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1. Introduction

Alkane-based eutectic phase change materials
doped with carbon nanomaterialsf

Mikotaj Wieckowski, €2 *°® Marek Krélikowski, (2° tukasz Scheller® and

Marzena Dzida (2 ©

Cold thermal energy storage is an issue of increasing importance on a global scale particularly in the format
of passive thermal protection. This study presents three eutectic Phase Change Materials (€PCMs) composed
of n-alkanes, which provide passive temperature control (their operation is automatically induced by
exceeding the limit temperature without the need for a control system) around 4 °C (277.2 + 2 K) and are
chemically neutral. The solid-liquid equilibrium (SLE) in the following binary systems was investigated:
{n-tetradecane + n-heptadecane}, {n-tetradecane + n-nonadecane}, {n-tetradecane + n-heneicosane},
allowing the determination of two ePCMs with enthalpies close to 220 J g~* and one significantly lower
(1555 J g~ Y. Moreover, two solid-liquid-liquid equilibrium (SLLE) phase diagrams were determined for
systems: {n-tetradecane + 1,6-hexanediol} and {n-tetradecane + 1,12-dodecanediol}. In addition, the work
provides a systematic analysis of the problem of designing ePCMs with specific properties and the aspects
that need to be considered. The possibility of predicting the parameters of eutectic mixtures using the
UNIFAC (Do) equation and the equation of ideal solubility was verified. A method for predicting the enthalpy
of melting of eutectic was also proposed and confronted with the results of DSC analysis. Thermodynamic
studies have been supplemented with measurements and correlation of experimental data of ePCMs density
and dynamic viscosity as a function of temperature. The final issue is the improvement of the thermal
conductivity of paraffins by the addition of nanomaterials such as Single Wall Carbon Nanotubes (SWCNTs),
Expandable Graphite (GIC) or Expanded Graphite (EG). The possibility of forming a long-lasting composite
material composed of ePCMs and 1 wt% of SWCNTs with a thermal conductivity significantly higher
compared to pure ePCMs has been proven via stability testing under operating conditions.

exchange at the condenser. However, given the diurnal variation
in temperature, energy savings can be achieved by using thermal

After previous energy crises in the 1970s and 1980s caused by
turmoil in the oil markets, the time of the energy crisis related
to gas supply constraints has arrived." Under these circum-
stances, we note that countries are paying particular attention
to diversifying their fuel suppliers and deepening their energy
independence. Considering the climate changes that have been
taking place in recent times, it is important to look for solutions
that provide low temperature conditions at a low cost. The energy
consumption of compressor refrigerators (which are the main
refrigeration technology) is directly dependent on the temperature
of the heat receiver, so care must be taken to ensure good heat
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energy stores that produce cold during the night and use it during
the day.”

Phase-change materials, PCMs, are either effective thermal
energy stores (both heat and cold) or passive temperature
controllers (as they stabilize the temperature without human
intervention or control). When discharging PCMs, there is no
threat of significant overcooling below the material’s melting
point when cooling products, nor is there any risk of burns
when heating, as the temperature of the medium does not
significantly exceed the crystallisation temperature. For this
reason, PCMs, in comparison to other thermal energy storage
(TES) systems, can be used without concerns for the protection
of materials that are sensitive to minute changes in tempera-
ture; however, to ensure this protection, it is necessary to select
a PCM with the desired conversion temperature. For this
purpose, research is being conducted on eutectic phase change
materials (ePCMs), which allow the use of compounds from a
group with desirable properties while having an unfavourable
melting temperature.
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As paraffins in the role of PCMs are characterised by an
almost 100% efficiency with simultaneously practically unlim-
ited service time, they represent environmentally friendly and
efficient accumulators of thermal energy. It is also important to
note their high availability and low cost due to the large scale of
production in petroleum refining processes. Companies currently
supplying PCMs in bulk quantities to the Chinese market offer the
reagents investigated in this paper at prices ranging from $2 to
$15 per kilogram, which, considering the long lifetime, seems
beneficial. The main advantages of long-chain alkanes include
their chemical inactivity and ease of crystallisation resulting in
negligible sub-cooling while having a very high latent heat value.
In the case of long-chain n-alkanes, the energetic effect of crystal-
lisation is related to a lowering of the system entropy as a result of
the formation of a highly organised crystalline structure resulting
from weak but multiplied van der Waals interactions and dihy-
drogen bonds (C-H- - -H-C).?

In order not to lose the high enthalpy of fusion at the ePCM
formation stage, it is necessary to select components with
positive interactions resulting in a positive mixing enthalpy
value. Blending two alkanes together results in a negligibly
small negative deviation from ideality due to entropic effects.
In order to obtain positive deviations, an alkane can be com-
bined with, for example, an alcohol or carboxylic acid, and such
systems have been quite intensively studied.””® In contrast, a
poorly explored niche so far are diols and in particular, due to
their lower propensity to undercool, o,w-diols.””® The presence
of two hydroxyl groups at the terminal positions of o, w-diols
gives them the possibility of energetically favourable packing of
the crystal lattice using strong hydrogen interactions resulting
in a much higher energy effect of the phase transformation
than for an alkane of similar size. Considering the favourable
effect of positive deviations on latent heat, in the present work
an ePCMs composed of an alkane and an o,w-diols was
attempted in addition to the two-alkane systems.

