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M olar volumes and surface tensions o f m olten L aC l3-KCl m ixtures were m easured by dila- 
tom etry and the m axim um  bubble pressure m ethod, respectively. The m olar volum e isotherm s 
were found to deviate positively from additiv ity  over the whole com position range, with the 
m axim um  deviation at ca. 30 mol% L aC l3. At the same concentration the isotherm s o f surface 
tension at tem peratures below 950 °C show a m inim um . Surface energy o f m ixing per unit area 
calculated from the surface tensions shows a large negative excess at the corresponding 
com position. These observations are related to the existence o f LaClg“ in the KCl-rich melt.

Introduction

Molten L a C l3-KCl is interesting  because  o c ta ­
hedra l L aClg- is repor ted  to exist in the K Cl-rich  
melt [1 - 3 ] .  T h e  density  o f  m olten  L a C l3-K Cl has 
been  m easured  by Sm irnov  and  S tepanov  [4] an d  by 
C ho  and K urod a  [5]. T he  m o la r  vo lum e iso therm s 
show positive dev ia t ion  from additivity .  A ccord ing  
to [4] the m a x im u m  devia t ion  occurs at ca. 70 mol% 
L aC l3. while according to [5] it occurs at ca. 
18 mol% L a C l3. O u r  own m easu rem en ts  on m ol ten  
L a C l3-N aC l y ielded a m a x im u m  at ca. 30 mol% 
L aC l 3 [6 ]. T h e  surface tension o f  pu re  L a C l 3 [7] and 
a few b inary  melts con ta in ing  L a C l 3  [4. 8 ] has been  
m easured  by Sm irnov  and Stepanov. O u r  own 
m easu rem en ts  on the surface tensions o f  m olten  
L a C l 3 [9] differ  considerab ly  as to the te m p e ra tu re  
dependence.

In this s tudy the m o la r  vo lum e and  surface  
tension o f  molten  L a C l3-KCl m ixtures  were 
m easured  and  co m p a red  with the repor ted  d a ta  [4,
5. 7], T he  excess m o la r  vo lum e and surface energy 
o f  mixing pe r  unit area  were calculated.

Experimental

Chemicals

L a C l 3 was synthesized by hea ting  a m ix tu re  o f  
L a 2 0 3 and N H 4 C1. T he  p rod uc t  was p u r i f ied  by
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sub l im a tio n  und er  reduced  pressure. Im purit ies  in 
the L a C l 3 crystal w ere s im ila r  to those reported  
previously  [6 ], Analytical reagent g rade  KC1 was 
d r ied  by heating  at a te m p e ra tu re  50 °C  below the 
m elting  point u nd er  vacuum  o f  1 0 _:!T o rr  for
8  hours. T hen  the salt was m elted  and solidified. 
C hosen  am o un ts  o f  L a C l 3 and KC1 were weighed in 
a glove box filled with dry argon. T h e  com posit ion  
o f  the m olten  m ix tu res  was checked by chelate 
t itration.

M easurem ents

T h e  m o la r  vo lum e  o f  the molten  mixtures was 
m easu red  d i la tom etr ica l ly  as described in [6 ]. For 
the m easu rem en t o f  the surface tension the m ax i­
m u m  bu b b le  p ressure m e tho d  was app lied  because 
o f  its precision at h igh  tem pera tu res .  T he  experi­
mental a r ra ng em en t  is show n in F igure  1. T he  argon 
was purif ied  by passing  th rou gh  chem ical traps 
filled with m olecu la r  sieves (4A ) and t i tan ium  
sponges at 900 °C  to rem ove  possible H 2 0 ,  N 2, and
0 2  contam inations .  Pressure fluctuations o f  the gas 
were buffe red  by two 51 b u ffe r  tanks. T he  gas flow 
was ad jus ted  with a need le  valve. A fused silica 
tu be  was a t tached  to a m ic rom ete r  screw. A 
cap il lary  tube  o f  Pt-10% R h  alloy (2 m m  ou te r  
d iam ete r ,  0 . 2  m m  th ickness, 80 m m  long) sharpend  
to a knife  edge at the  tip  was a ttached  to the lower 
end o f  the silica tu b e  with a g raph i te  joint. A 
m an o m e te r  Filled with d i-n-bu ty le  ph tha la te  
co loured  red by a d y es tu ff  and  kep t at 30.4 ± 0 .1  °C  
by the rm os ta ted  w ater  was used to m easure  the
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Fig. 1. Schem atic d iagram  o f the appara tus for surface 
tension m easurem ent, a: melt, b: Pt-10% Rh alloy capillary, 
c: C.A. therm ocouple, d: m icrom eter, e: m anom eter, 
f: therm om eter, g: electric furnace, h: buffer tank, i: 
titan ium  sponge, j: m olecular sieves 4A , k: needle valve. 
A: Ar gas inlet, B: therm osta ted  water inlet, C: therm ostat­
ed water outlet.

