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ABSTRACT

The mechanism of formation of the solid solution, phase separation, and the forma-
tion of the eutectic mixture were investigated by DSC and X-ray diffraction for 50 mole%
NaNO;—50% KNO3; (HTS.), and its enthalpy change was measured from 25 to 450°C
by a high-temperature calorimeter of the twin type. Based on the enthalpy change mea-
sured, the relation between the therrnodynamic properties and the phase diagram of the
NaNO3;—KNO; system is discussed assuming the regular solution approximation.

INTRODUCTION

Several mixtures of alkali nitrates and nitrites have low melting tempera-
tures. For example, a eutectic mixture containing 40 wt.% NaNO,, 7 wt.%
NaNO;, and 53 wt.% KNO; melts at 142°C [1] and has been used, for a long
time, as a heat transfer medium because of its low cost and good compa-
tibility with common structural materials. This mixture is called HTS (Heat
Transfer Salt), HTS,, or Hitec (Du Pont trade name) because of its use for
heat transfer. It can also be used for sensible heat storage. For example, the
application of this mixed salt to thermal storage, for load leveling, and for
solar thermal electric power generation were postulated to be promising [2].

Another mixture, 50 mole% NaNO;—50 mole% KNO,;, which is some-
times called HTS, or draw salt, has a higher melting temperature (222°C)
than HTS,. Although a low melting temperature is preferable for heat trans-
fer and sensible heat storage, HTS, is more promising from the viewpoints
of cost and thermal stability [2].

So far, there exist only a few data on the thermodynamic properties of
HTS, in spite of its importance. The reported values of the heat of fusion
[8—6] are not in good agreement with each other and neither are the values
of heat capacity [3,4]. Furthermore, the heat capacity of the liquid phase
measured by Voskresenskaya et al. [4] shows a large negative temperature
coefficient, while that by Nguyen-Duy and Dancy [3] shows no temperature
dependence.

Several investigations of the phase diagram of the NaNO;—KNQO; system
[7—10] indicate that the system has a minimum melting point at a composi-
tion of 50 mole% KNO;, i.e. HTS,. It forms a solid solution below the
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solidus and phase separation followed by formation of a eutectic mixture
occurs in a lower temperature range [7,9].

Since slow diffusion rates of atoms and ions are expected in such a low
temperature range, these phenomena might not completely occur at some
cooling rates. The thermal behavior of HTS, and its enthalpy change
obtained by drop methods, in which the temperature of a sample is quickly
changed, might therefore be influenced by the thermal history of HTS,.

In the present study, the effect of the thermal history has been investi-
gated by DSC and X-ray diffraction and the enthalpy change has been mea-
sured for quenched and annealed samples of 50 mole% NaNO;—50 mole%
KNO; by a high-temperature calorimeter of the twin type. Based on the
enthalpy change measured, the relation between the thermodynamic proper-
ties and the phase diagram is discussed assuming the regular solution approxi-
mation.

EXPERIMENTAL

Samples

Chemically pure NaNO; and KNO; purchased from Wako Pure Chemical
Industries, Ltd. were used for making the equimolar mixture. For the ent-
halpy change measurement, the reagents were first heated up to about 130°C
in order to dry them and were quickly weighed in air to give an equimolar
ratio and they were put into a gold sample container of 8 mm outer diam-
eter and length 45 mm. The specimen was again dried in air at about 130°C
and the container was then sealed by arc melting.

Apparatus and measurements

DSC measurement was made under dry nitrogen flow using model No.
8085 of Rigaku Denki Co., Ltd. and Perkin Elmer DSC-2. A platinum sample
pan was used for both.

X-Ray diffraction patterns at room temperature and at about 200°C were
obtained with a- 8—0 diffractometer made by Rigaku Denki Co. Ltd., the
X-ray source and the detector of which rotate around a sample in a vertical
plane. MoK, radiation was used and the beam was monochromated by a
bent graphite monochrometer. The sample temperature was measured by a
platinum/platinum—rhodium (13%) thermocouple, which was inserted into
the sample loaded in the platinum container.

