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SOLUBILITY OF HELIUM AND ARGON
IN LIGUID SODIUM

E. Yeleckis, 3. K. Dhar,
F. A, Cafasso, and H. M. Fedex

ABSTRACT

The solubilities of helium and argon in liquid sodivm were determined as functions of
pressure and temperatere. The dala obeyed Henry's law oo at least 9 aim. In the
teripsrature range 330-35350°C, the solubilities may be represented by the foliowing
linezar #quations: helium, log A= 0516 - 307877 ; argan, log A= 1.08 - 4462T" ' . where &
is Lhe Cktwald coefficient. The 95% confidence limils of the mean value of h predicted by
theze squations zre +4% for helium and +16% for argon. For the standard stace defined as
one gram-atom of ideal gas confined to a volume equal to the molar volume of sodium,
the hears of solwtion are 14.1 = 0.6kcalfmel for helivm and 2004 £ 2.} kealfmal for
argon. The resulis are comparzd with experimental data of others and with calculations

bazed on existing theoretical models.

INTRODUCTION

The thermodynamics of alloy lormation is sufficiently
complkex that especially simple binary systems are desirable
objects of theoretical and experimental study. The nobls
Eases presumably disselve in liquid metals as neutral atoms,
il 30, the polarization of the dissolved atoms by the
Nucteating felds of the sohvenl should be the only source
of attractive interactions. The electronic structures of the
alkali metals are beiter undersiood than Lhose of other
metals, hencs the use of the alkali metals as solvents for the
noble gases shauld simplify the evaluation of these polariza-
ticn forces. The aikali metal-noble gas solutions, therefore,
constitute a class of especially simple binary alloys worthy
of study. Measurement of the solubilities of noble gases in
liquid alkali metals affords a convenient method of evalu-
ating the thermady namics of alley Formation.

Measurements of the solubility of noble gasss in ligquid
megals, or theorelica! discussions theemof, are sparse.

Epstein [1] celoulated the solubility of helium n sodium -

wsing Hildebrand’s solubility parameters. dcMillan |2]
predicted the solubility of xenon in liquid bismuth, which
was subsequently measured by Eshaya and Kennzy [J],
Milra [4], and Hewitt, Lacey and Lyall [3] . Iohnson and
Shultleworth [6] and Johnson [7] measured the solubility

of krypton in liquid Pb, Sn. Ag. Cd, and [n and attempted
to rationalize their resulis. The only data reported on the
solubility of noble gases in liquid alkali metals aré those by
Mitra [4] , wio measured the solubility of xgnon in sodiwm,
by Slotnick, Kapelner, and Cleary [8], who measyred the
solubility of helium in liquid litkium and potassium; and by
Thormeier [¥], who measured the sclubility of helium and
argon in liquid sodium concurrently with the present study”
Except for an inconclusive test in the Li-He system {8] . the
validity of Henry's law had not been examined for noble
gas-metal systems prior (0 this work. Departuses from
Henry's law at moderate pressurss were not expected,
however, to suppart the presumplicn of a solution as single,
nedtral atams, & conclusive test of Henry™s law was deemad
NECESSANyY

In whe present work, awention was focused on the
temperature and pressure varigtions of the solubdity of
heliwm and argon in liquid sodium. These systems were of
interest for the reasons already given; in additien, helium
and argon are generally used a3 cover gases in liquid-
sodiurmn-cooled noclear reactors, and information on their
solubililies in sodiur is needed by reactor designers.

EXPERIMENTAL SECTION

The equilibration end separation technigue used was
adapied from Grimes, Smith, and Watson [L0], who had
applied it to the determination of the solubiity of noble

gases in fused salts. In the present work, liquid sodium wes
saturated with the gas whose solubility was to be measured
at a preselected temperature and pressure, The saturated



sodium was transferred to another container, where the
solution was stripped of the dissolved species by sparging.
The desired componenm of the resulting gas mixture was
canceniralted by selective adsorplion and guantitatively
assayed. This procedure incorporaies special features which
assure  adequate equilibration, complels separaticn, and
quantitalive analysis, evan though the expected gas solu-
bilities are very small. These features include (11 means for
removing suspended solid particles {which may capture
small bubbles) from the liquid to be satwrated, (2} pro-
longed bubbling ol the sturating gas through the liquid,
(3}a prolonged quiescenl period to promote the coales
cenges and escape of gas bubbles, (4) very slow Lransfer of a
poction of the saturated Liguid via a bottom outlet to avoid
the inclusion of liquid (rom the vicinity of certain
surlaces,” (5) a prolonged sparging pericd t0 promote Lhe
siripping of the dissclved species, and (6) 2 procedure for
distinguishing the stripped gas from extranegus sources of
Lhe same material.

