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ABSTRACT

A procedure was developed for the sparation of the rare gases
argon, krypton, and xenon from mixtures containing oxygen and nitrogen
by use of gas-chromatographic columns packed with molecular sieve type
5A. Helium was the carrier gas. The method is applicable to mixtures
which have been considerably enriched ii the rare gases. The procedure
involves:

a. Separation of xenon from oxygen, nitrogen, argon, and krypton
on a short column at or above room temperature;

b. Separation of krypton from oxygen, nitrogen, and argon on a
long column at -20OC;

c. Separation of argon from oxygen on the long column at -50°C.

The net reduced retention volumes and heats of adsorption were
determined for oxygen, nitrogen, argon, krypton and xenon on molecular
sieves types 4A, 5A and 13X.

Voltage output of the differential thermal conductivity detector
was measured as a function of the quantity of gas being measured. It
is estimated that the presence of about 6 x 10-11 mole, or 0.1 ppm in
25 cc of sample, can be detected. uantitative measurements can be
made down to about 5 x 10-9 mole, or 10 ppm in 25 cc of sample.
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SUI4MRY

The Problem

Accurate determination of the amount of radioactive contamination
released to the atmosphere in the vicinity of nuclear reactors, and from
the detonation of nuclear explosives, requires knowledge of the contri-
butions made by radioactive isotopes of the rare gases argon, krypton
and xenon. Several processes have been devised and are in use for the
separation of these radionuclides from their atmospheric diluents. The
gas-chromatographic method has proven useful and economical when applied
to a broad range of previously difficult chemical separations. The
availability of the remarkable synthetic zeolite adsarbents known as
"molecular sieves" has made possible the application of these materials
to the gas-chromatographic technique. A complete study of the properties
of several different types of molecular sieves with respect to their
ability to separate the rare gases from other atmospheric constituents
has not previously been made.

Findings

The retention properties of gas-chromatographic columns packed with
three types of molecular sieve materials were determined with respect
to the gases oxygen, nitrogen, argon, krypton, and xenon. A separation
scheme was developed which can be used to separate individual rare gases
from an enriched mixture of impure rare gases. Net reduced retention
volumes and heats of adsorption of oxygen, nitrogen, argon, krypton and
xenon on the molecular sieve materials were measured. The lower limit
at which the rare gases can be detected by the differential thermal con-
ductivity method was determined.
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INTRODUCTION

The atmosphere in the vicinity of nuclear detonations and nuclear
reactors contains radioactive isotopes of argon, krypton, and xenon.
Krypton and xenon are products of nuclear fission, while radioargon is
formed by the capture of neutrons by naturally occurring stable argon.
The amount of contamination produced in the atmosphere in this manner

can be determined by separating the gaseous radioisotopes from large
samples of air collected in the vicinity of the nuclear events.

The problem of quantitatively separating rare gases from air samples
of the order of a thousand liters in size essentially involves two steps;

a. Concentration of the rare gas fraction by removal of extremely
large quantities of N2 and 02;

b. Separation and purification of the components of the rare gas
fraction.

Existing gas chromatographic equipment cannot handle the enormous sample
sizes required for Step a. It is also unlikely that necessarily expen-
sive attempts to develop a gas chromatograph capable of handling such
large samples could produce much advantage over methods currently being
used for the initial bulk separations. Such methods include removal of
oxygen and nitrogen by chemical combination with hot reactive metals,
concentration of rare gases in large charcoal beds at low temperatures,
and fractional distillation of liquid air. These methods are in routine
use at other laboratories. However, it is likely that gas chromatographic
techniques could be used to great advantage in Step b. Therefore, efforts
were concentrated on Step b and were directed toward developing a pro-
c-dure by which an enriched rare gas mixture could be chromatographically
separated into the pure components.

The gas-solid chromatographic technique was chosen as best suited
for the separation of atmospheric gases. These gases undergo negligible
absorption in gas-liquid partition columns, and in fact are often used
in direct measurements of the dead volume of such columns. On the other
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hand, the materials used in gas-solid adsorption columns possess much
greater adsorptive capacities with respect to the atmospheric gases,
and separations based on the different adsorptive characteristics of
the gases become feasible.

The literature contains numerous references to the use of charcoal
as a gas-chromatographic separating agent. For example, Gleuckauf,
Barker, and Kitt I separated neon isotopes at -196 0C; Arrol, Chackett,
and Epstein2 purified xenon and krypton evolved during the chemical treat-
ment of neutron-irradiated uranium; Janak 3 investigated the separation
of helium, neon, argon, krypton, and xenon using carbon dioxide as the
carrier gas; Turkeltaub and co-workers performed experiments similar
to those of Janak;3 and Gleuckauf and Kitt 5 measured the amounts of
krypton and xenon obtained in the distillation of atmospheric air. How-
ever, these separations were often difficult to make, and no one has
reported the separation of argon from oxygen on charcoal columns.