The enthalpy change measurement was performed by the drop method
using a high-temperature calorimeter of the twin type. The details of the
calorimeter were given in an earlier paper [11].

A sample container containing the equimolar mixture, one containing the
N.B.S. standard sapphire, and one without any sample (blank) were pre-
pared as are listed in Table 1. These containers were kept at the required
temperature between 25 and 450°C in a small furnace placed above the
calorimeter for at least 1 h after a steady state was attained, and then
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Masses of specimens and containers
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Specimen Mass (g)

Specimen Container
Sapphire 3.4290 4 8735
HTS, 1.9926 5.0802
Blank 4.6987

dropped into the calorimeter maintained below or above the melting temper-
ature of HTS, (222°C). These operation temperatures were 198.6 and
228.5°C.

The apparatus constant, A, is defined as fAT d#/Q, where the numerator
is the time integral of the differential temperature between a calorimeter cell
and an isothermal jacket and the denominator is the heat change in the
calorimeter cell. It was determined from enthalpy changes observed when
the gold sample container with the standard sapphire and the blank were
dropped from room temperature to either of the operation temperatures.
The determined apparatus constants are plotted in Fig. 1 against the opera-
tion temperature of the calorimeter together with the previously published
data [11] at the operation temperatures of 25, 300, and 400°C. Although
there is a somewhat large temperature derendence, it has no serious effect
on the measurements because the temperature of the calorimeter is con-
trolled within +0.3° C during all the measurements.

In order to ascertain the accuracy of the measurements by using the appa-
ratus constants at 198.6 and 228.5°C determined as mentioned above, the
values of the enthalpy change of the N_B.S. standard sapphire were obtained
over the temperature range between 25 and 450°C. The values obtained
showed +1.5% deviation from the literature values [12].
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Fig. 1. Apparatus constant of the calorimeter.
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RESULTS AND DISCUSSION
Preliminary DSC measurement

For a preliminary examination of the thermal behavior of HTS,, DSC
measurements were carried out between 50 and 250°C at heating and cool-
ing rates of 2.5°C min~'. For the measurements, NaNO; and KNO; as
received were put into a platinum sample pan in equimolar ratio.

Figure 2 shows the DSC curves obtained. After the first melting, the
sample was held at 250°C for 30 min and then cooled down to 50°C (first
cooling). The sample was held at 50°C for 30 min and again heated up to
250°C (second heating). This heating-and-cooling cycle was repeated three
times. Only two cycles, however, are shown in the figure since the third
heating and cooling curves were the same as the second.

The reason for the deformed shape of the first endothermic peak of the
fusion is that the starting materials were not homogeneously mixed. Both
peaks of fusion and crystallization were reasonably sharp after the first
melting because of the homogeneous mixing of NaNO; and KNO;.

The endothermic peak observed dt 129°C in the first heating is attributed
to the phase transition of KNO;. It is well known that this transition is sepa-
rated into two transitions at 123 and 113°C in the cooling mode [13]. These
transitions were not observed in the cooling curves and a quite small peak
was observed between 80 and 95°C. In the second and third heating curves,
the peak at 129°C disappears and a small peak appears between 70 and
100°C.

As already mentioned, HTS, forms a solid solution below the solidus.
According to the phase diagram determined by Kofler [9], which is shown in
Fig. 8, and that by Jinecke [7], this solid solution begins to separate into
two other solid solutions of different compositions at a lower temperature,
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Fig. 2. DSC curves of heating and cooling cycles of HTS,. (a) The first cycle for the
specimen without being mixed before heating; (b) the second cycle.
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which is reported to be 180°C by Jinecke [7] and 165°C by Kofler [9].
Jdinecke also reported the formation of a eutectic mixture at 89°C, while
Kofler reported 105°C as a eutectic temperature. No peak was observed
around 180 and 165°C in our DSC measurements. Small peaks observed near
100°C seems to correspond to the formation of the eutectic mixture.

