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ABSTRACT

This report is a critical review of the published literature on the adsorp-
tion of radioactive krypton and xenon on activated charcoal. The report
includes a tabulation and evaluation of the adsorption coefficients for these
two gases as related to temperature, pressure, moisture, mass transfer effects,
and the nature of the carrier gas. Wherever possible, the resulting data have
been used to develop simple correlations for quantitatively evaluating the
effects of these parameters on noble gas adsorption. Important conclusions

of the study include the observations that (a) individual charcoals have a
wide range of adsorption coefficients and therefore the performance of a given
bed is heavily dependent on the quality of the charcoal it contains; (b)
because of the detrimental effects of mass transfer on noble gas adsorption,
consideration should be given to including this factor in developing technical
specifications for adsorption beds; and (c) additional research is needed on
the determination of tne inter-relationship of moisture and temperature and

their effects on adsorption bed performance.
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Chapter 1
INTRODUCTION

Of all the components in the safety systems of a nuclear reactor, among the
most difficult to quantify in terms of performance are the activated char-
coal beds used to remove radioactive noble gases. Knowledge of the basic
parameters influencing adsorption behavior has often not been sufficient to
permit the calculation of adsorption coefficients under the full range of
necessary conditions. Further complicating this situation is that samples
of charcoal taken from sequential lots, or even from the same lot, can be

significantly different in their adsorption effectiveness.

In spite of this situation, it apnears that existing uncertainties in the
analyses of the performance of fission gas adsorption systems can be reduced.
This can be accomplished through better summarization and interpretation of
data relating *o the various parameters that affect the performance of such
systems. The resulting information should make it possible not only to gain
a better understanding of the variabilities associated with the performance
of adsorption systems, but also to predict their behavior under conditions
that differ substantiall* from those described in licensing documents for
specific nuclear facilities. The purpose of this report is to review the
published information on the adsorption of krypton and xenon and to tabulate

and present it in a format that accomplishes these goals.

1.} Correlations With Surface Area

-~

If the adsorption coefficients for krypton and xenon can be correlated

successfully with commonly measured physical parameters, such as pore
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1.2

structure or the surface area of the adsorbent, then these parameters
can serve as secondary standards in evaluating charcoals. However,
current correlations between surface areas and adsorption coefficients
of activated charcoals are not good. This can be shown by specific
examples from the literature. As may be noted from the data in Table
1.1, First, et al. (1971b), were unable to observe any apparent corre-
lation between the adsorption coefficients for krypton and the surface
areas of several samples of charcoal tested. Table 1.2, from Kitani,
et al. (1968), and Table 1.3, from Nakhutin, et al. (1976), also show
no apparent relationship between either the pore volume or the surface
area and the adsorption coefficient for krypton. In experiments with
radon, Strong and Levins (1979) observed a linear relationship between
surface area and the adsorption coefficient. Why a similar relation-

ship has not been observed for krypton and xenon is not known.

Correlations With Density

Nankhutin, et al.(1976), showed that there appears to be a positive
correlation between the apparent density of a charcoal sample and its
adsorption coefficients for krypton and xenon. This result may be
related to the observation of Kovach and Etheridge (1973) that the
adsorption coefficient for krypton was a maximum if the charcoal was
activated to give a surface area of 900 square meters per gram (Figure
1.1). Schroeter, et al. (1974), obtained a patent for the use of
dense charcoals for the adsorption of krypton and xenon. The data

developed by these authors (Table 1.4) also show clearly that the
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1.4

adsorption coefficients for krypton and xenon are not proportional to
the surface area of the adsorbent, and that high surface area and/or
pore volume are not necessarily indicators of high adsorption capacity
for krypton and xenon. This is also shown by the data of Kovach and
Etheridge (Figure 1.1). In view of past practice, this is an impor-
tant point for the U. S. Nuclear Regulatory Commission and other

regulatory agencies to recognize.

Correlations Among Charcoals at Different Temperatures

Correlations between coefficients for the adsorption of different gases
on a single sample of charcoal are more easily established. As may be
notaed from Figure 1.2, charcoals that have gnod adsorption coefficients
for krypton and xenon at one temperature are likely to have correspond-
ingly good adsorption coefficients for these same two gases at another
temperature. Similarly, a charccal that has a high adsorption coeffi-
cient for krypton is likely to have a high adsorption coefficient for
xenon. Data from the published literature illustrating this latter
fact are shown in Figure 1.3.

Predictions of Adsorbent Performance

Although such a capability would be desirable, it is not possible at
this time to predict the adsorption coefficients for krypton and xenon
with high accuracy on the basis of the physical properties of a char-
coal. Chapters 2 through 6 of this report describe present approaches
to the development of other general and, hopefully, more useful corre-
lations. In Chapter 2, the adsorption coefficients for dilute krypton
and xenon, at atmospheric pressure and under moisture free conditions,

are tabulated and analyred as a function of temperature.
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Chapters 3, 4, and 5 present data and analyses related to the effects on
adsorption of moisture, pressure, and concentration, respectively.
Chapter 6 then concludes with an analysis of the effects of mass trans-
fer. It is hoped that the provision of all such information in a single
document will prove useful both in the design of fission gas adsorption

peds and in the evaluation of their performance.
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Figure 1.1 Correlation between surface area and krypton adsorption coefficient.
Reference: Kovach and Etheridge (1973)
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Reference: Nakhutin et al (1976)
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XENON ADSORPTION COEFFICIENT (X 10-3)
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Figure 1.3 Correlation between krypton and xenon adsorption coefficients.

Reference: Underhill (1975)"
*Underhill, D. W. (1975): Unpublished Results.
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TABLE 1.1

Surface Areas and Adsorption Coefficients for Krypton, Xenon
and Argon on Various Charcoals
at One Atmosphere

Surface Area

Adsorption Coefficients
/cc(NTP)/gm/ for

(as Stated by Xenon Krypton
g:ar§031 (m¥7ndgr) ::o?7ag°:rgon Ca;ri;gogas F:o§7ag°2rgon C:rr;:sceas Argon C;;géer Gas
mple qm x a a . a at
National ACC 1100 489 36.3 7.1
NACAR G2'n 1150 531 100,000 39.1 8.0
NACAR G212 1500 481 36.2 939 7.2
NACAR G352 1275 314 9.2 5.5
Pittsburgh PCB 1200 581 107,000 a.7 1189 | 8.7
Witco 888 1750 460 : 7.8
Witco 337 1300 485 6.2
|

Reference: First, et al. (1971b)



TABLE 1.2

Physical Characteristics and Adsorption Coefficients
for Krypton on Various Charcoals

Krypton Adsorpti

B

Adsorbent Type Suzf,ce Area Shape Mesh Coefficient at 0
m</qm) ! /cc(NTP)/gm/

Tsurumi GW 1,115 Granule 8/10 4{ 124

Tsurumi GLS 1,183 Granule 8/10 } 121 !
Tsuruni 2GM 1,188 Pellet | 8/10 | 103 |
‘ Columbia CXC 1,209 Granule 6/8 121 z
gColumbia HCC 1,279 Granule 6/14 136 g
| Takeda HGK-530 1,279 Granule 8/10 121 3
| Tsurumi 26R-T 1,302 Pellet 8/10 9 ?
;Shirasagi G 1,400 Granule 8/10 87 z

- —

Reference: Kitani, et al

. (1968)
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TABLE 1.3

Correlation of Several Properties of Activated Carbons
With Their Adsorption Coefficients for Xenon

Ranking of the
Grade Apparent Density |Heat of Adsorption} Specific Surface Micropore Adsorption Co-
of Xenon from Area* Volume** efficient for
Helium ’ Xenon *-~m Air
(gm/cc) (kcal/mole) (m“/gm) (cc/gm) (at -500C)***
SKT-2B 0.498 7.4 ! 1,040 0.44 1
SKT-1B 0.458 - ; 1,050 0.47 ! 4
¢
SKT 0.457 - i 1,090 0.47 ?
SKT-3 0.472 7.3 1,100 0.47 | 2
i 1 {
SKT-1A 0.470 1 - § 1,120 0.45 ! 3
ART-2 0.428 f - g 1,130 0.49 ! 5
! (
SKT-2A L 0.441 % 8.2 om0 | 0. , 6
i ! i : }
SKT-4A 0.418 ' - ; 1,330 | 0.55 | 8
SKT-6A : 0.388 % 7.5 1,500 0.66 A

* By BET Method

** By Dubinin Method

»«« Based on data in Figure 1.2

Reference:

Nakhutin, et al. (1976)




TABLE 1.4

Correlation Between Bulk Density, Surface Area and the
Adsorption Coefficients for Krypton and Xenon

L=t

Bulk Surface Adsorption Coefficient
Density Area /cc(NTP)/am/
Source of Carbon (gms/cc) Onzlgm) : For Krypton For Xenon
Mineral Coal 0.380 1,380 35.2 539
0.490 973 ! 45.9 byl
0.570 600 ' 46 1 721
0.63% 298 i 44,2 685
0.680 30 | 25.7 147
Wood Coal 0.300 649 ! 58.3 626
0.503 416 i 49,7 738
Coconut Shell 0.420 1,228 - 39.1 590
0.510 269 ; 1.0 668
i

Reference: Schroeder, et al. (1974)




Chapter 2
THE EFFECTS OF TEMPERATURE ON THE ADSORPTION OF KRYPTON AND XENON

Coefficients for the adsorption of dilute krypton or xenon from a dry carrier
gas at one atmosphere are summarized in Tables 2.1.1 through 2.1.14. These
data are based on a review of reports obtained through searches of Chemical
Abstracts, Nuclear Science Abstracts, Atomindex and the computerized data bank
of the Nuclear Safety Information Center. In these Tables, the adsorption co-
efficients are presented separately for each carrier gas, since the carrier

gas can strongly influence the numerical value of the coeffi~ient. Information
regarding the nature of each adsorbent and the experimental conditions under

which the data were obtained are also included in the Tables.

In order to provide the most useful tahulation of the available data, the
authors have taken the liberty of omitting from the summary tables the re-
sults of tests which they judged to be misleading or in error. To make such
a judgment, two tests of consistency were applied. As will be shown in
Chapter 6, the adsorption coefficient should remain independent of carrier
gas velocity. Whenever this was not the case, reliance on the data was con-
sidered unjustifiable and the results of these particular experiments were
omi*ced. A second requirement was that, in a given test, sufficient char-
cocal should have been used to negate the effects of dead space. In some
experiments, patterned after the methodology of gas chromatography, such
small amounts of charcoal were used that it appears doubtful that the
results could be either accurate or representative. In these cases, the

data were again omitted.
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Coefficients for the adsorption of krypton and xenon from oxygen, nitrogen,
and air are listed in Tables 2.1.3 to 2.1.5 and 2.1.11 and 2.1.12. The
data in all of these Tables, however, may not be equivalent. Kitani, et al.
(1968), observed that at 0°C differences existed in the adsorption of

krypton from oxygen, from nitrogen, and from equa! mixtures of these two
gases. As may be noted in Figure 2.1, Schumann (1973) found that the coefi-
cients for the adsorption of krypton at -20°C from oxygen-nitrogen mixtures
depended on the percent of oxygen present. Examination of these findings
indicates that adsorption coefficients obtained with a nitrogen carrier gas

are low (conservative) in relation to those obtained with air or oxygen.

