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Abstract— When KSCN is added to molten NaNO3; -KNO; eutectic within the range of 230-316°C, a
complex and a relatively violent chemical reaction takes place until a KSCN concentration of ca. 1 m-
equiv KSCN/100 g eutectic has been added; further addition produces only a small residual chemical
reaction. The reaction yields NO3, SO~ ions and basic ionic species in the melt and NO,, CO,, (CN),,
N, O and minor quantities of other gaseous products. The reaction is interpreted in terms of ionic equilibria

involving NO; , NO;,SCN", 037, 0%, O; and O*~ ions and O, as principal reacting species.

INTRODUCTION

DURING the course of an investigation of the electro-
chemistry of SCN~ ion dissolved in different molten
salts, a chemical reaction was observed when small
amounts of KSCN were added to molten NaNOQO,-
KNO; (1:1 molar ratio). Under these circumstances
the electrolysis of the molten solution gave an anodic
carrent/potential curve on platinum electrodes which
exhibited a neat current related to the NO; ion
electrochemical oxidation[1] largely exceeding that
corresponding to the amount of NO; ion present as
impurity in the melt. The half-wave potential related
to the anodic oxidation of NOJ ion is less anodic
than the potential where the SCN~ ion is electro-
chemically oxidized[2, 3].

These findings however were not reported by dif-
ferent authors who had previously investigated ternary
systems formed by nitrates and thiocyanates of lithium,
sodium and potassium[4-9] although one of them
observed some decomposition reaction which was not
fully understoodf10].

It is therefore interesting to clarify the chemistry
of these systems and to identify any possible reactions.

EXPERIMENTAL

Chemicals of analar quality previously purified as indica-
ted elsewhere were employed[2, 3]. The NaNO;-KNO,
eutectic (1:1 molar ratio) was dried firstly at ca. 120°C for
3 days and later by heating under vacuum, at about 10°C
above the melting point, for 3 hr. Solid KSCN was first
vacuum dried at room temperature for 12 hr. Later the tem-
perature was regularly increased, the salt melting under
vacuum. Finally it was cooled down to obtain small bead
shaped samples to be used as electrolyte.

Potassium thiocyanate solutions were usually made either
under vacuum or under nitrogen atmosphere; a few solu-
tions were prepared under open air.

Potentiostatic current/potential curves were recorded
using a conventional electrolysis cell with a platinum
rotating disk working electrode of 0-071 cm? area; a plati-
num counterelectrode and a Ag/0-1 M AgNO, (NaNO,-
KNO; melt) electrode was employed as a reference. Further
details about the cell and the experimental setup are given
in the literature[1, 2]. Runs were made at 230, 250, 280 and
316°C, covering a KSCN concentration range from 0-01 to
1.69 m-equiv/100g eutectic, with the working electrode
under rotation at different speeds.

A specially designed glass reactor provided facilities for
both mixing the reactants (KSCN and the eutectic) and
separating the gaseous products from the chemical reaction.
The reactor was operated in conjunction with a conventional
vacuum line.

Both reactants and products (gases and dissolved pro-
ducts) were analysed by the usual techniques. As nitrate
melts may undergo some thermal decomposition even at a
few degrees above the melting point, blank experiments were
systematically run to avoid any possible contribution of
products of this kind.

Solutions of KSCN in molten NaNO,~-KNO, were also
made and current/potential curves were run as described.
The NaNO,-KNO, melt was purified as previously
described[11].

RESULTS
1. Products of the chemical reaction

When a small portion of KSCN (0-05 m-equiv/
100 g solvent) is added to the carefully dehydrated
nitrate melt, a rather violent reaction is observed during
a short time. When a second portion of KSCN is
added to the homogenized melt, the chemical reaction
is practically no longer observed. These experiments
were conducted by changing the KSCN concentration
between 0-05 and 24 m-equiv/100 g solvent.

