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In the present study, experimental and thermodynamic aspects of solid-liquid equilibrium were evaluated for ten ternary fatty acid
mixtures formed by capric, undecylenic, pentadecylic, margaric, and stearic acids, as potential phase change materials (PCMs). The latent
heat and melting temperature of ternary fatty acids mixtures were obtained from differential scanning calorimetry (DSC). Furthermore, the
coefficients of the non-random two-liquid (NRTL) thermodynamic model were calculated using a quasi-binary mixing rule to correlate the
liquidus line of solid-liquid equilibrium for the studied ternary mixtures. The comparison between the results of the proposed
thermodynamic model and the experimental data showed average absolute deviations lower than 1%, validating the correlated
thermodynamic model. The melting temperatures of the ternary mixtures of the studied fatty acids were in the range of 281-315 K, and

their melting enthalpies ranged between 26.09 and 45.74 kJ mol”, indicating that the studied mixtures had good potential to be utilized as

low-temperature thermal energy storage materials.
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INTRODUCTION

Energy markets in the world are in a state of change,
and the energy demand is increasing around the globe [1].
Over the past three decades, avoidance of energy waste has
become necessary due to global energy shortage, higher
prices, and concerns about
Additionally,

technologies to enhance energy storage and minimize the

environmental problems.
there has been an increased call for
gap between energy generation and consumption [2,3].
Phase change materials (PCMs) are considered as one of the
most practical materials for thermal energy storage (TES)
[3-8]. The TES by PCMs has received increasing interest as
a new technology for energy storage. The most efficient
PCMs for TES application have high latent heat, low cost,
moderate phase change temperature, non-flammability, non-

*Corresponding author. E-mail: vafajoo@azad.ac.ir

toxicity, and a uniform phase change [9].

PCMs are suitable for applying innovative energy-
efficient materials in the field of energy storage, which
encompasses waste heat, waste cold, and solar power [10-
12]. Regarding solar energy, there is an increasing demand
for the use of thermal energy in daily life, including drying,
building comfort, water heating, efc. The application of
solar energy can reduce an enormous amount of energy use
in the world. The only problem with solar energy is its
alternative nature, which can be overcome by storing it in
materials such as PCMs for later use [13].

Fatty acids and their eutectic mixtures have been
regarded as desirable PCMs for low/medium energy storage
purposes. Given that the pre-eutectic point occurs in the
solid-liquid equilibrium of fatty acid mixtures, activity
models should account for the behavior of both solid and
liquid phases [14-17]. While some studies have focused
on models which only predict eutectic points [18,19], other
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studies have presented an approach to predict pre-eutectic
points [20]. Belgodere et al. [21] conducted experiments to
calculate the phase diagrams for some ternary systems,
which included light fatty acids, at 308.15 K and ambient
pressure. Moreover, Shilei ef al. [22] examined the eutectic
mixture of capric acid (CA) and linoleic acid (LA) and its
thermal stability by phase change sequences. Sari [23]
studied the melting temperature of the binary eutectic
mixtures of margaric acid (MA) and stearic acid (SA), LA
and pentadecanoic acid (PA), and LA and MA. Some fatty
acid binary mixtures were prepared, and their phase-
transition properties were determined using the Schroder-
Van Laar equation [24]. Furthermore, Feldman et al. [25]
produced several mixtures of SA and PA with methyl, butyl,
and propyl alcohols, and determined their phase transition
temperature and heat storage capacity. Mirpoorian et al.
[26] predicted the solid-liquid phase equilibrium of some
fatty acid binary mixtures by the differential scanning
(DSC)  method. They provided a
thermodynamic approach in which melting temperatures

calorimetry

were considered as a function of mole fraction in the
equilibrium. Finally, Karaipekli and Sari [27] tested the
thermal and chemical cycling (5000 cycles) cooling and
heating process to determine the thermal reliability of the
binary mixtures of PCMs, including capric acid, lauric acid,

commercially used fatty acids (i.e., CA, LA, PA, MA, and
SA) and
percentages. The phase transitions of the ternary mixtures of
CA, undecyclic acid (UA), PA, MA, and SA were
experimentally examined by the DSC method, and their

investigated with different weight ratio

melting enthalpies were calculated based on the DSC results
[28, 29]. Then, the adjustable parameters of the non-random
two-liquid (NRTL) activity model
considering the experimental results of the ternary mixtures

were determined

and utilizing a newly developed mixing rule. The eutectic
point compositions of the ternary fatty acid mixtures were
theoretically calculated by the developed activity model,
and the results supported the validity of the model.