pressure  o f  the w ork ing  gas bubb le .  T h e  te m p e r ­
a ture  o f  the furnace  was m a in ta ined  w ith in  ±  1 °C  
with a contro ll ing  device , and the tem p e ra tu re  o f 
the sam ple  was m e asu red  with a C.A. the rm oco up le  
sh ea thed  with a fused silica tube. A fused silica 
crucib le  con ta in ing  the  sam ple  was set in the furnace 
and  then  the a tm o sp h e re  in the furnace was ex­
changed  with the w o rk ing  gas. T h e  te m p e ra tu re  of 
the furnace was ra ised  above  the l iqu id  tem p e ra tu re  
o f  the sam ple  (accord ing  to the phase  d iag ram  [ 1 0 ]) 
and kept constant. T h e  cap il lary  was lowered 
g radua l ly  with the m ic ro m e te r  screw while a little 
w ork ing  gas was b low n  from its tip. W hen  the 
cap il lary  tip  got con tac t  with  the surface o f  the 
melt,  a sud den  shift  o f  the  meniscus in the m a n o m ­
eter was observed. T h e  cap il lary  was then  inserted 
to the prescribed  d e p th  in the melt by m eans  o f  the 
m ic ro m ete r  screw. T h e  meniscus o f  the m a n o m e te r  
l iquid  was read to 1 0  p m  with a ca the tom eter .

T h e  inner d ia m e te r  o f  the cap il lary  tips was d e te r ­
m ined  by a m easu rem en t  o f  the surface tension o f  dis­
tilled w ate r  at ro om  tem p e ra tu re ,  and  its d iam e te r  
at the elevated  tem p e ra tu re s  was correc ted  by use of 
the coefficient o f  th e rm a l  expansion, /t , for the 
alloy [ 1 1 ]

/t =  /0 (l +  9.7 x 10“ 6  / +  8.3 x IO " 10 / 2) ,

0 / / ° C  si 1000. (1)

T h e  surface tens ion, y, o f  the  melt is ca lculated  
from

7  =  rg  (h cl| — /' cl2) /2  — cl2 r 2 g / 3

-  d \  / - 3  g / [ \ 2 ( h  d ] -  i d2)], (2)

w here  2r  is the  ins ide  d ia m e te r  o f  the capillary, 
g  the accelera tion  by gravity, h the heigh t o f  
m a n o m e te r  co lum n, c/, the density  o f  d i-n-bu ty le  
ph tha la te .  w hich  was m easu red  pycnom etrica lly ,  
d 2 the  density o f  the  melt,  i the  d ep th  o f  im m ers ion  
into the melt o f  the  capil lary.

P rior to the m e a s u re m e n t  o f  the  m o l ten  sam ple , 
the  surface tension o f  m olten  K N 0 3 was m easured  
to know  the effect o f  the im m ers io n  d e p th  o f  the 
cap il lary  tip on the  surface  tension. T h e  sam e 
surface  tension w ith in  ex per im en ta l  e r ro r  was 
ob ta in e d  at each im m e rs io n  dep th .

R esults and D iscussion

Molar  Volume

T h e  o b ta ined  m o la r  vo lum es are  show n in 
F igu re  2. F or  m ol ten  KC1 they agree  well with the 
recom ended  densi ty  d a ta  [12], and  for m olten  L a C l 3 

they are  identical to those rep o r ted  p rev iously  [6 ], 
T he  m o la r  vo lum e o b ta in ed  for the  m ix tu res  can be 
expressed as

Vm (cnvVmol) =  25.755 +  32 .520X  -  20 .540X 2

+  19.024A"3 +  (0.21507 x 10 _ 1  +  0.21770 x \ 0~ 2X

+  0.25884 x 10“ : A' 2  -  0.92799 x lO“ 2^ 3) T, (3)

w here  T  is the te m p e ra tu re  in K, X  the  mole 
fraction  o f  L a C l 3  and  the coeff ic ients are  least 
squares  fitted to the  exper im en ta l  da ta .  T h e  solid 
lines in Fig. 2 are  o b ta in ed  from  (3). T h e  average 
percen t d ep a tu re  is 0.32%, w hich is slightly larger 
than  that  ob ta in ed  for o th e r  m o l ten  b in a ry  m ix tures  
con ta in ing  L a C l 3 [6 ],

