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If the catalyst is placed in a magnetic field of a few ocrsteds there may be 
observed a decrease in the parahydrogen conversion rate at room temperature 
over the oxides, Pr?O,, NdzO,, Sm203, and YbxOz, but not over EuzOa, Gd,O,, TbzO.,, 
DyzO,, HozOa, ErzOa, or Tm203. At 40 Oe, the rate decreases range from 5 to 20%. 
If the rare earth catalysts are supported at relatively low surface concentration 
on the diamagnetic Laz03, then all except G&O, show the weak field magnoto- 
catalytic effect. A plot of catalytic conversion rate versus extrinsic field shows an 
abrupt dependence of rate on field in the region of 3 to 10 Oe. It is possible, in 
this region, to ohserve the effrct on the reaction rate of a change of field of less 
than 0.2 Oe. 

INTRODUCTION 

The purpose of this paper is to describe 
the effects, on the conversion rate of para- 
hydrogen to orthohydrogen, of placing the 
cataIyst in a magnetic field of from 0.1 to 
40 Oe. The catalysts used were rare earths 
in two different forms of preparation. 

In a previous paper from this laboratory 
(1) it was shown that chromia, in several 
forms, strongly catalyzes the room tem- 
perature parahydrogcn conversion, that the 
conversion mechanism under the experi- 
mental conditions described is almost 
entirely magnetic and not dissociative, and 
that placing the catalyst in a magnetic 
field of up to 18 kOe changes the rate of 
conversion. For catalyst samples sufficiently 
pure and crystalline the change of rate is 
positive above the Nkcl temperature, and 
negative below. For dilute solid solutions 
of chromia in a-alumina, and for various 
other more nearly amorphous preparations, 
t,he change of rate is positive over a wide 
range of temperature. 

In a subsequent paper (a), it was shown 
that all the paramagnetic rare earths (ex- 
cluding promethia) give a large positive 
magnetocatalytic effect amounting, for 

ytterbia, to over 200% in a field of 18 kOe. 
During the course of the work on rare 
earths in strong fields it was noted that 
the residual field in a 12-in. electromagnet 
caused some change in the parahydrogen 
conversion rate, compared with that in the 
laboratory ambient field (~0.6 Oe) at 
some distance from the magnet. Further 
investigation of this anomaly produced the 
results reported below. 

Two series of results are reported. The 
one series was on pure rare earth samples 
similar to those described in Ref. (9). 
These samples are referred to below as 
being “self-supported,” and are in contrast 
to the second series that consisted of cer- 
tain rare earths at relatively low surface 
concentration on high purity lanthana 
which is, of course, diamagnetic. These 
samples are referred to as “lanthana- 
supported.” 

A preliminary report, on the weak-field 
stndics ha$ already been published (3). 

EXPERIMENTAL METHODS 

Catalysts. Self-supported rare earths 
(obtained from American Potash and 
Chemical Corporation), were stated to be 
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of 99.9% purity with respect to other rare 
earths, and 99.99% purity with respect to 
impurities reducible in hydrogen to cat- 
alysts capable of dissociating hydrogen at 
or near room temperature. All samples ex- 
cept praseodymia and terbia were heated 
in air at 800°C for 18 hr. Praseodymia 
was heated in hydrogen at 1100” for 12 hr, 
and terbia was heated in hydrogen at 800” 
for 12 hr. The rich green color of the 
praseodymia and the virtual white of the 
terbia indicated that the procedures used 
were adequate to form the sesquioxides on 
the surfaces, if not in the bulk of these 

FIG. 1. Diagram of conversion ratelapparatlls. 

two rare earths. Samples were all kept sample was placed on a Vycor fritted disc. 
sealed except for momentary exposure to The hydrogen then flowed to a 4-wire 
air for removal of small portions for X- thermal conductivity cell (Cow-Mac TR3 
ray, specific surface, and catalytic meas- A, W-2), out through a nickel catalyst 
urements. converter at 150”, back into the cell, and 

