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A State of the Art Report on the Treatment
Technology of Kr/Xe
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SUMMARY

Krypton and xenon as inert gases were generated from OREOX process
during the DUPIC manufacturing process. Krypton and xenon were very
sensitive to temperature. The release of krypton and xenon from spent
fuel were increased with the increase of temperature and burn up, and
with the decrease of initial porosity. ~“The distribution radioactivity of
gaseous waste generated from OREOX process is mainly attributed to
krypton regardlessof burnup and cooling time: Also, the radioactivity
contribution of krypton is from 90-to 95% ' regardless of burnup and
cooling time. Hence it is needed to understand the characteristics,
treatment and disposal methods of krypton.

This state-of-the—art-report describes characteristics, various treatment
technologies, and .disposal methods for krypton and xenon. This report
also discusses the removal efficiency;- safety, recycle and competitibility of

zeolite applicable to-the offigas treatment system for DUPIC process.
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34770 MWD/MTU % 44000 MWD/MTU o]a. Wz}7] 7k 13 dl A& 33
A5E 1 kg U0y 7o =2 dlFgd WAl X 2 w715 YeU Qlth. Table
32 OREOX ¥74¥ sintering &gzl WA= fission products o A S

A A &t A H 3,41

Table 1. Maximum values for fractional release of xenon and krypton during

reactor operation of UQO; fuel in LWRs at several burnup and temperature

Volume average temperature(C) . |Burnup(MWd/MTU)| Fractional release

1000(12kW/ft) 20,000 0.12
25,000 0.15

30,000 0.20

35,000 0.30

40,000 0.42

45,000 0.55

1400(16KW/ft) 20,000 0.35
25,000 0.40

30,000 0.50

35,000 0.55

40,000 0.65

45,000 0.75

<1000 and with centerline 20,000 0.0025
less than 1250 25,000 0.0050
30,000 0.010

35,000 0.015

40,000 0.030

45,000 0.060




Table 2. Radioactivity and distribution of each element in spent PWR fuels

34,770 MWD/MTU

44,000 MWD/MTU

Half-lif
Radioactivity |Radioactivity|Radioactivity|Radioactivity alme
Ci % Ci %
H 3.52E-01 0.11 4.28E-01 0.11 H-3 : 1232 yr
Co 2.57E-02 0.01 3.23E-02 0.01 Co-60 : 527 yr
Kr 3.60E+00 1.14 4.45E+00 1.13 Kr-85 : 10.76 yr
Sr 4.86E+01 15.36 5.97E+01 15.21 Sr-90 : 28.0 yr
Y 4.86E+01 15.37 5.97E+01 15.21 Y-90 : 645 hr
Ru 5.69E-02 0.02 7.88E-02 0.02 Ru-106 : 1.0 yr
Rh 5.69E-02 0.02 7.89E-02 0.02 Rh-106 : 30 sec
. - n Cd-109 : 453 d
Cd 2.73E-02 0.01 3.86E-02 0.01 Cd-113m:9E+15 yr
Shb 4.64E-01 0.15 6.06E-01 0.15 Sh-125 : 26 yr
Te 1.13E-01 0.04 1.48E-01 0.04 Te-125m : 5740 d
Cs—134 : 2.1 yr
Cs 7.23E+01 22.84 9.22E+01 23.50 C&-137 © 30 yr
Ba 6.67E+01 21.06 8.45E+01 21.51 Ba-137m : 2.6 min
Pm 3.51E+00 1.11 3.62E+00 0.92 Pm-147 : 2.65 yr
Sm 3.01E+01 0.09 3.45E-01 0.09 Sm-151 : 90 yr
Eu-154 : 86 yr
Eu 4.00E+00 1.26 6.01E+00 1.53 Eu-155 : 49 yr
Np 1.88E-02 0.01 3.33E-02 0.01 Np-239 : 235 d
Pu-239 : 24E+4 yr
Pu 6.44E+01 20.34 7.49E+01 19.07 Pu-240 : 6.6E+3 yr
Am 1.95E+00 0.62 2.20E+00 0.56 Am-241 : 458 yr
Cm 1.46E+00 0.46 3.52E+00 0.90 Cm-242 : 163 d
Total | 3.17E+02 100.00 3.93E+02 100.00




Table 3. Expected release rate of fission products during OREOX and

sintering process

Elements
H | Kr| I |Ru|Cs|Tc|Cd|Se|Sb|Rb|Te| C | Ag

(Release rate, %)

