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ABSTRACT  

 

Concentrating Solar Power plants (CSP) is part of the technologies recently developed as one 

of the alternatives to provide for the high energy demands and the consumption of fossil 

sources. The main advantage of the CSP plants is the Thermal Energy Storage system (TES) 

which allows the production of electricity even in the absence of sunlight, achieving a 

reduction of the Levelized Cost of Energy (LCOE) up to 46% in 2018 compared to the value 

for 2010. However, the LCOE is still high in comparison with other renewable energies; 

therefore, researches on the subject focuses on reducing this value and making CSP 

technology more competitive. Molten salt-based nanofluids (MSBNFs), a stable colloidal 

suspension of nanomaterials with average sizes < 100 nm in molten salt, have aroused great 

interest thanks to the significant improvement to the low thermophysical properties of the 

molten salt currently used as storage fluids in TES or heat transfer fluid (HTF) increase in 

thermal properties. The specific heat capacity of the molten salt is typically less than 

2 J/(g°C) and thermal conductivity less than ~1 W/(m K). However, there is still no 

consensus regarding the percentage of increase in the thermal properties of nanofluids as well 

as the mechanisms responsible that. 

For this reason, this doctoral thesis focuses on the understanding of the effect of nanoparticles 

on MSBNFs by using Hitec salt as the base fluid and alumina nanoparticles as an additive at 

three different concentrations, 0.5, 1.0 and 1.5 wt.%, seeking not only to establish the effect 

on the specific heat capacity but also the aggressiveness of the salt towards metals. In the 

same way, a new method for the synthesis of MSBNFs is established by replacing the water 

of the traditional two-step method with butanol in order to guarantee the suspension of the 

nanoparticles and, in turn, the homogenization of the system. Hence, the thermal 

characterization, specific heat capacity evaluated by Modulated Differential Scanning 

Calorimetry, the melting point for Differential Scanning Calorimetry and the thermal 

decomposition obtained by Thermogravimetric analysis are presented, as well as the 

evaluation of the corrosive behavior of both the pure salt and the nanofluid with the highest 

specific heat capacity obtained on an austenitic stainless steel AISI 304, in a test up to 2000 h 

at 550°C, employing two reactors designed to have temperature control, controlled 
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atmosphere, and continuous mechanical agitation. The thermal and chemical stability of the 

pure Hitec and the molten salt-based nanofluid during the corrosive behavior evaluation is 

reported.  

The results showed a significant increase of the specific heat capacity in all the evaluated 

samples, up to 18.74% with the traditional two-step method and 14.63% with the new 

proposed method; in the same way, a reduction of the melting point up to 4.93% and little 

influence on the decomposition temperature. On the other hand, a less corrosive effect was 

evidenced for the nanofluid compared to the pure salt, thanks to the penetration of the solid 

nanoparticles inside the corrosion layer. Additionally, the chemical stability of the salts and 

the nanofluids during the corrosion tests was assessed, thanks to the characteristic bands of 

the nitrite ion found in Raman spectrometry. Given the above, the feasibility of applying the 

proposed synthesis to obtain molten salt-based nanofluids for thermal storage in CSP plants 

was successfully assessed, as well as the possibility of using these nanofluids without major 

damage to the system, e.g. tanks, valves and pipelines. All the samples synthesized exhibited 

an increase in energy storage capacity with a proportional decrease in the cost of storage. 

However, the water elimination process was not considered in the calculations. For that 

reason, the time and the energy cost of removing the solvent can be the deciding factor 

between the traditional and new two-step method. By using a solvent with low vapor 

pressure, like ethanol, instead of water, the new two-step method may be more adequate than 

the traditional method. Thereby, the increase of the specific heat capacity, as well as the 

energy storage capacity by the addition of alumina nanoparticles, it can contribute to a 

significant reduction in the size of thermal energy storage tanks, which leads to a reduction 

of LCOE of CSP plants, making it a competitive technology when compared to other 

renewable energy systems, and even more so to traditional ones. 
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NOMENCLATURE 

 