MATERIALS AND METHODS

Materials

CA, UA, PA, MA, and SA, with a purity of over 98%,
were supplied from Merck and used without further
purifications. Table 1 summarizes the physical properties of
the fatty acids used in the present study.
The melting temperature of binary mixtures was
theoretically calculated using the formula developed by
Yuan et al. [30]. In addition, the following equation was

used to calculate the liquid phase line of the binary

palmitic acid, and stearic acid, which were all used in the mixtures:
current study. The test results showed that all binary
mixtures of PCMs had good chemical stability and thermal H,
reliability. T, (T, =Ty)+RT, In(1-x,)+ Gy, =0
It should be noted that the temperature of pure PCMs Hp
does not allow them to be used directly for many TES ——— (T, =Tp)+ RT,, In(1-xp) + G ., =0
applications. In this study, the mixtures, especially 5
ternary mixtures, were developed based on commonly and (1)
Table 1. Thermal Properties of the Studied Fatty Acids
Material IUPAC name CAS number Chemical formula Melting temperature Latent heat Of]ﬁlSIOH
(K) (kJmol™)
CA Capric acid 334-48-5 CioH300, 304.8 27.79
UA Undecylenic acid 112-38-9 C1H0, 2959 2598
PA Pentadecylic acid 1002-84-2 Ci5H300, 325.7 41.53
MA Margaric acid 506-12-7 Ci7H340, 3342 51.33
SA Stearic acid 57-11-4 CsH360, 342.7 61.21
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For fatty acids, G .. = Gger = 0 [30]. Schroder equation for
the melting temperature of a mixture is expressed as
follows:

@)

where T, is the melting temperature of mixture (K), 7; is the
melting temperature of i component (K), and R is gas
constant (8.314 J mol! K’]). In addition, x; and H; indicate
the mole fraction and latent heat (J mol') of the i
component, respectively.

Regarding ternary mixtures, the pseudo-component of
each binary mixture was blended in eutectic mass ratio.
Then, it was mixed with the third component in various
combination ratios to provide the pseudo-binary system of
fatty acids. The melting temperature and latent heat of the
binary systems at their eutectic points are presented in
Table 2 [26].

Uncertainty Analysis

The uncertainty of temperature and enthalpy obtained by
Mettler Toledo DSC1 were +0.2 K and +3%, respectively.
The sample was weighed by an electronic balance of 4
digits. The weight of each sample was recorded 3 times, and
the average value was used for experiments.

Methods
In the present study, ten ternary fatty acid mixtures,
which included CA+UA+PA, CA+tUA+MA, CA+UA+SA,

CA+PA+MA, CA+PA+SA, CA+MA+SA, UA+PA+MA,
UA+PA+SA, UA+MA+SA, and PA+MA+SA, were
examined in the form of pseudo-binary mixture case studies.
Gravimetric and ultrasonic methods were used to prepare
and mix fatty acid samples, respectively. In addition, the
thermal properties of the mixtures were measured using a
Mettler Toledo DSC1 (Switzerland) in the temperature
range of -5-50 °C, with a heating rate of 0.2 °C min”, and a
continuous nitrogen flow of 50 ml min™.

Figure 1 displays DSC thermograms of the ternary fatty
acid mixtures. The precisely
determined for all ternary fatty acid mixtures, with only one

eutectic points were

long peak in DSC curves.
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Fig. 1. DSC thermograms of the examined ternary mixtures.