Lanthana-supported rare earths were finally out through a flowmeter. Reactor 
made by impregnating high purity lanthana temperatures were controlled from -196 
of specific surface 2.0 m2 (BET,N,) with to 600”. For measurements at -196” the 
a dilute aqueous solution of the desired chromia/alumina converter was bypassed, 
rare earth nitrate. The volume of the solu- giving a 3: 1 ortho-parahydrogen mixture 
tion was chosen to be just sufficient to instead of the 1: 1 mixture used for mea+ 
moisten the lanthana sample, and the con- urcments at room temperature. 
ccntration of the solution was chosen to For all samples it was considered neces- 
give approximately the same rare earth sary to maintain the degree of catalytic 
surfarc concentration in the lanthana-sup- conversion at between 30 and 50% of com- 
ported samples as in the corresponding self- plete conversion from 1: 1 to the room 
supported samples. The impregnated lan- temperature equilibrium 3: 1 mixture. This 
thana samples were then dried and ignited was achieved for the self-supported samples 
in air at 600” for 12 hr. prior to use. The by varying the hydrogen flow rate between 
catalytic properties of the pure lanthana, 30 and 120 ml STP/min and also varying 
so far as they arc related to the work on the mass of catalyst between 20 and 100 
the paramagnctic rare earths, are described mg. For the lanthana-supported samples 
under Results. there was the additional necessity of min- 

All samples, both self-supported and lan- imizing the small but not negligible activity 
thana-supported were, after being placed of the pure lanthana (4, 5). This was done 
in the reactor, heated in hydrogen at 550” by using a fixed mass of sample (1 g) but 
for 1 hr, then air-quenched to 25”. This of varying the concentration of rare earth 
nrocedllrc i,c abbreviated to (H,,550&5). present, between 0.1 and 0.5 wt % R,O,. 
The purnose of cooling t.he sample rapidiy These procedures were necessary because 
to room temperature was to minimize the of both the wide variation in magnetic 
chemisorntion of hydrogen that occurs at moment, effective as p2, in the several rare 
moderatelv elevated temperat’ures. earths, but also because of the surprising 

Aol>aratus. The flow system used is shown variation in specific surface (from 2 to 5 
diagrammatically in Fig. 1. Hydrogen from m2) in samples prenared by what seemed 
a palladium-silver purifier was passed over to he identical methods. 
a chromia/alumina catalyst converter at The magnetic field used for most of the 
-196”, through a tran at, -196” and into measurements was nroduced by a 5000- 
the Vvcor reactor in which the catalyst turn solenoid, previously described (6). 
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This was mounted with the axis vertical 
which had the advantage of convenience 
although it was 31” from the angle at, 
which the earth’s field is a maximum. The 
solenoid was opcrattd at up to 200 mA dc 
and produced, at its center, almost exactly 
0.20 Oc/mA. The field was calibrated with 
an axial-probe Empire Scientific Co. Gauss- 
meter, itself calibrated at 92 (.)c. The im- 
plications of the earth’s field, which was 
not shielded, and of t’lie USC of ac instead 
of dc is described under Results. The feR 
I11CWsLII’Cl1lClltY reljorted for higher field+ 
were made on similar apparatus but’ with 
the reactor mounted in the gap of a 12-in. 
clcctrom~gnct giving fields up to 18 kOc. 

RESULTS 

Specific rates, k, of conversion were cal- 
culated in the usual manner from the reln- 
tion k: = (F/s) In [ (C,, - C,) / (C,, - C,) ] 
where F is the hydrogen flow rate (moles 
:cc-’ I ; s, the total catalyst surface (cm2) 
for self-supported samples. For t.he lan- 
thana-supported samples, the effective 
surface of the paramagnctic oxide wal; 
estimated by assuming that for DyzO,/ 
La,& the specific rate was the same as for 
Dy&+. This gave the not unreasonable 
results that in Dy,Oc/La,O, about 2% of 
the lanthana surface had been covered by 
DY’~O, for the rase in which the sample 
contained 0.1 wt 7% Dy20,. C,,, is the 
equilibrium fractional concentration of 
O-H-., C,, the initial concentration, and C, 
the emerging roncentrations?. 