ASTM  American Standard Test Method 

CSP   Concentrating Solar Power 

DSC   Differential Scanning Calorimeter 

EDX  Energy-dispersive X-ray 

HTF   Heat Transfer Fluid 

FBS  Fuel Backup System  

LCOE  Levelized Cost of Electricity 

LFC  Linear Fresnel Collector  

LHS  Latent Heat Storage 

MDSC  Modulated Differential Scanning Calorimeter  

MSBNFs Molten Salt-Based Nanofluids  

NM  New Two-Step Method  

PCM  Phase Change Material 

PTC  Parabolic Trough Collector 

PST  Parabolic Dish/Stirling Technology  

PV   Photovoltaic 

SDT  Stirling Dish Technology  

SEM   Scanning Electron Microscope 

SHS  Sensible Heat Storage 

SPT  Solar Power Tower  

SS304  Austenitic Stainless Steel AISI 304  

TChS  Thermochemical Storage 
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TEM  Trasmission Electron Microscopy 

TES   Thermal Energy Storage 

TM  Traditional Two-Step Method 

TGA  Thermogravimetric Analysis  

XRD   X-Ray Diffraction 

𝜙  Volume Fraction  

A  Sample Area, cm2 

Cp  Specific Heat Capacity 

Cpnp  Specific Heat Capacity of nanoparticles 

Cpbf  Specific Heat Capacity of Base Fluid 

D  Density, g/cm3 

ρnp  Density of Nanoparticles 

ρbf  Density of Base Fluid 

K  Constant, 8.76*104 mm/year 

T  Exposure Time 

ΔT  Delta of Temperature  

Tm  Melting point 

mi  Mass Initial 

mf  Mass final  

So  Initial Area 

W  Mass Loss, grams 
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1. INTRODUCTION  

 

Since the industrial revolution, remarkable advances in different fields as engineering, 

science, and technology have been possible by using fossil fuels as a dense and inexpensive 

source of energy. However, nowadays we are in an energy crisis as a result of non-renewable 

energy sources from these fuels and the strong demand for electricity, followed by the rapid 

and uninterrupted increase in economic development. Therefore, research on renewable 

energy sources has garnered significant attention recently to reduce the use of non-renewable 

sources and their associated CO2 emissions. 

At present, there are several renewable energy sources (e.g. wind, oceanic, geothermal and 

solar), of which solar energy being the most promising thanks to its inexhaustible source, i.e. 

the solar irradiation. Among technologies for solar energy harvesting, the direct method by 

photovoltaic (PV) and the indirect method by Concentrating Solar Power System (CSP), the 

second is particularly attractive due to its scalability, high efficiency and low operating costs, 

with an annual production of around 5.5 GW in 2018 and a forecast of 10 to 22 GW by 2025 

[1]. The main principle of the CSP plants is to heat a fluid by using mirrors that concentrate 

and direct the sunlight and finally use the concentrated heat to convert it into electricity in a 

conventional way [2], [3].  

Within the components of CSP technology, the thermal energy storage system (TES) plays 

an essential role, through which energy is produced even at night, while mitigating 

fluctuations in cloudy periods and change power generation from the hours of greatest solar 

radiation to the hours of greatest demand (e.g at night), thus making it a competent system 

compared to other sources of renewable energy [4], [5], [6]. The currently implemented TES 

system, based on two-tank molten salt storage technology, shows a > 98% efficiency with a 

deployment worldwide of 17 GWh of thermal energy storage in 2018, see Figure 1; for the 

same year, almost all ongoing projects, except 3 out of 23, plan to use TES in Africa, Asia, 

the Middle East and South America [1]. 
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Figure 1. CSP Thermal Energy Storage Global Capacity and Annual Additions [1]. 

Molten salts are used as a storage medium in CSP plants thanks to its high thermal stability, 

high volumetric heat capacity, low vapor pressure, chemical stability, availability, and 

profitability, obtaining storage up to 944.000 MW/year with a thermal efficiency up to 40% 

[7]. However, these salts have low specific heat capacity, low thermal conductivity, high 

viscosity, and high corrosivity, so they are still under research [8]. The use of the addition of 

solid nanoparticles with size less than 100 nm in the molten salt (nanofluid), is being 

investigated in order to improve the thermophysical properties. Most of the reports on 

nanofluids with molten salts as base fluid have shown a significant increase in thermal 

properties compared to the pure salt by using low concentrations of nanoparticles, <2%.  

