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By emf measurements on concentration cells with silver electrodes the transport numbers of
molten NaCl + AgCl, KCI + AgCl, RbCl + AgCl, and CsCl + AgCl have been determined over
the whole concentration range at temperatures between 800 and 1075 K. All systems show an
“inversion point” (equal cation mobilities), which shifts to higher silver chloride concentrations
with higher temperatures. At high dilutions the diluted cation is always the less mobile one.

This paper reports on the transport numbers of
the systems NaCl+ AgCl, KCl+AgCl, RbCl+AgCl,
and CsCl+AgCl over the whole concentration range
and temperatures between 800 and 1075 K, as
obtained from e.m.f.-measurements.

temperature differences between corresponding
points of the cell (I and II, IIT and IV, V and VI, VII
and VIII) were within some tenth of a Kelvin and
could be neglected. The half cells consist of quartz
tubes with a length of 335 mm and an inner diam-

eter of 20 mm. The electrodes are constructed from
a 2 mm silver wire, forming a helix at the lower end
around the quartz tube for the thermocouple (PtRh
90/10-Pt, Herdus).

The two half cells are joined by a capillary tube,
3 mm inner diameter, according to Figure 1. In the

Experimental

The cells were of the type:

terminal | electrode melt | meltII | electrode | terminal
capillary tube the more dense melt is layered below
Ag Ag  |MCl+AgCl | MCl+AgCll  Ag Ag the less dense melt at S”. The distance of the inter-
o G face from the electrodes is long enough to ensure
ovii | ov  om 1 on ov o oevi| ovin constancy of the concentrations near the electrodes
o T e e - within the time of measurement. Popescu [3] did

(1 show that concentration cells of that type are best
adapted to carry out e.m.f. measurements on diffu-

M stands for Na, K, Rb, and Cs. T’ denotes the Sion potentials.

temperature of the equipment, 7" of the electrodes

and the melts. The ¢; are electrical potentials, and x;

and x;; two different mole fractions of silver
chloride. The double line indicates the liquid junc-

tion. The measurable e.m.f. @ = gyy;; — pyvy; depends

on the composition and temperature and contains 4P
the liquid junction potential ¢y — ¢.

The experimental setup ressembles that of our
previous investigations on molten nitrates [1, 2].
However because of the higher melting tempera- Me
tures a quartz cell had to be used (Figure 1). The
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Concentration differences |x;— xy| = 0.2 where
used. All measurements were summed up and
referred to pure AgCl. The temperatures were
chosen according to the phase diagram of the
mixtures [4]. As highest temperatures, 1090 K was
chosen for NaCl + AgCl and 1075 K for the three
other systems. The lowest temperature was some
10 K higher than the melting point of the higher
melting component, but at least at 775 K, which is
above the melting point for the reference melt AgCl
(730 K). Due to suggestions by Stern [5, 6] that at
mole fractions xaec; = 0.12 the reaction

Ag + AIkCl - AgCl + Alk

takes place, measurements below xagc;=0.15 were
not evaluated though our own measurements did
show that the e.m.f. data below this mole fraction
are not affected by this reaction.

The filling amounts of the half cells resulted from
the geometry of the cell and the demand that the
phases have to meet at the junction level S’. The
volumes of the half cells up to the height 4, (Fig. 1)
were evaluated to be 15.5 ml. First the phases are
separated by a slight excess pressure of argon, put
on the middle capillary tube. When the pressure is
reduced, the phases meet at S. In order to shift the
junction from S to S’ (Ah,= 10 mm), an additional
volume AVy = A - Ahy has to be added to phase II
with the smaller density oy (4: sectional area of the
wide tube). With that the filling amounts of the half
cells result to be:

m; =155mlgy;
my= (155 ml + AV“) o1 -

The shift of the interface from S to S’, causes a shift
of the levels in the wide tubes by Ah; =2 mm.

The densities o; and gy of the mixtures were
calculated by linear interpolations from the densities
of the pure components [7]. The shift of the junction
level from S to S’ causes a very narrow zone of
mixing. The separation and contacting of the two
phases by means of a combined pressure and
protective gas apparatus is described in details by
Conradt [8].

The cell is heated in a furnace “ASK 200" Fibro-
thal, Bulten and Kanthal, with three heating zones,
each being separately regulated. The e.m.f. of the
thermocouples and the electrodes are recorded by a
digital multimeter 191, Keithley.

