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Internal m obility ratios in the m olten b inary system K N O 3- C a 05N O 3 have been m easured 
with the Klemm m ethod in a range up to 50 mol% C a05N O 3. From  these and available da ta  on 
the densities and conductivities, the internal m obilities o f  K+ and C a 2+ ions (bK and bCa, 
respectively) have been calculated. W ith an increase o f C a 2+ concentration, both bK and bCa 
decrease. The decrease o f  bK is presum ed to be a ttrib u tab le  to the “ tranquillisa tion  effect” 
caused by clustering o f N 0 3 ions around C a2+ ions due to the strong C oulom bic interaction. 
T he increase of bCa with increasing concentration o f K+ ions m ay be a ttribu ted  to the agitation 
effect by K+ ions.

I. Introduction

In p rev ious studies [1] we have d e te rm in e d  the 
internal m obili t ies  o f  various b inary  alkali n itra te  
molten systems using KJemm 's coun te rcu rren t  e lec­
trom igra tion  m ethod  [2], In m any  cases the  internal 
mobili ty  b\ o f  the cation  1 could be expressed by 
the  equa tion  [3]

b\ =  [A\ / (  V -  K,0)] exp { -  E \ / R T ) ,  (1)

where V  is the  m olar  vo lu m e  o f  the m ix tu re ,  and 
A],  E\ and  Vt0 are constants  w hich  are  nearly  
independen t  o f  the k ind o f  the coions 2. In cases 
when ( 1 ) d id  not hold, th is could  be exp la ined  by 
the free space  effect a n d /o r  the agita tion  effect [3].

In the present study we w anted  to exp lore  the 
validity o f  ( 1 ) in case o f  mix tures  o f  m o no -  and 
d ivalent cations. Fo r  th is pu rpose  the  system 
K N 0 3 - C a ( N 0 3 ) 2  was chosen. Interestingly this 
system is readily  g lass-forming [4 - 8 ] ,  T h e re  is an 
argum ent,  however, th a t  this p roper ty  is d u e  to the 
presence o f  w ater  in this hygroscopic  m ate r ia l  [9],

Internal m obili ty  ratios o f  add it ive  b inary  m olten  
systems conta in ing  m ono- and  d ivalen t ca tions have 
so far m ain ly  been m easu red  on ch lo r ide  and 
b ro m id e  systems with the  E M F  m ethod .  T h e re  are, 
however, no difficulties inheren t in using K Jem m ’s 
method  in these cases, and  we suppose  this  m e th o d  
to be presently  the most accura te  one.

R eprint requests to Professor Isao O kada, D epartm ent of 
Electronic Chemistry, Tokyo Institute o f  Technology, 
Nagatsuta 4259, M idori-ku, Y okoham a 227, Japan.

II. Experimental

C a ( N 0 3 ) 2  • 4 H tO  o f  reagent g rad e  was v acuum - 
dried  in an oven a t  120 °C  for several hours. T h en  it 
was m ixed with d r ied  K N 0 3 in a chosen ratio. T he  
m ix tu re  was m e l ted  and  kept at ca. 300 °C  in a 
small qu a r tz  vessel.

A sepa ra t ion  tu b e  packed  w ith  qu a r tz  p o w d er  o f  
8 0 - 1 0 0  mesh was im m ersed  in the sam ple  m elt to 
be sucked up to the  top  o f  the d ia p h ra g m  part  o f  
the sepa ra t ion  tube . T h en  the  tu be  was transferred  
into the large co n ta in e r  o f  the e lec trom igra t ion  cell 
which  con ta ined  m olten  L i N 0 3 - N a N 0 3 - K N 0 3 

( 3 0 - 1 7 - 5 3  mol%). D eta ils  o f  the  e lec trom igra t ion  
cell and the ex p e r im en ta l  p ro cedu re  were s im ila r  to 
those descr ibed  in p rev ious  p apers  [ 1 ],

After e lec trom ig ra t io n  for several hours , the 
sepa ra t ion  tu be  was taken  ou t o f  the large conta iner  
and  cut into several pieces for d e te rm in ing  the K + 
and  C a 2+ ions w ith  emission  spec tropho tom etry .  
F o r  the m e a s u re m e n t  o f  C a 2+ a p ro p e r  am o u n t  o f  
K N 0 3  was a d d e d  to the  C a 2+ s tand ard  solu tion  to 
avo id  the effect o f  ion iza tion  in terfe rence  o f  the 
samples.