2.1 Analysis of Adsorption Data

To calculate the coefficients for the adsorption of krypton and xenon
on charcoal, use was made of the Antoine equation (Antoine, 1888) where

k, the adsorption coefficient [in units of cc (NTP)/gm], 1s expressed as

follows:

B
{A + -C-—Tm)
k = e x (2.1)
The geometric standard deviation, o, is civen by :
! 2
1n (o) = fn Paf} « ikl (2.2)
ne-3

where ki is the estimate of the 1"'h data point, ki‘
The adsorption cecefficient, kJ, corresponding to the Jth
percentile was calculated from the equation:
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in k, - 1n kiQ
in o

e-x /2 dx s J (23)

100
23

To correct for the change in temperature,
[T 2.4
o T el - o
™ = e b a
"
b
where k, and ki, are the adsorption coefficients at temperatures

T, and Tp(°C), respectively.

The constants obtained by fitting the adsorption coefficients in Tables 2.1.1
through 2.1.14 to this equation are presented in Table 2.2. Included in these
calculations were the standard deviations from the values predicted by the
Antoine Equation. From this analysis, it was possible to construct Tables 2.3
through 2.10 and Figures 2.2 through 2.5, which provide the expected values for
the adsorption coefficients for krypton and xenon from several common carrier

gases over a range of temperatures.

The wide range in the distribution of values for the adsorption coefficients
at any one temperature is illustrated in Figures 2.4 and 2.5, which give the
distribution of adsorption coefficients for krypton and xenon in air. To be

specific, at 25°C the adsorption coetficient (Table 2.6) for krypton from
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2ir was estimated to be < 22 cc (NTP)/gm for five percent of the
charcoals; for 95% of the charcoals tested the corresponding

value was 72 cc (NTP)/gm. If two adsorption beds were being operated,
one of which contained charcoal represented by the lower of these two
extremes, and the second of which contained charcoal represented by
the higher of these two extremes, the difference in their adsorptive
capacities for krypton would be greater than a factor of three. In
this regard, it is worthy to note that a value of 70 cc(NTP)/gm,
suggested by Cardile and Bellamy (1979), has been used by the NRC as
an estimate for the adsorption coefficient under these same conditions.
Although this value could probably be surpassed by a m aber of com-
mercial charcoals, it is significantly higher than the 40 cc(NTP)/gm

mean value found here.

The above example illustrates what shc '1d be well known; that is, that
there are numerous comhercial charcoals that are not suited for the
adsorption of krypton and xencn and that it is unwise to assume ad-
sorption coefficients for krypton and xenon without conducting tests
to confirm them. In order to obtain adequate information for design
purposes, representative samples of the adsorbent must be tested for
the holdup of krypton and xenon at the temperature and in the carrier
gas to be used in the actual system. If it becomes necessary to
estimate the adsorption coefficients at other temperatures, Equation

2.4 can be used.
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It is generally accepted that there is no scaleup factor for applying
laboratory data to full scale plant design (Kabele and Bohringer, 1975;
Foerster, 1971). Care must also be taken in applying laboratory

data directly to operational adsorption systems. Littlefield, et al.
(1975), for example, showed significant variations in data collected
under different conditions. Although the data in Table 2.11 show

that intralaboratory reproducibility of adsorption coefficients is
quite good, the reproducibility of interlaboratory data (Table 2.12)
leaves much to be desired. “urther complicating the situation is that
other factors create day-to-day variability in the effectiveness of

adsorption beds (Table 2.13).

In order to calculate the release of fission gases in the event of the
rupture of a pressurized adsorption bed, it is necessary to know the
adsorption coefficient of the carrier gas (Underhill, 1972). Data on
the adsorption coefficients of argon, nitrogen, and helium have been
published by Hotchkiss (1976) and Trofimov and Pankov (1965). Similar
information on the adsorption of air on several grades of cha-coal
have been published by Nakhutin, et al. (1976). Adsorption coeffi-
cients for argon at NTP are summarized in Table 1.1. These data can

also be used to calculate the holdup of 4'»‘\r‘ in an argon carrier gas.

On the basis of the above information, it is apparent not only that
temperature has a strong effect on the adsorption coefficients for
krypton and xenon, but also that there is a significant range in the
possible values of the adsorption coefficients for these two gases at

any one temperature.
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ADSORBED KRYPTON (cc(NTP)/gm)

TEMPERATURE: -20°C
CARRIER GAS FLOW: 0.17 m/min
KRYPTON PARTIAL PRESSURE - 0.01 TORR
4.10-3 |-  TOTAL PRESSURE: 1 ATM
ADSORBENT: ACTIVATED CHARCOAL
TYPE WTK-74

| | | 1 | 1 A | |
G 10 20 30 40 50 60 70 80 80 1000,

VOL (%) =i
Nz 100 90 80 70 60 50 40 30 20 10 0
e \JOL (%)
CARRIER GAS COMPOSITION

Figure 2.1 Effect of oxygen/nitrogen content of carrier gas on krypton adsorption.
Reference: Schumann (1973).

2-6



ADSORPTION COEFFICIENT
cc(NTP)/gm
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Figure 2.2 Effect of temperature and carrier gas on the adsorption of krypton.
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2-8 Figure 2.3 Effect of temperature and carrier gas on the adsorption of xenon.



ADSORPTION COEFFICIENT

1,000,000

cc(NTP)/gm

3
-
-
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-
-
100,000 =
E
=
—
10,000 £~
r— .
= .
1,000
3
-
==
100
=
-
P 99%
o 95%
, ~ 75%
10 50%
= 25%
E 5%
- 1%
1 1 1 | 1 1
~200 -150 -100 -50 0 50 100

TEMPERATURE (°C)

Figure Z 4 Adsorption of krypton from air: percent of adsorption
coefficients expected to be less than stated value.
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Figure 2.5 Adsorption of xenon from air: percent of adsorption
coefficients expected to be less than stated value.
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TABLE 2.1.1

Adsorption of Krypton from Hydrogen

Adsorption
Tempsrature Coefficient
Reference (c) /cc(NTP)/am/ Comments
Razga (1975) 50 19.8 i Adsorbent:
40 24.1 ' Supersorbon
30 32.3 (Particle Diameter:
20 41.8 ©0.20-0.25 mm)
10 56.9 ;
0 79.0 ;
-10 105.5 s
-20 154 9 .
-30 232.2 }
-40 378.2 l
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TABLE 2.1.2
Adsorption of Krypton from Hel{ium

Adsorption
Temperature Coefficient
Reference (°c) /cc(NTP)/gm/ Comments
Cooper, et al -100 7,200 Krypton concentration was 0.03 ppm.
(1975) =120 68,000 Adsorbent: Pittsburgh FCB 12 x 30.
Values here were taken from Cooper's Fig. 6. Data
given for -140°C at a krypton concentration of 400
ppm will be discussed in a later section.
Browning and - 5 264 Adsorbent: Columbia ACA.
Bolta (1959) - 50 2,082 Adsorption coefficient determined by pulse input and
fitting of cutput curve to a Poisson distribution.
Eshaya and 25 54 Adsorbent: Columbia HCC.
Kalinowski 50 34 Xenon Concentration: 0.025 mole %.
(1967) 75 25
100 18
Madey (1961) 24 42 dsorbent: Columbia HCC 12x28
rypton Concentration: 10-6 ppm.
Burnette, g;_gji 25 55 dsorbent: National Carbon CXC; Petroleum Base.
(1962) 25 59 ational Carbon NXC; Petroleum Base.
25 61 ational Carbon G; Coconut Base.
25 €2 ittsburgh PBC; Coconut Base.
25 59 arnebey Cheney 15578-2; Coconut Base.
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TABLE 2.1.2 (Continued)

Adsorption of Krypton from Helium

Adsorption
lblpesature Coefficient_
Reference (c) [cc(NTP)/gm/ Comments
25 58 Barnebey Cheney AC4; Coconut Base
25 48 Ba. nebey Cheney HH1; Coconut Base
93 14 Barnebey Cheney 107; Coconut Base
85 15
54 27
25 53
25 61
7 114
3 19 :
-25 312
-28 394
-50 859
-60 1,804
First, et al. ! 38 33 Adsorbent: North American Carbon G212
(197a) -78 7,300
Ackley, SE.Al-; 25 67 Adsorbent: Columbia G
(1960) : 100 10.5
Trofimov and 60 24 Adsorbent: AG-2 Activated Charcoal
Pankov (1965) 40 34
20 49
J 80
60 35 Adsorbent: BAU Activated Charcoal
40 53
20 A4
0 140
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TABLE 2.1.2 (Continued)
Adsorption of Krypton from Helium

Adsorption
Thlpexnturt Coefficient_
Reference (*c) [cc(NTP)/gm/ Comments
Collins, et al 20 60 Adsorbent: Sutcliffe-Speakman
(1967) zg ;gé Coconut Base Activated Charcoal, probably Type 203c.
-40 625
-60 2,240
Barilli, et al
(1969) -133 2,700,000 Concentration of Krypton: 0.98 ppm.
-153 15,000,000 Results were originally given in cc(STP) of adsorbed
-173 52,000,000 krypton. These points not used in the regression
-193 139,000,000 analysis (Table 2.2) as only smoothed data were

given.

