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Abstract

The static melting method is used to prepare KNO;—NaNO;—NaCl ternary mixed molten salt containing 5-20 mass% NaCl,
and the thermal physical parameters such as specific heat capacity, melting point, and latent heat of phase change are meas-
ured by differential scanning calorimetry. The microstructures of the mixed molten salts are characterized by XRD and SEM.
The experimental results show that compared with the base salt, after adding different mass fractions of NaCl, the melting
point of the molten salts was reduced by about 24.8%, and the latent heat of phase change was increased by 22.71-52.53J g/,
the solid and liquid state specific heat capacity of molten salts increased by 3.4% and 2.3% after the addition of 10 mass%
NaCl. The addition of 15 mass% NaCl formed a special chlorine salt layer on the surface of the molten salt. This structure
reduced the intermolecular voids and enhanced the intermolecular force, which may be the reason for the increase in specific

heat capacity and latent heat of phase change.
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Introduction

With the rapid development of the economy, environmental
problems are becoming more and more prominent, and the
application of clean energy and renewable energy is increas-
ingly important [1]. Solar power generation and heating are
currently one of the key development of energy-saving and
clean energy technologies, which may become the main
energy source of the future [2]. It has characteristics such
as intermittency, which will broaden the scope of its appli-
cation if combined with thermal storage technology. Phase
change heat storage in heat storage technology has become
a hot research topic due to the advantages of high heat stor-
age density, the phase change temperature of molten inor-
ganic salt phase change material is generally in the range
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of 100-1000 °C, and its advantages are low cost, high use
temperature, good safety, and large latent heat, high energy
storage density, and good thermal stability [3-5].

Among the many inorganic salts, nitrates have a melting
point of around 300 °C and the upper limit of use tempera-
ture is about 600 °C. Its properties make them suitable for
use as medium and low-temperature thermal storage materi-
als. Hitec molten salt (7% NaNO;—53% KNO;—40% NaNO,)
and Solar Salt composite molten salt (40% KNO;—60%
NaNO;) have excellent overall performance and are widely
used in Solar Power Station [6, 7]. The study of molten
nitrate salt systems is still one of the hot spots in science,
focusing on the physical properties, thermodynamic prop-
erties, operating temperature, microstructure, etc. [8]. At
present, although nitrates and their composites have been
widely used as medium and low-temperature thermal storage
media, the high melting temperature, relatively low latent
heat of phase change and specific heat will affect the scope
of application of nitrates in thermal storage systems and the
application effect [9, 10].

Domestic and international scholars have used a variety
of approaches to increase the performance of nitrates, such
as adding nanoparticles to molten salts to improve their
thermophysical properties [11, 12] or using chlorine salts
to improve the performance of nitrates [13]. Gasanaliev et al.
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[14] researched mixed molten salts of nitrate and chloride
and found that the addition of chloride reduces the phase
change temperature and that the latent heat of phase change
of the mixed molten salt system is maintained. Chlorinated
salt systems are not only diverse, but also have a wide tem-
perature range (150-900 °C and above) [15], normally have
a high specific heat capacity and latent heat of phase change,
better thermal stability, and high thermal conductivity, mak-
ing them promising materials for high-temperature thermal
storage. Among them, NaCl is low cost and abundant [16],
suitable for large-scale applications. Zhong et al. [17] pre-
pared 58.1% LiNO;—41.9% KCl and 87% NaNO;—13% NaCl
mixed molten salts, and the test results show that the pro-
duced phase change materials demonstrated good thermal
stability. Li et al. [18] prepared a binary molten salt of 88%
LiNO;-12% NaCl with only 1.2 °C supercooling degree.

The purpose of this paper is to investigate the effect
of adding NaCl particles on the thermal properties of
KNO;-NaNOj; binary nitrate and to improve the perfor-
mance of the thermal storage materials. The thermal proper-
ties of the mixed molten salts were measured by differential
scanning calorimetry, the physical phase and crystallization
of the materials were analyzed by XRD, and the microstruc-
ture was characterized by SEM. The experimental results are
used to improve the properties of nitrate salts and broaden
the application of nitrate molten salts in phase change heat
storage and solar power generation.

