IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Retrospective Theses and Dissertations . .
Dissertations

1957

Surface tensions of some binary fused salt systems

June Lomnes Dahl
Towa State College

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
& Part of the Physical Chemistry Commons

Recommended Citation

Dahl, June Lomnes, "Surface tensions of some binary fused salt systems " (1957). Retrospective Theses and Dissertations. 12922.
https://lib.dr.iastate.edu/rtd /12922

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F12922&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F12922&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F12922&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F12922&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F12922&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F12922&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/139?utm_source=lib.dr.iastate.edu%2Frtd%2F12922&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/12922?utm_source=lib.dr.iastate.edu%2Frtd%2F12922&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper

alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overiaps.

ProQuest information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






NOTE TO USERS

This reproduction is the best copy available.

:






SURFACE TENSIONS OF SOME BINARY FUSED SALT SYSTEMS

by LS
June Lomnee Dahl

A Dissertation Submitted to the
Graduate Faculty in Partisl Fulfillment of
The Requlrements for the Degree of
DOCTOR OF PEILOSOPHY

Major Subject: Physlecal Chemistry

Approved:

Signature was redacted for privacy.

In'Cha;ge of Major Work. .

Signature was redacted for privacy.

------

Heed of Major Departmenf

Signature was redacted for privacy.

Dean dﬂ Graduate College

Iowa State College
1957




UMI Number: DP11984

®

UMI

UMI Microform DP11984

Copyright 2005 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



! - 11
\D/ g:’ 7"—"
.
TABLE OF CONTENTS
INTRGDUCTION

EXPERIMENTAL INVESTIGATION

Choice of Method
The Apperatus

The capillary
The supply of 1inert gas
The manometer
The mesne of controlling and measurlng the
temperature
Procedure

Preparation and analysis of the melts
Measurement of the surface tenslon

RESULTS
DISCUSEICN
Pure Fused Salts
Binary Mixtures
Zvaluation of the Maximum Bubble Pressure Method
Analysis of Errors
SUMMARY
BIBLIOGRAPHY

ACKNOWLEDGEMENT

T/RE 73

11
11
15
17
18
20

20
22

26
Lo

Lo
Ly

65
67
71
73

78




INTRODUCTION

The increasing technologlcal importance of high fempera-~
ture processes has emphasized the need for specific data con-
cerning the physical and chemlical properties of fused salt
systems. Aslde from thelr practical significance, such data
should be of great value in the study of the llquid state;
for example, they should ald in the development of more ade-
quate theorles of concentrated aqueous solutlone than exist
at present.

There 18 no direct way to determine the structures of
fused salts. Some X-ray diffraction studies of molten salts
have been carrled out (1-7), and from the resulting data
nearest neighbor relationships in various pure salts have been
determined. However, the interpretation of the dlffraction
patterns glven by liquids composed of complex molecules 1s
quite difficult, and in most cases 1liftle direct information
ebout an unknown structure is obtained. In general, one can
say only that a certaln assumed structure and arrangement 1is
not inconsistent with the observed diffraction data.

It will be necessary to amass a considerable amount of
phyeico-chemical data relating to the farious properties of
fused salts--e.g., densities, conductivities, viscoslties,
transference numbers, and activitles--before 1t will be pos-

gible to formulate a really precise description of the nature




of these liquids., A study of the surface tenslons of fused
salts and their mixtureg should be expected to ald in such a
formulation.

Since the molecules in the surface of & llquld are sub-
Jject to & strong attraction toward the bulk of the liquid, the
surface will contract until its area ie the smellest possible
for a given volume, %York must therefore be done to increase
the surface area, thet is, to bring molecules from the interi-
or to the surface sgainst the coheslive forces in the liquid.
Surface tension ls a measure of this work, The work done in
extehding e surface which possesses & tension of ¥ dynes/cm
by 1 cm2 will be ergs/cmz. The free surface energy of such
a surface will be ¥ ergs/cmz.

It would eeem that comparison of the surface teneions of
various fused salts should give some indication of the type
and relative magnitude of the interactions between the specles
in the melts. Surface tenslions of mixtures of fused salts
should be esgpecially informative, since the formaetion of com-
plex lons or other surface-active speclies should cause large
negative devistlons of the surface tenslon-composlition iso-
therms from 1dezlity. Any complex lons formed would have
gmaller residusl electrical fields of force then simple 1lone
in the melts and wculd thus tend to concentrate in the surface.

This would result in & lowering of the surface tenslon from




the value 1t would have 1if the interactions between the lons
were the same as they are in the pure selts,

Jaeger (8,9) wae the Pirst to meke accurate measurements
of the surface teneions of fused salts. BHe perfected the
maximum bubble pressure method for use over the temperature
range from -80° C to 1650° C. He used 1t to meagure the sur-
face tenslons of some fifty molten ealts including the halldes,
nltrates, metaborates, metasilicates, sulphates, molybdates,
and tungstates of the alkall metals and such compounds a8
801p, PCly, PI3, AsClj, AsBrj, SbClj, BiClj, and PiBrj. As
would be expected, he noted msrked 4diffsrasnces between the
surface tenslons of the salts of the alkall metals and the
latter group of compounds. He Ffound that at constant tempera-
ture the surface %ensions of the alkali halides decrease wlth
incressing atomic weight of the slkseiil metsl and also with in-
creasing atomic weight of the halogen. Thls is the reverse of
the situation for such compounde as P013, AsCl3, and Sb013; in
these ceges the surface tensions incresse as the atomic weight
increases., However, Jaeger dld observe that the surfece ten-~
sions of all the substances studled decreased with incresasing
temperature; in fact the surface tension-temperature curvee
were nearly linear in all cases,

Semenchenko and Shikhobalova (10-12) have published data
on the surface tensicns of several uixfures of Tused salis.

They were initielly inferested in correlating changee in




surface tension with changes in particle size of the solids
crystallized from those melts whose surface tensions were
measured, They felt that admixtures which lowered the surface
tenslion of a melt should lower the particle size, and indeed
this wes found to be the cese. Their work by no mesans proved,
however, that surface tenslon was the only factor affecting
the size of the crystals obtained in thelr experiments. They
also studied the surface tenslions of mixtures of Li,50y and
NapS0y with NeCl, KCl, RbCl, and CsCli, The system BaClz-Kzsou
exhibited a minimum in surface tension at 50 mole per cent;
this minimum was attributed to the formatlon of BaSQy, molecules
in the melt.

Barzahovskil (13) studied the systems CaCl -NaCl, BaCl,-
NaCl, KCl-NaCl, and Pb012~Na01. The surface tensions of the
first three systems were nearly additive with only small nega-
tlve deviations from additivity. The data for the PbClzoﬂaCl
system indicated a distinct minimum at about 75 mole per cent
PpCl,.

The surface tensione of the guaternary system NaCl-KCl-
CaClZ-Mg012 (14) and the system BaCl,~KC1 (15) have been
studied. ©Small negative deviations from additivity were
obgerved for these systenms.

Boardman, Palmer, and Heymenn (16) used the maximum
bubble pressure method to measure the surface tenslons of

geversl blnary mixtures of fused salts. Large negative




deviations were observed for the eystems CACl,-KCl and PbClz-
KCl; the surface tension lsotherms actuslly exhiblted minima.
Theee deviations from 1deslity were attributed to the forme-
tion of the complex ions CdClB' and PbClj' in the melte. Large
negative deviations were observed for the systems AgCl-PbClz,
AgCl-KCl, and AgBr-KBr, but the authors were hesitant to
ascribe these effects to complex lon formation and instead
attributed them to "“coordinstion of silver and hallide lons on
mixing"., The systenm CdCl,-PbCly was unique in that it showed
positive deviations from ideality. Boardman, Palmer, and
Heymann explained these deviations in the following way. Pure
CdCl, is assumed to be partially assoclated or polymerized in
the molten state. Thls concluelon 1s consistent with thelr
observation that the surface tenslion of pure CdCl, is much
lower than that of CaClz, desplte the fact that both cations
have approximately the same ionic radius. The addition of
PbCl2 to a CdCly, melt ie assumed to cause dissoclation of the
CdCl2 polymers, thereby increasing the lonic character of the
melt with a resultant positive deviation of the surface
tension-composition isotherme from ideality.

The present research was begun in an effort to obtaln
additional fundamental information on fused salt systems. The
systems AgNOB-NaNOB and AgNOB-KNO3 were lnvestigated to sup-
plement transference measurements being carried out in this

leboratory (17, 18).