APPARATUS
Figure | it a schematic diagram ol Lhe appacalus used,

Three cylindrical vessels {d-1f2-in. diameler, 16in. high)
fabricated {rom TFype 316 stainless steel were inler-

FThe sodivm-gas interfaces may b entiched in the saturating gae
by adsorplion. {S¢¢ Refs, 3, 6, 6nd 7.)

! Natural Helum of

Cinphragm *ump

connected by heated 1fd-in, sodium transfer lines squipped
with needle valves, In vessel A (Mpurifier'’), filtration was
carried out periedically as a precaution against Lhe accumu-
lation of solid sodium oxide particles from air inkeakage.
Satwrating gas was bubbled through the Liquid contained in
vessel B (“satwrator} via a coded tube with sixty 3/16-in,
pecforations direcied toward the botiom of the vessel. [n
vessel C {“stripper”}), the stripping gas was introduced
through a Micre Metallic Corp. 10-cm stainless stee]
dispersion disc having a 5-¢ mean pore size. The volume of
sodium in this vassel was calculated fram its peometry and
the sodivm level. The level was measured to the nearest
05 em with a Mine Safely Appliances Corp. liquid-level
prizbie.

The three vessels were heated with 20-in.-high Marshall
Products Co. split-type eleclric furnaces, Temperature was
measured in cach vessel with a Chromel-Alumel thermo-
couple in a thermowell.

Separate gas-circulation loops made of 1/d-in. Type 304
stainless steel tubing were connecitd to the saturator and to
the stripper. Each loop containtd a dizphragm pump
{Lapp Pulaafeeder, Model CP-1) designed for pressures up
to 15aim, 2 flowmeter (Hastings Mass Flowmeter,
Model LE}, and a Bourdon pressure gauge. Air-cooled
condensers located just above sach vessel prevented sodipm
vapor Trom entering the gas-circulation systems. The con-
densers were periodically heaied to free them of sodium. [n
these loops, all valves exposed o sodium had Stellite seats;
those in less critical positions had Teflon seats.
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MATERIALS

Helwm-3 (92 5%) was purchased from the Mound Lab-
vratory, Miarmsburg, Ohye, and ultraligh-purity (95 S99%)
natural hetium from the Matheson Company, an sotop
mixture of thess {~30% *He) was prepared by con-
densng approprniate amounts of sach on acuvated char-

coal (Barnebsy-Cheney Type 513) cooled to 4°K Ultra-
high-punty {99 99%%} argon was purchased from the
Matheson Company, 11 contaned no detectable h#hum
Reagtor-grade sodwm was punfied msiw by penodic
transfers of sodum (heated o 500°C) 10 the purdier,
where 1t was cooled to 150°C and passed through a porous
metal filter to remove insolubles At 150°C the solubility of
oxygen {the man impucdy Y s ~2 ppm [11]

PROCEDURE FOR HELIUM

Approxonately 2 5 hters of liquid sodiwm in the salura-
tor was heated 0 and mantamed at Lhe deswed 1empera-
e, and the solopic hehum modlure was pumped through
it 2t g rate of | lhterfmun fou 2 he Pumping was then
stopped, and the sodium was lefl undisiurbed overnghi
Throughout thys penod, the saturalor Lemperature was
muntaned constant and the pressuce {predetermined by
the quantity of gas i the saturater loop} was measursd
The acedle valves m the sodm transfer hne between the
satoralor and stnpper were then shghtly opensd unul
~2 liers of sodwm were transferred nto the closad,
evacuated stnpper Dorng this peniod of ~5 min, the
helm préssure m the saturacor was mamianed at (ks il
value by the admusion of additwonal sotopic hehum
mixture The sodum in the srpper was cooled 1o ~130°C
and siupped of Lhe dssolved helum by conbnuously
pumpwig 1 Liec of argon at atmosphenc pressure through
the dsperman duc at 730cm®/mm For 2hr When the
stripping was complete, the volume of sodim that had
been transferred was measured

