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FOREWORD

The period from July 14. 1960 to August 31, 1960, with the 

exception o! two weeks vacation period in August, was used to 

prepare the monthly progress report for July, to analyse* and reduce 

the date, to formulate a theory for the adsorption of kryptrm-85m 

on activated carbon, and to write the final report to the contractor.

Upon receipt of the contract on May 22. 1960, Republic 

designed the experimental set-up, ordered the necessary equipment, 

and performed the shop work needed for fabrication, assembly, 

and testing of the apparatus. Negotiations were carried out wdh 

Brookhaven National Laboratory for rental of a suitable hole in the 

Research Reactor. The target assembly was placed in the reactor 

during the shutdown period on July 1, 1960 and the experiment was 

manned on an around-the-clock basis until the next stmt down period 

on July 14. 1960.

This report is an account of work carried out by Republic 

Aviation Corporation under subcontract to Sanderson and Porter 

under prime contract AT(30-l) 2207 with the Atomic Energy 

Commission. The contract period was three months from May IS, 

1960 to August 15, 1960. The termination date was extended to 

August 31. 1960 because of Republic's annual vacation shutdown 

during the f*rst two weeks of August.
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SUMMARY
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The ;y.rp<»s«. of this experlm* nt is to study thr |uantitative 

adsorption characteristics of & carbon adsorber b< d receiving a 

radioactive inert gas in a helium stream. An objective of the 

experiment is to measure the equilibrium transmission of the radio

active gas through a carbon adsorber in order to determine if radio

active decay of the adsorbed gas permits additional adsorption.

The experimental curves of the transmission versus time show 

that an equilibrium value is reached: the fact that this equilibrium 

value of the transmission is less than unity is evidence that the radio

active decay of adsorbed gas atoms of krypton-65m permits further 

adsorption. This observation means that the daughter atoms do not 

impair the adsorber at least for the time periods and for the concentra

tions of radioactive gas atoms erf these experiments. The observed 

values of the equilibrium transmission can be predicted on the basis 

of a model developed in this work. The equilibrium value of the 

transmission. T. is
T----- »> exp - (tp r )

Fast neutrons in the Brookhaven reactor bombard rubidium 

and produce the radioactive noble gas krypton-85m. Helium swee ps 

the radioactive gas through an adsorber bed of activated carbon. The 

experiment is designed so that the adsorber saturation time is compar

able to the lifetime of krypton-S5m i7^ ** The adsorption
of the krypton-65m is measured as a function of time by counting the 

150 kev gamma-ray from its decay. The transmission of krypton-85m 

through carbon adsorber beds was studied for periods up to 24 hours. 
The concentration of radioactive gas was erf the order of 10" 12 atom 

fraction.
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On this basis of this model, it is possible either (1) to design 
a minimum size bed for a specified transmission, or (2) to design 
an effectively infinite adsorber by choosing the mean propagation 
time large compared to the mean lifetime for radioactive decay. 
Since this model neglects diffusion, it is not valid in the region of 
very low flow rates, where the transmission remains finite even at 
an apparently infinite propagation time.

where M is the adsorber mass, q is the gas flow rate, p is the bulk 

density of the adsorber, f is the void volume fraction of the bed, 
and ’ is the adsorption capacity of the activated carbon tor the 
radioactive gas.

The technique used in these experiments is useful for studying 
the detailed mechanism of the adsorption phenomenon and for study
ing the adsorption interactions of radioactive gases, such as the 
kryptons, xenons, iodines and bromines which occur as fission 
products. Experiments to determine these interactions,as well as 
to establish long-term effects of in-situ decay on the adsorption 
process, would provide the information required to design minimum 
size adsorber beds for mixtures of isotopes.

. (i ♦ kp) « (f 4 kp)‘p

r is the mean hie ot the radioactive gas atom: and t^, the* mean 
propagation time of the radioactive gas through the adsorber bed
of volume V . is 
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INTRODUCTION
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Charcoal adsorbers have been used for many years to remove 
radioactive gases from carrier gases, but comparatively little is 
known about the design of such devices. Usually, the exact size of 
the adsorber is unimportant, as long as it is large enough to retain 
all the radioactive material fed into it. In the past, the quantities of 
material being handled were small enough so that it was more economi
cal to install an oversize adsorber than to try to design a smaller unit: 
in recent years, however, with the use of charcoal adsorbers for the 
protection of in-pile loops, for the decontamination of off-gas streams 
from fluid-fueled reactors and fuel-dissolving plants, and for the 
clean-up of cooling systems in gas-cooled reactors where the magni
tude of the pressure drop across the adsorber bed is significant, the 
incentive to build more economical adsorbers has become increasingly 
greater. Consequently, the Atomic Energy Commission has sponsored 
research on various aspects of the problem of adsorption »n a number of