The values for k,,, the specific rates in 
the ambient, laboratory maqnrtic field of 
about 0.6 Oc. wcrc rcln-oduciblc on different 
catalyst*s within a factor of five for thr 
self-supported samplcc. nart of this variation 
being thlr to uncerta;nt;c; in the wecific 
surfaces. For the lantl~ana-supported ram- 
plw this problem was apPIxvatcd and it is 
doubtful if I?, may be conGlercd accurate 
to better than one order of magnitude. 
Ho~evcr, the nurposr of this work was not 
to determine k.,, hut rather to determine 
A/c., = (lc, - k,) /k, where k, is the spe- 
cific rate in a field H kOe. Determination of 
this fractional change denends on a differ- 
ential meawrement (field on and field off) 

that can be completed in a few seconds 
with high reproducibility. Consequently 
Eli, is believed to be accurate to -+5c/c. 
In some cases it was possible to detect a 
change in percentage conversion of from, 
say, 30.076 to 29.8%. The fields used were 
measured to +-O.ScI/c. There was no detect- 
able rate change for any sample in a field 
of 0.6 Oe as compared with zero field al- 
though, as tlescribcd below, this does not 
mean that the earth’s field is without 
influence. 

Self-supported catalysts. Table 1 shows 
rate data for zero ficltl conversion k,,, and 
for the fractional percentage change, 
&?,.,,, X lo’, observed at 40 Oe, all at 25”. 

Figure 2, for self-supported Yr.‘03, shows 
percentage conversion as a function of cx- 
trinsic field from 0 to 40 Oe. This plot is 
typical of all samples giving any rate 
change in a weak field although, as shown 
in Table 1, the magnitude of the change 
was not the same for all samples. 

As described previously (2) all self- 
supported paramagnetic rare eart’hs exhibit 
a large positive conversion rate change in 
strong extrinsic fields up to 18 kOe. 

Lanthana-supported catalysts. The choice 
of lanthana as a diamagnetic support was 
dictated by its relatively low dissociat.ive 
catalytic activity as compared with the 

TABLE: 1 

WICAK FIELD ~IAGNETOCATALYTIC EFFIGCTS 

FOR THE R\RIS EARTHS 

Lanthann- 
Self-supported supported 

Ah .,,.a Ako.o~ 
ROOF ko x 109 x 102 lie X 10” x 102 

Prz03 3.6 - 10 

Nd,O, 1.8 -2 

Sm20:3 0.2,s -7 
F&O3 2.6 0 11 ..i -24 
Gd,Oa 17.3 0 18.3 -3 

Tb,Oa 3.5.8 0 14.8 -31 
DY?O3 23.9 0 17.1 -23 
Ho203 21.5 0 
EQO$ 20.5 0 13.6 -28 
Tm& 11.3 0 

Yb203 2.2 -11 9.1 -26 
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FIG. 2. Percentage parahydrogen conversion as a function of magnetic field applied to the catalyst, Pr&, 
at 25°C. 

more familiar alumina. But the activity of 
lanthana, whether due to lattice defects or 
to accidental impurities, is not negligible. 
Thus, 1 g of LaZ03 pretreated (H,%Oq25) 
gave, at 25” and 80 ml of H, min-l at 1 
atm, 7% conversion that fell to 4.5% in a 
field of 40 Oe. This is less than 0.5% of 
the specific conversion rate produced by 
Gd,O,, but the preparation of a supported 
paramagnetic oxide at low surface concen- 
tration requires the use of a fairly large 
mass of support. An alternative would be 
to use a high area diamagnetic support, 
but this would introduce a host of com- 
plications from the dissociative activity 
present in such samples. 

Table 1 also shows rate data for the zero 
field conversion, Ic,, and the fractional pcr- 
centage change, Ako.o4 X lo?, observed at 
40 Oe for all lanthana-supported samples. 
These data have not been corrected for the 
activity shown by the lanthana support. 
Thus the value, -3741, shown for Ah,, 
with respect to Gd,O,/La,OJ is actually 
less than that for pure La?O,. This suggests 
that, to a degree, the supported paramag- 
netic oxide had covered, and thus rendered 
inactive, some of the indigenous catalytic 
sites on the lanthana. 

The results on Tb,Os/La,O, were sim- 
ilar to those previously mentioned (2, 5) 
on a sample of 0.5 wt % Tb,O,/y-ALO, 9 
years old (7)) but considered more reliable 
because of the lower catalytic activity of 

the lanthana as compared with high area 
alumina. 