Meny studies have been made to determine the possibillty
of complex lon formetion in the molten etate. There ie a
large amount of evidence supporting the existence of complex
ione in the PbCl,~KCl system. Molar volumes (19), conductivi-
ties (20), and transference studies (21) all appear to sub-
stantlate thelr existence. In sollds and in aqueous esolutions
the stabllity of a complex lon depende on 1its environment. It
would appear significant to study the stablility of these lead
chloride complex lons as & function of their environment--in
this case, the alkall metal ion in the melt. Thus a study of
the surface tenslons of the PbCly-alkall metel chloride

systems was undertsken,




EXPERIMENTAL INVESTIGATION

Choice of Method

Adam (22) and Harkine (23) give excellent reviews of the
various methods avallable for measuring surface tension. Un-
fortunately, moet of them are not satisfactory for use with
corrosive materiasls at high temperatures., As Harkins (23)
points out, there is no single best method for measuring sur-
face tension. Varlious factors must be taken into considera-
tion when choosing & method to use for a particular liquid or
group of liguids. The most important factors to be considered
when eselecting & method to use for measuring the surface ten-
sions of fused salts are listed below:

1. The method should be on & firm theoretical basis so
that it will be poesible to calculate accurate abso-
lute surface tensions.

2. Only a small portion of the apparatues involved should
come in contact with the melt, as 1t 1ls practically
imposgible to find any material which is completely
resistant to the corrosive actlon of fused salts.

3. It should be necessary to maintaln temperature uni-
formity over only a small portion of the apparatus,
as 1t 1s difficult to completely eliminate thermal

gradients at high tempersatures.




L4, The method should inveolve as llttle handling of the
melt as possible.
5. No visual observaticns of the melt should be requlred.
6. The accuracy and precision of the resulte should be
as great at the highest as at %he lowest temperatures.

The four most common methods of measuring surface tansion
are cepillary rise, drop weight, rling method, and maximum
bubble prescsure method. Of these only the maximum bubble
pressure method satisfles the criterla listed above.

The method of caplllary rise has seen limited appllcation
(24, 25), but i1t is not well sulted to the determination of
the surface tensions of fused salte. Capillaries are badly
corroded even by low melting sslts, and in addltlion tempers-
ture uniformity is very difficult to maintain over the length
of the tube.

The experimental difficultlies involved 1n the drop welght
method are too great to make it practical to use this method.

Methods involving the msasurement of the force required
to detach a body from the surfsce of & liquld are applicable,
although they do not glve results of the highest accuracy.
Modifications employing a circuler ring of wire or the end of
a short thin-walled circular tube are now on a firm theoretlcal
basis., These methods have been used successfully in the study
of melte with high viscositles, e.g., condensed phosphates
(26), sillicates (27), and molten cryolite (28). Their chief




drawback 1s the difficulty in maintaining a clean surface
throughout the course of the measurements; however, thelr
value in work on viscous systems should not be overlooked.

The maximum bubble pressure method whlch was flrst sug-
gested by Simon (29) can be adapted to gilve precise results
at high temperatures. It involves the measurement of the
meximum pressure developed in & bubble formed at the tip of
a capillary immersed in the salt. If the capillary bore were
infinitesimally small this maeximum pressure would be equal to
the pressure necessary to depresg a menlscus by an amount
equal to the capillary rise. If the cepillery were immersed
to & depth 1 in the liquid the maeximum pressure in the bubble,
Ppax» would equal gi(D - d) + 2% /r where ¥ 1is the surface
tenslion, r is the radius of the tube, 1 le the depth of im-
mersion, D is the denslty of the liguid, d 1s the density of
the gas, and g 1s the acceleratlion due to gravity. The guan-
tity gi(D - 4) is that portion of the pressure which is neces-
sary to push the liquld down the tube to the depth 1 below
the plane surface of the liquid.

The theory of bubble formation from tubes of finite radil
was first discussed by Cantor (30). His equation for the
maximum bubble pressure was corrected by Schroedinger (31),

who gave the formula:

V= %[
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where ‘6 is the surface tension in dynes/cm, r ie the radius
of the capillary,‘ﬁ is the maximum pressure difference inside

and outside the bubble at the level of the end of the tip,

h = D
gD - a) °’

where g 18 the acceleration of grevity, D is the density of
the 1iguid, and d 1s the density of the gas (ordinarily thie
can be neglected).

Sugden (32) has shown that Schroedinger's approximation
is valid for values of Yr/h un to 0.2. When’{??E-is greater
than 0.2 it 1s necessary to use Sugden's tables and his method
of successive approximations. Since\r;7ﬁ'was less than 0.2 in
these investigations, Schroedinger's equation was used in all
the calculations.

Hoffman (33) and Tripp (34) thoroughly investigated the
maximum bubble pressure method. They showed that the mathe-
matical theory 1is 1n accord with experiment only if the bubbles
are formed slowly. Phenomena are very complex when bubbles
are formed rapidly. Once the maximum pressure has been at-
talned 1n the formation of & bubble, the subsequent decrease
in pressure cannot influence the maximum pressure attained 1in
the formation of that buvble, but 1t can affect the pressure
of the next bubble. For this reason the use of a single tube
and slow bubble formatlon is best, although modiflcatlons
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involving two tubes and a rapid stream of bubbles have been
used 1n measuring the surface tensions of ligulde at room

temperature (32, 35).

The Arparatus

The measurement of the surface tensions of fused salts
by the maximum bubble pressure method involves the very slow
formation of & bubble at the tip of & caplllary lmmersed in
the salt and the subsequent determination of the maximum pres-
sure in the bubble at the very instant that it bursts. In
order to calculate the surface tension from Schroedlnger's
equation, the radius of the caplllary, ite depth of lmmersion
in the salt, and the density of the melt at the temperature
of the messurement must also be known.

The discussion of the apparatus used to measure the sur-
face tenslon by the maximum bubble pressure method can con-
veniently be dlvided into four categorles: (a) the capillary,
(p) the supply of inert gas, {c¢) the manometer, (&) the meens

of controlling and measuring the temperature.

The carillary

A 90% platinum-10Z rhodium capillary was fabriceted by

the American Platinum YWorks (Newark, New Jersey)., It was five
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inches long, 6 mm wide at the upper end and tapered to a 2 mm
outslde dlameter at the tip. A brass rim grooved to accom-
modate an O-ring was soldered to the top of the caplllary.

The capillary bore was approximately 0.5 mm at the tip. Prior

consideratlions showed that this bore size would be quite satie-

factory; 1f the bore is larger than 1.0 mm the maximum bubble
pressurees get very small, whereas a bore dlameter smaller than
0.1 mm is difficult to messure with accuracy.

Careful asttention must be pald to the capillary tip if
accuracy in surface tenslion meesurements by the maximum bubble
pressure method is to be obtained. The bore should be as
accurately round as poscible, the end flat and perpendicular
to the axls of the capillary, and the edges very sharp. These
requlirements were best met by surface grinding the tip to
obtain the necessary flat surface, then reaming the hole with
a drill bit to obtain the desired circularity. The operations
usually had to be repeated several times before the necegsary
sharpness and circularity were obteined. The tip of the
ceplllary must be checked periodically for wear as even
platinum-rhodium alloy 1is corroded by fused salte. The neces-
slty for proper care and inspectlon of the caplllary cannot be
overemphaslzed.

The dlameter of the caplllary bore was measured with a
Bausch and Lomb microscope using a 24 mm obJective and a fillar

micrometer eyepliece. The capiilary wag clamped rigidly in a
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semall V-block with its axlis perpendicular to the eyeplece of
the microscope, The fllar eyeplece was rotated so that
measurements were made in several directlons asnd the average
of fifty readings was taken as the dlameter. The filar eye-
plece was callbrated against a Bausch and Lomb sf%age microme-
ter which conslisted of a scale 1 mm long with divisions spaced
at 0.1 mm; the flrst two 0.1 mm were lined to 0,01 mm.

Accurate measurements of the maximum bubble pressure de-
pend on the capillary being perpendicular to the surfeace of
the melt and its depth of immersion being known. This weas
accomplished by that portion of the apparatus shown by Figure
1.