The objective of the work described in this report is the 
determination of the adsorbing characteristics of activated carbon 
for radioactive gases. The 4.4 hour metastable radioisotope of 
krypton (Kr-fc5m) was selected for the experiment described in this 
report because this isotope could be readily produced and detected. 
The experimental technique consists of continuously feeding a uni
form concentration of radiokrypton in helium to a fixed bed of 
activated carbon and measuring the inlet and outlet counting rates 
until a steady state is effectively established. The experiment is 
designed so that the adsorber saturation time is comparable to the

* mean lifetime of krypton-85m. The concentration of radioactive gas 
-12is of tne order of 10 atom fraction.
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The present experiments were performed at the Brookhaven 
National Laboratory during the first two weeks Jaly, 1960. Ten 
grams of rubidium were placed in a high-flux region of the graphite 
reactor, where fast neutrons converted some of the atoms to the 
radioactive noble gas krypton-85m. The rubidium was molten under 
the amb»ent conditions, and purified helium was bubbled through the 
rubidium to form the feed gas. A cold trap prevented the small amount 
of vaporized rubidium from reaching the adsorber. A thallium-activated 
sodium iodide crystal was used to detect the radiokrypton. (The decay 
scheme of krypton-85m is shown in Figure 1). A single-channel 
spectrometer was used to isolate the 150-kev photon for counting.

installations, notably Oak Ridge National Laboratory (1.2.3). 
Mound Laboratory (4). University of California (5), Brookhaven 
National Laboratory (6). Hanford. A. D. Little, General Atomics, 
and the Air Pollution Laboratories at Harvard. These latter experi
ments have encompassed a broad spectrum of adsorbers, including 

molecular sieves, silica gel, activated alumina, porous glass, copper 
mesh, and silver-plated copper mesh. The present experiments were 
undertaken as part of the development work on the Pebble Bed Reactor, 
which is carried forward by Sanderson and Porter under contract to 
the Atomic Energy Commission. The results furnish new scientific 
data which can be fitted by straight forward theory. The data and 
theory provide a rational basis for the design of carbon adsorber beds 

for the adsorption of krypton 85m . The experimental technique used 
to obtain these data has now been demonstrated, and can be readily 
adapted to study both the adsorption interactions between radioisotopes 
of different elements and the long-term effects of in-situ decay on 
the adsorption process.
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DESCRIPTION OF EXPERIMENT

Production of Krvpton-85m
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Detection ot Krypton-85m
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Positive identification of krypton-€5m was achieved by 

calibrating the circuits with cesium-137.

The decay scheme of krypton-85m is shown in Figure 1. 
detection of the gamma rays was accomplished by observing the 

photoelectric peak in a 1.5 inch diameter x 1 inch high scintillation 
phosphor of thallium-activrted sodium iodide. Six inches of lead 
shielding was used in order to reduce the background. A single 
channel gamma scintillation spectrometer was used to examine the 
spectra from krypton-85m and for counting the krypton during the 
experimental measurements. The 150 kev line was selected for the 
counting since the counting rate available with this line is more favorable 
than that available with the 305 kev line. A window w.dth of one volt

Fast neutron bombardment of rubidium transmutes rubid.um-85 
to krypton-85m by means of the neutron--proton reaction, 
source of krypton in this experiment consisted of 10 grams of 

rubidium located in a high fast neutron flux region of the Brookhaven 
reactor. Rtbidium-85 has a natural abundance fraction f^ = 0.7215. 
and a microscopic cross-sect>on for a fission neutron spectrum 

<’ np 0.274 x 10 barns . Since the density of liquid rubidium 
is 1 .475 grams cc. the macroscopic cross-section for the production 

-5 -1of krypton-85m is f^ Y = 2.91 x 10 ' cm . Since a 10 gram rubidium 
target has a volume of 6.78cc. production rate at the target for a

11 7last flux of 10 neutrons per sec is about 2x10 krypton atoms p« r



Expected Counting Rate

for radioisotope j at the inlet count-

(1)

<t> - neutron flux density, n, cmwhere

cc1

-1

t

for radioisotope j at the outlet counting
oj ’

(2)
j
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-1 cm

The counting rate, C^. 
station is

1 Radioactive decay is negligible between the point of production and 
the inlet counting station.

where the right-hand member follows by making t^, the passage 
time of the gas through the adsorber bed, of volume V^, large com
pared to t and t. , the gas transit times through the outlet and inlet 
co'unting chambers, respectively, and where g, the ratio of the outlet 

counting efficiency to the inlet counting efficiency, is approximately 
unity. In equation (2). Tj, the fraction of radioactive atoms of isotope 
j transmitted through the adsorber bed, is the quantity to be determined 
by the experiment as a function of time.