Figure 3 shows lcH as a function of (log) 
field from 1 to 1.8 X lo4 Oe for Gd,Oa/ 
La,O, for ErZ03/La203, and, for compar- 
ison, for self-supported Gd,O,. The Gd,O,/ 
La,Os behavior was unique among all sam- 
ples studied. The Er,O,/La,O, was typical 
of all lanthana-supported samples studied 
other than GdZ03/LaZ03. The self-sup- 
ported Gd,O, was typical of all self-sup- 
ported samples, except Pr,Ol, Nd,O,, 
SmZ03, and Yb,O,. 

Related results. The following several 
pieces of information were obtained in- 
cidcntally to the main purposes of the 
work, described above. 

40, 1 I I I I 

FIG. 3. Field dependences of conversion rates. 
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It has already been reported (2) that 
application to the catalyst of an extrinsic 
field up to 18 kOe causes no shift in the 
ortho-parahydrogen equilibrium at either 
25 or -196”, that the high field effects 
observed for the para to ortho conversion 
also occur for ortho to para, and t.hat the 
field causes no measurable change in the 
hydrogen flow rate (no “nuclear magnetic 
mind”). The same results were found for 
the catalysts and fields described in the 
present paper. 

Decay of catalytic activity from surface 
transitions, or poisoning, rarely exccccled a 
few percent per hour at room temperature. 
In general, the rare earths proved to be 
less susceptible to decay of activity than 
had previously been observed for chromia 
similarly pretreated (8). 

Alternating current at 60 Hz npplicd to 
the solenoid gave results similar to those 
reported for dc except that it required 
about 500 mA rms ac to produce the same 
change in catalytic activity as 200 mA dc. 
It might be thought that this implied some 
failure of t’he catalyst’ to utilize both halves 
of the ac cycle, but Fig. 2 shows that, as 
the current is rising, no effect may be ex- 
pected unt’il the magnetic field lniild~ up 
to over 2 Oe, and field changes above 10 
Oc have a diminishing effect. Consequently 
for each cycle an appreciable fraction of 
the time is wasted. The possibility of ex- 
ploring the effect of increasing frequency 
appears to be hampered by t,he rapidly 
increasing impedance of the solenoid. 

Changing the reactor temperature was 
briefly investigated for Pr,C??, Th,O,, and 
Yb,O,,. At, -196” all three samples showed 
considerable loss of zero field activity 
(measured by t,he ortho to para rca&on), 
and all three showed no change of activity 
in a field of 40 Oe. ilt temperatures mod- 
crately above 25”, all three samples showed 
Fl slow loss of activity followed by an 
inareasinglv sharp rise, owing to onset of 
the dissociative mechanism, above 250”. 
The loss in activity in a field of 40 Oe 
remained substantially the same until an 
appreciable fraction of the total art.ivity 
became dissociative. It’ anpears from these 
results t,hat’ the low field effect, where 

applicable, could be used for a simple test 
as to whether parahydrogen conversion is 
proceeding primarily by the magnetic or 
the dissociative mechanisms. 

The possibility that the pretreatment 
(H2550q25j might result in reduction of 

Eu”+ to Eu’+ and of Yb3+ to Yb*+ has been 
discus& (2). This question becomes more 
important when it is found (Table 1) that 
there is a large difference in the magneto- 
catalytic effects shown by Eu,O, and 
Gd,O:,, in the lanthana-supported form. 
Both self-supported rare earths show a 
large increase of activity in a field of 18 
kOe, but Gd,O,/La,O, does not show the 
loss of activity in 40 Oe that is found in 
EuZO,/La,O,. Two considerations are im- 
portant here: the maximum pretreatment 
temperature, and the gas to which the 
sample is exposed during pretreatment. 
There is little doubt. that pretreatment 
(H,650q25j yields a more active Eu,O, 
t’han doe:: (H,550q25). This might. be at- 
tributcd to formation of Eu”, isoelectronic 
with Grl”’ and, of course, of higher effective 
magnetic moment. Substitution of evacua- 
tion for quenching in hydrogen, thus 
(H,550cv25Hr) or (HZ650ev25H.J, also 
raised the activity somewhat. over (HZ- 
55Oq25). The yelf-supported oxides PrJ&, 
G&O,, Er,Os and Tm,O, showed little in- 
crease of zero field activity after the above 
special prctreatments. On the other hand, 
Yh,O, showed increased activity which 
could not, possihlv be related to formation 
of the diamagnetic Yb”‘. For Eu,O,/La,O, 
the more severe prctrcatment conditions 
raised the ztro field activity but did not 
change the loss of activit’y observed in 40 
Oe, as presumably, would have been the 
cast if the europium ion had become iso- 
electronic with (X3+. The conclusion from 
this scrips of cxpcriments is, therefore, that 
part,ial reduction of Eu,O, on the surface 
may have occurred but it appears less prob- 
able for Eu,O, supported on La,O,, the 
latter acting perhaps, hv t,he valence-in- 
ductivitv effect. The results give no evi- 
dence for surface reduct,ion of Yb,O, in 
any form. 