The main problem observed with organic PCMs is their low
thermal conductivity resulting in the inertia of the heat stores and
temperature stabilizers made from them. The default solution is
to increase the heat transfer surface area and therefore to use
various types of metal ribbed heat exchangers'”*" or to place PCM
in porous materials with high thermal conductivity.”>> Among
the most extensively studied additives with high thermal conduc-
tivity are carbon nanotubes (CNTs) whose small addition in the
form of a suspension (nanofluid) repeatedly improves thermal
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density.'>"® Alternatively, the investigated nanomaterial is
expanded graphite (EG), whose production by expansion (thermal
decomposition) of exfoliated graphite (expandable graphite) is
much simpler, resulting in its lower price.'*' In addition to
thermal conductivity, the key properties of functional materials
are the values of their physicochemical parameters such as
density (which reflects energy storage density) and viscosity
(crucial for hydraulic transport processes and reducing the inertia
of phase transformations). The coefficients of thermal expansion,
determined from the mathematical description, allow the design
of suitable vessels resistant to unsealing.

Considering the practical nature of the undertaken research,
it seems important to propose theoretical methods for selecting
PCMs with the expected properties. For this reason, the appro-
priateness of using selected mathematical models for estimat-
ing the composition and melting enthalpy of eutectic with the
expected melting point was experimentally verified.

2. Materials and methods

2.1. Chemicals and materials

The reagents used in this study were applied without additional
purification and the purity grades were assumed according to
the specifications declared by the supplier (Table 1). Alkanes
and diols exhibited a narrow melting point range (below 0.3 K)
and a water content of no greater than 1000 ppm for diols and
less than 20 ppm for alkanes. Expandable graphite (Graphite
intercalation compound, GIC) was expanded by heating it at
520 K under nitrogen flow for 30 min resulting in expanded
graphite, EG.*?

2.2. Solid-liquid phase equilibrium measurements

The course of the liquidus curves was determined using a
highly accurate dynamic (synthetic) method, in which the
sample is subjected to slow heating (slower than 2 K h™*) and
the temperature at which the last fragment of the second phase
(solid or liquid) disappears is recorded. The investigated samples
were prepared by weighing the components on an analytical
scale with an accuracy of 1 x 10™* g (u(x) =5 x 10~*) and then
sealed in a vessel containing a stirring bar. The temperature of
the system, measured using a calibrated P 750 (DOSTMANN
electronic GmbH) thermometer, had an error of no more than
u(T) = 0.05 K. A detailed description of the method can be found

properties with negligible degradation of the stored heat in our previous works.®***

Table 1 Specifications of chemicals

Compound, abbreviation M (g mol ™) CAS number Supplier Mass fraction purity
n-Tetradecane, C14 198.39 629-59-4 Alfa Aesar 0.99

n-Heptadecane, C17 240.47 629-78-7 Alfa Aesar 0.99

n-Nonadecane, C19 268.52 629-92-5 Sigma-Aldrich 0.99

n-Heneicosane, C21 296.58 629-94-7 Fluka 0.99

1,6-Hexanediol 118.17 629-11-8 Aldrich 0.99
1,12-Dodecanediol 202.33 5675-51-4 Acros organics 0.98

Single-wall carbon nanotubes, SWCNTs — — OCSiAl 0.994 (in dry matter)
Expandable graphite, GIC — — Aldrich 0.995
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2.3. Differential scanning calorimetry, DSC

Values for the heat effects of phase transitions (AH) and the
temperatures of polymorphic transformations were determined
using differential scanning calorimetry, DSC. A DSC 1 STARe
(Mettler Toledo) calorimeter operating in a heat-flux mode with
liquid nitrogen cooling system had been adjusted prior to
measurements using a series of high-purity compounds according
to the procedure described in our previous work.® The standard
error of the onset temperature #(7) = 0.4 K and the relative error of
the heat effects u,(AH) = 0.03 were determined for measurements
carried out with a heating rate of 2 K min~" or 5 K min™ ', as
indicated by the thermograms. For the study of mixtures, samples
of approximately 2 mL were first prepared by weighing the
components with a composition accuracy of u(x) = 5 x 10 %
followed by melting and thorough mixing. In liquid form, about
10 mg of the mixture was weighed out with an accuracy of 2 x
107> g and sealed in a tight aluminium vessel under ambient
atmosphere.

2.4. Density and viscosity measurements

Density measurements of eutectic mixtures (EM) in the liquid
phase were carried out using an Anton Paar GmbH DMA
4500 M oscillating densimeter (Graz, Austria) with two built-
in Pt 100 thermometers providing a temperature uncertainty of
u(T) = 0.01 K. The experiments were carried out at atmospheric
pressure p = 100 kPa, with u(p) = 5 kPa. The precision of the
instrument, taking into account correction for viscosity, is 1 x
107" g em?, while considering the calibration performed using
standards provided by the supplier and the purity of the
reagents used in the tests, the relative error of the density is
u(p) = 0.001.>° Viscosity was measured using a DVNext-LV cone/
plate rheometer from AMETEK Brookfield (Middleboro, USA)
with a relative uncertainty of dynamic viscosity of u.(17) = 0.03.
Viscosity error was determined using standards: APN26E and
APN75 from Paragon Scientific Ltd and n-tetradecane (Alfa Aesar,
purity >99%). All measurements were carried out at an atmo-
spheric pressure of p = 100 kPa, (x(p) = 5 kPa) and the tempera-
ture uncertainty is %(7) = 0.1 K. In both cases, samples prepared
according to the procedure described for DSC were examined.