The rather remarkable adsorptive properties of the artificial zeo-
lites known as "molecular sieves" seemed to offer promise of more useful
chromatographic applications than could be obtained from charcoal.
Attention was then focussed on the use of these materials in a separation
scheme.

Prior to the beginning of these studies data pertaining to the use
of molecular sieves in rare gas separations as sparse. Some experimen-
tal work had been done by Barrer and Robins,9 by Greene,7 by Janak, by
KYryacos and Boord,9 and by Greene and Pust, 1 0 among others. However,
within the last two years a number of further significant contributions
have been made. Janak, Krejci, Dubsky, and Tesarikll- 1 5 investigated
several gas separation problems such as the determination of krypton in
the presence of hydrogen and methane, analysis of mixtures of helium,
neon and hydrogen, and analysis of mixtures ?; hydrogen, oxygen, nitrogen,
carbon monoxide, and methane; Jay and WilsonLO used molecular sieves to
separate the components of respiratory exhalations; separations of argon
from oxygen were reported by Vizard and Wynne,1 7 by Mosen and Buzzelli,lB
and by Lard and Horn;19 and analyses of gases in the environment of nuc-
lear reactors were performed by Malgiolio, Limoncelli, and Cleary, 2 0 and
by ritz. 2 1 All of the above cited investigations involved the use only
of molecular sieve type 5A.

In the present work the properties of molecular sieve types 4A, 5A,
and 13X were studied to determine their applicability to the separation
of the atmospheric gases. Preliminary experiments were performed, in-
volving evaluations of the relative separating powers of charcoal versus
the molecular sieves, and evaluations of the benefits, if any, from the
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use of carrier gases other than helium. These experiments indicated
that the most fruitful course for the investigation was to develop a
separation scheme based on the use of molecular sieves with helium as
the carrier gas. Accordingly, a systematic investigation was made of
the retention properties of these materials; the information thus ob-
tained was then used to construct a separation scheme. As a by-product
of the investigation, the heats of adsorption of the various gases on
the molecular sieve materials were determined; since the heats of
adsorption themselves may be of interest to other investigators, they
are discussed also. Finally, measurements of peak area as a fuziction
of the quantity of gas in an eluted peak were made and estimates are
given of the lowest concentrations at which a component of a gas mixture
can be detected and measured with a thermal conductivity detector.

PROCEDURE

APPARATUS AND TECHNIQUE

The apparatus consists of three main sections (see Figs. la and 2b):
the sampling system, the chromatographic apparatus, and the collection
system. In the sampling system, gas samples were prepared and intro-
duced to the chromatographic apparatus, in which the separations took
place. After leaving the chromatographic apparatus, the separated gas
fractions entered the collection system, where they were adsorbed on
small charcoal traps. The fractions were subsequently desorbed from
their traps and either were pumped into evacuated storage bulbs, or were
reintroduced to the chromatographic apparatus for further analysis.

A Perkin-Elmer Model 154-B Vapor Fractometer equipped with a gas
sampling valve was modified to allow the use of external columns and to
bypass the carrier gas pressure regulator. The carrier gas pressure was
regulated at the helium supply tank. The carrier gas was passed through
a drying tube filled with activated molecular sieve material, and then
through two large activated charcoal traps cooled in liquid nitrogen to
remove gaseous impurities. Helium was used as the carrier gas in most of
the work; a few experiments were performed with nitrogen and oxygen car-
riers. Flow rates were measured with a rotameter in the chromatographic
unit. The gas sampling valve was connected to a manifold in which gas
mixtures were prepared, and from which the samples were admitted to a
sample loop of known volume.
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The charcoal co.umn usd 111 tji CarLiCe't pacwL of this v rk waG
supplicd by the Perklin-Eb1mer Corp.; Lhc ,.tautaon'ay phase was contained
in a helically collod aluminum tube LO I'l, loag by .J/16 in. in internal
diameter. The author prepared the molecular sieve columns which were
used to develop a separation scheme and to gather retention data for the
gases involved in the investigation. The molecular sieve material war
supplied by the Lind.e Co. in rylindrical pellets about 1/16 in. long and
1/32 in. in diameter. The pellets were dried overnight at ll0C, pul-
verized, and the pcwder was separated into several particle size ranges
(12-20, 20-60, 60-80, 80-100 U.S. mesh) by shakting through sieves. The
20-60 and 60-80 mesh fractions were dried for 6 to 8 hrs at 3000C while
being purged with dry nitrogen. The dry material was stored in a vacuum
dessicator while still hot. The columns were constructed from copper
tubing 3/16-in. in internal diameter with 1/3°.-in. walls. The molecular
sieve material was shaken down into the straight tubing while the tub-
ing was vibrated to ensure good packing. The last 6 in. at each end
were filled with dry Chromosorb, 60-80 mesh. When the columns were full,
the ends were plugged and the tubing was coiled into a series of parallel
straight sections, each about 6 in. long. When in use the straight sec-
tions were vertical, so that if further settling occurred the formation
of channels would be minimized. Each column was Cred again at 300%
for 6 to 8 hrs and cooled before using.

