6 g /(D) (8)

Since we are dealing with powders whose packing denslties
are not equal to 1, equation (8) has to be divided by the

packing density defined by

Apparent density 2 D

Packing density = True density d

where d is the true density. On dividing equation (8)

by thils packing density, assigning the gravitational
constant g the accepted value of 980, and remembering
that D 2 W/V where W is the welght of the sample and V is

the sample volume, equation (8) then becomes
(8§ - EB)A = (40,768 Mav2)/(%y¥?) (9)

For hydrated ferrcus ammonium sulfate (24, p. 29)

Ey= (9500 x 1076) /(T 4 1) (10)
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where T 1s the absolute temperature. Eliminating in
equations (9) and (10) and assigning the density d a value
of 1,86 g/ml (17, p. 189) for the hydrated ferrous smmonium

sulfate, one arrives at

(1 - u8)a = 8000 r:fgi(’r-f- 1) (11)

The term (H% - H%)A, as calculated from equation (11),
was plotted against the sample height. This procedure
gave a curve from which the maximwa value of (Hf - H%)A
could easily be obtained for the desired sample height,
Elghteen points were determined between the heights of
30 and 60 mm., The term (H% - H%)A became independent of
the sample height at heights greater than about 50 mm,
The standard deviation for the seven determinations at
heights of 50 mm or more was 0.21. In order to check the
value of (Hf - H%)A, the sample vial was filled with a
solution of 30.28 percent NiCl,*6Hp0 solution. The term
(HE - H%)A was calculated to be 22,7 x 10° versus 22,9 x
10S obtained by the use of the hydrated ferrous emuonium
sulfate. Values of the term (H§ - H3)A determined at
-195°% ¢ lay on the same curve as those determined at room
temperature. This indlcated that the surrounding styro-
foam contelner snd liquid nitrogen had no appreciable

effect on the magnetic field,
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Magrnetic susceptibility detersinations. lNo signifi-

cant changes need to be discussed here in measuring the
magnetic susceptibilities of the catalysts., In thls case
equation (9) was used after solving for x} AN, V, and W
were the observed quantities. The density d was estimated
at 5.1 g/ml for all the catalysts used. The velue of

(Hf - Hﬁ)A for the particular sample height was taken from

the plot previously discussed.
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EXPERIMENTATL RESULTS

The results to be presented in this section will be
classified according to series. The powdered sample
catalysts were mixed and mounted as gi%en in the section on
procedures., - The order of determinations for each run is
the order in which the data is presented. DBriefly stated,
the sample was slowly heated to an elevated temperature in
a vacuum until there was no more decrease in weight with
time. The surface adsorption of nitrogen was observed at
-195° €, The symbol @p is used to designate the specifie
surface, the T referring to the outgassing temperature,

The reason for this will become apparent later. The .
sample was always outgassed before allowing it to come in
contact with the normal hydrogen at =-195° C., The catalytie
efficiency determinations were then completed. At various
times the magnetic susceptlibility determinations were made
both at =195° C and at room temperature. The order of
determinations was not always the same, but became more

standardized as the work progresses.

SERIES I, This investigation was primarily made to
check the equipment and to get an idea as to what kind of
results could be expected,

Run 1. For this investigation the reference vial was

filled to a height of 9.0 mm with 5.07 grams of alpha
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ferric oxide.‘ The catalyst bed was filled to a height of
1y mm with 1,11 grams of the same catalyst. The following
results were thained:

@ 3live vivinasssirbionanss Blied 28/
%y 8t 25° Covvarinennnnnes 28,0 x 1070

Catalytic Efficiency

Secs. Efficiency
(o) 25'
.7E &1
2
50

1.2
2.4

After the run 1t was discovered that the base of the
catalyst bed contalner was cracked which caused a portion
of the hydrogen to bypass the catalyst bed. This rendered
the datsa onlyiuseful for the qualitative interpretation
that the reac%ion was very rapid.

Run 2, For this investigation the reference vial was
filled to a h%ight of 55,0 mm with 2,69 grams of the
prepared zincfoxida. The catalyst bed was filled to a
height of ?8.¢m with 1.33 grems of the same material. The

following rasﬁlts were obtained:

r}ogtooocotoo-ooooaoccoooo uol ma/g
x, at 250 Ccoooo-o-oouooo. 00.35 b4 10"’6
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Less than 10 percent conversion was observed with contact
times ranging up to 10.5 seconds.

Run 3. For this investlgation the reference vial was
filled to a height of 28.0 mm with L.4li g of alpha ferric
oxide which hdd previously been heated at more than 600° C
for 12 hours. (The exact pretreatment temperature for all
the catalysts in series I was not exactly known, since it
was discovereé after this series of runs was completed that
the electric furnace in which these were heated was not
functioning pﬁoperly.)

The cataﬂyst bed was filled to a height of 12 mm with
the same sample. The following results were obtalned:

T 3npeeessesesssessesnss loss than 1 ml/g
Catalytic Lfficiency

Secg. Efficiency
. 0
% :
3:5 0

'Xa.a:t 200 Covassossrseesns 3707 X 10-6

The high magnetic susceptibility per gram prompted an
1nveatigationiof the sample. A small magnet was held
close to the powder, Some of the particles appeared to
be more markedly magnetic than others.

