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INTRODUCTION

Krypton-85 is formed in nuclear power reactors and remains
trapped until the fuel is reprocessed. Federal regulations limit
the release of krypton-85 (BSKr) to the environment, requiring
recovery and storage of 85% of the 85Kr produced in commercial
light-water reactors after January 1, 1983. * One of the long-term
storage options involves encapsulating Kr in zeolites or glasses
at high pressure and temperature.2i3> »s

This paper presents experimental results for krypton encapsu-
lation and leakage in sodalite, zeolite 5A, and Vycor "Thirsty™
gl.nss. The results chow that all three materials are feasible for

Kr immobilization nnd 'one-term storage, although zeolite 5A and
"Thirsty" Vycor are pr-ef.r.ible due to lower leakage rates.

EXPERIMENTAL

The sodalite was specially prepared by W. R. Grace and has
the formula Nagf {no2)()(Si0?_)(tJ *xK20. The cubic unit cell diame-
ter is 8.86 A and consists of adjoining beta cages separated by
2.2 A apertures. The beta cages can contain varying amounts of
intercalated NaOH, which can be removed by leaching in water.

Zeolite 5A is available commercially, and was obtained from
W. R. Grace. It has the formula (0.8Ca+0.2Na)12((AlO2)i2(SiO2)12)
•xMgO. The cubic unit cell has a 12.26 A diameter and is charac-
terized by a 3 dimensional framework consisting of large C11.1) A)

3ISTB1BUTI0N OF THIS DOCUMENT IS I M I M I T 3



alpha cages and small (6.6 A) beta cages. The alpha cages are
connected by 5 A apertures and beta cages are connected to alpha
cages by 2.2 A apertures.

The "Thirsty" Vycor samples used are the porous form of Vycor
glas3 made by Corninp, Clar-.s, and were obtained from G. L. Tingey
of Battelle Northwest Laboratory. "Thirsty" Vycor is a glass
leached to give a 9&% SiO?-!l? BOj glass. The average pore diame-
ter is UO A with a 28? void fraction.

Krypton was encapsulated by zeolite or glass samples at tem-
perature and pressure conditions shown in Figure 1. Typical ac-
tivation conditions under -fO.2 Torr vacuum to remove water are
shovrn as dashed lines in the left side of Figure 1.

The apparatus consists of a pressurizing system described
previously,3 and a 6 or 25ml Leco pressure capsule (State Col-
lege, PA 16801) fitted with a cooling jacket and two independent-
ly controlled heaters to provide uniform temperature of *^ 5°C
along the capsule. Some cf the thermocouples were calibrated at
650°C using a magnesium bath and showed less than 2°C error.
Since the capsule seals were kept at 500°C, only the lower
half of each capsule was used to encapsulate, while a steel plug
filled the upper half to minimize convection. The capsule was un-
loaded and loaded in a dry glove box to minimise water sorption.
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Figure 1: Pretreatnent And Encapsulation Run Conditions.



Krypton loading was determined by rapidly heating the samples
under vacuuir ant nxvisurinf; the released gas composition using a
CEC mass spe;:tr( -neter.

Short-term krypton leakage measurements were made by thermo-
gravimetric analysis (TGA) up to 900°C with a scan rate of
20°C/min. This method was accurate only for gas leakage above <^5%.

Long-term (1-100 days) leakage measurements were made by
heating samples in evacuated sealed quartz tubes and periodically
analyzing the released krypton using mass spectrometry.

RESULTS AND DISCUSSION

A summary of krypton encapsulation and leakage is shown in
Table 1 and Figure 2 for sodalite, zeolite 5A, and "Thirsty"
Vycor.

Zeolite 5A showed the largest loading per unit weight. Due to
the higher density of glass rods over pilled zeolite 5A, the vo-
lumetric loading of glass is comparable to zeolite 5A. The least
amount of krypton was released below 800°C from Vycor and the most

Figure 2: Thermogravimetric Curves Showing Weight Bemaining of
Krypton in Sodalite, Zeolite 5A, and "Thirsty" Vycor
as a Function of Temperature.
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from sodalite. Thus, based on loading and short-term leakage,
zeolite 5A and Vycor appear to be the most promising storage
materials. Detailed behaviour is described in the following.