J 
f2 

f3

The counting rate.
. .. (i) ing station is

The fast flux at the rubidium target was about 1011

o*ti)TjrtC.je

Cij

C . = C..e-i^b* l.
oj ij

-^r vt(v..q)>jf2f3c

2-sec

E = macroscopic cross-section for (n.p) reaction, 
V* = target volume,cc 
f^ = relative abundance of desired tar ;et isotope 
V = volume of gas inlet counting chamber, 
q = gas flow rate, cc/sec

A. = decay constant for radioisotope j, sec
= emission proLiability for desired decay radiation
= photoelectric peak detection efficiency

(= peak to total ratio)
= crystal detection efficiency for the source-detector 

geometry
= solid angle intercepted by detector, steradian

-2 -1neutrons cm sec
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Figi re 2 is a photograph showin; the experimental apparatus 
giving a view of the control panel. Fi jure 3 is a photograph showing 
the relationship of the experimental apparatus to the reactor shielding 
face. A diagram of the experimental setup is shown ir. F ru re 4; furl er 
details are shown in auxiliary figures which are discussed in subsequent 

para graphs.

-6.78cc
=1.0. f

1
l.Occ sec. A 0.43L xlO^sec-* . f2 0.7b.

= 0.1 steradian. The principal uncertainty
20

Flow Diagram - Helium flow is divided after leaving the supply, 
a portion of it being routed through the in-pile targei loop and part of 
it bypassing the in-pile target loop. Tiiat part of the flow emerging 
from the reactor rejoins the other stream and proceeds as shown to 
the inlet counting chamber, through the adsorber, and finally through 
the outlet counting chamber. The gas is then exhausted to the reactor 
stack. The flow rates are controlled by metering valves and read on

Experimentally.counting rates of this order (*1100 counts |> r 
second) were observed at the startup of the experiment. Unfortunately, 
as disc ssed later in Operational Problems, significant portions of 
rubidium were transported from the target capsule and omdrnscd in 
the flow system. This plugging of the lines with rubidium had the 
undesirable effect of reducing the source strength and reducing the 
helium flow rate. q. thereby resulting in experimental conditions 
whicn were not the design values. Thus, the measurements were 
carried out under lest, flexible and less favorable conditions than 

for neutrons above 1 mev. Th< krypton-8'm counting rate calculated 
sfrom cqiation (1) is *52 counts per second for <d.2>-2.91 xlO ,

V =6.78cc, V-10cc. a • l.Occ sec. A 0.43t x 10~4sec~ 1 . f 
t i

f^ 1.0. f 0.82. and IT
in this number occurs in the value of the product
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(15 rlow meters were of two types: (a)Fischer-Porter. calibrated to read 
helium flow directly inccper minute to ♦ 4cc per minute in the rance of 
lOcc to 200 cc per mtn. (b)Emil Greiner, calibrated to read from 1 cc Io 
270cc per minute. (Catalog No. G9143B1

(lil Calcium chloride. Destcite 25. Filtrol Mil-O-3464

Figure 5 is a diagram of the helium purification system. The 

pressure reducing value on the helium tank feeds gas at 1230 psig to 

the drier and the adsorber. The purified gas is depressured by a 

second reducing valve to the pressure required to give tie desired flor 

rates of about RO cc at STP per minute.

Helium Purification System - Helium contains a small amount 

of stable krypton as an impurity. The concentration of stable krypton 

was estimated to be about the same as the concentration of radioactive 

krypton to be used in the experiments: therefore, it is desirable to 

remove the stable krypton from the helium before it enters the system . 

thus eliminating the possibility that the stable atoms will interfere 

with the measurements and with interpretation of the adsorption 

experiment. Helium also contains moisture in small amounts.

To remove these impurities, a chemical drier^n) followed by 

a carbon adsorber were used. Both units operated at hi*;h pressure. 

The carbon adsorber was designed to be operated at liquid nitrogen 

temperatures, with welded construction throughout: however, a 

gasketed unit was actually used, and this leaked at lewr temperatures. 