THERMODYNAMIC MODEL

Based on the thermodynamic analysis, two regions of

Table 2. Thermal Properties of Binary Fatty Acid Systems [26]

Binary mixtures Mass ratio Eutectic temperature Latent he]at
(K) (kJ mol™)
CA-UA 0457:0.543 284.7 25.04
CA-PA 0.764:0.236 2975 30.29
CA-MA 0.869:0.131 300.9 30.53
UA-PA 0.794:0.206 295.0 2792
UA-MA 0.889:0.111 298.2 2791
PA-MA 0.643:0.357 316.5 4330

463
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solid-liquid equilibrium existed in 7-x diagrams. Region I
was related to a liquid line that began from x; = 0 up to the
eutectic point, and Region II started from the eutectic point
tox;=1.

The equations for the solid-liquid phase equilibrium of the
binary or pseudo-binary mixtures of fatty acids were as
follows [31]:

Region |
_ Ah,, 3)
" Ah,
T - Rll’l[(] - xl)yz]
2
Region 11
o Ah,, “4)
m Ah,l
— Rln[xl 71]

1

where Ahg refers to the latent heat of fusion, and v; indicates
the liquid-phase activity coefficient of i component.
Additionally, T; and T, are the melting temperature of
component i and mixture, respectively. In the above Egs. (3)
and (4)), the activity coefficient (y;) is a function of T and x;.
Thus, the temperature is an implicit parameter, which

should be found by the iterative approach.

Latent Heat of Binary or Pseudo-Binary Mixtures
The following equation can be used to determine the
latent heat of fusion for a binary mixture of fatty acids [32].

n

H. T
H, = Tmz —+ X, (Cpy; = Cpg)In -2

x, H
=i T,

)

where H, is the latent heat of mixture (J mol’]), and Cpy; and
Cp, are the specific heat at a constant pressure of component
i in liquid and solid states, respectively. The second term of
the equation (Cpy - Cpg) can be ignored in long-chain fatty
acid compounds, resulting in the following equation:

x,Ah . (I=x)Ah,,
n T

(6)

NRTL Model for Predicting Liquid Phase Activity

In binary systems, excess Gibbs free energy is

464

calculated by the following equation presented by the
NRTL [33].

giﬁz Yx 7,Gy, 7,G), (7)

RT 2 x +x,G,,  x, +xG,

T, = &y — & 8)
RT

Gy, =exp(-o,7,) ©)

G, =exp(-ay,75) (10)

where g” is the molar excess Gibbs energy of the mixture
(J mol™), g;; 1s the energy parameter characteristic of the i,
interaction, and a; is the non-randomness parameter of the
mixture, which is considered to be 0.3 for binary fatty acid
mixtures[34,10].

The activity coefficients derived from the NRTL model
were as follows:

2
Iny, =x 12]( G, J " 7,Giy . (11)
X +x,Gy, (x, +x,Gyy) ]
2
Iny, = x> le[ Gy J " 751Gy . (12)
x, +x,Gy, (x, +x,G,)) ]

Furthermore, the melting temperature of two equilibrium
regions was obtained by inserting Eqs. (11) and (12) into (3)
and (4).

Region
Ah
T, = = ;
Ah
TR In(l-x)+x} 112( Gz ] b
sz x, +x,G), (x, +x,G,))
(13)
Region 11
Ah
T, = B -
Ah
Tfl X, +x,G,, (x, +x,Gy,)
(14)
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Then, eutectic point concentration (x;) was determined by
equalizing the melting temperatures of the above two
regions.

Ahy, _
%7R In(1-x,) + x} le[ Giy j + G 5
T/z (17x|)+le|2 (x+0-x)Gy)
Ahy,
%7R Inx, +(1-x) ‘L'z][ G j + 712G >
T/I X +(1-x)G,y, ((17x1)+lelz)
(15)
RESULTS AND DISCUSSION

The eutectic points and corresponding mixing equilibria
of (CA+UA): PA, (CA+UA): MA, (CA+UA): SA,
(CA+PA): MA, (CA+PA): SA, (CA+MA): SA, (UA+PA):
MA, (UA+PA): SA, (UA+MA): SA, and (PA+MA): SA
mixtures were obtained by applying the NRTL activity
model to the pseudo-binary fatty acid system. Table 3
compares the experimental and theoretical results.