OREOX 100100 40| 2 | O | 10| - |10 | - | O | 10 | 100| 10

Sintering - | - 160 - 19| - [100] 90 [100| 99 | 90 | - | -

Table 32 A ¥FE&S 1#sle] dae 2 JZ7|3F Hstol w2 7144 #H 7
o] A4S Fig. 19 Yeigltt. Figilol AA D AAE 2H8ES] 29 OREOX
FAANA Arr Y4 r|zk At Aol AA WA F F 2R FHE H &9

90% A 95% Alel= HH S FES A& )

100 — ERu OKr OH W Cthers |
X 80 | — B
>
> 60 |
3]

S
S 40 r
©
[as
20 1
0 Ol ‘
S5yr.|5yr.| 10 10 13 13 15 15 20 20 | 50 50
yr. | yr. |y | yro | yr | yr | oyr. | oyr. | oyr. | yr.
B4,77044,00034,77044,00034,77044,00034,77044,00034,77044,00034,77044,00

Fig. 1. The distribution of gaseous waste generated from OREOX process

according to burnup and cooling time of spent PWR fuel.
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Table 4. Physical properties of krypton and Xenon
Property Unit Kr Xe
Critical temperature at 760 torr T -63.75 16.59
Critical pressure atm 56.0 60.2
Boiling point T -153.40 -108.12
melting point T -156 -112
Density at boiling point kg/L 1.5465 1.9959
Density at STP kg/m’ 3.744 5.896
kcal/kg 25.8 23.7
Heat of vaporization Keal/m’ %650 o
Heat conductivity W/cm K 95.1 55.5
Amounts 1n air vpm 1 0.08
Ratio in air - 12.5 1
Ration in fission product gas - 1 10




Table 5. The krypton's isotopes

Element of Natural Atomic Mass or Half-life Decay mode/

Isotope Abundance(%) Weight Energy(/MeV)
36K - 83.80

Kr-71 - 70.9505 0.10 s ', EC/105
Kr-72 - 71.9419 170 s ['/5.0 EC/
Kr-73 - 72.9389 27.0 s 1/6.7 EC/
Kr-74 = 73.9333 115 m i /3.1 EC/
Kr-75 - 74.93104 43 m 1'/4.90 EC/
Kr-76 - 75.92595 14.8 h 1'/1.31
Kr-77 = 76.92467 1.24 h 1 /80/3.06 EC/20/
Kr-78 0.35(2) 77.92039
Kr-79m - - 53.0 s 1.T./0.1299
Kr-79 = 78.920083 1.455 d 1 /7/1.626 EC/93/
Kr-80 2:25(2) 79.916379
Kr-81m - = 13.1 s 1.T./0.1904
Kr-81 - 80.916593 2.1x10° y EC/0.2807
Kr-82 11.6(1) 81.913485
Kr-83m 5 1.86 h 1.T./0.0419
Kr-83 11.5(1) 82.914137
Kr-84 57.0(3) 83.911508
Kr-85m - 4.48:h 1 /79/1.T./21/0.305
Kr-85 - 84.912530 10.73 y i /0.687
Kr-86 17.3(2) 85.910615
Kr-87 - 86.913359 127 h 1/3.887
Kr-88 - 87.91445 2.84 h 1 /291
Kr-89 = 88.91764 3.15 m i/4.99
Kr-90 - 89.91953 32.3 s 1 /4.39
Kr-91 - 90.9234 86 s 1 /6.4
Kr-92 - 91.92611 1.84 s 1 /599 n/
Kr-93 - 92.9312 1.29 s i /8.6 n/
Kr-94 - 93.9343 021 s i /7.3
Kr-95 - 94.9397 0.78 s 1 /9.7
Kr-97 - <0ls

1. isotope or element : for elements, the atomic number and chemical symbol are listed. For nuclides, the
mass number and chemical symbol are listed. Isomers are indicated by the addition of m, ml, or m2.

2. Isotopic abundance : in atom percent

3. Atomic mass or weight : Atomic mass relative to 12C=12. Atomic weight is given on the same scale.

4. Half-life : Half-life in decimal notation. Ws=microseconds; ms=mili-seconds; s=seconds, m=minutes;
h=hours; d=days; and y=years.

5. Decay Mode/Energy : Decay modes are n=alpha particle emission ; [} =negative beta emission ; [
“=positron emission ; EC=orbital electron capture ; IT=isomeric transition from upper to lower isomeric state
; n=neutron emission ; SF=spontaneous fission. Total disintegration energy in MeV units.




