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Enhancement of heat capacity and thermal conductivity with the dispersion of graphene nanoparticles into low-
temperature eutectic salt was investigated. Three different nanoparticle concentrations (0.01, 0.05 & 0.1 wt. %)
were dispersed into a eutectic salt mixture composed of 5.66% NaNOs, 21.25% KNO3, 24.75% Ca(NO3),, 41%
CsNO3, & 7.34% LiNO3 by weight. The results show that the graphene doping resulted in enhanced heat capacity
ranging from 5 to 13%, whereas thermal conductivity increased marginally by “3%, with respect to graphene

concentration. Various theoretical models were tested to predict the thermal conductivity and heat capacity of
the graphene-doped eutectic salt. The Maxwell and Hamilton-Crosser thermal conductivity models showed good
agreement with experimental results, with a deviation of = 3%, while Nan’s thermal conductivity model over-
predicted the thermal conductivity value. The conventional heat capacity equation fits well with the experi-
mental data, with deviation < 14%.

1. Introduction

It is evident that fossil fuels are a non-renewable source of energy.
As global energy demand and consumption continue to increase with
modernization, finding alternate sources of energy has become in-
evitable. To balance the rapid increase in global energy consumption,
we need to utilise renewable energy. There are many available re-
newable energy resources, such as solar, wind, geothermal and tidal
energy, etc. Among these, solar energy is the most abundant, clean and
easily available source of energy with an estimated 380 YW (1 Y =
10%%) of energy radiated by the sun [1]. To harness the solar energy
many power plants have been constructed, for example, the Andasol
and Arsenal power plants in Spain produce approximate energy of
158 GW h/yr, using parabolic trough collector technologies [2,3]. All
the parabolic trough collectors use a 2-tank indirect heat exchange

mechanism. In the first tank, a heat transfer fluid (HTF) such as eutectic
salt is used. After melting, it flows from the collectors to a heat ex-
changer tank. In the second tank, water is used to produce steam, which
is used to drive the turbine. Thus, by effectively utilising HTF, depen-
dence on fossil fuels for electricity production can be reduced. HTF also
functions as thermal energy storage (TES) material, and stores energy
for a longer duration of time [4-6]. Eutectic salt is TES materials that
include salts of hydrates, nitrates, and carbonates, and their eutectic
mixtures. Eutectic salt possesses high thermal cycling stability; they are
inexpensive and widely available. However, eutectic salts are slightly
corrosive in nature and have low thermo-physical properties such as
thermal conductivity [7-11].

Previous studies clearly demonstrate an enhancement in thermo-
physical properties with the dispersion of nanomaterials in medium-
high-temperature eutectic salt [12]. Andreu-Cabedo et al. [13]
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Table 1

Mass composition of nitrate salts.
Salt Amount (g)
NaNO3 0.566
KNO3 2.125
LiNO; 0.734
CsNO3 4.1
CaNO3 2.475

dispersed silica (1 wt. %) nanoparticles in solar salt (60 wt. % NaNO5
and 40 wt. % KNO3) and reported a 25.03% enhancement in specific
HC. Li et al. [14] obtained a 30% enhancement in specific heat capacity
using HITEC salt (7 wt. % NaNOg, 40 wt. % NaNO,, and 53 wt. % KNO3)
by dispersing Sn/SiO, (5wt. %) core-shell nanoparticles. Jo and
Banerjee [15] claimed 40% (solid phase) and 57% (liquid phase) en-
hanced specific heat capacity by dispersing GE (0.1 wt. %) in binary
carbonate salt (62:38 Li,CO3:K,CO3 by molar ratio). Thus, by disper-
sing nanomaterials in eutectic salt, thermal energy per unit volume can
be increased significantly.

There are several theoretical models proposed for enhanced heat
capacity. Critical analysis of heat capacity models has been performed
by Khanafer et al. [16]. Various models have been presented for pre-
dicting the heat capacity of nanofluids [17]. The theoretical model
described in Eq. (1) is based on the thermal equilibrium equation be-
tween the particle and base fluid [18].

pnp¢anP,"P + pf¢f CF’J
Pnp¢np + Pf¢f (1)

Comg =

where p,,;, and p¢ are the densities of nanoparticle and base fluid. ¢
and ¢ ¢ are the volume fractions of nanoparticle and base fluid, while
Cpn Cpr and G, are the heat capacity of nanofluid, base fluid and
nanoparticle, respectively.