The columnis were weighxed at room temperature before and. after fil-
ling to determt ne the wtoight of the stationary phase.

When in use, the column was immersed in a constant emperatre
bath. Several cooling media were used, depending on the temperature
at which the column wa- to be operated;

a. 700 to OC: water
b. 00 to -20°C: NaCl-ice mixtures
c. 00 to -55 0 C: CaC12-ice mixtures
d. -550 to -l00OC: methanol cooled with liquid nitrogen.

Eluted fractions which were to be saved for further analysis or
for storage were collected on small charcoal traps cooled with liquid
nitrogen. To desorb a fraction, helium was pumped off and the traps
were warmed to 80-1000C. If the fraction was to be analyzed further,
the carrier stream was diverted through the trap after leaving the ref-
erence side of the detector. If the fraction was to be stored, it was
transferred to an evacuated storage bulb with an automatic Toepler puml..

A novel feature of the control unit for the automatic Toepler
pump is the use of a latching relay to activate two solenoid valves
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which regulate the application of air pressure and vacuum to the lower
chamber of the pump.*

The detector was of the standard thermal-conduciivity type, consist-
ing of thermistor beads in each chamber connected as arms of a balanced
bridge circuit. The voltage output was recorded by a graphic recorder
with ranges of 0-1, 0-10, 0-100, or 0-1000 mv. In the case of an ex-
tremely small eluted peak, the detector output was amplified by a DC
amplifier with a 1-v output. In this way detector signals in the micro-
volt region could be recorded.

The samples run for the purpose of determining retention parameters
were 0.25 cc in volume and consisted of binary or ternary mixtures with
roughly equal quantities of components. These samples were run at a
column inlet pressure of 10 psig.

Detector sensitivity was determined by measuring the area of recorded
peaks as a function of the quantity of rare gas being analyzed. The
samples were run through a 10-ft by 3/1 6 -in. internal diameter column
packed with Chromosorb, and the detector was thermostatted at 400 C. This
was done for argon samples ranging in size from 10-3 to 3 x 10-10 moles,
for krypton from 10-3 to 2 x io5 moles, and for xenon from l0-3 to
3 x 1-0 moles. The larger samples were introduced into the carrier
stream from a 25-cc sample loop, the sample pressure being varied to
change the quantity of sample. The smaller samples were introduced in
the same manner, but using a 0.25-cc loop. Below 10-7 mole, the argon
was diluted with helium in order to obtain reliable sample pressure
measurements. However, at the 10-8 mole level, contaminants in the
helium, which are not separated from argon on Chromosorb, began to make
significant contributions to peak areas. Corrections were made by sub-
tracting the peak areas obtained from blank helium samples. The helium
was found to be contaminated to the extent of about 0.08 %, probably air.

The maximum sample size that could be handled efficiently by the
10-ft by 3/16-in. columns was 25 cc. Above 25 cc, peak broadening and
flattening became increasingly severe, and above 100 cc the columns began
performing frontal analyses rather then elution analyses.

A larger column, 20 ft long by 3/8-in. in internal diameter and
packed with 10-40 mesh molecular sieve 5A, tolerated samples as large
as 100 cc. However, because of its size, this column was operated only
at room temperature and gave very poor resolution. Samples as large as
one liter produced typical frontal analyses on the large column.

*The use of a latching relay was suggested by Mr. P.R. Warp, and the

control unit was constructed by Mr. Bruce Euler.
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TREATMENT OF DATA

Retention Volumes

The raw data consist of graphic recordings of the detector voltage
output as a function of the elapsed time since the instant of sample in-
jection. The time required for the appearance of the maximum of a chro-
matographic peak includes not only the time spent on the column station-
ary phase, but also the time required for the sample to travel from the
injection point to the beginning of the column, through the column dead
space, and from the end of the column to the detector. Due to the ad-
sorptive properties of the stationary phases used in this work, the
column and apparatus dead times were not measured directly.