Table 6. The xenon’s isotopes

Element of

Natural

Atomic Mass or

Decay Mode/

Isotope Abundance(%) Weight Half~Life Energy(/MeV)
51Xe 131.29
Xe-110 109.9445 02 s 1/ 92
Xe-111m 09 s EC, I
Xe-111 110.9416 0.7 s EC, I+'/10.6 0o/
Xe-112 111.9357 30 s EC, /7.2 0/0.8/
Xe-113 112.9334 28 s EC, /9.1
Xe-114 113.9281 10.0 s B, EC/5.9
Xe-115 114.9270 18.0 s B, EC/7.6
Xe-116 115.9214 56.0 s B, EC/4.3
Xe-117 116.9206 1.02 m B, EC/6.5
Xe-118 117.917 40 m B, EC/3.0
Xe-119 1189156 58 m B, EC/5.0
Xe-120 119.91216 40.0 m B, EC/97/1.96, i'/3/
Xe-121 120.91138 39.0 m 1'/44/3.73 EC/56/
Xe-122 121.9086 20.1 h EC/0.9
Xe-123 122.90848 2.00 h 1'/23/2.68 EC/71/
Xe-124 0.10 123.905895
Xe-125m 570 s 1.T./0.252
Xe-125 124.906398 171 h EC/1.653
Xe-126 0.09 125.90427
Xe-127m 1.15 m 1.T./0.297
Xe-127 126.905179 36.4 d EC/0.662
Xe-128 1.91 127.903531
Xe-129m 8.89 d 1.T./0.236
Xe-129 26.4 128.904780
Xe-130 4.1 129903509
Xe-131m 119 d 1.T./0.164
Xe-131 21.2 130.905083
Xe-132 26.9 131.904155
Xe-133m 219 d 1.T./0.233
Xe—-133 132.905906 5.243 d 1/0.427
Xe-134 10.4 133.905395
Xe-135m 153 m LT/
Xe-135 134.90721 9.10 h B/1.15
Xe-136 89 135.90722
Xe-137 136.91156 3.82 m /417
Xe-138 137.91399 141 m /277
Xe-139 138.91879 39.7 s /5.06
Xe-140 139.9216 136 s /4.1
Xe-141 140.9267 172 s /6.2
Xe-142 141.9297 122 s 5/5.0
Xe-143m 096 s [
Xe-143 142.9352 0.30 s /7.3
Xe-144 143.9385 12 s /6.1
Xe-145 09 s I, (n)

_10_
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Table 7. Long-lived radioactive inert gas products

In discharge fuel 10° Ci/yr
Radionuclide Half-life
At discharge 150-day decay 10-yr decay

®Kr 10.76-yr 0.308 0.300 0.162
total Kr 85.0 0.300 0.162
Blmy o 11:8 days 0.174 850 x 107 0

¥xe 5.27 days 43.9 146 x-.107" 0
total Xe 178 851 x 1072 0

Notes) U-fueled 1000-MWe PWR, 3-yr fuel life
3. EEA47IAY TAHF

714 €7](gaseous stripping)oll &) Yx= JH- = wj&E
A7A = Z1AA s = 2 AAEE AR F<d
FHsAA WAbsol AA Fol 7|2 WEHE 4 A A gl wiE
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ool A FHEFNAY ALHAD BAA ALFAAR ADE THNA BA
= 7147729 WASS Table 8o ENRAT. A4AF2Y AxzolA 59
AgEaAns 1049 YAUe AR F Adatd CANDUE ddmz 4%3

=3
= 3R AS ddEE 7AHZES Table 99 Z2om FollA He vpel o)
Kr-857} A4 24 71A A7 & WAk 94% = AAsta )lo] Kr-859 #2|7|«

Ryt AlFsttta g = A o781

Table 8. Gaseous wastes in“DUPIC .process

Radionuclide Half+life Activity (Ci/MTU) | Weight(g/MTU)
H-3 12.33 yr 332.2 3441 x 102
C-14 BERparlly ! yr 1.242 2.786 x 107
Kr-85 10.76 yr 5337 13.60
1-129 157 x 107 yr 3.298 186.7

Notes) Burnup : 35,000 MWd/MTU
10-yr decay after discharge

_12_



Table 9. Gaseous discharges from fuel reprocessing facilities

Capacity Discharge activity, TBq

Hlant (te/a) 1129 Kr-85 H-3 C-14

Sellafield 1500 0.03 53 x 10 170 54
Cap La Hague| 1600 0.0191 6.27x 10 25.4 -

WAK 40 54 x 107° 2800 5.1 0.17
THORP 1200 0.0501 411 x 10° 46.1 0.728
WAW'" 350 0.00185 16 x.107° 1500 13
EDRP* 70 0.0021 31 x 10 19 0.093

Notes : 1> Proposed Wackersdorf facility, abandoned in 1989.