As shown in Table 2, the mass ratio in the eutectic point
of the CA-CU binary mixture was obtained at 45.7:54.3.
Accordingly, the experimental mass ratio in the eutectic
point for a pseudo-binary system of CA-UA (first pseudo-
single component) and PA (second component) was
90.0:10:0 (CA+UA: PA), which asserted that the mass ratio

of CA:UA:PA was 41.1:48.9:10.0.

To ensure the accuracy of calculated eutectic points, ten
ternary mixtures, including (CA+UA): PA, (CA+UA): MA,
(CA+UA): SA, (CA+PA): MA, (CA+PA): SA, (CA+MA):
SA, (UA+PA): MA, (UA+PA): SA, (UA+MA): SA, and
(PA+MA): SA, were prepared with the same combination
ratios obtained from theoretical calculations, and their
eutectic temperatures were obtained by the DSC method.
Based on the preceding analysis, the properties of ternary
mixtures were similar to those of pseudo-binary ones. Thus,
the NRTL activity model was considered suitable for the
ternary (pseudo-binary) fatty acid system. The experimental
results showed that the NRTL activity model could reliably
estimate solid-liquid equilibrium phase transition. The
constant parameters of the NRTL model that were obtained
by curve fitting with the interpolation and extrapolation of
experimental data are presented in Table 4.

Figures 2a to 2j, in which red markers illustrate
experimental data and black curves indicate the NRTL
model, depict the calculated melting temperature versus the
mole fraction of the second component estimated by the
NRTL model.

As demonstrated, the NRTL activity model estimated
mole fractions at the eutectic point for all ternary mixtures
using the same values, showing a good compromise for all
ten case studies.

Table 3. Theoretical (Based on the NRTL Model) and Experimental Eutectic Points of Ternary Fatty Acid Systems

Pseudo-binary Ternarymass ~ NRTL-based  Experimental  Eutectic latent
Pseudo-binary mixture mass ratio ratio eutectic point  eutectic point heat
(%) (%) ) ) (kJ mol™)
(CA+UA): PA 90.0:10.0 41.1:48.9:10 281.5 281.0 26.65
(CA+UA): MA 96.3:3.7 44.0:52.3:3.7 282.9 282.4 26.09
(CA+UA): SA 98.0:2.0 44.8:532:2.0 2843 283.5 26.36
(CA+PA): MA 91.4:8.6 69.8:21.7:8.6 294.9 294.0 28.75
(CA+PA): SA 95.5:0.045 72.9:22.9:45 296.2 295.1 27.81
(CA+MA): SA 94.3:5.7 82.0:12.4:5.7 299.2 298.5 31.30
(UA+PA): MA 92.6:7.4 73.9:18.7:74 293.8 2953 29.57
(UA+PA): SA 96.2:3.8 76.8:19.4:3.8 293.9 296.2 28.77
(UA+MA): SA 953:4.7 85.2:10.1:4.7 297.1 298.5 28.93
(PA+MA): SA 84.5:15.5 54.8:29.7:15.5 312.7 315.1 45.74
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Eq. (13)
Pseudo-binary mixture
T12 T21 T12 T21

(CA+UA): PA 0.0278 -0.028 -0.0279 0.0277
(CA+UA): MA 0.0281 -0.0282 -0.0278 0.0279
(CA+UA): SA 0.0276 -0.0279 -0.0275 0.0274
(CA+PA): MA 0.0281 -0.0282 -0.0278 0.0277
(CA+PA): SA 0.0271 -0.0279 -0.0269 0.0268
(CA+MA): SA 0.0291 -0.0281 -0.0293 0.0283
(UA+PA): MA 0.0279 -0.0283 -0.0291 0.0285
(UA+PA): SA 0.0278 -0.0286 -0.0289 0.0281
(UA+ MA): SA 0.0288 -0.0279 -0.0283 0.0278
(PA+ MA): SA 0.0285 -0.0281 -0.0290 0.0275

Melting Point (K)

.....

Fig. 2. Solid-liquid equilibrium diagram for pseudo-binary mixtures.
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The average absolute relative deviations (AARD) of the
melting temperatures of pseudo-binary mixtures obtained

from the models with the experimental data were
determined by the following equation:
ZN Tcxp,i - Tcalc.f
i=1
AARD% = Lo (16)

N x100

where N refers to the number of experimental data, and T,
and T, are the experimental and calculated temperatures,
respectively. The AARD% between the experimental
melting temperatures for ten ternaries (pseudo-binary)
mixtures and those calculated by the NRTL activity model
is summarized in Table 5.