While krypton loadings in sodalite were larger in samples
v:ith about half the intercalated NaOH removed, higher leakage
rates were also measured (Run 2). When a larger ion like potas-
sium was exchanged for the podium ions, the leakage was not re-
duced, possibly due to the concurrent leaching of the NaOH (Run
3).

X-ray analysis of sodalite has shown that structural changes
occurring during pretreatnent and encapsulation affect krypton
loading. Figure 3 shows the correlation of peak splitting in the
211 reflection (2-^) and partin: decomposition to carnegieite (5)
during krypton loading.

As compared with unencnpsulated material, Frame 2 shows a
large peak splitting, a unit cell contraction and low krypton
loading. Frames 3 and b show much less peak splitting, a unit
cell expansion and greater krypton loadings. X-ray analysis of
leached sodalite (removal of intercalated NaOH) has shown no peak
splitting and a 2% increase in unit cell size with a krypton
loading of about 30 c-n3/g. Frame i'5 shows the presence of a large
amount (^60?) of a decomposition product tentatively identi-
fied as a -carnegieite phase,6 which does not trap krypton.
Tests have indicated that carnegieite forms during pretreatment
or encapsulation nenr 600°C and 1600 atm. Carnegieite will not
form at 550°C and 1000 atm.
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Figure 3: X-ray Powder Diffraction Patterns of Sodalite Showing
The Correlation Between Peak Splitting and Partial
Deconposition With Krypton Loading.

Although the apertures interconnecting the zeolite 5A cages
are larger than the krypton atomic diameter, krypton is trapped
in zeolite 5A by a pore closure at high temperature and pressure,
as shown by the loss of crystallinity in the powder x-ray pattern
shown in Figure ^. The higher short-term leakage in Figure 2 for
Run 4 compared to Runs 5 and 6 is explained by a retention of
crystallinity as shown in Figure 1. The higher sintering tempera-
ture used in Run 6 compared to Run 5 (Table 1) apparently has re-
sulted in lower leak.iRo nn shown in Figure 2. The x-ray patterns
for Runs 5 and 6 are identical. Preliminary studies show that a-
above 600°C and approximately 20 gaseous cm3 STP/g of sorbed
water, loaded zeolite 5A can decompose to an anorthite form. How-
ever, in Run 6 a water content of 9 cm3 STP/g yielded no decompo-
sition product. Further work will be made to define decomposi-
tion conditions.

Similar kryp.-on trapping by sintering "Thirsty" Vycor is
observed. The suddnn loss of weight near 800°C in the TGA in
Figure 2 is due to explosive shattering of the glass powder, pro-
bably accompanied by the kryptcn release. At lower temperatures
no krypton release is measured by weight loss.



Figure 1: X-ray Powder Dif f rac t ion P a t t e r n s of Z e o l i t e 5A, Run
1J-6 (See Table I ) .

LONG-TERM LEAKAGE

The krypton f r a c t i o n a l leakage (O^/Cco) depends on s t o r a g e
time ( t ) and temperature (T) as shown in equat ion 1:

i
Qt/0» = ts ( exp (-E/2ET) (1 )

This equation der-oriber krypton leaka"° from sodalite but has
not been tested for 7.̂ 0] i to '"•'• and "Thirsty" Vycor. To measure
temperature effects on Icrikn.r.c, results are plotted versus 1/T
as ]og (percent Ir-akig'-/r.?), which decreases with decreasing
leakage.

Sodalite leakape follows the ti relation, except for an
in i t i a l period of hi£her linkage, probably due to some small
cracks in the sodalite crystals.3 Long-term tests were rcade at
150, 210, and 288°C, v.-ith Kr and w;iter loadings of 15-25 and 8-50
cm3 STP/g respectively and up to 81 days storage times. The kryp-
ton leakage was found to decrease with krypton loading and i n -
crease with water 3o?.ding, as shown in Figure 5. If these resul ts
are extrapolated to 10 years and in i t ia l krypton loading of 22 cm3

STP/g, less than 1? leakape is obtained at 190°C and 10 cir.3 STP/g
of H20.