Theory and Results

From the sum of the equilibrium potential differ-
ence (¢;— om) + (prv— o) and the liquid junction
potential (¢ — @), one gets [9] the measurable
e.m.f. of the concentration cell with transference (1)

I
,1 -
F®=RT|[—=dIn(x,f5). ()
1 X

Therein it is assumed that the thermal diffusion
potentials (py— @) and (¢v— pv;) of the elec-
trodes and the contact potentials (¢y;— ¢v) and
(ovi — ovin) compensates each other. This is the case
in the experiment. F is the Faraday constant, R the
gas constant, and T the temperature. ¢, is the trans-
port number of the constituent a, o= Na, K, Rb,
and Cs. x; and x, are the mole fractions of com-
ponent 1 and 2, respectively, and f, the activity
coefficient of AgCl. In the following x, always stand
for xagci. It has to be stressed that (2) is only valid
for melts of the type AC + BC [10]. The common
anion constituent y = Cl is the reference substance
of the “Hittorf” frame of reference, where

ty+tg=1 and 1,=0

are always valid (f = Ag).

From the binary systems mentioned above, three
types of isothermal-isobaric galvanic cells may be
constructed:

TypeBB: B|BC |AC+BC|B
Type CC: C|BC|AC+BC|C
Type BC: B| AC+BC |C.

Cells of the type BB and CC are concentration cells
with transference, the e.m.f.’s @gg and @ ¢ of which
are referred to the standard melt. As usual the
standard melt is the pure component with the ion
species for which the electrodes are reversible
(x2=1). In ®pg the noncommon ion constituent
determines the potential, in @cc the common ion
constituent. The cell of the type BC is a chemical
cell, whose measurable e.m.f. @ is referred to the
e.m.f. @° of the standard melt: @gc =D — "

The e.m.f. @gg is given by (2). Cell (1) is an
example for the type BB. The e.m.f. @ ¢, according
to Haase [9], is

ty— X

11
Fdec= Rle" dIn(x, f5) (4)

X
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and the e.m.f. @pcis

F®pe=—RTIn(x, /7). (5)
The combination of (2), (4), and (5) gives
I
t, [ 0P
Dpp=— j—‘( _BC) dx; (6)
1 X1\ Ox3 /rp

or

I
t,—x,; [0D
¢CC = — j_\l FB_C) d_\-2 , (7)
X Oxy /rp

respectively. Thus from (6) and (7) taking (5) into
account we get
Dcc=Ppg+ Ppe- (3)

Table 1. The constants ¢ and d of (12) for the evaluation of
the e.m.f. @py of the system NaCl + AgCl, KCl+ AgCl,

RbCl + AgCl, and CsCl + AgCl. Mean deviation d®gg
and maximum deviation d®Pgpg .

System Mole  Constants ean ax.
fraction Ee GV
'\’AgCl (& —-d- 103 5¢BB 6¢BB
mV mVK™! mV mV
NaCl + AgCl 0.15 82.03  216.12 0.7 1.4
0.2 68.10  181.21 0.6 1.3
0.3 5296 137.13 0.5 1.0
0.4 40.62 105.02 0.4 0.9
0.5 30.00 79.24 0.4 0.7
0.6 21.77 58.58 0.3 0.6
0.7 14.57 40.74 0.2 0.4
0.8 9.43 26.08 0.2 0.3
0.9 4.52 1250 0.2 0.3
KCl + AgCl  0.15 10.65  229.22 0.9 1.7
0.2 11.76 ~ 199.46 0.8 1.6
0.3 14.28  154.63 0.7 1.3
0.4 16.11 120.10 0.6 Ll
0.5 15.08 90.01 0.5 0.9
0.6 13:51 65.29 0.4 0.8
0.7 10.81 4406 0.3 0.6
0.8 7.36 26.19 0.2 0.4
0.9 5.00 13.11 0.3 0.5
RbCl + AgCl 0.1 —3346 265.70 0.8 1.6
02 -21.20 196.75 0.7 1.3
0.3 - 9.61 153.81 0.5 1.1
0.4 0.54 120.53 0.4 0.9
0.5 6.69 9123 0.4 0.7
0.6 8.53 64.76 0.3 0.6
0.7 8.23 4290 0.2 0.5
0.8 6.31 25.05 0.2 0.3
0.9 4.00 11.39 0.2 0.3
CsCl+AgCl 0.1 —8573 255.87 0.8 1.6
0.2 —63.51 192.24 0.7 1.3
0.3 —-39.79 153.24 0.6 1.1
0.4 —16.65 123.66 0.5 1.0
0.5 - 1.44 95.32 0.4 0.8
0.6 5.32 67.80 0.3 0.6
0.7 6.75 4382 0.2 0.5
0.8 5.65 24.97 0.2 0.3
0.9 3.52 11.03 0.2 0.3

This means that only two of the three e.m.f.’s of the
cells considered above are independent of each
other.