The reaction products found in the melt after cooling
and dissolving in water, are NO; and SO2Z~ ions. The
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alkaline reaction of an aqueous solution of the cooled
salt mixture showed the formation of basic species,
probably oxide ions, during the reaction. The remaining
SCN™ ion, the SO2~ content as well as the alkaline
content of the melt were potentiometrically titrated
with the usual procedures. The NO; ion content was
determined spectrophotometrically with a solution of
sulphanilic acid and a-naphtylamine dissolved in
glacial acetic acid.

The content of basic species increases with the
amount of KSCN dissolved, approaching a limiting
value for a relatively high KSCN concentration, as
described further on for the NO; ion. Blank experi-
ments with the solvent alone gave practically neutral
aqueous solutions.

The gaseous reaction products were separated and
analysed by ir. techniques. For one experiment con-
ducted under vacuum where the final KSCN concentra-
tion was 1.78 m-equiv/100 g solvent, a slightly brown-
coloured mixture of gases was formed. The pressure
increase in the system corresponded to about 30 per
cent of the total KSCN added.

The following compounds were identified in the
spectrum in a decreasing quantitative proportion:
NO, (1618 cm™1!), CO, (2349 cm™ 1), (CN), (2149 and
738 cm ™), N,O (1286 and 2224 cm™ 1), N,O, (1262
cm™ ), NO (1876 cm™!) and SCO (2349 cm ™).

After the reaction the eutectic acquired a yellowish
tinge. In addition, some small KSCN crystals which
remained adhered to the inlet glass tubing without
coming into contact with the nitrate melt, underwent a
further reaction with the gaseous products already
formed, yielding (SCN),. The temperature of the
reactor in this region was about 100°C.

Experiments were also made using either a mixture
of NaNO;-KNQO; with KNO, changing from 2.99 to
796 m-equiv/100 g solvent or a NaNO,-KNO,
eutectic. When small portions of KSCN were added to
the nitrate—nitrite melt a slow increase of NO; ion
was observed during a period of several days on
standing the melt in contact with air. These experiments
indicate that gaseous oxygen plays its part in the
chemical reactions. A probably different reaction
occurs with the nitrite eutectic which proceeds very
much more slowly.

2. Electrochemical measurements

The KNO;-NaNOQO; melt, containing different con-
centrations of KSCN, was anodically electrolysed
under nitrogen, under potentiostatic conditions, with a
platinum disk anode, at rotation speeds from 216 to
1510 rev/min.

The current/potential curves in the potential range
from 0-7 to 095 V, exhibit an anodic current plateau
with a E,;; = 0-50 V. (Fig. 1), which corresponds to
that of the anodic oxidation of NO; ion dissolved in the
nitrate melt[1]. This was confirmed by running current/
potential curves with melts where known amounts of
NaNOQO, were added- The limiting currents in both
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Fig. 1. Potentiostatic stationary current/potential curves
recorded at different rotation speeds, 250°C, NO; ion
concentration found: 2-2 x 1073 M.

cases increased linearly with the square root of the
rotation speed of the working electrode as corresponds
to a convective-diffusion rate controlled process[1].
This allows one to employ the linear limiting current/
nitrite concentration relationship to evaluate the
amount of NO; ion formed on the KSCN/nitrate
melt, on the assumption that in the dilute region neither
the viscosity of the melt nor the diffusivity of NO; ion
are appreciably altered by the presence of the solute.
The procedure consisted in comparing, at constant
rotation speed and temperature, the anodic limiting
currents obtained with the KSCN/nitrate melt with
that obtained for the NO;/nitrate melt. Both NO; ion
concentrations, evaluated either chemically or electro-
chemically, were in good agreement.

3. Correlation of results

The amount of NO; ion formed (or the quantity of
SCN~ ion remaining in the melt) changes with the
ratio [KSCN]/[nitrate melt], as shown in Fig. 2. Under
vacuum and without NOj ion addition, the chemical
reaction between KSCN and the nitrate melt yielding
NOj ion occurs in the range of KSCN concentration
from 0 to 1.5 m-equiv/100 g. This range is reduced when
KNO, is added to the melt. Beyond 1-5 m-equiv/100 g
a further addition of KSCN produces no appreciable
increase in the NOj ion concentration. The initial
slope of the curve shown in Fig. 2 yields an average of
2 ion grams of NO3 ion formed per mole of KSCN
added to the melt.