The gas mxturs 10 the stnpper loop pererally contaned
Qa1 e O 15% hehum To enhange the aceuracy of analyss,
it was desirablé Lo concentrate the helwm This was done
by Toepler-pumpmg the mxture through hguid-nitrogen-

cooled Molecular Sweves {Linde Company Trpe 5AY inte a
sampling bulb of known volume In this process, the argen
was nearly guantitatively and seleclively retamnad on the
Swieves, and the final helum concentration was at least 35%
Tests of the recovery procedure wath knownsquanttes of
hehum mdicated that recovery of 0 4 cm®-atm or more was
nearly quanuilative  With smaller quantilies, recovenes
decreased, £ g, with 004 cm®-atm, the recovery was 65%
A calibration curve of percent recovery wetsus quanlity of
helwm was chtamed and apphed to the analytcal data

The concentration of the hehum sotopes was deter-
muned by mass spectrometry The function of the added
3He was to distingush beiween the helhum oblaned on
exsolution from sodwum and any tramp (*He) hehum Any
decrease in the *He relalve congentration would have been
attributed o ddution by nateral helwm, and an appropnate
corcection would have been made, no such correction was
EVET DECESSarY

PROCEDURE FOR ARGON

Matural argon was the solute gas, and hehum was used
Tor sparging The resulting helium-argen muxture contaned
from 5 X 10° to 2% 10%% argon The argon concenlra-
tben was ngreased by pumping the mottwre through 2
contralled leak nto a hquid-mitrogen-cocled Molecular
Sieves Type 5A trap The trap was healed to 300°C, and a
mezsured portion of the desorbed gas was aszaved for
argon The assayed samples contained from 4 X 1T? to 3%
argon, ~0 1% oitcagen, the balance beang hehum Tests of
this procedure with argon-helum muxtures of Known
compositiens showed that, wathin expenmental unceriam-
ties, a quantitative recovery of argon was achieved

The gas analyses were made with a gas chromatagraph
designed for an sdequal¢ stparation of argon and mtrogen
The ¢olumn was made of 8-fi-long, 1/4-n diz staandess steel
tubing packed with Mekecular Sieves Type 5A, operated at
0°C, and s oculput was measured with a thermal-
conductivity detector The nirogen was assumed to have
cnginated from aw wleakages, and a correction was mads
for the correéspondmg amount of argon wm ac This
corregiion never exceeded 1%

RESULTS

The procedurss desenbed abowve were followed 10 most
expenments To estabhsh thal these proceduces led 1o vald
results, varabons wers made i the preliminary ¢xpen-
ments, ¢ g, the tme of bubbling was vared from 1/2 to
3ihr, the rate of bubbling was vared from 12 1o
| lterfmun, the quitscent perwd was extendad from over
night to several days, and multiple siopping was st lempted
From the results of Lhess preliminary runs, we concluded
that, with respect o the bme element, the selecied

procedures led to the required degree of saturation and
siripping

The expenmental sothermal pressurs dependence of
solubndty  was  determungd  from 14 measurements at
~300°C Jor helwm and From eghl measurements at
~480°C for argon The results are shown n Figs 2 and 3,
where the mole fractions of helium {corrected to sxactly
S00°C) and of argon (corrected to exactly 430°C) ars
plotted apainst the gas pressure The corrections were baged



on Lhe measured iobane lemperature coelficients of
solubility delermined i thas work The expenmenial points
were fitted by the method of leasl squares 1o unconstrauned
linsar equalyons On the bamz of slatshical F-iesls, the
displacements of the Lnez from the ongins and therr
deviations from Lineanty were lound to be insignicant
This can be s¢enin Figs 2 and 3 by the posilion of the 95%
conlidence hiuts The solubility data, therefore, obey
Hency's law 1o at least O aim préssure