The observed retention time, tR, defined as the time between in-
jection of the sample and the appearance of the peak aximum, is converted
to the reduced retention volume, V0 , by the relationship

=273 jivo = T tR Fc

where T is the column-operating temperature in degrees Kelvin, j is the
pressure-drop correction factor, and Fc is the volumetric flow rate of
the carrier gas corrected to the column outlet pressure and column tem-
perature. The quantity Vd, the reduced dead volume, is defined by

Vd 273 V

where Vm is the corrected dead volume. (The derivations of the equations
for VO %d Vd are given in detail in Appendix A. )

It can be shown1 0 that the variation with temperature of the quantity
(Vo-Vd), the net reduced retention :lume, is given by

Vo - Vd = Vs e - a/RT ()

where Vs is a constant, Ha is the heat of adsorption of the sample gas
on the stationary phase, and T is the column temperature. A similar ex-
pression can be derived, for the case of gas-liquid partition chromato-
graphy.22 Then assuming that A a remains constant over the temperature
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range considered, the , oJ' : (V(, - v(d) veuri;u, reciprocal temperature
will be a :;tr utI1JUii wi lAi tnL,',:i)L ,I([ual to In Vs and slope equal to

-ala/R. In order to con:s-ti-ne-t .uci plots for a g,-i.ven column, the value
of V, for tha Column 111111A bc R.1 iw. inc V1h wa; riot; obtained experi-

mentally, A mtl.t iri]. ofi.y:;i:; the daUta, bhsu-ed, on the metxlod of
lcast squtuaen, wi; u.se(i tLo Lu cL hc VA for each co.umn, and V, and
1\1,11 for each 1-7ts on each st;.tionairy phase. (Aron land oxygen were not

retained by molcculilar sieve )1A butween -95O and 25)C, and krypton and

nitrogen were not. retained nbove -)10'C. Tlheie data were fitted to the
dead volume equt [on, Vij .: 213/T VA.) The procedure used in the analysis
is set forth in detail in AppendI.. 13.

Peak Icoolution

Mhe expression for re-solution btiggested by Phillips23 was used. If
two peaks are eluted in sequence under identical operating conditions,

the resolution, ]1, is given by

R-2 - tiR1

2 1l w2

where tR and tR2 are the retention times, and 1 w1 and 1 w2 the peak

half-widihs measured in units of time. Since tle peak s~apes obtained

in this work were usually slightly asymmetrical, peak half-widths were

obtained in the manner illustrated in Fig. 2. Tangents to the peaks at

the inflection points of the, jacent sides of the two peaks were extended

to the base line; the half-width for each peak was then taken to be the

distance along the base line between the intersection of the tangent with

the base line and the tim of appeturancc of the peak maximum.

Peak-Area Mesurements

Peak areas were measured directly from the graphical recordings with

a compensating polar planimeter. These areas were then converted from

units of square incblcs to mtillivo.t-cubic centimeters by using the for-

mula:

r 1
B tV

Best Available Copy
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I W2

Fig. 2 Method of Determining Peak Half Widths

where A is the derived area in millivolt-cubic centimeters,
S is the measured area in sq-.are inches,
r is the recorder span in millivolts,
Fc is the carrier gas flow rate in cubic centimeters per minute,
w is the width of the chart paper in inches,
V is the chart speed in inches per minute.

RESULTS AND DISCUSSION

PRELIMINARY EXPER IMEWPS

Preliminary qualitative experiments with the charcoal column and
with a column containing coarsely ground (about 20-60 mesh) molecular
sieve type 5A showed that the latter type of column could provide better
and more useful separations, although it did not have as high a capacity
as the charcoal column. Also, the charcoal column would not separate
argon from oxygen, while it was anticipated that these gases could be
separated on a molecular sieve column. Because of these considerations,
subsequent work was directed toward the use of molecular sieves. lbe
separating properties of the three types of molecular sieve investigated,
4A, 5A, and 13X, were determined, and the usefulness of each in a sep-
aration scheme evaluated.
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The particle size range of 60-80 mesh was found to be the optimum
range for the stationary phase. The particles in this size range are
small enough to give reasonably symmetrical peaks with a minimum of
tailing, yet they are large enough so that very high column inlet pres-
sures and low flow rates can be avoided.

The use of oxygen and nitrogen as carrier gases was investigates.
These gases produced slightly poorer resolution than did helium, and
they frequently gave rise to spurious detector responses which obscured
the appearance of genuine peaks. These spurious responses were attribu-
ted to flow surges in the exit of the column caused by a temporary in-
crease in pressure accompanying the desorption of a gaseous fraction
from the column stationary phase.