2.5. Composite stability examination

Composite systems consisting of solid carbon material and
ePCM were prepared by weighing a presumed portion of the
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Table 3 SLE experimental data points measured under p = 100 kPa

x; T/K X T/K X T/K
{C14 (1) + C17 (2)} {C14 (1) + C19 (2)} {C14 (1) + C21 (2)}
0.0000 295.30 0.0000 305.14 0.0000 313.57
0.0350 294.69 0.1209 303.10 0.0427 312.82
0.0664 294.15 0.2149 301.16 0.1085 311.50
0.1164 293.31 0.2768 299.86 0.1469 310.92
0.1638 292.45 0.3441 298.41 0.1852 310.15
0.2142 291.54 0.4022 297.01 0.2204 309.45
0.2600 290.62 0.4563 295.65 0.2376 309.14
0.3027 289.71 0.4688 295.14 0.2636 308.64
0.3488 288.67 0.4743 294.98 0.2894 307.98
0.4002 287.55 0.4949 294.40 0.3210 307.45
0.4358 286.68 0.5133 294.07 0.3602 306.54
0.4709 285.76 0.5229 293.98 0.3862 305.83
0.5068 284.76 0.5625 293.06 0.4154 305.36
0.5456 283.75 0.6115 291.64 0.4485 304.61
0.5885 282.56 0.6560 290.29 0.4634 304.41
0.6310 281.30 0.6940 289.03 0.5185 303.22
0.6687 280.37 0.7267 287.78 0.5575 302.31
0.7079 279.16 0.7714 285.78 0.5952 301.38
0.7559 277.86 0.8097 283.76 0.6337 300.25
0.7975 276.73 0.8409 281.94 0.6583 299.55
0.8245 276.24 0.8784 279.02 0.6815 298.81
0.8389 276.56 0.8893 277.94 0.7089 297.79
0.8588 276.89 0.9042 277.57 0.7427 296.42
0.9034 277.58 0.9174 277.80 0.7745 295.05
0.9369 278.09 0.9340 278.01 0.7969 294.01
0.9623 278.52 0.9538 278.32 0.8168 292.95
0.9850 278.85 1.0000 279.15 0.8343 291.90
1.0000 279.15 0.8533 290.66
0.8707 289.36
0.8898 287.78
0.9044 286.37
0.9181 284.84
0.9394 281.94
0.9431 281.20
0.9481 280.30
0.9516 279.65
0.9554 278.86
0.9576 278.56
0.9628 278.62
0.9692 278.76
0.9772 278.83
0.9833 278.97
0.9930 279.08
1.0000 279.15

Standard uncertainties are: u(x) =5 x 10~*, u(T) = 0.05 K, u(p) = 5 kPa.

powder (SWCNT, GIC or EG) on an analytical scale and then
filling with ePCM previously prepared according to the same
procedure as described for DSC measurements. Samples con-
taining a (C14 + C17) EM with SWCNTS (0.1%, 0.3%, 0.5% and

Table2 Thermal properties of the investigated compounds: melting temperature (T¢,s) and enthalpy (Ag,sH), phase transition onset temperature (T,,) and

enthalpy (AyH) under p = 100 kPa

Compound Trus/K AgusH/K] mol ™! T/K AgH/K] mol ™

c14° 279.15%, 278.4%, 278.7%° 44.7°, 45.07%* — —

C17 295.30%, 295.4%, 295.1% 39.9%, 39.4,2° 38.7,° 40.17%* 284.6%, 284.27%° 10.7%, 10.94°°

C19 305.14%, 305.3%, 304.75%° 44.7°, 42,72 47.4%* 296.1%, 294.8%° 12.9%,12.7,2° 13.75%7
c21 313.57%, 313.6%, 313.60%° 45.8%, 46.6° 305.67, 304.3%° 16.1%, 15.7%°
1,6-Hexanediol® 315.189, 315.3%, 315 26.1%, 25.5%8 — —
1,12-Dodecanediol® 353.35% 353.5%, 352.35%2 52.8%, 51.2%° — —

Uncertainties are: “ Dynamic method: %(T) = 0.05 K, u(p) = 5 kPa. ? DSC: u(T) = 0.4 K, u(Ag,sH) = 0.03. DSC thermograms are available in ESI.
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1% by weight), GICs (10% and 75% by weight) and EG (0.5%,
5%, 10% by weight) were prepared. Prior to testing, the samples
were vacuumed to remove air from the porous materials and
then, after sealing, homogenised in an ultrasonic cleaner at
298.2 K for one hour. The propensity of the melted systems to
sediment under isothermal conditions was tested first. Samples
were placed in a thermostat at 298.2 K for 50 days after which
the photographs were taken. Then, after re-homogenisation,
the vessels were subjected to a series of 1000 temperature cycles
to assess the stability of the suspensions during PCM operation.
Samples were cooled to 269.2 K, held at this temperature for
10 min and then heated to 283.2 K and also held for 10 min.
During the measurement the temperature of the water bath in
which the samples were immersed was recorded. The full
description of experiment with the apparatus scheme was pub-
lished in our previous publication.® The appearance of the
composites after 1000 cycles.