Four triangular platforms were supported by three verti-
cal columns of stainless steel plpe. The top platform sup-
ported the gulde tube C and the pulley 4 over which passed a
cable; a second pulley D connected to one of the vertical
columns carried the cable to the winch M., The tube B which
glides easily in the guide tube was attached to the cable and
to the third platform. This platform and consequently the
capillary L which was attached to 1t were ralsed and lowered
by means of the winch and pulley arrengement, Accurate verti-
cal adjustments of the caplllary were made with the micrometer
head E. The water Jacket H protected the micrometer head from
the intense heat of the furnace. The second platform served

ag a support{ for the furnace N; a hole was cut in 1t to allow




Figure 1. ©Surface tenslon apparatus
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for entrance of the elevating screw P by means of which the
crucible could be ralsed and lowered in the furnace. The
bottom platform served merely to increase the rigidity of the
frame.

The capillary was Joined to the apparatus by means of a
peir of flanges C and H as shown in Figure 2. The top flange C
was & permanent part of the apparatus shown in Figure 1. The
two flanges were screwed tightly together, the two O-rings E
assuring an air tight seal., WYater was circulated through a
cavity in the lower flange H to protect the O-rings from the
heat of the furnace and also to keep this portion of the

apparatus cool for convenlence in handling.

The sugglz of lnert gas

Helium gas of 99.99% purity (The Matheson Co. Inc.,
Joliet, Illinols) was used to form the bubbles in all the
measurements. Any pure inert gas would have been sultable,
sg differences in the maximum pressures measured with dif-
ferent gases have been shown to be negliglble compared with
experimental errors. The gas was passed through a drying
column packed with ascarlte and drierite to remove any pos-
sible traces of water and carbon dloxide.

Since bubble formatlion must be very slow, of the order
of one bubble per minute, & sensltive device for controlling

the pressure was necessary. A simple needle valve designed




Figure 2. Arrangement for attaching the caplllary to the

apparatus

B To menometer and helium supply
C Stalnless steel flange

D Yater 1inlet or outlet

E O-rings

F Capilliery

G Brass rim

H Brass flange with cavity
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for use 1n & vacuum system proved most satisfactory, allowlng
bubble flow %o be regulated from one per gecond $o one every
three minutes with ease.

Jaeger (8, 9) and Semenchenko and Shikhobalova (10) pre-
hested the ges to the tempersature of the measurement in order
to prevent undesirable cooling of the surface of the melt
during the formation and release of the bubbles from the
capillary tip. The author's measuremente showed, however,
that such precautions were quite unnecessary with the very
slow bubble rates 1lnvolved; no temperature fluctuations were
observed during and after the formation of bubbles with non-

preheated gas.
The manometer

The manometer was constructed of 20 mm uniform bore
tubing. It was enclosed in a glass Jjacket through which water
from a congtant temperature bath was circulated by means of a
pump. Dibutyl phthslate was chosen as the manometer liquid
because of its low volatility and relatively low density. An
organic dye, DuPont 011 Red, was added to it to lncrease the
ease with which the meniscl could be read. The density of the
dibutyl phthelate was measured by the method of hydrostatic
weilghing; an average of 32 measurements gave a density of

1,0405 + 0,0001 gm/cm3 at 25,0 + 0,1° C. Since the same bath




18

was ugsed %0 thermostat the manometer and the vessel which held
the dibutyl phthalate during the denslty determinations,
tempersture errors involved in the conversion of pressure in
ci of dibutyl phthalete to pressure in dynes/cm2 should be
negligidle,

The manometer tubes were 1lluminated by a light source
_placeé sbove and somewhat in front of the manometer. The
manometer was shielded with black paper to cut down glare
from other light sources in the room,

The levels cf the meniscl were cetimated to 0.002 cm with
a cathetometer (The Gaertner Scientific Corporation, Chicago,

T1liinois ) whoe= vernier was graduated to 0.005 cnm,

The meaneg of controlling and measuring the temperature

The furnace assembly used in this work 1s shown in Figure
2. Ths Marehall vertical tube furnace, 13 inches long with a
2% inch inside dlameter and 7 inch: outside diameter, was pro-
vided with a shunt panel having eight binding vosts. By
placing shunts of appropriate sizes across the binding posts,
thermal gradlents were reduced to less thun 0.5° C over the
hedght of the melt {usually about 2 inches).

Tke 1nconel pilpe U snd stainless steel rod H were inserted

inside the furnasce core to increase the heat capacity of the

systen and thus provids gr:sater tempsrsature stability. The




Flgure 3. The furnace assembly
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bottom end of the furnace core was packed with Pyrex wool to
cut down heat loss. The melt was contalned in a 30 cc plati-
num crucible E which was placed inslde an alundum bucket F to
prevent electrical contact between the melt and reet of the
system, A platinum wire handle on the alundum bucket allowed
samples to be introduced and wlthdrawn from the furnasce easlly.
The transite plug B, which was provided with three holee to
allow entrance for the capillary and meesuring thermocouple C
and an exit for the platinum wire A, was positlioned on top of
the inconel pipe.

The temperature was controlled by a Brown Electronik
Indicating Proportioning Controller sensitlzed by a chromel-
alumel thermocouple I. The actual temperature of the melt
. wag measured with a calibrated platinum-platinum, 13% rhodium
thermocouple C connected to a Leeds and Northrup potentiome-

ter; emf readings were made to the null point of a sensitive

galvanometer.
Procedure
Preparation and anslyesisg of the melgs

Baker and Adeamson lead chloride and 'Baker Analyzed'
Reagent lithium chloride were fused =zt temperatures just above

their melting points, crushed, and stored in a drying oven at
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at 110° C. Ceeium chloride was obtained from Fischer
Scientific Corporation; rubidium chloride from A. D. MacKay
Inc,; the lithium chloride, sodium chleride, potassium
chloride, sodium nitrete, potassium nitrate, and silver
nitrate used were 'Baker Analyzed' Reagent materisls. The
carefully dried nitrates and alkall chlorides were used with-
out further purification.

The pure lithium chloride melt was prepared in several
different ways: (a) fusion in an HC1l atmosphere, (b) fusion
in a He atmosphere, (¢) fusion in the presence of a limited
amount of dry air., The surface tension oproved to be inde-
pendent of the method of preparatlon.

Mixtures were prepared by accurately weighing predeter-
mined amounts of the carefully dried reagents into the plati-
num crucible which was then placed into the furnace. The
temperature of the furnace wae slowly raieed to just above the
melting point of the salt mixture. Changes in composition of
PbCl,-alkall metal chlorlde mixtures due to volatillizatlon of
lead chloride during the meltling process were reduced by
placing a platinum foll cover over the crucible during the
fusion of such mixtures, and &g an added precaution the alksall
chlorides were placed on top of the lead chlorlide in the
cruclible.

Mixtures were analyzed after the completion of a set of

measuremente., Thoee mixtures contalning sllver nitrate were
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anslyzed for Ag+ by the Volhard method, The NaCl-KCl mixture
was analyzed for total C1~ by the Volhard method (36).
The PbClo-azlkall metal chloride melts were treatecd in the

followling way: The welghed samples were dlssolved in hot

D

water and then cooled. The lead chloride which precipiltated
out was filtered off and weighed. The filtrate was then
titreted for Pb++ wilth the disodium salt of 1,2-cyclohexane-
diaminetetraacetic acid (Hach Chemical Company, Amee, Iowa)
using the method of Loomis (37). The amount of Pb*t  was then
expressed as lead chloride and added to the initial weight of

lead chloride.

Megssgurement of the surface tension

After fuslon and thorough stirring of the melt with &
gquartz rod, the transite plug was placed in the top of the
furnace core and the measuring thermocouple lowered into its
position. Proper adjustment of the sensitivity of the con-
troller was mede and the system was brought to constant
temperature, The caplllary, whose tip had been carefully
inspected for damege, fczced, reamed, and remeasured if neces-
sary, was attached to the apparatus and lowered by means of
the winch to within a very short distance from the surface of
the melt. FHellium gas wes passed slowly through the system 1in

order to expel all air from it. The capillary was then
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carefully lowered by means of the micrometer head until 1%
touched the surface of the melt. This point was determined
in the following way: An electrical circult consisting of the
wire welded to the platinum crucible, milliemmeter, vower
supply, and the capillary with apprcpriate connecting wires
wes arranged. When the caplllary touched the surface of the
melt, completion of the circuit was indicated by deflectlion
of the needle on the milliammeter. Although previous investi-
gators had located the surface elther by visual means or by
noting the precise moment when there was a sudden rise in the
pressure of the system due to contact of the caplllary with
the surface, the author found that locating 1t by electrical
contact was much easier,

After the surfece was located, the caplllary was lowered
a known distence into the melt by rotating the micrometer head.
The accuracy of the vertical displacement of the capillary by
the micrometer was checked by comparing readings on the
micrometer with the dlsplacement of the tip measured with
the cathetometer. The difference in vertlical displacement
indicated by the micrometer was accurate to within + 0,005 cm;
however, thle is the limit of accuracy with which the cathe-
tometer could be read and does not refer to the accuracy with
which the micromeger can be set.