It is, however, not clear from this experiment alone whether the solid
phases formed in this heating-and-cooling cycle are in equilibrium states as
DSC and Xxray diffraction measurements were performed for a more
detailed examination of the thermal behavior of HTS,.

Formation of the solid solution below the melting temperature

To investigate the formation of the solid solufion below the melting
temperature [7,9], DSC measurement was done between 200 and 250°C at
a rate of 2.5°C min™!. The specimen kept at 250°C for 30 min was cooled
and annealed at 200°C for a certain time less than 24 h and then again
heated up to 250°C. Nine cycles were made and the heat of fusion was cal-
culated for each peak in the heating mode.

Figure 4 shows the DSC peaks of the fusion for two cases. The peak shape
without annealing at 200°C [(a) in the figure] is not so sharp as that obtained
after annealing for 24 h [(b) in the figure]. Nevertheless, the heat of fusion is
almost the same: 97 and 100 J g~! for cases (a) and (b), respectively. For
every other case in which the annealing time at 200°C was between the two
cases, the heat of fusion measured was the same within experimental error.

From these observations, the rapid formation of the solid solution in this
temperature range was expected and X-ray diffraction analysis was done at
200 +10°C to confirm it.

The sample of the equimolar mixture was prepared by a natural cooling of
the melt in the platinum container and then heated from room temperature
to about 200°C for 30 min. Subsequently, the pattern of the mixture [(c) in
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Fig. 3. Phase diagram of the NaNO3—KNOQ3 system determined by Kofler.
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Fig. 4. DSC peaks due to fusion of HTS, in the heating mode. (a) Without annealing at
200°C; (b) after annealing at 200°C for 24 h.

Fig. 5. X-Ray diffraction patterns at 200 * 10°C. The lines show a peak position and
relative logarithmie peak height. (a) NaNOj3:(b) KNOj; (e) HTS,.

Fig. 5] was obtained at about 200°C, and it is different from the pattern of
either NaNO; [(a) in the figure] or KNO; [(b) in the figure] at 200°C. The
rapid formation of the solid solution below the melting temperature was
thus confirmed.

Phase separation and formation of the eutectic mixture

To examine whether ETS, cooled down to 50°C at a rate of 2.5°C min™!
is in an equilibrium state or not, DSC and X-ray diffraction at room temper-
ature were carried out for the following three samples of HTS,.

(1) A quenched sample. The equimolar mixture was melted and cooled by
blowing air (quenched) in a platinum sample container for X-ray diffraction.

(2) A quenched-and-ground sample. About 20 g of the equimolar mixture
was melted and cooled by blowing air (quenched) and then it was ground
into powder.

(3) An annealed sample. The quenched-and-ground sample was annealed
at room temperature in a sealed pyrex tube for one month.

At first, X-ray diffraction patterns of the annealed and the quenched
samples were obtained at room temperature together with the patterns of
NaNO,; and KNO;. Although the peaks shift, most of the peaks of both
NaNO; [(a) in Fig. 6] and KNO; [(b) in the figure] appear in the pattern
of the annealed sample [(c) in the figure]. On the other hand, the quenched
sample shows a very strong peak at 20 ~ 12.5°, which does not exist in the
pattern of the annealed sample.

Since the quenched sample is not powder, a particular peak might become
very strong due to some orientation of the crystal. Considering a probable
effect of the orientation, two quenched and ground samples were then pre-
pared for X-ray diffraction. One of the quenched-and-ground mixtures [(d)
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in Fig. 6] shows almost the same pattern as the annealed sample whereas the
other quenched-and-ground mixture [(e) in the figure] shows a strong peak
at 20 ~ 12.8°C.