Experimental method

Experimental materials

KNOj; (melting point 334.0 °C, latent heat of phase change
90.0J g7!) and NaNOj; (melting point 306.8 °C, latent heat

samples. The mixed molten salts were prepared by the static
melting method [19], and five groups of binary nitrates were
prepared in the ratio of (KNO;:NaNO;) 74.7:25.3, and NaCl
was added to four of the group at 5 mass%, 10 mass%, 15
mass%, and 20 mass%. The five groups of mixed salts were
stirred and pulverized in a stainless steel mortar one by one,
then placed in a corundum crucible and heated from room
temperature to 400 °C in a muffle furnace at a heating rate of
5 °C min~"! and kept for 2 h to ensure complete fusion. Then,
the temperature was decreased from 400 to 50 °C at a rate
of 5 °C min~! and held for half an hour. After standing and
cooling to room temperature, took it out and ground, sealed,
and dried it for storage.

Differential scanning calorimetry

The specific heat capacity, melting point, and latent
heat of phase change of binary nitrates and four groups
of ternary mixed molten salts with different mass frac-
tions of NaCl were measured by a TG/DSC simultane-
ous thermal analyzer (METTLER TGA/DSC2 1600LF).
The specific heat capacity of the sample was measured
by the sapphire method [20] and calculated by compar-
ing the DSC heat flow curves of the standard sapphire
sample and the sample to be measured. In this study,
the accuracy of temperature measurement is approxi-
mately + 0.1 K, the accuracy of mass measurement
is within +£0.01 mg, and the accuracy of calorimeter
measurement is within +0.5%. The test principle is as
follows:

(DSample MReference

Cp.Sample = @ Cp.Reference ( 1)
Reference nIISample

Based on the error transfer formula, the uncertainty for
specific heat capacity can be derived as follows:

AC

2 2 2 2
p-Sample <A®Sample ) + <A®Reference > + (AmSample > + (AmReference > =07% (2)
—_— = —_ —_ EE— EEE——— =0U./7%
Cp.Sample (DSample q)Reference mSample MpReference

of phase change 162.5 J g~!) were selected as the phase
change material. The purity was greater than or equal to
99%. The mixing ratio of KNO; and NaNO; was 74.7:25.3.
NaCl was a modified salt with a purity greater than or equal
t0 99%.

Samples preparation
Prior to samples preparation, the three pure salts were first

dried in a drying oven for 24 h at a drying temperature of
120 °C to completely remove the crystalline water from the
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In the formula, C, is specific heat capacity, J g lec @
is heat flow, mW, m is mass, g, Reference is pure sapphire
in the form of a crystal.

A certain mass (difference in mass from the sapphire
<1 mg) of the dried sample was placed in an aluminum
crucible and sealed. The sample was placed in the appara-
tus furnace, and the temperature was increased from 50 to
400 °C at a rate of 10 °C min~", kept it constant at 400 °C
for 10 min, then cooled it from 400 to 50 °C at a rate of
10 °C min~"'. Nitrogen was used as the experimental protec-
tive gas and purge gas during the measurement, with a flow

rate of 25 mL min~"'.
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Scanning electron microscope (SEM)

The ternary mixed molten salt with the addition of NaCl had
an increased specific heat capacity and latent heat compared
to the normal binary nitrate. In order to determine the reason
for the increase in specific heat capacity and latent heat and
to investigate the mechanism, the microscopic surface mor-
phology of binary nitrate and ternary molten salt in the solid
state was characterized using an electron microscope (JEM-
2100F/HR). In this paper, the sample powder was attached
to the sample holder by tape, and the surface of the mixed
nitrate was sprayed with gold to observe the morphology of
the sample more clearly.

Analysis of experimental results
Melting point and latent heat of phase change

The DSC curves for the binary molten salt of 74.7%
KNO;-25.3% NaNO; and the ternary molten salt of
KNO;—-NaNO;—NaCl with different mass fractions of NaCl
added are shown in Fig. 1. It can be seen that the addition of
NaCl can lower the melting point of the binary nitrate and
increase its latent heat of melting, improving its thermophysi-
cal properties. According to experimental measurements, the
melting point of 74.7% KNO;-25.3% NaNO; was 277.6 °C.
The melting points of ternary mixed melting salts with dif-
ferent mass fractions of NaCl added from 5 to 20% were
209.2 °C, 209.2 °C, 209.0 °C, and 207.7 °C, respectively, and
the melting points were all reduced by about 24.8%, which
means that the change in melting point of the ternary mixed
salt with the change in mass fraction of NaCl was not signifi-
cant. The latent heat of melting increased by the addition of