2> Proposed European Demonstration Reprocessing Plant for FBR fuel,
abandoned in 1989

3> Information no available

Sellafield, Cap la Hague and WAK data do not refer to full capacity operation

AHEFAR Tl EASE Kr-85 AAZTZe] g wrlgel do =52
o7 WEFHI vk WEH - Kr2Ar 53 wAItA R B84 7h20]7

ol wEHAY F494 @x gr]For HAHEA HelA Hrh Qe
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Table 10. Kr-85 concentration in tissues and radiation dose estimates for rats

exposed chronically to atmospheres containing 3x107° pCi ®Kr/mL*

85 .
Kr concentration

Cumulative beta dose

Hissue (nCi/g+SD) (rad/yr)
skin surface - 1465%x*
lung 1.2£0.4 DEkkx
fat 1.05+0.21 49
adrenals 0.54+0.66 2D
spleen 0.27+0.12 1.25
large intestine 0.27+0.09 1.25
kidneys 0.18+0.03 0.84
liver 0.15+0.03 0.69
testes 0.15+0.05 0.69
brain 0:.15+0.01 0.69
ovaries 0.12+0.27 0.56
bone 0.09%0.03 0.42

Kr-85 atmosphere.

from tissue-bound Kr-85 was considered negligible.

* Values are averages of six rats sacrificed after 600 to 800“days of continuous exposure in the

*% Skin surface dose was determined by thermoluminescent dosimetry.
%% The Kr-85 concentration in lung includes both tissue-bound and atmospheric Kr-85. The

dose was calculated assuming a static lung volume-of bmL and a lung weight of 2.5g. The dose|
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Fig. 3. Schematic diagram of removal strategies for Kr-85 arising from

reprocessing.
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Table 11. Cryogenic distillation/rectification process data

, Kr pur. %
Center(country) Plant scale G(NM"/hr) Kr DF
Xe pur. %
small industrial 3.8
ICPP(US) ) ) 35~50 14~32
radioactive DI
ilot =
SCK/CEN(Fr) | 25 30 >500
semi-radioactive -
Large technical . >99
KfK(Ger) ) E 50 >10
non-radioactive >99.95

Large technical 5
PNC(Japan) ) ) 50=~110 >10° 95
non-radioactive

lot
CEA/FAR(Fr) prob 20 >10" -
non-radioactive
small pilot
KfA(Ger) o 1=8 10°~10° 99.9
radioactive
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Table 12. Solvent absorption-process . data

2 w7 s @
gARG Fol Rested Wi 59

1 5+H5,8,11,29-371.

gujoke] 0.1% o] shitol
th 1 9 E ZH LA 79

H| =
AZATI 0] 7

pe=ite])

gltl. w =+ Oak Ridge National
Gd gule] M= oE A7
KK 34L& 2719 &

Center G e T abs: Kr Kr pur. %
. solvent
(country) | (NM”/hr) (bar) (K) DF Xe pur. %
ORNL R-12 11~30 213~243 .| 1~10 in
25 3.4~10°
(Us) R-11 22~35 240~269 90 ~ 99+
ORNL 240 1~10 in
25 R-12 11 2.7~333
(Us) 300 90 ~99x=
KfK 120~150 | 2.7~500 >99
25 R-12 0.8 :
(Ger) 240~270 | 91~10 99.9999

#* No resolution of Kr and Xe.
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Table 13. Adsorption process data

Center NAIG SAI KK AECL
(country) (Japan) (Us) (Germany) (Canada)
Kr 1 200 100 2000
Feed(ppm)
Xe 0 250 1000 0
Kr - - -
Puritification 34~95
Xe = = =
Kr = >150 R -
DF i >10°
Xe = >10" =
Carrier gas air air air air
G 40 25 13 0.15
Column dimension(m) 0.3x0.75 0.61x2.7 2x1.6x35 0.05x1.2
adsorbent charcoal zeolite charcoal zeolite
P (bar) 0.6~0.94 ambient 0.2 ambient
T ads (K) 220 190~270 110~140 480
o] WhHLE TE W HlE] e x7] FAH|9} FAHE AALE EERE F
govl g nr o RS AFE £ AL HAD Q7] o] AFATFEE
B pilot plant 3 A& 3lol| ot 7|7l Ee] &5 o],

