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Abstract A BET thermodynamic model and its recently
modified version were applied to predict the phase dia-
grams of the systems NH4;NO3;-LiNO3;-H,0 and NaNO;—
LiNO;-Mg(NO3),—H,0, in which two eutectic points were
found with melting point at temperatures between 15 °C
and 25 °C. Simple experiments were designed to measure
the exothermal and endothermal behavior of the predicted
phase change materials. The experimental results showed
that the theoretically predicted materials possess excellent
exothermal and endothermal behavior at room tempera-
tures. Besides, the fusion and solidification heats of the
predicted phase change materials were measured.

Keywords BET model - Phase change material -
Hydrated salt - Phase diagram

Introduction

Energy shortage in the world makes it necessary to develop
new energy resources, besides the traditional energy
resources as fossil energy, water potential energy, wind
energy and nuclear energy and so on. Direct adsorption and
utilization of the environment-friendly and unexhausted
sunshine has attracted more and more attentions. Phase
change materials (PCM) have been proved to be an effect
agent to carry out the direct utilization of the low grade
energy. The utilization principle is described as follows: in
the daytime when the sun is shine, the PCM adsorbs the sun
energy by melting, and in night when the temperature
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decreases, the PCM releases a large amount of heat by
crystallization. The materials are especially meaningful in
the area, where the day-(or week-) temperature difference
is large. To adsorb the sun energy and to release heat when
the environmental temperature is slightly higher than and
lower than room temperature, a PCM must meet many
requirements, such as the cheap price, the light super-
cooled behavior, the weak corrosion, low toxicity, high
heat capacity and stable behavior of charge and recharge of
heat. Among them, the most important is that the material
must melt and crystallize in the room temperature range of
15-25 °C. At best, the PCM melts and crystallizes at a
stable temperature, so that it can adsorb and release the
largest amount of heat in case the environmental temper-
ature changes a little, and keep constant the environmental
temperature.

Among all PCM, hydrated salts are found to have the
largest latent heat capacity at temperatures below 423 K
[1]. However, few hydrated salts with melting point at
room temperatures are found up to now [1, 2]. Theoreti-
cally, when two or more hydrated salts are mixed, new
eutectic materials may exist with melting point at room
temperatures. To find the phase change materials in room
temperatures, experimental methods are usually used
[3-5]. While experiments are time and money consuming,
theoretical prediction of phase diagram of prospective
systems may be an effective approach. The prerequisite for
a successful prediction of phase diagram is that the used
theoretical model should possess a strong ability of pre-
diction. For the salts used as possible PCMs are usually
highly soluble, the prediction of properties for such highly
soluble systems is a challenge for most thermodynamic
models. In our previous works, BET thermodynamic model
[6, 7] has been proved to be successful in the prediction of
phase diagrams of highly soluble systems [8, 9]. When the
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salt—salt interactions in a predicted system are unnegligi-
ble, a modified BET model was proved to be more suitable
[10-12].

In this paper, the phase diagrams of two prospective
multi-component systems, NHy4NO;-LiNO3;-H,O and
NaNO;-LiNO3;-Mg(NO3),—H,0, are thermodynamically
predicted. Of the predicted results two eutectic composi-
tions with melting points at room temperatures are found.
Further experiments related to the predicted PCM at room
temperatures are carried out.

Modeling methodology

The BET model was first adapted by Stokes and Robinson
[6] to describe the relation of water activity a,, and salt
concentration my of a single salt—water system:

awms/(1 —ay) = 1/cr+ ((1 —¢)/cr)ay (1)

where ¢ and r are model parameters and can be obtained by
fitting to experimental data of water activity.

For a multi-component system, Ally and Braunstein [7]
have derived the BET model again on the basis of a sta-
tistical mechanical treatment of a multi-layer adsorption
and given the expressions of component activity as follows:

aw = <NW - ZNi(M)>/NW (2)

a = (Nj/ZNi>{(riNi — 1\Ii(M))/(”iNi)}ri (3)

where ay, and a; denote the activity of water and the salt i;
Ny, and N; the mole number of water and the salt i; Ny
the mole number of water bound to the salt i; r; a BET
parameter of the salt i, the same meaning as r in Eq. 1. The
parameter values Njpy are determined by solving the
Egs. 4, when the binary parameters r; and c; are known.

