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Development of a New Method for Synthesizing HITEC
Salt-Based Alumina Nanofluids

Desarrollo de un nuevo método de sintesis de nanofluidos de alimina a
base de sal HITEC

Marllory Isaza-Ruiz !, and Francisco Bolivar-Osorio?

ABSTRACT

This study presents a new two-step method to synthesize molten salt-based nanofluids by replacing water with butanol and using
an Emax high-energy mill to ensure good stability and homogeneity. Commercial HITEC molten salt was selected as the base fluid,
and alumina nanoparticles (nominal size of 5,1 nm) were used as an additive in three different proportions: 0,5, 1,0, and 1,5 wt.%.
The specific heat capacity was evaluated through two different methods: differential scanning calorimetry (DSC) and modulated
differential scanning calorimetry (MDSC). According to the evaluation by MDSC, an increment of up to 4,27% in the specific heat
capacity was achieved with 1,0 wt.% of alumina nanoparticles in comparison with the raw salt, without affecting the melting point
and thermal stability of the salt. This behavior may be related to the good distribution of the nanoparticles in the salt. However, no
significant improvement in the specific heat capacity of the nanofluid was observed when the standard DSC method was applied.
This behavior may be due to the different sensitivities of the two methods to small changes in the sample, with MDSC being the
more sensitive technique, as it establishes the contribution of the two phases that make up the nanofluid: the molten salt as the base
fluid and the solid nanoparticles. Similarly, the heating rate used in each of the techniques can influence the sensitivity with regard
to determining changes in nanofluids.
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RESUMEN

Este estudio presenta un nuevo método de dos pasos para sintetizar nanofluidos a base de sales fundidas reemplazando el agua
por butanol y utilizando un molino de alta energia Emax para garantizar una buena estabilidad y homogeneidad. Se seleccioné la
sal fundida comercial HITEC como fluido base y se utilizaron nanoparticulas de alimina (tamafio nominal de 5,1 nm) como aditivo
en tres proporciones diferentes: 0,5, 1,0 y 1,5 % en peso. La capacidad calorifica especifica se evalué mediante dos métodos
diferentes: calorimetria diferencial de barrido (DSC) y calorimetria diferencial de barrido modulada (MDSC). Segun la evaluacion
por MDSC, se logr6 un incremento de hasta 4,27 % en la capacidad calorifica especifica con 1,0 % en peso de nanoparticulas de
alimina en comparacion con la sal pura, sin afectar el punto de fusion y estabilidad térmica de la sal. Este comportamiento puede
estar relacionado con la buena distribucion de las nanoparticulas en la sal. Sin embargo, no se observé una mejora significativa en
la capacidad calorifica especifica del nanofluido cuando se aplicé el método estandar de DSC. Este comportamiento puede deberse
a las diferentes sensibilidades de los dos métodos a pequeiios cambios en la muestra, siendo MDSC la técnica mas sensible, ya que
establece el aporte de las dos fases que componen el nanofluido: la sal fundida como fluido base y las nanoparticulas sdlidas. Del
mismo modo, la velocidad de calentamiento utilizada en cada una de las técnicas puede influir en la sensibilidad para determinar
cambios en los nanofluidos.
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Introduction

Due to global energy shortages and the unstable energy
supply, as well as to concerns over environmental pollution,
renewable energies have drawn the attention of researchers
as a way to obtain sustainable energy sources. Concentrated
solar power energy (CSP) stands out among the renewable
energies that have been studied thanks to its advancing
development and annual production, reaching 6,2 GW in
2020 (REN21, 2021). Nevertheless, as a result of the sun’s
intermittency, it is necessary to use a profitable storage
system with which is possible to increase the efficiency
and conservation of energy as well as the competitiveness
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of CSP compared to traditional sources. To improve the
thermodynamic cycles of solar thermal energy, the use of
heat transfer fluids (HTF) based on organic substances such
as oils has been replaced with the use of molten salts such
as nitrates and nitrites, given their high thermal stability,
low vapor pressure, chemical inertness, availability, and
profitability. However, these salts have low specific heat
capacity and low thermal conductivity, so they are still under
study (Serrano-Lopez et al., 2013).