To thermally observe the difference among these samples, DSC curves
were obtained for the quenched-and-ground and the annealed samples.
Figure 7 shows the heating curves for these samples. It should be noted that
the small endothermic peak around 100°C, which is seen in Fig. 2, shifts to
higher temperatures and its area becomes larger in these cases.

This fact seems to show that the sample of HTS, cooled at a rate of 2.5°C
min~! does not reach a thermodynamically stable state. That is in accord
with the X-—ray observations, i.e. a strong peak near 20 =12.5 ~ 12.8°
exists in the pattern of the quenched sample and it disappears by annealing
and sometimes by grinding.
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Fig. 6. X-Ray diffraction patterns at room temperature. The lines show a peak position
and relative logarithmic peak height. (a) NaNOj; (b) KNOsj; (¢) the annealed sample of
HTS,; (d) and (e) quenched-and-ground sample of HTS,; (f) the quenched sample of
HTS,.

Fig. 7. DSC heating curves of HTS,. (a) The quenched-and-ground sample; (b) the an-

nealed sample.
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The annealed sample shows a pattern including most of the peaks of
NaNQO; and KNOj;. That is not inconsistent with the absence of the DSC
peaks of the transitions of KNOj; after a melting of the mixture, since one of
the solid solutions which exist near room temperature in equilibrium is very
close to KNO; in composition and lattice spacings.-

Therefore, it would be reasonable that there exist at least three solid
phases, i.e. the quenched phase, s-I, below 100°C, the annealed phase, s-II,
below 100°C, and the solid solution, s-III, below 222° C. The solid phase s-II
is more stable than s-I. More precise X-ray diffraction analysis is necessary
to characterize these solid phases.

Enthalpy change measurement

The standard enthalpy change values, #2 — h3ss, Were obtained from the
measured enthalpy change data and they are plotted in Fig. 8. The open
circles are the data when the operation temperature of the calorimeter was
198.6°C, whereas the open triangles are those at the operation tempera-
ture of 228.5°C. After one measurement at a temperature, the dropped
specimen was picked up from the calorimeter cell and annealed overnight for
the next measurement in the upper furnace controlled at a preset tempera-
ture. Below 100°C, it was annealed for at least a few days. It can be seen
that the open circles and the open triangles lie on the same linear lines both
in the liquid phase and in the solid phase except for the temperature range
between 100 and 150°C. A scattering of the data was observed between 100
and 150°C.

The solid triangles show the data obtained as follows. After previous mea-
surements, the dropped specimen was picked up and naturaliy cooled down
in air for about 1 h and the measurement was carried out after maintaining
the specimen at a preset temperature below 100°C in the upper furnace for
about 2 h. The data shown by the solid triangles are considerably higher than
the others, and the difference of the data should be due only to a difference
in the thermal history. Therefore, the data shown by the solid friangles seem
to be for a quanched phase.

Thermodynamic properties

The smoothed standard enthalpy change was determined by assuming a
polynomial temperature dependence for each stable phase. A linear tempera-
ture dependence was encugh to represent the measured enthalpy change
values. The best-fit equaticns are

(h} — h%es)/d g7' = 1.0666:T/K) — 318.01 (s-I, 25—100°C)
(h% —h%%s)/d g7 =1.83637(T/K) — 368.83 (s-11I, 150—222°C)
and |

(hS — h2:5)/d g7 = 1.4555(T/K) — 312.86 1, 222—450°C)

where 1 represents liquid phase. In Table 2 are listed the values of the
enthalpy of fusion and the heat capacities together with the literature values.
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Fig. 8. Standard specific enthalpy change of HTS,. O, Data when the operation tempera-
ture was 198.6°C; &, data when the operation temperature was 228.5°C; 4, data for the

quenched specimen.

The values determined in this study are in good agreement above 150°C with
those by Nguyen-Duy and Dancy [3]. AH, measured by Marchidan and
Telea [6] seems too high, and the C, values determined by Voskresenskaya
et al. [4] are higher in the liquid phase and lower in the solid phase than

other data.