J
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Table 2.1.3

Adsorption of Krypton from Nitrogen

Adsorption
Temperature Coefficient_
S (%c) [cc(NTP)/gu] Comments
Schumann (1971* -20 110 Adsorbent: WTK-14
-30 132 Krypton Concentration: 13 ppm
-55 221
-20 144 Adsorbent: R4
-30 180
-58 281 Because these values were based on the time
of initial breakthrough, they are lower than the
true equilibrium adsorption coefficients and there-
fore were not included in the regression analysis.
(Table 2.2)
Kawazoe and 20 60 Adsorbent: Active Carbon HGR-510
Kawai (1972) In this case, the adsorption coefficient was extrapo-
lated from a pressure of 1.22 Atm,
Kawazoe (1967) 20 5€ Adsorbent: HGR-513
38 Adsorbent: 2-GS
- Nakhutin, -100 1,579 Adsorbent: SKTM Activated Charcoal
2k, al.., - 70 660 Packing density of 0.47 gm/cc was assumed by the
1%9657 - 40 276 reviewers.
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TABLE 2.1.3 (Continued)
Adsorption of Krypton from Nitrogen

Adsorption
Tilpesaturo Coefficient
Reference (c) Lcc(NTP)/gm/ Comments
Kabele and -80 1,266 Adsorbent: Pittsburgh PCB 12x30
Bohringer 1,200 The background Kr concentration was not stated.
(1975) -120 4,900 Data were alsoc given for N2 + 1% 0p, and for N>
4,928 + 1% 02 + 100 ppm C0,.
Browning and 15 48 Adsorbent: Columbia ACA
Bolta (1959) 0 n The adsorption coefficient was determined by pulse
-50 279 fnput and fitting of output curve to the Poisson
-110 2,232 distribution.
Kitani, et al. 25 61 Adsorbent: Tsurumi GLS
(1968) 0 121 Columbia CXC
86 Shirasagi 6
137 Columbia HCC
96 Tsurumi 26 R-T*
105 Tsurumi 2GM*
123 Tsurumi GW*
121 Tsurumi GLS*
121 Takeda HGK-530
-30 223 Adsorbent : Tsurumi GSL

* Primary wood based charcoals with added coal based charcoal.
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TABLE 2.1.3 (Continued)

Adsorption of Krypton from Nitrogen

Adsorption
Temperature Coefficient_
Re ference (°c) [cc(NTP)/gm/ Comments
Lepold (1965) 20 79 Adsorbent: Not given.
10 116 These measurements were conducted in a gas
0 143 chromatography column designed to separate short
-;g ;?g 1ived isotopes.
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TABLE 2,1.4

Adsorption nf Krypton from Air

Adsorption
Tmsatun Coefficient
Reference (“c) [cc(NTP)/gm/ Comments
Yuasa, -50 360 Adsorbent: Coconut Base Charcoal.
et al. (1975) 578 Krypton Concentration: 1 ppm.
-100 2,600
2,400
2,600
-130 7,600
-150 16,000
17,000
15,000
Yakshin, et al 40 40
n1973) — — 20 57 Adsorbent not specified, but the reference cited is
0 84 the design data for a Soviet reactor.
-20 130
-40 230
-60 420
Yoder and 28 35 Adsorbent: Pittsburgh BPL 18x30
Imbarre (1965) -13 65
-13 65 Adsorbent: Pittsburgh BPL 6x16
0 48
25 32
-20 70 Analysis: Frontal input with calculation of the
0 49 adsorption coefficient from volume of effluent at
28 33 point of 50% breakthiough.
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TABLE 2.1.4 (Continued)

Adsorption of Krypton from Air

Adsorption
Tilpegaturn Coefficient
Reference ("c) [cc(NTP)/qm/ Comments
Trofimov and 60 20 Adsorbent: AG-2 Activated Charcoal
Pankov (1965) 40 28
20 39
0 57
60 26 Adsorbent: BAU Activated Charcoal
40 34
20 47
0 68
Underhill 4 82 Adsorbent: "B"
(1975) * -29 205
4 75 Adsorbert: "I"
-29 200
Nakhutin, -80 560 Adsorbent: SKT-28B
et al. (1976) -30 135
0 67
20 44

*Underhill. D. W. (1975): Unpublished Results.
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TABLE 2.1.4 (Continued)

Adsorption of Krypton from Air

Adsorption
Tilpesaturn Coefficient
Reference (“c) [cc(NTP)/gm/ Comments
Nakhutin, -80 520 Adsorbent: SKT-3,
et al. (1976) -30 120
i 0 60
20 40
-80 480 Adsorbent: ART-2.
-30 100
0 56
20 35
-80 440 Adsorbent: SKT.
-30 97
0 52
20 31
-80 420 Adsorbent: SKT-6A.
-30 G2
0 48
20 33
-80 390 Adsorbent: SKT-2A.
-30 93 \
0 30
20 12
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TABLE 2.1.4 (Continued)

Adsorption of Kryptor from Air

Adsorption
Tblpegaturo Coefficient
Reference [cc(NTP)/gm/ Comments
Kanazawa, 40 40 Adsorbent: Activated charcoal type Shirasaga 6G-A
et al. (1977) 20 56
-10 120 Data originally given in terms of moles adsorbed/
-50 350 per moles/cc at bed temperature and pressure.
-100 2,181
-150 11,200
Siegwarth, Adsorption coefficient was measured at 25°C, 16.7
et al. (1973) psia and normalized to NTP.
25 57.4-60.3 Coconut Base: Zalgon PCB*
54.8 Coconut Base: North American - G-210
63.0 Coconut Base: North American - GX-169
60.5 Coconut Base: Barneby-Cheney - 483
438.0 Coconut Base: Sutcliffe-Speakman - 208C
50.7-51.5 Petroleum Base: Witco - 337™*
52.0 Petroleum Base: Witco - 888
491 Petroleum Base: Ynfon Carbide - JXC
45.7 Coal Base: Calgon BPL
37.6 Coal Base: Westvaco - Nuchar

* K Measured on

carbon samples received at different times.




TABLE 2.1.5

Adsorption of Krynton from Oxygen

¢2-2

Adsorption
Tmsatun Coefficient
Reference (“c) [cc(NTP)/gm/ Comments
Ackley, et al, 25 60 Adsorbent: Columbia G 8x14
(1960)— — 23 48 Fisher 6x14
23 a6 Columbia ACA 8x14
24 39 Columbia CXA 4x6
24 38 Columbia BPL 6xF
149 6.2 Columbia ACA 8x14
145 7.3 Columbia G 8x14
145 5.8 Fisher 6x14
145 5.6 Columbia CXA 4x6
145 5.3 Pittsburgh BPL 6x16
25 50 Columbia G.
100 7.0 Columbia G.
Adams and 15 ha
Browning (195
Madey, et al. 24 65 Adsorbent: Columbia G.
(1962) 59 Bulk density of charcoal calculated by reviewer
58 using bed dimensions and weight.
62
Kitani, ot a]. 0 178 Adsorbent: Tsurumi GLS.
(1968)
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TABLE 2.1.6

Adsorption of Krypton from Argon

Adsorption
lblpesaturt Coefficient
Refzrence (°c) [cc(NTP)/gm/ Comments
Kabele, et 1l. -75 1,528 Adsorbent: Pittsburgh PCB 12x30
(1973) -125 8,574
-160 31,600
29,500
-25 431
470
First, et al. 38 36 Adsorbent: National ACC
(1971b) 39 NACAR G210
36 NACAR G212
25 NACAR G352
4] Pittsburgh PCB
-78 940 NACAR G212
1,190 Pittsburgh PCB
First, et al. 38 35 Adsorbent: North American Carbon G212,
(197a -78 280
Collins, et ali 20 66 Adsorbent: Coconut Base Activated Charcoal.
(1967) 10 99 Krypton Concentration: 50 ppm
0 130 Authors state that most tests were carried out usingH
-10 170 Sutcliffe-Speakman 203c.
-20 210
-30 280
-40 400
-50 540




ve-2

TABLE 2.1.6 (Continued)

Adsorption of Krypton from Argon

a7

Adsorption
Ttlpegature Coefficient
Reference (“c) [cc(NTP)/gm/ Comments
-60 710
-70 950
Aristarkhov, 25 60 Adsorbent: SKT-2M

et al. (1975)
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TABLE 2.1.7

Adsorption of Krypton from Carbon NDioxide

Adsorption
Tblpegaturt Coefficient
Reference (*c) /cc(NTP)/gm/ Comments
Trofimov and 60 17 Adsorbent: AG-2 Activated Charcoal.
Pankov (1965) 40 19
20 21
0 24
60 16 Adsorbent: BAU Activated Charcoal.
40 19
20 21
0 25
Ackley, et al. 24 15 Adsorbent: Coiumbia 6.

{1960)




TABLE 2.1.8

Adsorption of Krypton from Freon 12

92-2

Adsorption
Tcweaature Coefficient
Reference (*c) /cc(NTP)/gm/ Comments
Ackley, et al. 25 22 Adsorbent: Columbia G.
(1960) 100 0.68
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TABLE 2.1.9

Adsorption of Xenon from Hydrogen

Adsorption
Toq:egatun Coefficient
Re ference {"c) /cc(NTP)/gm/ Comments
Razga (1975) 50 232 Adsorbent :
40 291 Supersorbon
30 429 (Particle Diameter:
20 544 0.20-0.25 mm)
10 718
0 1,159
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TABLE 2.1.10

Adsorption of Xenon from Helium

Adsorption
Tilpegatur! Coefficient
Reference (“c) /cc(NTP)/qm/ Comments
Kenney and 25 624 Xenon Concentration: 0.5 volume %.
Eshayz (1960) 50 300 Adsorbent: Columbia HCC.
75 150
100 94
100 90
25 804 Adsorbent: Columbia CXC.
50 390
75 184
100 110
Burnette, 90 105 Adsorbent: Barnebey-Cheney 107,
et al. (1962) 75 143
75 169
25 947
25 1,180
0 2,700
-28 16,500
-45 53,000
Trofimov and 60 220 Adsorbent: AG-2 Activated Charcoal.
Pankov (1965) 40 381
20 659
0 1,450
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TABLE 2.1.10 (Continued)

Adsorption of Zeron from Helium

Adsorption
Thlpesaturt Coefficient
Reference (“c) [cc(NTP)/gm/ Comments
60 289 Adsorbent: BAU Activated Charcoal
40 518
20 782
0 1,426
Collins, et al 60 126 Adsorbent: Sutcliffe-Speakman
(1967) 50 173 Coconut Base Activated Charcoal, probably Type 203c
40 256
30 375 Xenon Concentration: 0.0001 ppm
20 546
10 906
0 1,460
-10 2,660
-20 4,420
-30 9,700
-40 19,200
-50 36,000
-60 66,000
-70 146,000
Barilli, gg_gl4 -13 5,000 Xenon Concentration: 6.5 ppm
(1969) -33 20,000 These points represent smoothed data and for this
-53 89,000 reason they were not included in the regressinn
-73 330,000 analysis (Table 2.2).
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TABLE 2.1.10 (Continued)

Adsorption of Xenon from Helium

Adsorption
Tmsatun Coefficient
Reference (“c) /cc(NTP)/gm/ Comments
-93 1,230,000 At these low temperatures the xenon concentration
-113 3,900,000 was sufficiently high to cauez multilayer adsorptiow.
-133 10,500,000
-153 19,800,000
-173 30,000,000
Nakhutin, -80 494,000 Adsorbent: SKT 2B
et al. (1976) 20 880
-80 223,000 Adsorbent: SKT 6A
-30 4,900
0 860
20 360
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TABLE 2.1.1

Adsorption of Xenon from Nitrogen

Adsorption
Temperature Coefficient
Reference (SC) Lcc(NTP)/gm/ Comments
Lepold (1965) 20 762 These data were obtained in a gas chromatograph
10 988 used to separate fission gas isotopes.
0 1,141
-10 1,459
-20 1,901
1Co11ard, et al. 25 754 Adsorption on European Type Charcoal RBL-3.
(1977) Adsorption coefficient was calculated from experi-
ments in which xenon concentration ranged from
50 to 600 ppm.
Nakhutin, 3 2,500 Adsorbent: SKTM activated charcoal. For this
al. (1969) analysis, a packing density of 0.47 gm/cc was

assumed by the reviewers. This result was not
included in the regression analyses (Table 2.2).
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TABLE 2.1.12