III. Results

A ccord ing  to L ju b im o v  and  L u nd en  [10], for an 
add it iv e  b inary  m ix tu re  with the  cations 1 and 2  the 
quan ti ty

£ 1 2  =  -  ( F / Q )  [(Wi/.v,) -  ( N 2/ x 2)] , ( 2 )
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Table 1. Relative difference in internal m obilities.

Run -̂ Ca 77 K r/h rs Q I C e I2

1 0.035 633 4.5 1172 0.316 ± 0 .0 0 8
2 0.035 653 6.0 1224 0.351 ± 0 .0 0 7
3 0.064 573 5.2 998 0.325 ± 0 .0 1 8
4 0.064 623 5.0 959 0.300 ±  0.023
5 0.064 653 5.0 1034 0.318 ± 0 .0 1 3
6 0.064 673 5.0 950 0.367 ±  0.016
7 0.095 623 5.8 2091 0.560 ± 0 .0 1 0
8 0.182 623 4.9 1760 0.609 ±  0.009
9 0.182 623 3.8 1384 0.623 ±  0.010

10 0.333 623 2.9 570 0.884 ±  0.028
11 0.507 473 4.9 708 0.812 ± 0 .0 3 8
12 0.507 523 16.9 2021 0.708 ±  0.050
13 0.507 573 2.5 430 0.818 ±  0.027
14 0.507 623 5.9 441 0.795 ±  0.033
15 0.507 673 2.1 543 0.648 ±  0.028

w here  .y, and x 2 are equ iv a len t  fractions b efo re  the 
electrolysis, can be o b ta in e d  from  m e asu rem en ts  o f  
the num b er  Q / F  (Q : transported  charge, F: F a ra d a y ’s 
constant) o f  equ ivalen ts  o f  anions which have passed 
the m ix ture  and the  n u m b e r  o f  equ iva len ts  and  
N 2 which after  the electrolysis are  found  b e tw een  
the  ano de  and a region in the sepa ra t io n  tu b e  w here  
the concentrations have  not yet changed. H ere

£i2 =  ( b} - b 2) / ( x ] b x + x 2 b2) ,  (3)

w here  b\ and  b2 are the internal mobili t ies .  F ro m  
(3), the m obili ty  ratio  ß 2 = b2/b\  follows to be

ß 2 = (1 ~.Y| £!2) / ( l  + x 2 e\2) .  (4)

I f  also the equ iva len t vo lum e Ve an d  the  co n ­
du c tance  x are  known, from  ( 2 ) and the  re la tion

* K  = F ( x ,  b, + x 2 b2) ,  (5)

one obtains

bj =  * Ve( 1 +  ,y2  e\2 ) / F ,  ( 6 a)

b2 = x V e (i  - x ,  £,2) / F .  (6 b)

T h e  m ole  fractions y x and  y 2 o f  p o ta s s iu m  n itra te  
and  ca lc ium  nitra te , respectively, are  re la ted  w ith  .Yj
and  .y 2 by

v, =  2 .y, /(1  +  .y , ) ,  (7 a)

y 2 — x 2/ (2 — .y2) . (7 b)

If  one prefers to use SI units, one has to rep lace  in
( 2 ) - ( 7 )  the equ iva len t fractions, the  n u m b e r s  o f  
equivalents  and the eq u iva len t  vo lum e  by co rre ­

spond ing  m o la r  quanti t ies ,  w here  K N 0 3 and  
C a 0 ..sNO3 a re  considered  as the  m olecules  involved.

T h e  o b ta in ed  values  o f  e ]2 a re  su m m arized  in 
T ab le  1 with the  m a in  experim en ta l  conditions. As 
seen from T ab le  1, the  te m p e ra tu re  dep end ence  o f  
e 1 2  at a constan t concen tra tion  is small, while the  
concentra tion  d ep en d e n c e  is relatively large.

In T ab le  2, b\ and  b2 are given together  w ith  the  
m o la r  vo lum e [ 1 1 ] and the electric conductiv ity  [ 1 2 ] 
used  for the  ca lcu la tions in ( 6  a) and  ( 6  b).