Consequently, during most of the runs, the purifier operated at room 

temperature.

flow meters.'*' The bypass line around the carbon adsorber bed 

permits the flow of krypton-F5m into the counting chambers without 

flow through the bed. The her bypass line serves the purpose of 

being a regulating line; it is possible, in effect, to vary the source 

strength by diverting part of the flow through the regulat‘ng line 

which bypasses the counting chambers and the adsortier beds.
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Adsorber B< ds - TN original concept envisioned a few adsorber 

beds that would be fitted with the necessary apparatus to allow purging

The jacketed unit was removed and a coiled unit was fabricated 

on the spot out of V'8-inch tubing. This 1/8-inch tubing was subsequently 

plugged with rubidium and replaced with a coiled unit made with 1/4-inch 

tubing. This last unit operated satisfactorily throughout the rumainder 

of the runs.

Vacuum Purge - Figure 6 indicates the helium purge lines to 

the adsorber beds and other details of the vacuum system are shown in 

Figure 7. Stable krypton, a constituent of air, can be removed from 

the bed prior to a run by alternately evacuating and filling the adsorber 

with purified helium.

The original design called for a coil of aluminum tubing to 

serve as the trap, but, to save time, a commercial unit which happened 

to be on hand was adapted. In this unit, the gas flowed in a jacket 

surrounding the dry ice and trichlorethylene. To reduce the holdup 

volume, the space was loaded with plastic spheres; nevertheless, the 

holdup time at design flow turned out to be about forty minutes. Such 

a time is not objectionable from the standpoint of radioactive decay, 

but it is intolerable from the standpoint of flow transients. The unit 

leaked in service and had to be repaired. Also, on the first run, when 

a large am<»vnt of rubidium was inadvertently transported out of the 

target, the large void volume in the jacket permitted the rubidium to 

accumulate without diminishing the rate of flow of helium, and the first 

indication of difficulty was radioactivity (from rubidium) at the trap.

Cold Trap - The vapor pressure of rubidium is such that, at 

the design conditions, many more rubidium atoms will vaporize and 

be carried away by the helium than radioactive krypton. To prevent 

this rubidium from interfering with the operation of the carbon adsorber, 

a cold trap, refrigerated by a mixture of dry ice and trichlorethylene, 

was inserted between the outlet of the target and the inlet of the 

adsorber.
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The count rate rose to satisfactory levels, but shortly there

after, a routine survey with a portable meter revealed an inordinate 

amount of radioactivity in the cold trap, which was incorrectly ascribed 

to krypton-85m at first. A few hours later, the system required a

After the experiments got under way. the flow lines became 

plugged sufficiently to make the available beds unsuitable because 

they were then oversized for the available flow rate. Consequently, 

new beds had to be fabricated to meet the existing conditions.

Plugged Lines - Plugging erf the lines by rubidium was considered 

during the planning of the experiment. The helium flow rate could be 

kept low enough so that rubidium droplets would not be carried out at 

the target. and the vapor pressure at rubidium is law enough so that 

only a negligible amount <rf rubidium would ever leave the target. Also 

a flow test war. to be performed before the loop was sent to Brookhaven, 

so that the proper operating conditions could be established before the 

unit was inserted into the reactor. However, tl«e schedule required 

that this test be sacrificed.

between runs, however, in order to carry out the schedule of experi

ments within the short tune allotted under the contract, it was decided 

to replace the beds after each run, since replacement could be 

accomplished in a few minutes, whereas purging might take hours.

The excitement of getting the experiment under way. and the 

pressure to complete all of the test work on time contributed to .inadver

tently routing the full design flow rate through the target. The full flow 

had been used to check out the hydraulics of the system while the 

counters were being calibrated, and it seemed the most natural thing, 

at the time, to just switch the flow from the dummy to the target. That 

was a mistake.
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small increase in pressure to maintain flow, and it was suspected 

that plugging might become a problem.

Miscellaneous - One counter and spectrometer operated 

erratically and had to be repaired during the irradiation period. This 

caused considerable confusion. annoyance, and delay.

The lead bricks which were to be borrowed from Brookhaven 

were unavailable wtvn needed, and new bricks had to be fabricated 

to maintain the schedule.