The present doctoral thesis provides an understanding of the effect of the addition of alumina 

nanoparticles on the thermal properties of Hitec salt, evaluating two different synthesis 

methods and determining the specific heat, melting point, and decomposition temperature, 

as well as the aggressiveness of one of the nanofluids against austenitic stainless steel AISI 

304, compared to Hitec base salt through the use of two reactors designed and manufactured 

in this project at controlled temperature, atmosphere, and under constant mechanical 

agitation..  
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2. BACKGROUND  

 

2.1 Concentrating Solar Power System  

 

Among the various renewable energy resources explored today, concentrating solar power 

(CSP) represents one of the most promising green technologies for producing electric energy, 

being its main advantage, the use of a thermal energy storage system (TES) that allows CSP 

plants to operate even in the absence of solar rays [6]. The different configurations of CSP 

plants share the same principle: i. lenses, mirrors, or heliostats used as reflectors and routers 

for incident sunlight, either on a point or on a line receiver, to produce heat at medium (about 

400-550℃) or high (about 600-1000℃) temperatures; ii. central solar receiver to absorb the 

sunlight and convert it to heat; iii. heat transfer fluid (HTF), which can be water, fatty acid, 

synthetic oils, or molten salts, depending on the system; iv. thermal energy storage (TES) to 

compensate for the intermittent solar irradiance and to allow for night time operation of the 

plant; and v. the habitual power conversion module responsible for finally converting the 

received energy into electricity (e.g., Rankine or Stirling cycle) [3], [9]–[11]. Figure 2 shows 

a typical scheme of operation of the CSP plants. 

 

Figure 2. Scheme of a typical concentrating solar power plants. 
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2.1.1 Type of Concentrating Solar Power Plant 

 

Currently, there are four major types of CSP technologies, namely: parabolic trough 

collectors, solar power towers, dish Stirling engines, and linear Fresnel collectors. Figure 3 

shows the different types of plants, which can be classified based on their geometry into line-

focus concentrators (parabolic trough and linear Fresnel collector, with geometrical 

concentration ratio up to 100) or point-focus concentrators (dish Stirling and power tower, 

with geometrical concentration ratio up to 1000). Despite the high efficiency achieved with 

point focus geometries, this configuration is more expensive and complex than the line focus 

[11]. Global CSP power capacity increased by 11%, which was 5.5 GW, in 2018, with most 

plants installed in Spain and the United States [1]. In turn, these countries invest more budget 

in research to improve the technology of different types of plants, of which more than 82% 

of the CSP installations are parabolic-trough plants, with an important growth in studies and 

implementation of the tower plants thanks to its high operating temperatures and subsequent 

increased efficiency [1], [12], [13][14]. 

 

Figure 3. Types of CSP plants [15].  
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2.1.1.1 Parabolic Trough Collectors (PTC) 

 

The basic operation of the parabolic trough collectors (PTCs) is to collect and direct the solar 

radiation through parabolic-shaped mirrors that track the sun throughout the day on a single- 

or dual-axis tracking system. The sunlight is reflected on a tube with a heat transfer fluid 

inside (water, oil or molten salt) to transport the collected energy. Optionally, a TES or fuel 

backup system (FBS) can be incorporated to store the energy and use it in the absence of the 

sun or during times of low-density solar irradiance. Finally, the system uses a conventional 

power conversion module to generate electricity [16], [17]. 

Even though there are other types of CSP technologies, parabolic trough systems are the most 

developed and widely accepted technology. The first PTC plant (called SEGS I) was installed 

in the Mojave desert in California (United States) in 1984, using mineral and synthetic oils 

as heat transfer fluids [17], [18]. 

2.1.1.2 Solar Power Tower (SPT) 

 

Solar power tower (SPT) plants consist of thousands of fixed flat -or slightly bended- mirrors 

or heliostats arranged habitually around a tower in a circular shape. Each of these mirrors 

moves independently in such a way to allow the solar ray to be reflected towards a receiver 

located in the upper part of the tower. The concentrated radiation is transferred to an HTF 

which converts the energy into superheated steam used for the normal operation of the 

generator. Currently, the HTF is water/steam, air, or molten salt, which transports the heat 

until the exchanger and the turbine system. SPT plants can work in a temperature range from 

250 to 600℃, and they could reach 1000℃ in the future depending on the fluid [11], [19].  