_26_



4. B E 318 (Permeation through membrane)

3714 7}

X Toshiba®l w]=Fof A 2

19703 tj o]
membranes %3}

o o}

o

Fef ofe] 7i]

5|

&

= ]

offy

tol 279

£3

o

2 FF95E7F 10ppmol] tf 3l
A DA G7F 1037+ o] 28 0.1% Kr7hA|

o] g A0

o]
AL

Fide

A7 AQASIE 10714 s F R

100 Gy/s 7FA+=

s,

=1}
=

AP 10 Gy

g, ©]

=
U

who] &4

s
=

1 o] /el A

A % o] t4[54,59,601.

4 FEEZR AT FP8YS

o3k Aol &

o
T

B Aol o)

7 ¢l
polymide,

7]z 7 ko]

® AR

_:Il

il

A2

s
T

o]
AR

<
T

silica “filler, poly—trimethylsilyl-1-propynel, polydimethyl siloxane,

polyethylene,

AN =47

=13
2,

o glov, thiiel Fat

E=N
¢}

poly4methyl pentene, cellulose acetate

e M=

3

gu7F 2

}\]—%

}o] Table 149 YERA AT

o

e

A

ak
il
3

0

o
Thy

0

o
=]

7helw, &

3

A= TlEE

Aol A Zehde] o7k A9

=
=

|

ol 71&49l

—
fite)

=K

N

ol
o
&+

}717F o

S

rvzel

Ho

F ol AgIlEo] Al#bE

w7 ke A e ol

the

r

w

W

Lol

e 28],

_27_



Table 14. Comparison of characteristics of Kr recovery process
SRS LR EREEL
we= No, Ar, O CFoCly, CO2 gk, EAA
22y AR F5o @7 439 9%
25 SER SER ] 91454
2= very low low-very low low
g g719to] A =1 bar 7}5 < 1 bar 75
> 1 barl 48 % (F2 2%)
A5 A7 V€ﬁry .high Zle low=low 410\7?]
10°+Ci 40h 10°.Ci" 0.4h (KfK) 10" Ci 4h
Xe/Kre] #7 yes possible ves
Kre % high sufficient-high sufficient—-high
Y= FRO, HNOs, NOX, | 6 HNO,, NOx | HLO, HNO:, NOx, 05
N0, COs, O3
02 A|A TAhE o83 A& =38 =ZQ
7] 7N +E& FHE AT EHE AP R
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Table 15. The characteristics of adsorbents

T T FA] 2=
T agme [agasan| se | ege | asn [Asees| o
% Aé E‘—lx'“
A E
. 24~26 3.0~33 2.8 19~22 21~2.3 2.0~25 1.0~14
(g/cm”)
AR7|E®
5 0.8~1.2 0.8~1.9 15 0.7~1.0 0.7~1.3 09~1.3 0.6~0.7
(g/cm”)
TAEE
0.45~0561| 0.49~1.00 |0.64~0.8010:35~0.55]0.45~0.85| 0.60~0.75
(g/cm”)
T
0.40~055| 0.40~0.50 | 045~0.55 | 0.33~0.55 | 0.40~0.50 | 0.30~0.40
(=)
H) E 9
, 100~350 95~350 90~120 | 500~1300 | 300~830 | 400~750 | 20~800
(m“/g)
Al &84
R 06~0.8 0.3~0.8 0.3 05~T4 0.3~1.2 0.4~0.6 06~1.0
(m”/g)
3t Al S 7
80~200 40~120 100~ 200 20~50 10~140 40~ 450
(A)
Hd
0.20 0.21~0.24 0.24 0.20~0:25 0.22 0.19
(cal/gC)
A=
) 0.085 0.12 0.012 012~0.17 0.12 0.042

(kcal/mhC)

7}. @A g (Activated Carbon)
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Ao BA

Size limit for Ca- and Ba-
mordenites and levynite about

here (=3.8A)

He, Ne, Ar, CO, Hz, Oz, Nz, NHzg, HZO %‘

Size limit for Na-mordenite
and Linde sieve 4A about here

(=4.0A)

Kr, Xe, CH4, CQHG, CH:gOH, CH;;CN, CHngHz,
CH;;CI, CH:;Br, COz, Csz, CSZ %

Size limit for Ca chabazite;
Linde sieve 5A, Ba-zeolite and

gmelinite about here (=49A)