For those systems for which density date were not avail-

able, measurements were made with the cepillary tip at the
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surface of the melt. Although temperature fluctuations might
be assumed to be at a maximum at the surface, the surface
tension measurements on pure salte and mixtures for which
deneity data were avallable were found to be the same within
experimental error wilth the ceplllary tip at the surface and
with the capillary immersed in the melt. These measurements
showed that the surface tension could be accurately measured
with the caplllary Just touching the liquid surface and thus
eliminated the need for preclse density determinations.

The gas pressure wes adjusted by means of the needle
valve 80 that bubbles formed very slowly. Manometer readlngs
were generally made with a bubble rate of one bubble every
forty to sixty seconds. Several bubbles were released to pro-
mote homogeneity of the melt. The high and low esldes of the
manometer were followed alternately for four or more bubbles
and Af reproducible valuee were obtained, the difference was
recorded as the maximum pressure; the temperature was then
measured.

The reproducibility of the manometer heights 1s a de-
cisive criterion for deciding whether or not the true equilib-
rium pressure in the gas bubble has been measured. Even when
the time of bubble formation is varied, the manometer helght
difference should be exactly reproducible if the system 1is at
equilibrium, By experience it is possible to estlimate the
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reliability of a particular messurement simply from the
peculiar motlon of the manometer liquid.

After completion of a succescsful pressure measurement,
the caplllary was ralsed out of the furnace, detached from the
epparatus, washed with distilled water end acetone, end re-
connected to the epreratus. The cycle of preesure and tempera-
ture measurement wae repeated et least two more times.

The controller wae then adjusted to & higher tempersture
end the procedure repeasted. In this way the surfsce tension-
temperature curves were determined.

The accursascy of the method was checked by making surface
tension measurements on benzene., !'Baker Analyzed'! Reagent
benzene meeting A. C. 5. specificationa wae further purified
by distillation through a 30 plate Oldershaw column at a re-
‘flux retio of 10 to 1. The benzene ves thermostated st
25.0 ¢ O.1°C and 1ite surface tenslon was determined with the
capillary immersed at varlous known depthe in the melt., Very
satisfactory agreement with the literature value was ob-
tained; deviatlons of the experimentally measured surface
tenslons from the literature value were never grester than
0.5%.

Perlodilc checks of the accuracy of the method were meade
during the coursé of a series of measuremente and alweys after
the capillary had undergone some physical or chemical damage

which required 1lts belng reworked and the bore remessured.




26
RESULTS

Surface tension data for the seven pure fused salts and
nine binary mixturee lnvestigsted are given in Tables 1-10.
In no case except that of pure Pb012 should the error in these
date be greater than 1%. Schroedinger's equation (31) for the
relationship between surface tenelon and maximum bubble pres-
sure wag used in all the calculations. For purposes of calcu-
lation, this equation is better expressed in the equivalent

form:

Y - X (hay - 1d,) - & a.re - 1 r3gas
= 2 * 22°3% 8T - ig;

where 'K is the surface tension in dynes/cm, g is the accelera-
tion due to gravity, h is the manometer height difference in
cm of dibutyl phthalate, 4, 1s the density of the dibutyl
phthalate, 1 i1s the depth of immersion of the caplllary tip,
and d, 1s the density of the melt. Both Jaeger (8,9) and
Semenchenko and Shikhobalova (10) asserted erroneously that

the second term in the sbove equation, 1/3 dzrzg, was very
emall compared with experimental error. Thelr misteke arose
from the omiesion of the acceleration constant, g, in the
second and third terms of thelr equations; the second term

contributes 1-2% to the surface tension. The third term in
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Table 1. Surface tensione of pure fused saltis

Salt Temp, Surface Salt Temp. Surface
o¢ tenslon o¢C tension
(d&ynes/cm) (dynes/cm)
NaN03a 316 119.6 NaNOBa 451 110.5
317 119.6 457 111.0
319 1129.0 505 107.2
320 119.3 504 107.4
338 117.3 a
Kno3 358 111.9
b4 117.7 358 111.8
345 117.6 398 109.6
349 117.2 398 108.7
369 115.7 hi9 106.9
372 116.3
420 107.0
376 115.7 Lgh 104.2
399 114.5 454 104 .3
399 114.7 473 102.9
Loo 114.9 473 102.9
L20 113.0
Lon 101.5
hoh 113.0 o6 101.3
463 109.7 546 97.0
b7l 109.7 shg 97.86
528 106.4 594 93.8
530 106.3 595 93.8
593 102.5 AgNOBa 222 147.9
596 102.2 223 149.2
226 148.8
351 117.3 232 149.1
351 116.7 232 148.0
352 116.6
376 115.4 b2 147.3
375 115.7 245 146.6
248 147.5
400 113.8 253 147.2
400 114.3 268 146.3
401 114.4
428 112.5 269 146.7
428 112.6 274 145.7
278 146.5
294 144 .3
299 143.9

&The density data used in calculating these surface ten-
sions were those given by Bloom and Rhodes (38).
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Teble 1., (Continued)

Selt Temp. Surface Salt Temp. Surface
o¢ tension o¢ tension
(dynes/cm) (dynes/cm)
BENO4E 318 143.1 kc1P 810 97.3
322 142.3 810 98.1
3b4 140.7 812 97.2
349 142.5 812 98.2
352 140.2 823 96.9
NeC1® 826 115.5 840 95.3
843 113.8 8Lk 95.7
847 112.8 846 95.5
851 113.4 858 94, 2
853 112.3 859 94 .3
860 111.6 901 91.0
874 110.0 902 91.0
875 111.5 903 90.8
876 111.5
901 109.5 811 98.
811 98.
902 109.1 811 98.
905 108.8 814 98.3
935 106.8 856 94 .7
937 106.8
b 856 b .4
Lic1 633 128.4 856 94 .3
634 128.7 869 94.0
634 128.5 874 93.3
6l 5 128.0 .
6l4+6 128.0 PDCL, 518 134.1
522 135.0
662 127.6 526 135.0
666 126.7 526 135.0
667 126.7 552 131.3
681 125.5
682 125.5 552 131.0
572 128.4
683 125.5
708 125.0
707 124.3
707 124 .4
710 124,1

bDensity data given by Van Artsdalen and Yaffe (39).
CDensity data given by Xortum and Bockris (40).
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a
Table 2. ESurface tenslon in the system KN%--N&NOq

Mole % Temp. Surface
NaNO4 o¢ tension
(dynes/cm)
hi, 2 351 114.0
351 113.8
351 114.0
393 111.3
397 111.0
398 110.6
Ll 107.0
Ll 107.0
64.1 349 114.9
349 115.0
398 111.7
Loy 111.8
Lho 109.2
Lhg 108.3

aDensity data given by Goodwin and Mailey (41).
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Table 3. BSurface tenslon in the system AgNOB-NaNOBa

Mole % Temp. Surface Mole % Temp. Surfsce
NaNO5 o¢ tension NalNO4 oc tension
(dynes/cm) (dynes/cm)
9.52 302 137.0 57.13 302 126.0
304 137.0 305 125.6
309 137.3 326 12h,7
327 136.1 326 1244
328 124.3
327 135.9
328 136.3
352 134.6 80 316 122.2
354 134.5 317 121.8
319 121.4
319 121.7
18.16 248 140.5
250 138.9 344 120.4
254 138.9 344 120.,4
296 135.0 345 120.5
368 118.5
300 135.9 368 118.4
300 135.9
303 135.9 86.33 322 120.7
303 135.9 322 120.73
352 118.3
325 134.1 352 118.9
328 134.3
329 134.1 376 117.2
356 132.3 376 117.3
390 115.8
398 115.6
Lo 269 131.7
271 132.8
272 133.4
302 129.4
302 129.6
328 128.6
329 128.5

@Density date given by Byrne, Fleming, and Wetmore (42).
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Table 4, Surface tension in the system AgNOB—KNO a