Due to the very high concentration ratios of SPTs, they are more efficient as they can achieve 

higher temperatures compared to the parabolic trough and linear Fresnel concentrators [19]. 

However, a wide space is required to establish this configuration, typically around 4.6 

m2/MWh/yr, making the installation difficult [11].   
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2.1.1.3 Linear Fresnel Collector (LFC) 

 

Similar to PTCs, the linear Fresnel collector (LFC) concentrates the sunlight on a line. This 

type of plant is composed of reflectors (flat or slightly curved mirrors) simulating a curved 

mirror due to the adjustable angle of each line of mirrors. A secondary reflector is needed to 

refocus the rays, and the receiver is a long tube located a few meters above the primary 

mirrors [19]. Although PTC plants are 15% more efficient than LFC plants, they are more 

cost-effective, have a light weight structure, and they use conventional mirrors. Furthermore, 

the mirrors being rested on the ground reduces their maintenance costs and gives better access 

for cleaning.  

2.1.1.4 Parabolic Dish /Stirling Technology (PST) 

 

Parabolic dish/Stirling technology (PST) is the oldest solar technology. The first plants based 

on the cycle of Rankine and Stirling started to operate in 1800, but the modern technology 

was not developed until 1970 and 1980. The way of focusing incident radiation in PST 

systems works like that of SPT plants, i.e. the radiation is reflected at a focal point. A PST 

system consists of a parabolic dish like a satellite dish, and the receiver is a Stirling engine 

or a micro-turbine that convert the sunlight directly to electrical power [11]. Despite the high 

operating temperatures that can be achieved using this technology, resulting in higher overall 

system efficiencies compared to the other technologies, there are no commercial plants in 

operation and the storage system is still in the research stage [19]. Table 1 shows the typical 

characteristics of each configuration of CSP plants.  
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Table 1. Main characteristics of CSP plants [5], [7], [11], [19], [20]. 

 
Parabolic 

Trough Collector 

Solar Power 

Tower 

Linear Fresnel 

Collector 

Stirling Dish 

Technology 

Typical capacity  

(MW) 
10-200 10-200 10-200 0.01-0.025 

Operating temperatures 

(℃) 
290-390 250-500 250-390 250-700 

Plant peak efficiency  

(%) 
14-20 23-35 ~18 ~30 

Thermal efficiency 

(%) 
30-40 30-40 N/D 30-40 

Concentration ratio 

(suns) 
70-80 300-1000 

25-100 (depending 

on the secondary 

reflector) 

1000-3000 

Capacity factor (CF) 

(%) 

20-25 (without 

TES) 

40-53 (6hr 

storage) 

40-53(6-7.5hr 

storage) 

65-80(12-15hr 

storage) 

22-24 25-28- 

Annual solar-to-electricity 

conversion 

 (%) 

15-16 20-35 8-10 26 

First commercial plant 
SEGS I 

Since 1984 

For molten salt 

as HTF: 

Gemasolar 

Since 2011 

CLFR plant 

Since 2000 

Tooele Army Depot 

plant (Under 

construction) 

Storage with molten salts 
Commercially 

available 

Commercially 

available 

Possible, but not 

proven 

Possible, but not 

proven 

Capital Cost  

(US$/kW) 

3900–4100 

(without TES) 

6300–8300 (6 hr 

storage) 

5700–6400   

(6–7.5 hr 

storage) 

8100–9000 

(12–15 hr 

storage) 

N/D 12,578 

Operational and 

maintenance cost 

(US$/kWh) 

0.012-0.02 0.034 N/D 0.21 

 

2.1.2 Thermal Energy Storage System 

 

Given that the major disadvantage of solar energy is the intermittency of its source, i.e., solar 

radiation, numerous studies aim to develop energy- and cost-effective thermal energy storage 

systems [3]. In this way, some researchers are focused on the improvement of the structure 

of the plants, while most of them are focused on developing new materials with thermal 



26 

 

properties superior to the currently used. A well-established TES system can be classified 

into three categories: i. sensible heat storage (SHS) ii. latent heat storage (LHT), and 

iii. thermochemical storage (TChS). The main characteristics of each of these thermal storage 

forms are listed below.   