CsHg,.n—CsHio, n—-C7His, n-Ci4Hzo, C2H5Cl,
C2H5Br, C2H5OH, C2H5NH2, CHZC]Z, CHgBrg,
CHESEL CHF:, GHJl, CoFs, CECl, CFiCl =

Size limit for Linde sieve

10X about here (=8.0A)

SF6, iSO—Cquo, iSO—C{)HlZ, CHC]'g,, CHBr'g,, CH13,
n-CsFs, n-CsF1, BsHg, CCly, CBrs, CeHs,
CsHsCH3, cyclopentane, furan, pyridine, dioxin

=

[€)

Size limit for Linde sieve

13X about here (=10.0A)

1,3,5-triethylbenzene &
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Table 17. 8 FAA S E F2A9 54
AgetolEd | Fole | FAAV(A) | FAL =1/
3A(Linde) K 3 40
3A(Davison) K 3 46
4A(Linde) Na 4 41
4A(Davison) Na 4 44
5A(Linde) Ca 5 45
5A(Davison) Ca 5 44
10X (Linde) Ca 3 40
13X (Linde) Na 10 38
13X (Davison) Na 10 43
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Table 18. Purification processes with zeolite adsorbents

Process Feed phase adsorbent process details
T-swing
natural gas G 4A (also P-swing)
Drying of
air G 4A T-swing
(also P-swing)
refrigerants non-regenerative
G/I.. | modified 4A
(chlorocarbons) or T-swing
cracked gas G 3A T-swing
organic solvents I 3A T-swing
acid gas G chabazite T-swing
from-air in
CO2 removal G 4A P-swing
submarinés/spacecraft
CaA or
H>S removal from sour gas G T-swing
Ca-chabazite
SOx, NOx
from air G silicalite T-swing
removal(Purasiv)
silicalite or
Kr-85 removal from air G dealum. Chromatographic
H-mordenite
AgX,
1-129 removal from air G T-swing
Ag-mordenite
Concentration of| from dilute aqueous
L 3A, 4A T-swing
alcohols alcohol
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Applications Inc.) system< Krel AAE $ste AgZ W4l HZ(hydrogen
mordenite) & @A AF&3tal 9lom, AgZv Xe Al A AREstar doH62].

Table 19. Krypton dynamic adsorption capacity, cc STP /g

Temp.(K)| 233 238 243 253 263 273 303 323 373
adsorbent (-40TC) [(=35T) | (-30C) | (=20C) | (-=10C)| (0C) | (30TC) | (BOTC) |(100C)
AgZ 3245 1483 | 1033 | 578 435 42 19 7
HZ 153 | 131 73 41 11 7
KZ-H 160 59 31 18 9
NaZ 106 35 20 9 6
KZ-Na 8
CeZ-H 10 9
CeZ-Na 8
Alumina 1 1
Charcoal 18 11
MS-13X 3 2
MS-4A 1 1
MS-5A 6 4
SiGel 1 1
AgZ : silver mordenite CeZ-Na : cerium mordenite Na
HZ : hydrogen mordenite MS-13X @ molecular sieve 13X
KZ-H : potassium mordenite H MS-4A : molecular sieve 4A
CeZ-H : cerium mordenite H MS-=5A : molecular sieve bA

Ruthven®] 7= Krdk Ny Aboldl F&5e] Aol2 L a &S F7HAIIE A7
oA $d& Folgth DOGAA 7HE of#f% #2= Kr#t Np°|2 2, Ruthvend X
oy s 388 947 g8 Ke/Ne 8o Aelxd o gddFnE3te hydrogen—
mordeniteE AF-& sk HH74-771.

AHEF A g ARG GANA BAE = Kr-85% B2 4ol NO9 NOZ el v

¢ gE FER o5 VA& EAFH. old wE/tARREH AR Krs &
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Pencedl 7+ A 9T MEss dubdd 2247149 & 7tx x24
= A" o g AASY 3gshs WRHoR ] HWErtaR wEH 71 WA

SHAEASE IFotr] AT AHEFAARS] AAY dBT WEHe WMETFE
= Agetr] fA Agetar FE&3 Wolth EAA R TFA A AL o] FolA]
=4 1 % @ silver-exchanged mordenite®] 3% bedE E35to] wj7FA~=Z 2 E Xe
o] AeA AA7F Ha, @ silver- exchanged mordenite®] &2 bed® multiplicity
£ 3t WmE FHF719 Ves o8t AAERYH Kré A"¥A F27F Ao
U @ oF -140~160TCl A WZtE silver-exchanged mordenite®] &2 bedZ A}
|sto] e A4 SFo2RH Ko ddA #8511, @ ¢F -140~160CT= 9
2l