The solubilities of hehum and argon were measured at
approximately 50°C wni#crvals between 330 and 550°C with
at least quadruplcate determinations at each temperaturs
The 1emperaiures are behieved to be accurate to withun 17

Gas solubiibies are conventionally expressed in berms of
two different unuis (o general reveew of these unils appears
i Ref 12y (1) Henry's-law constant, K, atom Fracion of
soluté in solutipn per atmosphere of gas pressorg, and
{2) Ostwald coelficent, = CRfCy, the ratio of the concen.
trabizn of the solute it the hquid phase to the concentra
tion of the soluie w the gasecus phase i equilibsium with
it Thus, the Osiwald coefficient may be regarded a5 a
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partiien coefficient of the soluic, one phasz baing a gas
and the other & hquid When the gastous phase 15 pure and
wdeal, the wnits KH and X are elated to each other by the
squation k= R'TdKH/M, where R' =82 06 cm® -atm/deg-
mol 1s the gas constant, T s the Kelvin temperature, d 15 the
density of the solvent, and M itz molecular weight [For
hquid sodwm[13] dgfem® =0 950- 230X 10%t- 1 46 X
W + 564X LF %", where 1 15 the 1emperature n
°C, and M =2299g/mal) Heats of solution may be
celculated from the temperature cosfficients of solubility
by the relations

Ha(zoln, T F) - H3(3,T P =1 stm) = -R[2 In K/ /Y] (1)

and

MLy {soln, TP} - S (&, TP = R'Td/M} =-R[3 In NA(L/T)] (2)

The heats of selution defined s Eqs | and 2 differ from
each other with respect 10 the chouce of the standard state
of the splute The standard state uzed n Eq | 5 one gram-
atom of 1deal gas at temperature T and a pressure of 1 atm,
that usd i Eg 2 5 onegram-atom of ideal gas ao
ternperature T in a volume equal 10 the melar volume of
solvent

W
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HELIUM

The results of 30 determinations for the solubility of
heliwm in sodiumt are shown in Table L and in Fig. 4. Ower
the range 350-550°C, the data were fitted by the Tollowing
equalions; * -

Jog Ky = -3.16 - 28337 {3a)

or

log A= 0.516 - 3078T™ { 3a}
A slatistical analysis showed that a mean result of a
prolonged serigs of measurements would be predicied by
Eq.3 with an uncertainty [93% confidence level} of |ess
than 4%. For the siandard state defined as ooe gram-atom
of ideal gas at 1atm, the heat of solulion i5 13.0&
0.4 kcalimal; for the standard state deflined as one gram-

“For (echnical purposes, the solubility of nalural helium ex-
prassed n weght wnily 13 given by lag (ppbfetm He} = 3400 -
SO99T ', where T is in dagraes Kankine.

atom of eal gas in a volume equal to the molar volume
af sodium, the heat of salution is 141 £ .8 kealfmol.

The helium solubility ling reparted by Thormeier [9] is
also shown in Fig. 4.* AL higher temperatures, the two
studies agree within experimental errar, Al fower lempera-
tures, however, the resulls diverge, The disagreement is
reflecled in the heats of solutipn; 16.4 keal/miol, reported
by Thormeisr, is well outside the ¢rror limils assigned to
the presently reported heal, 13.0 = 0.4 kealfmol. The main
differences between our proceduce and Thurmeier's appear
te be in the manner of equilibraling Lthe saturating gas with
the liquid and the manner of siripping and analyzing the
dissolved gas. Thormeier pumped liquid sodium into a tank
conlaining the saturating gas, instead of bubbling the
saturating gas thraugh the sodium. For sleipping, Thormeier
used evacuation rather than sparging, and the guantity of
recovered gas was determined in a volumeter withoul
compositional analysis. [n the light of these differences and
in the absence of an trror or reproducibility analysis by

“Solubdlity resulls réeporied in Rel, ¥ arc exprécsed in onilz of &
1echnaical simosphere, ala. This unit is equal ro & pressure of
| kgfem® . The approprisle conversion faclor is Lalm = §.033) atd,

TABLE I. Dependence of the Solubliity of Helium in Liquid Sodium
on Temperature and Pressure