2.1.2.1 Sensible Heat Storage  

 

Sensible heat storage (SHS) is a form of energy storage, in which the temperature of the 

material or the substance increases without experiencing a phase change throughout the 

temperature range required in the storage process [4]–[6], [21]. Among the commonly used 

sensible heat storage materials are oils, which have a relatively low density, a low storage 

capacity, and a low maximum working temperature, up to 300℃. These characteristics 

increase the operating cost, given the relatively low peak efficiencies (due to the low 

operating temperatures) [4]. On the other hand, molten salts have been used in solar thermal 

applications, dominating the TES sector for large scale applications [22] due to their high 

density, low vapor pressure, low chemical reactivity, high operating temperature (up to 

500℃ [23]), moderate cost compared to other materials used for thermal storage, and the 

possibility of being used both as energy storage materials as well as heat transfer fluids. 

However, pure molten salts have high melting points. For this reason, eutectic molten salts 

(homogenous mixtures of different salts) are an attractive option for reducing the cost of 

electricity generation. By using these mixtures, it is possible to reduce the melting point 

considerably [24]–[26]. 

2.1.2.2 Latent Heat Storage  

 

Latent heat storage (LHT) uses materials called phase change materials (PCMs), these 

materials experience a phase change in the operating temperature range. The phase-transition 

enthalpy changes are substantially larger (100~1000 times) than those of sensible heat 

storage for the same amount of used storage materials [27]–[32]. However, PCMs suffer from 

low thermal conductivity (0.2~0.5 for paraffin and inorganic salts) and, thus, enhanced heat 

transfer techniques are required to improve the power rating of these platforms [33].  

2.1.2.3 Thermochemical storage  
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Thermochemical storage (TChS) uses the released energy of the exothermic reaction [34], 

[35] of some materials such as carbonates, hydroxides, and metallic hydrides [22]. The main 

advantages of this storage method are the high volumetric energy density (5 and 10 times 

higher than latent and sensitive heat storage, respectively), the wide range of operating 

temperatures, and the storage at room temperature [36]. However, this kind of energy storage 

system is still at laboratory level.  

It is important to highlight that the usage of TES system confers a competitive advantage of 

CSP over photovoltaic (PV) technology in commercial and utility-scale power generation, 

thanks to the possibility of operating the plant during the night time or periods without solar 

rays (e.g., during cloudy conditions), and the low costs of thermal energy storage, compared 

to electric energy storage. Figure 4 shows the classification of the different type of TES 

systems used to store the energy in CSP technology. 

 

 

Figure 4. Classification of the thermal energy storage systems. 

2.2 Eutectic Molten Salts 

 

A eutectic system is a homogenous mixture of two or more species with a specific ratio 

(eutectic ratio) and with a single melting point lower than the pure species. This 
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temperature is known as a eutectic temperature which is the lowest melting temperature 

compared to other possible mixing ratios. Phase diagrams and thermodynamic 

descriptions can be used to evaluate and determine the eutectic ratio and the melting point 

related to the components. However, molten salts comprised of more than two 

components have more than one eutectic point, and the eutectic ratio [37].  

Nitrate/nitrite salts, carbonate salts, chloride/fluoride salts, and their mixtures, have been 

the most studied salts. Table 2 shows a comparison of the thermo-physical properties of 

several common eutectic salt mixtures with different cations and anions. From this 

information, the low melting point of the nitrate/nitrite salt is evident. For that reason, 

molten salts have been used (starting from the year 1980) as a storage and a heat transfer 

medium in solar thermal solar plants such as Gemasolar and Andasol due to their high 

heat capacity, wide working temperature range, and low cost, with storage capacity up to 

15 h in the case of Gemasolar [35]. Among binary molten salts, the most used salt is Solar 

Salt, comprised of 60 wt.% NaNO3-40 wt.%. KNO3, with a melting point of 223 ℃, a 

working temperature range from 290 – 580 ℃, and a specific heat capacity of 1.49-1.54 

J/g.℃ [25], [38], [39]. Figure 5 shows different phase diagrams reported in the literature 

for the binary molten salt composed of NaNO3 and KNO3, all of them show that the 

eutectic ratio is near 50-50 wt.% of each component, with a single melting point ca. 

223℃.  
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Table 2. Thermal properties of commercial molten salts. 