3
Mole % Temp. Surface Vole % Temp. Surface
KNO4 o¢ tension KN03 o¢ tension
(aynes/cm) (dynes/cm)
8,12 252 139.7 71.60 276 119.3
252 138.9 276 119.4
256 138.5 298 117.4
304 135.3 302 117.4
306 135.5 302 117.8
32k 134.8 322 115.9
325 133.8 323 115.6
326 134, 3 325 116.3
356 132.8 355 114.0
29.58 254 132,0 87.05 324 115.1
25k 132.3 32l 115.8
300 125.4 325 11%.8
302 125.0 326 114.6
328 124.0 351 112.6
352 113.5
52.83 Sgg igg.g 352 112.3
. l 2.
276 122.7 353 12.3
276 122.5
296 120.7
298 120.7
324 118.7
324 118.7
354 116.9

aDensity data given by Bloom and Rhodes (38).
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Table 5. Surface tension in the system NeCl-KC1%

iole % Temp, Surface Mole % Temp. Surface
KC1 oC tension KC1 °c tension
(dynes/cm) (dynes/cm)
20 742 115.4 60 637 111.6
748 114.8 698 111.1
748 116.0 729 109.2
770 113.4 . 729 109.2
770 113.3 77k 105.4
799 111.2 776 105.6
800 111.3 797 103.8
825 109.5 798 1032.9
829 109.8 826 101.2
826 101.1
Lo 697 114.0
700 114.0 60 700 110.6
700 113.7 702 119.2
723 112.2 702 110.7
724 111.7 726 108.7
727 108.5
727 112.3
749 110.5 752 107.3
751 110.8 753 106.9
772 104.9
774 104.6
40 748 110.7
749 110.8
752 111.0 80 728 106.2
770 109.2 730 106.1
772 109.0 731 105.8
752 104.5
822 105.3 755 104.7
824 104.6
824 104.6 756 104.6
825 104.9 78l 103.8

786 102.0

®Deneity dats given by Van Artsdalen and Yaffe (39).
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Table 6. Surface tenslon in the system PbClZ*Licl

Mole % Temp. Surface Mole % Temv. Surface
LiC1 °c tension LiC1 o¢ tension
(dynes/cm) (dynes/cm)
30,10 501 133.0 50.37 500 133.9
501 133.0 500 121.7
525 131.8 500 131.9
525 131.8 526 130.7
557 129.5 526 131.0
551 129.0 550 129.0
[y 127.3 550 128.7
574 127.4 576 126.2
600 124.1
68.74 534 129.3
35.75 L99 134.5 534 129.3
501 134.5 549 128.7
525 131, 549 127.1
552 128.8 551 127.4
575 125.5
576 125.5
73.63 574 125.1
574 125.3
L9.39 498 134.1 575 127.2
498 133.9 599 123.6
523 131.1 600 123.6
52l 130.8
525 131.0
549 128.6
550 128.7
573 126.5

575 126.3
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Table 7. Surface tension in the gystem PbClz-Na01

Mole % Temp. Surface
NaCl o¢ tension
(dynes/cm)

19.65 : 495 133.6
500 133.1

524 130.0

525 129.6

551 127.0

552 126.7

576 124.6

577 123.9

38.83 k95 130.9
499 131.0

527 127.5

531 127.2

552 124.5

553 124.5

578 122.1

45.9 567 123.1
572 122.6

590 120.7

51. 54 576 121.7

580 121.7
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Table 8. Surface tension in the esystem PbClz-KCIa

Mole % Temp. Surface tension
KC1 o¢ (dynes/cm)
24,32 Lgs 121.4
500 120.9
35.88 Lgg 117.7
500 117.7
525 115.1
525 115.0
550 112.6
574 110.2
575 110.3
50,87 4gsg 115.8
498 115.0
525 112.5
526 113.0
549 110.3
550 109.8
51.15 490 116.0
h93 115.4
Lok 115.6
495 116.0
552 109.9
553 109.9
63.14 552 110.6
553 110.6
574 107.9
601 106.5
601 106.3
68.23 592 106.2
594 106.4
625 103.9
625 103.9
626 103.9

®Density data given by Kortum and Bockris (40).
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Table 9. Surface tension in the system PbCl,-RbCl

Mole % Temp, Surface Mole % Temp. Surface
RbC1 o¢ tension BEbCl C¢ tension
(dynes/cm) (dynes/cm)
32,96 512 131.6 50.92 526 107.2
512 131.4 526 107.2
528 130.3 551 105.3
528 129.6 553 108.2
528 129.6 576 102.7
576 102.7
554 126,9
555 126.9
576 123.€ 55,0 L7k 111.7
577 123.9 L7s 111.5
500 109.4
500 108.9
19,80 476 123.8 500 108.9
478 123.5
499 120.8 52l 106.7
L99 121.0 524 107.1
526 118.4 576 105.6
577 102.3
527 118.2
545 116.7
548 116.4 57.77 472 112.4
575 113.2 Ll 111.8
76 111.9
500 109.5
31.90 k73 116.7 500 109.5
475 116.0
L7s 116.0 52 106.8
499 113.6 524 106.7
k99 113.2 550 1044
52k 111.0
528 111.1 72.50 566 104.8
550 108.2 566 103.5
574 106.7 567 105.2
567 104,9
579 103.5
50.92 472 113.0
473 112.2 587 103.0
Lok 111.4 588 102.6
500 109.9

500 109.8
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Table 10, Surface tenslon in the system PbCl,-CeCl

¥ole % Temp., Surface Mole % Pemp. Surface
CeCl Q¢ tension CsCl o¢ tension
(dynes/cm) (dynes/cm)
18.10 Ley 119.5 49.5 625 91.2
L70 119.6 625 91.4
497 116.5 627 90.9
Log 116.35
523 113.9
59.89 601 92.8
524 113.9 601 92.4
549 110.7 620 91.0
549 111.5 628 20.1
550 111.2 629 89.9
577 108.6
577 108.6
74,11 Log 102.9
524 99.3
18.23 L96 116.3 524 100.7
498 118.4 525 100.4
525 113.4 551 98.6
527 115.1
552 110.86 552 98.5
579 96.0
554 110.5 580 95.9
593 106.9 602 93.9
604 93.9
630 91.4
36.97 584 98.0
585 99.5
596 97.1
597 96.9
618 94.5
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the Schroedinger equation definitely 1s negligible, of the
order of 1O'LL dynes/cm.

The expansion of the caplllary bore with increaslng
temperature was taken into account in all the calculestions.
Since no information was avallable on the thermal expansion of
90% plstinum-10% rhodium alloy, the coefficients of expansion
for the 80% platinum-20% rhodium alloy were used instead. The
expression (43) for the linear expansion of the 80% alloy 1is

1, = 1,01 + 8.79 x 1076 ¢ + 1.61 x 1077 ¢?)
where 1, 1s the length at 0°C and 1, 1s the length at the
temperasture t.

Density data needed in the celculatione were tasken from
the most rellable literature sources; reference to the source
of these data for each perticular pure salt and fused salt mix-
ture is indicated in the tables of surface tension data (Tables
1-10). No density data were available for the systems PbCL -
Licy, PbClz-Na01, PbClz-RbCl, and Pb012~0901. The surface
tenslons of these systems were measured with the capillary tip
at the surface of the melt as pointed out in the "Procedure®.
Ag é result there was no need to correct for the hydrostatic
pressure, 1dzg, due to depth of immersion of the capillary.

This eliminated the need for precise deneity data. In order

to calculate the second term of the equation, density values at
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verious compositions were estimated by interpolations from the
gstralght lines connecting the densities of the pure salts at
the temperetures of intereet. The error introduced in the sur-
face tension by this approximetion should be negligible since
the density-composition isotherme for fused salt mixtures are
in general essentially linear.

The value of g &t Ames, Iowa was calculated from Helmert's
equation (44) and found to be 980.26 cm/secz.

No correction was made for capillary rise of the salt in
the containing crucible. Sugden (32) showed that the central
portion of the meniscus would have a negliglble radiue of
curvature only if containers several centimeters in dlameter
were used. Since the crucible used in thls work had a dlameter
of 5 em, the error due to capillary riee in the containing
vessel i1s negliglble.