The situation worsened gradually during the next day, and 

the coup de grace was delivered that evening, when the pile was shut 

down because of a severe electrical storm. This caused the rubidium 

to cool off and freeze in such a way that the target lines became 

blocked. Efforts to unplug the lines by app.ying helium pressure were 

unsuccessful, but partial flow was restored by heating the quick-dis

connect fittings with a lamp while simultaneously applying pressure to 

the target. Ph* damage had been done, however, and the flow rate 

gradually diminished to nothing at the end of the irradiation period.
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EXPERIMENTAL RESULTS

Identification of Krypton-85m

Cx'ometry o' Adsorber Beds

Transmission versus Time

4 - 1

Figures 9, 10. 11, 12, and 13 show the results of the experimental 

measurements of the chamber counting rate vs. time for the beds

The beds were designed around the planned flow rates of 30 cc 

per minute to 120cc per minute with most of the measurements to be 

carried out at 60 cc per minute. The beds were designed so that these 

flow rates would lead to saturation in a time comparable to the half- 

life of krypton-85m. The other design criterion is that the beds should 

have a diameter greater than eight times the carbon particle size in 

order to minimize the effect of the wall on the flow distribution.

The techniques of gamma-ray spectroscopy were used in 

identifying krypton-85m and in reducing background. The spectro

meters were calibrated with a cesium-137 source which has a 

gamma line at 0.661 Mev. This calibration was carried out so that 

the spectrometer threshold voltage reads directly in Mev. Krypton-85m 

has a characteristic gamma-ray spectrum corresponding to the energies 

and yields of the decay gamma rays: therefore, the positions and 

relative yields of the photoelectric peaks gave positive identification 

of krypton-85m. Figure 8 is a plot of the experimental calibration 

measurements and shows the photo-peaks of the krypton-85m and the 

Cs-137 calibration source.

Since the actual flow rates were much less than the design flow 

rates, the beds which had been fabricated were too large, and it was 

necessary to prepare new beds. The geometry of the beds actually 

used is given in Table I.

.X
SJ

fH
kk

fc
iX

—
-
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The curves of Figures 9 through 13 show breakthrough and 
approach to equilibrium. Zero time represents the instant that the bed 
bypass valves are closed, thereby admitting the gas stream into the 
adsorber bed. The fact that the equilibrium counting rate is less than 
the bypass counting rate shows that bed-trapped radioactive krypton 
atoms, upon decay, are replaced on the bed by other krypton atoms.

Table II presents the counting rate, Co, with the bed bypassed; 
the counting rate, C, at equilibrium; and the equilibrium value of the 
transmission (C/Co) for the experimental measurements on "Columbia” 
type HCC 12/28X activated carbon. The tabulated counting rates 
represent background subtracted values. In Figure 19, the equilibrium 
value of the transmission of krypton-85m through various adsorber 
beds is plotted as a function erf a combination of parameters that 
is proportional to the ratio erf the charcoal mass M to the helium flow

listed in Table I. Figures 14, 15, 16, 17. and 18 present the 
values of the transmission, with background subtracted, vs. time 
in units of the half life (t/r^^). Figures 9 and 13 represent measure
ments on the same bed containing 3.8 grams of "Columbia* type 
HCC 12/28X activated charcoal. The measurements differ in that 
the one represented by Figure 9 is for an air-saturated (i.e., unpurged) 
bed. and the helium flow rate, q is 6.2cc per minute; while the 
measurement represented by Figure 13 was carried out after purging 
the bed. by pressurizing and depressurizing the bed with purified 
helium, and q is 1 cc per minute. Figures 9, 10, 11, and 12 represent 
runs for air-saturated beds. Unfortunately, it was not possible to 
duplicate the flow rates, because of plugging of the lines with rubidium, 
as explained in Section m. In spite of the fact that both the mass of 
the carbon adsorber and the helium flow rate vary, the data are still 
susceptible to theoretical treatment and interpretation.
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t

rate q. The equilibrium decreases exponentially as this ratio 
increases. Comparison of theory with experiment is discussed 
ahead in Section V, Interpretation, where it is shown that the mean 
dimensionless propagation time (tp/t ) is proportional to M/q.

Table III summarizes the flow conditions for the beds. The 
flow rates shown for each bed are the maximum available flow rates 
at the time of the measurements. The background corrected counting 
rates for the bed bypassed condition are within 14*1 of the mean value 
indicating that the concentration of krypton-85m in the incident helium 
stream was constant within this accuracy. Four of the five runs have 
counting rates within 7.6^ of the mean value.