30 _— KNO3 - NaNO3
+ 5 mass% NaCl

2 + 10 mass% NaCl

uﬁ + 15 mass% NaCl
+ 20 mass% NaCl

=
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5 mass% and 15 mass% NaCl reached peaks of 143.43 J g~
and 139.60 J g~!, respectively, and the latent heats of phase
change increased by 57.8% and 53.6%, respectively. That
was considerably higher than the latent heat of phase change
given in the literature [2] for 53% KNO;-40% NaNO,~7%
NaNO, (80.0J g™"), 54% KNO,-46% NaNO, (100.0J g™,
and 54% NaNO;—46% KNO, (117.0J g71).

In addition, a small melting peak of KNO;-NaNO;
appears near 230.0 °C in the figure, and the latent heat value
corresponding to this peak is not large, presumably due to the
conversion of NaNO; from the low-temperature stable phase
II-NaNO; second-order phase to the high-temperature phase
I-NaNO; [21], and the main peak appearing at 297.5 °C is the
phase transition peak of the binary molten salt. With the addi-
tion of NaCl, the phase transition temperature of the ternary
eutectic mixed molten salt is reduced to about 209.0 °C. It is
slightly different from the crystal phase transition temperature
of NaNO;, and the two peaks are connected together. Since
there is no obvious demarcation between the two melting
peaks, the latent heat values of the two peaks can be summed
as the eutectic latent heat value of the mixed molten salt of
the system. Since there is no obvious demarcation between
the two melting peaks, the latent heat value of the two melt-
ing peaks can be summed up as the eutectic latent heat value
of the mixed molten salt of the system [22]. Therefore, the
calculation formula of the eutectic latent heat value AH,, of
each group of mixed molten salts is as follows:

AH, = AH, + AH, 3)

In the formula, AH, is the latent heat value of the phase
transition of the mixed molten salt, and AH, is the heat
absorbed due to lattice transformation of NaNOj.

When NaCl was used as an additive, the number of ani-
ons and cations was larger than that of nitrates. At unit
molar mass, the number of negative charges increases,
which affected the electrostatic attraction between the
molten salt ions, and chlorine salt as a heterogeneous salt
disrupts the spatial dot matrix of the nitrate system, caused
a change in its structure, and then, the lattice energy of the
material also changes, raised the latent heat of the molten
salt. The data of the melting point, peak temperature, melt-
ing endpoint, and latent heat of melting of the five mixed
molten salts are listed in Table 1.

Table 1 Thermophysical parameters of mixed molten salt with differ-
ent mass fractions of NaCl

Materials T./°C  Thpead’C ToendC Ayl g !
—— 1 ! KNO;-NaNO, 2717.6 297.5 303.6 90.90
260 280 300 320 340 +5 mass% NaCl 209.2 228.6 238.6 143.43
Temperature/°C +10 mass% NaCl 2092 228.7 2390 128.76
+15 mass% NaCl ~ 209.0 216.7 235.5 139.60
Fig. 1 Heat flow curves of binary nitrate mixture with different mass +20 mass% NaCl ~ 207.7 222.9 235.0 113.61

fractions of NaCl
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Specific heat capacity

Figure 2 and Table 2 are the specific heat capacity curves and
average values of samples in solid and liquid phases with dif-
ferent mass fractions of NaCl. The average specific heat capac-
ity of KNO;—NaNOj binary molten salt in the solid phase is
1.17J g7'°C~!, and that in the liquid phase is 1.28 J g=! °C~!.
Compared with the base salt, when 10 mass% NaCl is added,
the specific heat capacities of molten salt in the solid and lig-
uid state increased by 3.4% and 2.3%, respectively. Experi-
ments had proved that adding an appropriate amount of NaCl
can effectively increase the specific heat capacity of binary
nitrates. The increase in the specific heat capacity of the ter-
nary molten salt may be due to the addition of an appropriate

(a) 25

Table 2 Average specific heat capacity of mixed molten salt with dif-
ferent mass fractions of NaCl

Material Specific heat capacity/J g=! °C™!
Solid Liquid

KNO;-NaNO; 1.17 1.28

+5 mass% NaCl 0.76 0.81

+10 mass% NaCl 1.21 1.31

+15 mass% NaCl 0.98 1.07

+20 mass% NaCl 0.72 0.76

amount of NaCl, which changed the internal structure of the
binary mixed molten salt and increased the specific surface
area of the sample.