Adsorption of Xenon from Air

Adsorption
lilpcgaturt Coefficient _
Reference (c) [cc(NTP)/gm/ Comments
Yakshin, et al. 40 530 Adsorbent not specified; reference cited relates
(1973) 20 1,000 to design data for adsorption system for USSR
0 1,800 reactor.
-20 3,600
-40 8,400
-60 24,400
|Lee and Madey (~25, "Room 66 Adsorbent: C11ffchar
(1971) temp") 83 Acdsorbent: BC Adsorbite
87 Adsorbent: BC adsorbite
These data were not included in the regression
analysis (Table 2.2). Xenon-133 concentration:
0.09 ppm
Underhil (1975%' 4 2,460 Adsorbent: Charcoal "B",
-29 8,500
4 1,840 Adsorbent: Charcoal: "I".
-29 7,200

*Underhill, D. W. (1975): Unpublished Results.
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TABLE 2.1.12 (Ccntinued)

Adsorption of Xenon from Air

Adsorption
meatun Coefficient
Reference (°c) Lcc(NTP)/gm/ Comments
Siegwarth, 25 857-893* Adsorbent: Coconut Base: Calgon PCB
et al. (1973) 840 Coconut Base: North American - G-210
1,010 Coconut Base: North American - GX-169
1,060 Coconut Base: Barneby-Cheney - 483
753 Coconut Base: Sutcliffe-Speakman - 208C
715-742* Petroleum Base: Witco - 337
676 Pe:roleum Base: Witco - 888
785 Petroleum Base: Unfon Carbide - JXC
742 Coal Base: Calgon BPL
502 Coal Base: Westvaco - Nuchar
dsorption coefficients were measured at 25°C, 16.7
sis and normalized to NTP.
Trofimov and 60 173 %dsorbent: AG-2 Activated Charcoal.
Pankov (1965) 40 235
20 368
0 536
60 220 %dsorbent: BAU activated charcoal
40 321
20 468
0 756

* These coefficients were obtained at different times.
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TABLE 2.1.12 (Continued)

Adsorption of Xenon from Air

Adsorption
Temperature Coefficient_
Re ference (SC) [cc(NTP)/gm/ Comments
Nakhutin, -80 35,000 Adsorbent: SKT-2B
et al. (1976) -30 4,400
0 1,370
20 530
-80 31,000 Adsorbent: SKT-3.
-30 4,100
0 1,230
20 428
-80 25,000 Adsorbent: SKT-2A
-30 3,500
0 1,000
20 357
-80 20,000 Adsorbent: SKT-6A
-30 2,400
0 700
20 328
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TABLE 2.1.13

Adsorption of Xenon from Argon

Adsorption
Temperature Coefficient
Re ference (sc) Lcc(NTP)/gm/ Comments
Kabele, et al. 30 796 Adsorbent: Pittsburgh PCB 12x30
(1973) — 30 895
-30 10,900
-30 11,800
-75 108,000
-100 250,000
-100 305,000
First, et al. 38 489 Adsorbent: National ACC
(1971b) 38 531 NACAR G210
38 431 NACAR G212
38 314 NACAR G352
38 581 Pittsburgh PCB
38 460 Witco 8re
38 485 Witco 337
-78 100,000 NCAR G210
-78 107,000 Pittsburgh PCB
Collins, et al. 60 260 Adsorbent: Coconut Base Activa:zd Charcoal.
(1967) 50 350 Xenon Concentration: <1ppm
40 500 Authors state that most tests were performed with
30 750 Sutcliffe-Speakman 203c.
20 1,000 These results are from their Table 1. To obtain
10 1,570 cc(NTP)/gm, their values must be multiplied by
0 2,300 298/T(abs. )
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TABLE 2.1.13 (Continued)

Adsorption of Xenon from Argon

Adsorption
Temperature Coefficient
Reference Q(gc) [cc(NTP)/gm/ Comments
Collins, et al. =10 3,600
(1967) =20 6,800
-30 10,500
-40 17,900
-50 26,700
-60 39,000
-70 63,100 Xenon concentration: <10 ppm.
Barilli, et al. -13 1,650 Xenon concentration: 6.5 ppm.
(1969) -33 10,800 These results were originally given in cc(STP) /gm.
-53 29,000 These data were not used in the regression analysis
-73 75,000 since they had been smoothed for purposes of analysi
-93 193,000 Multilayer adsorption may have occurred at the
-113 510,000 lc ar temperatures.
-133 1,320,000
-153 3,500,000
-173 10,100,000
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TABLE 2.1.14

Adsorption of Xenon from Carbon Dioxide

Adsorption
Temperature Coefficient
Reference (SC) [cc(NTP)/gm/ Comments
Trofimov and 60 81 Adsorbent: AG-2 Activated Charcoal.
Pankov (1965) 40 91
20 136
0 167
60 60 Adsorbent: BAU Activated Charcoal.
40 80
20 m
0 175
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TABLE 2.2

Antoine Coefficients for the Adsorption of Krypton and Xenon

System Antoine Coefficients Natural Logarithm [Number of Temperature Range
(Adsorbed Gas of the Geometric |Data Points| Over Which Data
- Carrier Gas) A B c Standard Deviation Were Taken

[Tn( o)/ (m) (°c)
Kr-H2 -3.56769 1902, 38190 240.58930 n.02 10 -40 to 50
Kr-He -5.06934 3647.25210 332.18548 n.29 a4 -120 to 100
Kr-K, -9.29824 7963, 78580 570.95524 0.25 29 -120 to 25
Kr-Air -4.68315 3480.87430 391.32352 0.37 75 -150 to 60
Kr-02 -0.05476 419.06211 31.63314 0."8 18 0 to 100
Kr-Ar -19,96366 21305.31700 862 .3245"R 0.26 i 26 -160 to 38
Kr-C02 2.5936 21.50027 36.19603 0.1 9 0 to 60
Xe-H, -0.29532 1335.6667 182.5046F 0.06 6 0 to 50
Xe-He -2.57534 2284.49540 227.26565 0.37 a5 -80 to 100
Xe-No 2.76102 871.5153C 202.41475 0.04 6 -20 to 25
Xe-Air -11.38411 12084.1040C 542 .88012 0.44 44 -80 to 60
%e-Ar -18.49801 16375.16900 622 .35258 0.17 29 -100 to 60
he-Coz 1.44594 673.45167 181.85625 0.12 8 0 to 60




TABLE 2.3

Adsorption of Krypton and Xenon from Various Gases on Charcoal as
Calculated Using the Antoine Equation

Adsorption Coefficient |
Temgerature {sciNTP)/onf Ye-N Xe-C0 ;
(*c) Kr-H2 Kr-Oz Kr-CO2 Xe-H, e - Z
-40 3 -
-35 295 i
-30 236 f
§ . wts 192 g
§ -20 157 | 1879 |
TR T 130 | ; 1658 ;
-0 108 | 1466 ! {
; -5 9 1307 § {
: 0 77 24 1120 e fowm
{ 5 65 23 922 1057 f 156 :
{ 10 56 21 767 9%7 | 42 |
: 15 43 7 20 644 871 ¢ 128§
‘ 20 a2 58 20 545 796 :one
i B ! s 48 19 466 730§ 10 l
g 1 ® a1 19 399 P12
i I {28 35 18 346 (95 i
! 4 | 2 30 18 301 S S
a5 22 27 17 264 : 83
50 20 24 17 232 S [
@ 55 .2 17 SR LR
60 {19 17 f 89
65 PN f ‘
: 70 {16 s
i 75 P14 i
i 80 o :
{ 85 12 5 :
i 90 M ! ;
! 95 10 ;
{ 100 10
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TABLE 2.4

Adsorption of Krypton from Helium on Charcoal as Calculated Using the
Antoine Equation

Percent of Measured Adsorption Coefficients

:’Eg:" Expected to be Less Than Stated Value
(8c) 1% 5% 25% 50% 75% 95% 99%
=120 3429 41972 55975 68392 83563 111442 136406
-115 23072 28240 37661 46016 56223 74981 91778
-110 15803 19343 25796 31518 38510 51352 £28A7
-105 11006 134N 17966 2195) 26820 35762 4379)
-100 7786 9529 12709 15528 18973 25302 30970
-95 5583 5840 9122 11146 13619 18162 22230
-90 4067 4979 63 2111 991n 13217 16177
-85 2998 3669 4893 54979 7305 9742 11025
-80 2237 2733 3651 4461 5450 7269 ar97
=75 1682 2065 2755 336 4113 5495 6714
-70 1287 1576 2102 2568 3137 4184 5121
-£5 992 1214 1619 1979 2418 3224 3945
-60 772 945 1260 1539 1881 2508 7N
-55 606 742 989 1209 1477 1969 2410
-50 430 587 783 957 1169 1559 1900
-45 383 469 325 764 933 1245 1524
-40 308 377 503 615 751 1001 1226
-35 250 306 408 498 609 812 993
-30 204 249 333 a0¢ 497 £R2 81N
-25 167 205 273 334 408 544 666
-20 138 163 226 276 337 450 550
-15 115 141 188 230 280 374 458
-10 9¢ 118 157 192 235 313 383
-5 81 99 132 161 197 263 322
0 68 84 12 137 167 222 272
g 58 Al 95 116 142 | 189 231
10 50 61 81 99 121 | 161 137
15 43 2 69 85 104 138 169
20 37 45 60 73 89 119 146
25 32 39 52 £3 77 103 126
30 28 34 45 55 67 90 110
35 24 29 39 48 59 78 96
40 21 26 34 42 51 AR 84
k. 45 18 23 30 37 45 £0 72
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TABLE 2.4 (Continued)

Adsorption of Krypton from Helium on Charcoal as Calculated Using the
Antoine Equation

Percent of Measured Adsorption Coefficients

Temper- Expected to be Less Than Stated Value
ature
(°c) 1% 5% 251 50% 75% 95% 99%
50 16 20 27 32 40 53 65
55 14 18 23 29 35 47 57
60 13 16 21 25 31 4] 51
65 1 14 18 23 28 37 45
70 10 12 16 20 25 33 4n
75 9 11 15 18 22 29 3
80 8 10 13 16 20 26 32
85 7 B 12 15 18 24 29
90 7 8 i1 13 16 21 26
95 6 7 10 12 14 19 24
100 5 7 B 11 13 17 21




TABLE 2.5

Adsorption of Krypton from Nitrogen on Charcoal as Calculated
Using the Antoine Equation