The surface tension datz for the varlous mixtures were
treated in the following way. Surface tension was plotted
against temperature at each composition. The best‘smooth
curve was drawn through these points; usually the best fit was
a straight line., Surface tension values at varloue composi-
tions were obtained from these graphs and from these values

surface tension-composition lsotherms were constructed.
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DISCUSSION
Pure Fused Salts

The surface tenslon-temperature curves for the pure fused
salts investigated are shown in Figures 4 and 5. Although no
surface tension data for zinc chloride are listed in Table 1,
a sufficient number of measurements were made to establish that
its surface tension is very low, approximately 56 dynes/cm at
450° C. The curves in Figures 4 and 5 show an essentlally
linear variatlon of surface tenslon with temperature.

One would expect the surface energy, ¥ - T 3¥/2 T), of
ionic melts to be determined chiefly by the electrostatic
forces between the ions in the surface; thus molten NaCl would
be expected to have a higher surface energy than meolten KCl.
In the case of the salts investigeted the trends in totsl sur-
face energy parallel the trends in surface tenslon shown in
Figures 4 and 5. The correlation of surface energy with
electrostatic forceg works quite well for the chlorldes and
alkall metal nitrates. However, it 1s complicated by the fact
that the surface energy of AgN03 ie higher than thst of NaNOB.
From this it 1s espparent thet the forces between the lons in
a silver nitrate melt are stronger than those in a sodlium
nitrate melt. In the absence of concrete experimental date

this can posslbly be attributed to (&) smeller interionic
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separation in a sllver nitrete mel% compared to a sodium
nitrate desplie the fact that the radil of the metal lons are
approximately the same in the solld state, (b) increased
covalent character in the interactions 1in a sllver nitrate
melt compared to a sodium nitrate melt due to the fact that
the elghteen electron shell of a transition type ion like
silver lon 1s more easily deformed (polarized) than is the
inert gas type shell.

The high surface energy of molten PbClz argues strongly
against the presence of FbCl, molecules in this melt.

Molten zinc chloride and cadmium chloride have abnormally
low surface encrgles compared wilth other melts containing lons
of similar charge and size. A Raman investigeation by Bues (45)
of molten cadmium chlorlde and molten zinc chloride showed
great resemblance between the spectra of these compeunds in
the liguid and in the so0lid state, thereby indicating similar
structures in the seclid and liquid. It is very interesting
tb note that these c¢rystalline salts are lsomorphous and poe-
gsess the layer-lattice cadmium chloride type structure. The
cadmium atoms are at the centers of octahedra which are joined
together in sheets held together mainly by van der Vaals
forces, The persistence of such a structure in the liquid
would explaln the low conductivity of these melts. The low

surface energles of these llqulds may be attrlibuted to the
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fact that 1t is energetically an casy process tc separsate
these sheets and form new surface.

The surface tenslon data for molien potassium nitrate
sgree with the data reported by Jseger (9) within 0.1%. The
data for NaNO3 are 1.5% lower than those reported by Jaeger
(9). fThere are no data in the literature on AgNOB. Surfece
tension data for KC1 reported in Table 1 are some 2.5% higher
than those reported by Jaeger (9), but zgree within 0.5% with
those given by Semenchenko and Shikhobslova (1l1). The data for
NaCl are 1.8% higher than those reported by Jaeger, but agree
within 0.5% with those reported by Semenchenko and Shikhobalova
(11). Jeeger's data (9) ror LiCl are 5.3% hizgher than those
lieted in Table 1, For PbCl, the data differ from Jaeger's
(9) by approximately 2%; his surface tenslon-tempsrature curve
wes by no means linear. Other literature values for PbCl, (13)
vary as much as 104, the greater variance being due no deubt

to the high volatility of the melt.
Binary Mixtures

Surface tenslon-composition isotherms for tnes dbinary fused
salt mixtures studied are shown in Figures 8-14.

Statistical trestments of the dependence of the surface
tension of & binary mixture cn its compceition have been

carried out by Belton and Evane (46} =nd by Guggenheim (47).
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For the cese of a perfect {ideal) solution Guggenheim (47)

glves the eguation

<,

a=xﬁexp—-XAa xBexp~l§_§

exXp -
kT kT

3

k

where ¥ 1s the surface tenslon of the mixture, J 4 and ‘XB
are the surface tenslone of the pure components, xp and xp are
the mole fractions of A and B in the bulk, a is the average
erea per molecule in the surface layer, k is the Boltzmann
constant, and T 1s the absolute temperature.

For the speclal case of an equimolar mixture where

Xy = xp = %, Guggenheim (47) reduced the above equation to

- (Yp - Y2
Y= a0, + ¥p - UnTal 2

This latter equetion was utilized by Boardman, Palmer, and
Heymann (16) to calculate deviations from ideality of the sur-
face tenslone of equimolar mixtures of various molten salts.
They calculated the mean area of the molecules from the molar

volume of the mixture according to the formula
a = 3u,/ma,%3 4+ pugmap 3,

where M and 4 are the moleculer welght and density respectlively

of the particular components and N is Avegadro's number.
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In order to obtain a more convenient surfsce tension
equatlon applicable at any molar composition, the first equa-
tior given by CGuggenheim (L47) was transforred by methematlcal

expanslons to give the eimple equation

xyxp( ¥ - Y )%

1 = (xa 0, + % 0n) -
AV A B YR’ kT

L]

For the special czse of an equimolsr composition, this
equation becomes identlecal to Guggenheim!s second equation.
This equation was found to be sufficlently accurate to cslcu-
late the theoretical ideal surface tension isotherms for the
systems XCl-NaCl and NaNOB-KNOB. For the AgHOB-alkali metal
nitrete melts where ( Yp = Y4) 1¢ not small comvared to the
first term in the equation, higher order terms must be con-
gidered., The mean aress of the molecules was calculated from

the equation
a = xA(MA/NdA)2/3 + xB(MB/NdB)z/3 .

The ideal surface tension isotherms are shown as dashed
curves in Figures 6-9. Ideal curves were noi calculated for
the PbClz-alkali metal chlorlde systems since such calcuiation
necessitates extrapolation of the surface tensions of the pure
alkali metal chlorides to temperatures far below the melting

volnte of the salts.
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Differences between the observed and calculasted ldeal sur-~
face tension lsotherme may arise from several causeeg, Devia-
tione from ideallty mey erise because: (a) the molecular
packing of the two componente 1s different (the assumption
that both species have the same number of nearest neighbore
and pack in the same way as in the pure liquids is incorporated
into the statistical formulation of the theory), (b) the areas
of the molecules may not be the same (the theory strictly holds
only for equal molecular aress); in sddition, the average
molecular area of the surface may not be the same as that
calculated from the density of the bulk, (c¢) the heat of mixing
of the two components may not be zero, (d) the surface discon-
tinuity between the phasee may not be restricted to a slingle
molecular area zs ies assumed in the theoretlical treatment.

The system NaNOB-KNOB wag investigaeted flirst in order %o
check the reliability of the meximum bubble pressure method in
work on mixtures. The shape of the surface tenslion isotherms
ie exactly the same 28 that obtalned by Boardman, Palmer, and
Heymenn (16); the absolute values are different. This is not
surprising since Boardman, Palmer, and Heymenn (16) measured
all their surface tensions relative to tap water. ©Since the
surfaece tensions of the two pure salts are so similar, the
calculated ideal surface tension curve is essentlally a straight
line. The ldesality of the experimentsl surface tension iso-

therms (Figure 6) is in accord with other physical measurements
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which have been made on this system. Equivelent conductivi-
ties (41), moler volumes (41), and molar refractivities (33)
all show very small deviations from ideality.

The surface tension isotherms for the systems AgNOB-HaNOB
and AgNOB--KNO3 (Figures 7 and 8) show negative deviations from
ideslity. This deviation is obviously gresater for the former
geystem, The fact that the transport numbers of the ions in
AgNOB—NaNOB mixtures are oroportional to thelr mole fractlons
(17), strongly supporte the contention that there is complete
dissociation In this system. The additivity of molar volumes
(38, 42) and the small negative deviatione from additivity of
conductivity (42, 48) and molar refractivity (38) in AgNO 5~
NaN03 and AgN03~KN03 mlxtures all substantiate the idea that
1ittle or no ionic assoclatlion takes place in these melts.

Surface tension isotherms in the system NaCi-XC1 (Figure
9) show small negative deviatlons from ideality. This sub-
stantlatee other physicael measurements which have been made
on this system (39). The shape of the surface tension iso-
therms 1s conslderably dlfferent from those obtalned by
Barzehovekil (13); smooth curves cannot be drawn through his
data.