Run 5. ﬁor this investigetion the reference vial was

filled to a height of 34.0 mm with .99 g of alpha ferric
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oxide which had been heated at an elevated temperature for
10 minutes. The catalyst bed was filled to a height of
23 mm with 3.&5 g of the same sample. The following

results were obtained:

r3oboococoo-co¢o-ooo..oo 1888 than 1 mZ/g
Catalytic Efficiency

SecE. hfficiency
'2 1
17 E
x&at 250 Cooc.-tooocoooo‘ 21407x10-6

Run 6. For this investigation the reference vial was
filled to a height of 50,0 mm with 3.76 g of an equimolar
mixture of alpha ferric oxide and zinc oxide which had
been heated for six hours at more than 500° C. The cataiyst
bed was filled to a helght of 12 mm with 0.8} g of the same
catalyst. The sample was degessed at 300° C and the
following results were obtained:

Kg 85 25° O.ivuaiiuninigs 3140 x 2078
030Qooooo-oaoooooccooo-ot. 12.3 mz/g
Catalytic Efficiency

Secs. Efficiency
6"3'%“. 32

0.72 52
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Unfortunately the cell burned out before more data could be

obtalned,

Run 7. For this investigation the reference vial was
filled to a height of 53.0 mm with L.06 g of equimolar
alpha ferric inde and zine oxide which had been heated
for six hours at more than 600° €., The catalyst bed was
filled to a height of 25 mm with 1.47 g of the same sample.

The following results were obtained:

6.30@.-.ccco-ooo-oqoooooo-o )4.9 ma/g

| Catalytic Efficiency

Secs, LEfficiency
30
3.6 50

At this point air accidentally entered the system. Thus
no more reliaple data could be taken.
Kgot 20° Covvurnverananes 7047 x 10-6

Run 8. For this investigation the reference vial was
filled to a helght of 50.0 mm with 4.07 g of an equimolar
mixture of albha ferric oxide and zinc oxide which has
previously been heated for six hours at a temperature
greater than 5502 C, The catalyst bed was filled to a
height of 23 mm with 1.47 g of the same sample. The

following results were obtained:
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fBOoo.ooooo.o.ooc.o--oo-oo 2.0 ma/g

Catalytic Efficlency

Secs, Lfficiency
. 10
243 18
3.9 27

xa.‘at 230 C..-.oo.o.oooooo 3206 X 10-6

After this series of runs, the styro-foam block
previously degcribed was obtalned and the magnetic deter-
minations were repeated; these are tabulated in Table 3.
Column I refer to the run number, column II refers to the
ausceptibilit& obtained at room temperature for the
catalyst the first time, column III refers to the magnetic
susceptibility obtained the second time at room temperature
when the samples were remounted, and column IV refers to

the magnetic susceptibility obtained at «195° C when the

samples were remounted.

Table 3-
xg. the first xy. after Kg ot -195° ¢
Run time at 25° C remounting after remounting
1 28 x 10~6 34,3 x 1076 34.9 x 10'6
6 31 x 10-6 3%.5 x 1079 2 x 1o-6
8 6 32,6 x 10" 6 8.6 x 1o6
;. 70.7 x 10~ 79.4L x 10 360 x 10

SERIES II. Thls series of runs was made with a fresh
|

stock of alphh ferric oxide. The largest change made for
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this group ofiruns wae that the magnetlic susceptiblity
was determineﬁ alongside that determined at room tempera-
ture. It was hoped that thls series of runs would glve
some 1nformation on the cause of the odd mapgnetic behaviour
observed with those catalysts used in series I.

Run 9. $or this 1nveé£iéatioﬁ the reference vial was
filled to a height of };5.0 mm with 4.87 g of alpha ferric

oxide, The citalystbed was filled to a height of 20 mm
with 1,88 ¢ of

the same sample. The following data was

obtained:

630¢...................... 12,3 m2/g

Ty 45 25 Cuvprrvasnssnsns 28:5 % 1070

ks ;ht F1050 O acasenssonve BiuS 2 1070
After outgassing at 300° C, the following efficiencies

|
were obtained:
|

Secﬁ. Efficlency
. 5
0.80
" 3
2.ﬁ 83
3.i 100

After the run;the gsample was found to be extremely magnetic.v
Run 10. jFor this investigation the reference vial was
filled to a héight of 50.0 mm with 3.97 g of equimolar
ferric oxide and zinc oxide which had no previous heat
treatment, Tﬁe catalyst bed was filled to a height of

11 mm with 0.8 g of the same meterial, The sample wes
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outgassed at 300° C and the following results were ob=

tained:

Xgat 25° Cuuvurescnnennns 55,9 x 100

Ygat =195° Cuuvrvrnsennss 55.9 x 1076

T 3004 ve « gasiinvinmsmbhesss 929 #8/g
The sample was again outgassed at 300° C and the following
efficiencies were observed:

Secs. ufficiencx

0. 33
. 38

NDHHO

e e o

\w
O™
L0

Ky 4% 25 Ouvuvrasessaess 55.9 x 10°
Ky 8t =195° Cuvrurernerass 55.6 x 1070

The magnet wa? swung into position and the sample was
found to be e*tremely attracted by the magnet at room
temperature.