Table 5. The Deviation between the T-x Results Obtained by the NRTL Activity Model and Experimental Data

Texp (K) X Teae K) AARD% Texp (K) X T eate (K) AARD%
(CA:UA)+PA (CA:UA)+MA

283.9 0 284.5 021 283.9 0 284.5 0.21
281 0.1 281.5 0.18 282.4 0.04 282.9 0.18
308 0.35 3052 091 3154 041 308.6 2.16
316.2 0.7 318.1 0.60 325 0.7 319.7 1.63
326.5 1 3256 028 3342 1 3345 0.09
Average AARD% =043 Average AARD% = 0.85

(CA:UA)+SA (CA:PA)+ MA

283.9 0 284.5 021 296.5 0 297.2 0.24
283.5 0.02 2843 028 294 0.09 294.9 0.31
324 0.35 3265 0.77 318.2 035 316.3 0.60
3325 0.7 336.8 129 331 0.7 3279 0.94
342.8 1 3424 0.12 3345 1 334.1 0.12
Average AARD% = 0.54 Average AARDY% = 0.44

(CA:PA)+SA (CA:MA) +SA

296.5 0 2972 0.24 302 0 3004 0.53
295.1 0.04 296.2 037 298.5 0.05 299.2 0.23
328 0.35 3265 046 326 0.25 3215 1.38
3393 0.7 336.8 0.74 336.4 0.6 334.6 0.54
342.1 1 3424 0.09 340.8 0.85 3423 0.44
Average AARD% = 0.38 Average AARD% = 0.62

(UA:PA)+ MA (UA:PA)+ SA

296 0 295.1 030 296 0 295.1 0.30
294.2 0.075 293.8 0.14 2953 0.03 293.9 047
313 0.35 3163 1.05 3212 035 326.5 1.65
325 0.7 3276 0.80 3332 0.7 336.8 1.08
3332 1 3344 036 340.1 1 3423 0.65
Average AARD% = 0.53 Average AARD% = 0.83

(UA:MA) + SA (PA:MA) +SA

297 0 298.2 040 316.2 0 316.5 0.09
296 0.04 297.1 037 313 0.14 312.7 0.10
3212 0.35 3265 1.65 3252 035 326.5 0.40
3332 0.7 3373 123 3374 0.7 337 0.12
340.1 1 3423 0.65 343 1 3423 0.20

Average AARD% = 0.86

Average AARD% =0.18
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Based on the results in Table 5, the highest AARD% was
obtained was 0.86%, which belonged to the ternary mixture
of (UA:MA) + SA.

The study of eutectic mixtures requires the creation of the
so-called Tammann diagram [32-34]. Therefore, eutectic
mixture x,,, can be represented by the lever rule as follows:

For x < XeuXewt =

(X 0)/ Xeut

(17)

For X 2 XeyXeut = (1 - X)/(1 - Xey) (18)

Figures 3a to 3j display the Tammann diagrams of the
eutectic mixtures as a function of the third component mole
fraction. The results showed that the mixtures were suitable
for PCMs and that they could be used for energy storage

applications.
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3j) (PA+ MA)() + SA
Fig. 3. The Tammann plot of mixtures as a function of the third component mole fraction.
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CONCLUSIONS

The present study examined the experimental and
thermodynamic aspects of solid-liquid phase equilibrium for
ten ternary fatty acid mixtures. Due to the high melting
temperature of pure PCMs in TES applications, the binary
and ternary mixtures of these materials were developed and
investigated with different weight ratios percentages.
Additionally, the phase transition of the ternary mixtures of
CA, UA, PA, MA, and SA was experimentally assessed by
the DSC method. The melting temperature of the eutectic
point of the studied mixtures was as follows: (CA+UA): PA
= 281.0, (CA+UA): MA = 282.4, (CA+UA): SA = 283.5,
(CA+PA): MA =294.0, (CA+PA): SA =295.1, (CA+tMA):
SA = 298.5, (UA+PA): MA = 2953, (UA+PA): SA =
296.2, (UA+MA): SA =298.5, and (PA+MA): SA=315.1.
Also, the obtained curves were applied to estimate the
The adjustable
parameters of the NRTL activity model were determined