Although the actual helium flow velocities of the experiment 
were considerably less than the design values, the partial pressure of 
the krypton-85m in the carrier helium stream was quite close to the 
value which would have resulted from the design parameters. The 
expected production rate for krypton-85m of approximately 2x10' atoms 
per second with the design flow of one cc per second would nave resulted 
in a krypton density of 2 x 10? atoms per cc and a partial pressure oi 
7.4 x 10“'3atom fraction. From the observed mean counting rate of 

470 counts per second, the krypton density, as calculated from 
equation (1), is 1.68 x 10‘ atoms per cc which results in a partial 
pressure of 6.25 x I0~13atorn fraction. The fact that some of the 

rubidium target material was transported from the target capsule, there
by reducing the production rate of krypton-85m , tended to compensate 
for the effect of reduced flow rates.
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INTERPRETATION

Equilibrium Theory

atoms on the adsorber in dV.

(1)
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The observation that the transmission of krypton-85m through 
carbon adsorber beds reaches an equilibrium value less than unity 
is evidence that the loss of an adsorbed atom of krypton-85m by 
radioactive decay is replaced by another atom of krypton-E 5m. The 
premise that the net adsorption rate is equal to the radioactive decay 

rate of adsorbed atoms at equilibrium is illustrated in Figure 20. 
This equllbrium model simplifies writing down a differential equation 
that represents the balance of gains and losses of radioactive atoms 
from a differential volume element of the adsorber. Thus, with 
reference to Figure 21. the decrease in the number of Kr-85m atoms 
per second in traversing a differential adsorber volume dV of cross- 
sectional area A and thickness dx at x is - qdn, where n(x) is the 
concentration of Kr-85m atoms in the gas at position x, and q is the 
volume flow rate of the (helium carrier plus Kr-85m) gas. At equili
brium. the net adsorption rate of Kr-85m atoms in dV is A dN, where 
A is the decay constait of Kr-85m, and dN Is the number of Kr-85m 

The radioactive decay rate of Kr-85m 
atoms in the gas contained in dV is fnA Adx, where f is the void 
volume fraction. Hence,

- qdn = A dN + fn A A dx

In order to formulate an expression for dN, we note at low 
pressures that va , the volume of gas adsorbed at equilibrium per gram 
of carbon, increases linearly with its equilibrium partial pressure p.

io
Since the partial pressure of krypton is of the order of 10 atom



(2)dN = k n p A dx

(3)dx

whe re

(4)(k p + f)

The solution to equation (3) for a bed of length f is

(5)

(6)

= (f 4 kp) M/pq (7)
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dn
n

so that the transmission T of krypton-85ni atoms through an adsorber 

bed of length ( is

A t 
r

t 
P

t 
P

-A t 
P

Af 
q

fractien in these experiments, a linear adsorption isotherm of the 
form v = kp is used. The adsorption capacity, k, of the carbon 
adsorber for krypton is the slope of the linear adsorption isotherm. 
Adsorption capacity means volume of krypton, reduced to S.T.P. , 
adsorbed per gram of carbon at a given temperature in the presence 
of (helium) carrier gas per atmosphere of partial pressure of 
krypton in the carrier gas; thus, the units of k are cc(STP) per gram
atmosphere. Thus.

Equations (1) and (2), when combined , yield the differential 
equation:

-AipX/r

= —- (k p + f) A dx =

n (x) = nQe

The quantity t , which is the mean propagation time of the krypton-85m 
atoms through the adsorber bed, can be rewritten in terms of the‘mass 

M of the activated carbon adsorber:

T ~ n (f ) /nQ = e



Comparison with Experiment

Measurement of Adsorption Capacity

k = (q/M) ln(l/T) - f/p (8)

-12

Carbon at 76°F and Approximately 10

14.2
Average

5-3

Adsorber Mass^M 
TgrarhsV

3.8
3.8 (purged)
6.8

As shown in Fig. 19 , the equilibrium theory agrees w th the 
experimental measurements of the equilibrium values of the trans
mission of krypton-85m through adsorber beds of different mass. 
Thus, the data and theory together furnish a rational basis for the 
design of carbon adsorber beds for the adsorption of krypton-85m; 
for example, an effectively infinite adsorber bed can be designed 
by choosing the mean propagation time large compared to the mean 

lifetime lor decay of krypton-85m.

A determination of the value of the adsorption capacity, k, of 
the carbon adsorber for krypton can be obtained from the data of 
these experiments by solving equation (6) for k

Adsorption Capacity , k 
(rc at STPTgm-atmosphere)

45.3
42.4
47.5
49.5
46. G

For "Columbia” type HCC 12/28X activated carbon, the Ixilk 
density p is 0.55 grams/cc. The void fraction f is 0.71 for an 
absolute carlxin density of 1.9 grams/cc. Hence, the term f/p = 1.3. 
Tabulated below are the experimentally determined values of the 

adsor|)ti<)n capacity, k, of "Columbia* type HCC 12/28X carbon 
adsorber beds at 76°F and at a partial pressure of the order of 10 
atmosphere of krypton-85m in a carrier gas of helium at one atmos- 

phe re.