The use of solid nanoparticles (less than 100 nm in size) to
obtain nanofluids with molten salt as base fluid —thereby
improving the thermal properties of the molten salt- has been
studied by several authors (Chieruzzi et al., 2017a; Hu et al.,
2017; Zhanget al., 2017). Ho and Pan (2017) showed that the
optimum amount to be added to commercial HITEC salt in
order to obtain the best properties was 0,063 wt.% of alumina
nanoparticles, through which an increase in the specific heat
capacity of 19,9% is obtained. In this study, it was shown
that, at higher concentrations of alumina, there is a decrease
in the specific heat capacity of the salt. Schuller et al. (2015),
on the other hand, proved that there is a parabolic relation
between the specific heat and the mass fraction of alumina
nanoparticles added to nitrate salts, obtaining a maximum
specific heat increase of 30,6% with a 0,78 wt.% of alumina.

Although there are several reports on the use of solid
additives to improve the properties of the salts used in
CSP (Mufioz-Sanchez, Nieto-Maestre, Imbuluzqueta, et
al., 2017; Schuller et al., 2015), only some reports (Betts,
2011; Mufoz-Sanchez, Nieto-Maestre, Imbuluzqueta, et
al., 2017) show the influence of the method on measuring
thermal properties, specifically heat capacity. Regarding
the synthesis method typically used for the preparation
of nanofluids based on molten salts, the most common is
the two-step method, the well-known dissolution method,
which includes water as a dispersion medium in the process.
For this reason, recent research has focused on improving
the method by making some modifications without affecting
the thermal properties of the nanofluid (Chen et al., 2019;
Chieruzzi et al., 2017b; Navarrete et al., 2020). In this
vein, different proposed methods including the ball mill
dry method and a spray drying method were evaluated by
Navarrete et al. (2020). Similarly, Chieruzzi et al. (2017b)
determined an increase in the specific heat capacity of up
to 18,6% with 1 wt.% of SiO,-Al,O, in Solar Salt at high
temperatures using a twin-screw micro-compounder. None
of these reports used commercial HITEC salt as base salt,
and they do not propose an entirely new synthesis method.

Therefore, considering the importance of developing new
synthesis methods as well as the current controversy
regarding the most suitable method to measure the specific
heat capacity (Cp) of molten salt, especially with nanoparticles
that are molten salt-based nanofluids (MSBNFs), this
work focuses on contributing to the understanding of
this property, mainly concerning the commercial molten
HITEC salt in comparison with MSBNFs with 0,5, 1,0, and
1,5 wt.%. Alumina nanoparticles were synthesized by means
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of a new two-step method. The specific heat capacity was
evaluated with both scanning differential calorimetry (DSC)
according to the ASTM E1269 (ASTM International, 2011)
and modulated scanning differential calorimetry (MDSC)
according to the ASTM E2716 (ASTM International, 2015).
On the other hand, the melting temperature was measured
via DSC, and the thermal stability with and without
nanoparticles was evaluated through thermogravimetric
analysis (TGA).

Materials and methods

Synthesis
Synthesis of ternary nitrate salt (HITEC)

Sodium nitrate (AR = 99,5% purity, Millipore Corporation),
sodium nitrite, and potassium nitrate (AR = 99,0% purity,
Millipore Corporation) were selected to prepare the
eutectic ternary nitrate salt known as HITEC. The eutectic
composition in the NaNO,-NaNO,-KNO, ternary salt system
was synthesized by means of weighted amounts of 7, 40,
and 53 mol.%, respectively, and mixing them uniformly in
a mortar. The mixtures were then heated in a furnace at a
constant heating rate of 5 °C/min from room temperature to
150 °C and held for 1 h until complete fusion was achieved
to form the eutectic salts. After that, a heating rate of 3 °C/
min to 270 °C and holding for 48 h were used to eliminate
the water in the mixture. Finally, two heating and cooling
cycles were carried out in a furnace in order to ensure
homogeneity in the mixture. Finally, the molten salts were
cooled rapidly and pulverized for future experiments.