2.6. Thermal conductivity

The liquid-phase thermal conductivity (1) was measured by
transient hot-wire method according to the ASTM D7896-19
standard using a THW-L2 thermal conductivity meter (Thermtest
Inc., Canada). Samples of approximately 30 mL were prepared by
weighing an ePCM and carbonaceous materials on an analytical
scale (according to the same procedure as above). Prior to
measurement, the samples were placed in a vacuum chamber at
338.2 K to remove air and then homogenised in an ultrasonic
bath at 338.2 K for one hour. Composite systems containing
SWCNTs at 1 wt% and EGs at 10 wt%, as well as ePCM without
additives, were investigated to compare the change in thermal
conductivity of the ePCM. A detailed description of the measure-
ment methodology is included in our previous publication.®
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Fig. 1 Solid — liquid phase equilibrium diagram for system {C14 (1) + C17
(2)} under pressure p = 100 kPa. Points — dynamic method experimental
data, blue lines — DSC thermograms (heating rate 2 K min™), black solid
lines — borders of phase existence according to experiment, dotted lines —
probable course of equilibria curves.
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3. Results and discussion
3.1 Solid-liquid phase equilibrium

The results of the solid-liquid phase equilibrium (SLE) mea-
surements using the dynamic method are summarized in
numerical form in Table 3 and presented graphically as dots
in Fig. 1-3.

SLE measurements for the system {C14 (1) + C17 (2)} gave a
liquidus curve representing a simple eutectic with a single
monotonicity change point corresponding to the eutectic point.

310 T T T T T T T T T

L+p;

270 . . . . A ) .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X1
Fig. 2 Solid - liquid phase equilibrium diagram for system {C14 (1) + C19
(2)} under pressure p = 100 kPa. Points — dynamic method experimental
data, blue lines — DSC thermograms (heating rate 2 K min~?), black solid
lines — borders of phase existence according to experiment.

agt+
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X1

Fig. 3 Solid — liquid phase equilibrium diagram for system {C14 (1) + C21
(2)} under pressure p = 100 kPa. Points — dynamic method experimental
data, blue lines — DSC thermograms (heating rate 2 K min~?), black solid
lines — borders of phase existence according to experiment.

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp01377d

Open Access Article. Published on 19 June 2023. Downloaded on 2/15/2026 8:57:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

Table 4 SLE and LLE experimental data points measured under p = 100 kPa

X1

Tsie/K

Trs/K

X1

Tsre/K

Trs/K

{C14 (1) + 1,6-hexanediol (2)}

0.0000
0.0118
0.0672
0.1686
0.2888
0.3817
0.6529
0.0013
0.0027
0.0048
0.8796
0.9444
0.9577
0.9774
1.0000

315.18
315.06
315.09
315.11
315.10
315.11
315.04
315.14
315.08
315.12
314.96
314.23
314.05
313.69
279.15

>365
>365
>365
>365
>365
>365
>365
>365
>365
>365
>365
>365
>365

{C14 (1) + 1,12-dodecanediol (2)}

0.0000
0.0646
0.1054
0.1595
0.6825
0.8538
0.9338
0.9911
0.9962
1.0000

353.35
352.62
352.23
352.12
352.12
352.03
351.90
351.03
342.78
279.15

356.32
>365
>365
>365
>365

357.65

Standard uncertainties are: u(x) =5 x 10~*, u(T) = 0.05 K, u(p) = 5 kPa.

In the case of the {C14 (1) + C19 (2)} and {C14 (1) + C21 (2)}
systems, in addition to the minimum, an inflection in the
solubility line of the odd n-alkanes was observed. In the {C14
(1) + C21 (2)} system, the temperature of inflection (305.6 K)
corresponds to the C21 polymorphic transition, suggesting that
a pure alkane, rather than its solid solution, is present in
equilibrium with the saturated solution. The {C14 (1) + C19
(2)} system, containing alkanes with a smaller chain length
difference, despite the different crystal structure showed a
slight decrease in the C19 solid-solid phase transition tem-
perature, which is 296.1 K for pure C19 and is observed at
294.4 X on the liquidus. The dependence of the polymorphic
transition temperature on the composition of the system shows
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w 330 : ]
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N
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that the solid phase present in equilibrium with the saturated
solution is not pure C19, but its solid solution. The minor
difference in the length of the n-alkanes leads, in the case of the
{C14 (1) + C17 (2)} system, to a complete lack of inflection on the
C17 liquidus despite the existing polymorphic transformation of
pure C17 at 284.5 K and suggests the presence of a solid solution
in this system over a significant range of concentration. In order
to confirm the hypothesis, it was necessary to investigate the
thermal effects accompanying the heating of samples with
different ratios of C14 to odd n-alkanes.

The DSC thermograms plotted in blue on the phase diagrams
confirm the composition dependency of the polymorphic trans-
formation temperature and the melting temperature of the eutec-
tic, while the small values of the thermal effects of these
transformations do not allow a complete phase diagram to be
explicitly determined using DSC. The continuous black lines
represent relationships resulting from the DSC, while the dashed
lines show the probable course of the boundaries of occurrence of
the individual phases. The proposed phase diagram is consistent
with studies carried out for the similar system {C16 + C17},>%*’
in which all the phases: f (triclinic of C14 and C16), oy (hexa-
gonal of C17 occurring at higher temperatures) and f, (orthor-
hombic of C17 at temperatures below the polymorphic transition
temperature)®® form solid solutions in specific concentration
ranges. The results of the DSC analysis of the remaining systems
give no reason to suspect the presence of solid solutions in
significant molar fraction ranges, and confirm the formation of
simple eutectic systems by pairs of even alkanes with odd ones at a
difference in aliphatic chain length of more than 3 carbon atoms.