If one compares the surface tenslions of binary mixtures
of salts with a common anion, the data asuggest that deviations
from ideality increase ag the difference in size of the re-

placing catlons increase. Boardman, Palmer, and Heymann (16)
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and Semenchenko and Shikhobalova (12) also noted thie trend in
thelr surface tension data on binary mixtures. However, no
concluslve statement cen be made on the basls of the limited
experimental data avallable.

Surface tenslon isotherms for the Pb012-a1ka11 metal
chloride systems are shown in Figures 10-14. It is particular-
ly interesting to note the minima in surface tension near 50
mole % in the PbCl,-KC1, PBC1,-RbCl, and PbCl,-CsCl melts,
Such minima are not possible unless complex lons or some other
surface actlive specles are present in the melts at this con-
centration. If these melts were strictly two component sys-
temeg, the presence of such minima in the surface tension
isotherme would be a direct violation of the Gibbs absorption
equation.

Evidence for complex lons in PbClz-KCl and CdClz-K01 melts
is quite strong. Bloom and Heymann (20) explained the minima
in equivalent conductivity in these mixtures in terms of an-
lonic complexes. Activation energles for lonic migration and
molar volumes show meximas st compositions corresponding to the
minime in equivalent conductivity. The activatlion energies at
certain compositions rise to very high valueg near the melting
point of these salts indicating a high degres of order in these
melte. It should be pointed out that it is dangerous to ex-
plain all conductivity minime in terme of complex lon formatlion

unless there is a considerable amount of substantiating
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evlidence, since minima in equivalent conductlvity have been
observed in the systems LiCl-KCl (39) and CaCl,-KCl (49) in
which the formation of complex ione is quite unlikely. Al-
though transference studies on the system PbClz-KCI now under
way in this laboratory (21) give no direct evidence for the
presence of an anionic complex, the ionic mobility-composition
isotherms can mest easlly be explalned by assuming some kind
of aggregation or complexing in the melt. This complexing
seeme to have its maximum effect at a compositlon corresponding
to the empiricael formula 2K01-Pb012. It is interesting thet
this compound has been shown to exist in the solid state {50).
The 5750(3 surface tenslon isotherms for the various
PbCl,-alkali metal chloride systems are shown together in
Figure 15 for convenlence in compsaring the change in the
character of the lsotherms as the slze of the alkall metal
cation in the melt increases. The lsotherms for the system
PbClz’L1C1 are practically linear over the compoeitlion range
studled; the PbCl,-NaCl system exhibits small negative devia-
tlons from ldeality; no minima were observed in these systems
over the concentratlion range that was amenable to measurement.
The exact location of the minima in the systems PbClz-K61,
PbClz~Rb01, and Pb012-0801 is difficult to determine, but
minima most essuredly do exist in these lsotherme whereas none

were observed for the first two systems. The minima in the
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latter three systems appear to shift to higher mole % elkall
chloride as the silze of the aikall metel increases.
Similar trends were observed in conductivity isotherms

for the systems CdCl,-LiCl1 (51), CaCi

2 2"
KCi (20)., Whereas only emall negative deviations from sddi-

NaCl (20), and CaC1 -

tivity were observed in the systenm CdClz-LiGl, somewhat larger
negative deviations were found in the CdGlz-Na01 isotherms,
and distinct minima were observed in the CdClz-K01 system as
was previously pointed out. |

These experimentael observatlons are in accord with the
well-known fact that a smaller alkall metal ion has a greater
polarizing power than a larger lon., Thus one would expect any
anlonic complexes in the melt to be more stable in the presence
of 2 large cation with low polarizing pcwer. Thlis same quall-
tatlve effect of lncreased stabllizstlon of certalin anlonie
complexes by & lerger cation 1s observed in the crystalline
state. 4An X-rsy investigation of QuABFe014 (52) showed the
exlstence of discrete tetrahedral ?eC1h~l ions. This complex
anion is not known in the presence of smaller cations. X-Ray
studies of the polylodide complexes such as N(CH3)415 (53) and
N(GHB)qlg (54) also support this assumption. The resonance
forms of %he 15“ and 19- ions are aspparently stebilized by the
large cations, since these ilons have not been isolated with
small cations, Hach and Rundle (53) suggested that as the

cation in a polylodide ie made smaller, thus concentrating the
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poslitive charge, the resonsting form with the negative charge
closest to the poeltive charge will be dominant and the
resonance stablllization will decresse.

In addition %o the trends in the character of the surface
tension isotherme of the PbClz-alkali metal chloride systems,
interesting color changes were also observed in these melte.
A1l the pure chlorides melt to colorleses liquids with the ex-
ceptlion of lead chloride which possesses a very faint yellow
color. NMixtures of leed chloride with sodium chloride and
lithium chloride are also colorless. However, there is a
definite yellow color in the mixtures of lead chloride with
potassium chlorlde, and the intenslty of this color increases
with an increase in size of the alksll metal lon in the melt,
The PbC12-0801 mixtures are & beautiful canary yellow color;
thils color pereists in the solld, but near room temperature
the yellow disappears.,

Although no unambiguous predlctlons concerning the nature
of liquid mixtures can be made from a study of the phase dia-
grams, 1t 1s also interesting to note trends here, The phase
disgrams for the systems PbCl,-L1Cl (55) and PbCl,-NaCl (55)
show simple eutectice, the system PbClz-K01 (50) has one con-
gruent melting point, the system PbClz-RbC1 (55) two congruent
melting points, and the system PbCl,-CsCl (56) a very pro-
nounced congruent melting point at 50 mole %. Caution must be

used in predlcting the exlstence of complex lons in the fueed
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state solely on the basils of congruently and lncongruently
melting solid state compounds indicsted by phase dlagrams.

The interpretation of various physical data on molten
salte and thelr mixtures has provoked considerable interest
concerning their structural nature. A number of investigators
have explained their data on certain melts in terms of the
exlstence of finite complex ions. Many have gone so far &as to
specify such finite ionic complexes as CdClB- (20), cacl,”

(20), or €acC1,” (49) in the case of CdClZ-KCl melts, while for

L
the PbCl-KC1 system the specles PbyClg (57), Pb014'2 (57),

pb016'4 (20, 57), and PbCl

; (20) have been predicted, The
postulation of such species 1e based on the existence of their
counterparts 1ln agueous solution which one must remember are
also solvated or on the emplrical formulas of the congruently
and incongruently melting compounds indiceted by the phase
dlagrams without regard to the actual structure of the com-
plex,

In an effort to leern more about the nature of the anionic
complexing in the PbClz-alkali metal chloride melts a struc-
tural lnvestigation of CstCl3 by X-ray diffraction was under-
taken (58). A 50% PbC12~CSCl melt was sllowed to cool slowly
over a perlod of twgnty—four hours., The 1lsolated CstCl3
crystals were found to be peeudo~cubic with a distorted
perovskite structure similar to CstCl3 (59). In this struc-

ture the ceslium ilons are at the corners of a cube, the lead




64

lons occupy the center of the unit cell, and chlorlde lons are
approximately located on the centers of the faces. All the
crystals examined showed a domaln-type disorder, so no detailed
structural analysis was carried out.

Three~dimensional lattlce and chain-like structures of
cadmium halide complexes with alkall catlons also exist in the
solld state; the cadmium ions always possess an octahedral
coordination of chloride 1ons.

In the PbCl_.-a2lkall metsl chloride melts and similarly in

2
the CdCl,-alksell metal chloride melts it then would appear

2
reasonable to assume that the anlonic complexing, stabllized
by large catlone such as K*', Rb+, or Cs+, congiste not only
of discret§ iong postuleted by other zuthors but of local
aggregations of ions whose structures resemble the structure
of the solid state. This increased local assoclation in the
melt must‘be such as to result in s low surface tension; the
anionic complex must be more surface active then the other
ions, It should be noted that the types of interionlc forces
involved in these systems are much different than those found

in molten glasses since low rather than high surface tensions

result from the assocliation.
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Evaluation of the Maximum Bubble Pressure Method

Although the maximum bubble prescure method is an excel-
lent one to use in measuring the surface tenslons of molten
salts, some experimental difficulties do arise in work on
viscous or highly volatlle liquids.