These resuits can be expressed in a different way by
plotting the amount of KSCN added vs the amount of
KSCN actually present in the melt. In the low con-
centration region (Fig. 3) the points lie below the ideal
straight line having a slope equal to one, corresponding



Molten NaNO;-KNO, and KSCN reactions

1707

5 1
B o
[T *
g &)
Eo
0>+_
c 3 .
o; a
EO 24- ,(A . . x x
eQ + x
=3 M .
(K
o525 ”
z3
‘aé « *
c
°
o
o2

v
T > v
¢c a
< x g

c
c© &
© v | | |

o] 2'5 5 75 10

Concentration of SCN added,

m-equiv/100g eutectic

Fig 2. Relationship between the amount of KSCN added to the melt and the amount of NO; ion
determined by chemical analysis after the reaction. Data obtained at 250°C.

to the absence of any decomposition of KSCN.
Otherwise, the resuits obtained at high KSCN con-
centration (Fig. 3) approaches the ideal relationship.
The true line, which does not pass through the origin,
lies below the ideal one.

The results are nearly the same over the whole
temperature range investigated.

DISCUSSION

Resuits clearly show that the reaction between KSCN
and the nitrate melt occurring at low KSCN concentra-
tion leads to a limiting concentration of reaction
products. The total reaction involves a change in the
ionic composition of the system due to the addition of
the KSCN. The effect of adding KSCN is as if ionic

equilibriainvolving highly oxidant species of the solvent
are shifted giving an increase in the concentration of
basic species and NO; ions. It is also clear that the
possible equilibria must be linked to the presence of
oxygen and NO; ion in the melt. The formation of the
latter can be understood, taking into account that
thiocyanate melts are more basic than molten alkali
nitrates{12]. A direct chemical reaction between KSCN
and the nitrate melt appears rather unlikely, otherwise
one would expect a simple stoichiometry to hold
between the SCN™ and NO; species over the whole
concentration range.

However, to interpret the reaction in terms of ionic
processes two main possibilities exist. One of them is
based on the assumption the main dissociation reaction
of the NOj ion involves the nitronium and oxide ions
[13], according to:

NO; = NO + 0%~ (1)

the oxidizing power of nitrate meits being related to the
nitronium ion. The second alternative, supposes that
ionic species such as O3, O3~ and O?~ are mainly
responsible for the oxidizing properties of molten
nitrates, as recently suggested[14, 15]. As the latter
gives a more plausible explanation of the electro-
chemical behaviour of molten nitrates[16], it will be
considered first in discussing the present results. The
concentrations of these species at S00°K decrease in the
order O; > 03~ > O?7[15], which is also the de-
creasing order of their oxidizing power. They partici-
pate in the following equilibria:

L
L 10 T T
Q@
= /
> o/
g /
3 /
3 /
g 75k /
€ /
e A
< /s
o
5 /7
g o 4
3 /
e
/a
§ /
.
2 25 A
3 A
E A
S o/, a
A
& ot 1 I I
g o] 25 5 75 10
O Concentration of SCN™ added, m-equiv/I00g eutectic

O?" + NOj = NO; + 03~
03~ + 2NO;3 = 2NO; + 205
20; =0 + 0,.

2
3)
4)

Fig. 3. Relationship between the amount of KSCN added
to the melt and the amount of SCN™ ion determined by
chemical analysis after the reaction. Data obtained at 250°C.

By addition of equilibria (2) and (3)

0?~ + 3NOj; = 3NO; + 20;.
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In the presence of SCN ™ ions the following oxidation
will occur:

28CN™ = (SCN), + 2¢ (6)

where (SCN), is an unstable product at the temperature
of the melt. The occurrence of reaction (6) must be
counterbalanced by a reduction reaction.

