CATIONIC MOBILITIES IN NITRATE BINARY MIXTURES
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in Nitrate Binary Mixtures
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The electrical perturbation induced by the simultaneous presence of two different cations near
the anion (which is the frame of reference) is indicated as main factor influencing the internal
mobilities in dilute solutions of monovalent nitrates in NaNOj .

By extending the mobility isotherm derived on the basis of the previous assumptions to a larger

concentration range, an equivalent conductivity isotherm is proposed.

In a systematic investigation of the effect on the
conductivity, of small additions of foreign sulphates
to molten Li,SO,, KvIsT found that the decrease of
the conductivity is greater the greater is the size of
the foreign cation 1.

We have extended this type of measurements to
nitrate systems, in order to find possible correlations

with the anion polarization.

Results

A series of measurements of the specific conduc-
tivity, %, as function of the temperature T, °C, of
solutions of NaNO; “doped” with small quantities

The straight lines corresponding to the equivalent
conductivity of each binary dilute solution calculat-
ed by conventional methods are reported in Table 2.
In binary systems of the type (M, —M,)"R, where
M, =Na" and M, = Ag*, K*, TI*, Rb* and Cs", the
dependency of the equivalent conductivity on the
concentration, X;, (mole fraction of M}, -R) is

A/Tzun."‘(ub“un)'xh (1)

where u, and u;, , the internal mobilities of M, and
M, , are both functions of X}, . By expansion of Eq.
(1), in the linear approximation, the equivalent con-
ductivity A of a dilute solution of M;,NO; in NaNO,
is

"1/7: = (uy) x,=0 +

dug
( 1)szo + (up —ua)x,=0 | " Xp

of KNO;, RbNO;, CsNO;, AgNO;, TINO; is sum- axy,
marized in Table 1. (2)
Literature data for the molar volumes of TINO3 3,  and therefore
AgNO,; %, NaNO; , KNO, , RbNO; and CsNO; ® were . dua) 1 A/X
employed to compute the equivalent conductivities. (d?(}; X,=0 (Axaxo, —4) /Xy
The values at 7 =350 °C are reported in Fig. 1. +F (up — ua)x,=0 (3)
Added salt Molar fraction Conductivity equations Temp. Range
MpNO3 Xy °C
% 0.000 % — 0.9938 - 4.695 (T — 312)-10-3 312—400
AgNO; 0.05(0) % — 0.9970 + 4.705 (T — 312)-10-3 312400
KNO; 0.04(9) % =0.9510 - 4.725 (T — 312)-10-3 312400
KNOj 0.09(1) % —0.9310 + 4510 (T — 312)-10-3 312—400
RbNO; 0.03(2) % =0.9780 + 4.220 (7 — 312)-10-3 312400
RbNO; 0.05(8) %= 0.9290 - 4.480 (T — 312)-10-3 312400
CsNO3 0.03(1) %= 0.9340 + 4.370 (7 — 312)-10-3 312—400
CsNO3 0.03(4) % =0.9510 + 3.870 (7" — 312)-10-3 312—400
TINOg3 0.04(0) » = 0.9570 + 4.520 (7 — 312)-10-3 312—400
TINOz * 0.15(1) %= 0.8514 +4.059 (7 — 312)-10-3 312—400

Table 1. Conductivity equations for dilute solutions of monovalent nitrates MpNO; in NaNO; . * Data from Ref. 2.

1 A. Kvist, Z. Naturforsch. 21 a, 1601 [1966].

2 V. WaGnNER and S. ForcHERr, Z. Naturforsch. 22 a, 891
[1967].

3 V. WAGNER and S. FOrcHERI, Z. Naturforsch. 23 a, 926
[1968].

4 J.JaNz, A.T.WARD, and R. D. REEVES, Molten Salts Data,
US-AFOSRN 64-0039, Rensselear Polytech. Inst. Troy,
N.Y.

5 W. J. McAuLEY, E. RHODES, and A. R. UBBELHODE, Proc.
Roy. Soc. London A 289, 151 [1966].
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Fig. 1. Equivalent conductivity isotherms for dilute solutions
of monovalent nitrates in NaNOg at =350 °C. Xp=Molar
fraction of the solute.

where Ax.xo,=F" (u,) x,=0 = equivalent conducti-
vity of pure NaNOj .