TABLE 2

Enthalpy of fusion and heat capacity of HTS,

AHmkd Cp/kd Temp. range/°C
mole™! mole™! K™!
This work 9.46 0.0992 (s-II) 26—100
0.127 (s-III) 150—222
0.136 (1) 222—450
Nguyen-Duy and Dancy [3] 10.5 0.132 (s) 177—222
0.142 (D) 222—327
Voskresenskaya et al. [4] 10.5 0.112 (s) 110.0
0.115 ¢s) 210.2
0.156 * (1) 222—450
{average)
Venkatesetty and Lefrois [5] 9.12
Marchidan and Telea [6] 13.4

* An average value in the temperature range.
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As shown in the present study, the enthalpies of both annealed and
quenched solid phases could be measured by a transposed temperature drop
method. It is preferable for determining the thermodynamic functions of
materials which are easily quenched by a usual drop method, where a sample
is always dropped to a calorimeter at room temperature or 0°C.

Relation between the heat capacity of HTS, and those of NaNO; and KNO;

Many data on the thermodynamic properties of NaNO; and KNO; have
been reported and the most reliable values of the heat capacity in the liquid
phase are 0.155 and 0.136 kJ mole™ K™, respectively [18]. The heat capa-
city of the liquid phase equimolar mixture obtained in this study is 0.136
kJ mole™ K™! and it approximately equals the simple average of these values,
0.146 kJ mole™! K~!. Thus, the Kopp—Neumann law of molar additivity
[14] roughly holds for the heat capacity of liquid-phase HTS,.

The heat capacities averaged between 25 and 100°C for solid NaNO; and
KNO; are 0.098 and 0.100 kJ mole™! K~! [15], respectively, and the molar
average of them is the same as the measured value of HT'S, in the state of the
solid II, 0.099 kJ mole™ K™!. The fact is reasonable if the solid II is con-
sidered to be in a stable state.

Calculation of the phase diagram

In order to confirm consistency in the thermodynamic properties deter-
mined in the present study and the phase diagram of the NaNO;—KNO,;
system, the solidus and the liquidus were calculated. As already pointed out,
reliable values of the thermodynamic properties are available for NaNO;
and KNQO;. The enthalpy of mixing of the liquid NaNO;—KNO; is reported
to be well represented [16] by

AH™* [cal mole™! = x(1 —x) (—08 —68x)

in which x is the mole fraction of KNO;. This equation shows that this
binary system is approximately a regular solution in the liquid phase.

Assuming the regular solution approximation also in the solid solution of
this system, the liquidus and the solidus can be readily calculated from the
simultaneous equations [17]

lnﬁxfx:_AHA(i_L)_é&_(ﬂ_l_lnT_A)
~Lxl R\T, T R\ T T
«/ssx§=_AHB(i _i)_ACB(T_B_ — __TB)
In iyt g \T, T) ®\T 7%
where

_QS —_— a5 2
ln’Yi—RT (1—x3%)

Q
Invyh === (1—x4)?

RT
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TABLE 3

Thermodynamic properties of NaNO3 and KNOj used for the calculation of the solidus
and liquidus of the NaNG;—KNQ; system

Tm/K AH, /kJ mole™! ACp/J mole™! K1 €, /kJ mole~!
NaNO;  580[18]  15.5 [19] 23.0 * 18 e
KNO, 610 [18] 10.0 [20] 3.8 [20] '

* Calculated from refs. 21 and 22.
** Calculated from ref, 16.

and T;, AH;, and AC; are the melting temperature, the enthalpy of fusion,
and the heat capacity difference between the liquid and the solid for each
component, and A and B represent NaNO; and KNO;. £, and £2, are the
interaction parameters in the liquid and in the solid, and 7} and 7 the
activity coefficients.