Among the passible reduction processes in the pure
nitrate melt the following are relevant:

0; +e=03%" (7
0% + 2e = 20% (8)
NO; + e = NO, + 0* 9)

2NO; + 8¢ = N,O + 502 (10)
NO; + 2¢ = NO; + 02 (1
NOj + 3e = NO + 20*~ (12)

INO; + 10e = N, + 602~ (13)

At 327°C, pO?~ and unit activity of the nitrogen
containing species, reactions (9)—(13) are thermody-
namically ordered as follows[17]: E® (11) < E° (9) <
E® (12) < E° (10) < E° (13), where E°(n) refers to the
equilibrium potential of reaction n.

Therefore the occurrence of reaction (6) coupled with
any of reactions (7)—(13) changes the ionic composition
of the system leading to an energetically favourable
equilibrium which besides compensating for the decom-
position of (SCN),, leads to a macroscopically stable
KSCN/molten nitrate system.

In principle the total reaction yields O?~ and NO;
ions and, through the participation of either reactions
(9), (10) or (12), nitrogen oxides. The presence of NO,
although as a minor component in the gaseous reaction
products in the absence of oxygen, makes significant O,
formation rather unlikely. The formation of O?~
induces NO; formation through an equilibrium such
as (5). This implies a change of pO?~ in the system
buffering the decomposition of SCN~ ion. Thus the
system approaches the [SCN™}/[NO;] ratio corres-
ponding to its apparent macroscopic stability. The
presence of O,, through equilibrium (4), induces the
decomposition of SCN~ ion and yields NO; ion as
one of the products.

If the preceding reaction pathway, involving reac-
tions (6), (7), (8) and (5), is responsible for the NO; ion
formation, the maximum yield would be 2 iongrams
of NO; ion per mole of KSCN decomposed. If the
main reactions were (6), (9) and (5), then the maximum
NOj ion yield would be 3 iongrams of NO; ion per
mole of KSCN decomposed. The experimental yield for
[SCN-]— O is between 2 and 3, suggesting the
probable participation of all the above mentioned
processes in the total reaction.

The nitrogen oxides and (SCN),, products of the
main chemical reaction, may react in different ways
either in the liquid or in the gaseous phase. As already
established, the following reaction occurs[8]:

(SCN), = (CN), + § (14
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and also to some extent:
x(SCN), = (SCN),,, (195)

yielding orange-red parathiocyanogen. Sulphur, finally
reacts in the nitrate melt yielding SO; ions, as provenin
separate experiments,

Nitrogen dioxide dissolved in the melt is also able to
oxidize SCN™ ion according to:

2NO, + 28CN™ = (SCN), + 2NO;,  (16)

both products participating in the previously described
reactions. Finally the presence of NO, in the melt
modifies the O3~ ion concentration, through the
equilibrium{14]:

0%~ + 2NO, = 2NOj3. 17

The oxidation of (SCN), in the melt probably causes
the formation of a small amount of SCO, although this
oxidation process is far from proven.

The presence of NO among the gaseous reaction
products is not surprising, although a process such as
(12) seems to be ruled out, because the following
equilibrium is established in the nitrate melt[19]:

NO; + NO, = NOj + NO. (18)

Therefore, the reactions discussed give a coherent
explanation of the chemical behaviour of the ternary
molten KSCN-NaNO;-KNO; mixtures. It is cer-
tainly a rather more complex system than was earlier
supposed.

A second interpretation of the reaction occurring
between KSCN and molien alkali nitrate can be
attempted in terms of equilibrium (1), although the
existence of NO; in the molten nitrates is still a matter
of discussion[20]. In this case the electron transfer

- processes responsible for the decomposition of KSCN

should be:
2SCN™ = (SCN), + 2¢ (6)
and

2NOj3 + 2e = 2NO,. (19)

The O2~ ions left in excess provide the change of pO?~
to compensate the redox potential in the melt and
buffer the SCN™~ ion decomposition. The following
chemical reactions should provide an excess of NO;
ion over the amount of SCN™ ion decomposed to
explain the formation of the different reaction products.
These processes are however not so straightforwardly
represented as in the first interpretation based upon the
existence of O;, O3~ and O?" ions in the melt. An
interpretation based on equilibrium (1) seems much
less probable.
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