Solubility, x, Henrys Law Oztwald
. . Temperalure, Pregaura, B, atom ITaclien Constand, 1fPF, Coafficlent,
y o att x 107 aim* ! x 105 x 103
251.6 5. 60 17.% 26.7 A4.4
552.0 647 15.0 3 A S
2501 595 18.4 168 a4 5
548.0 &, 54 17.3 i6 s LER ]
SOt 0 1.%7 1.8 145 Lk B
S045.8 108 3717 155 15,5
aa5¢.2 1.82 a.12 146 334
agre 185 3.44 130 9.6
age 2 393 5.%3 131 34.6
4982 4.02 563 14.0 k|
5005 504 L%y ] 138 n.a
5042 .13 242 16.1 37.3
ARE.0 516 9.0 151 4.5
<004 BA3 D oD 154 15.2
a4, % 6.5% (L N] 154 15
437.4 . Bri ] 591 . 13.3 0.4
3005 7.3 11.3 151 4.8
501.3 360 13.3 15.7 . 35,2
4458 . 3] | 511 A | 178
EL ] &40 532 L 18.0
447.% 557 596 .07 19.7
4506 6,64 4,85 .31 154
4076 6,15 3.24 LE.]1 2.9)
401.0 559 .90 a.ag .06
3936 577 .43 4.1z 5.87
44430 5,56 .37 1.51 .41
348.2 5, B4 1.15 1.81 .42
35k 6.75 1.5%9 2.06 4.00
AR R LB 1] 1.43 2.0% 4,03
LA 137 1.89 344

6.4
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Fig- 4. Temperature [rpendence of the Sclubdity of
Helivm and Argon in Sodium;: ———fr——_ kg work;
———n = — | Thormeicr |#]. AML Meg. No. 30823148,

Thorracier, it is difficult {0 comment further on the source
of discrepancy .

ARGON

The results for argon are shown in Table Il and Fig, 4.
Over the range 330-530°C, the solubility data {30 points)
were well [itied to linear squations* by the method of least
SQUATES:

log KH = -2.59 - 422(T" L ()
or
Jog A = [.08 . 4462T . (4h)

The 25% coniidence limits of the predicied mean values of
KH or X calculated from Eq. 4 are £16%. OQwing to the
difficuley of gssaying gas mixilures containing less than
S mal % argon, the reproducibitity of the argon resulis was
nolicsably 1aferior Lo that of the heliom resulls.

The heat of solution of argon in sodium s
1%3 & 1.2 kealfmnol when the standard siate of argon is
taken as one gram-atom of ideal gas at L alm, or
0.4 % 21 kcalfmol when the siandard state corresponds Lo
one gram-atom of ideal gas in 3 volume equal (o the molar
volume ol sodium.

Thocmeier's resuhis for the solubility of argen in
sodivm [?] are alzo shown in Fig. 4. The 16% relative
unceriainty we have assigned o our results overlaps
Thormeier's splubility line at all temperatures, and his
reported heal of solution, 20.0kcalfmol, agrees well with
the value 19.3 £ 2.1 kcalfmol from this work.

*For technical purposas, The solubility of arpon axprazged in
waight units is given by Log {ppbflm Ar) = 665 - 75981 ", where
Tisin degrees Hankine,

TABLE I, Dapendence +f thi Solubdlay of Argom i Liguid Sodoem
on Tamperatude and Fresoare