The literature values listed in Table 3 were used for the calculation, and it
was performed by the Runge—Kutta—Gill method by changing the value of
L2, as a parameter. The liquidus and solidus are strongly dependent on the
parameter £25, and the minimum melting temperature, 222°C, of this
system was given when 25 was 6.2 kJ mole™ . The calculated liquidus and
solidus for this value are drawn in Fig. 9 by solid lines, which agree well with
those measured by other investigators [9,10]. The enthalpy of mixing of the
solid solution at x = 0.5 is calculated to be 1.6 kJ mole™ from the value of
,.
AH™* (s, x = 0.5) can also be estimated following the relation shown in
Fig. 10 by using the literature values of the enthalpy of fusion and the heat
capacity for NaNO; and KNQO,, such as those listed in Table 3, and the heat
capacity of the liquid phase HTS, and the enthalpy of fusion of HTS, deter-
mined in the present study. The estimated value of AH™* (s, x = 0.5) is
2.81 +1.34 kJ mole™ which agrees with 1.6 kJ mole™ within experimental
error. The positive value of {2 calculated is also in accord with the observed
phenomenon of the phase separation.

350t

300

T/°C

230t

200 5 02 04 . 06 08 10

X
Fig. 9. Calculated liquidus and solidus of the NaNO3;—KNOj3 system. O, Kofler [9]; 4,
Susarov et al, [10]; ; calculated.
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0.5 mole 1 mole 0.5 mole

NaNO3 3 NaNO3
- 0.46
(1, 350 \ / 350 °c)
HTS2
(1, 350 °C)
+ * +
- 16.67 + 0.54 - 26.88 + 0.46 ~ 13.46 + 0.34
HTS2
(s, 222 °C)
2.81 + 1.34%*
v A
NaNo KNO 5
(s, 222 °C) (s, 222 °C)

Fig. 10. Enthalpy change relation in the NaNQO3;—KNOj3 system. T, literature value; *,
value obtained in the present study; **, value calculated from other values in the figure.
Enthalpy values in kd.

The consistency in the thermodynamic properties and the phase diagram
of this system was thus confirmed. However, the boundary curve of the
homogeneous solid phase and the separated solid phases was not calculated
because NalNO; and KNO; have different types of phase transitions below
the melting temperature and because information on the phase transitions
in the solid solution are available only in the limited composition range of
this system [23].

CONCLUSION .

The mechanism of formation of the solid solution, the phase separation,
and the formation of the eutectic mixture were investigated for HTS, by
DSC and X-oray diffracticn. It was shown that the formation of the solid
solution below the melting point is rapid and that the phase separation and
the formation of the eutectic mixture are influenced by the thermal history
of the sample.

The enthalpy change was measured for annealed and quenched samples
of HTS, from room temperature to 450°C by a high-temperature calorim-
eter of the twin type. The enthalpy of fusion and the heat capacities of the
liquid phase and two stable solid phases were determined.

It was shown that the Kopp—Neumann law roughly holds for the heat
capacity of the liquid phase HTS,. The heat capacity value in the solid II
(the quenched phase) averaged between 25 and 100°C was the same as the
molar average of the values for NaNO; and KNO;.

The liquidus and solidus of the NaNO;—KNO; system were calculated
from the literature values of the enthalpy of fusion and the heat capacity for
NaNQO; and KNO; and from the reported enthalpy of mixing in the liquid
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for this system assuming the regular solution approximation for the solid
solution, where the interaction parameter in the solid was chosen so that the
minimum melting temperature of this system becomes 222°C.

The calculated liquidus and solidus are in good agreement with the values
measured by other investigators, and the enthalpy of mixing in the solid
solution calculated from the interaction parameter chosen was in agree-
ment with that estimated from the reported enthalpy of fusion and heat
capacity data for the components and from the enthalpy change data of
HTS; measured in the present study.

This agreement shows that the data obtained are reliable and that the
regular solution approximation for the solid solution is applicable to this
system.
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