Tests were made with both leached and 50$ potassium-exchanged
sodalite. Although higher krypton loadings were obtained for
leached socalite, leakage tests over 20 days at 150°C showed
leached and pot->.ssium-exchanged sodalites leaked 2 and 10 times
as fast as ordiiary sodalite, respectively.

Krypton leakage from zeolite 5A and "Thirsty" Vycor were mea-
sured for '0 and 68 days at 260°C. While zeolite 5A had an appar-
ent initial leakige of 0.09? (?0 days) increasing to 0.1 in 68
days, "Thirsty""Vycor had a very low initial leakage (0.002J)
rising to 0.004% in 68 days. Both are superior to sodalite,
which releases 2-3* of its krypton under similar conditions.
However the leakage is higher for zeolite 5A or "Thirsty" Vycor
which haven't been completely sintered.

No effect due to particle sire of glass ground and sieved to
1.5, 0.9, and 0.1! mm was observed in krypton leakage at 298°
and 527°C for 8H days. The effect of water and krypton load-
ings on long-term krypton leakage has not yet been studied, and
the theoretical leakage behaviour such as shown by equation (1)
has not yet been ascertained.

Figure 5: The Effect of Water and Krypton Loadings on Krypton
Leakage from Sodalite at 210°C.



CONCLUSION

Based on experimental loading and leakage tests, zeolite 5A
and "Thirsty" Vycor glass are preferred to sodalite as a medium
for immobilizing krypton-85 for long-term storage, with respec-
tive loadings of 50 and 16 cm3 STP/g. If the long-term leakage
results measured at ?60°C p.nri 62 days are extrapolated to 10
years storage us;ng equation (1), about 0.05 and 0.2% krypton
leakage would be'Jobserved with "Thirsty" glass and zeolite 5A,
respectively. For a total estimated krypton-85 production from
a 2000 metric ton commercial fuel reprocessing plant of 190 n3 at
STP of 6% 85Kr in Kr, total annual volumes of immobilized krypton
would be 6.5 and *).5 m3 of "Thirsty" glass and zeolite 5A, re-
spectively. Further tests arc under way to evaluate krypton
loading conditions and the effect of adsorbed water and tempera-
ture on long-terr. leakage.

AKNOWLEDGMENTS .,

Special thanks are due to N. S. Graham for help in building
the encapsulation system and to G. L. Tingey of BNL for providing
"Thirsty" Vycor glass sampler. Also, appreciation is expressed to
L. L. Dickerson, E. S. Dickerpon, and J. R. Delmastro for analy-
ses, and to A. Anderson for carrying out the encapsulation runs.

REFERENCES

1. "Environmental Radiation Protection Standards for Nuclear
Power Operation", Federal Register, U2 No. °, Part VII, 2858
(Tan. 13, 1977).

2. D. A Knecht, "An Evaluation of Methods for Immobilizing"
Kryptcn-85, ICP-1125 (July 1977).

3. R. W. Benedict, et. al., Technical and Economic Feasibility
of Zeolite Encapsulation for Krypton-85 Storage, ENICO-1011
(September 1979).

!i. R. D. Per.zhorn, et., al., "Long-Term Storage of Krypton-85 in
Zeolites," Proc. Int. Syn-p. Management of Gaseous Wastes
from Nuclear Facilities, IAE;\-3M-215, Vienna (February 1980).

5. G. L. Tingey, et. al., "Solid State Containment of Noble
Gases in Sputter Deposited Metals and Low-Density Glasses,"
ibid. IAEA-SH-245/?,1, Vienna. (February 7980)-

6. D. J. Schipper, et. al., "Thermal Decomposition of Sodali-
tes," Aaer. Ceram:? Soc. .inirn., 56: 523-525 (1973).