Eastman and coworker reported a dispersion of 5vol. % CuO na-
noparticles in water enhanced the thermal conductivity by 60% [19].
Another study reports that a 0.5% mass fraction of carbon nanotube
(CNT) dispersed in glycol shows an 18% enhancement in thermal
conductivity [20]. Many theories have been proposed to explain this
anomalous enhancement in thermal conductivity, such as Brownian
motion, nanoparticle clustering, uniform dispersion, liquid layers
around nanoparticles [21,22]. Theoretical analysis for predicting en-
hanced thermal conductivity has been performed here by using the
Maxwell, Hamilton-Crosser, and Nan models. Eq.s (2) and (3) represent
the Maxwell and Hamilton-Crosser models.
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K, + 2K, + 2(K, — K)¢
keﬂ' = b

K, + 2K, — (K, — Kp)¢ 2)

where K, and K, are the thermal conductivity of the nanoparticle and
base fluid respectively, ¢ is the nanoparticle volume fraction and K is
the effective thermal conductivity [23]. The Hamilton-Crosser model is
a traditional model for predicting the thermal conductivity of hetero-
geneous solutions [24].

Ky + (1 = DKy = (s = D$Ky ~Kp)
K, + (n,— DK + (K — K,) 7 3)

Ko =

where K, K¢ and K are the thermal conductivity of the nanoparticles,
thermal conductivity base fluid and the effective thermal conductivity
of the nanofluid, respectively, ng is the shape factor and ¢ is the na-
noparticle volume fraction.

In analyzing the thermal behavior of the heterogeneous solution,
Nan et al. [25] developed a new model for measuring the effective
thermal conductivity of nanofluids, as shown in Eq.s (4) and (5) below.

34 ¢[28,,(1 — L) + B33(1 — L33)]
3 - ¢(2511L11 + 5331433) (4)

Ky =

5 = Kp — Ky
Y Ky + Li(Kp — Kyp) (5)
where K is the effective thermal conductivity. L;; is the aspect ratio of
graphene, and K, and Ky represent the thermal conductivity of the
nanoparticle and base fluid, respectively.

This work focuses on two objectives: (i) the selection of low-
melting-point eutectic salt, and (ii) enhancing the thermal properties of
the selected eutectic salt. In this work, a eutectic mixture was selected
on the basis of (i) its low melting point of 65 °C, (ii) it's high thermal
stability > 500 °C, and (iii) its heat capacity > 1.18 J/g. °C. Although
there are other eutectic mixtures, such as are given in Ahmed et al.
[12], the advantages of using CsNOj are that: (i) it reduces melting
point, viscosity, and maximizes the operating temperature of the eu-
tectic mixture, and (ii) the heat capacity of CsNO3; will increase with
respect to temperature [26]. The main disadvantage of using CsNO3 is
that the overall cost of the eutectic mixture increases. The combination
of selected nitrate salts (NaNOs, KNO3, LiNO3, CsNO3 and CaNO3) were
the focus of this study as it can be applied to both low and high tem-
perature heat transfer applications [27]. Further, graphene sheets were
selected as doping material because of their high thermal properties
[28].

0.1 wt. % graphene
+ base salt

0.05 wt. % graphene
+ base salt

0.01 wt. % graphene base salt

+ base salt

Fig. 1. Photograph of synthesized base salt along with dispersion of graphene concentrations.
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Fig. 2. HC of base salt mixed with different concentrations of grapheme.

Table 2

Enhanced heat capacity values with various concentrations of graphene in base eutectic salt.