IV. D iscussion

In Fig. 1, the iso therm s o f  bK and  bCa at 623 K a re  
shown. bK accord ing  to ( 1 ) in alkali n itrate m elts  
such as (K, C s ) N 0 3 [3] is shown by the dotted  line. 
W ith  increasing ,YCa the m o la r  vo lum e V decreases 
and there fo re  accord ing  to ( 1 ) b K increases, w hereas  
ac tua lly  it decreases.  W e found  tha t  the e x p e r i ­
m en ta l  b K can  be  expressed by the  re lation

=  ^ [ . y k Vk / ( x k Vk +  ,YCa FCa)] ( 8 )

(b roken  line in Fig. 1), w here  b £ corresponds to the  
do tted  line in Fig. 1 o b ta ined  by (1).

T h e  internal m ob i li t ies  m ay  be  in terpre ted  in 
te rm s o f  sep a ra t in g  m otions  o f  un like  ion pairs, as 
has successfully been  done for b inary  alkali n it ra tes
[3]. Since the N 0 3  ions canno t read ily  move aw ay  
from  the d iva len t C a 2+ ions, clustering o f  N O J  
a ro u n d  C a 2+ will occur. This  will re tard  the 
exchange  ra te  o f  the  N O J  ions coord inating  to K + 
ions. T hus  d iva len t coions have a “ tranqu il l i sa tion  
effect” on  m onov a len t  coions, ju s t  as heavy co ions 
have  a  tranqu il l i sa t io n  effect on light coions [13].

T h e  factor J K = x K VK/ ( x K VK +  ,YCa FCa) a p p e a r ­
ing in (8 ) can  be in te rp re ted  as the  volum e frac tion  
o f  regions o f  “ K N 0 3 -l ike '’ c ircumstances in w hich  
m o tio n  o f  K + accord ing  to (1) is expected. In the  
“ C a 0 5 N O 3 - l ike” regions, separa ting  motion o f  K + 
and  N O 3  ions will be  suppressed. Thus, bK is well 
expressed by b ^ -  f K . / k  m ay  be regarded  as the  
fac tor for the tranqu il l i sa t io n  effect.

T h e  trend o f  decreas ing  bK with increasing c o n ­
cen tra tion  o f  d iv a len t  cocations is generally observed 
in m any  o the r  systems (K. M )X  (M  =  Ca. Sr and  
Ba; X =  Cl and Br [1 4 -1 9 ] ) .  Also the decrease o f  
bc .d with decreas ing  concentra tion  o f  the m ono va len t  
coion is seen in o th e r  systems (Li, C a)X  (X =  N 0 3
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Run
no.

*Ca y i T
(K)

V
( 10-6 m 3 m o l-1) 
[11]

X
(102 S m -1) 
[12]

b Kh
( 10-8 m 2 V - ' s " 1)

bC a b
(10 8 m 2 V ’ s

1 0.035 0.018 633 54.21 0.690 3.92 ± 0 .0 3 2.72 ± 0 .0 2
2 0.035 0.018 653 54.66 0.739 4.24 ± 0 .0 3 2.79 ± 0 .0 2
3 0.064 0.033 573 52.37 0.472 2.61 ± 0.01 1.83 ± 0 .0 3
4 0.064 0.033 623 53.50 0.632 3.57 ± 0 .0 3 5 2.44 ± 0 .0 3 5
5 0.064 0.033 653 54.20 0.722 4.14 ± 0 .0 2 5 2.76 ±  0.03
6 0.064 0.033 673 54.60 0.781 4.52 ± 0 .0 2 2.97 ± 0 .0 1 5
7 0.095 0.050 623 53.01 0.614 3.53 ± 0 .0 3 1.83 ± 0 .0 2 5
8 0.182 a 0.100 623 51.68 0.5646 3.36 ± 0 .0 2 1.52 ± 0 .0 2
9 0.182 a 0.100 623 51.68 0.5646 3.37 ± 0 .0 2 1.49 ± 0 .0 2