} Zolubliny, 1. Henry™s Law THawald Sedubility, 1, Hearr's Lew Lrmewald
Tempemtare,  Fressure, P atom freciwon Conslant, xfi', CosMicleni. | Temperalurs, Preatwre, P stam Drsction Canstand, a8, CoefTicient,
i atm ¥ gt atn™? ¥ 1 DF ¥ ot ' m L E. am'' X 14° LT
53000 144 7.01 183 4. B 4301 .71 1. B0 267 L&R
305 118 T4 19.% 46.0 L51.%" &, 18 N LN T .80
5308 1% T.2% 188 4.3 LTI &80 145 342 L8
ik & BT 11.E 204 482 410.7 & 81 194 1.8% .07
£30.1 619 114 0.8 47.2
519.6 ] 1.0 117 41.8 3T9.R & 16 nIgs 3G N_BT4
A4 &_Bily 0,374 550 [ L]
4506 1. 36 ' F6TT 425 1.2 ATep 81 Lal Q913 0.8IT
476 .12 1.2% 4. Tk 10T 110 b.B4 383 1. 561l 1.1T
4804 340 141 4.1% 2.32 3604 544 0271 356 0,744
4704 318 144 639 (LR ] LY u Bl & 67 RTeY 112 M
4843 4,31 1.3% LN L] 122
LA N ) 471 1.58 - )| 14,3 kX 667 Doldd Gadl 0.75%
LUK LM LW B 5512 124 334 . Bl1] [ a ) 640 1.21
4798 41 s 5 58 12.% 34 &, 77 [IR}:1] t317% o517
LN b9 58K T8 11 xR &80 2150 0168 D890
Ain.b 643 251 Q067 LR 1]
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DISCUSSION

THERMODYNAMIC AFFROACH

The solubility of noble gases m hquid melals may be
examungd on the basiz of theoretwal models Consider a
binary system compostd of twe phases a dilute solution of
a noble ¢lement {2} 10 z solvent (1}, and gaseous phase
contamung only the noble element Ar equilibriwm, the
chemucal potential ot the noble zlement will be the same in
both phases

Ha(30l, T P) = it (2. T,P} (3)

For the chemical petential of the noble element i the
solution, one may wte

#2500, TP} = R'T In (x; 72} + 632, T.F), {6}

where x; 43 the mole fraction, ¥; 13 the activity coefficient
of the solute, and the superscript ® refers 1o a standard state
consisung of the pure, liquid noble elzment at tempera-
ture T and pressure P {Above the critcal temperature, this
standard state 15 a hypothetical one ) For the gas phase at
the same temparature and pressure,

#(&TPy=RT InP + P+ 43(g.T.( atm) (7}

In Eq 7, the winal senigs has been termuated at §, the
second vinal coefliewnt of the gas The chemucal potenual
of the pure, hqud nobie slement under s own vapor
pressure, P, may be wrilten as

MI(AT P} =R'TIn Py +BP3 + u3{g.T.) atm)  {8)
Combinaon and rearrangement of Egs 5-8 yield
K= (%,/P) = In P}

+(P-PR)E-VIHRT -Inmy, {9a)

or
InA=In (RTPIV )+ @-PB-VIVRT-Iny,  (9b)
In Eq 9, u3(&.T P2} - p3(L.TP) was taken to be equal to
ViP3 - P), where ¥3 15 the molar volume of the pure,
liquid aoble element

One method of estmating the activity coeMcrnt of the
solute 15 through the use of Hidebrand's solubility para-
meters [14]

Iy = In¥3/V )+ {1- V3V )+ Valf, -6, V/RT (1)

With this estimate,

In& = In (R'T/P3V3) - V(b -6, F*/RT
+{P-PINB- VRIR'T - (1 - Y3/V¥)) {11}

This method of estimation was used by Epsten [1] for
hehwm i sodmwm and by Mitra [4] for xenon o hsnuth
Epstein’s predicled value al 482°C, Ky=15%x10'?
atm!, 15 lower than our measured solubility by a lactor
of 107 Mitra’s value at 500°C, KH=13X10'° aim™',
doss nol disagree with Lhe best expenmental result{3],
<2 X 10" ate™!

STATISTICAL-MECHANICAL APPROACH

The problem may also be cxamuned by considennyg the
statistical mechanigs of the interaction between the solvent
and the solutt atoms, the latter being treated as & quasi-gas
maving freely o the volume ccocupied by the solulion
Under these conditions, the malar chemical polential of the
salute may e expressed by the equation {s=¢ Ref L5,
p 373)

pa {5l T B) = Noxs + PV, - RT In ¢:(T) + RT In Csqp, {12)

where x5 15 the molecular potential ¢nedy of a solute
atom, relative 1o the state of wnfincte separation, Vs 15 the
pactial molar volume of the selute, $:(T) 15 the partiuan
function of the soplute, wcluding both wanslatienal and
internal degrees of freedom, and Cgg 15 the concentrabion
of solute aloms o soluten