melting and eutectic temperatures.
considering the experimental results of the ternary mixtures
applying a newly developed mixing rule. Furthermore, the
eutectic points of ternary fatty acid mixtures were
theoretically calculated by the derived activity models,
which supported the validity of the model. It was found that
the maximum (0.86%) and minimum (0.18%) deviation
between the experimental and calculated melting
temperature belonged to the (UA: MA) + SA and (PA: MA)
+ SA mixtures, respectively. Thus, it can be concluded that
the NRTL equation can be utilized for the pseudo-binary
fatty acid mixtures and that the method proposed for

determining ternary eutectic points is reliable, viable, and

efficient.

Nomenclature

T, = Melting temperature of the mixture
T; = Melting temperature of component i
R = gas constant

G;.. =  External Gibbs energy for component i
H, = Latent heat of the mixture

X; = Mole fraction of component i

H; = Latent heat of component i

Ah; = Latent heat of fusion of component i
Yi = Activity coefficient of component i
Cpsi =  Specific heat at constant pressure for

469

component iat solid-state

Crri Specific heat at constant pressure for
component i at liquid-state

i =  Energy parameter characteristic of the i,
interaction

0 Non-randomness parameter

g® = Excess Gibbs free energy

7 = NRTL coefficient

REFERENCES

[1] Mushtaq, M. U.; Kamran, M. S.; Yaqoob, H.; Jamil, M.
A.; Shafig, M. B.; Rehman, T.; Ali, H. M., Exergy
destruction rate minimization in the absorber of a
double effect vapor absorption system, Thermal Sci.
2021, On Line-First Issue 00, 222-222. DOL
10.2298/TSCI201016222M.

[2] Ali, H. M., A semi-empirical model for retained

condensate on horizontal pin-fin tube including the

effect of vapour velocity, Case. Stu. Therm. Eng. 2021,

28,101420. DOL: 10.1016/j.csite.2021.101420.

[3] Rocha, S. A.; Guirardello, R., An approach to calculate

solid-liquid phase equilibrium for binary mixtures,

Fluid Phase Equilibria 2009, 281, 12-21. DOLI:

10.1016/j.fluid.2009.03.020.

Vakili-Nezhaad, G.; Vatani, M.; Gujarathi, A. M,

Application of genetic algorithm to calculation of three-

(4]

suffix margules parameters in ternary extraction ionic
liquid systems. Int. J. Therm. 2014, 17, 1-6. DOL
10.5541/ijot.476.

Ali, H. M.; Jamil, F.; Babar, H; Energy storage
materials in thermal energy applications,
Energy Storage, 13 Apr. 2021, 79-117.
Dong, O.; Li, D.; Zeng, D., A novel eutectic
phase-change material: CaCl,-6H20 + NH4Cl +KCL
Calphad 2018, 63, 92-99. DOL:
10.1016/j.calphad.2018.08.009.

Gunasekara, S. N.; Mao, H.; Bigdeli, S.; Chiu, J. N;
Martin, V., Thermodynamic assessment of binary

(3]

Thermal

(6]

(7]

erythritol-xylitol phase diagram for phase change
materials design. Calphad 2018, 60, 29-36. DOL
10.1016/j.calphad.2017.11.005.

Sari, A.; Hekimoglu, G.; Tyagi, V. V.; Sharma, R. K.,
Evaluation of pumice for development of low-cost and

(8]



Vafajoo et al./Phys. Chem. Res., Vol. 10, No. 4, 461-471, December 2022.

energy-efficient composite phase change materials and
lab-scale thermoregulation performances of
cementitious plasters. Energy 2020, 207, 118242.
Fauzi, H. Metselaar, H. S. C., Mahlia, T. M. L
Silakhori, M.; Ong, H. C., Thermal characteristic
reliability of fatty acid binary mixtures as phase change
materials (PCMs) for thermal energy storage
applications. Appl. Therm. Eng. 2015, 80, 127-131.
[10]Zhao, P.; Yue, Q.; He, H.; Gao, B.; Wang, Y.; Li, Q.,
Study on phase diagram of fatty acids mixtures to

its

(9]

determine eutectic temperatures and the corresponding
mixing proportions. Appl. En. 2014, 115, 483-490.
DOI: 10.1016/j.apenergy.2013.10.048.