10 0.334 a 0.200 623 49.37 0.4754 3.15 ± 0 .0 3 0.998 ±  0.050
11 0.502 a 0.335 473 44.38 0.0594 0.385 ±  0.006 0.164 ±  0.006
12 0.502 a 0.335 523 45.18 0.156 0.993 ±  0.019 0.476 ±  0.019
13 0.502 a 0.335 573 45.98 0.2569 1.73 ± 0 .0 2 0.730 ±  0.019
14 0.502 a 0.335 623 46.80 0.3808 2.59 ± 0 .0 3 1.12 ± 0 .0 3
15 0.502 a 0.335 673 47.63 0.4984 3.27 ± 0 .0 4 1.68 ± 0 .0 4

0 0 623 54.46 0.6515 3.68
0 0 623 54.49 c 0.659 c 3.72

a The conductivity d a ta  a t these com positions are taken from  [12]. bK and 6Ca are calculated by assum ing e]2 to be equal 
to the values at alm ost the sam e com positions in T able 1. T he conductivities at o ther concentrations are ob tained  by 
interpolation of the d a ta  in [12]. 

b For the calculation o f the standard  deviation, errors orig inating  from  .rq, (±  0.01) and e12 are taken into account. 
c Values taken from recently recom m ended d a ta  [28].

Xca

Fig. 1. Internal m obilities a t 623 K. o: b K, • :  bCa, ....... :
b £ drawn according to ( 1), where the param eters are taken 
from those in the system (K, C s )N 0 3 (A =4 .21  x 10- 11m 5 
■ V -1 s_l m ol-1, E  — 16.74 kJ m ol-1 and F ° = 1 0 . 5 x l 0 -6 
m 3 m ol-1 [3]).

[20], Cl [16, 17] and Br [21]). This  m ay  be a t t r ib u ted  
to a decrease o f  the ag ita tion  effect [13, 2 2 ] exerted  
by the  m onovalen t cocations.

K lem m  [23] has p resen ted  expected  profiles  o f  
internal m obili ty  iso therm s in a dd it iv e  b ina ry  
m ix tures  con ta in ing  m ono- and d iva len t cations. 
T h e  present case agrees well w ith  one  o f  the  typical 
cases given by him. He has defined  d  as a coeff i­
cient describing the m ag n i tu d e  o f  the in te rca t ion ic  
“ d rag  effect” ; the in terca t ion ic  d rag  effect refers 
to the p h e n o m e n a  th a t  the fast cations are  h am p e red  
in the ir  m ig ra t ion  by the  slow cations and  th a t  the 
m igra t ion  o f  the slow cations is acce le ra ted  by the 
fast cations. Thus, the  fo rm er  p h en o m e n o n  co r re ­
sponds to ou r  tranqu il l isa tion  effect an d  the  la t ter  
to o u r  agita t ion  effect. It is interesting to no te  th a t  
the  profiles o f  the iso therm s in the  p resen t  system 
well resem ble  those given by h im  for the  case 
d  =  0.75 (see Fig. 4 a  in [23]), a l though  it shou ld  be 
taken  into account tha t  mobili t ies  are  p lo t ted  
against y 2 instead o f  x 2 in his figure. T h is  m ean s  
tha t  the  agita tion  and  the  t ranqu il l i sa t ion  effect are  
ra th e r  g reat in the presen t system.

C leaver  et al. [24] exp la ined  the m a rk e d  decrease  
in the conductiv ity  o f  a K N 0 3 m elt on  a d d i t io n  o f



698 J. Habasaki et al. • Internal C ation  M obilities in (K, C a05)N O 3

100

i/>

>CN
E
\

o~o
x

_Q
10

1

Fig. 2. T em perature  dependence o f internal m obilities at
Aca =  0.502. o : bK. • :  bCa: ........ : /?£ (see the caption to
Fig. 1 ) ;--------- : b K draw n according to (9).
------O- • o_ ■ _ A'  =  4.05 x 10-6 m 2 V-1 s_l T u2,

B =  539 K and T0 = 332 K in (9),
A ’ = 2.69 x 10-6 m 2 V -' s ' 1 T W2\
B = 652 K and T0 =  324 K in (9).

divalent cations such as C a 2+ and  Ba2+ ions in 
te rm s o f  elec trostric tive shr inkage  o f  free volume. 
T his  is in contrast with  our  explana tion . A ccording 
to o u r  exp lana tion ,  if  only the C o u lo m b ic  att rac t ion  
effect were present,  the  shr inkage  o f  free vo lum e 
itself w ould  be favo u rab le  for conductiv ity ,  as 
show n by ( 1 ).