Swmularly, Tor the gaseous phase, the molar chenucal
potential may be wollen as

Hz(E.TF) = -RT In ¢,(T) + RT In C, (13)

wheare Cg 15 the congentration of noble element atoms and
it 35 assumed that the translabional and wnternal degrees of
freedem of the solute are unaffegted by the soluton
Process

Equatiens 5, 12, and 12 may be combuned to yield

ETinA=RETIn I:lefcg' Noxz -P?, {14)

The quantily {-Ngx; + PV ) represents the reversible work
of adding one mole of noble gas (o the pure solvent to form
an miritely ddute solutron For solution of gzses m liquids,
Uhlg [L1€} proposed en atomistic model which 15 equive-
lent to replacement of the quantty {(-Ngxz + PV,) by the
sam of two leems g, the reversible work requured to make
2 mok of internal caviues, of a sze corresponding to the
molar volume of the solute, mt the body of the solvent, and
Hy, the revermible work correspondung to the imnteraction of
the solute atoms with the surrounding solvent Several



methods have besn proposed for evaluating thest terms
Uhlig conadered L 10 be equal 1o 1he work done to make
mternal surfaces aganst the solvent's macroscopic surface
tznson, he did nat ateempt to evaluate the nierachion term
independently McMilan [2] estumated the enargy of cavity
formation to be the product of the surface area of the
cavity and a rmeroscopae surface enerpy The latler was
eshimated as one-fourth of the snergy of vaporzation per
umit area oceupred by solvent aloms i the normal surface
The energy of mteraction was calculated with the Loadon
equahion for the disperson forces between the solute atom
and only the nezrest-ntighbor sohvent atoms Johnson and
Shuttleworth [6] propesed a model similar to Uhlg's,
except that the tranglationsl modas of the solute atoms are
supplemented by wbrational ones, 12, (Ngx; + PV )=
o+ +pyh They conmdersd pe 10 be piven by the
surface area of 2 solute atom mulupbed by the surface
energy of the wolvent, approximaied {by a companson with
surface adsorption potenbials) p, to be conslant at
-§ kealfmol, and ezstimated the vibrational contribution,
bk = Hygh - TSy, of the solute by taking Hyl and Syp
to be equal to the enthalpy and entropy of the solvent In
addihien, Fohnson and Shuttlewsrch did not asugn squal
values to the partition function of component2 i the
gaseaus and m the salution phases (see Eqs 12 and 13}
Instead, for the gas, the partitior function was represented
by 1ts translanonal component, (2amkT)Y3W?, and, o
the selution phase, by the number density of the salvent
Using the Johnson and Shuttleworth approach, Slotnick
eral [B] found the predicted solubibties of hehum n
hguwd httuum and polasium to be about 60K himes larger
than the expenmental results Pieroth {17], m 2 more
sophisticated treatment, evaluated p; as the free energy of
cavity formation in a hard-sphere flud, using methods
developed by Reiss eral [[8] The interaction term, iy,
waz #valuated n terms of an integrated form of the
Lennard-Jones{12—6) potennal wuith the Kirkwooddduller
equation for the disperaon forees

TEST OF EXISTING MODELS
All the models capable of quantitative evaluahon wers

tested agamst 1he solubilities of helium and argon in Liguid
sodium The resultz are shown in Table [1]

1 In the Epstein model, the predicted solubiity depends
markedly on the value assigred to the hypothetical quan-
tity P3 Vazluas of P; were obtained by extrapolation of the
vapor-préssure equations from the accesmble regons to the
supercritical repons Thess equations wers as follows

Heliwrm [19] log PS (aim) = 1 848 - 7 948T -0 13637
+ 436373,

Asgon [20] log P (atm) =3 964 - 346T

For Lhie model, the molar volumes, V[l[e =3] 8cm® and
Vi = 24 2 em?, were taken unchanged from their values at
the nomnal boding pomt:  Hidebrand's  selubiity
parameists (S =0 58% cal'™® em ™% &4, =756 cal'?
cm M| fpg= 27 SO eal' e ?) were esumated (see
Ref 15, p 424) from the heats of vaporzation at the
ngrmal boding points The second vinal coeflicents were
taken to be 10 76 cm? fmol {300°C) and iQ 14 em®/mol
{500°C) for hehum{21]) and 10 77 em®mel (300°C) and
17 76 em*fmol {500°C) for argon[22]

