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The electrical conductivity of molten CO(NH,),-MNO3 (M = Li, Na, NH,4) with various nitrate
contents has been measured at 358 —393 K. For Li and Na the conductivity increased with increas-
ing concentration of urea [CO(NH),], whereas for NHy4 the conductivity decreased with increasing
concentration of urea. The relationship between the conductivity and the temperature can be ex-
pressed by x = xpexp(—Ex/RT). For the mole fractions 0.7, 0.8, and 0.9 of urea, the activation
energies E, are 31.28, 25.91, and 22.96 kJ/mol for the CO(NH;),-LiNO3 system, and 32.64, 30.51,
and 25.40 kJ/mol for the CO(NH;)2-NaNOj3 system, whereas for the mole fractions 0.5, 0.7, and 0.8
of urea the activation energies are 20.39, 19.73, and 18.95 kJ/mol for the CO(NH,)2-NH4NO3 sys-
tem. The more stable the forming complex is, the lower is the conductivity. The conductivities are in
the order CO(NH3)2-NH4NO3 > CO(NH3)2-NaNO3z > CO(NH,),-LiNO3.
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1. Introduction

Amide molten salts are fairly stable over a wide
temperature range and exhibit a low vapor pressure,
low viscosity, and high electrical conductivity. They
have large dipole moments and dielectric constants,
and a large variability of acid-base properties. They
can be used as good solvents for both organic and inor-
ganic species [1]. These properties offer a wide range
of physicochemical characteristics that are desirable in
various electrochemical processes [2].

From the viewpoint of energy conservation and cor-
rosion problems, the low temperature amide melts have
been explored for several applications, e.g., ammo-
nium formate-formamide (m. p. 393 K) can act as elec-
trodeposition electrolyte for metals [3]; urea-KCNO
(m.p. 408 K) can be used as electrochemical reac-
tion medium [4]; acetamide-KCI [5] (m.p. 353 ~
413 K), acetamide-urea-NH4NO3-LINO3 [6] (m.p.
298 K), and N-methylacetamide-NH4NO3 can be used
as thermal battery electrolytes [1]; and NaNO3-KNO3-
acetamide/urea [7] (m. p. 337 K) can be used as elec-
trolyte for anodizing processes. The potential utility

of amide molten salts is referred by Gale and Lover-
ing [1]; however, to our knowledge there are no litera-
ture data on the conductivity of amide melts in a wide
range of composition and temperature.

In the present study, the systems CO(NH5),-
M(NO3) (M = Li, Na, NH,) were selected for measure-
ment of the conductivities with a computerized D. C.
method. The same method was used to collect a se-
ries of conductivities of molten salts at room tempera-
ture [8—13].

2. Experimental

LiNO3, NaNO3, and NH4sNO3 were vacuum-dried
overnight at 383 K, and urea was used as received.
The conductivities were measured at 358 to 393 K
when Xyrea, the mole fraction of CO(NH;),, was
greater than 0.7 for CO(NH3)2-LiNO3 and CO(NH>),-
NaNO3. As for CO(NH;)2-NH4NO3, the temperature
remained in the same range, but Xyea Was greater
than 0.5. The temperature was limited by the melting
points of the melts and the thermal decomposition of
urea.
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Table 1. Parameters of the electrical conductivity equation of
molten CO(NH>),-LiNOg.
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Table 3. Parameters of the electrical conductivity equation of
molten CO(NH>),-NH4NO3.

K =a+hbT +cT2

K =a+bT 4+cT?

CO(NHp), a/1072S b/10~*S ¢/10~7S R-squared Temp. CO(NHz), a/1072S b/10~*S ¢/1077S R-squared Temp.
/mol% cm™l  cm iK1 em iK? range /K /mol% em 1 cm iK1 cm 1K2 range /K
70 26.27 —17.10 28.06 0.99999 358-393 50 10.54 —17.69 46.64 0.99999 358-393
80 —5.599 0.153 4.79 0.99983 358-393 70 2121 —9.654 29.53 0.99983 358-393
90 4254  —5.122 12.06 0.99999 358-393 80 —0.133 —6.58 22.03 0.99999 358-393

Table 2. Parameters of the electrical conductivity equation of
molten CO(NH>),-NaNOs.