Percent of Measured Adsorption Coefficients
Temper- Expected to be Less Than Stated Value
aLure
(&c) 1% 5¢ J 25¢ 50% 75% 95 99%
i
=120 2330 277 359) 4279 5100 6561 7830
=115 1927 2300 2959 3526 4202 5406 6452
10 4 1594 1903 | 2440 2917 3477 2473 5339
-105 1325 1581 I 2034 2424 2888 37E 4435
-100 {108 1310 ' 1R0F 2022 2409 3099 3699
-95 025 1104 1420 1693 2017 2808 3097
-90 777 928 - 1194 1422 1608 2180 2602
-85 65€ 702 {1007 1199 1429 18139 2195
-80 555 62 ; 852 1015 1210 1556 1857
-75 an 562 : 723 862 1027 1321 1577
-70 4 479 ' 616 734 875 1126 1344
-65 | 343 409 5§27 1 k2R 748 962 1140
€0 . 204 351 451 530 ; 641 825 984
-55 i 253 302 3882 463 I 55) 709 34¢
-50 po218 260 { 335 399 T ars 612 730
: ] ) s
-45 1809 225 289 235 i 529 631
-40 163 195 251 ies {3855 459 547
-35 142 170 218 280 i1 0 399 476
-30 124 148 : 190 1227 279 347 215
-25 108 129 166 198 236 304 362
! ' i l
-20 95 13 145 174 207 266 37
-15 23 99 : 128 152 182 234 279
-10 73 27 113 134 159 206 245
-5 65 77 99 118 141 1981 216
0 . 57 68 88 105 125 160 191
5 51 &0 78 93 110 142 a 170
10 45 54 69 82 98 126 151
15 40 48 61 73 87 mz 1 13
20 36 43 55 65 78 100 ! 119
25 33 39 50 60 70 89 98
4
i l |
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TABLE 2.6

Adsorption of Krypton from Air on Charcoal as Calculated Using
the Antoine Equation

Percent of Measured Adsorption Coefficients
Temper- Expected to be Less Than Stated Value
ature
(°c) 1% 5% 25% 50% 75% 95% 99%
-150 7253 9307 13277 17000 21767 31051 39R44
-145 5412 6945 9907 12685 16242 231h9 29732
-140 4085 5243 7470 9576 12261 17491 22845
-135 3118 4002 5708 7309 9359 13350 17131
-130 b 2405 3086 4402 5637 7217 10295 13211
-125 E 1873 2403 3428 4389 5620 R017 102812
-120 f 1472 1883 2694 3450 4417 6301 R0O8K
-115 1167 1497 2136 2735 3502 4596 6411
-110 933 1197 1708 2186 2800 3994 5125
-105 752 964 1376 1762 2256 3218 4129
-100 610 783 117 1430 1831 2612 3351
-9f 469 649 913 1169 1497 2135 2740
-90 410 527 751 962 1232 1757 r 2254
-85 340 435 622 797 1020 1455 1867
-80 283 363 518 664 850 1212 1556
-75 237 304 434 556 nz 1016 1304
-70 200 257 366 469 600 856 1098
-65 169 217 310 397 508 725 930
-60 144 185 264 338 433 517 792
-55 123 158 226 239 370 528 678
-50 106 136 194 248 318 454 582
-45 91 17 167 214 275 392 503
-40 79 102 145 186 238 339 436
-35 69 8o 126 162 207 295 379
-30 60 77 110 141 181 258 33
-25 53 68 97 124 159 226 290
-20 46 60 8% 109 140 199 255
-15 41 53 75 96 123 176 226
-10 36 47 67 85 109 156 200
-5 32 41 59 76 97 138 177
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TABLE 2.6 (Continued)

Adsorption of Krypton from Air on Charcoal as Calculated Using
the Antoine Equation

Percent of Measured Adsorption Coefficients

Temper- Expected to be Less Than Stated Value
ure
QGC) 1% 5% 25% 50% 75% 95% 99%
0 29 37 53 67 86 123 158
S 26 33 47 60 77 110 14}
10 23 30 42 £4 69 99 127
15 21 27 38 49 62 89 114
20 19 24 34 44 56 80 103
25 17 22 31 40 51 72 93
30 15 20 28 36 46 65 £4
35 14 18 25 33 42 59 76
40 13 16 23 30 38 54 69
45 12 15 21 27 35 49 3
50 11 18 19 25 32 45 58
55 10 12 18 23 29 4] 53
60 G 11 16 21 26 38 48
€5 8 10 15 19 24 35 a5
70 7 10 14 18 22 32 41
75 7 9 13 16 21 29 38
80 6 8 12 15 19 27 35
85 6 8 1 14 1R 25 32
80 5 7 10 13 16 23 30
95 5 7 g 12 15 22 28
100 5 6 9 1 14 20 26
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TABLE 2.7

Adsorption of Krypton from Argon on Charcoal as Calculated

Using the Antoine Equation

Percent of Measured Adsorption Coefficients

Temper- Expected to be Less Than Stated Valus
ure
?&c) 1% 5% 25% 50% 75% 95% 992
-160 17552 20916 26849 31945 38008 48790 58140
-155 14165 16879 21667 25780 30672 39373 46919
-150 11465 13662 17538 20867 24827 31370 37977
-145 9302 11C9 14238 16940 20155 25872 3NR30
-140 7578 9020 11592 13792 16409 21064 25101
-135 6187 7373 9464 11261 13398 17198 20494
-130 5066 6036 7749 9219 10969 14081 16779
-125 4159 4956 6361 7569 9005 11560 13775
-120 3423 4079 5236 6230 7413 9515 11339
-115 2825 3366 4321 5142 6118 7853 9358
-110 2337 2785 3576 4254 5062 6497 7743
-105% 1939 2310 2966 3529 4198 5385 6422
-100 1612 1921 2466 2934 3491 4481 5340
-95 1344 1601 2056 2446 2910 3735 4451
-90 1123 1338 1717 2043 2431 N2 3719
-85 949 1120 1438 171 2036 2613 3114
-80 789 940 1207 1436 1709 2193 2614
-75 664 7N 1015 1208 1437 1845 2199
-70 560 667 856 1018 1212 1555 1853
-65 473 563 723 860 1024 1314 1566
-60 400 477 612 728 867 12 1326
-55 340 405 519 618 735 944 1125
-50 289 344 417 525 625 802 956
-45 246 293 376 447 532 683 R14
-40 210 250 321 382 454 583 695
-35 179 214 274 326 388 499 594
-30 154 183 235 280 333 427 509
-25 132 157 202 240 286 367 437
-20 113 135 173 206 246 318 376
-15 98 116 149 178 212 272 324
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TABLE 2.7 (Continued)

Adsorption of Krypton from Argon on Charcoal as Calculated

Using the Antoine Equation

Percent of Measured Adsorption Coefficients

Temper- Expected to be Less Than Stated Value
ature
(6c) 1% 5% 25% 50% | 75% 95% 99%
-10 84 100 129 153 183 234 279
-5 73 87 1M 133 158 203 241
0 63 75 96 115 137 175 209
5 55 65 84 100 118 152 181
10 43 57 73 86 103 132 157
15 4] 49 63 75 90 115 137
20 36 42 55 66 78 100 119
25 31 37 48 57 68 87 104
30 27 33 42 50 0 76 91
35 24 29 37 44 52 67 80
4: 21 25 32 38 46 59 70
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TABLE 2.8

Adsorption of Xenon from Helium on Charcoal as Calculated
Using the Antoine Equation

Percent of Measured Adsorption Coefficients
Temper- Expected to be Less Than Stated Value
ature
(5c) 1% 5% 25% 50% b4 § 95% 99%
-80 174499 2249 323060 415570 534571 767647 9896121
-75 104849 135176 194113 249698 321201 461247 594657
=70 65073 83895 120474 154972 159350 286267 3€%067
-65 41592 53622 77001 99051 127415 182969 235891
-60 ‘ 27305 35202 50551 65026 83647 120117 154840
-55 18369 23681 34007 43745 5627 ROL0E 104178
-50 12636 16291 23394 30094 38711 55589 71668
-45 8873 11440 16478 21132 27783 39035 r 50325
-40 6350 8186 11755 15122 19452 27933 36012
-35 4623 5961 8560 1101 14164 20339 2R222
-30 3421 4411 6334 8147 1048] 15050 19403
-25 2569 3313 4757 6119 787 11303 “ 14573
-20 1957 2523 3622 4660 5994 8608 11097
-15 1509 1946 2794 3594 4623 6639 8560
-10 1178 1519 2181 2806 3609 5183 6682
-5 930 1199 1722 2215 2849 4091 5274
0 742 956 1373 1766 2272 3263 42n7
5 597 770 1106 1423 1830 2628 336¢
10 486 626 899 1156 14887 2136 2754
15 398 513 737 r 948 1219 1757 22592
29 329 424 609 783 1008 1447 1866
25 274 353 507 £52 839 1205 1554
30 230 296 425 547 704 1011 13173
35 194 250 359 462 594 853 1100
40 165 212 305 392 505 725 0135
45 141 182 261 335 431 620 799
50 121 156 224 288 N | 533 687
55 105 135 194 249 321 460 593
60 9] nz 168 216 278 400 515
65 79 102 147 189 243 349 450
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TABLE 2.8 (Continued)

Adzorption of Xenon from Helium on Charcoal as Calculated
Using the Antoine Equation

Percent of Measured Adsorption Coefficients

Temper- Expected to be Less Than Stated Value
aaure
(7c) 14 59 25% 50% 75% 95% 99%
70 70 90 129 166 213 306 394
75 61 79 113 146 188 269 347
80 54 70 100 129 166 2138 307
]6 48 62 e 14 147 2N 273
30 5 43 55 79 102 13 188 243
95 38 49 7 91 117 169 217
100 34 44 64 82 168 151 195

T B L, s A RTINS TSI it S
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TABLE 2.9

Adsorption of Xenon frum Air on Charcoal as Calculated

Using Antoine Equation

Percent of Measured Adsorption Coefficients

Temper- Expected to be Less Than Stated Valuz
arure
(&C) 1% 5% 25% 50% 75% 95% 99%
-80 11502 15647 24256 32971 44646 £9299 94151
-75 9113 12397 19218 26073 35373 54835 74596
-70 7256 9871 1530 20759 28164 43660 59394
-65 5805 7897 12241 16608 22532 34929 17517
-60 4665 6347 98139 13348 18110 28072 38190
-55 3767 5124 7943 10776 14620 22664 30932
-50 2054 4155 6441 8788 11855 18377 25000
-45 2487 3383 5244 7115 9653 14964 20357
-40 2033 2766 4288 5817 1892 12235 16544
-35 1669 2270 3520 4775 6478 10043 13662
-30 1375 18N 2900 3935 5338 8275 11258
-25 1137 1547 2399 3254 4415 6245 931
-20 944 1285 1991 2702 3665 5682 772y
-15 787 1070 1659 2251 3053 4733 £439
-10 658 894 1387 1881 2552 3956 5332
-5 551 750 1163 1578 2141 3318 4514
0 464 631 979 1328 1801 2792 3798
5 392 533 326 n21 1520 2357 3206
10 332 451 699 949 1287 1995 2714
15 282 383 504 £C6 1093 1694 2143
20 240 226 506 686 93] 1443 1963
25 205 279 422 586 705 1222 1677
e 175 239 370 502 681 1056 1436
35 151 205 318 431 535 6 1233
40 130 176 274 n 503 780 1062
45 12 152 236 320 435 674 916
50 97 132 204 277 176 583 793
55 84 114 177 249 326 506 638
60 73 99 154 209 284 as0 598
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TABLE 2.10