As previously reported 3, the polarization energy ¢
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where a,, =anionic polarizability and F, the net
electrical force acting on the anion, is

Fo (123 =1/E) =Fq (5)
where 1,, Z,=anionic radius + cationic radius of
M, and M, respectively.

For nitrate systems the relationship (5) may be
conveniently substituted by ?

Fo (V3 —1/V3%) =F oy (6)
where 7, and V/}, are the molar volumes of the two
pure salts respectively.

The value of F(? calculated by the reported mo-
lar volume data are given in Table 3. In order to
check the linear correspondance between the two
formulations also F{,) values were calculated and
compared with the F(3 values (see Fig. 2).

The ionic radii employed for calculating F{;, are
reported in ref. 7 of the previous work ®. The only
apparent disagreement is presented by the F(/l§“’) values
for TINO; and RbNO; which differ by more than
20% while the difference between the Fg,, values is
smaller than 10%. From the F{,, values one may
foresee comparable polarization effects for the
(Na—Rb)NO3 and (Na—TIl)NOg mixtures as pre-
viously reported 3, but this is probably not true if
the F(/l% values are considered.

In Fig. 3 (left) the values

is
Ep = —71_7 'a:\n'Fz (4‘) (A1N11N03*41)/Xh

Added salt Equivalent conductivity RMS Concentration

MpNOg3 isotherm range (Xp)
AgNO3 A=5282+ 2.62-Xy — 0.00—0.05(0)
KNO3 A =5277 — 24.37- Xy, 0.14 0.00—0.09(1)
RbNO3 A =5291 — 43.28 - Xy, 0.26 0.00—0.05(8)
CsNO3 A =52.81—175.98 - Xy, 0.15 0.00—0.03(4)
TINO3 A =5292 — 41.21- Xy, 0.18 0.00—0.14(1)

Table 2. Equivalent conductivity isotherms (7=350 °C) for dilute solutions of monovalent nitrates (MpNO,) in NaNO, .

‘ 7 72 2 f 2
salt g 1/ V20, — UVitixo, = Fpy Fo)
NaNOg 45.06* == =
AgNOg 44 .49 ** — 6.7 -104 ~0.00-10-4
KNO3 54.40* 93.22 - 10—4 0.87-10-4
RbNO; 59.68 * 13491104 1.82 - 10-4
CsNO3 67.78 % 188.18 - 10~ 3.54-10-4
TINO; 57.45%%* 118.10 - 10~ 1.39-10-4

Table 3. F(;, polarization factors for the salt couples MaNOy—MpNO, with MaNO,=NaNO, and MpNO;=added salt.

* Data from Ref. 3;

6 J. LuMsDEN, Discussions Faraday Soc. 32, 138 [1961].

** from Ref. 4;

*** from Ref. 3.

7 J. LumsDEN, Thermodynamics of Molten Salt Mixtures,
Academic Press, London 1966, p. 112—114.
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Fig. 2. Comparison between the trend of the F(;, and F{,

values [see Egs. (5) and (6)].

obtained from the straight lines of Table 2 are plot-
ted as functions of F(,l';)) . The corresponding values
of F- (up —uy) x,=0 are also reported 8.

In Fig. 3 (right) the —F- (duy,/dXp)x,—=0 values
[according to Eq. (3)], for each added cation, are
presented. Plots with only slight differences may be
traced for temperatures higher or lower than 350 °C.

Discussion

According to FRENKEL? in a binary system with
a common cation M, of the type M- (R, —R,), where
X, and X,=1— X, are the molar fractions of the
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two salts, the activation energy AE for the migration
of M with respect to the nearest neighbour anions
R, and R,, is the weighed sum of the energies in-
volved in the pure MR, and MR, salts, 4E, and
AE respectively, 1. e.:

AE = AE, X, + AE X, . (7)

In systems with a common anion, as those con-
sidered in this work, each carrier is surrounded by
the same n.n. (the anions) in the pure state and
in the mixture. Therefore, if the activation energy
for the internal mobility is due to the interactions
with the anions, and if the simultaneous presence of
different cations does not introduce new energetic
terms, the 4E term is constant in the mixtures. On
the contrary, if the anion becomes polarized, a vari-
ation of AE in the mixture is to be expected, follow-
ing the polarization direction. Because each cation
M, in a mixture (M, —M,;) ‘R participates in some
polarized and unpolarized triplet (M, -R-M, and
M, R-M, respectively), by analogy with Eq. (7)
the actual value for 4F is assumed to be the weigh-
ed sum:

AEa, mix = AE:L'X:1+ (AEI+—/1W'I) 'Xh (8)
or  AE, mix=AE, + AW, X, (9)

where AE, = activation energy for the M, R-M, tri-
plet, 4E, + AW, =1id, for the M,-R-M, triplet and
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Fig. 3. Left part: (AxaNo3—A)/Xp vs. F (3, plot for the dilute solutions of Fig.1 [in the lower part the F - (up—ua)xy, -0 values
are also reported for comparison]. Right part: — (duxa/dXp)xp=0 vs. F§, plot. The (duxa/dXp)x}, -0 values are obtained
according to the Eq. (3).