Synthesis of molten salt-based nanofluids (MSBNFs)

To obtain a homogenous mixture between the molten salt
and the alumina nanoparticles, a new synthesis method
of the nitrate-nitrites molten salt-based nanofluids was
developed. Hence, after moisture elimination over 48 h at
270 °Cin afurnace, the HITEC molten salt was homogenized
and pulverized using a mortar for 20 min and an Emax high-
energy mill for 15 min at 300 rpm. Next, the pulverized
molten salt was mixed with the alumina nanoparticles (0,5,
1,0, and 1,5 wt.%), which had been previously suspended in
butanol and sonicated for at least one hour, using magnetic
agitation for 15 min. Finally, the mixture was subjected
to two heating and cooling cycles in order to ensure the
homogeneity of the MSBNFs and the complete elimination of
butanol, using cycles between 160 and 270°C with 1 h holds.
Figure 1 presents the new synthesis method, and Table 1
shows some thermal properties of HITEC and alumina.

Characterization
Transmission electron microscopy (TEM)

The size and shape of alumina nanoparticles were observed
with an electron transmission microscope (Tecnai F20 Super
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Figure 1. Synthesis method
Source: Authors

Twin, with a field emission source and a resolution of 0,1 nm
in 200 Kv TMP). Considering the low solubility of alumina in
butanol, the particles were dispersed in it. Then, an aliquot
was placed on a copper grid (Lacey carbon mesh 200) and
heated long enough to ensure solvent elimination.

Table 1. Thermal properties of HITEC and alumina

Property HITEC Alumina
Melti(r:gé)point 145,75 220(;;(:*
g /'E?éfif gg(t)y"c 1,51 0,79
Therm(a\lv(;zqnil)mtivity at g,()Z(;“OC) 16,7 (at 306,5°C)***

* (Vignarooban et al., 2015)
** (Larche, 1945)

*4+ (Myers et al., 2016)
Source: Authors

Structural analysis by scanning electron microscopy (SEM)

The samples were fixed on graphite tape, and a thin gold
coating (Au) was made using DENTON VACUUM Desk IV
equipment. The analysis was performed in a high-vacuum
scanning electron microscope (JEOL JSM 6490 LV) to obtain
high-resolution images. A secondary electron detector was
used to evaluate the morphology and topography of the
samples. The elemental analysis was carried out by energy-
dispersive X-ray spectroscopy (EDS; INCA PentaFETx3,
Oxford Instruments). SEM images were taken from the
pristine alumina and the MSBNFs after the DSC and MDSC
measurements in order to verify the presence of the
nanoparticles inside the molten salt, as well as to evaluate
the agglomeration.

Differential scanning calorimetric (DSC) analysis

The melting point of the base fluid and the MSBNFs was
measured using a differential scanning calorimeter (Q200,

TA Instruments, Inc.). An aluminum Tzero hermetic pan/
lid (TA instruments) was used to place the samples in
the DSC under a nitrogen atmosphere, and these were
analyzed using TA Universal Analyzer 2000, version 4,5 A.
The weighting amount for each mixture was around 20 mg
for both the base fluid and the MSBNFs. The measurement
started at room temperature and increased linearly by
10 °C/min up to 400 °C, reaching equilibrium at 40 °C.
The test had a sampling interval every 0,10 s/pt, and two
heating and cooling runs were performed to obtain a
homogeneous result.

The specific heat capacity of HITEC molten salt and the
MSBNFs was measured using two different methods. The
first method involved using the traditional differential
scanning calorimeter (DSC; Q200, TA Instrument, Inc.)
according to the ASTM E1269 standard (ASTM International,
2011). The samples were heated to 250 °C and held at this
temperature for 5 min in order to obtain a stable heat flux
signal, after which they were again heated to 350 °C at a rate
of 20 °C/min. The specific heat of the sample was obtained
according to (1), where m_,and m,_ are the standard
reference and sample masses, respectively:

Qsample - QO . m ref

C =
p, sample
Qref - QO

Cr (1M
msample

As a second method to measure the Cp of all samples, which
involved the modulated differential scanning calorimeter
(MDSC), was used according to the ASTM E2716 standard
(ASTM International, 2015), with the same equipment used
for the DSC analysis. This kind of method uses a sinusoidal
temperature oscillation instead of the traditional linear
ramp, which simultaneously provides the heat capacity of
the sample and the heat flow. The sample was heated to
250 °C and held at this temperature for 5 min in order to
obtain a stable heat flux signal. After that, the amplitude was
+ 0,50 °C every 130 s. Finally, the sample was heated again
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to 350 °C at 2 °C/min. The temperature evaluated regarding
the specific heat capacity for both methods was 300 °C, as it
is the temperature at which the salt is commonly maintained
in parabolic trough plants.

Thermogravimetric analysis

The thermal stability of pure eutectic salt and the MSBNFs
was determined by thermogravimetric analysis (TGA; Q500,
TA Instruments, Inc.) under a constant stream of nitrogen at
a flow rate of 50 ml/min, a temperature ramp of 15°C/min in
the range 25-800 °C, and an isotherm for 5 min. A platinum
crucible was used, with weights between 7 and 10 mg for
both the HITEC salt and the nanofluid.

Results

Morphology of alumina

The alumina used to synthesize the MSBNFs was obtained
from clay minerals by means of an acid leaching process,
followed by alkaline precipitation and an acidification
process, to finally calcine and obtain mainly delta-gamma
alumina with 98,5% purity. The complete procedure was
reported by Botero et al. (2020). Figure 2a and 2b show the
SEM and TEM images of the pristine alumina nanoparticles
used to elaborate the MSBNFs, respectively, and Figure
2c shows the size distribution (average size of 5,1 nm).
The regular shape can be observed in the SEM and TEM
images.

on: 195200kx

20kV _ X50,000 0.5pm

¢

Figure 2. Pristine alumina nanoparticles are used to elaborate the
MSBNFs: a) SEM image, b) TEM image, and c) the size distribution
Source: Authors
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Thermal stability

The results of the TGA experiments are summarized in Table
2 and Figure 3. In order to evaluate the thermal stability
of both the molten salt HITEC and the MSBNFs with 0,5,
1,0, and 1,5 wt.% of alumina nanoparticles, the maximum
stability temperature criterion was used when 3% of the
overall weight had been lost (Villada et al., 2019), whereby a
temperature of 300 °C was chosen as the initial temperature
at which the mass loss started. Based on this criterion, the
thermal stability of HITEC salt under the N, atmosphere was
626,48 °C, which is higher than the results reported in the
literature (about 454 °C, with a maximum of 535-538 °C)
(Chen et al., 2018), whereas the thermal stability for the
MSBNFs was higher than 636 °C. The discrepancies in the
thermal stability of pure HITEC salt have been explained by
Villada et al. (2018), and, in order to prevent the conversion
of nitrite ions into nitrate ones, HITEC salt should be in an
oxygen-free atmosphere. As it can be observed, pure HITEC
salt and MSBNFs exhibit a similar decomposition behavior,
with a slight increase in the maximum temperature of up to
2% with 1,5 wt.% of alumina nanoparticles. This behavior,
together with the reduced melting point, extends the
working temperature range of the material, which makes the
resulting mixture of potential interest for CSP applications.

Table 2. TGA results for HITEC and MSBNFs with 0,5, 1,0, and 1,5 wt.%
of alumina nanoparticles under a nitrogen atmosphere

Thermal Change
Sample decomposition  percentage
(o) (%)
HITEC (H) 626,48 -
H+0,5% ALO, 636,12 1,54
H+1,0% ALO, 636,93 1,67
H+1,5% ALO, 639,02 2,00

Source: Authors

Melting temperature

The melting temperature values of the HITEC molten salt
and the MSBNFs were obtained via DSC. Two heating and
cooling runs were carried out to avoid discrepancies in the
melting temperature produced by the hygroscopic property
of some nitrates. The first cycle was performed to achieve
the perfect incorporation of the mixture, and the results
from this sequence were not considered. The other cycle
was analyzed, and the data from these runs are reported in
Table 3.