Adsorption of Xenon from Argon as Calculated Using the

Antoine Equation

Percent of Measured Adsorption Coefficients
Temper- Expected to be Less Than Stated Value
? g;e 1% 5% 25% 50% 75% 95% 99%

-100 252969 285220 338383 81121 429257 509268 574195
-95 187924 211883 251376 283125 318884 378322 426555
-390 140385 158283 187786 211504 238217 282619 318650
-85 105443 118886 141046 158860 178924 212275 . 239338
-80 79617 R9768 106500 119951 135101 160283 180718
-75 60426 68130 80829 91038 102536 121648 137157
-70 46091 51967 61653 £9440 78210 92788 104618
-65 35327 39831 £7255 53224 59946 71120 80187
-60 27206 30674 36392 40987 46165 Ra770 61752
-55 21048 23731 28155 KINAR! 35716 42373 47775
-50 16357 18443 21880 24644 27756 32930 37128
-45 12767 14395 T 19235 21665 25703 25980
-40 10008 11284 15078 16982 20148 22716
-35 7877 8862 1J537 11868 13367 15859 r 17881
-30 6226 7019 8328 9380 10564 12533 11N
-25 49340 5569 6607 7442 8382 9944 11212
-20 3934 4436 5263 5927 6676 7920 8930
-15 3145 3546 4207 4739 5337 6332 7139
-10 2524 2846 3376 3802 4283 5081 5729
-5 2032 2291 2719 3062 3449 4n92 4613
0 1642 1852 2197 2474 2787 3306 3728

5 1332 1501 1781 2006 2260 2681 3023
10 1083 1221 1449 1632 1838 2181 2459
15 884 997 1183 1332 1500 1780 21007
20 724 816 968 1091 1228 1457 1643
25 595 ¢70 795 £96 1009 1197 1349
30 490 552 655 738 83 986 1112
35 405 456 541 610 687 815 918
40 335 378 448 505 569 675 - 761
45 279 314 373 420 473 561 632
50 232 262 310 350 394 467 527
55 194 219 259 292 329 390 440
60 162 183 217 245 276 327 369
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Reproducibility of Laboratory Determinations of Krypton and ¥~ron Adsorption Coefficients

TASLE 2.1

Moisture Krypton Adsorption Xenon Adsorption
Content Coefficient Coefficient
(% by weight) Run No. /cc(NTP)/qm/ /cc(NTP)/qm/
2.05 * 0.05 1 60.6 § 1,080
2 60.5 1,765
3 60.5 1,092 3
P—— 60.5 f 1,072 j
T v 1
! . }
. Run No. | : H
i T t !
1.0 7 0.05 | 1 68.8 1,112 '
R TpsEs 68.6 1,097
et 69.8 : 1,103
i ! ]
i ¢ Average i 68.7 : 1,104
' |

Reference: Littlefield, et al., (1975)



TABLE 2.12

Krypton Adsorption Coefficients Obtained at Various Stages in the
Nesiagn and Construction of an O0ff-Gas System

Data Source [ Krypton Adsorption Coefficient
and Test Conditions : /cc(NTP)/gm/

.

1. Carbon Supplier Laboratory i
Test ' 49+

2. Equipment Manufacturer
Laboratory Test

a. 1% moisture 5% ;
b. 0% moisture ' 58 %
3. Independent Laboratory Test :
(1% moisture) £9
4. 0ff-Gas System Pre-Op Test | a8 ;
5. Off-Gas System in Operation’ JO%*
* Bed temperature = 259C :

Krypton partial pressure = 7.6 x 10-3 mm Hg
** Average of all evaluations, corrected to 760 mm Hg

Reference: Littlefield et al. (1975)

2-52



TAJLE 2.13

Adsorption Coefficients for Krypton Nbtained Under Operating
Conditions in an N7€.Cac System

Krypton Adsorption Coefficient
Jcc(NTP)/qn/
(First Adsorber Bed Second Adsorber Bec
l

Date ﬂSmKr nRKr R%mKr g!r
December 22, 1973 68 61 K7 .-
January 16, 1974 62 A4 66 .-
January 21 ; 61 ! £ : A2 { --
January 29 | .- ! -- : 59 i 60
| February 4 : L i 53 i - .-
( ! i
|February 15 55 ; 61 : . o aa
‘March 12 ' 51 I 53 t L ; D
March 20 ; 51 i 55 : -- | e
April 10 i 51 \ 54 £1 i £1
zApri] 24 i 52 : 56 &N ! 53
! } ;
April 26 T %0 54 T
May 14 , 55% Posax 55% [ 5a*
‘May 15 : 59% 62* ! g% ' Ao*
‘May 18 : 52% 64 f2% : 64%
iMay 1?7 é 58+ : 62* 1 Sae i 62%
iJune 10 : s L e ' n ; 63
;JU'\Q ‘1 3 -- -- 53 : 63
June 12 .- A Al A9
June 14 -- .- f9 §0
;June 17 -- -- . 57 n
%June 18 _ - 12w ’ 76 PR
‘June 20 -- - ; n v n
‘June 21 65 ; n .o .
June 24 68 75 2n ¢ ’N
June 25 n ‘ n a2 : Q4
June 2€ 71 n 82 a2
June 28 n 72 26 ag
July 1 34 94 ¥ 36
July 3 67 78 o i
July 12 65 65 AR 69
July 15 70 79 78 72
July 16 N 69 75 78

* Average value across both beds

Reference: Littlefield et al. (1975)
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CHAPTER 3

THE EFFECTS OF MOISTURE ON THE ADSORPTION OF
KRYPTON AND XENON

A number of published papers contain data on the offects of moisture on the
adsorption of krypton and xenon on charcoal. Experimental data are usually
reported either in terms of the relative humidity of the carrier gas or in
terms of the water content of the charcoal. Both factors are significant.
It is important to know the effect of a given relative humidity since this

determines the input of water into an adsorption bed.

Most charcoals saturate very slowly with water -- 16 hours exposure being re-
quired for equilibrium in some adsorption experiments. In addition, because of
hysteresis ei/fects, what appears to represent a steady state saturation of the
charcoal may actuaily correspond to one of several water contents. For these
reasons, measurements of the reduction in adsorption capacity as a function of
water content of the charcoal may be more reproducible than similar measure-

ments made as a function of the relative humidity of the incoming carrier gas.

3.1 Krypton Adsorption on Charcoal

3.1.1 Effect of Relative Humidity (RH) of the Carrier Gas
Figure 3.1 from Castellani, et al. (1975), shows the effect of the RH
of the carrier gas on the adsorption coefficient for krypton on charcoal.
The adsorbent was Barnebey-Cneney Type 592, 8/14 mesh, activated coconut

base shell charcoal. The RH was calculated from the temperatures of the
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bed and of a water condenser through which the input air was passed.
The data have considerable scatter, but by a least square analysis
Castellani, et al.(1975), found that the percent loss in the ad-
sorption coefficient, from the value at zero percent RH, could be
expressed by the following equation:

ak = (0,0037 ¢+ 9.0007) RH {3.1)
The effect of the RH of the carrier gas and the water content of an
activated charcoal native to India has been examined by Khan, et al.
(1976). Figure 3.2 shows that at 100% RH the charcoal had lost 50%
of its capacity for krypton. At intermediate RH levels, the dew
point rather than the RH is given, so that correlation of these re-
sults with RH is not possible. Examination of Figure 3.2, however,
makes it clear that the water content of the charcoal is more impor-
tant than the momentary RH of the input air. A major difficulty in
using Khan's adsorption coefficients is that they are strongly in-
fluenced by the carrier gas velocity. According to the theory devel-
opeda in Chapter 6, the adsorption zoefficient should be independent

of the carrier gas velocity.

Roemberg (1964) developed values for the adsorption coefficient as a
function of both the RH and the weight of adsorbed water. For this
reason his data (Table 3.1) are especially valuable. At a low RH, the
loss in the adsorption coefficient--about a 1.2% loss for each percent
increase in the relative humidity--is far less than that given by
Cardile and Bellamy (1979). These latter authors observed that at
25°C the reduction in the adsorption coefficient for krypton was 64%
at ¢ RH of 4% and 74% at a RH of 32%.
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3.1.2

The percent decrease in the adsorption coefficient for each percent
increase in RH (at low RH values), as reported by the above authors,
is given in Table 3.2. As may be noted, these values show consider-
able variation. If a decision were to be made at this time, the data
of Roemberg (1964) could probably best be defended, as his are the
only data which include both the relative Lumidity of the incoming
gas stream and the water content of the charcoals. In obtaining
such a correlation, Roemberg clearly indicated his awareness of
potential sources of error, such as incomplete saturation and

hysteresis.

Effect of Water Content of the Charcoal

Foerster (1971) examined the effect of the water content of charcoal
on the adsorption of krypton from argon. His results (Figure 3.3)
show that over the range of 0% to 35% adsorbed water by weight, the
adsorption coefficient is reduced by a factor of nearly 10. For the
first several percent of adsorbed water, the loss in the adsorption
coefficient is 6% for each 1% increase in water content. Above 5%
water by weight, the average reduction is about 1.5% for each 1% of
additional water. A confounding factor in these data is that results
obtained from weod, coal and peat Dase charcoals are plotted on the

same graph without any identification as to the type of charcoal.

Data reported by Ack ey, et al. (1960), shown in Figure 2.4, also indi-
cated that abnve loadings of 3% water by weight, the effect of addi-

tional wacer becomes less important. However, the magnitude of the
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3.2
3.2.1

effect as determined by Ackley, et al., is much greater than that
determined by other investigators. This can be seen by comparing
Figure 3.4 with Figures 3.1 through 3.3. The reason for this differ-

ence is unknown.

Littlefield, et al. (1975), determined the effect of water over the
range of 0.0 to 2.5 weight percent. The large number of experimental
points in their data (Figure 3.5) show considerable scatter, but are
consistent with a linear reduction in the adsorption coefficient of

6% for each 1% of added water at loadings below 3% to 5% by weight.

Roemberg (1964) observed an initial loss of adsorption capacity of
about 10% for eacih added percent of water up to a 2% water content,
and a leveling off in the effect of added water at higher water con-
tents (Table 3.1). His correlations between RH and water loading,
given in Table 3.3, are useful in assessing the effects of both

factors on the adsorption behavior of charcoal.

The effect of low water loadings on the adsorption of krypton is
summarized in Table 3.4. Except fur the data from Ackley, et al.
(1960), these results are consistent. At high water contents, only
the data of Foerster (1971) are available, so no further comparisons

can be made.