Run 13. For this investigation the reference vial
was filled to a height of 5.0 mm with 2.46 g of gamma
ferric oxide. The catalyst bed was filled to a height
of 35 mm with 1,89 g of the seme sample. The following

observations were made:



Catalytic Efficiency

Secs. Lfficiency
5c§7 100
0.89 100

0 408 sssrnoasnnavhbhaevimes 32T W/5

SERIES III. It appeared from the previous runs that
the samples often became ferromagnetic upon heating, This
suggested smail amounts of reducing material in the alpha
ferric oxide. In order to check this possibility, a new
source of alpha ferric oxide needed to be prepared, In
the maantime,?the following runs were made from a mixture
of the alpha ferric oxides used in series I and II.,

Run 1. For this investigation the reference vial
was packed toza helght of [3.0 mm with 4.77 g of alpha
ferric oxide. The catalyst bed was packed to a height of
19.0 mm with 1.76 g of the same sample., The following

results were obtained:

x"qt 250 Cosadsovhoéitsss 2907 x 10.-6
x’at "1950 00000000000000 26.0'x 10-6

o-hoooo-oo.ooooouocoo-ooano 16.3 ma/g
1 Catalytic Efficiency

Secs. Efficiency
Qs 71
0. 96

’X’_at 250 Piisvsossnastnne 2801 X 10‘6
%at -1950 Co.ocoooonoooo 23.h X 10-6



Sk

Run 16. For this investigation the reference vial was
packed to a height of 50.0 mm with 3.7} g of an equimolar
mixture of alpha ferric oxide which had been treated at
105¥ ¢, The Eatalyst bed was packed to 37 mm with 2,03 g

of the same catalyst. The following results were obtained:

Kg bt 20° Oiupncispsasress I5.0 x 30%0

Kg at =195° Cuvvnarernenss 100 x 10-0

0'30b...................... 2,7 m2/g
Catalytic Efficiency

Secg. Effieiency
. 17
2.1 ﬁo
. 0

The sample wag found to be ferromagnetic after the run,
It was divided into several portions. The top portion was
found to be more strongly attracted to a magnet than the

lower portions.

S8ERIES I?. This group of runs was investigated using
freshly prepafed zinc oxlde and freshly prepared alpha
ferric oxide to eliminate the possibility that a reducing
impurity was present which might have been reducing the
ferric oxide to a more paramagnetic or ferromagnetic
constituent., All samples for this and the following

series were heated in an oven whose temperature was
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checked with ;n alternate thermocouple.
Run 17. jFor this investigation the reference vial was
packed to a height of 54,0 mm with 2.78 g of zine oxide,
The éatalyst fed was packed to & height of L0 mm with 1,54

g of the aame?aample. The following results were obtalned:

1% at 252 Coenseernovsness negligible
x’ ?’t "'1950 Cosennnssssans negligible
rhobto'ooo--.-ooooo.ncoooo 3.0 mz/g
; Catalytic Efficiency
Secﬁ. Lfficienc
T.E negligible
L9 negligible
‘X,ht B5® Ouuinnrsiasssnss nogligible

Run 18. iFor thls investigation the reference vial was
packed to a helght of 47.0 mm with L.4j6 g of alpha ferric
oxide, The égtalyst bed was packed to a height of 23 mm
with 1.75 g of the same sample. The following results
were obtained:

Xq B8 22% Oiuuirerscension AMal 2 10%0
Zg at +195° Covurvscerssns 2749 x 2070
drhoﬁ't'--""'°"°"°--'°° 27.5 m?/g
| Catalytic Efficiency

Secs. Lfficienc
%5 100

0.
5.9 100
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h at 220 C'....‘.‘....... 27.2x10-6
x& at "1950 Covsussbenvine 27.0 x 10-6

Run 19. For this investigation the reference vial was
packed to a height of 53.5 mm with L.47 g of an equimolar
mixture of alﬁha ferric oxide and zinc oxide. The catalyst
bed was packed to a height of 16 mm with 1,00 g of the same

sample. The following results were obtained:

xg. at 200 Covosswninnsssitos 22.6110-6
ﬂ‘Oboooooc.oo.oc-‘-o-coou. 20.6 mz/g
Catalytic Efficiency

Secs. Efficlency
Oe
0 §$ 3

0.77 71
2.1 92

z& l‘lt 220 Cossavaissssosve 2)-‘06 X 10-6

Run 20. For this investigation the reference vial was
packed to a height of 50.0 mm with 4.38 g of an equimolar
mixture of alpha ferric oxlde and zinc oxide pretreated at
700° C for six hours. The catalyst bed was packed to a
height of 33 mm with 2,00 g of the same sample. The

following results were obtained:

Ky 8t 23° Covevunrnrnnncns 41,6 x 10-6
x& &t «195% Corvesavsessss 195 x 100
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Catelytic Efficilency

Secs. Efficiency
" 20
L5 50
12 equilibrium
was never
reached

x& Bt23° C..onc-ooo.ooo.o h1.6x10-6
x? at "1950 Cassnsnssnssse 220 X 10'6
0—'}4000-.0.000ooooc.l-oo.ooo 2.0 mz/g

Run 21. This is a repeat of run 19, The reference
vial was packed to a height of 50.0 mm with L.OlL g of the
sample., The catalyst bed was packed to a height of 19 mm
with the same sample, The following data were obtained:

|
‘25 BE T G aaiiers DN 2 10
Ko 8t =195° Cuvvrvnevnnses 23,8 x 100

Catalytic Efficiency

Secs. Efficiency
0. 27
0450 5
0.72 52
0.97 8

7‘3,at room temperature.... 23.8 x 1()"6
K’at "“1950 Cuun-.ooooooao 2308 X 10-6

.fhooonwtoot'onnooon.ooooo. 19.9 mZ/g

Run 22. For this investigation the reference vial was

packed to a helght of 18,0 mm i th 3.7 g of an equimolar
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mixture of zinc oxide and alpha ferric oxide which had
been pretreated at 500° C for six hours. The catalyst bed
was packed to a height of 18 mm with 1,08 g of the same

sample. The following results were obtained:

Kottt D10 00 oidiinadsiania Sl % 1090

&at "19-50 Co-oonooc-oooo 2)-]»0)-[- X 10-6
| Catalytic Efficlency

Secs, Efficiency
Oe
1. 8
e 78

X% PR 5 gk TSRS T IR Strongly magnetie

fhoo.occtoooonoooooo.oocoo S

The sample was divided into four layers. The top
layer was found to be more ferromagnetic than the remainder
of the layers., This was also found to be true for the
catalyst bed. An analysis for iron by the dichromate
method showed no difference in iron content between the
different layérs. An x-ray determination did not indicate
the presence of anything other than alpha ferric oxide.
When the mngnqtic portion was viewed through a Greenough
binocular micﬁoscope, small black granules were observed
amoung the many brown ones characteristic of the alpha
ferric oxide.j The small black granules moved when a small

magnet was brought near,
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Run 23. For this investigation the reference vial was
packed to a h?ight of 45.0 mm with .83 g of an equimolar

mixture of alﬁha ferric oxide and zinc oxide. The catalyst

bed was packed to a height of 1l mm with 1.00 g of the same

material, The following results were obtained:

x&at 220 Co.ool-ootooc.-' 19.6110-6
)(a,#t -1950 Coo.-ooooooooo 2003 X 10-6
Catalytic Efficiency

See Lfficlency
‘37§? 5

3
0.72 59
2.% 100
2. 96

6;30.000000..o..oooooo.ooooooo 20.0

The sample was found to be very magnetic after the surface
area determination. The sample was divided into five
nearly equal portions from the top down., The top two

portions were responsible for the odd magnetic behaviour.

SERIES V. For this series of runs all operations
were carried out as before, except the outgassing opera=-
tion, which was carried out at a lower temperature, 200° C,
Run 2. For this investigation the reference vial was
packed to a height of }8.0 mm with L.33 g of an equimolar
mixture of alpha ferric oxide and zinc oxide. The catalyst

bed was packed to a height of 14 mm with 1,00 g of the
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same catalyst, The following results were obtained:

Xg 2t 22° Greidibisnninsin .2 x 16™0

Kg at =195° Covesvvnnnonss 199 x 100
The semple was outgassed at 200° C and the magnetic
susceptibilitﬁ determination was repeated:

Lo 5% 2% Cuqqunvbbuainsn 20,2 2 1046

%g 8t =195° Cuseeransasens 19,9 x 1070

| Catalytic Efficiency
Secs, Efficienc
oud o2
1.6 . 91
Dok oo ebiissnrindlviisassne: 0.9 %

Run 25, ‘For this investigation the reference vial was
packed to a height of ;9.0 mm with },51 g of an equimolar
alpha ferric #xide zinc oxide mixture which had been pre-
treated at 600° C for six hours. The catalyst bed was
packed to a height of 37 mm W th 2.65 g of the same sample.

The following results were obtained:

x’&t 220 Cooo‘o.-oocooooo- 25.[} X 10-6
x}at "1950 Cooo.oa.oon-oo 5209 X 10-6
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Catalytic Efficiency

SSCE. Effi;%ency
0:76 50

1.0 55

1.& 88

2, 98

‘ 2
o—o‘ocoto-doa.o-ocnoanoottooo 10.5 m /g

Run 26. For this investigation the reference vial was
packed to a héiuht of 8.0 mm with L.44 g of an equimolar
mixture of albha ferric oxide and zinc oxlde which had
been pretreat;d at 700° C for six hours, The catalyst
bed was packeé to a height of 38 mm with 2,67 g of the

samne material} The following results were obtained:

xa,at 210 Ctocooo.oonooooo 36.2x10“6
x’at “‘1950 Coc.c-ooooooocvlgaxlo-é
| Catalytic Efficiency

Efficiency
138

0
io

0
63
rhooooo-o-.ocoo.-oocono. 303 mz/g
X} &t 210 c‘..‘..'l'l...‘l 3705 X 10-6
’x’a.ﬁt "1950 Crscossassnsiy 200 X 10-6

Run 27. Yor this investigation the reference vial was

packed to a height of 40.0 mm with L.60 g of an equimolar



62
mixture of &lpha ferric oxide end zinc oxlde which had been
pretreated at1900° C for six hours, The catalyst bed was
packed to a héightAof L2 mm with 3.61 g of the same

material. The following results were observed:

x& B.t 2140 C....oob..o.cto. 51}-} X 10-0
Catalytic Efficlency

SecBe Efficiency
2.% ‘ 11
5.3 21

0— AR EE R R R R loh m2/g

Run 28, For this investigation the reference vial was
packed to a height of LL.0 mm with .65 g of alpha ferric
oxide. The catal yst bed was packed to a height of 1& mm
with 1,00 g of the same material. The following results

were obtained;

%? at 200 C.........’..... Zh.uxlo‘é
1&. Pt "1950 Covasesvnvense 25.03!10-6
. |
Catalytic Efficlency