F igu re  3 show’s the  m o la r  vo lu m e  (A) and  excess 
m o la r  vo lum e (B) iso therm s at 900 °C . T h e  m ax i­
m u m  o f  the excess m o la r  vo lum e  at ca. 30 mol% 
L a C l 3 nearly coincides with th a t  foun d  for the 
m olten  L aC l3-N a C l m ix tu res  [6 ], as show n in 
F igu re  3 (B). Its pos i t ion  does not agree  with the 
results o f  S m irnov  and  S tepanov  [4] and  C h o  and 
K uro da  [5]. as m en t io n e d  in the  In troduc tion .

P a p a th e o d o ro u  and  0 s tv o ld  [3] have  d e te rm in ed  
the partia l en th a lp y  and  part ia l  G ib b s  energy o f
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Fig. 2. M olar volum e o f m olten L aC l3-KCl mixtures. 
Circles indicate the observed values and solid lines those 
calculated from (3). L aC l3 mol%, a: 0.0. b: 14.2. c: 28.3, 
d: 42.4. e: 58.2. f: 71.2. g: 84.2. h: 100.0.

Fig. 3. M olar volum e (A) and excess m olar volum e (B) 
isotherm s of m olten L aC l3-KCl at 900 °C. T he dashed line 
in (B) is the excess m olar volum e o f m olten L aC l3-N aC l at
900 °C.

t / ' c
Fig. 4. Surface tension o f m olten L aC l3-K C l mixtures. 
L aC l3 mol%. a: 0.0. b: 17.1. c: 33.0. d: 50.Ö. e: 74.8. f: 87.9. 
g: 10Ö.0.

Volum e and Surface Tension o f M olten L aC l3-KCl M ixtures

T able 1. Surface tension o f m olten L aC l3-KCl m ixtures. 
a =  standard error o f  estim ate. y = a — b t  (y /d y n c m -1, 
t / °  C).

L aC l3
mol%

a 6 x 10 2 a l dyn cm 1 Tem p, 
range/ °C

0.0 156.61 7.47 0.21 8 5 4 -9 4 8
17.1 130.01 4.57 0.21 88 9 -9 4 0
33.0 130.36 4.43 0.15 84 9 -9 5 3
50.0 128.12 3.70 0.14 9 0 1 -9 3 5
74.8 153.55 5.96 0.07 8 7 8 -9 4 0
87.9 157.69 5.66 0.15 8 9 9 -9 5 0

100.0 147.90 4.23 0.12 8 9 2 -9 5 0

m ixing  o f  m olten  L a C l3-KCl m ix tu res  and  have 
ind ica ted  tendencies for com plex  fo rm a tio n  in the 
KCl-rich melt from these th e rm o d y n a m ic  data. 
F u r th e rm o re ,  the existence o f  the co m p lex  L aClg- 
in the KCl-rich melt has been conc lud ed  from 
R a m a n  spectroscopy by M aroni et al. [1] and 
P ap a th eo d o ro u  [2]. D u e  to the s trong  repulsive 
in teraction o f  these com plexes a m a x im u m  o f  the 
excess m olar vo lum e at 25 mol% L a C l 3 w ou ld  be 
plausible, which agrees well with o u r  results.

Surface Tension

Figure  4 shows the surface tension o f  the  mixtures 
vs. tem p era tu re  and the least squares  fi tted l inear 
tem pera tu re  dep endences  ca lculated  w ith  the  coeff i­
cients given in T ab le  1. In Fig. 5 o u r  results on 
m olten  KC1 are  co m p a red  with da ta  in the  li terature 
[1 3 -1 6 ] .  T he  co incidence  is good w ith  the excep ­
tion o f  the da ta  o f  M oser  et al. [13]. T h e  m a g n i tu d e  
o f  the surface tension o f  m olten  L a C l 3 is s im i la r  to 
tha t  o f  molten N aC l [17]. and  its te m p e ra tu re  
d ependence  is s im ila r  to tha t  o f  m ol ten  C a C l 2 [14], 
T h e  surface tension o f  m olten  L a C l 3  g iven by 
Sm irnov  et al. [7] is

7 (dy n /cm ) =  272.2 -  0.132 7 7 K .

