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The catalytic activity of Vycor glass tubes for the Hy-D: exhange reaction was
found to be considerably increased by irradiation of the glass with beta radiation.
This result is in general agreement with that of Kohn and Taylor (1) who found a
marked increase in the catalytic activity of other SiO.-type materials as a result of
gamma and neutron irradiation. However, the activation energy for the reaction on
Vycor was not changed appreciably by beta irradiation. This is in contrast to the
drastic reduction in activation energy observed by Kohn and Taylor (Z) for gamma

and neutron irradiated silica gel.

DiscussioN oF THE EXPERIMENT

In the present work, the H.~D, exchange
reaction was studied in small volume Vycor
reaction vessels consisting of two concentric
Vycor tubes, the outside tube having an
inside diameter of 20 mm and the inside
filler tube having an outside diameter of
about 18 mm. A schematic representation
of a reaction tube is shown in Fig. 1. The
reaction gas volume was the annular space
between the tubes plus the space in the side
arm filler tube. The total reaction volume
‘was less than 10 cc.

Because the reaction rates were very
slow, the reaction was carried out as a
batch process. For runs in the nonirradi-
ated vessels, as long as 48 hr at 100°C was
required to achieve a measurable reaction.
First order kinetics were assumed and the
following equation was used to analyze the
results:

dPHD/dt = kaHz - krPHD (1)
where Py, and Pyp are the partial pressures
of H, and HD, respectively, and k; and k,

are the forward and reverse rate constants,
respectively. For all the experiments a
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Fie. 1. Vycor small volume reaction tube.

50-50 mole % mixture of H, and D, was
used. Therefore, by integrating Eq. (1),
agssuming that the gases obey the perfect
gas law, the forward rate constant can be
written as,

_2In {1 —[1 + (2/K))Xno}
{1 + (2/K)]

The constant K was selected to give a
constant value of k. It was found that this

ks =

@)
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could be done by setting K = K.»/* where
K., is the equilibrium constant for the re-
action H, 4 D, =2HD. The theoretical
values for K., reported by Woolley (2)
were used. The term Xyup is the mole frac-
tion of reaction product HD produced in
time ¢. It was determined by chromato-
graphic analysis of the reaction mixture.
Using Eq. (2), calculated values of k¢ were
found to be independent of the total sys-
tem pressure (usually between 30 and 60
em of Hg) and, within experimental error,
gave the same value for various reaction
times at the same pressure. For these
reasons it is believed that k:; calculated
from Eq. (2) adequately represents the
catalytic activity of the Vycor.

To irradiate the Vycor tubes, two dif-
ferent types of beta sources were used. One
source contained Sr®® and its Y* decay
product and the other source contained S°°.
In using the Sr® source, a portion of the
inside wall of the filler tube of one vessel
was coated with 10 me of Sr®Cl,. For this
arrangement only the more energetic Y*
betas [maximum energy, 2.26 Mev (3)]
can penetrate the wall of the filler tube to
irradiate the surfaces in contact with the
reaction gas mixture. The weaker (0.54
Mev maximum) betas from Sr®® are largely
stopped by the tube wall. Yittrium-90 de-
cays with a half-life of 64 hr (3) which is
so short compared to that of Sr* [27.7
years (3)] that the two can be assumed to
be in secular equilibrium. Effectively, for
each Sr® decay there is a corresponding
Y® decay. Two other Vycor vessels with
similar dimensions were irradiated by S
betas which have a maximum energy of
0.167 Mev (3). These betas, however, did
not have to pass through a glass tube wall
before reaching the surface in contact with
the reactants. A film of radioactive CdS
was deposited on a portion of the inside
wall of the outer tube of each of these
reaction vessels (see Fig. 1), One film had
an initial activity of 12 mc of 8% and the
other, 8 mec. The betas from these radioac-
tive films were directed primarily at the
portion of the filler tube surface which
was adjacent to the film.

Since bulk CdS powder had some cata-

lytic activity for the hydrogen—deuterium
exchange, it was desired to determine
whether the CdS films were catalytic. To
do this, numerous experiments were per-
formed with another reaction vessel of the
same design containing a nonradioactive
CdS film and it was found that the cata-
lytic activity of the nonradioactive film
was negligible compared to that of the
unirradiated Vycor glass. Actually, the ac-
tivity of the Vycor tube was decreased
slightly by the deposition of the nonradio-
active film and this decrease was attributed
to the fact that the film covered some of
the active glass surface. It was assumed
that the same was true for the radioactive
films.

Each tube studied was given approxi-
mately the same pretreatment before any
reactions were run. This consisted of the
following operations:

(a) Each tube was cleaned with hot
dichromate cleaning solution and then
thoroughly rinsed with distilled water and
dried.

(b) The tubes were evacuated at 10°
mm of Hg and at 180°C for several hours,
cooled to room temperature and exposed
to the air for a few minutes, and then re-
evacuated at 120°C for several hours.