 

 Melting Point 
(℃) 

Stability 
(atmosphere) 

(℃) 

Heat 

Capacity 
(kJ/kg.K) 

Thermal 

Conductivity 
(W/m.K) 

Density 
(g/cm

3
) 

Viscosity  
(Pa.s) 

Solar Salt 

NaNO3 (60 wt.%)-KNO3 (40 wt.%)  

 

220 [40] 

221 [25] 

585 [5] 

600 [40] 

560 (air) [41] 

1.54 [25] 

1.49 

 [39], [38] 

0.55 

(at 400℃) [40] 

1.752  

(at 500℃) 

[25] 

0.00326 

 (at 300℃) 

[40] 

Hitec 

NaNO3 (7 wt.%)-KNO3 (53 wt.%)-NaNO2 (40 wt.%)  
142 [25], [40], 

[42], [43]  
535 [40] 

1.42  

(at 500℃) 

[25] 

1.56  

(at 300℃) 

[40] 

1.55 [41] 

~ 0.2 

(at 300℃) [40] 

0.492  

(at 295℃) [44] 

0.61 

(at 350℃) [43] 

0.48 [41] 

1.640 [45]  

1.723  

(at 500℃) 

[25]  

0.00316  

(at 300℃) 

[40] 

Hitec XL 

NaNO3 (7 wt.%)-KNO3 (45 wt.%)-CaNO3 (48 wt.%)  
120 [40] 

140 [34], [41]  

500 [40] 

454 (air) [41] 

538 (N2) [41] 

610 (N2) [41] 

500(air) [41] 

1.45  

(at 300℃) 

[40] 

1.40 [41] 

0.52 [40], [41] 

0.519 [34] 
1.992 [45] 

0.00637 

(at 300℃) 

[40] 

NaNO3 (28 wt.%)-KNO3 (52 wt.%)-LiNO3 (20 wt.%) 130 [40] 600 [40] 1.091 [40]   
0.03 

(at 600℃) 

[40] 

LiNaK 

NaNO3 (18 wt.%)-KNO3 (52 wt.%)- 

LiNO3 (30 wt.%)  

 

120 [41] 

550-600 (air) 

[41] 

435 (N2) [41] 

584 (N2) [41] 

600 (Ar) [41] 

1.60 [41]    

KNO3 

(50-80 wt.%)-LiNO3 

(0-25 wt.%)- Ca(NO3)2 

(10-45 wt.%) 

< 80 [40] 500 [40]  0.43 

(at 300℃) [40] 
 

~ 0.004 

(at 190℃) 

[40] 

NaNO3 (14.2 wt.%)- 

KNO3 (50.5 wt.%)-LiNO3 (17.5 wt.%)-NaNO2 

(17.8 wt.%) 
99 [40] 430 [40] 

1.66 

(at 500℃) 
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Sandia Mix. 
NaNO3 (9-18 wt.%)-KNO3 (40-52 wt.%)-LiNO3 (13-21 wt.%)- 

Ca (NO3)2 (20-27 wt.%)  

 

<95 [40] 

72 [41] 

500 [40] 

510 (N2) [41] 

<< 400 (air) 

[41] 

574 (N2) [41] 

1.16-1.44 

(at 247℃) 

[40] 

1.65 [41] 

0.654 

(at 250℃) [40] 

0.5 [41] 

 
0.005-0.007 

(at 300℃) 

[40] 

Halotechnics SS-700 

NaNO3 (6 wt.%)-KNO3 (23 wt.%)-LiNO3 (8 wt.%)-CsNO3 

(44 wt.%)-Ca(NO3)2 (19 wt.%) 

 

65 [40] 500 [40] 

1.22 

(at 150℃) 

[40] 

   

LiNaK carbonate 

LiCO3 (32.1 wt.%)-Na2CO3 (33.4 wt.%)-K2CO3 (34.5 wt.%) 

 
~ 400 [40] 800-850 [40] ~1.4-1.5 [40]   

0.0043 

(at 800℃) 

[40] 

NaCl (13.4 mol.%)-KCl (33.7 mol.%)-ZnCl2 

(52.9 mol.%) 
~ 200 [40] 800 [40] 

0.81 

(at 

300-600℃) 

[40] 

0.325 

(at 300℃) [40] 
 

0.004 

( at 600-

800℃) [40] 

Mixtures of alkali-fluorides and carbonates ~ 400 [40] ~ 900 [40]  1.17 (at 400℃) 

[40] 
  

Saltstream 700 
(Halotechnics SS-700) 

257 [40] 700 [40] 

0.79 

(at 300℃) 

[40] 

0.35-0.4 [40]  
0.004 

(at 500℃) 

[40] 
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a 

 

b 

Figure 5. Phase diagram of binary molten salt NaNO3-KNO3 according to (a) Coscia et al. [46] and 

(b) FactSage software. 