Salt with various concentration of GE Lowest HC Highest HC value Average HC Enhanced HC
base salt 1.19 at 25°C 1.38 at 185°C 1.26 -
0.01 wt. % 1.25 at 25°C 1.45 at 190 °C 1.34 5.065%
0.05wt. % 1.28 at 25°C 1.48 at 193°C 1.39 7.525%
0.1 wt. % 1.36 at 25°C 1.56 at 191°C 1.46 13.169%
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Fig. 3. Comparison of theoretical and experimental heat capacity with three concentrations of graphene (0.01, 0.05 and 0.1 wt. %).

2. Experimental procedure

Nitrate salts (NaNOs, KNO3, LiNO3, CsNO3; and CaNOs) were pro-
cured from Sigma Aldrich, Germany. Multilayered graphene sheets of
size 60 nm were purchased from Graphene Supermarket, USA. Each salt
was mixed in the appropriate ratio to synthesize 10 gm of eutectic salt,
as shown in Table 1 [29]. The resultant eutectic salt was dissolved in
50 ml of deionized water with continuous stirring until all the salt was
completely dissolved. Nano-suspensions were prepared by dispersing

0.01, 0.05 and 0.1 wt. % graphene into the eutectic salt.

The graphene nano-suspensions were ultra-sonicated using UP400S
Hielscher ultrasound technology for 3h, with a 5-min interval after
every half hour of sonication. Amplitude and sweep cycle were main-
tained at 50% and 5 s, respectively. Afterward, the nano-suspension was
heated on a hotplate at a constant temperature of 200 °C to vaporize the
deionized water. The resultant sample was collected as shown in Fig. 1
and characterized for thermal properties as described in later sections.
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Fig. 4. (a), (c), (e), (g) are SEM and (b), (d), (f) and (h) are BSE images of base salt, 0.01 wt. %, 0.05wt. % and 0.1 wt. % doped, graphene respectively.

3. Characterizations and lids were used for DSC measurement. The samples were heated at
10 °C/min to 350 °C, to obtain HC values of the sample. The thermal

Heat Capacity was measured using a differential scanning calori- properties of the eutectic salt dispersed with various concentrations of
meter (DSC) (TA instrument, Q2000 model) under a nitrogen atmo- graphene were measured using thermogravimetric analysis (TGA)
sphere, with a flow rate of 20 ml/min. Tzero Hermetic aluminum pans (Mettler Toledo, STARe model). All eutectic salts were heated under a
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Fig. 5. (a), (c), (e) and (g) are SEM images, where EDX pattern had scanned. (b), (d), (f) and (h) are the EDX pattern of the base salt and with different concentrations
of graphene.
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Fig. 6. Differential thermogravimetric analysis curve of base salt with different concentrations of graphene.
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Fig. 7. Thermal conductivity of base eutectic salt with different concentrations of graphene (0.01, 0.05 and 0.1 wt. %).

nitrogen atmosphere from room temperature to 500 °C, with a ramp
rate of 10°C/min. FESEM (Quanta 400 F model) was used for mor-
phological studies of base and graphene dispersed eutectic salt. Energy-
dispersive X-ray (EDX) spectrometry was used for the elemental com-
position of the samples using Oxford Instruments (INCA 400 with X-
max detector). Thermal conductivity of the samples was measured
using a KD2 Pro thermal properties analyzer. The KD2 Pro equipment
was programmed to get thermal conductivity readings every 15 min.
However, limitations of the KD2 Pro thermal properties analyzer are
that it operates within a temperature range of -50 to 150 °C. In this
study, the sample temperature was not increased above 80 °C due to the
large deviation in the thermal conductivity values (> 0.0099) due to
convection. It is required to keep the sample stationary and stable
during the measurement. Therefore, the temperature range for thermal
conductivity studies was restricted between 30-80 °C. For every tem-
perature, three readings were recorded, and the mean of these readings
was noted.

4. Results and discussion
4.1. Differential scanning calorimeter

Fig. 2 shows the effect of graphene concentration on the heat ca-
pacity of base eutectic salt. It was observed that heat capacity was in-
creased with increasing concentration of graphene. The average en-
hancement in heat capacity varied from 5 to 13%, with respect to
graphene concentration. The heat capacity obtained for various samples
is tabulated in Table 2, as shown below.