Niovy 2 Nigw)
(riN; — Niop))(Nw — 22 Niowy)
= exp(—AE;/(RT)) (4)

:Ci

where ¢; are the BET model parameters, ¢; = exp(—AE;/
RT), AE; = (U; — Up), U; is the energy of mono-layer
adsorption of water onto the solute i, and Uy is the internal
energy of liquefaction of pure water; R, general gas con-
stant; 7, thermodynamic temperature in Kelvin.

Considering the extra salt—salt interactions in the system
as a regular solution [10-12], the Eq. 3 becomes:

ai = (Ni/ZNi> {(nN; —Ni(M))/(riNi)}riHeXp (%)9)

J#i
(5)
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where €); denotes an empirical interaction parameter
between salt A and B, x; the mole fraction of salt i in the
anhydrous mixture.

Determination of model parameters

The binary BET parameters r; and AE; for the binary
systems NaNO;-H,O, LiNO3;-H,O, NH4NO;-H,O and
Mg(NO;),-H,O are taken from literatures [9, 11, 13] and
listed in Table 1.

The chemical potential of formation of the solid salt-nH,O
Gen,00 Teferring to pure hypothetic molten salts and
pure water, as a function of temperature is obtained by
calculating the activities of salt and water at binary liquidus
points according to Eq. 6, when the BET parameters r; and ¢;
(or AE;) are known.

Salt~l’lH20(s) = Salt(aq) + I’leO(aq)
0
Gsaitnt,0 = Gsaie +1Gu,0
= Gga]t + RT In asy + nG%ZO + nRT Ina,,
= RT In(asanay,) = RT In ksaienm,0 (6)

where the values ofGY,, and G()Z,ZO are set to be zero at any
temperature. The parameters Ggah_nHzo, obtained in this
way are tabulated in Table 2.

Figure 1 is the phase diagram of the system NH4NO;—
LiNOs-H,O0 calculated by the parameters in Table 1 and 2.
When the contents of NH4;NO5; and LiNO; are competit-
able, considerable differences arise between the predicted
and experimental [16] isotherms reported by Campbell in
1942. It should be mentioned that even in the binary system
LiNO5;-H,0, our calculated saturation points for solid
phase LiNOs;(s) are different from the experimental ones
[16]. However, our model parameters for the system
LiNO5;-H,0 are elaborately prepared and the calculated
binary liquidus agrees with our experimental data [11] quite
well, as well as that given by Campbell and Bailey [17] in
1958. Fitting the parameter €;; for NH,NO;5; and LiNO;
in Eq. 5 to the experimental solubility [16], one obtains
the parameter value Q;; = 2759.3 — 14.286TJ mol ',
with which the ternary phase diagram is simulated again
and the result is shown in Fig. 2.

Table 1 Binary BET parameters

Salt r¥ AE** Source
a b c d

NaNO; 1.8 0 —1000 0 [9]

LiNO; 2.766 0.000143 —6583.6 5.495 [11]

NH4NO3 1.63 0 890 0 [13]

Mg(NOs), 5.579 0 0 —31.348 [9]

* r = a + b(T/K); ** AE/J mol™") = ¢ + d(T/K)
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Table 2 Temperature coefficients of chemical potential of the solid salt-nH,O Ggall-anO*

Solid phase Parameters Temperature Solubility data for
. B P range, 7/K parameter determination
LiNO3-3H;0 11057.869 —1235.211 198.82931 273-301 [11]
LiNO; —4963.150 —209.61589 35.05814 303-333 [11]
NaNO; —15699.33 26.9207 0 273-292 [14]
NH4NO;3 29822.983 436.06597 —60.704671 293-368 [15]
Mg(NO3),-6H,0 —29342.6 —115.008 0 373428 [15]
Mg(NOs),-2H,0 —20297.8 —42.8 0 328400 [15]
* G ynin,o/(J mol ™) = RT In ksaiium0 = A+B(T/K) + CTIn(7T/K)
H,O0
0.00
0-50 0.50
_\ LiNO,"3H,0
1.00,2- /. 0.00
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
NH4NO3 L1N03 NH4 NOg LINO3
Fig. 1 Predicted isotherms comparing with the experimental data in Fig. 2 SOIUbility phase diagram of the system NH,NO;-LiNO5-
the system NH;NO;-LiNOs—H,O. Lines: Predicted, —: 298.15 K, ~ H20. Lines: Isotherm predicted, — (thin): 273.15K, — —:
298.15 K, -+ : 304.15 K, ——: 333.15 K, ——: 363.15 K, — —: Cross

———:304.15 K, ——: 333.15 K, ---: 363.15 K. Symbols: Exp. [16],
H: 298.15 K, O: 304.15 K, A: 333.15 K, +: 363.15 K

Predicted solubility phase diagrams and phase change
materials

In Fig. 2 two eutectic points are predicted, the qua-binary
eutectic point NH4NO;-LiNO;-3H,0O and the ternary
eutectic point NH4NO;-LiNO;-LiNO5-3H,0, whose
melting temperatures fall near 16 °C. The compositions of
the eutectic points are listed in Table 3.