For the systems studied in this paper, the equa-

tions
’
D

ly=—Xx i )
Vg
and
¢/
=X —X) fc (10)
Ppc

result from (6) and (7), where the prime indicates
differentiation with respect to x,, at constant T
and P. At the concentration where the function
t,(x1) — x; changes sign (inversion point), one has

®ec=0, (11)

The measured e.m.f. of cell (1) depends linearly on
temperature at constant x:

Dgg=c+dT.

In Table 1 the coefficients ¢ and d of the investigat-
ed systems are listed together with the maximum
and mean error of the e.m.f.

The transport numbers are evaluated according to
(9), where also the derivation of @pc and with that
the activity coefficient comes in. We have suggested
a consistency test [11], to be able to choose reliable
literature data for @pc. According to it, for all four
investigated systems, the @gc’s of Pelton and Flen-
gas [12] were taken for the evaluation of (9). The
experimental transport numbers may be fitted by
the following polynomial depending on the com-
position and the temperature of the melt:

Ly, =X+ X1 X2[(q0+ ¢ InT) (13)
+(ro+rInT)x,+ (so+ s InT)x}].

Looking at the concentration dependence, (13) has
the form of an extended Porter expression.

For all four systems the values of the constants
qo,...,5, are summed up in Table 2. They are at
least valid in the temperature range from 500 to
800 °C. Table 3 lists the transport numbers ¢, of all
four systems at 1075 K as calculated according to
(9), the absolute maximum errors o07,, the mean
errors 01,, the parameters of the polynomial (13),
and the mobility ratios u,/us. The errors listed in
Table 3 result from the propagation of the mean
and maximum errors of the e.m.f. values entering
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Table 2. Values of the parameters ¢, ..., s; of (13).

NaCl KCl RbCl CsCl

+ AgCl + AgCl + AgCl + AgCl
90 — 6.7573 — 22653 — 1.8900 — 4.8507
q 0.9487 0.2762 0.2219 0.6562
ro 28.1197 —14.4401 —15.1501 —10.3731
r — 3.9293 2.2774 2.3729 1.6496
So —39.4882 15.0086 14.7740 21.8325
) 5.6093 — 2.2479 — 2.1969 — 3.1666

Table 3. Transport

numbers, 7, (x=Na, K, Rb, Cs),
absolute maximum and mean errors, ¢,
according to (13), t,5,, and mobility rano u,/ug, of the

and dz,, fits

systems NaCl + AgCl, KCIl+ AgCl, RbCl + AgCl, and
CsCl + AgCl at 1075 K.
XAgCl L; oty oty tyfit u,/ug
NaCl + AgCl
0.1 — — - 0.920 1.278
0.2 0.83¢ 0.06 0.01, 0.833 1.247
0.3 0.735 0.065 0.015 0.739 1.213
0.4 0.655 0.085 0.015 0.639 1.180
0.5 0.53, 0.08, 0.015 0.532 1.137
0.6 0.41, 0.065 0.015 0.421 1.091
0.7 0.31, 0.05¢ 0.01, 0.309 1.043
0.8 0.20y 0.035 0.005 0.198 0.988
0.9 0.095 0.02, 0.005 0.094 0.934
KCI + AgCl
0.1 = = = 0.938 1.681
0.2 0,90, 0.04 0.01, 0.863 1.575
0.3 0.765 0.055 0.01, 0.773 1.459
0.4 0.68, 0.055 0.01, 0.670 1.354
0.5 0.55; 0.055 0.01, 0.555 1.247
0.6 0.43, 0.05¢ 0.01 0.433 1.146
0.7 0.305 0.03 0.01, 0.308 1.039
0.8 0.18; 0.02, 0.005 0.188 0.926
0.9 0.085 0.015 0.005 0.082 0.804
RbCl + AgCl
0.1 = - = 0.943 1.838
0.2 0.87, 0.025 0.005 0.869 1.658
0.3 0.78, 0.03 0.01, 0.778 1.502
0.4 0.665 0.035 0.005 0.673 1.372
0.5 0.54 0.035 0.005 0.556 1.252
0.6 0.44; 0.03y 0.005 0.432 1.141
0.7 0.315 0.03, 0.005 0.307 1.034
0.8 0.185 0.02 0.005 0.187 0.920
0.9 0.08, 0.01, 0.00, 0.082 0.804
CsCl + AgCl
0.1 = = — 0.948 2.026
0.2 0.865 0.04; 0.01, 0.875 1.750
0.3 0.795 0.05, 0.01 0.783 1.546
0.4 0.69, 0.05, 0.01, 0.676 1.391
0.5 0.55 0.04; 0.01, 0.558 1.262
0.6 0.425 0.04, 0.01, 0.434 1.150
0.7 0.31, 0.035 0.01, 0.310 1.048
0.8 0.195 0.025 0.005 0.192 0.950
0.9 0.08; 0.02 0.005 0.086 0.847
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Fig. 2. Transport number of the alkali ion constituents in
the systems NaCl + AgCl, KCI + AgCl, RbCl + AgCl, and
CsCl + AgCl at 960 K as a function of the mole fraction

X AgCl -

(9). Figure 2 shows the concentration dependence of
the transport numbers of the alkali ion constituents
in the systems NaCl + AgCl, KCI + AgCl, RbCl +
AgCl, and CsCl + AgCl, all at 960 K.