onsidering previous reports made by Gimenez and Fereres
(2015) and Mohammad et al. (2017), the heating rate affects
the onset of melting, as well as the height and width of the
peaks and transition enthalpies. As both the base molten
salt (HITEC) and the nanofluids with the different alumina
nanoparticle concentrations are not pure materials, the
melting temperature of the sample is taken as the endset
temperature of the main endothermic peak at the DSC curve
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(Bonk et al., 2018). Therefore, according to the literature,
the melting point corresponding to the HITEC salt was
145,75 °C (Coastal Chemical Co. LLC, 2009; Fernandez et
al., 2015), and the endset point was 149,82 °C.

Table 3. Melting point of HITEC and MSBNFs with 0,5, 1,0, and
1,5 wt.% alumina nanoparticles

Melting

. Onset Endset
Sample point ¢C) cO)
(0
HITEC (H) 145,75 139,37 149,82
H+0,5% 145,42 137,13 148,88
ALO,
10,
H+1,0% 140,90 133,61 147,83
ALO,
(1)
H+1,5% 140,52 133,31 147,41
ALO,

Source: Authors

Figure 3. Decomposition temperature under N, atmosphere of the
pure HITEC salt and the MSBNFs with 0,5, 1,0 and 1,5 wt.% of alumina
nanoparticles

Source: Authors

The increase from 0,5 to 1,5 wt.% of alumina leads
to a reduction of the onset, endset, and melting point
temperatures. This effect was observed in all three
concentrations under study, but it was more evident for
1,5 wt.% of nanoparticles (up to 3,6% compared to the base
salt mixture). However, this behavior does not correspond to
the reports of some authors (Chieruzzi et al., 2013), in which
there is a higher enhancement of the thermal properties of
the molten salt with 1,0 wt.% and thermal properties start to
be negatively affected with a greater amount of nanoparticles.
In particular, the onset temperature decreased when Al,O,
was added. This means that the phase change occurs at a
lower temperature in comparison with the base salt, which
is a clear advantage for applications in CSP plants.

Specific heat capacity

The specific heat capacity of the MSBNFs synthesized
with HITEC as a base fluid and alumina nanoparticles with

a nominal size of 5,1 nm in three different proportions
(0,5, 1,0, and 1,5 wt.%) was determined by two different
methods: traditional differential scanning calorimetry (DSC)
according to the ASTM E1269 standard (ASTM International,
2011) and modulated differential scanning calorimetry
(MDSC) according to ASTM E2716 (ASTM International,
2015). The results shown in Table 4 correspond to the Cp
values at 300 °C, a temperature chosen since it is a normal
operating temperature in parabolic trough collectors at the
point where the salt is completely melted and without any
water content.

Table 4. Heat capacity results in DSC and MDSC

Heat Capacity
/g °C)
Sample - Ve -
DSC Relative MDSC Relative
error error

HITEC (H) 1,510 0,0871 1,510 0,0164
0y

H+0,5% 1,506 0,1817 1,549 0,0563
ALO,
10,

H+1,0% 08 01007 1,577 01192
ALO,
{17

H+1,5% 1,499 0,0670 1,565 0,0924
A|203

Source: Authors

To compare both methods and consider the ASTM E1269
and ASTM E2716 standards, Table 4 reports the average of
three different measurements of the same sample, ensuring
that the mass loss in every measure does not exceed 0,3%
of the initial mass. Therefore, the average deviation is small
compared to what is normally reported in the literature.
In this way, the result obtained by HITEC commercial
salt (1,51 J/g°C at 300 °C) was consistent with the value
reported by Kearney et al. (2002). On the other hand, the
good sensitivity and low uncertainty of the MDSC method
reported by Mufioz-Sanchez, Nieto-Maestre, Imbuluzqueta,
et al. (2017) are also demonstrated in this research.