8 The F- (up—uNa) Xp =0 values for K*, TI*, Rb* and Cs* in
NaNOj; at 7=350 °C are derived respectively from Molten
Salts Handbook p. 355; S. FOrRcHERI and V. WAGNER, Z.
Naturforsch. 22a, 1171 [1967] ; S. ForcHERI and V. WAG-
NER, work in preparation; S. FORCHERI and V. WAGNER,
unpublished results.

9 J. FRENKEL, Kinetic Theory of Liquids, University Press,
New York 1947, p. 442.
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AW , = polarization contribution (=0 depending on
the polarization direction).

The mean cation (drift) mobility, neglecting the
dependence of AE, ,ix on temperature due to the
thermal expansion, is 10:

u, =u'"exp{ — 4E, nix/RT}
—u' exp{ — 4E,/RT} exp{ — AW,  X,,/R T}

where AE, i, is given by Eq. (9) and u'=ea®v/k T
with e = electronic charge, a = distance between ad-
jacent potential energy minima (~ the NO;~ dia-
meter), » = “lattice-like” anion-cation vibration fre-
quency (~ 103 sec™1) 11, All the parameters of u’,
except ¥, are concentration independent terms. How-
ever, ¥, a mass dependent term, does not vary con-
siderably with composition !!. Consequently u’ is
expected to be rather insensitive towards changes
of the composition, if AW, X, < RT 2. Under

these conditions from Eq. (10) we have:

(10)

() =u-exp{—AE/RT}- (—AW,/RT)

dXy,
- (uu)-"r.:o '('JW/:&/R T) (11)

Because of the Eq. (11) an increase of — (:;‘:)\, .

proportional to the activation energy excess AWV, is
demanded. On the other hand, as we suppose

W, ~F3 (12)

we have., at constant 7, and in dilute solution (re-
membering that a indicates Na) :

— (dux,/dX}) x,=0 = const" F(/I'Z)) : (13)

The experimental results reported in Fig. 3 can be
interpreted at least on a qualitative basis, by means
of the linear relationships (12) and (13). The de-
crease of the conductivity as a consequence of small
additions of foreign sulphates to molten Li,SO,!

10 N. F. MotT and R. W. GUrNEY, Electronic Processes in
Tonic Crystals, Oxford Clarendon Press, 2nd Edit., p. 43.
In the text u, instead of v, is employed for the ionic mobi-
lity, as in the previous papers.

' J. K. WiLMsHURST, J. Chem. Phys. 36, 2415 [1962]; 39,
1779 [1963]: J. K. WILMSHURST and S. SENDEROFF, ibid.
35,1078 [1961].

2 This situation exactly corresponds to the assumed invari-
ance of », after the application of an external electrical
field Fext varying the height of the potential energy bar-
riershy T} e.a. Fext < kT 1315,

13 G. KorTUM, Treatise on Electrochemistry, Elsevier Pub-
lishing Company, Amsterdam 1965, p. 267.

4 R. W. Larty, Molten Salts, Ann. New York Acad. Sci. 79.
997 [1960].

15 A, DEKKER, Solid State Physics, Prentice-Hall Technical
Books, U.S.A. Englewood Cliffs, N.J., March 1965, p. 150.
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could be temptatively explained in the same frame-
work 6. As a further remark one must point out
that the most striking effects are observed when
AW, >RT (where a is the lighter cation). In this
case both AE, i and u, are strongly affected (in
the opposite sense) by changes of the composition.
This is elucidated by the (Li—K) -Cl system 7 and
by (Li—K),-SO, 8, even if for this last system the
AE, iy values are lacking. If AW, <RT, as in the
case of (Na—Rb)-NO, ., one must expect a weaker
dependence of the mobilities * ¥ and AE, i 3° on
the composition?!. It is noteworthy that HAFNER
and NACHTRIEB in N.M.R. studies on halide binary
systems, interpreted the chemical shift changes in
mixture in terms of a polarizing field F acting on
the anion, given by > &

F=2e A1/i3 (14)

corresponding to the first term in Eq. (5), from
which the F7,, parameters (see Figs. 2, 3) are cal-
culated, subjected to a Taylor series expansion.