Phase equilibrium investigations in alkane-diol systems
(Table 4) revealed a very broad liquid-liquid equilibrium region

B

T T T T T T T T T i
! I
370 | L+1 |
L | |
| i
+ L
350 F /%
A~A A A A A A/
\\\ // 4
M 330 F gup I
=
310
S+S
290 ]
A
270 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 09 1.0
X1

Fig. 4 Solid - liquid — liquid phase equilibrium diagram for systems: A — {C14 (1) + 1,6-hexanediol (2)} and B — {C14 (1) + 1,12-dodecanediol (2)} under
pressure p = 100 kPa. Points — dynamic method experimental data: A — SLE and B - LLE. Solid lines as guides to the eye for SLE and dotted lines for

probable course of LLE.
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313
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293
288
283
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Fig. 5 Liquidus curves of systems: @ — {C14 (1) + C17 (2)}, ¢ — {C14 (1) +
C19 (2)}, A - {C14 (1) + C21 (2)}. Points represent experimental data, solid
lines — NRTL correlation, dashed lines — UNIFAC (Do) prediction, dotted
lines — ideal solubility.

that, in the case of the {C14 (1) + 1,6-hexanediol (2)} system,
covered the entire range of tested compositions, and for the
{C14 (1) + 1,12-dodecanediol (2)} system covered molar frac-
tions x; from 0.1 to 0.99 (Fig. 4).

The observed results are a consequence of very significant
positive deviations from ideal behaviour leading to a miscibility
gap in the liquid phase. Achieving the eutectic point requires
the use of either a geminal, vicinal or very long o, w-diol as well
as a monohydroxy alcohol, which in contrast have lower
enthalpies of melting and a higher propensity to overcool.

All liquidus curves were correlated using the NRTL equation
(Fig. 5) and compared with the prediction using the ideal
solubility equation and the modified (Dortmund) UNIFAC
equation (UNIFAC (Do)). The used values of the surface and
volumetric parameters R and Q are included in Table S1 in
ESI.{ In each case, small positive deviations from ideality are
visible and the curves predicted by both equations are
equivalent.

The consistency of the UNIFAC (Do) results and ideal
solubility is due to UNIFAC model’s omission of interactions
between CH; and CH, groups belonging to the same CH, main
group. In a situation when the residual part of the calculated
activity coefficient is equal to zero, deviations from ideality are
influenced only by the combinatorial term. However, the geo-
metric similarity of the CH, and CH; groups in most of the
composition range (through y = 1) reduces the equation form to
ideal solubility. The negligible effect of the difference in the
surface parameters (Q) is noticeable only for y, values near the
eutectic composition.

In all systems except {C14 (1) + C17 (2)}, where the error due
to the formation of a solid solution is noticeable, it is unne-
cessary to determine the eutectic point experimentally in order
to use as an ePCM (Table 5).
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Table 5 NRTL correlation parameters and AAD of NRTL correlation and
UNIFAC (Do) prediction

{C14 (1) + C17 (2)} {C14 (1) + C19 (2)} {C14 (1) + C21 (2)}

NRTL, 015 = 031 = 0.30

812-821] 1311.33 851.03 837.04

mol*

Zo1=811/] 37.08 —302.76 —72.78

mol*

AAD/K 0.23 0.10 0.09

UNIFAC (Do)

AAD/K 1.06 0.87 1.26
Yexn — Y

Average absolute deviation, AAD = M, where n — number

n
of points.
3.2. Latent heat examination

The results of the thermal analysis of n-alkanes are presented in
Fig. S1-S4 in ESL{ The polymorphic transformation of C21, in
comparison with the other investigated odd alkanes, occurs in
a wider temperature range (the peak is broadened and uneven),
which results in a less visible change in the monotonicity of the
liquidus and blurred thermograms plotted on the phase dia-
gram (Fig. 3). The temperature and transformation enthalpies
of the pure components obtained in this work are compared
with literature values in Table 2, while the properties of the
obtained ePCMs are summarised in Table 6.

The eutectic compositions determined from the SLE experi-
mental data were used to prepare the samples for DSC analysis,
the thermograms of which, together with a full description, are
presented in ESL{ in Fig. S5-S7. Among the ePCMs studied, the
(C14 + C17) EM has the lowest latent heat value (Fig. 6), which
is a direct result of the solid solutions presence in this system
(Fig. 1).

According to the phase diagram presented in Fig. 1, in
contrast to the other two ePCMs, the solid (C14 + C17) EM is
not composed of crystals of the individual components, but of
their solid solutions. As crystal lattice of the solid solution has a
higher entropy than that of the pure alkane, its formation
during crystallisation results in a minor entropy difference with
respect to the liquid solution (Ag,sS). The difference in ordering
in the solid phases implies the melting enthalpy value of the
eutectic mixture according to the relation for the isobaric
process: Ag,sH = T-AgysS and results in a minor amount of heat
that such an ePCM can store.