Xenon Adsorption on Charcoal

Effect of the Relative Humidity (RH) of the Carrier Gas

Considerably less information exists on the effect of the relative
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humidity of the carrier gas on the adsorption of xenon. Based on
studies conducted at 25°C, Cardile and Bellamy (1979) reported
adsorption coefficient reductions of 62% and 72%, at relative humi-

dities of 4% and 32%, respectively.

Collard, et al. (1977), using a European charcoal designated as Type
RBL-2, found a factor of three reduction in the adsorption coefficient

when the relative humidity was increased from 0% to about 62%.

Underhill (1974)*found a ninefold reduction in the adsorption coeffi-

cient at -29°C in passing from 0% to 100% relative humidity.

Although not apparent from the results cited here, under the same con-
ditions the adsorption of xenon appears to be more affected by coadsor-
bates than is the adsorption of krypton. Whether adsorbed water dir-
ferentially affects the adsorption coefficients of kryptor and xenon

can be determined only after more data have been accumulated.

3.2.2 Effect of the Water Content of the Charcoal
Few data on this subject could be located in the published literature.
Those that were are given in Table 2.11. Because no test results were
reported for dry charcoals, however, the overall effect of water content

on the adsorption coefficient for xenon on charcoal cannot be calculated.

3.3 Exrarimental Difficulties

Results obtained from charcoals from India, the United States, the
Federal Republic of Germany 2nd the United Kingdom have been presented

here. Because different base materials and manufacturing technologies

*Underhill, D. W. (1974): Unpublished Results.
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are employed in these countries, differences are to be expected in the
surface areas and the pore structures of the charcoals produced.
Because smaller pores become filled with adsorbed water at much lower
RH values, a charcoal with relatively small micropores will probably
lose its effectiveness at a lower RH. Unfortunately, the effects of
relative humidity on the adsorption coefficient are generally presented
without concurrent data on the pore structure of the charcoal. As a
result, available data on the effects of the RH of the carrier gas and
the water content of the charcoal are deficient in this respect. In
addition, it should be noted that a number of carrier gases, i.e.,
helium, air, oxygen and argon, were used in these studies. Whatever
effect, if any, that this had is probably more important at low than at
high RH values.

It is unfortunate that the published papers in this field often do

not contain sufficient information to permit a subsequent investi-
gutor to fully reproduce the experimental conditions. A related
factor is that frequently each investigator uses his own technique to
determine the effects of relative humidity. The resulting differences

make intercomparisons difficult.

Given the wide variation in experimental techniques and results, it

would appear that the most pressing need is not to obtain more experi-
mental da*a, but to caution researchers to be more careful in specify-
ing the properties of the charcoals used in their tests, and to better

define the experimental conditions under which their tests are conducted.
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3.3.1

3.3.2

3.3.3

3.3.4

Only when these conditions are met, can reproducible data be generated.
Specific features of a protocol that we believe should be considered
for future tests include:

The pore size distribution and surface area of the charcoal should be
reported. Also it is important that the base material and the manu-
facturer's designation be given. Generally, most of this information
is available from the manufacturer or vendor of the charcoal. Unless
this information is published with the experimental data, there will

be no means for future investigators to correlate the observed effec*s

of moisture with the physical properties of the charcoal.

The charcoal should be dried overnight in a stream of nitrogen gas at

a temperature greater than 100°. Drying is necessary to remove

water and organic contaminants that may have been picked up by the char-
coal. The reason that nitrogen rather than air should be used as the
drying agent is that the use of the former eliminates the possibility

of modifying the surface of the charcoal by oxidation during the drying

procedure.

The charcoal should be allowed to come into equilibrium with a stream

of air at a known relative humidity. It is necessary that numidification
be continued until equilibrium is established; otherwise, the bed being
tested will contain charcoal of varying degrees of saturation and the

experimental results will be impossible to interpret.

The adsorption test should be made, after the above equilibrium has been

established, by the injection of a tracer of either 85Kr or ]33Xe into
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3.3.5

3.4
3.4.].

3.4.2

the humidified air entering the bed. The adsorption coefficient can

then be determined from the breakthrough curve.

After the dynamic measurement has been made, the charcoal should be
removed from the system and the amount of adsorbed water determined

by weighing before and after a second drying.

This permits the adsorption coefficient to be determined as a function
of the weight of adsorbed water and, as discussed above, this may
prove to be a more reliable correlation. These steps also permit the
construction of water vapor isotherms, and their comparison with water
vapor isotherms obtained by other procedures can be useful in identify-

ing experimental error.

Recommendations and Conclusions

Only a very limited amount of data could be found regarding the effect
of relative humidity of the carrier gas on the adsorption of xenon.
Because xenon adsorption may be more strongly affected by moisture than
krypton adsorption, obtaining additional xenon data should be given
priority.

The effects of moisture on the adsorption of radioactive fission gases
are better correlated with the water content of the charcoal than
with the transient RH of the carrier air. Future experiments should

include provisions to obtain measurements of both the RH of the air
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3.2.3

3.4.4

3.4. 5.

in equilibrium with the charcoal as well as the water content of
the charcoal under these conditions.
A protocol for reproducible experimental procedures needs to be

established.

Excluding the results of one investigator, the effects of adsorbed
water on the adsorption of krypton was found to be a 6% to 10% loss
in the adsorption coefficient for each percent of adsorbed water
(by weight) in the range of 1% to 2%.

As the water content increased beyond 2%, the data indicate a re-

duction in the effects of additional water.
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Figure 3.2 Effect of moisture content on the adsorption of krypton
on activated charcoal at ambient temperature.
Reference: Khan et al. (1976).
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TABLE 3.1

Effect of Moisture on the Adsorption Coefficient of
Coconut Base Shell Charcoal for Krypton

Reduction in
Moisture Content, Relative Humidity, Krypton Adsorption
(Wt. %) (%) Coefficient (%)
V.2 10 12.5
2.0 20 | 22
‘

3.2 25 ’ 25

i |

Adsorbent: Sutcliffe-Speakman 208°
Temperature: 50°¢

Krypton Concentration: 1000 ppm
Reference: Roemberg (1964)
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TABLE 3.2

Effect of Low Relative Humidities on the Adsorption
of Krypton on Charcoal

Percent Decrease in Adsorption
Coefficient for Each 1% Increase

Re ference
in Relative Humidity
Castellani, et al. (1975) 0.37
Roemberg (1964) 1.2
16

!
Cardile and Bellamy (1979)
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TABLE 3.3

Water Vapor Isotherms for Charcoal
At Various Temperatures

0°c 25%¢ 50°¢ 1
Pelative Moisture Relative Moisture Relative Moisture 1
Humidity Content Humidity Content Humidity Content !

(%) (Wt. %) (%) (Wt. %) (%) (We. %) !

4.5 1.00 6.1 1.00 7.4 1.00 |
12.8 1.83 17.6 I WL 207 1 1.8 é
25.1 3.3 3.4 R X R B R B

30.8 4.2 42.5 5.7 5 38.6 , 4.2

44,7 7.4 51.8 9.0 ! 53.4 ! 7.5

50.4 14.0 53.9 129 | e | 1n

55.9 23.8 57.7 19.2 g 66.6 ; 26.1

64.2 30.9 66.5 28.7 [ 7.6 . 30.9

72.0 33,9 77.4 38,1 | R . .8

93.2 36.8 88.8 35.7 100.0 3.3
100.0 37.9 100.0 6.8 |

! i
3

91.5 37.2 60.2 N2 L ons 32.7

58.5 3.9 57.7 30.4 é 59.5 30.0

57.6 3.2 50.5 26.9 | 6.2 28.0

45.9 28.2 47.6 21,0 ] 53.9 + 22

43.2 21.2 46.0 s - 8e 17.8

39.4 14.8 .3 7.9 5.0 13.2

40.2 ' 10.6 4.5 6.0

36.7 7.3

Adsorbent: Sutcliffe-Speakman 208c Coconut Base Shell Charcoal

Reference: Roemberg (1964)
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TABLE 3.4

Effect of Small Quantities of Adsorbed Moisture
on the Krypton Adsorption Coefficient

Percent Decrease, at Low Moisture Con-
tent, in the Adsorption Coefficient of
Krypton for Each 1% {by weight) of
Reference Adsorbed Molsture
Foerster (1971) 6
Littlefield, et al. 6
(1975)
Roemberg (1964) 10
Ackley, et al. 26
(19607




CHAPTER 4

THE EFFECTS OF CONCENTRATION ON THE ADSORPTION OF KRYPTON AND XENON

When krypton and xenon are present at high concentrations, their adsorptien

coefficients are reduced. If this reduction becomes significant, adsorp-

tion beds could become ineffective under the very circumstances where they

are most needed. Summarized in this Chapter are a number of published

reports relating to the effects of concentration on the adsorption coeffi-

cients for these two gases.

4.1

Concentration Effects 1n the Presence of a Helium Carrier Gas

Because helium does not compete with krypton and xenon for adsorp-
tion sites, the krypton and xenon isotherms obtained in the
presence of helium should be the same as those obtained in the
absence of a carrier gas. rigure 4.1 (Eshaya and Kalinowski, 1961)
demonstrates this point. The lines in this figure represent isc-
therms determined statically by Amphlett and Greenfield (1958)

in the absence of a carrier gas. The data points are from dynamic
adsorption experiments conducted by Eshaya and Kalinowski (1961)
using the same types of charcoal, but this time in tne presence

of a helium carrier gas. Within the limits of experimental error
there is no difference between the results obtained by these

procedures.

Adsorption isotherms often follow the Freundlich isotherm,
q = ap® (4.1)
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q = volume (cc at NTP) of adsorbed gas per gram of adsorbent;

P = partial pressure of the adsorbed gas;
a,b = coefficients for the Freundlich isotherm.
This definition omits the contribution of the interparticle gases,

which for bulk charcoal at NTP amounts to about 0.8 cc/gm.

As may be noted from Figure 4.1, a plot of isotherm data on log-
log coordinates results in a straight line. This demonstrates that
the "reundlich isotherm is applicable to the data of Eshaya and
Kalinowski (1961).

A relationship between the adsorption coefficient and the Freundlich
isotherm is:
k = ar?! (4.2)

where k = adsorption coefficient, cc(NTP)/gm.

Tables 4.1, 4.2, and 4.3 and Figs. 4.2 and 4.3 present adsorption
coefficients determined by Kenney and Eshaya (1960) and Eshaya and
Kalinowski (i55'). The xenon adsorption coefficient shows a definite
increase with decreasing xenon concentration, whereas the krypton
adsorption coefficient appears to decrease only slightly under the
same conditions. This latter result is probably an artifact since

the factor, “b", is expected to have a value less than 1.

Ackley and Browning (1961) also observed that the adsorption of

krypton and xenon in the absence of a carrier gas followed the
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Freundlich isotherm. Table 4.4 gives their values for "a" and "b"
for the Freundlich isotherm over the pressure range, 0.1 to 2.0 mm
Hg. The adsorption coefficients are calculated for a pressure of
0.1 mm Hg. Ackley and Browning have pointed out that these iso-
thermas would also be representative of the adsorption coefficients

obtained in the presence of helium.