Secs. Efficiency
5.§Z 56
0. 3

2

89

0.62
0.72

rvotoooo.oooo..oo..ooc.oc 2608 m2/8
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Run 29, For this investigation the reference vial was
packed to & helght of 51.0 mm with .46 g of an equimolar
mixture of alpha ferric oxide and zinc oxide which had been
pretreated at 500° C for six hours. The catelyst bed was
packed to a helght of 3l mm with 2,00 g of the same
|

material, Thé following results were obtained:

xg#t 2’40 C‘O.OO'....OIQ.Q 20.6X10-6
Catalytic Efficiency

Secs Efficiency
I.I 71
1.6 91
€.5 100

xa. at 230 Coooocno.ovoc.oo 21.7x10-6
xg a“t "1950 Cooooocccuouoo 1901X10.6
fd‘-ooocooooo'a000¢oooooo 13.1 mz/g

Run 30. For this investigation the reference vial was
packed to a height of 47,1 mm with 3.90 g of an equimolar _
mixture of zinc oxlde and alphea ferric oxide. The catalyst
bed was filled to a height of 8.0 mm with 0,50 g of the

same material, The following results were obtained:

&t 220 c.l....l........ zzthx]-o-é

X

Catalytic Efficiency

Secg. Efficienc
O.ﬂz c5
0.9

70
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‘xfht 220 Ciasiishednssine 20-6 X 10-6
Yo bt #1952 Blkionasenias 17,2 x 2070

oam................-..... 18.0 mz/g

Run 31. For this run a few grams of the alpha ferric
oxide were he%ted at 700° C for four hours. This was then
mixed with eqﬁimolar zinc oxide and heated at 600° C for
8ix hours. The resulting powder was gray in color in
contrast to a chocolate brown color of variocus shades for
the other mixéd catalysts used. The reference vial was
packed to a hgight of 54.0 mm with 5.36 g of this material,
The catalyst 5ed was packed to a height of 5 mm with 3,39

g of the same sample. The following results were obtained:

Yo at 2% Cusiainannociss §0.7 x 20°8
Yp 4% #195° Boinsiovsnsons 333 x 1070
J‘L...................... less than 1 m2/g
To at 9% Guvicisdshivessy hls0 x 20%0
Xgat =195° Cuvvvvannsnnns 33,5 x 10~6
Yo conversion‘was observed after 35 seconds contact time.
Xy AR ST 1.0 x 10-6
Xgat =195 Covurnrraraees 347 x 2070
Run 32, For this investigation the reference vial was
packed to a héight of 59,0 mm with 5.25 g of an equimolar
mixture of alpha ferric oxide and zinc oxide v ich had



previously been heated at }10° C for six hours. The
catalyst bed was packed wi th the same sample to a helght

of 10 mm with 0.50 g of the same sample. The following

resulte were obtained:

xv_at 220 Coootooso.oocto. 2200 X 10-6
yg.at '1950 C.ooaoico.oo-c 21.5 X 10-6
Catalytic Efficiency

Secs. Efficlency
"0.25 33
0.78 61
1.5 %3
1.9 1

.x}at 250 coooooo.o.o’coe- 2200 X 10'6
y’Jﬂz-195° C.QO.’OO'..O.‘ 21.5 X 10-6
T snsosnsonspsbsenssessss 1506 ma/g

The catalytic efficiency determination was repeated

once again

Secs. Efficiency
R 22

0.2 lz

0.2 Iy

0.38 7

1.5 7

2+3 2

Uzoooouuoooo.ocooooooo-n 1&03 mz/g
x’ at 220 Cosssssnssspsnes 22.6 X 10—6

x;&n;-IQEO Cosnssosnessss 21.5 X 10‘6

Run 33. For this investigation equimolar alpha ferriec

oxide and zinc oxide were heated together for 55 hours at
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900° C, The resulting powder was then molstened and
followed by alternately freezing and thawing the paste
several times., This was followed by drying at 350° C for
three hours. The reference vial was filled to a height of
13,0 mm with 5.57 g of thls sample. The catalyst bed was
packed with the same sample %o & height of L6 rm. The

following results were obilained:

XJ sesensvsssensessssss Probably ferromagnetic

T sesabssnavochbhons i lesg than 1 m2/g

Run 3L. Equimoler alpha ferric oxide and zinc oxide
were heated for six hours et 650° C end thie was followed
by a treatment similar to the one described in the pre=-
ceding run, The reference vial was filled to a height of
19,0 mm with 4,20 g of this material, The catalyst bed
was filled with 1.11 g of the same material to a height of
1l zam,

x’. at 250 Co-ooo--o.ocoooq 5'406110"6
x} at "1950 COCCQOCQ‘O.... 257 X 10‘.6
ro‘gaots.occcoooooco-tco 9-6 mz/g
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Catalytic Efficliency

Secs, Efficliency
0.06 20

2.4 20

6.2 7

The system was left intact but the sanple was outgassed
again the following day. An efficiency run yielded these

'results.