(¢) The tubes were then exposed to 2-3
em Hg pressure of H,S gas. In the presence
of the H,S, the temperature was raised
slowly to between 390° and 420°C and was
kept in this final range for 12 to 24 hours.

(d) After being cooled back to room
temperature and after the H,S had been
evacuated from them, the tubes were once
more heated to 390-430°C for several hours
in a vacuum of 10-° mm of Hg.

(e) The tubes were then cooled to reac-
tion temperature and filled with the 50-50
mixture of Hy-D, without exposure to the
atmosphere. Between runs the tubes were
either evacuated or kept full of the H,-D.
mixture.

This pretreatment with H,S was carried
out because the radioactive and nonradio-
active films of CdS were produced by
sulfiding thin vacuum-evaporated Cd films
with H,S in accordance with the above. In
order to have a consistent basis on which
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to make intercomparisons, all the tubes
were treated the same way regardless of
whether they contained films. However, it
should be pointed out that preliminary ex-
periments with unirradiated tubes indi-
cated that the catalytic activity was rather
insensitive to the pretreatment.

REesvLnts

The catalytic activity of the Vycor ves-
sels was measured before and during irra-
diation. The activity of all vessels before
irradiation was the same within a factor of
about 2. No increase in activity with time
was observed for any of the tubes prior to
irradiation. The activation energy for the
vessels ranged from 8.3 to 9.4 keal/mole,
which compares clogely to Kohn and Tay-
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lor's value of 9 kecal/mole reported for
unirradiated silica gel (1).

At 98°C the catalytic activity of the
vessel irradiated by Y®° betas from the
Sr® source increased gradually in 9 days
to a steady state value which was greater
than the pre-irradiated activity by a fac-
tor of about 7. The activation energy meas-
ured after reaching this steady value was
8.3 kecal/mole, which was not appreciably
different from that of the unirradiated
glass. These results are shown in Fig. 2.
Several values of k. for this tube before
irradiation are shown as well as values
for another similar unirradiated tube.

The catalytic activity of the vessels
containing radioactive CdS films measured
at 98°C also increased gradually with time
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Fia. 2. Catalytic activity of a Vycor tube before and during irradiation with Y® betas compared
with the activity of another similar unirradiated Vycor tube.
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to a steady value. The increase was meas-
ured for the tube containing the 8 me film.
The catalytic activity of this vessel in-
creased by a factor of about 9 in 6 days
from the date of sulfiding of the radio-
active film. The activation energy meas-
ured after achieving this steady value was
8.4 keal/mole compared to a value of 8.3
keal/mole for the blank unirradiated tube
shown in Fig. 2. A value of 9.4 keal/mole
was obtained for the tube containing a
nonradioactive CdS film. The increase in
activity at 98°C is shown in Fig. 3 as well
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taining the nonradioactive film and values
of k; for the blank Vycor tube before
deposition of the radioactive film.

Discussion

Since there is little change in activation
energy, the gradual increase in activity to
a steady value after a few days of irra-
diation may be explained by assuming that
the enhanced activity is due to the produc-
tion of new active sites on the Vycor sur-
face accompanied by the annealing of these
sites at some rate which is proportional to
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with that of a similar Vycor tube containing a nonradioactive cadmium sulfide film.

as several points at different temperatures
taken after reaching a steady activity at
98°C. Also shown in the figure for com-
parison are some data for the tube con-

the number of sites. We may then write,
AN/dt = b\F — kN 3)

where N is the surface concentration of
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sites, F is the flux of incident radiation, and
k. and k, are constants, Therefore, steady
state is reached when k,F equals k.N for
which condition,

Natea.dy state = (kl/kZ)F (4‘)

Of course, the attainment of a steady state
does not require the assumption of a first
order annealing process, but if it is first
order then Eq. (4) indicates that the
number of sites is proportional to the
irradiating flux. If it is also assumed that
the increase in the forward rate constant
for the catalytic reaction is directly pro-
portional to N, then k¢ at steady state
minus %, for the unirradiated Vycor should
also be proportional to the flux. Because of
the similarity in the behavior of the Vycor
tube irradiated by Sr®>-Y?®® source and the
tubes containing radioactive CdS films it
is likely that in both cases the same type
of active site is responsible for the en-
hanced activity. Consequently, the anneal-
ing process (or k;) should be the same in
both cases while %k, should depend on the
nature of the irradiation and might be
different for the two different beta sources.
However, the ratio of the beta flux from
the Sr#o-Y?® gource to the beta flux from
the 8 me radioactive film was surprisingly
close to the ratio of the radiation-induced
change in k; for the Sr®-Y® irradiated
Vyecor to the change in k. for the 8% irra-
diated Vycor at 98°C. These ratios were
computed to be:

(@) -
Fi

0.14 X 107 betas/cm?/sec

0.65 X 107 betas/cm?/sec 022 (5)
and
(Akmﬁ> _
Aloggm
1.0 X 10~* hr! e¢m—2 —0.18 )

5.5 X 10t hr?tem™2

The F’s are the estimated average beta
fluxes at the irradiated surfaces in contact
with the reaction gases and the Ak’s are
the radiation-induced changes in the for-
ward reaction rate constants divided by the

estimated superficial Vycor surface area
which was irradiated. The indication is that
the Sr*°-Y?®° radiation was no more effective
in producing active sites than the 8% radia-
tion which is surprising considering the
large difference in energy between the two
types of radiation. However, the calcula-
tion of these ratios, which is outlined in
the following section, is very approximate
and requires a large number of assumptions.