Knowing the composition and the melting temperature of the
eutectic mixture (from experiment or predictive calculations), it

Table 6 Thermal properties of EMs under pressure p = 100 kPa: compo-
sition (xq), temperature (Ty,s) and enthalpy (Ag,sH) of fusion

Abbreviation ~ System X Trusy T /K Ao HJ g "

(C14 + C17) EM {C14 (1) + C17 (2)} 0.8149 275.91%, 275.6" 155.5"
(C14 + C19) EM {C14 (1) + C19 (2)} 0.8963 277.28%, 276.2° 217.4°
(C14 + C21) EM {C14 (1) + C21 (2)} 0.9574 278.56°, 277.6" 221.9°

Uncertainties are: u(x;) =5 x 10™*, u(p) = 5 kPa.  Dynamic method: «(T) =
0.05 K. ? DSC: 4(T82%) = 0.4 K, u,(AgsH) = 0.03.
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Fig. 6 Comparison of ePCM melting and solidification DSC thermograms

recorded under ambient pressure and with the heating rate 2 K min™t.

is possible to predict the thermal effect associated with its
melting. The following equation, taking into account the tem-
perature dependence of the enthalpy of melting of the compo-
nents, is most commonly found in the literature.>**°

AwsHi (o0 s gy TE
AfusI—IE = TE ' zl:xi|: Tfus- + (Cp’ N Cpi) In Tfus- (1)

where: Tg — eutectic temperature, C]E,_ and C}S,,_ - respectively, the
specific heat capacity of the liquid and solid phases of compo-
nent i. In order for the above equation to be applicable to
compounds exhibiting a polymorphic transition, it should be
supplemented with the expression A, H;/T;. In recent publica-
tions, the authors propose to perform an entropy balance
starting with crystals of the two components with a eutectic
ratio and ending with the molten mixture at the same, eutectic
temperature.’® This approach takes into account the entropy of
mixing of the ideal solution, but requires knowledge of the C,, of
the liquid eutectic mixture (or the application of mixing rules for
the regular solution) and is not an intuitive way to include
imperfections in the system. According to the above, and bearing
in mind that the total enthalpy change does not depend on the
path of the transformation, we propose an enthalpy balance
based on the thermodynamic cycle described in ESI,f and
summarized as follows.

Ao Hi =3 xi [ AnsHi+ A Hi+ (Ch = €3, ) (T = Tiuy)| + AR

i ©)

A prerequisite for the application of the above and previous
calculations is that the investigated compounds form simple
eutectic systems, Ze. systems in which no solid solution is
present, and the liquid solution is in equilibrium with the pure
solid component. In the case of a phase transition in a solid in
the temperature range under study, the enthalpy of the poly-
morphic transition (A.H;) should be included in the above
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Fig. 7 Experimental enthalpy as a function of fusion temperature of n-
alkanes: B — C14, m - C17 m - C19, W - C21, and eutectic mixtures: @ —
(C14 + C17) EM, ¢ - (C14 + C19) EM, A - (C14 + C21) EM. Points marked
as open symbols represent data calculated using eqgn (2).

expression. On the other hand, due to the negligible difference
in the heat capacity of the two solid phases of the same
compound, it is justified to omit the distinction of the C]S,[ of
the two polymorphic forms.

Only in the case of the {C14 + C17} system there is noticeable
difference between the calculated and experimental values that
exceeds the measurement error, and this is a further confirma-
tion of the presence of solid solutions in this system (Fig. 7). In
all cases, the actual values of melting enthalpy are lower than
the calculated ones, indicating very small negative values of the
excess enthalpy of mixing (AH").

3.3. Density and viscosity

The density (p) of the EMs has been measured in the tempera-
ture range from 283.15 to 353.15 K and for all samples it
reaches similar values, typical of paraffins, i.e. 0.76 g cm™> at
298.15 K. While the density of pure n-alkanes increases with an
increase in molecular weight, the density of their eutectic
mixtures drops with the difference in length of the aliphatic
chains, i.e. the (C14 + C17) EM has the highest density and the
(C14 + C21) EM exhibits the lowest. This relationship is a direct
result of the C14 content of the investigated mixtures (Fig. 8).

The experimental points included in Table 7 were correlated
using eqn (3), the parameters of which are included in Table 9.

p = poe T T, =29815K 3)

The coefficient of isobaric thermal expansion (xp) of the tested
mixtures assumes values characteristic of paraffins («p = 9.5 X
107 K.

The relationships observed for the density measurements,
are also fulfilled by the dynamic viscosity () of the tested
ePCMs presented in Fig. 9 and Table 8. The highest viscosity
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Table 8 Experimental values of the dynamic viscosity (3) of EMs as a
function of temperature, under pressure p = 100 kPa

3

plg ecm™ n/mPa s
T/K {C14 (1) + C17 (2)} {C14 (1) +C17 (2)} {C14(1)+C17 (2)} T/K {C14 (1) + C17 (2)} {c14 (1) +C17 (2)} {C14 (1) + C17 (2)}
X1 0.8149 0.8963 0.9574 X1 0.8149 0.8963 0.9574
283.15 0.7731 0.7729 0.7717 288.2 2.89 2.87 2.68
288.15 0.7696 0.7694 0.7682 298.2 2.30 2.28 2.20
293.15 0.7661 0.7659 0.7647 308.2 1.87 1.84 1.76
298.15 0.7626 0.7624 0.7611 318.2 1.57 1.53 1.47
303.15 0.7590 0.7588 0.7576 328.2 1.34 1.31 1.28
308.15 0.7555 0.7553 0.7541 338.2 1.15 1.12 1.08
313.15 0.7520 0.7518 0.7505 348.2 0.98 0.95 0.93
318.15 0.7485 0.7483 0.7470
323.15 0.7450 0.7448 0.7435 Standard uncertainties are: u(T) =0.1K, u(p) =5 kPa, u(xl) =5 X 1074;
328.15 0.7415 0.7413 0.7400 relative standard uncertainty for viscosity is (1) = 0.03.
333.15 0.7379 0.7377 0.7364
338.15 0.7344 0.7342 0.7329
343.15 0.7309 0.7307 0.7293
348.15 0.7273 0.7271 0.7258 X . L .
353.15 0.7238 0.7236 0.7222 Table 9 Correlation parameters of the density and dynamic viscosity of EMs