Secs. Lfficlency
O.); 1
2.2 BZ
8.0 _ 7

Run 35. For this investigation the reference vial was
packed to & height of 55.0 mm with 5,18 g of an equimolar
mixture of alpha ferric oxide and zine oxide which had
been pretreated at 650° C for six hours. The catalyst bed
was packed to a height of 14.8 mm with 1.34 g of the seame

semple, The following results were obtained:

x}at 200 C....'..."...‘. 28'9 x 10-6
x}at '1950 Cosvdobonsnsee 88x10‘6
Catelytic Efficiency

Secs, Efficiency
' 2,
0.62
1.16 55
1.2l L7
Toly 90



O
(e}

xsat 210 Cosvsssnnossnnoers 28.9 X 10‘6
x’_&t “1950 Connvneressnss 93-0 * 10-.6

T cosssesosccsssnsscssnoense 8.6 mz/g,

Run 36. The reference vial was filled with alpha

ferric oxlde and its magnetic properties were checked:

L}at 230 coooooocooooocon 27-1‘ X 10-6
x&&t -1950 C......'.‘.... 26.1 x 10‘6



DISCUBSION OF RESULTS

INTRODUCTORY REMARKS. The results of this investigae
tlon are presented in five serles. The results of all the
serieg are consistent in the respect that the efficiencies
of the catalysis decrecsged with decreasing surface area,
For the first four serles hdﬁever, the magnetic data was
very inconclusive since the mégnetic properties of the
catalysts changed during the experiment. Some of the
catalyst's megnetic properties changed more than others,
This apparently did not have too much effect on the
catalytic efficiencey. Thie ig perticulerly striking when
one views the results of runs 10 and 11. MNore will be
gaid of this later. ' |

It was found that the extreme changes in magnetic
properties were due only to the top layer of the catalyst
in the reference vial., This was also found to be true for
the top layer of the catalyst bed indicating that both
had been subjected to the same kind of treatment and those
changes which occured in the referegce vial and the
catalyst bed were of a similar nature, Several chemical
and physical examinations failed to indicate the presence
of anything other then alpha ferric oxide. The observation
of the catalyst under a microscope showed the presence of

black granules which moved when a small magnet was brought
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near. This suggested that magnetite whose characteristic
color 1s black might be responsible for the peculiar
magnetic behaviour, It is suggested that this magnetite
was formed by the decomposition of the alpha ferric oxide
at low pressures and at temperatures of 300° C and above.
Moissan (19, p. 23) has reported such a reaction, but an
accurate estimate of the temperature and pressure at which
this was carried out was not reported.

Bupp and Scott did not report such a phenomenon in
their work, On studying some unpublished data (13, p. 62-
63), one finds that, after heating a mixture of ferric
oxide and zinc oxide at 400° ¢ ih a vacuum, the magnetie
susceptibllities measured after each period of outgassing
were 13.9 x 107, 16,5 x 107, 16.7 x 107® and 17.5 x 10-6
respectively. The important thing to notice is the in-
crease in magnetic susceptibility after each heating.

It i1s likely that he was not working at pressures as low
as he thought since he had only a relative method of
measuring pressure instead of an absolute one. The
explanation is plausible since the transformation took
place only on the uppermost layers of the catalyst samples,
indicating that a moderately high vacuum is needed for the
transformation, and that even the pressure drop throughout
the sample was sufficient to prevent the reaction from

occuring.
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Since this work was initiated to correlate both the

magnetic properties of the catalysts as well as the surface
areas of the catalysts, the data presented in the runs
under series V will be most closely followed. In this
serles of runs all outgassing operations were carried out
at temperatures below 200° C, a temperature at which none
of the catalyﬁts had their magnetic properties change

significantly,

THE CONVERSION OF ORTHOHYDROGEN ON GAMMA FERRIC OXIDE.
A sample of gamma ferric oxide which had a specific surface
area of 32.7 m?/g was found to be a very effective catalﬁat.
Complete conversion was obtained for contact times as small
as 0,57 seconds. Sufficlient experiments were not performed
to show whether its high activity was due to its extended
surface, to its ferromagnetic properties or to both;
Nevertheless the important thing to note 1s that gamma
ferric oxide with an extended surface is an excellent
material with which to catalyze the ortho to parahydrogen

transformation at -1956 C and at atmospheric pressure.

THE CONVERSION OF ORTHOHYDROGEN ON ALPHA FERRIC OXIDE,
The trensformation of orthohydrogen to parahydrogen at
atmospheric pressure, and at -195° C, took place rapidly
on a sample of the alpha ferric oxide which had a specifie
surface area of 26,8 m2/gz. Its magnetic susceptibility

was 25,0 x 10'6, but a later measurement on a sample from
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the same source gave & value of 26.1 x 10“6. Indications
are that the surface plays a role in determining the
efficiency of the catalyst. Such evidence is presented in
Table 3 using data from runs besides group V. Thls data
was derived in this menner: The catalytic efficiency was
plotted against the contact time. The efficiency at 1
second was then obtained from the plot. These are the

values tabulated in column 3.

Table 3.

Dependence of the Catalytic Efficiency on the
Specific Surface Area of Alpha Ferric Oxide Catalysts

me/g Efficiency
Specific Surface, at 1 Second

0
6

3 61

3 100 (est)
5 100

8 100

BEEow

A change of efficiency of nearly 100 fold strongly
suggests that there is a relationship between the specific

surface area and catalytic efficlency.

THE CONVERSION OF ORTHOHYDROGEN ON ZINC OYIDE., Run
2 was conducted using the prepared zinc oxide as the
catalyst. This meterisl had a rather low surface area of

L1 ma/g._ Less than 10 percent conversion was obtained
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for a contact time of 10.5 seconds. Slight diamagnetism

was observed.