Finally, it should be noted that Vycor
was colored magenta by the Y*° radiation,
whereas, no coloration resulted from $3%°
irradiation. Therefore, the enhanced cat-
alytic activity cannot be attributed to
color centers.

Furthermore, exposure of the tubes for
long periods of time to air or water vapor
at the temperature of reaction prior to a
reaction run had very little effect on the
catalytic activity. This was true for both
irradiated and nonirradiated tubes. These
exposure experiments were performed on
the irradiated tubes only after the enhance-
ment of activity by irradiation had already
been observed on the clean surface, This
result indicates that the irradiation activa-
tion of the Vycor is not due to the action
of the radiation on adsorbed water on
the surface.

CALCULATIONS

The calculations of the ratios in Egs. (5)
and (6) above were carried out as follows:

Only about the lower 5 ¢m of the reac-
tion vessels were heated to the reaction
temperature while the upper portion of the
tubes was kept at approximately room
temperature. The activation energy for the
reaction was large enough so that for the
lower portion of the tube at 98°C only the
glass in this heated zone need be consid-
ered active. Since the Sr*°Cl, was deposited
on the inside wall of the lower 5 em of the
filler tube (see Fig. 1), it is assumed that
all of the glass area in the hot region was
uniformly irradiated by this source. The
superficial surface area in this region was
calculated as the inside of the outside tube
plus the outside of the filler tube and was
measured as 59.6 cm?. The inside coated
diameter and the outside diameter of the
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filler were, respectively, 2.0 and 1.8 cm.
It was assumed that any radiation pene-
trating the filler tube irradiated not only
the filler tube outside surface but also the
adjacent outside tube inner surface. The
magnitude of this penetrating flux was cal-
culated from the relation given by Evans
(4) for the attenuation of a beta flux in
aluminum assuming that beta absorption
coefficients are proportional to density:

F/Fy = exp (—ux) (M
where
p = (17/En'%)pa; in em™ (8)

and p is the absorption coefficient, p,, is
the density of aluminum, E,, is the max-
imum energy of the beta spectrum in Mev,
and z is the thickness of the absorbing
aluminum in em. Since Si0, has about the
same number of electrons per atom as
aluminum it was assumed that u for Vycor
could be written:

PVycor
MKVycor = (MAI) (_——>
PAL

- 17 _ -

PO (2.18 g/ce) = 14.6 cm™  (9)
The thickness of the Vycor filler tube was
1 mm, so using Egs. (9) and (7):

F (penetrating the filler tube) =
Fyexp (—ux) = (0.23) Fy

Since the activity of the total Sr°°Cl, de-
posit was 10 me, F, was taken to be

Fool [(10 me) (3.7 X 107 betas/mc)]
® ™ 2| Inside area of the filler tube
185 X 107
T (m(1.6)(5)
= 0.73 X 107 betas/ecm?/sec (11)

The factor of 14 is introduced because only
about 14 of the emitted radiation was
assumed to be directed toward the filler
tube substrate. Thus the average flux irra-
diating the Vycor surfaces in the hot region
was estimated to be:

Fy» = (0.73 X 107)(0.23)
<Area of the inside of the ﬁller>

(10)

Average area of the two
coaxial reaction surfaces

= (0.73 X 107(0.23) (E’%%)

= (.14 X 107 betas/cm?/sec (12)
Ak:y» was calculated as the difference be-
tween the total rate constant at steady
state (0.74 X 102 hr?) divided by the
superficial glass surface in the hot region
(59.6 cm?).

In the case of the radioactive film it
was assumed that the area covered by the
film did not participate in the reaction
and that the area activated by the irradia-
tion was the area of the outside surface of
the filler tube adjacent to the film and
extending 15 em above and below the
length of the film. This area was approxi-
mately equal to () (1.8)(4) or 22.6 cm?
and was assumed to be uniformly irradi-
ated. The total radiation striking this sur-
face was considered to be 1% the total beta
emission from the film so that

Fssa =

1 [(8 me)(3.7 X 107 betas/mc/sec)]
2 2.26 cm?
= 0.65 X 107 betas/cm?/sec (13)
Ak was calculated as the difference be-
tween the total rate constant at steady
state (1.4 > 102 hr') and the total rate
constant before irradiation (1.6 X 107
hr?') divided by the superficial glass sur-

face irradiated (22.6 cm?).
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