K = a-+bT +cT?

CO(NHp), a/1072S b/10~*S ¢/1077S R-squared Temp.
/mol% em 1l cm iK1 em iK? range /K
70 38.52 —25.10 41.12 0.99998 358-393
80 27.27 -19.10 32.99 0.99996 358-393
90 —2.081 —2.345 9.264 0.99900 358-393

The molten salts were prepared in an atmosphere of
flowing dried nitrogen gas. Each composition was pre-
pared by heating CO(NH>), with LiNO3, NaNOs, or
NH4NOj; in a silicone oil bath. The electrical conduc-
tivities were measured by a computerized system using
the D. C. four-probe method described in [8].

3. Results and Discussion

The electrical conductivities of the binary molten
salts are shown as functions of the temperature in
Figs. 1, 2, and 3. The experimental data were least-
squares fitted to k¥ = a+bT +cT2, where T is the tem-
perature in K. The obtained values of a, b, and c are
given in Tables 1, 2, and 3. The conductivities were fit-
ted by the Arrhenius equation k = ko exp(—E«/RT) as
shown in Figs. 4, 5, and 6, and the activation energies
(Ex) are presented in Table 4.

The dependence of the conductivity on the amount
of urea in CO(NH3;)2-NaNO3 and CO(NH>),-LiNO3
at three temperatures is shown in Figure 7. There is a
maximum of the conductivity at x = 0.8, which is pre-
sumably due to the formation of the intermediate tetra-
hedral complex species M™[NH2-C=0-NH~] which
would increase with increasing amount of MNO3
(M = Na, Li). While Li* has a smaller ionic radius than
Na™, Lit is likely to form a stable complex compound.
Thus CO(NH>),-LiNOj3 tends to have a lower conduc-
tivity than CO(NH»)2-NaNOs. In addition, the devia-
tion of the conductivity would increase with increasing
temperature. In an ionic (Li-Na)NO3 mixture [14], the
internal mobility of the larger Na™ is always greater
than that of the smaller Li* in the whole temperature

Table 4. Activation energies from Arrhenius fits of the con-
ductivity of CO(NH3),-MNO3 (M = Li, Na, NH3).

Composition K = Ko exp(—Ex/RT)
E,/kd mol~1
70-30 mol% CO(NH;z)2-LIiNO3 31.28
80-20 mol% CO(NH,)2-LiNO3 25.91
90-10 mol% CO(NH;)2-LiNO3 22.96
70-30 mol% CO(NH;),-NaNO3 32.64
80-20 mol% CO(NH,)2-NaNO3 30.51
90-10 mol% CO(NH;)2-NaNO3 25.40
50-50 mol% CO(NH,)2-NH4NO3 20.39
70-30 mol% CO(NH;)2-NH4NO3 19.73
80-20 mol% CO(NHz)2-NH4NO3 18.95

and composition range. We have shown that the inter-
nal mobility is closely related to the self-exchange ve-
locity of neighbouring unlike ions. A smaller cation is
more capable of associating with an anion, which will
reduced its mobility.

Gruthner [15] has reported that the conductiv-
ity of pure molten acetamide has the character-
istics of self-ionization or auto-protolysis, which
can also be found in water. The reaction is
2CH3CONH;, = CH3CONH3* 4+ CH3CONH™. This
ionization causes an amphiprotic acid-base character
of acetamide. In the present study, a decrease of the
conductivity with increasing the content of alkali ni-
trate has been confirmed. The form of the reaction is

NH,-CO-NH, = NH,-CO-NH™ + H*,
MTX™ + NH2-CO-NH™ — M*[NH2-CO-NH "] + X~
(M = Li,Na,NH; X~ = NO3™).