RETENTION DATA

Tables 1, 2, anc. 3 list the values obtained for the retention para-
meters VA, Vs, and 61a, for the three mol.cular sieve columns used most
frequently during the investigation. The carrier gas was helium. Values
are also given for Sh and nh. 8h is defined in Appendix B as the sum of
the squares of the deviations of the observed from the calcuLated net
reduced retention volumes; the observed net reduced retention volumes
were obtained by subtracting the calculated dead volumes Vd from the
experimentally determined reduced retention volumes Vo . nh is the
number of experimental points used in the analysis.

The heats of adsorption of argon, oxygen, krypton, and nitrogen on
molecular sieve type 5A have also been measured by Greene and Put;1 0

the results are reproduced in Table 4.

These values are consistently lover than those determined in this
work, which are given in Table 2. Both sets of values are within the
range (- 1-5 kcal/mole) expected for adsorption duo to van der Weals
interactions between adsorbent and adsorbate.

Greene and Pust dried their columns for 2 hr at 150°C; the columns
used in the present work were dried for 6 to 8 hr at 3000 C. It seemn
likely that the treatment used by Greene and Puet did not completely
purge the molecular sieve material of entrapped water. Janak, Krejci,
and Dubsky1l have shown that the presence of very small amounts of water
can radically change the adsorptive propertines of molecular sieves.
Entrapped water could prevent other gases from diffusing through the
porous, cage-like atructuw-2 4 of the sieve material.
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TAMl 1

Retention Parameters for 14A Column

Dimnensions- 10-ft long by 3/A6 in. in intafta1 disMAW.
Stationary phase: 12g m olecular sieve type EA, 6040- msal.
Carrier gas: Helium

.r a 02 Krb  z1b ]e

V(c) 1.8 x 10 5  3.83 x 10"4 1,34 Z 3

/h) " "477 '9 55 391
15 4 4 7

VA - 130 cc

a. k and 02 not retWined ove temper tue ra stud.ed; d ,ta wre
fitted to

V0(Ar +. 02) r VI
b. Kr and N2 not retained above -40 0C; data above -OC wre fitted to

Vo(Kr + N2 r VA

TABLE 2

Retention Partrers for 5A Column

Dimensions: 10 ft long by 3/16-in. in internal diamater.
Stationary phase: 39 ga molecular sieve type 5A, 60-80 mh.
Carrier gas: Helium.

Ar 02 Kr '2

Vs (cc) 0.254 0.183 0.463 0.0270 o.462

4i a/no1e) 35140 3800 141057031
780 1482 867 637 181

8 8 6 6 3

VA - 216 cc
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TABLE 3

Retention Paramters for 13K Colum

Dlimnslons: 10 ft long bY 3/16 in. In Internal diametr.
SItmtmcwy phamse: 32 pa molecular sieve type 13X, 60-80 mash.
Carrier Me: Helium.

Ar 0 Kr N2 Xe

V ) (c) 0.103 0.13.1 0.324 o.o098 0.573
3540 3570 3910 4.790 4760
3567 5051 3 583 1391

Nhc )/ala 9 18 l

% wo9 cc

TABLE 4

leats of Adsrption on Molecular Sieve 5A*

an -wa (Cal/mole)

Ar 1510

IKr 3150
N2 4170

*Dsta taken from Table IV of reference 107
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Brunauc, in hs cin cussion of heats o. adsorptiun, cites evidence
to show that heats of adsorption are considerably larger, due to effects
associated with surface tension in capillaries, if the adsorption occurs
in crevices, tubes or cells of the adsorbent, than if it occurs on plane
surfaces. Also, dispersion forces would be expected to play a more im-
portant role in increasing the heat of adsorption in the interior of the
crystal where the adsorbate molecule can corq in contact with a larger
number of lattice ions tiit n on the outside. o

Therefore, the higher heats of adsorption measured in this work are
attributed to the effects resulting from greater penetration of the mole-
cttlar sieve crystal structure by the adsorbate atoms, due to the more
drastic drying treatment to which the molecular sieve material was sub-
jected.

Graphs showing ln (Vo - Vd) plotted against reciprocal temperature,
using the parameters listed in Tables 1, 2, and 3, are presented in
Figs. 3, 4, and 5. Figure 3 also shows plots of ln Vo versus reciprocal
temperature for the five gases on the 4A column. Although a cross-over
in the ln (Vo - Vd) curves is shown at -70 0 C, krypton and nitrogen were
not actually separated above this temperature.

In Fig. 5, although the curves for argon and oxygen indicate that
these gases might be separated from each other over the whole tempera-
ture range, no separation was actually observed above -400C.