Zeldowitsch (1934) determined that the Freundlich isotherm was
consistent with the assumption that the adsorbent surface consists
of sites having an exponential distribution of energies of adsorp-
tion. In general, "b" will be less than unity, but will approach
unity as the temperature inc:.ases. For two gases at the same
temperature, “b" will be less for the more strongly adsorbed gas.

These predictions are in good agreement with the data cited above.

According to the Freundlich isotherm, the adsorption coefficient
increases indefinitely as the concentration of adsorbate (adsorbed
gas) decreases. In actuality this cannot occur. When the concen-
tration is decreased below the point where there is appreciable
coverage of the most active sites, the number of adsorbed atoms at
all sites should become proportional to the partial pressure of the
adsorbate. At this point the adsorption coefficient becomes inde-
pendent of the partial pressure and "b" is equal to unity. It is
not known how low the concentration of fission gas must be for the
isotherm to become linear, but for some gases nonlinear effects may

be found well below 10~ Atm.



Cooper, et al. (19/5), found evidence that at -140%C the adsorption
coefficient for 400 ppm krypton in helium is nonlinear. This is
based on their observation that measurements of the krypton adsorp-
tion coefficient by frontal and by pulse chromatography gave differ-
ent results. Their explanation for this phenomenon is that in pulse
chromatography the injected pulse, as it passes through the bed,
spreads, and the krypton concentration in the pulse becomes far less
than the injected value. If the adsorption coefficient is affected
by concertration, then by definition the adsorption isotherm is non-

linear.

Below their critical temperatures, adsorption of krypton and xenon
from helium can be represented by a Polanyi isostere, which gives the
combined effects of temperature and pressure on a single curve.

Figure 4.4 shows the Dubinin modification of this method applied by
de Bruijn, et al. (1964), to the adsorption of both krypton and xenon.
Here the volume of condensed adsorbate, per gram of charcoal, is

plotted as a function of the free energy required for adsorption.

-
This change in free energy per mole of a :orbate is approximately equal
to:
AF = RT In (PO/P) (4.3)

where:
= the ideal gas constant

R

T = the absolute temperature

P = the partial pressure of vapor in contact with the charcoal
P

o = the vapor pressure of the pure liquid at the temperature of
the measurement.
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4.2

Using this method, de Bruijn, et al., combined data from different
temperatures, pressures and adsorbates into a single curve. Above
the critical temperature, this procedure begins to break down as it
becomes nece<sary to calculate artificial vapor pressures and liquid
densities (Hotchkiss, 1976).

Concentration Effects in the Adsorption of Krypton from Carrier Gases
other than Helium.

Carrier gases other than helium compete with the fission gases for
adsorption sites. At low concentrations of fission gases, this competi-
tion linea=izes their adsorption isotherms by converting their heat of
adsorption on very active sites into the lesser value of a heat of
displacement. The net result is that at moderate and low concen-
trations of fission gases, the adsorption isotherm is either linear or

very nearly linear. At high concentrations the isotherm is nonlinear.

This prediction of the effects of high fission gas concentrations is
supported by experimental studies. Ackley, et al. (1960), measured
the effect of a high concentration of krypton on its adsorption from
oxygen at room temperature. From Lheir results (Figure 4.5) it can
be seen that raising the krypton concentration from trace levels to
100% reduced the adsorption coefficient from an initial value of 50
cc(NTP)/gm to a final value of 32 cc(NTP)/gm. Khan, et al.(1976),
observed a 10% loss in the adsorption coefficient for krypton at
ambient temperature when the krypton concentration was raised from
trace levels to 0.2% in an air carrier. Foerster (1971) found

a 4% reduction in the krypton adsorption coefficient when the
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concentration of krypton in argon was raised from trace levels to
2%. The possiole effects of an argon carrier gas should be con-
sidered if Foerster's results (Figure 4.6) are used to predict

similar effects in other carrier gases.

At low concentrations of fission gases, the independence or near inde-
pendence of the adsorption coefficient ¢ concentration has been sub-
stantiated by severa! studies. Schumann's (1973) results (Figure 4.7)
are consistent with a linear isotherm for trace leveis of krypton at
-20°%. The adsorption isotherm for trace levels of krypton should
remain linear at higher temperatures, and the values of Kitani, et al.
(1968), plotted by Schumann (1973) in Figure 4.7 are consistent with
this conclusion. The data in Table 4.5, from Kitani, et al. (1968),
show tnat the krypton adsorption coefficient is independent of the
krypton conceatration at krypton concentrations of 63, 100, and 630
ppm, temperatures of 25, 7, and -30°C. and pressures of 1 and 10

atmospheres.

Wirsing, et al. (1970), observed that, at -170°C in air and at -128°%
and -66°C in nitrogen, the krypton adsorption coefficient remained
independent of concertration up to 4000 ppm. It will be noted later
that these adsorption coefficients were strongly dependent on tne

carrier gas velocity and that this casts doubt on their reliability.

Kovach (1972) found a nonlinear isotherm for the adsorption of krypton
at extremely low concentrations from air. It should be noted from Table

4.7 that two of his three krypton concentrations were below the level
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usually present in the atmosphere and cannot be taken as typical of

ambient air.

Collins, et al. (1967), reported a larye number of measurements of
the effect of concentration on the adsorption of krypton and xenon
from argon. Their data permit correlations to be made between
temperature, krypton concentration, and the adsorption coeffi-
cient. From the Langmuir coefficients derived from data published
by Collins, et al.(Table 4.8), the effect of krypton concentra-
tion on its adsorption cnefficient can be calculated for a wide
range of krypton concentrations at temperatures from -70 to 60°C.
It is found, for example, that at -70°C the loss of adsorption
capacity will be less than 1% at krypton concentrations of 100 ppm
or less. At 20°C the loss of adsorption capacity will be less than

1% for krypton ~oncentrations up to 10,000 ppm.

It is interesting to apply this analysis to the measurements of
Ackley, et al. (1960), for the adsorption of krypton from oxygen.
At krypton concentrations of 21% and 100%, the reductions were 21%
and 46%, respectively (Figure 4.5), whereas the values calculated
from the coefficients in Table 4.8 were 15% and 46%, respectively.
fﬁis agreement suggests that the coefficients in Table 4.8 may be
applicable to results obtained from other carrier gases. It is
probable that the coefficients in Table 4.8 are the best available
parameters for determining the effects of high krypton concen-

trations on the adsorption of krypton from air, but it should be



4.3

kept in mind that these coefficients were determined using an argon

carrier gas.

Effects of Concentration on the Adsorption of Xenon from Carrier Gases

other than Helium

Collard, et al. (1977), found the adsorption coefficient for xenon at
room temperatures to be independent of concentration at concentrations
in the range of 50 to 600 ppm. Nakhutin, et al. (1976), (Figure 4.2)
similarly found the adsorption coefficient for xenon at 21°C to be
independent of its concentration at xenon partial pressures approaching
1 mm Hg. However, at -829C, as the xenon partial pressure approached

0.1 mm Hg, a small but definite nonlinearity was observed.

Table 4.9 from Kovach (1972) shows a concentraticn effect on xenon
adsorption in the ultra-low range of 0.013 ppm to 1.3 ppm xenon in air.
Again, it should be noted that the lowest concentration cited by Kovach

is below the ambient level of xenon in air.

Again, the most extensive study was by Collins, et al. (1367), in which
the effect of xenon concentration on the adsorption of xenon from argon
was examined. At low and intermediate xenon concentrations, the
Langmuir isotherm (Equation 4.4) closely represents the experimental
data (Table 4.8). At the very highest concentrations (i.e., those
experiments where the initial xenocn concentration was 10% or more),

the Langmuir isotherm did not fit the data well, probably because of

multilayer adsorption.



4.4

An appreciable reduction in the adsorption coefficient occurs at
much Tower concentrations for xenon than for krypton under com-
parable circumstances. At 20°C the reductions in their adsorp-
tion coefficients are comparable when the xenon concentration is
one twentieth cf the krypton concentration. Since the fission
yield for xenon is greater than that for krypton, it appears that
if reductions in the adsorption coefficients due to high concentra-
tions occur, the effect is likely to be greater for the xencn

isotopes.

Cross Interferences in the Adsorption of Krypton and Xenon

The effects of the presence of krypton on the adsorption of xenon (or
the effects of xenon on the adsorption of krypton) are important
because, in an operational nuclear facility, these two gases are gen-
erally found in combination. Measurements (Figure 4.6) by Foerster
(1971) show that, at 20°C, the addition of 1% xenon to a trace con-
centration of krypton in argon reduced the krypton adsorption coeffi-
cient by 16%. At -50°C, the same concentration of xenon reduced the
krypton adsorption coefficient by 36%.

In apparent contradiction to the above results, Eshaya and Kalinowski
(1961) found that in helium at room temperature, raising the xenon
concentration from 0.25% to 1% had no effect on the adsorption coeffi-
cient of krypton.

A more extensive study of the interference of krypton on the adsorp-
tion of xenon 1s reported by Collins, et al. (1967). Their krypton
concentrations were either below 0.1% or above 20%, and this gap

in their data certainly complicated our effort to analyze thea.
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4.5

4.5.]

4.5.2

Nonetheless, the Langmuir isotherm (Equation 4.4, Table 4.8) permits
calculation of the simultaneous adsorption of krypton and xenon.
From the Langmuir coefficients given in Table 4.8, it may be seen
that the effect of krypton in reducing the adsorption coefficient

of xenon is less than the reduction in the krypton adsorption co-
efficient brought about by the presence of an equivalent concen-

tration of xenon.

The reverse effect--the reduction in the adsorption coefficient of
krypton brought about by the presence of xenon--is expected to be
greater because xenon is the more strongly adscrbed gas and there-
fore would more easily displace the krypton. Unfortunately, there
are insufficient data to determine the Langmuir coefficients for

this phenomenon.

Conclusions

A number of reports describing measurements of th effect of noble

gas concentrations on their adscrption coefficients have been re-

viewed in this Chapter. The important findings and recommendations

are:

In helium, at temperatures below the critical temperatures of the
fission gases, the Polanyi isostere is useful in correlating the
combined effects of temperature and concentration. At higher temper-
atures, the Freundlich isotherm more closely iits the experimental data.
In gases other than helium, the adsorption coefficients of krypton and
xenon at low concentrations are independent of, or only very slightly

influenced by their concentrations.
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2.5.3 For the adsorption of krypton and xenon from argon, the Langmuir

4.5.4

isothera provides a simple procedure for estimating the effects of
concentration on the adsorption coefficient. The validity of these
coefficients for the adsorption of krypton and xenon from air needs
to be confirmed.

The Langmuir coefficient for the effect of xenon on the adsorption of

krypton needs to be determined.
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