The formation of complexes retards the transport
properties. However the increase of CO(NH>), con-
tent increases not only the free space but also the
mobility of the disassociated species. The conduc-
tivity of a compound depends on its structure and
the nature of bonding within and between the com-
plex species. Studies on the ionic conductivity of al-
kali nitrates are known [16—21]. In the present study
it is assumed that the main current carriers are free
species, i.e., NH,-C=0-NH~, H*, NO3~. Thus, the
decrease in the electrical conductivity is going from
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Fig. 1. The electrical conductivity of molten CO(NH,),-

LiNOg as a function of temperature.
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Fig. 2. The electrical conductivity of molten CO(NH,),-

NaNO3 as a function of temperature.
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Fig. 3. The electrical conductivity of molten CO(NH,),-

NH4NOj3 as a function of temperature.
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Fig. 4. Arrhenius plots of the electrical conductivity of
molten CO(NH>)2-LiNO3.
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Fig. 5. Arrhenius plots of the electrical conductivity of
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pure amide melts to complex species of amide with al-
kali nitrate. The isotherm of the conductivity vs. mole
fraction of urea in the systems CO(NH3),-LiNO3 and
CO(NH3)2-NaNOg at different temperatures is shown
in Figure 7. The study shows that the conductivity
of CO(NH>),-NaNO3 decreases with increasing mole
fraction of urea from 80 to 90 mol% at 378—-393 K.
This is quite similar to the molten binary systems
(MCI-AICI3) (M = Li, Na, and K) [22,23], in which
the complicated and large structure of the polymeric
anion affects the mobility of cations.

Furthermore, the study reveals that the electrical
conductivity of the amide-alkali nitrate melts increases

in the order KCO(NHZ)Z*LiNO?, < KCO(NHZ)Z*NaNOQ,' Also
for the binary chloroaluminate systems the equiva-
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Fig. 9. The electrical conductivity of 70 mol% CO(NH),
and 30 mol% LiNOsz, NaNOs, NH4NO3z and 15 mol%

LiNO3 + 15 mol% NaNOg, respectively, at the indicated tem-
perature.

lent conductivity increases in the order A(Li,Ah/S)a
< A(Na_Ah/g)u. The higher the temperature, caus-
ing a larger molar volume of the mixture, the lower
the distance between the smaller cations and anions,
and therefore the smaller cation’s mobility. There-
fore, the complex species containing the larger cation,
Nat[NH,-C=0-NH"], is more mobile than that con-
taining the smaller one, Li"[NH,-C=0-NH"]. Similar
phenomenon are observed in molten (Li-Na)NO 3 [14]
and (Li-Na)Cl [24].

The relationship between the conductivity and the
content of urea in CO(NH3)2-NH4NO3 at various tem-
peratures is shown in Figure 8. At the mole frac-
tion 0.5 of urea there is a maximum of the con-
ductivity at 363 to 393 K, and conductivity in-
creases with increasing content of NH4NO3. This re-
sult differs from those found for the CO(NH),-LiNO3
and CO(NH;)2-NaNO3, where the conductivity de-
creases with increasing content of MNO3 (M = Li
and Na), as shown in Figure 7. This is presum-
ably due to the low stability of the forming com-
plex NH;T[NH,-C=0-NH"]. By the increasing mo-
bility of such a complex the conductivity will in-
crease. Because the interaction between the ion and
the solvent is weaker for NH4™, the complex species
containing the bigger cation, NH,4+[NH,CONH™], is
more mobile than those containing the smaller cation
LiT[NH2,CONH~] or Na*[NH,CONH"].

Isotherms of the electrical conductivity of various
mixtures are shown in Figure 9. The electrical con-
ductivity increases in the order KconH,),—LiNo; <
KCO(NH;),~NaNO; < KCO(NH;), - NH,Nog- When no spe-
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cific interactions are involved, the solvation energy
can be related directly to the molecular attraction and
association [25], and the effects of the formation of
complex species due to specific ion-solvent interac-
tions could be taken into account. It has been reported
in [26] that anions have a much greater solvation en-
ergy to the smaller alkali metal cations than to the am-
monium cation, thus the solvation energy decreases in
the order Li™ > Na™ > NH4* in the present study.
Consequently, the stability of NH;T[NH,CONH™] is
lower than that of MT[NH,CONH™] (M = Li, Na).
This is the reason for NH, to show a noticeable
increase in the electrical conductivity for the binary
CO(NH3)2-MNOg3 system as shown in Figure 9.

The internal cation mobility in the molten binary
systems (M-NH4)NO3 (M = Li, Na) [27, 28] have been
measured by Okada et al., and the mobility of the larger
NH,* ion is greater than that of the smaller Li* and
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