Adsorption Capacity of "Columbia" Type HCC 12/28X Activated
Atmospheres of Krypton-85m
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I

1

The average value of the adsorption capacity is determined 

from measurements on beds of the same cross-sectional area. 
Comparison of this measurement with the results reported by other 

workers is made in Table IV



SECTION VI

SUGGESTIONS FCR FURTHER WORK

4.

5.

gases.

Krypton- 85m

6 - 1

1.

2.

3.

The results off the following experimental program on the 

adsorption of radioactive gases would lead to a definitive basis for 

the economic design of adsorption systems: 

Krypton-85m 

Xenon-133 

Krypton-85m and Xenon-133 

Fission Product Gases 

Kryptons and Xenons 

Halogens and halogen compounds (reactive traps) 

Long-term effects

Although this program is keyed to the fission product gases, 

which consist of various isotopes of krypton, xenon, bromine and 

iodine, the results should be applicable to a wide variety of radioactive 

A brief description of each of these items follows:

First, experiments using Kr-85m should be repeated at higher 

flow rates than were achieved in the recent experiments reported 

above. Because much higher counting rates can be achieved by assuring 

that the rubidium remains confined to the target capsule, a rerun 

with Kr-85m would improve the accuracy of the data considerably and 

would extend the data and results of this experiment. For example.

The. design concepts of this experiment and the technique used 

to obtain the data in this report have now been proved. This experi

mental technique can be used to study the adsorption of a radioisotope 

in the presence of stable isotopes of the same element, the adsorption 

interactions between radioisotopes of different elements, and the 

long-term effects of in-situ decay on the adsorption process.



Xenon-133

Second

Krypton-85m and Xenon-133

•6-2

t 4

, a series of experiments with xenon-133. manufactured 

by fast neutron bombardment of cesium, should be carried out to 

establish the behavior of thia mat eg al with activated carbon under 

flow and temperature conditions similar to those used with krypton-85m. 

The experiments with xenon need not be as extensive as those with 

krypton but they should be broad enough to establish clearly the 

adsorption behavior of pure xenon (in helium!.

Browning et al at Oak Ridge National Laboratory have observed 

recently that, at very low flow velocities, diffusion sets a limit to 

the attenuation that can be achieved in an adsorber bed. This is an 

interesting phenomenon that requires investigation, since the effective 

diffusion rate is influenced by many factors, such as: void distribution, 

bed orientation, convection currents, and bed shape. At least, the 

flow rates in future experiments should be varied sufficiently to 

establish clearly the presence or absence of the cbffusion effect.

both Kr-85 and Kr-F5m can be produced at the target, and observed 

simultaneously by gamma-ray spectroscopy, yet the 10.3 year Kr-85 

behaves like a stable isotope in an adsorber designed to attenuate 

the transmission of the 4.4 hour Kr-85m. It is worth noting that the 

relative yields of Kr-85 amd Kr-85m would provide a measure of the 

relative production cross-sections for these two isotopes, tn the 

event that the relative yields are inconvenient for the adsorption 

experiment, it is easy to adjust the concentration by adding purchased 

Kr-85.

Third, a series of experiments using mixtures of krypton-E3 

and xenon-133 would establish the influence, if any. of one isetope 

on the adsorption of the other.



Gaseous Fission Products

5-3

Long-Term Effects

This item need not necessarily be the last experiment to be 

undertaken in contradistinction to the cither experiments described 

above, which should be performed in the order listed. The long-term 

effect of most interest would seem to be the manner in which daughter 

products affect the adsorption behavior. Radiation damage effects 

on adsorption, if any. resulting from both in-situ decay and external 

irradiation by gammas and neutrons needs examination.

Fourth, a series of experiments with the gaseous fission

I roducts would provide an understanding of the operation of adsorber 

beds with multicomponent mixtures. Table V lists the gaseous 

isotopes produced in fission. The daughter products of the isotopes 

in Table V are not shown tut would require consideration in the design 

of the experiments. Note that there are a nun.bcr of stable kryptons 

and xenons . The chemically active Iodines and bromines can be 

removed in reactive traps. Note also that there arc more than two 

dozen isotopes of relatively long half-life (hours). The adsorber 

behavior will depend upon the composition of the feed, which in turn 

will depend upon how the fission gases are generated and what happens 

to them from the time they are inade until they reach the adsorber. 