THE CONVERSION OF ORTﬁOHYDROGEN ON ALPHA FERRIC OXIDE=
ZINC OXIDE MIXTURES, Equimolar mixtures of ihe prepared
alpha ferric oxide and the prepared zinc oxide were mixed
thoroughly and heated in alundum boats for six hours at
410°, 500°, 600°, 650°, 700° and 900° C. The results of
these determinations (Series V) are shown in Figures 2, 3
and 4. That these results are in reasonable agreement with
those of series I, II, III and IV will be pointed out
shortly., Referring to Figures 2, 3 and l, one notes that
the efficiency of the catalysts falls off in a more or
less regular manner with inereasing pretreatment tempera-
ture., Simultaneously with this decrease in activity there
can be noted a decrease in surface area as well as an
inerease in magnetic susceptibility.

In order to correlate the change in efficlency with
specific surface and/or magnetic susceptibility, the
efficieney at 1 second was obtained from Flgures 2, 3 and
L. This was compared with the specific surface area and

magnetic susceptibility as done in Table .
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ErrmiciEnoy
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Table 4.
Pretreatment Specific 6
lemperature, Surgace, %y x 10 Effielency
¢ m at =195° C at 1 Second
25 19.5 19.9 e
410 15.0 21,5 ol
500 13.1 19.1 63
600 10.5 52.9 7
650 8.6 88.0 5
700 3.ﬁ 198 18
900 p B - 6
900 2 - 5
Pure alpha
ferric oxide 26.8 25,0 : 98

For series I, II, III and IV the efficiency at 1
second was compared only with the specific surface area
since the mesgnetic susceptibility data had no real meaning,

This is presented below:

Table 50

Catalytic Efficliency for Zinc Oxide-
Ferric Oxide Mixtures for Runs in Series I - IV

Specifi& Surface, Efficiency

Run n“/g at 1 Second

6 12.3 60 (est)

7 hog 29 (Qst)
8 2.0 7
10 9.9 52
- 16 Z.Z 12
19 & 23 20, 75
20 2.0 12

Figure 5 shows a relationship between the efficiency

at 1 second and the surface area., It should be noted that
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Y
all the points frém the same series fall on the seme line.
The points which are darkened are those points belonging
to series V alone. The circles represent points belonging
to the remaining series. 1t is of interest that the
apparent change in magnetic properties of some of the other
cetalysts did not seem to affect the efficiency versus
specific surface plot.

One quickly recornizes that for surfaces greater than
about 13 mz/g the efficiency is nearly independent of the
surface, Below s specific surface of 13 m2/g the efficiency
is linearly dependent on the specific surface. This means
that even if the surface 1s extended beyond 13 mz/g no
more than the 13 mz/g is available for catalysis., In
order to find what effect the magnetic susceptibility has
on the catalytic efficiency, the efficiencies for points
below 13 m2/g were corrected to efficlencies which they
would have in the region where the efficlency 1s indepen-
dent of the specific surface. This was done by multiplying
the measured efficiencies for those points having specifie
surfaces less than 13 m2/g by 13/(measured surface). These
"ecorrected efficiencies” were then plotted against the
magnetic susceptibilities of the corresponding samples.
This resulted in a horizontsl line as shown in Figure 6.
This indicates that for this particular reaction on these
particular catalysts the catalytic efficlency is inde-

pendent of the magnetic properties of the catalyst.
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Hotwithstanding, the magnetochemicel investigations of
these oxide mixtures proved to be interesting, Table &
compares the results of this study with those observed by
Bupp snd Scott. It elso Includes the-vnluou of the
observed magnetiec susceptibilities st 1959 C,

Table 6.

Magnetic Susceptlibilities for Zinc Oxide-
Alphe Ferric Oxide

X, x ].0"'6 6
Pretrestment gt 25° ¢ g ?x 10"
Temverature, Bupp ab zs -195° ¢
Semple C and Scott Oblarvgd Observed
Alphsa
ferric ;
oxlde one 20.h 27.4 26,1
Equal
molar
mixture 20 13.9 20,2 19.9
L1o 22,0 21.5
500 16 7 21l.7 19.1
530 18 7 - W4
600 25.4 52,9
650 28.9 88.0
670 h?.o - -
700 - 36,2 198
900 - High High

It appears that the magnetic susceptibllities as
measured at room temperature follow the same general trend
ag those reported by Bupp and Scott, The susceptibility
date taken at =195° C shows that some sort of change in
magnetlic phase begins for mixtures pretrested for six

hours at temperatures below 600° C, in contrast to the
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work of Hiittlg and Kittel who report a phase change
between 600 and 650° C with ferromagnetism not setting in
untll pretreatment temperatures are in excess of 650° ¢,

Whether the new magnetic phase is paramagnetic or
ferromagnetic cannot be conclusively determined. lHowever
a few considerations seem to be in order. The ratio of
the magnetic susceptiblilities measured at «195°9 C to that
meaauredvat room temperature for the catalyst pretreated
at 600° C 1s about 2. This would be reasonable if a para-
magnetic phase following Curie's Law were present to an
extent of about 55 percent. For the catalyst which was
treated at 650° C the ratio of the susceptibilities 1s
about 3 whiech would be reasonable if one assumes that all
the catalyst was changed to a paramagnetic form obeying
Curie's Law. However, for the catalyst treated at 700° C
the ratio of the magnetlc susceptibilities is far too high
to obey Curle's Law. Likewise it is far too high for the
usual ferromagnetic behaviour. Thus the catalyst prepared
at this pretreatment temperature represents an anomaly

which should be more thoroughly investigated.

CONCLUSIONS., The following may be concluded from the
experimental work presented here.