[11]Zhang, H.; Gao, X.; Chen, C.; Xu, T.; Fang, Y.; Zhang,
Zh., A capric-palmitic-stearic acid ternary eutectic
mixture/expanded graphite composite phase change
material for thermal energy storage. Composites: A
2016, 87, 138-145. DOI: 10.1016/
j.compositesa.2016.04.024.

[12]Ke, H., Phase diagrams, eutectic mass ratios and
thermal energy storage properties of multiple fatty acid
eutectics as novel solid-liquid phase change materials
for storage and retrieval of thermal energy. Appl.
Therm. Eng. 2017, 113, 1319-1331. DOL
10.1016/j.applthermaleng.2016.11.158.

[13]Deka, P. P.; Ansu, A. K.; Sharma, R. K.; Tyagi, V. V;
Sari, A., Development and characterization of form-
stable porous TiO2/tetradecanoic acid-based composite
PCM with long-term stability as solar thermal energy
storage material. Int. J. Energy Res. 2020, 44, 10044-
10057. DOI: 10.1002/er.5615.

[14]Moattar, M. T. Z.; Nasiri, S., Phase diagrams for liquid-
liquid and liquid-solid equilibrium of the ternary
polyethylene glycol dimethyl ether 2000 + tri-sodium
phosphate + water system at different temperatures and
ambient pressure. Calphad 2010, 34, 222-231. DOL
10.1016/j.calphad.2010.03.004.

[15]Nazir, H.; Batool, M.; Osorio, F. J. B.; Isaza-Ruiz,
M.; Xu, X.; Vignarooban, K.; Phelan, P.; Kannan,
A. M., Recent in phase change
materials for energy storage applications: A
review. Int. J. Heat. Mass. Trans. 2019, 129,491-523.
DOI: 10.1016/j.ijjheatmasstransfer.2018.09.126.

[16]Huang, X.;Zhu, Ch.; Lin, Y.; Fang, G., Thermal

developments

470

properties and applications of microencapsulated PCM
for thermal energy storage: A review. Appl. Therm.
Eng. 2019, 147, 841-855. DOIL: 10.1016/
j.applthermaleng.2018.11.007.

[17]Razouk, R.; Beaumont, O.; Hay, B., A new accurate
calorimetric method for the enthalpy of fusion
measurements up to 1000 °C. J. Therm. Anal. Cal.
2019, 7136, 1163-1171. DOIL: 10.1007/s10973-018-
7772-z.

[18]Bruin, S., Phase equilibria for food product and process
design. Fluid Phase Equilibria 1999, 158, 657-671.
DOI: 10.1016/S0378-3812(99)00130-2.

[19]Huang, C. C.; Chen, Y. P., Measurements and model
prediction of the solid-liquid equilibria of organic
binary mixtures. Chem. Eng. Sci. 2000, 55, 3175-3185.
DOI: 10.1016/S0009-2509(99)00593-X.

[20]Slaughter, D. W.; Doherty, M. F., Calculation of solid-
liquid equilibrium and crystallization paths for melt
crystallization processes. Chem. Eng. Sci. 1995, 50,
1679-1694. DOI: 10.1016/0009-2509(95)00010-3.

[21]Belgodere, J. A.; Revellame, E. D.; Hernandez, R.;
Holmes, W.; Collazos, L.; Bajpai, R.; Zappi, M. E.,,
Liquid-liquid equilibria for (volatile fatty acids + water
+ alcohol ethoxylates): Experimental measurement of
pseudo-ternary systems. J. Chem. Therm. 2019, 128,
207-214.DOLI: 10.1016/;.jct.2018.08.027.

[22] Shilei, L.; Neng, Z.; Guohui, F., Eutectic mixtures of
capric acid and lauric acid applied in building
wallboards for heat energy storage. Ener. Buil. 2006,
38,708 -711. DOI: 10.1016/j.enbuild.2005.10.006.