Discussion

The occurrence of inversion points, which has
been discovered in 1960 by Périé and Chemla [13], is
well settled for many systems but in some cases there
exist controversary experimental results. Thus for
the systems AgNO;+ KNO; and AgNO;+ RbNO;
at 350°C inversion points have been found at Aachen
[2], [1] while they would not exist according to Duke
and Owens [14] and to Okada and Kawamura [15],
respectively. Therefore, in the following it shall be
investigated if for the four systems of the present
study the existence of inversion points withstands
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Fig. 3. Em.f. &@cc of the system CsCl+ AgCl at 1075 K
and 960 K. The dashes represent the maximum errors
of d’cc "

critical discussion. To do this with (8) we calculated
by means of the ®pc-values of Pelton and Flengas
[12] and our @gp-values, the @cc-values as well as
the maximum error. In Figure 3 the concentration
graph @cc of the system CsCl + AgCl is plotted at
960 and 1075 K. According to (11) the inversion
point is marked by ®@¢c = 0. The related maximum
shows up very clearly, even when we consider the
maximum error. With that, the existence of the
inversion point in the system CsCl + AgCl (Figure2)
is unambigously proven. The same holds for KCI +
AgCl, RbCl+ AgCl and — though the absolute
values of @¢c are very small — also for NaCl + AgCl,
if only the mean errors are discussed. The tempera-
ture dependence of the inversion point is demon-
strated in Figure 4 for the system CsCl+ AgCl.
Murgulescu and Popescu [16] give @cc-values calcu-
lated from @pc and ®pg for the melts here in-
vestigated which are in good accordance with our
values, if NaCl + AgCl is excluded. But as in their
experiments there was always x;+ x;; =1 they were
not suited to find inversion points.

Our investigation shows that none of the systems
satisfies the equation 7, = x; over the whole concen-
tration range. Instead we find a clear deviation from
linearity. This deviation is of the same kind for all
systems. It is negative when the silver chloride con-

centration is high, and positive when it is low. The
inversion point characterises the composition where
the mobilities of the cations are equal, as is evident
from the definition of the ion mobilities u, and u:

ty A tp A

Upy=—"—=, Up=

= 14
xp F x, F (14)

where A is the equivalent conductance. With rising
temperature the composition with equal cation
mobilities shifts to melts with higher silver chloride

\|\. _1075K
0.75 —
\,
A

05

— #Zl0

0 025 05 075 10

Fig. 4. The concentration dependence of the inversion
point at different temperatures of the system CsCl + AgCl.
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Fig. 5. Ton mobilities of the ion constituents K and Ag of
the system KCI + AgCl at 960 K as a function of the mole
fraction xuuc; .
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Fig. 6. Mobility ratios of NaCl + AgCl, KCI+ AgCl,
RbCI + AgCl, and CsCl + AgCl at 1075 K as a function of
the mole fraction xa,c; .
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concentrations (Figure 4). Analogous shifts, in the
sense that with rising temperature the less mobile
ions become the more mobile ones in ever larger
ranges of their concentration, have been observed for
the systems LiBr + KBr [17], AgNO;s;+ RbNO; [2],
LiNO; + TINO; [18], LiNO3; + KNO; [19], LiNO; +
RbNO; [20], LINO3 + CsNOj [20], NaNO; + KNO;
[21] and NaNO;+ CsNOj; [22]. Examples for the
opposite behaviour are not known.

From the transport number, the electric conduc-
tance, and the density the ion mobilities may be
calculated according to (14).

Only for the system KCl+ AgCl could data of
electric conductance and density be found in litera-
ture [9, 23], and also here interpolation is necessary.
In Figure5 the concentration dependence of the
mobilities of the ion constituents K and Ag are
plotted at 960 K. Beside the already discussed
inversion point, it shows a pronounced concentra-
tion dependence for u,,, but only a minor one for
ux. The more or less concentration independent
behaviour of K indicates a similar interaction be-
tween K and K as between K and Ag. The inter-
actions between Ag and Ag seems to differ clearly
from the former. A similar tendency — but not so
distinctive — was also found with the systems
(K, Rb, Cs)NO; + AgNO; [2]. In Fig. 6 the mobility
ratios u,/ua, at 1075 K are plotted for the four
considered systems.
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