O_u

oL

=
=

OFO

Z}¥ silver-exchanged mordenite®] &2 bedoll A €& Kro H=5o] © Wyzt
Kr freeze-out trapd] HAZAE ©]&ste B&FH Kre ¢ B2 49 534X
= Al&"oeltt, dAgEH1 Jde A SERAQL-A SOl Ee Wit Kr SEAFE

Table 200 e A THE2].
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Table 20. Solid adsorbents studied

Adsorbent Physical Form Poreﬂ size |Adsorbent in Column
(A) (g)
Hydrogen Mordenite Crystalline 8~9 6.8960
Silver Mordenite Crystalline U 9.4000
Sodium Mordenite Crystalline 7 8.6530
Cerium Mordenite-H Crystalline U 11.4000
Cerium Mordenite-Na Crystalline U 11.2159
Potassium Mordenite-H Crystalline U 10.3020
Potassium Mordenite-Na Crystalline U 10.3929
Molecular Sieve=4A Crystalline 4 7.5360
Molecular Sieve-5A Crystalline 5 8.7406
Molecular Sieve-13X Crystalline 13 7.8200
Activated Alumina Amorphous None 10.5858
Activated Charcoal Amorphous None 3.5976
Silica Gel Amorphous None 48147

*U : Unknown

Christensen®l] 23} Kr-85%5 zeolite 5A¢t Vycor porous glassell -2 319}
o8 nAANReH, A Zt m’ & STP 714 30 509 Krel #1747k 247k 900°C el
A oEAd glasset 700TC ol Al zeolite 5ACA 100 MPaoll A |A = At Kre o
A glass®t zeolite BA & =& sintering processol 4] encapsulation % 1 TH70].

Kr-857F tii-2 32 w749 ZA7]1Z7H~100 dold)set A%st7] s A=
g dE YHES 7c}§]r% Aol 74sk 871 A%, A witkel ¥ &7 A,
& 4] %

d 0y gNd EPAA 34, 70 ol

)



=

implantation/sputtering®l 23] Kre] 1A, zeolitet} T34 glasst] L-2/319}o] A
encapsulation®} Z& WHES ¥ 313 )l Table 218 oz HyHES AF HF

92 BolF1 9lrH82-90].

x

Table 21. Annual volumes of material used to immobilize Kr-85 for

a 2000 MTHM per year reprocessing plant

Immobilizing Method Annual Volume, m’
Pressurized cylinders (34 atm) 7
Sodalite 10
Zeolite HA 5
Sputtered metal &

Kr-859 &3 AA=< Rudl o8 &7 FAoxm ALY AR &7|H Kre
9 7hsdol 7] wiimel AvIdA . e e clsHoeR @ VA&7 2
< Kr-859 2x, 3x o] AUzt aFHo Aok & Aoltt. Ion
implantation/sputtering @} zeolite/glass encapsulation> & 7/f¥isE 1 9= 1143
FAolt}. Ton implantation/sputtering 7], " =72 Battelle-Pacific Northwest
Laboratoriesol] /] 7§ & Eofxja1qlt}. Table 22+ zeolite/glass ‘encapsulation®] T

& Aol ek e ATH70,85,89].
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Table 22. Processing and storage parameters for encapsulating krypton in

zeolite and porous glass

) . Required Storage
Encapsulation Conditions .
Conditions
Material
T P Time | Loading |Min. HIP T 10 yr leakage
(C) | (atm) | (hr) | (em’/g) |size L) | (C) (%)
Sodalite 550 1500 15 20 50 210 1.1
Bayer
) 520 300 4 20 = 300 0.03
zeolite bA
Grace
_ 700 1000 2 50 16 300 0.03
zeolite 5A
Thirsty Vycor| 900 1000 2 20 30 300 0.02

AgetolE BAANE o]35k0] 190% CO9kefite] 022 EFate w71 AAA 1%
Aro Kre F@dts A2ddl gigk a7 7F Forebergel o3l +a= 3t Kre
%37 95kl Linde 5A EAAME o] $310] Kro2RE 0,9 #534 g7 o

U= B¢ VA3 E O RERE COE AYdgow AATGOEZN HM7HA A 7=
o] Eglo &¥Aol2lt}. Linde 4A9 7H-$ COx9 AANE Ao A v Kre A