It should be noted that the weighted amount for each
measurement performed was 20 mg in order to ensure
that, once melted, the sample remained at the center of the
crucible, thus establishing good contact between the sample
and the sensor throughout the test (Mufioz-Sanchez, Nieto-
Maestre, Imbuluzqueta, et al., 2017). As shown in Table 4,
the specific heat capacity of the MSBNFs evaluated through
the MDSC method increased along with the proportion of
nanoparticles: up to 4,56% with 1 wt.% of Al,O,, showing a
limit close to 1 wt.% of nanoparticles, with a slight reduction
of Cp with 1,5 wt.% of alumina. This behavior has been
demonstrated with other kinds of nanofluids, particularly
with commercial Solar Salt as base fluid (Awad et al., 2018;
Hu et al., 2019). On the other hand, this effect is not so
obvious when using standard DSC, where a similar increase
in Cp was obtained for all the percentages of nanoparticles
evaluated, with a maximum increase up to 0,53% with
1,0 wt.%. Furthermore, it is important to highlight that both
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methods were not applied at the same heating rate because
the norm for the traditional method was followed. However,
this difference in speed can lead to the MDSC method being
more sensitive than the traditional DSC.

The low increases in Cp obtained in this study compared
to those reported by other authors may be due to several
reasons. Firstly, the employed alumina was not 100%
pure, and some studies have reported that impurities in
the base salts can affect the thermophysical properties of
the MSBNFs (Mufioz-Sanchez, Nieto-Maestre, Guerreiro,
et al., 2017; Mufoz-Sanchez et al., 2018). The impurities
within the alumina can also have a negative effect on the
Cp of the MSBNFs, which is why this method must be
verified with 100% pure alumina. Secondly, the size of the
alumina was less than what is commonly used, although
some authors have indicated that nanoparticle size is not
a determining factor for the Cp value (Seo and Shin, 2016;
Tiznobaik and Shin, 2013), while others indicate that the Cp
is higher with larger nanoparticles (Dudda and Shin, 2013;
Lu and Huang, 2013). However, the specific heat has been
demonstrated to depend on the specific surface available,
and thus on the size of the agglomerates formed during
the production of the MSBNFs, as indicated by Andreu-
Cabedo et al. (2014). It should be noted that the size of the
agglomerates depends on the synthesis method, which may
imply that the improvement in the specific heat may be due
to the formation of agglomerates attributed to the use of
butanol, which, together with the high heating rate of the
DSC method, does not lead to an apparent improvement,
although it is possible to observe using the MDSC method
at a lower heating rate.

Finally, the new method is presented —which is used for the
first time— in which the nanoparticles are dispersed by butanol.
This process must be optimized and thoroughly evaluated in
order to understand its repercussions. However, the increase
of up to 4,56% in Cp shows that the method is suitable for
use in the synthesis of MSBNFS for thermal storage, with the
purpose of improving the efficiency of TES systems.

Considering the direct relationship between the behavior of
the specific heat capacity with the phase and structure of
the material, SEM was used to perform the microstructural
analysis of both the HITEC pure molten salt and the MSBNFs.
In the same way, the analysis of the degree of dispersion of
nanoparticles in the molten salt after the Cp evaluation using
both the DSC and MDSC methods was carried out using
SEM. Figure 4 shows the SEM images of the commercial
HITEC molten salt, and Figure 5 shows the SEM images
of the MSBNFs, with 5a, 5b, and 5c being the samples
evaluated by DSC, and 5d, 5e, and 5f corresponding to the
samples evaluated by MDSC.

However, neither the interconnecting network of
nanoparticles nor the needle-like structure were observed
in the nanofluids, factors reported by other authors as the
possible cause of Cp enhancement with nanoparticles (Shin
and Banerjee, 2014; Song et al., 2018). At the same time,
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Figure 4. SEM Images of pure commercial HITEC salt
Source: Authors

Figure 5. SEM images after DSC and MDSC evaluation. a, b, and c
represent samples that were evaluated by DSC with 0,5, 1,0, and
1,5 wt.% of alumina nanoparticles, respectively; and d, e, and f are
samples evaluated by MDSC with 0,5, 1,0, and 1,5 wt.% of alumina
nanoparticles, respectively.