20 -

Specific Heat/J g~! °C™"
&

— KNO3 - NaNO3
——— + 5 mass% NaCl
——— + 10 mass% NaCl

e + 15 mass% NaCl

——— + 20 mass% NaCl

0.5 1 1 1
150 200 250 300 350
Temperature/°C
(b) (c)
R — KNO3 - NaNO3  — KNO3 - NaNO3
1.51 + 5 mass% NaCl + 5 mass% NaCl
+ 10 mass% NaCl - 1.5k + 10 mass% NaCl

- + 15 mass% NaCl IO + 15 mass% NaCl
IQ + 20 mass% NaCl °© + 20 mass% NaCl
o —
o 1.2 g 7
5 [J]

3 T - .
T - ] L —

Q I T e T - 5

5 0.90F 2 Lol

<3 a Y
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]
0.6 1 1 L 1 0.6 1 1 1 1
150 160 170 180 190 200 300 310 320 330 340 350

Temperature/°C

Temperature/°C

Fig.2 a The specific heat capacity curves of mixed molten salt with different mass fractions of NaCl, b solid phase, ¢ liquid phase
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Heat storage calculation

The heat absorbed or given off when the temperature changes
from a base state (or reference state) to a certain temperature T
without a phase change or chemical change in the substance is
the sensible heat of the substance. In the calculation of sensible
heat, the average heat capacity is generally chosen for calcula-
tion, the equation for the sensible heat is as follows:

0, =mCy(T, ~T)) (4)

In the formula, Q, is the sensible heat, J.

Ideally, the total heat stored in molten salt for unit mass at
150-350 °C is the sum of sensible heat and latent heat, and
the calculation results are shown in Table 3. As it is obvious,
the ternary molten salt with 10 mass% and 15 mass% NaCl

Table 3 Total enthalpy of mixed molten salt with different mass frac-
tions of NaCl

Materials hy/J €' Solid sen-  Liquid sen-  Total
sible heat/]  sible heat/]  enthalpy/J
g g g
KNO;-NaNO; 90.90 15748 60.16 308.54
+5 mass% NaCl 143.43 96.50 90.72 330.65
+10 mass% 128.76 77.29 180.78 386.83
NaCl
+15 mass% 139.60 75.52 149.50 364.62
NaCl
+20 mass% 113.61 46.40 87.40 247.41
NaCl
(a)

KNO3-NaNO3-0.2NaCl

KNO3-NaNO3-0.15NaCl
KNO3-NaNO3—0.1NaCl
KNO3-NaNO3—-0.05NaCl|

Intensity/a.u.

T T T T T T T T T T T T T
20 25 30 35 40 45 50
Theta/°

has strong heat storage capacity due to the high latent heat
and specific heat of phase transformation.

X-ray diffraction (XRD)

Figure 3a shows the XRD analysis of four groups of mixed
molten salts after 10 thermal cycles. It can be seen from
the diagram that the major crystalline phases of the four
molten salts both are KNO; and NaNOj;, and there is no
irregular characteristic peak, indicating that the molten salt
does not appear decomposition phenomenon, and there is no
chemical reaction to produce new substances, only physi-
cal mixing. The material exhibits good thermal stability
and chemical compatibility. However, the intensity of the
characteristic peaks is different, and the peak intensity of
molten salt with 15 mass% NaCl is the highest. Figure 3b
shows the XRD spectrum of the ternary nitrate molten salt
containing 15 mass% NaCl. There are several independent
narrow peaks and higher peaks, indicating that the sample
has better crystallinity.

The eutectic of NaNO; and KNOj; at 29.36° indicates that
the two salts penetrate each other and the structure is stable.
Multiple diffraction peaks of NaCl appear in the spectrum
in the range of 33.60-50.00°. NaCl binds better with both
nitrates and can increase the phase interface area, which has
a certain effect on increasing the specific heat and latent heat
of phase change of nitrates.