FalA] Z3ab 5A9 M ets Wl CO, &2 kinetics®= =] Al YElWTth 5A
Kr, O, CO29 F2<E-2 74zt 372, 1800, 1250 kcal/mole ©] T Table
232 9 A¥AHAES BolFa o, dir|detelA AUz WA Krol FH

FTEE 523~58.0%c= Uit AMEFAAR A AN B Fe

2 1o
o ol
j_‘ roh JN (

_49_



Table 23. Experimental results

L. of mass
Run | Pressure| Flow rate Max. Kr|Implied temp.|{CO- adsorbed
No. | (atm) |(cm’min-cm?? trans(fer)zone conc.(%)|difference(C)|  (em’/g)”
cm
1 1.0 7.6 1.0 52.3 30 89.8
2 1.0 34.1 2.3 55.6 25 93.9
3 1.0 49.9 1.0 58.0 21 103.5
4 1.0 76.2 14 56.2 24 93.5
5 1.0 91.7 1.5 55.5 25 99.6
6 1.14 48.0 11 58.6 - 87.9
7 1.14 48.9 11 H3.2 - 93.8
8 2.36 50.3 als 51.6 = 94.6
9 2.36 964 Rl 61.8 - 96.6
10 2.36 152.9 2.3 57.4 - 93.1

a . Gas at standard temperature and pressure
b : Gas at standard temperature and pressure adsorbed per gram of molecular. sieve

Fig. 9= PNC Tokai A= AAHZANAM - AAsHT TAst= Kre &

2
& A}&3le] -78~-196TCE FAstHA CO. Xe, Krol §#54<S Fig. 103 Fig
11o] el A G o] ZAx} ExA] 13Xe] AMelxoz FzyEH 474 EoF3oen
silica gel Xeoll tiste] dejd o=z Fago=zx Kro] 44 ZHES & + A

tH92,931.
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@ Standard gas cylinder @ Cold evaporator (L-N» tank)
@ Evaporator @ Gas mixer

® Pre-cooler heater ® Adsorption column

@ Heat exchanger (©® Flowmeter

(® Sampling line

Fig. 9. Schematic diagram of experimental apparatus.
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Fig. 10. Adsorption isotherms on zeolite 13X molecular sieves.
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Fig. 11. Adsorption isotherms on silica gel.
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Fig. 12. Schematic flow sheet for noble gas separation with the use of selective

inorganic adsorbents.
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Table 24. Fixation of Kr and Xe in zeolite CaA(CaO/Al:Os = 0.79) at 650C.
Pretreatment of the zeolite was carried out at 450°C and 10 % mbar

over 16hr(residual water approx. 0.5% by weight)

G Pressure Loading* Aggregation Specific surface
e (mbar) (mL STP/g) form area (m*/g)
Kr 220 ¢ 134 pellets 2.6
Kr 230 a.c 17.2 ” 1.6
Kr 500 a,c 24.2 " 1.7
Kr 700 ac 30.5 " 1.8
Kr 900 30.7 ” 1.7
Kr 950 40.8 " 15
Kr 1000 a,c 418 " 2.0
Kr 1200 a 451 ” 15
Kr 1200 a 45.6 powder 5.0
Kr 1200.-—3a 41.7 " n.d.
Kr 1400 a,c 46.3 pellets 2.5
Kr 1400 a,c 36.9 " n.d.
Kr 1400 a,c 37t pul. pellets n.d.
Kr 1670 b,d 56.8 pellets 1.1
Kr 1670 b,d 49.4 " n.d.
Kr 1670 b,d 50.2 pul. pellets n.d.
Kr 1940 58.2 pellets n.d.
Xe 115 7.1 pellets 3.2
Xe 180, a,d 14.0 " 1.8
Xe 280 ad 17.2 " 1.9
Xe 334 19.4 " 1.8
Xe 630 29.0 " 2.3
Xe 650 a,d 30.2 " 15
Xe 650 a,d 30.0 pul. pellets 15
Xe 830 39.1 pellets 2.0
Xe 1000 a,d 40.0 " 1.6
Xe 1190 435 " 1.6
Xe 1190 42.6 pul. pellets 1.6
Xe 1300 a,d 41.5 pellets 1.6
Xe 1410 a 43.0 ” 1.7

* expressed wih repect to unloaded zeolite

a = amorphous state verified by x-ray diffraction

b = small cristalline fraction observed by x-ray diffraction
¢ = amorphous state verified by IR spectroscopy

d = small cristalline fraction observed by IR spectroscopy
n.d. = non-determined

pul. pellects = pulverized pellets
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