Source: Authors

other authors have reported an enhancement in specific
heat capacity in the absence of a particular network, which
may be due to the fact that Cp is a structure-insensitive
property (Chieruzzi et al., 2017a; Myers et al., 2016).
Thus, it can be stated that these structures are not the only
factors affecting the increment of the specific heat capacity,
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and it is therefore necessary to evaluate other factors that
may explain the specific heat increase. By comparing the
SEM images of the base HITEC (Figure 4) with the MSBNFs
evaluated by DSC and MDSC (Figure 5), it is possible to
observe a reduction in the grain size as the proportion of
nanoparticles within it increases and the salt coalesces. It
could be said that the nanoparticles are fulfilling the role of
a nucleating agent. This could be linked to the increase in
Cp of the MSBNFs. A similar behavior has been reported by
other authors (Ho and Pan, 2014).

It is important to highlight that the microstructure of the
MSBNFs is independent of the technique used to evaluate
the specific heat capacity, be it DSC or MDSC. A similar
morphology was also observed by other authors in a similar
type of nanofluid (Chieruzzi et al., 2017a). Additionally,
this method has the advantage of replacing the water with
butanol, thus reducing the time of evaporation, and ensuring
a good suspension of the nanoparticles in the alcohol before
they mix with the molten salt. Possible explanations for this
behavior could be the use of high-energy milling at 300 rpm
for 15 minutes, which ensures good homogeneity of the
molten salt and good suspension of the nanoparticles in
the butanol before mixing with the molten salt; and thermal
cycling, which ensures good homogeneity in the final mixture.

Conclusions

In this study, a two-step method which replaces water
with butanol and uses an Emax high-energy mill to
prepare molten salt-based nanofluids is proposed. HITEC
molten salt was used as the base fluid with different mass
fractions of AL O, nanoparticles. The thermal properties,
namely melting point, specific heat capacity, and thermal
stability, of the commercial molten salt and the MSBNFs
were experimentally tested. The conclusions obtained are
presented in this section.

According to the results, it was possible to demonstrate the
viability of the synthesis of the molten salt-based nanofluids
through the aforementioned method, as evidenced in
the increase in specific heat capacity of up to 0,53%
when measured by DSC and of 4,57% when evaluated by
MDSC for 1,0 wt.% of alumina nanoparticles. The thermal
stability was not affected and a melting point reduction was
obtained for this sample. Similarly, a good distribution of the
nanoparticles was evident in all mass fractions of alumina,
especially in 1,0 wt.%, which showed a Cp higher than
the other compositions evaluated. Hence, it may be stated
that a better distribution of smaller aggregates tends to be
correlated with an increase in specific heat capacity.

The specific heat capacity (Cp) values of both the HITEC
commercial molten salt and the nanofluids were evaluated
by two different methods: traditional differential scanning
calorimetry (DSC) and modulated differential scanning
calorimetry (MDSC). The enhancement percentage measured
by the DSC method with all proportions of nanoparticles was

not significant in comparison with the Cp of the pure HITEC
salt. This behavior could indicate that there is no effect caused
by the addition of this type of nanoparticle, which contradicts
recent studies. On the other hand, the MDSC method
showed a greater variation in the enhancement percentage,
thus indicating that there is a positive effect attributable to
the nanoparticles, in addition to a greater sensitivity of this
technique to small changes in the sample, especially in non-
homogeneous samples such as nanofluids. This establishes
the contribution of the two phases that make up the nanofluid,
the molten salt as the base fluid and the solid nanoparticles. For
this reason, the MDSC technique could be more appropriate
for measuring this property in this type of sample. Similarly,
the heating rate used in each of the techniques can influence
the sensitivity to determine changes in nanofluids.

The good distribution of the nanoparticles, together with an
increase in specific heat capacity without affecting thermal
stability and a reduction in the melting point, demonstrate that
the proposed two-step method is viable for manufacturing
molten salt-based nanofluids while avoiding the use of water
and therefore its subsequent elimination, thus reducing costs
and production times, without having a great influence on
the dispersion and homogenization of the nanofluid. Hence,
the storage capacity of the nanofluid is increased to improve
the thermal storage systems of CSP plants.
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