Scanning electron microscope (SEM)

The microstructure of multivariate molten salt is closely
related to its thermal properties. The reasons for the

(b)
a KNO3
b b NaNO3
i ¢ NaCl
5T
é A
2
= F
=
5}
2
=)
= -
1 1 1 1 1 1 1

15 20 25 30 35 40 45 50 55
Theta/®

Fig.3 XRD patterns of mixed molten salt with different mass fractions of NaCl a after 10 thermal cycles b 15 mass% NaCl
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Fig.4 SEM images of mixed molten salt with different mass fractions
of NaCl a 74.7% KNO;-25.3% NaNO; b 5 mass% NaCl ¢ 10 mass%
NaCl d15 mass% NaCl

improvement of thermal properties can be studied by ana-
lyzing its microstructure. Figure 4 shows the SEM images
of the KNO;—NaNO;—NaCl mixed molten salt magnified
by 10,000 times after the addition of different mass frac-
tions of NaCl. It can be seen from Fig. 4a that the micro-
scopic surface of the binary nitrate is smooth, the structure
is regular, there are gaps between the blocks, and there is
no difference in the structure of each part, and the mixing
effect of the two kinds of salts is good. Figure 4b shows the
SEM images of the mixed molten salt with 5 mass% NaCl
addition. Compared with the binary molten salt structure,
the delamination phenomenon appears, partly keeping the
regular shape and partly becoming serrated at the edges, and
the gap between the structures is reduced. Figure 4c shows
the SEM images of the molten salt with the addition of 10
mass% NaCl. The surface of the particles becomes uneven,
and a large number of NaCl particles are attached to the sur-
face of the binary nitrate, which increases the specific sur-
face area of the mixed salt. Figure 4d shows the SEM images
of the molten salt with the addition of 15 mass% NaCl. The
addition of 15 mass% NaCl resulted in a more uniform dis-
tribution of NaCl particles on the surface of the molten salt,
which forms a chloride salt layer structure on the nitrate sur-
face, and a denser and tighter nitrate structure. By observing
and analyzing SEM images, it can be seen that after adding
NaCl, the surface of molten salt becomes irregular, form-
ing a special chloride layer structure, and local stratification
occurs. The comparison with the XRD experimental results
verifies the phenomenon of the increased strength of the
ternary molten salt eutectic structure. The special chloride
salt layer structure increases the specific surface area and
specific surface energy compared to the binary molten salt,

@ Springer

which may also account for the increased latent heat of melt-
ing and specific heat capacity of the ternary molten salt.

Conclusions

Four different ternary molten salts were obtained by adding
different mass fractions of NaCl to the binary nitrate 74.7%
KNO;-25.3% NaNO;, and the melting points, latent heats
of melting, and specific heat capacities of the five samples
were measured by differential scanning calorimetry. X-ray
diffraction and scanning electron microscopy were used to
analyze the eutectic strength and microscopic morphology,
and the following conclusions were obtained.

(1) KNO;, NaNO;, and NaCl had excellent chemical
compatibility with each other and did not react. The
addition of NaCl at a mass fraction of 5-20 mass%
significantly reduced the melting point of the binary
nitrate and increased its latent heat of phase change,
and there was no linear relationship between the
change in melting point and the amount of additive.
Compared to the base salt, the melting points were all
reduced by approximately 24.8% and the latent heats
of phase change increased by 52.53J g7!,37.86J g7/,
48707 ¢!, and 22.71 7 g7!, respectively.

(2) DSC test results showed that the ternary mixed molten
salt with 10 mass%, 15 mass% NaCl had better perfor-
mance with a melting point of about 209.0 °C, latent
heat of melting of about 130.0 J g~!, and relatively high
specific heat capacity. In the range of 150-350 °C, the
total heat stored per unit mass of molten salt was the
most, which were 386.83J g~ and 364.62J g7, respec-
tively. It is a good phase change heat storage material.

(3) According to the SEM images of the ternary mixed
molten salt, it can be seen that when 15 mass% NaCl
was added, the substance was uniformly dispersed and
had a good eutectic structure. The chlorine salt forms a
layered structure on the surface of the eutectic salt and
the eutectic strength increased. The special chlorine
salt layer structure increased the specific surface area
and specific surface energy, which led to an increase in
specific heat capacity and latent heat of phase change.

(4) The addition of an appropriate amount of NaCl to the
KNO;-NaNO; binary nitrate can effectively improve
the thermal properties of the nitrate and broaden its
application range, which has a certain application
value.
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