[23]Sar, A., Eutectic mixtures of some fatty acids for low-

temperature solar heating applications: thermal
properties and thermal reliability. App. Therm.
Eng. 2005, 25, 2100-2107. DOIL: 10.1016/

j-applthermaleng.2005.01.010.

[24]Li, M.; Kao, H.; Wu, Z.; Tan, J., Study on preparation
and thermal property of binary fatty acid and the binary
fatty acids/diatomite composite phase change materials.
Appl. Ener. 2011, 88, 1606-1612. DOI: 10.1016/
j-apenergy.2010.11.001.

[25]Feldman, D.; Banu, D.; Hawes, D., Low chain esters
of stearic acid as phase change materials for thermal

Mat. Sol.

10.1016/0927-

energy storage in buildings. Sol En.
Cells 1995, 36, 311-322. DOL
0248(94)00186-3.



Evaluation of the Thermal Properties of Ternary Mixtures/Phys. Chem. Res., Vol. 10, No. 4, 461-471, December 2022.

[26]Mirpoorian, S. M. R.; Vakili, M. H.; Noie, S. H;
Roohi, P., Determination and measurement of solid-
liquid equilibrium for binary fatty acid mixtures based
on NRTL and UNIQUAC activity models. J. Therm.
Anal. Cal. 2019, 137, 679-688. DOI: 10.1007/s10973-
018-7876-5.

[27]Karaipekli, A.; Sari, A., Preparation, thermal properties
and thermal reliability of eutectic mixtures of fatty

form-stable
composites for energy storage. J. Ind. Eng. Chem.
2010, /6,767-773. DOI: 10.1016/j.jiec.2010.07.003.

[28]Saeed, R. M.; Schlegel, J. P.; Castano, C.; Sawafta,
R., Uncertainty of thermal characterization of
phase change material by differential scanning
calorimetry analysis. Int. J. Eng. Res. & Tech. (IJERT)
2016, 5,01,405-417.

[29]Rycerz, L., concerning phase
diagrams determination on the basis of differential

acids/expanded vermiculite as novel

Practical remarks
scanning calorimetry measurements. J. Therm. Anal.
Calorim. 2013, 113,231-237.

[30]Yuan, Y., Tao, W.; Cao, X.; Li, B., Theoretic
prediction of melting temperature and latent heat for a
fatty acid eutectic mixture. J. Chem. Eng. Data 2011,
56,2889-2891. DOI: 10.1021/j200057].

471

[31]Yuan, Y.; Zhang, N.; Tao, W.; Cao, X.; He, Y., Fatty
acids as phase change materials: A review. Renew. Sust.
En. Rev. 2014, 29, 482-498. DOI: 10.1016/
jrser.2013.08.107.

[32]Renon, H.; Prausnitz, J. M., Local compositions in
thermodynamic excess functions for liquid mixtures.
AIChE. J. 1968, 14, 135-144. DOIL 10.1002/
2ic.690140124.

[33]Prausnitz, J. M.; Lichtenthaler, R. N.; Azevedo, E. G.
A., Molecular Thermodynamics of Fluid Phase
Equilibria, 3rd ed., Pearson Ed., 1999.

[34]Zhang, Zh.; Y.; Zhang, X.,
Thermophysical ~ properties  of Fatty
acids/surfactants as phase change slurries for thermal
energy storage. J. Chem. Eng. Data 2015, 60, 2495-
2501. DOI: 10.1021/acs.jced.5b00371.

[35]Mirpoorian, S. M. R.; Vakili, M. H.; Noie, S.; H,;
Roohi, P., Measurements and prediction of melting

Yuan, N.; Cao,

some

temperature and eutectic point of binary fatty acids
based on wilson activity model. Phys. Chem. Res. 2019,
7,403-414. DOI: 10.22036/ pcr.2019.156579.1564.

[36] Danczak, A.; Rycerz, L., Reinvestigation of the DyCls-
LiCl binary system phase diagram, J Therm. Anal.
Calorim 2016, 126, 299-305. DOI: 10.1007/s10973-
016-5547-y.