By applying Eq. (10) with the second exponential
expanded into a series, to the two cationic internal
mobilities in a binary system, we have for addition
of M} R to the MR salt and of M,R to the MR salt

respectively:

Uy, x =Uy, 1 — Ua 1 .‘JW’:l 'AXI»//R T

+ $u, - (AW - Xy/RT)2— ... (15a)
and
wy, x=up,1— Uy, 1" AWy Xo/RT

+ w1 (AW, X, /[RT)2— ... (15b)

where the alphabetic subscripts refer to the cationic
species and the numerical ones to the respective
mole fraction (see Fig. 3, ref. ?).

In these systems the increase of the restoring force on the

lighter cation due to strong polarization, may cause an in-

crease of », and «" in mixture: consequently the treatment

becomes more complicated (see also ref. 12).

17 C. T. Moy~ntHAN and R. W. Larry, J. Phys. Chem. 68,
3312 [1964].

18 A. KvisT, Z. Naturforsch. 21 a, 1601 [1966],

19 S, ForcHERIL V. WAGNER, and E. BERrA, Electrochim. Me-
tall. 3, 123 [1968].

20 S. ForcHERT and V. WAGNER. work in preparation.

In this system the «” values for both cations are effectively

independent of the composition.

22 S, Harner and N. H. NacHTrIEB, J. Chem. Phys. 42, 631
[1965].

23 S, ForcHERI and V. WAGNER. Z. Naturforsch. 22a, 1171

[1967].
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If the negative deviation A4 =1 — Ay;; from the
additivity value Ay, /F=u, 1 X,+w, 1-Xy, is cal-
culated by means of the Eqs. (15a) and (15b) in-
cluding cubic terms 24, then it is easy to demonstrate
that the excess conductivity function 44 /F-X, X,
may be represented as:

AASF-Xo Xy=l+m Xy +n- X2 +.... (16)

Neglecting in the mobility isotherms [(15a) and
(15b)] terms higher than the quadratic ones, Eq.
(16) reduces to an expression which presents the

same analytical form of the previously reported ex-
cess isotherm 3, i. e.:

AASF- X, Xy =0 +m' Xy +... (17)

where now the parameters of the straight line have
the following meaning:

24 The Egs. (15a) and (15b) are less correct for higher
values of X}, and X, , respectively, but at the same time the
influence on the conductivity decreases [see Eq. (1)].

25 The cation and anion motions (influencing respectively the
conductivity and the viscosity) are strictly intercorrelated
in molten nitrates, because of the cation-anion pair rota-
tion, as one can infer from the close constancy of the ratio
between the activation energy for the conductivity and
the viscosity for the pure alkali nitrates (but not for
TINO,) 2% 27, Therefore, the stabilization of the pair due
to the polarization slowes down the Na* mobility and, re-

891

| _“uz\,l'AWa/RT_uh,l'AW,l,/RT
+ w1 (AW,/RT)2, (18 a)

m' = Yu, 1 (AW./RT)2— }un 1" (AW,/RT)2
(18 b)

The most serious limitation of the present treatment
is inherent in the simplicity of the assumptions and
in particular in the tacit supposition that in the
whole concentration range only one phenomenon
(the polarization) is predominant 3.

We are greatly indebted to Prof. A. KLEMM for some
important suggestions during the development of this
work. — Thanks are due to Prof. P. CAMAGNI (Solid

State Physics — C.C.R. EURATOM — Ispra) for
many helpful discussions.

ducing the NO;~ mobility, increases the viscosity. Visco-
sity data are available only for (NaNO;—RbNO,) 28 and
(NaNO;—TINO,) *. Effectively, in the first case, after
the Rb* introduction, we observe a viscosity increase while
for the latter case the contrary is observed.

26 See ref. ?, p. 441.

27 A. Timiper and G. J. Janz, Trans. Faraday Soc. 64, 202
[1967].

28 J. G. MurGcuLEscUu and S. Zuca, Electrochim. Acta 11,
1383 [1966].

29 See ref. 19, p. 127.