All act,ivity changes in the extrinsic field 
appeared t#o be reversible. Any change of 
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extrinsic field produced an abrupt change 
of catalytic activity (observed as soon as 
the hydrogen flow reached the thermal con- 
ductivity cell, in about 20 see). But in 
every case the approach to a steady state 
was gradual, as if some form of hysteresis 
were operative. This was observed both with 
rising and falling extrinsic field. An indica- 
tion of the slow approach to the steady 
state may be seen in Fig. 4. The peculiar 
effect was not so obvious at high fields 
because of the considerable time lag in rise 
or fall of the field in a large iron-cored 
electromagnet. 

The catalytic response to the applied 
field appeared to be isotropic, as expected 
over a powder sample. The change in con- 
version rate for a given field was the same 
whether the field was applied transversely 
to the hydrogen flow direction, as for the 
12-in. magnet, or parallel, as for the 
solenoid. 
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FIG. 4. Influence of the earth’s magnetic field ou 
conversion rate for Erz08/Laz03. 

Figure 2 shows a surprisingly abrupt 
dependence of conversion rate on field in 
the region of 3 to about 10 Oe, but not 
below 3 Oe and sharply decreasing above 
10 Oe. Because of this behavior, it was 
possible to observe a change of conversion 
rate over several catalysts including Prz03, 
EuzO,/LazO,, TbzOJ/La,O,, Tb,O,/y-Al,O,, 
and Yb,O, for a change in the extrinsic 
field of less than 0.2 Oe. Thus the presence 
of the earth’s magnetic field (20.6 Oe) 
was demonstrated by applying a fixed cur- 
rent sufficient to develop about 4.0 Oe ap- 
proximately parallel to the earth’s field 
(inclination angle .W”), then reversing the 
current in the solenoid. By this reversal the 
resultant field in which the catalyst was 

placed underwent a change of slightly over 
1.0 Oe. The effect is shown, with Er&/ 
La,O, as the catalyst, in Fig. 4. 

DISCUSSION 

In summary of the results, reported here 
and previously (2)) it may be said that 
all self-supported rare earths show a large 
positive change of catalytic conversion ac- 
tivity in strong magnetic fields, and that 
Pr& Sm,O,, Yb& and (to a lesser 
degree) XdaO,, show a moderate negative 
change in weak fields. It may also be said 
that of six rare earths supported at low 
surface concentration on the diamagnetic 
lanthana, all but Gd,O,, show a negative 
change in a weak field, and little or no 
change in a strong field. This is true 
whether like Er,O:, they show no weak- 
field effect in the self-supported form or, 
like Yb,O,, they do. The system Gd,O,/ 
La,O, shows a large negative change in 
a strong field. 

Whatever may be the reason(s) for these 
magnetocatalytic effects, it appears that the 
suggestion previously made (9) , namely 
that the effects could be related to the field 
gradients established at t.he surfaces of para- 
magnetic particles in a field, is consistent 
with the changes observed when the active 
oxide is shifted from a paramagnetic sup- 
port, as ,for Er,O, on ErrO.?, to a dia- 
magnetic support, as for Er,Oa on LarO:{. 
It appears from the peculiar behavior of 
Gd,O, in the two forms, and in relation 
to the unique electronic configuration of 
of Gd”‘, that the weak-field magnetocat- 
alytic effect may be the more fundamental 
of the two. 
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