From Table 2, it is clear that heat capacity is a linear function of
graphene concentration. The enhanced heat capacity of nano-suspen-
sions is due to the following reasons: (i) reduced inter-crystal spacing
due to the presence of graphene, (ii) a new mechanism of semi-solid
behavior was expected to appear at the interaction between graphene
and eutectic salt. This semi-solid behavior possesses high thermal
properties than liquid [30].

4.1.1. Theoretical analysis of heat capacity
Fig. 3 gives a comparison of theoretical and experimental analyses
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Fig. 8. Comparison of experimental thermal conductivity results with the Maxwell and Hamilton-Crosser models with respect to graphene concentration at room

temperature.

Table 3

List of variables used in Maxwell and Hamilton-Crosser models.
Variable Value
Kp 5200 W/m.K
Kf 0.307 W/m.K
) (1075) 1.34751, 6.73721 and 13.4735
ng 375

of heat capacity. The density and heat capacity of the eutectic salt was
measured to be 2.708 g/cm® and 1.19 J/g. °C and the density and heat
capacity of graphene used were 2 g/cm® and 0.71 J/g. °C respectively.
The density of the eutectic salt was measured using the conventional
(mass/volume) method.

The experimental values are in good agreement with the theoretical
values, having deviations of 4.44%, 6.58% and 13.60% for 0.01, 0.05
and 0.1 wt. % graphene, respectively. This deviation occurred because
the above model does not take into consideration temperature,

0.9

thickness, or size of the graphene. However, the authors suggest that
improvement in Eq. (1) can be achieved by superposition of the in-
dividual heat capacity of the base fluids and nanomaterial.

4.2. Field emission scanning Electron microscope (FESEM)

Fig. 4 shows scanning electron microscope (SEM) and back-scat-
tered electron (BSE) images of the base salt and the graphene-doped
eutectic salt. Generally, BSE is used for identifying various elements in
the samples through contrast differences. From Fig. 4, it can be ob-
served that all the samples absorbed moisture while placed in the
FESEM chamber. As all nitrate salts are hygroscopic in nature, and
eutectic mixing of nitrate salts makes their hygroscopic nature more
drastic, it was difficult to obtain clear SEM and BSE images of the
samples.

4.2.1. Energy dispersive X-ray (EDX) analysis
From the BSE characterizations, the contrast difference between the
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0.4 1
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Fig. 9. Comparison of experimental results with Nan’s model prediction for 0.01, 0.05 and 0.1 wt. % of graphene concentrations at room temperature.
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various elements cannot be clearly seen, due to the hygroscopic nature
of eutectic salt. Therefore, EDX was used for determining the elemental
composition of the samples. The purple line in Fig. 5 is the area scanned
for EDX analysis. From the peaks, it was found that all elements of
eutectic salt are available, except Li. As EDX detects elements heavier
than Be, it can also be observed through weight composition that the
carbon (C) quantity was very low for the base salt. Gradually, the
amount of carbon was increased with respect to the graphene con-
centration.

4.3. Differential thermogravimetric analysis

Differential thermogravimetric analysis (DTGA) of the base eutectic
salt with different concentrations (0.01, 0.05 and 0.1 wt. %) of gra-
phene is shown in Fig. 6. The first change in peak occurred due to glass
transition (solid to liquid) of eutectic salt at 65 °C. The second weight
loss peak around 80 °C was due to the evaporation of the moisture
content. Based on DTGA results, all eutectic and graphene doped eu-
tectic salt’s endothermic reaction started in the range from 65 to 70 °C.
After the endothermic reaction, the peak recovers, which means that
there was no decomposition of any nitrate salt. Phase changes of eu-
tectic salt and graphene doped eutectic salt are at 65 °C. This means that
the various concentration of graphene in eutectic salt did not undergo
phase transition process. It was eutectic salt that accounted for any
changes in phase transition. From Fig. 6, it was also observed that all
the synthesized eutectic salts were thermally stable up to 500 °C.
Therefore, it could be inferred that the eutectic salts could be safely
used within a range of 500 °C. Similar results were also reported by
Wang et al. [31] for LiINO3—-NaNO3;-KNO; ternary system.