In the previous papers [9], the solubility diagrams of the
systems NaNO;-LiNO3;-H,0 and LiNO3;-Mg(NO3),—H,O
have been predicted in the BET model. After we elabo-
rately measured the solubility of the system LiNO3;-H,O,
more accurate model parameters for this system have
been obtained [11]. In this case, the solubility diagram
of the ternary systems NaNO;-LiNO3;—-H,O and LiNO;—
Mg(NO3),—H,0 are predicted again. The predicted results

section line, [J (wide): Univariant line. Symbols: Exp.[16], H:
298.15 K, O: 304.15 K, A: 333.15 K, ¥: 363.15 K, @: Predicted
eutectic points

compared with experimental data [18-20] are presented in
Figs. 3 and 4. Good agreements have been found between
the predicted and experimental ones. In the two ternary
systems four eutectic points have been predicted with
melting temperature slightly higher than room temperature,
as shown in Table 3. This stimulates our curiosity and we
strongly expect to know if the combination of the phases
NaNO;, LiNO3-3H,0 and Mg(NO;),-6H,O will form a
quaternary eutectic point with melting temperature in the
room temperature range. To this purpose, the solubility
phase diagram of the system NaNO;-LiNO3;-Mg(NOj3),—
H,O is partly predicted and the predicted diagram is shown
in Fig. 5, where, one can see that a quaternary eutectic
point exists with melting temperature at 297.4 K, of which
the composition is listed in Table 3.
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Table 3 Predicted eutectic points with melting temperatures and compositions

Composition/100 w

Eutectic points T/IK
NH,NO;3-LiNO5-3H,0 289.1
NH4NO;-LiNO5-LiNO;-3H,0 287.72
NaNO;-LiNO;-3H,0 300.8
NaNO3-LiNOs-LiNO5-3H,0 299.21
LiNO;-3H,0-Mg(NO3),-6H,O 299.3
LiNO;-3H,0-LiNO3;-Mg(NO;),-6H,O 299.66
LiNO;-3H,0-Mg(NO3),-6H,0-NaNO; 297.4

LiNO;-3H,0:66.17, NH,NO;:33.83
LiNO3:42.30, NH,;NO3:32.0, H,0:25.70
LiNO5-3H,0:92.1, NaNO3:7.9

LiNO5:57.0, NaNO;:6.6, H,0:36.40
LiNO;-3H,0:70.8, Mg(NO3),-6H,0:29.2
LiNO;:47.5, Mg(NO3),:13.0, H,0:39.5
LiNO;-3H,0:67.4,Mg(NO5),-6H,0:26.9, NaNO;3:5.7

0
0.0132 1.00

LiNO,

Fig. 3 Predicted solubility phase diagram of the system NaNO;—
LiNO3;-H,0 and its comparison with experimental data. Lines:
Predicted, — (thin): 273.15 K, — — —: 323.15 K, ——: Cross section
line, — (thick): Univariant line. Symbols: Exp. [18], l: 323.15 K,
@: Predicted eutectic points

Experimental

To measure the melting and crystallization behavior of the
predicted materials in Table 3, a device shown in Fig. 6
was designed. A two liter beaker was placed in a water bath
whose temperature, as environmental temperature, was
kept at a constant value by a temperature controller and
recorded by a computer. A tube of 100 ml containing 50
games phase change materials was fixed in the center of the
beaker. A temperature sensor of copper was immersed in
the center of the phase change material and the temperature
change was recorded by the computer.

On each measurement the temperature of the water bath
was controlled at a certain value at first, and then the tube
containing the 50 games phase change material was moved
into the beaker and the temperature in the phase change
material was recorded in the computer.