T h e  tem pera tu re  coefficient o f  this eq u a t io n  is 
ab o u t  twice tha t repor ted  for alkali and  alkal ine  
ear th  metal ch lor ides [17, 18], Also no  such large 
tem pera tu re  dep endences  have been  fo un d  for o the r  
rare  earth chlorides [9].

As seen in Fig. 4. the  ad d it ion  o f  L a C l 3 to p u re  
KC1 changes rem ark a b ly  the te m p e ra tu re  d e p e n ­
dence  of the surface tension while  the  change  
on fur ther add it io n  o f  L a C l 3 is not apprec iab le .  
T his  b ehav io u r  co rresponds  to the  m in im u m  at
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Fig. 5. C om parison o f surface tension of m olten KC1. 
1: [13], 2: [14], 3: [15], 4: [16].

1 20-

80*------ 1------ 1------ 1------ 1------
0 20 40 60 80 100 
KCl mol0/. LaCl3

Fig. 6. Surface tension isotherm s of m olten L aC l3-KCl at 
850 (A), 900 (o), and 950 (□) °C.

Fig. 7. Surface tension at 900 °C  as m easured (circles) and 
as calculated from (4) (A), and difference betw een the 
two (B).

ca. 30 mol% L a C l 3 in the 850 °C  iso therm  o f  
F ig u re  6 . T he  tendency  to form m in im u m  was also 
observed  in the iso therm s o f  m olten  P rC l3-KCl 
m ix tu res  [19], In the surface tension m easu rem en ts  
on  m olten  L a C l3-K Cl m ix tures  by S m irnov  and 
S tepanov  [4] the m in im u m  was not observed.

3

E

1

Fig. 8. Com position dependence o f surface properties 
— Ay(a)  and A E s/ a  (b), excess m olar volume V E (c) and 
heat o f  mixing (d) [3] for m olten L aC l3-KCl m ixtures.

G rjo th e im  et al. [14] have derived  a semi- 
em pir ica l  eqa t ion  for the  surface tension o f  molten 
salt m ix tures  as follows

e x p ( - y a / k T )  =  y/, e x p ( -  a / k T )

+  i/ / 2  exP (~  72 a / k T ) , (4)

w here  (//, and '/, a re  the  vo lum e fraction and the 
surface tension o f  the  /-th co m ponen t ,  respectively, 
and a is the m ean  a rea  pe r  molecule  in the  surface 
layer, i//, and a can be given by the equa tions

y/i = V, X , / V m and  a  =  ( V J N ) 2 n , (5)

in which V, and X t a re  the  part ia l m o la r  vo lum e and 
m ole  fraction o f  the /-th com ponen t ,  Vm is the  m olar 
v o lu m e  o f  the m elt and  N  is A v og ad ro ’s num ber. 
T h e  surface tens ion at 900 °C  was ca lcu la ted  by 
using (4) and  (5) and  c o m p ared  with the  observed 
values in F igure  7(A ).  H ere  the part ia l  m olar  
vo lum es were given by the  m e tho d  o f  intercepts. It 
is know n that , i f  co m p le x  or com plex-l ike  ions are 
fo rm ed  in a m ixed  melt,  the observed surface 
tension dev ia tes  largely from  that ca lcu la ted  by (4)
[16]. As seen in Fig. 7(B), the d ifference  between 
these values ind ica tes  a large m a x im u m  at ca. 
30 mol% L a C l3.

T h e  surface energy  o f  m ixing per  unit area is 
w rit ten  as follows:

A E s/ a  = E s/ a -  ( X ( E s/ a ) , +  (1 -  X ) ( E s/ a ) 2) (6 )

w here  E %/ a is the su rface  energy o f  the  mixture. 
(E s/a) j  (i = 1 , 2 ) the  surface  energy o f  constituent
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p ure  melts, and X  the  mole fraction. Also

E s/a  =  7  — T ( d y / d T ) . (7)

It is known that in general the surface  energy o f  
m ix ing  for ideal m olten  b inary  m ix tu res  such as 
N a N 0 3 - N a N 0 2  and N a N 0 3 - K N 0 3 becom es 
n ea r  zero, bu t tha t  in case o f  co m p lex  fo rm ing  
m ix tures  A E s/a  <  0 [16]. T he  result ca lcu la ted  from
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