Bubble formation in viscous liquids 1is frequently gqulte
peculliar., Sometimes s very large bubble 1s produced which
bursts into & number of small bubbles with a resultant step-
wise pressure drop in the system; at other times the bubble
doeg not burst desplte a rise snd fall of the pressure, or the
pressure drop when the bubble bursts may be extremely slow and
also abnormally small. Bubblee formed under the latter con-
ditions can most aptly be deccribed as "lazy" bubbles in con-
trast to "normel’ bubbles with which there is assoclsated a
very repid pressure drop in the system, Reproducibls maximum
bubble pressures can rarely be obtained when there 1s pecullar
bubble formation.

Jaeger (8, 9) claimed success in measuring the surface
tensions of viscous liquids by the maximum bubble pressure
method. Parmelee and Lyon (60) were quite successful in
applying i1t to molten glasses, although the technique they
used to determine the maximum bubble pressures was somewhat
different from that used in this work. The capillary tip was

fixed at the surface of the melt; the pressure in the system
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was allowed to increzse until the bubble which formed had
burst as indicated by e sudden drop in the pressure, The
presgure was slowly decreased until & rressure was found which
could be mzintalned for several minutes. This pressure was
such that any observable increase resulted in the bursting of
the bubble. This pressure was held constant for several min-
utes so there was ample time to read the upper and lower arms
of the manometer. The author used their technique on non-
viscous melts and found the meximum pressures to be identical
with those measured at s bubble formetion rete of one bubble
per minute., Difflculties were experilenced in getting prescures
to remsin constant when bubbles were formed in viscous liqulds;
sometimes the pressure kept rising to fantastically high val-
uees, Okhotin and Bazhbeuk-Melikova (61) found in thelr study
of molten glessses that the surface tensions measured by the
maximum bubble pressure method were some 504 higher than those
obtalned by other methods. Thelr difficulties were undoubtedly
due to poor techniqgue, since reliable results can be obtained
with wviscous liquids if the bubbles are formed very slowly.

Ag wae pointed out in the "Procedure" the reliebility of a
particul ar measurement can be estimated simply from the
peculiler motion of the manome ter ligquid. The manometer height
differences should be exactiy reproduclible if the system 18 at

equilibriuvu,
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Highly volatile liquide sleo present difficulties. In
these cases the presesure changee in the system are indlcative
of '"normal " bubble formation end yet one out of evary four or
five bubbles will show abnormally hlgh pressuree. Accurate
results can be obtained only 1f care 1g used and the measure-
mente are repeated a sufficient number of times. The high
volatility of molten lead chloride made 1t virtually imposecible
to measure the surface tenslion of it or its mixtures above
625° C.

Pecullar bubble formatlon wae observed st times with.AgNOB
and more frequently wilth PbClz. This is the resson for the
lesser degree of revroducibility found in the surface tenslions
of these melts., This peculiar bubble formation is not sur-
prising, since the viscoeitlies of these liquids are some three
times greater than those of the alkall metel chlorides or
nitrates. Measurement of the surfzce tensilon of 2n012 was
very difficult, since shortly after fuslon the melt took on

the color and consistency of maple syrun.
Analysis of Errors

The differentisl method willl be used to calculete the
maximum error. Surface tension was calculated from the
relstionship

- I 2
¥ - o \hdy - 1d5) - 1/3 4,0
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where X is the surface tenslion, g 12 the acceleration due to
gravity, h is the manometer height difference in cm of dibutyl
rhthalate, d1 1s the density of the dibutyl phthslate, 1 is the
depth of immersion of the eapillary, and d2 is the density of
the melt.

The meximum errcr in ‘K 1z given by

AY = %éAr+%%Ah+—%%Ahgr%%A1+-%LA@

(1‘2 .

4 consistent set of values for a typical surfazce tension
measurement together with the maximum probsble errors in each
of the measured quantities are given below. These represent

the data for a measurement on & NaNO3 melt at 399° C.

r= 0.,0325 cm at 25° C r = + 0,0003 cm

h= 7.265 cm h=4+ 0,006 cm

d; = 1.0405 gm/cm3 4, = ¢ 0.0002 gm/cm3
i=0.2c¢cm 1=20,001 cm

d, = 1.845 gm/cm3 d, = ¢ 0.002 cm

g = 980.26 cm/sec2
¥ = 114.5 dynes/cm

Substlitution of the appropriaste quantities in the previous
equation glves L;X =+ 1.20 dynes/cem; the maximum relative

error, AY/X, is thus equal to *+ 0.01.
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The most important contribution to [X‘X arises from the
error assoclated with measurement of the caplllary radiue; in
the particular example cited above the other errors together
contribute less than *+0.3 dynes/cm to AY.

The maximum relative error in esurface tension is probably
less than the + 0.01 calculated above, since the capillary bore
wag reworked and remeasured if the measured surface tension
of benzene did not agree within 4+ 0.5% with the accented
literature value.

The temperature wae measured to +0.5° C; the maximum
error 1s felt %o be 1o C. The importance of this error in
temperature will depend on the magnitude of the temperature
coefficient of surface tension. The tempersture coefficlients
of surface tension range from 0,06 dynes/cm-deg C for pure

NeNOg to 0.1 dynes/cm.deg C for pure Pb(Cl Therefore the

X
meximum probable error in reported surface tension due to

error in temperature measurement will vary from t 0.06

dynes/cm to t 0.1 dynes/cm.

There 1is an additional error in the surface tensilons of
mixtures due to uncertainties in composition. This effect will
be greatest in those reglons in which the surface tenslon
ghows the greatest variation with composltion. Assume that
the analyses have 2z maximum probable error of i 0.2 mole %.

The greatest varlation of surface tenslon with composltion

occurs in Pb012-a1Ra11 metal chloride melts at high mole %
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PbCl2 where a 1% change in composition causes a change of 1
dyne/cm in the surface tension., This will result in a
maximum probeble error in § of + 0.2 dynes/cm. In the flat
portions of these surface tension isotherms the error in

surfsce tension due %to error in comnosition will be zero.
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SUMMARY

The surface tensions of eight pure fused salts—-NaNOB,

KNO3, AgNO LiCl, NeCl, PbClz, and ZnClz—-and nine binary

3’
mixtures--NaNOB-KNOB, AgNOB-NaNOB, AgNOB-KNOB, NaCl-KC1,
PbClz-Licl, PpCl _-NaCl, PbClz-K01, PbGlZ-Rb01, and PbClz-

CeCl--were measgured by the maximum bubble pressure method.
Surface tension showed esgentially linear variatlon with
temperature in all cases.

As would be expected, large differences were found between
the surface tensions of the pure fused salts. The higher sur-
face tenslion of molten AgN03 compared %o NaNO3 wags explained
in terms of differences in the polarizabllity of the metal
ions in the melts. The low surface tension of ZnCl, wae
assumesd to result from extensive assoclatlon 1in this melt.

The surface tenslon lsotherms of the systems NaNOB-KNO3
and NaCl-KCl were found to exhibit smell negative deviatlons
from i1deality. The grester negative deviatlons from ideallty
which were found in the systems AgN03~NaN03 and AgNOB-KNO3
were attributed to polarizsbility differences between the metal
ions. The limited data suggested that in binary mixtures of
fused salts with a common anion, the deviations of the surface
tension isotherms from ldeality increase as the dlfferences

between the slzes of the replacing cations increase.
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Actual minime were obecerved in the surfsce tension iso-
therms of the systems PbClz-K01, Pb012~Rb01, ang PbClz-CsCl;
nc minima were observed in the systems PbClz—LiCl and PbGlz-
NaCl. These minime were attributed to the vresence of complex
ions or other surfzce active ageoregates in these melts. Other
physical measurements strongly support the existence of complex
ions, very likely anlonlc comnlexes of lead, in the system
PbClz-KCl.

The trend in the character of the PbClZ-alkali metal
chloride surface tension lsotherms was shown to be in accord
with the fact that any enlonic complexes in these melts would
be more stable in the presence of large cations with low
polarizing power than in the presence of small ions with
large polarizing power.

Further evidence for complexing in the PbClZ-alkali metal
chloride melte was the presence of a2 yellow color in those
melts whose surface tension lsotherms exhibited minima; no
yellow color was observed in the PbClZ—LiCI and PbClz-Nacl
geystems., Thles yellow color which persisted in the solld state
at high temperstures was found to increase in intensity with
increase in the size of the glkali metsl ion.

It was volnted out that there ie no reason to assume that
the complexing in these melts consists only of discrete ions.

It was proposed that there are also local ageregations of lons

whose structures resemble the structure of the so0lild state.
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