@ Springer

>-0.00
0.00 0.25 0.50 0.75 1.00

Mg(NO;), LiNO,

Fig. 4 Predicted solubility phase diagram of the system Mg(NO3),—
LiNO3;-H,0 and its comparison with experimental data. Lines:
Isotherm predicted, — (thin): 273.15 K, — - —: 298.15 K, ——:
323.15 K, ——: Cross section line, — (thick): Univariant line.
Symbols: Exp, l: 273.15 K [19], [J: 298.15 K [20], A: 323.15 K
[19], @: Predicted eutectic points

Differential scanning calorimeter (DSC QI10, TA
Instruments) was used to measure the fusion temperature
T, fusion heat Hy, solidification temperature T and heat of
solidification H; of the two predicted PCMs at room
temperatures. At first, the two predicted PCMs were
placed at —10 °C until all were solidified completely;
then, some 10 mg samples were taken into the sample pan
with cover; the temperature was raised to 40 °C at a rate
of 10 °C min~". On reaching 40 °C, the temperature was
controlled to drop to —10 °C again at the same rate. To
test the stability of the PCMs, this cycle was repeated
three times.

All the chemical reagents: NH4;NO3, Mg(NO3),, LiNO;
and NaNOj for the preparation of the phase change
materials are of analytical purity.
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Mg(NO; ), 6H,0
1.00

0.00

0.00

0.00 0.25 0.50 0.75 1.00
LiNO;-3H,0 NaNO,

Fig. 5 Predicted solubility phase diagram of the quaternary system
Isotherms, —

(thick): Univariant line, @: Predicted eutectic point

/ /

i
™

W

Fig. 6 Schematic device for measuring the phase change material.
(1) water bath, (2) test tube with plug, (3) phase change material, (4)
glass beaker, (5) temperature sensor of copper, (6) temperature
recorder

Results and discussion
System LiNO3;NH4NOs-H,O

The measured temperature change of the predicted PCM
(point el in Fig. 2) in different environmental temperatures
(20 °C or 10 °C) is shown in Fig. 7. The average measured
phase change temperature is about 15 °C, one Celsius
lower than the predicted one. Besides, the exothermal and
endothermal behaviors of PCMs at compositions other than
the predicted point el, as schematically shown with A, B,
C and D in Fig. 8 are measured and presented in Fig. 9. It
can be seen that when the content of NH4NO; is more than
needed for the eutectic point el, as illustrated in point A
and B in Fig. 8, the temperature platforms (see Fig. 9a, b)

24
22
20 - e e e -
18 -
16
14 -
12 A

decreasing
temperature

increasing
temperature

Temperature/°C

104 S e e T
8 -
6

T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Time/min

Fig. 7 Temperature curve of PCM (el in Fig. 2) and water as a
function of time

H,0
1.00

0.00

Fig. 8 Schematic composition map of the system LiNOs;-3H,O-
NH4NO; for experimental measurement. Lines: — (wide): Univar-
iant line, — (thin): Cross section line. Symbols: el Predicted eutectic
composition, A, B C, D: compositions for comparison

keep in shorter time than that of the predicted eutectic point
el (see Fig. 7). It is reasonable that the heat storage ability
decreases when some NH4NOj5 in the PCM does not melt.
When the content of LiNO5-3H50 is more than needed for
the eutectic point el, as illustrated in points C and D in
Fig. 8, the temperature platforms (Fig. 9c, d) do not keep
any more, especially in the process
temperature.

of increasing

System LiNO3;—NaNO;-H,0
In the system LiNO3;—NaNO;-H,O two eutectic points (el

and e2 in Fig. 3) are predicted with melting point at about
27 °C. Since the PCM at el contains less amount of
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Fig. 9 Temperature change curve of PCMs (A, B, C and D in Fig. 8)

expensive LiNOj than that at e2 and their melting tem-
peratures are similar, the composition el can be more
economical and thus its heat storage behavior is checked
experimentally. The measured result is shown in Fig. 10. It
can be seen that the measured phase change temperature is
about 27 °C and identical to the predicted one in Fig. 3.

System LiNO;-Mg(NO3),~H,O

The eutectic point el predicted in Fig. 4 consisting of
Mg(NO3),-6H30 and LiNO3-3H;0 is checked experimen-
tally and the result is presented in Fig. 11. The experi-
mental phase change temperature lies between 25 °C and

26 °C, comparing to the theoretically predicted tempera-
ture of 26.1 °C.

System LiNO3;—NaNO;-Mg(NO;),—-H,0
The heat storage behavior of the predicted eutectic point
el in Fig. 5 is measured and presented in Fig. 12(el).