2 In McMullan’s model, the nteraction term was calcula.
ted from

0= ‘zfsﬁlfﬂlﬂzfﬂt:] (L L/, +12)),

where a 13 the atomyc polenzabdity (ale [23] =
0204 X (0¥ om®, ap,[23] = 163 X 10%* cm®,
oMa (23} =29 72 1F* cm®). 1 13 the ionzation patential
(IHe [24] = 24 581eV, T[4, [29) = 157568V Iy, [24] =
5138eV), a,, 15 the distance betweep the centers of the
solute and solvent atoms {(aNg-He = 321X 16°* cm,
aNg-Ar = 360X 108 em}, and Z 15 the numbsr of nearest
sodium neighbors, #shimated 16 be 94 and 11 8 for kehum
and argen, respectively The cavity térm, pe, was caleulated
from pe = wal AHYfAN o, where AHY 15 the heat of
vapanzation of sodiem (23 7kealfmol) and o 15 the
cross-seclional arga of a solvent atom on the surface {opy =
248X 10" em?®)

2 In Johnsan and Shuttlewarth's model, the cavity term
was calculated from g = 4mady]. where 2, 1 the radius of
the solute atom {affe = 132 X 1HF® em, ap, & | 70 X
L% ¢m) and %) 15 the hypothetical surface energy of
hquid sadwrm at 0°K {220 ergfem?) [25) For the calouls
tion of the vibrauonal term, the enthalpy and entropy of

TABLE Il Ostwald Coefficwmic for Solutwon oF Heliem
and Argon in Laqued Sodiwm a1 300 and S009C

Ha He Ma Ar
Model 00" C 007 ot C 500°C

Epstamn 1] 456 10% 1065 105 Fisalod 1agx pd
McMillan |2 ] 0 36 289 =1 =1
Jofimsan and

Shuiclewarkh [£] 647 x102 170 % 10 ) a7t x10d 1502 104
Pseroniy | 171 L3sx 102 810 % spxlo? L25x 10
Obgarved s wirk} I 36 x 1 144 x 1049 198k’ 04w L0t
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sodiam [26] were taken 10 be 4 16 kcalfmo) and 18 7 calf
deg-mol for 300°C and 5 57 kealfmol and 20 8 calfdeg-mol
for SO0°C, respectvely

4 The rcader 13 referred Lo Prroltls paper [L7] for
details of hus model Here, the calculated solubaily 15 a
sensitive function of the value selected for Lhe hard-sphere
diameter of the solvent We have selected 3 19 A for 300°C
and 312A for 500°C as the hard-sphere dameter of
sodwm, as discussed by Ascarelll [27] The values for the
alore magnetic susceptibdities [23]  requied for the
caleulanon of the Kitkwood-Muller intéracthion term were
taken 10 be xHe=-290X I0F¥® cm®, xar=-324X
1052% em?, and xNg = -9 00 X 10F2? cm?

CONCLUSION

Examunation of Table LIl shows that Epsiain's model

predicts solubihibies much larger and much smaller than
those vbhserved A mayor weakness of this model 15 the nesd
for extrapolation of the vaper pressure of the solute to
unphysical regions For helwm, i parbicular, the quanium
effects which dominate the vapor pressure of the hgquid at
Jow temperatures would be poorly taken into account by
simple extrapolation 1o hygher temperatures The models
propossd by McMidlan, by Johnson and Shetlleworth, and
by Pwroti yeld solubalsises generally higher than thos
chserved It 15 suggesied that the madequacwes of thes
models stern poimanly from ther estumates of the cawly-
formation term These ¢estimates, which may be adequats
for insulating solvents, seemn to fad for metallic solvents A
theoretical treatment which specilically deals wath the
electronic work of cawvity formatwen 1n a metallie solvent
seems required Such a model has been developed n thus
laboratory and wil appear elsewhere [28]
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