1. Alpha ferric oxide is a good catalyst for the
conversion of ortho- to parahydrogen at «195° C and at-

mospheric pressure. The efficiency of the catalyst
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geemns to be very dependenit on its surface area as measured
by the BET nitrogen adsorption method. This change in
efficleney may be due to a decrease in catalytically
active areas on the ferric oxlde which would occur on
heating, or it may be due to strictly the surface area
of the ferric oxide.

2. High area gamma ferric oxide serves as a good
catalyét for the conversion of ortho- to parahydrogen at
-195° ¢ énd atmospheric pressure., Its efficiency per
unit surface 1s greater than 3 percent per square meter
per gram, It is interesting to note that the velocity of
conversion appears to be greater on the ferromagnetic
form of ferric oxide than on the paramagnetic form,

3+ The results of the investigation with equimolar
mixtures of alpha ferric oxide and zinc oxide as catalysts
for the conversion of ortho= to parahydrogen are similar in
some respects to those obtained by Bupp end Scott for the
dacomﬁoaition of nitrous oxide over catalysts prepared in
a similar manner, They found, as in this case, that
increasing thermal treatment of the oxide mixture decreases
the effielency of the catalyst material, With increasing
thermal treatment there occurs a decrease in the surface
area of the mixture. Figure l} shows that efficiency is
dependent on the surface area for specific surfaces below
13 m®/g. Above this the catalytic efficiency seems to be

independent of the surface, There is no dependence of
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catelytic efficiency on the magnetic susceptibility. It
nmust be conceded however that the catalysts are active
becaunse they are paramagnetic,

Our efficiency plot is dissimilar to that presented
by Bupp and Scott in the respect that they found the
catalytic efficiency to be directly denendent on the
specific surfaces of the mixtures even at high specific
surfaces. However, i1t appears that for high surface area
alpha ferric oxide the efficiency was independent of the
surface areca.

The fact that at high surfaces the efficiency is
independent of the surface area requires more discussion.
For convenlence let us consider 1 gram of sample in a
catalyst bed occupying a volume of 0.5 ml. First let us
consider a hydrogen molecule's experience in the catalyst
bed for the 1 second that it is there. A simple calcula-
tion shows that the molecule has & velocity of 1,000
m/sec at -195° C, the reaction temperature. It is
certain then that the molecule must collide with the
surface many times during its stay in the catalyst bed.

If we assume that at least one hydrogen molecule is
adsorbed wherever a nitrogen molecule was adsorbed in
measuring the surface, a simple calculation shows us that
there must be at least 2.0 x 10°° molecules adsorbed on
the catalyst surfaée if it has a specific surface of

13 m2/g. In our one gram of catalyst there is a dead
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space of 0.3 ml as celculated from the true density. In
this 0.3 ml there ere roughly 2.8 x 1019 molecules. This
means that there are roughly more than seven times es many
molecules on the surface as there are in the gas phase.

We can also assume that most catalysie occurs when the
hydrogen molecules collide with the surfece or come very
close to the surface since the énergy of interaction
between the nuclear spins of the hydrogen molecules.and
the inhomogeneous magnetic field falls off approximately
as the cube of the distence.

With these facts in mind, this is what seems to happen.
When the specific surface is 13 m°/g or greater, all the
molecules get a chance to collide with the surface since
only one=seventh or less have to leave the surface in
order to give the ones in the gas phase a chance to collide
with the aurface, This does not necessarily mean that a
conversion may be expected with each collision, but col=
lisions happen so frequently that many conversions cén be
expected. The efficiency will be dependent on how fast
adsorbed molecules leave the surface making room for
others in the gas phase to land on the surface. Hence, a
further inerease in surface will not increase the catalytie
efficiency.

For specific supfaces of less than 13 mz/g, there
begin to be relatively more molecules in the gas phase than

in the adsorbed layer. In this case the molecules have



less chance of colliding with the surface and being
converted than before. This collision frequency becomes
less and less as the surface gets smaller accounting for
the decreased efficlency at low surfaces,

If one assumes as Hittig did (13, p. 155) and as
followed by Bupp and Scott that the ferrite structdre is
formed by the diffusion of the ferric oxide lattice to
the zine oxide lattice, then the diffusional rate would
increase with increasing temperature accounting for the
lowering of the surface, The decrease in catalytic
efficlency with increasing pretreatment temperature may

be attributed to one of the following effects:

a, to a decrease in the total extent of the surface area

exposed,
bs to an increase in surface regularity (which is
accompanied by & decrease in surface area) which

increasing temperature pretreatments would cause.

66
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SUMMARY

The conversion of normal hydrogen over iron oxide
eand iron oxide~zinc oxide catalysts was studlied under the
fixed conditions of -195° C and atmospheric pressure so
that the extent of the conversion might be used to judge
the efflciency of the catalysts.

The mixed oxides were pretreated at various tempera=
tures for gix hours, which altered their physlecel and
chemical properties. The catalytic efficlency of the
mixtures decreased in a regular manner as the pretreatment
temperature increased. The surfece also decreased; the
megnetic susceptibilities increased. A correlation was
found between the catalytic efficiencies and specific
surface area, The efficiencies of the catalysts per unlt
surface were not dependent on the magnetic susceptibili-
ties.

High surface gemma ferric oxide was shown to be a
very excellent catalyst for the reaction. High surface
alpha ferric oxide also was found to be a good catalyst.
However the efficiency of the alpha ferric oxide depended

strongly on the measured surface area,
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