4.4. Thermal conductivity

The effect of the graphene addition upon thermal conductivity is
depicted in Fig. 7. The thermal conductivity of the base salt decreased
with increasing temperature. With the addition of 0.01 wt. % graphene
in the eutectic salt, initially the thermal conductivity decreased until
50 °C, remained almost constant up to 70 °C, and started to increase
from 70 °C. However, the enhanced thermal conductivity for 0.05 and
0.1 wt. % graphene compared to the base salt depicted a similar trend of
the initial decrease in thermal conductivity with temperature until
70°C and started to increase after 70 °C. There was an increase in
thermal conductivity enhancement by 1.32 and 2.31% with doping
graphene of 0.05 and 0.1 wt. %, respectively. The improvement in
thermal conductivity was due to the high thermal conductivity and
Brownian motion of the graphene [32]. Another reason for the im-
provement in thermal conductivity was due to the percolation network
of graphene at higher concentration [33]. Several thermal conductivity
models, like Maxwell’s, Hamilton-Crosser’s, and Nan’s models, are also
discussed in later sections.

4.4.1. Maxwell and Hamilton-Crosser models

Predicting the thermal conductivity values of eutectic salt doped
with graphene are studied here using the Maxwell and Hamilton-
Crosser models. Fig. 8 shows the comparison between the effective
thermal conductivity of the Maxwell model, the Hamilton-Crosser
model, and experimental results at room temperature. Table 3 shows a
list of variables and their values used in the theoretical models. It was
observed that both the Maxwell and Hamilton-Crosser models are very
close to the experimental results. The deviation of error for both the
Maxwell and Hamilton-Crosser models is between * 3%. These two
models take into consideration the individual thermal conductivity and
volume fraction values, making them more robust with better accuracy.
Khanafer and Vafai [34] observed that the Hamilton-Crosser model
gives a good prediction of thermal conductivity with a volume fraction
of nanomaterials < 4%. Hence, predicting the thermal conductivity
values of eutectic salt doped with graphene is in good agreement with
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experimental results. Authors point out that the accuracy of predicted
thermal conductivity values increases if the measured thermal con-
ductivity values taken in a liquid state.

4.4.2. Nan model of thermal conductivity

Nan et al. [25] have developed a thermal conductivity model for
CNT-based fluids, as presented in Eq.s (4) and (5). In Nan’s model, the
aspect ratio of graphene was used. Fig. 9 shows a comparison of Nan’s
model with measured experimental results at room temperature. It was
observed that Nan’s model significantly over-predicted the experi-
mental data. The error of deviation exponentially increased with re-
spect to the addition of graphene concentration. This discrepancy was
because of the graphene sheet thickness, as Nan’s model does not take
graphene thickness into consideration. Another reason for the enhanced
thermal conductivity of Nan’s model was that Eq. (4) is largely de-
pendent on the change in volume fraction [35]. Furthermore, Nan’s
model also does not account the effect of temperature, Brownian mo-
tion and other underlying mechanisms which limits the Nan’s model
being applied under this case.

5. Conclusion

This study has focused on investigating the thermal properties of
low-temperature eutectic salt doped with three different concentrations
of graphene. Dispersing 0.01, 0.05 and 0.1 wt. % of graphene in the
base eutectic salt led to enhanced heat capacity by 5.065, 7.525, and
13.169%, respectively. This enhancement in heat capacity with the
addition of graphene was due to the reduced inter-layer spacing be-
tween eutectic salt molecules. The conventional theoretical model of
heat capacity was in good agreement with the experimental results, as
the error of deviation was < = 14. Moreover, enhancement of 1.32
and 2.31% in TC was observed with the addition of 0.05 and 0.1 wt. %
graphene, respectively. This enhanced thermal conductivity is due to
the Brownian motion and percolation network of the graphene. Further,
various theoretical thermal conductivity models were used to predict
the experimental thermal conductivity values. The Maxwell and
Hamilton-Crosser models were found to be in good agreement with
experimental results. However, Nan’s model did not fit the experi-
mental results. Thus, enhancement in thermal properties of graphene
doped eutectic salt makes it a feasible option to use as TES material
than base eutectic salt.
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