Standard uncertainties are: «(T) = 0.01 K, u(p) = 5 kPa, u(x;) =5 x 107%
relative standard uncertainty of density is u.(p) = 0.001.

is exhibited by the (C14 + C17) EM and the lowest viscosity by
(C14 + C21) EM, while the viscosity of pure C14 is lower than
that of the above mixtures (black squares in the Fig. 9). The
above differences are not significant from a practical point of
view, but they allow the properties of other mixtures consisting
of n-alkanes to be predicted.

The experimental data of dynamic viscosity were correlated
using the following two-parameter De Guzman-Andrade
equation.’”

In[y/(mPas)] =4+ TBK ()

0.77

0.76

0.75

p/gem3

0.74

0.73

0.72 1 L L a
280 300 320 340 360

T/K
Fig. 8 Density (p) of EMs as a function of temperature: @ — (C14 + C17)
EM, ¢ - (C14 + C19) EM, A - (C14 + C21) EM in comparison with B — C14
density. Points correspond with experimental values, solid lines — correla-
tion with egn (3). The parameters of the equation used are given in Table 9.
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plg em™® n/mPa s
10* x  10* x RMSD/ RMSD/
EM polg em™> op/K' gem™? A B mPa s
C14 + C17 0.76255 9.41 1.6 —5.229 —1809.8 0.02
C14 + C19 0.76234 9.42 1.6 —5.398 —1857.0 0.02
C14 + C21 0.76110 9.46 1.7 —5.229 —1791.0 0.02

z (Yexp - Ycal)2
n—k
number of points, k - number of adjustable parameters (k = 2).

Root-mean-square deviation, RMSD = , where n -

3.4. Carbon doped PCMs

In order to improve the thermal conductivity of paraffins, an
attempt has been made to create composite materials in which

2.9

24

1.9

7 / mPa-s

1.4

0.9 1 1 1
285 305 325 345

T/K
Fig. 9 Dynamic viscosity () of EMs as a function of temperature: @ —
(C14 + C17) EM, ¢ - (C14 + C19) EM, A - (C14 + C21) EM in comparison
with B — C14 viscosity. Points correspond with experimental values, solid
lines — correlation with eqn (4). The parameters of the equation used are
given in Table 9.
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Table 10 Observations of PCM composites stability under isothermal conditions after 50 days and during cyclisation

SWCNTs GIC EG

0.1 wt% 0.3 wt% 0.5 wt% 1.0 wt% 10 wt% 75 wt% 0.5 wt% 5.0 wt% 10 wt% Fig. 10
Isothermal at 298.2 K for 50 days st. st. st. st. l st. T T st. B
After 20 cycles of melting and crystallization 1 i st. st. l st. Tl Tl st. —
After 1000 cycles of melting and crystallization 1] 11 st. st. l st. Tl Tl Tl C

a lightweight material with a high thermal conductivity value is
suspended in the PCM. Predominant among such are carbon
nanomaterials having structured graphene planes. In order for
the vibrations of the carbon network to be able to transmit
energy over long distances, carbon nanotubes with a high
length-to-diameter ratio were chosen. Nanofluids based on
SWCNTs are frequently studied in the literature, while their
dominant disadvantage is their price. A cheaper alternative
seems to be EG, which can be easily produced on a large scale.
Due to the very similar properties of all blends, (C14 + C17) EM
was chosen to study composite systems. The macroscopic
stability of the proposed nanofluids was first investigated.
Mixtures containing different mass percentages of SWCNTs
(0.1%, 0.3%, 0.5%, 1.0%), GIC (10% and 75%) and EG (0.5%,
5.0%, 10%) were maintained at 298.2 K after preparation
according to the procedure described above.

Table 10 contains the observations made before and after 50
days of testing. All nanofluids containing SWCNTs showed
stability during the experiment. The GICs started to sediment
almost immediately, only the use of a solid material as high as
the liquid column guarantees the stability of the material. A
more developed surface area and a lower density of EG allows
the material to be stable under isothermal conditions using no
less than 10 wt% EG, samples with a lower content are
characterised by EG floating to the liquid surface. The appear-
ance of the samples before testing (A), after 50 days at 298.2 K

SWCNT GIC EG

0.1 0.3 0.5 1.0 10 75 0.5 5.0 10
wt%

wt% wt%  wt% wt% wt% wt% wt%  wt%

Fig. 10 Samples of (C14 + C17) EM with carbon additives: A — after
homogenization, B — after 50 days at 298.2 K, C — after 1000 cycles of
melting and crystallisation.

This journal is © the Owner Societies 2023

(B) and after 1000 cycles of melting and crystallisation (C) is
illustrated in Fig. 10.