The measured melting temperature of the PCM falls in the
temperature range of 23.8 and 24.8 °C, quite near the
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Fig. 10 Temperature curve of PCM (e! in Fig. 3) and water

predicted phase change temperature of 24.3 °C. One can
say that the theoretically predicted eutectic composition
and temperature in the quaternary system NaNO;—
LiNO;-3H30-Mg(NO3),-6H,O is quite reliable. Mean-
while, the PCMs at compositions other than the predicted
point el, as shown in points A, B and C in Fig. 5, are also
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Fig. 11 Temperature curve of PCM (el in Fig. 4) and water as a
function of time

measured and presented in Figs. 12a, b and c. For the
compositions A and B in Fig. 5, no platform exists both on
the process of increasing and decreasing temperature (see
Fig. 12a, b). When the content of NaNOj is more than the
predicted point, for example, point C in Fig. 5, although two
temperature platforms form, but obviously keep in shorter
time than that of the predicted eutectic (see Fig. 12a).
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DSC measurement of the PCMs

The DSC result of the PCM (point el in Fig. 2) is pre-
sented in Fig. 13. In the three cycles, the measured fusion
temperature 7% is 16.01 °C, 16.01 °C, 16.00 °C and fusion
heat Hy are 187.1Jg~ ', 187.17g', 186957 ¢!
respectively. However, the solidification temperature T is
14.98 °C, 14.98 °C, 14.97 °C and the solidification heat
His 17593 g7', 17597 ¢!, 175.8 T g7, respectively.
The difference between that of melting and solidifying is
reasonable, considering the difference of temperature
between the sample and environment. The average phase
change temperature is 15.5 °C, 0.5 °C lower than the
predicted one. The average phase change heat is
1817g "

The DSC result of the PCM (point el in Fig. 5) is pre-
sented in Fig. 14. In the three cycles, the measured fusion
temperature Ty is 24.78 °C, 24.78 °C, 24.77 °C and solid-
ification temperature 23.65 °C, 23.65 °C, 23.64 °C,
respectively. The average phase change temperature is
24.2 °C, 0.2 °C lower than the predicted one (see Table 3).
The fusion heat Hyis 169.1 J g~',169.1J g~ ', 168.9 J g~*
and solidification heat H, 1589 1] gfl, 1589 ] gfl,
158.8 J g~!, respectively. The average phase change heat
is 1653 g~ .
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0 200 400 1200

~
o

~
W
(38

increasing
temperature

Temperature/°C

temperature

600 800 1000

Time/min

0 200 400 1200

Fig. 12 Temperature curve of PCM (el, A, B, C in Fig. 5) and water as a function of time
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Fig. 13 DSC of the PCM (e! in Fig. 2)
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Fig. 14 DSC of the PCM (e/ in Fig. 5)
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Conclusions

In this paper we applied the modified BET model to describe
and predict the solubility phase diagrams of the binary
SyStemS NH4NO3—H20, LlNOg—HzO, NaNO3—H20, Mg
(NO3),—H,0 and the ternary system NH4;NOz;-LiNO3;—H,O,
LiNO3—NaNO3—H20, NaNO3—Mg(NO3)2—H20, LINO3—
Mg(NO3),—H,0 and the quaternary system LiNO3;—NaNOz—
Mg(NO3),-H,0, finding two eutectic points with melting
temperature at room temperatures in the systems NH4;NO;—
LiNOj3-:3H,0 and NaNO;-LiNO;-3H,0-Mg(NO3),-6H,0.
And then, a device was designed to measure the heat storage
behavior of the predicted room temperature PCMs, as well
as some non-predicted PCMs in these systems. Besides, the
theoretically predicted PCMs were measured by DSC in
three cycles. It was found that the phase change temperature
and heat of the theoretical composition (66.17 wt% LiNO;-
3H,0, 33.83 wt% NH4NOs3) are 15.5 °C and 181 ] gfl,
respectively; the phase change temperature and heat of
the theoretical composition (67.4 wt% LiNO3-3H,0, 26.9
wt% Mg(NO3),-6H,0, 5.7 wt% NaNOj3) are 15.5 °C and
181 J g~!, respectively. Both predicted PCMs possess
excellent thermal stability and reversibility.

By comparing the heat storage behavior of the theoret-
ically predicted and non-predicted PCMs, one can see what
roles a thermodynamic model can play in the design of
room temperature PCMs consisting of hydrated salts.
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