Similarly, referring to Fig. 4, no separation of argon from oxygen
was observed above O°C.

The shaded and hatched areas indicate regions in which resolution
varied from zero l a unity, and from unity to two, respectively. Open
areas between curves indicate resolution greater than two. Since reso-
lution depends to some extent on the relative sample sizes, the reso-
lution values indicated in the figures are strictly valid only for mix-
tures in which the components are present in approximately equal amounts
(about 0.10 cc of each gas); the values are intended to serve only as
an ineication of the kind of separations that can be obtained on the
types of columns used here.

DEVELOPMENT OF SEPARATION SCHEME

Three general requirements are imposed on a rare gas separation
scheme by the fundamental characteristics of gas-solid chromatography:

13
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a. Due to the nature of the phenomena that occur in a gas-solid
column, the eluted peaks will generally exhibit sharply rising
fronts and more slowly decreasing tails. Since a minor compon-
ent is liable to be obscured by the tail of a closely preceding
major component, the column stationary phase and operating tem-
perature should be chosen so that the minor component is eluted
before the major component.

b. Retention volumes should be kept small to reduce peak broaden-
ing associated with large volme.

c. The column should have a capacity high enough to perform effi-
ciently with the sample sizes to be used.

Examination of the retention data for the three molecular sieve
columns shows that a mixture of nitrogen, oxygen, argon, krypton and
xenon will, in general, be eluted in groups in the order oxygen plus
argon, nitrogen plus krypton, and finally xenon. This mugsted the
possibility of making preliminary group separations followed by indi-
vidual separations of the components of each group, using the optim
conditions for each separation. Efforts were also made to operate the
colums at as high a temperature as possible to reduce retention volumes.

The 4A column was the first choice for the xenon separation, pri-
marily because of its speed. However, it was found that the 4A material
does not have a capacity large enough to prevent the single peak due to
nitrogen, oxygen, argon and krypton from running over into the following
xenon peak when 25-cc samples are used. For this reason a short 5A
column (3 ft long by 3/16 in. in internal diameter) was constructed and
was found quite satisactory for the separation of xenon in the tempera-
ture range 420 to 460 C.

Both the 5A and 13X columns appeared useful for separating the nitro-
gen-krypton group from the oxygen-argon group. The first qgroach was
use of the 13K colim at room temperature. Th- oxygen-argon group apnears
first and could be stored on charcoal for subsequnt analyels. The next
peak to appear is nitrogen, with krypton following on the nitrogen tall.
It was anticipated that the major part of the nitrogen peak could be re-
moved and only that part of the tail containing krypton preserved, thus
eliminating most of the undesirable major component. the krypton would
then be purified in another analysis. This did not prove feasible be-
cause of difficulty in detecting the krypton peak.

Krypton can be separated from nitrogen (and other gases) on the 5A
column below -200 C. The krypton peak is eluted before the nitrogen peak.
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If the oxygcn-argon group is presont in the initial mixture fed to thic
column, this group will be eluted well before krypton appears, nxl can
be preserved for subsequent separation of argon.

Argon can be separated from the oxygen-argon Cyoup on the 5A column
below -200 C, although good resolution (R k 2) is obtained only below -50°C.
Argon is eluted before oxygen.

Although the 13X column exhibits lower retention volumes (and less
peak broadening) than the 5A column, and has almost as high a capacity,
these advantages are outweighed by the disadvantage of obscuration of
the krypton peak aM by the advantages of the 5A column in producing

re complete separation and reversal of elut ion sequence in the nitrogen-
krypton poup.

Zn mumary, the final separation procodure In an follows (see Fig. 6):

a. A 25-cc sample consisting of nitrogen, oxygeon argonp krypton
and xenon, A free of water and carbon dioxide#* os analysed
on a short 5A colu (3 ft long by_3/36 in. in internal diameter)
at a temperature between +20 and 460uC. The first peak (actu-
ally two Incompletely resolved peaks) containing nitrogen,
mQgsn, aron and bypbon is trapped on charcoal at 7M. Me
soeeni peak, following am tim later, Is xenon.

b. T fraotlion coraining nitrogen, oxygen, argon and krypton Is
esor ead fram its trap at 10000 and to analysed on a long 5A

colmn (.0 ft long by 3/16-in, in internal diameter) at .20M.
ae oxgena-ergon group appears first as two elosely overlpping
peeks. This fraction Is trapped on charcoal at 779C, Krypton
appears neb. Nitrogen closely follows krypton, aid to vented.

a. The oxygen-argon fraction In dosorbod from its tre and Is
aalyedon the am column used in ftepb, at -AOI0. Argon
is eluted first, closely followed by oegen, w ich is vented.

d.. Bah individual pure gas fraction can be trapped separately on
char el for temporary storage until the procedure is completed.