Another aspect investigated was the stability of the nanofluids
under PCM operating conditions, ie. at cyclically varying tem-
peratures. The same samples after 1000 cycles of melting and
crystallisation showed the stability of the SWCNTs nanofluids
with a content above 0.5 wt%, and at lower concentrations solids
were observed to float to the liquid surface. For the GICs, no
differences were observed compared to isothermal conditions,
and for all samples containing EG, complete separation of the
carbonaceous material from the liquid was observed. The obser-
vations are only valid for the situation where free space is present
above the mixture, while this is a necessary condition to protect
against the negative effects of thermal expansion.

Considering the inhomogeneous nature of the suspensions,
it is not possible to take a representative sample for DSC analysis
after the composites stability testing. Therefore, only the liquid
fraction of samples was taken to evaluate the stability of the
thermal effect. On the example of the composite containing
1 wt% of SWCNTs, it was found that there was no influence of
the series of 1000 melting and crystallization on the temperature
and thermal effect of the transition. The differences in measured
values do not exceed the error of the measurement method. No
influence of variable parameters on the studied system results
from the inert nature of alkanes, which are thermally stable in

0.35

+99%
0.30

A/ WemK)!

(C14+C17) EM

1 wt% SWCNTs 10 wt%EG

Fig. 11 Thermal conductivity (1) of (C14 + C17) EM, with addition of 1 wt%
SWCNTSs and with 10 wt% of EG at T = 298.2 K (blue) and T = 338.2 K (red)
and under ambient pressure.
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Table 11 Thermal conductivity (1) of (C14 + C17) EM, with SWCNTs and
EG under p = 0.100 MPa

7, SD/W (m K)~*

((314 + C17) EM 1 wt% SWCNT 10 wt% EG
T/K Mean SD Mean SD Mean SD
298.2 0.144 0.000 0.226 0.001 0.287 0.001
338.2 0.135 0.002 0.221 0.000 0.246 0.001

Uncertainties are: u,(2) = 0.05, u(T) = 0.1 K, u(p) = 0.005 MPa, standard

deviation SD =

the studied temperature range and do not react with the added
carbon materials. In addition, both SWCNTs and EG show
chemical passivity towards most materials.

The suspensions containing 1 wt% SWCNTs and 10 wt% EG
were selected out for thermal conductivity measurements and
compared with (C14 + C17) EM. For all samples, the thermal
conductivity at higher temperature takes on lower values and
for EM these values are comparable to those of C14 (lciq =
0137 W (m K) " at 2982 K and /14 = 0130 W (m K) " at 3382 K).*?

An addition of SWCNTs at an amount as low as 1% increases
the thermal conductivity by about 50%, while achieving the
same effect with EG probably requires the use of around 6-8 wt%,
since a 10% addition results in an increase of no more than 100%
(Fig. 11). Apart from the matter of the costs of using these
additives, an important aspect is the reduction of the heat storage
density, which will be decreased to an imperceptible extent with a
content of 1% SWCNTs (Table 11).

4. Conclusions

In the present work, three binary ePCMs containing a n-
tetradecane and an odd n-alkane with melting points around
4 °C (277.2 £+ 2 K) are proposed. The melting temperatures are
suitable for their use in the thermal stabilisation of sensitive
materials such as tissues, foods and drugs. The heat storage
density, and therefore the amount of heat that can be absorbed
before the temperature of the material rises, exceeds 200 J g~
in two cases. The formation of ePCMs allows the melting
temperature to be adjusted while maintaining a high latent
heat: (C14 + C19) EM has an enthalpy of melting of 217.4 J g *
at Tgs = 276.2 K, while in comparison, C14 with a similar
melting point (Trs = 278.4 K) has a latent heat of 225.3 J g ".
Among the three examined systems, only {C14 (1) + C17 (2)}
forms a solid solution, which is due to the small difference in
length of the aliphatic chains and therefore negatively affects
the heat of fusion of such a mixture, which is 155.5 ] gfi. Thus,
when designing an ePCM, it is necessary to take into account
the possibility of various processes occurring in the solid phase
causing modification of its physical properties and failure to
fulfil the model assumptions.

While relying on the favourable effects of the existence of
positive deviations from ideality in the designed ePCMs, it must
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be borne in mind that very significant deviations lead to the
occurrence of a miscibility gap in the liquid phase, making it
impossible to obtain the expected eutectic. Accordingly, the
attempt to form ePCMs from n-alkanes and o w-diols (both
groups are distinguished by a very high latent heat value) failed
due to the miscibility gap in the liquid phase occurring over a
wide range of compositions.

The application of carbon nanomaterials like SWCNTs
allows for a significant improvement in the conductivity of
ePCMs, which is a prerequisite to ensure efficient response to
temperature changes. SWCNTs suspensions in alkanes are
stable under isothermal conditions at nanomaterial contents
as low as 0.1 wt%, while the negative effect of cyclic melting and
crystallisation on the stability of nanofluids ceases to be notice-
able at SWCNTs contents above 0.5 wt%. The flame retardant
properties of GICs unfortunately do not cooperate with the
possibility of using expandable graphite as a heat transfer
medium due to the large density difference. The stability of
such a material is only possible after the formation of a paste in
which the GIC is saturated with PCM. The behaviour of nano-
fluids with EG is similar, as the low density of porous EG causes
it to flow onto the surface of the molten PCM. Of the additives
tested, SWCNTs have the highest ability to increase thermal
conductivity.
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