Sufficient cases should be examined experimentally so that satisfactory 

agreement between theory and practice can be assured.
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SECTION VII

ILLUSTRATIONS AND TAT|,gff

The following peeve conuui the Figures and Tables referenced in

Sections II through VI of this report.
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TABL E I

CARBON)

2.371.5890.563.8

4.461.5890.566.8

8.641.5890.5614.2

9.5101.3775.0

BEDS 
HCC 12/28 X ACTIVATED

CROSS ’ SECTIONAL
AREA
(m2)

CARBON 
MASS 
(gms)

INSIDE 
DIAMETER 

(inches)

EFFECTIVE 
LENGTH 
(inches)

~6.5

r i

GEOMETRY OF ADSORBER 
("COLUMBIA" TYPE
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TABLE II

HCC I2/28X
ACTIVATED

14.26.83.8MASS M , grams

COUNT RATES t cps

342112393391BED IN EQUILIBRIUM — C i

430 536488430464CBED BYPASSED

.64.26.81.91.94TRANSMISSION

(♦p/Tyt) .631.74.14JOPROPAGATION TIME

C/C0

438° ’

I 1r i rr n

EXPERIMENTAL RESULTS — TRANSMISSION 
ADSORPTION OF Kr-85m ON “COLUMBIA" TYPE 

CARBON

r i

75 3.8
(PURGED)
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14.26.83.8grams

3.75 1.08.6 - 6.29.26.2CC/ MINHELIUM FLOW RATE

0.630.395.4 - 3.95.83.9SUPERFICIAL FLOW VELOCITY - CM/MIN

9.338.74.1 - 5.62.01.5GAS TRANSIT TIME t MIN

HCC I2/28X

75 3B 
(PURGED)

TABLE III

EXPERIMENTAL RESULTS — FLOW CONDITIONS 
ADSORPTION OF Kr-85m ON “COLUMBIA" TYPE 

ACTIVATED CARBON

MASS M ,

r ir 3 i
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TABLE TV

MEASURED VALUES OF THE ADSORPTION CAPACITY OF CARBON FOR KRYPTON

Type CarbonReference
(mmHg)

46Columbia HCQ2/2HX76
56Sutcliffe Speckman 208C0.2-968(8)
39Sutcliffe Speckman 20€C0.2-968(»)
59Columbia Grade G173(2)

in a carrier or host gas of helium at or near a pressure of one atmosphere

a

“1 C fl

Krypton Partial 
Pressure***

TatmT

io-'2

Adsorption Capacity. k 
(cc at N“t> ’: n> at moi.)

(0.26-1 lX)x 10*3

1 .3xl0"3

Tcmpcrau re, T

...
..



TABLE V

CASEOUS ISOTOPES PRODUCED IN FISSION

Half-Life
Element

stable0.05619Bromine
0.1461
0.5483

32 m1.084
3 m1.365

55.6 s2.587
15.5 s3.688
4.51 s4.889

1.88 h0.1183 mKrypton
stable0.4383
stable1.084
4.4 h1.385 m

0.2685
2.086

78 m2.587
2.8 h3.688
3.2 m4.889

33 s5.890
9.8 s5.691

Mass 
Number

10.6 y 
stable

stable
2.33 h

Percent
Yield*1'



TABLE V , (Cont*d)

Half-LifeElement

3 s6.092Krypton
2 s6.593
1 .4 s6.494
short6.395

stable0.13127Iodine
25 msmall128

0.9129
small130

8 d2.9131
2.3 h4.3132

20.8 h6.5133
52.5 m7.9134
6.7 h6.3135
f6 s8.4136
22 s6.0137
5.9 s5.7138
2.7 s6.2139

Mass
Number

1.7 x 107y

12.5 h

Percent...
Yield'1’



TABLE V, (Cont’d)

Element Half-Life

Xenon 126 small stable
129 stable
130 small stable
131 m 2.6 12 d
131 0.3 stable
132 4.3 stable
133 m 0.16 2.3 d
133 6.34 5.3 d
134 7.9 stable
135 m 1 .9 15.6 m
135 4.4 9.2 h
136 6.4 stable
137 5.6 3.8 m
138 5.7 17 m
139 6.2 41 s

I140 6.4 16 8
141 6.0 1 .7 a
143 6.0 1 s
144 5.7 1 s

H. Sullivan,
January. 1957.

Mass
Num Im? r

Percent 
Yield

’Trilinear Chart of Nuclides’, U.S.A.E.C., 
Yields fjiven are cumulative and, in many instances, 

are approximate only.

iEND

0.9 ♦ 4 x IO-4
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