In Fig. 2 the te m p e ra tu re  dep end ence  o f  bK and 
bc .d at .vca =  0.502 is shown. F o r  com par ison , 
expected  from (1) is show n by a do tted  line. T he  
large d ev ia t ion  o f  the  observed bK from b£ even at 
h igher  te m p e ra tu re  is main ly  d ue  to the tranquilli-  
sation effect, as s ta ted  above. At m o d e ra te  te m p e ra ­
tures the A rrhen iu s  coefficients for b o f  the two 
cations are  s im ilar,  w hich  is the  case in o th e r

T /  k
80 0  700  6 0 0  5 0 0

r'x io3/ K_1

systems such as L i N 0 3 - C a ( N 0 3 ) 2  [20], N a N 0 3-  
C a ( N 0 3 ) 2  [25] and M ' C l - C d C l ,  (M ' =  N a ,  K. and 
Cs [26]). T h is  also indica tes  tha t  coopera t ive  m otion  
du e  to the ag ita tion  and tranqu il l i sa t ion  effects 
occurs in these mixtures.

At low te m p e ra tu re  the A rrh en iu s  coefficients 
becom e higher both for bK and />ca and the deviation 
o f  bK from /?£ becom es part icu la r ly  greater. This 
m ay  be a t t r ib u ted  to the  free space effect [3]; the 
free space is so small th a t  ions canno t  exchange 
n e ig h b o u r in g  co un te r  ions sm oothly . T h e  te m p e ra ­
tu re  dep en d en c e  o f  the  A rrhen iu s  coefficients in the 
self-d iffusion coeff ic ients and electric conductivity of 
the present system has intensively been  discussed on 
the basis o f  the free v o lu m e  theory  [4 - 7 ] ,  T he  free 
space in o u r  defin i t ion  is s im ila r  to the  void volum e 
in the free vo lu m e  theory , bu t  so m e w h a t  different. 
W e have defined  the free space s im ply  as the  total 
vo lum e m inus  the vo lu m e  o ccup ied  by "partic le  
cores” . O n the o th e r  h and ,  the free volum e is 
defined  as tha t  w hich  can  be red is tr ib u ted  w ithout 
energy change, and  the  “ critical void  v o lu m e” 
should  be d if feren t for d if fe ren t species.

W hen  the te m p e ra tu re  d ep en d e n c e  o f  bK and bCd 
is fitted with a leas t-squares  fit to the  Vogel- 
T a m m a n n -F u lc h e r  type  e qu a tio n

b = A'  T ~ w2 exp [ -  B / ( T -  To)], (9)

values o f  the constants  A' and  B  result as given in 
the legend to Fig. 2. and  7q, w hich is the  te m p e ra ­
ture  o f  the critical void vo lum e, is practically  the 
sam e for K + ions (T 0  =  332 K) and  for C a 2+ ions 
( T 0 = 324 K). A ltho ug h  the ionic size o f  a K + ion is 
g rea te r  than  tha t  o f  a C a 2+ ion, the  m o t io n  in the 
melt is coopera t ive , and  there fo re  it is not strange 
that 7q is nearly the  sam e  for bK and  bc .d . These 
values m ay  be co m p a re d  with tha t  ( r 0 =  306 K at 
.\'ca =  0.502) for the  d if fus ion  coeff ic ient o f  a species 
derived  from the  conduc tiv ity  on the  a ssum ption  
that all the const i tuen t species have  the  sam e value 
for T0 [4],

F o r  fu r the r  m icroscop ic  d escr ip tion  o f  the  ionic 
m otion, m olecu la r  d y n am ics  s im u la t io n  should  be 
helpful. A lthough  it has  been  p e r fo rm ed  for the 
present system at ACa =  0.5 at 500 K [27], transport  
p h e n o m e n a  have  not been  o b ta ined .

W e are  sincerely g ra tefu l to Professor A. K lemm 
for his va luab le  co m m e n ts  and  suggestions.
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