It will be noted that molecular sieve type 5A is used exclusively
in th pro*ewe IbTis is because of its versatility and oefuln se in
a procedure Involving several difficult separations. The anleoulwa sieve
types 4A and 139 can aleo be quite useful, and in em respects miet en be
better fo otber less difficult separations such as argon or krypton from
xenn, argon frm krypton, oggen fra nitrogen or krypton, and so forth.
•WE'ad C02 are irreversibly admorbed on molecular sieve coluns.
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INITIAL SAMPL'.

MIXTURE CONTAINING
Ar. 09,Kr, N,., J

3-FT 5A COLUMN o
* +20TO+60*C O1 Nr,0] X a

Nt (VENTED)

K I0-FT 5A COLUMN

Or * ~+ Oej -20'C O, (VENTED)

10-FT 5A COLUMN
-50 C Ar

Fig. 6 Flow Chart for Rare Gas Separations (numbers
indicate elution sequence)

PEAK AREA MEASURE4ENTS

Results of peak area measurements are shown in Figs. 7 and 8, where
log A is plotted as a function of log n (where n is the number of moles
of gas giving rise to a peak). Krypton and xenon are detectable at lower
concentrations than is argon, since they give slightly larger detector
responses when helium is used as the carrier gas; for this reason only
argon was studied in the region of very small sample sizes, in order to
establish an upper limit to the ultimate response of the detector to
these gases.

The relationship between peak area and sample size for argon was
found. to be linear between 3 x 10-10 and 1 x io-5 mole. least squares
analysis of the data in Fig. yielded the equation:

A = (0.945 x 107) n
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Fig. 7 Pea Area vs Sawle Size fcr Agn, MLypto Xenon
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Fig. 8 -leak Area vs Sample Size for Argon mnd Xenon
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where n is in moles and A is in millivolt-cubic centimeters. The pro-
portionality constant is valid only for the detector used in this work.

Examination of Fig. P7 shows that the relationship is not linear
for sample sizes greater than lo5 mole due to the non-linear relation-
ship between thermal conductivity and composition of gas mixtures at
these concentrations.

2be peak area measurements indicate that with suitable amplification,
quantitative measurements of the quantity of gas in an eluted peak can be
ade down to about 5 x 10-9 mole. Below 5 x 10-9 mole, noise fluctua-

tions in the detector output render peak area measurements increasingly
inacurate.

1owever, the p!!a of a peak can be detected at much lower
levels. 2be mulsmestesmfle measured, corresponding to 5 x 10-10 mole
of arpgo enclosed an area on the strip chart recording of 8.7 in.2
(vwet easy to see), with the chart moving at a speed of 8 in./In and
a t am eoesending to 20pv output fro the detector. he mc-

m hs4 of tise peak eereponded to 17 v wile the noise witude
vms btl 2 v. If we satat w can d tec ta peak oer n m Its
u oplitude io peer t im wice that of the no se, or I pv above

tin soiesp~then we shonld be uble to detect peaks containiug as little
as S x *I . ie eotrespnds to about 0.1 n of the pW.ity
of O hMt o661es a volm of 95 ee at UT?. MWOn and xmon Will
be des" sble at sl ly 1wer concentations. Ow It omly' small
mst of Isotopic carriers for krypton end enon me added to la'ge
air swlte, no diffitaty should be expeienoed in ming the krypton
and xenon peeks from owiched olwometodruhi samples frost which moet
of the oqWpn and nitroen have been removed.

9
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AFPIDX A

CAWMAION C. RB1M= Rh N U VOIJNS F" OBSfRVED RW' ON TM

The (uncorrected) retention volIms, VR, is the volume of carrier
gas whieh has passed through the hM tograph between the tim of
sample injection and the time of appearance of the peak iaimi, and
is given by

VR = tR re

where tR is the observed retention tim and F€ is the volumetric flow
rate of the carrier gas corrected to the colum outlet pressure and
column temperature. VR is coIposed of the apparatus and column
volume VU, and the adjusted retention volu.e V; thus

vi - v - V1

The corrected retention volm e V is given by

I= jVR -jYN + aJ%'

The quantity j is the correction factor for the effect of the pressure
gradient through the colbm, and is given by

j (piPO) 
2- 1

(pi/po )3 - 2

were pl and p are the pressure of the carrier es at the inlet and
the outlet of he coivm, respectively. During the runs in vhich data
to be used for the determination of retention parameters were collected,
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J varied only from 0.562 to 0.564. j vas then considered constsn, M
the dead volume term were combined into a single constant term %, the
corrected dead volume, given by

A jVM

4 is then adjusted to O°C, yielding Vo, the reduced retention

whe I Is the colum-operating temperature in degrees Kelvin.

If the quantity Vd , the reduced dead volume, is defined by

VdWPV i

1k. A.1 beams

Vo - ,d +rjtVR
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APPENDIC B

ANALYSIS OF RENTION DATA

Equation 1 can be rewritten as

in (y -273 ax) =b + cx (B.1)

by taking the logarithms of both sides and using the substitutions

Vd TM
1

Y=Vo, x 1T

a--VM
b = n
c = a R

We divide the data* for all gases on the column of interest into
five sets, one for each gas, each set containing nh data, and define a
group of conditional equations:

in (y. - 273 a x) = bh + chx (5 eq'ns) (B.2)

*Care must be exercised in choosing the data to be included in the
analysis. If a gas is not adsorbed on the column stationary phase;
i.e., if Vo-Vd = 0, the left hand side of Eq. B.l becomes infinite and
the analysis breaks down immediately. This was the case with the 4A
column used in this work; argon and oxygen were not retained over the
whole temperature range investigated, while krypton and nitrogen were
not retained above -400C. These data were fitted to the equation

7T
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where the index h refers to one particular gas. Now we define the

functions Fh by

= in (yh - 273 a x) - bh - %x = 0

First derivatives of Flh are represented by

Fh 6F b Fb h h P
yhi ~- a "c- 'bh ZU ch =

Let the functions F represent F0 evaluated at each appropriate

observed datum (Y hi, xhi thus:

Fo = in (Yhi -273 aO x h.) - bho - Cho Xhi

where ao, bho, Cho are initial estimates of a, bh, ch arrived at by any
convenient methoa. The derivatives of Fh then become

yh = (Y - 273 ao Xi)l, F = 2 7 3 xi
yh iai y i

bhi 'chi = -hi

We define the residuals Vhi, A, h, Ch by

Vhi = Xhi - Yhr

A =ao -a,

Bh = bho - bh,

Ch = Cho - ch

We assume that there is no error in x. All data are weighted equally.

We now expand Fh in Taylor's series around ao, bho, Cho, a
retaining only the first order derivatives of 1 . The expansion yields:
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==F ' + F h (a-a)+ 7h (bl -bhoi ai o bhi h h, " -o -+ Fh ( c -o ) +,, F ho
cF hi (ch "%ho hi - Yhi)

or

Ph V P 9 A l (B-3)
oi yhi hi ai bb h+ hhiC

Equations B.2,, which express a transcendental relationship between
yh, x, a, bh and h, have been reduced to Eqs. B.3. which are linear
Al the ;Lnkn en V hi, A.. B., andCh

We now define the quantities ST and S:

ST  X =Z XZ[ V2] (3-)

Vhi from Eqs. B.3 is substituted into Eqs. (A-4) yielding:n-, h 2
-Nb A-J _n b Acl (B.5)

We require that ST be minimized with respect to each of the variables
A, Bhp and Ch . We equate to zero the corresponding partial derivatives
of Eqs. B.5 and arrive at the following set of simultaneous equations:

n. (h 
li

7..AZ ZZ (. Z i +Xbhi-k~
b i bJ I

2e'n. (B.6)

h



( ai i ('bhi \ rbi ____

A1 -r + Ch!
iLi + Li Thi

-/z, b , (5 eq'ns.) (B.7)
i

A~ (Ii h)+)ih + C fbZ hi )2C
i h Z tbhi

-_ chi oi- (5 eq'ns.) (B.8)

where Equations B.6, 3.7, and B.8 determine the correc-
tions(, nh, I[& Ch) that must be made to the estimated retention par-
ameters (a0 , bho, and cho) to arrive at the second estimates (a, bh,
and ch). If the initial estimates are made carefully and are close to
the second estimates, only one run through the procedure should be
necessary; if they are not close, the procedure must be repeated, each
time using the second estimates from the previous run as the estimated
input parameters, until A, Bh, and Ch become small enough relative to
a, bh, and ch so that further analysis is not Justified by the accuracy
of the data. The amount by which ST changes is often another good indi-
cator of when the analysis should be terminated. Careful choice of the
initial estimates will save much work.

From Eqs. B.A we have

S Z V? (B9)
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Combination of Iqs. B-9, B.3, B.7 and B.8 yields

~~~~~ ( i 0. b i _ _

Shoi 2 Pt iBh ! - - Ch-hi

+U) A2 ai (hilbiLkchi

ST is given by the first equation in Eqs. B.4.
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