Thanks to their high heat capacity, wide temperature range, low cost, and negligible environmental 

impact, molten salts have become a promising heat transfer and storage medium for solar thermal 
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power applications. Improving the specific heat of molten salt can play a key role in improving the 

heat storage capacity and reducing the heat storage cost of solar thermal power generation systems. 

2.2.1 Commercial Molten Salt: HITEC 

 

Commercial molten salt Hitec is a ternary molten salt developed by Coastal Chemical Company with 

a composition of 40 wt.%. NaNO2, 7 wt.% NaNO3 and 53 wt.% KNO3. Table 3 shows the 

characteristics of this molten salt. Both, Hitec and Solar Salt, have been commercially used in SPTs 

and PTCs [5] with a specific heat capacity between 1.42-1.56 J/g.℃ [25], [39], [41]. The main 

advantage of Hitec, over Solar Salt, is its low melting point (142-147℃ [40], [47]). On the other 

hand, at high temperature Hitec has a viscosity comparable to that of water, while having almost 

double thermal conductivity when compared to traditional organic HTFs [40]. Even though Hitec has 

low cost and high freezing point compared to other molten salts [48], it does require an N2 cover gas 

in the thermal storage tanks at atmospheric pressure and temperatures above 300℃ to prevent the 

nitrite from converting to nitrate [43], [48], [49]. For this reason, researchers continue to work on 

improving the characteristics of these salts, especially by increasing their storage capacity and 

thermal conductivity. With this objective in mind, new salts have been developed by mixing other 

nitrates while conserving the proportions of Hitec [24], or by adding solid particles to obtain molten 

salt-based nanofluids [50], [51]. 

Table 3. Characteristics of commercial molten salt Hitec [5], [25], [39], [40], [45], [48]. 

Characteristic Value Unit 

Melting point 142  ℃ 

Heat capacity at 300℃ 1.56  J / g.℃ 

Working temperature 140-538 ℃ 

Density 1.640 - 1.723  g / cm3 

Thermal conductivity 
~ 0.2 (at 300℃)  

0.61 (at 350℃)  

W / m K 

Viscosity at 300℃ 3.16 (at 300℃) cP 

Temperature rise 200  ℃ 

Storage capacity 
876 (Short-term) 

761 (Long-term) 

MJ / m3 

Cost  0.93  $ / kg 

Storage cost 10.7  $ / kWh 
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2.3 Nanofluids 

 

The term “nanofluids” was proposed by Choi in 1995 [52] and stand for stable colloidal suspensions 

of nanomaterials (particles, fibers, tubes, or droplets) with average sizes smaller than 100 nm in base 

fluids (or solvents) such as water, oil, ethylene glycol, and recently, molten salts [53]. The concept 

was developed by Maxwell in 1873, but the idea that particle size is of primary importance in 

developing stable and highly conductive suspensions is recent. The stability of nanofluids is higher 

compared to the conventional solvents doped with micro-size particles. Also, hydraulic 

components/devices such as valves, pumps, seals, etc. are less susceptible to clogging. Thanks to the 

very large surface-area-to-volume ratio of the nanoparticles, they can be well dispersed in the liquid 

and enhances the stability of the resulting mixture. On the other hand, the surface properties of 

nanoparticles have been proven to bring significant changes to various thermo-physical properties of 

the base fluid, resulting in thermal properties superior to those of the pure fluids and the conventional 

particle-fluid suspensions [53]. It is important to highlight that despite the numerous recent 

publications on nanofluids, researchers have not yet reached a consensus on the characteristics of 

nanofluids, especially on the testing procedure and the reasons why the thermal properties are 

significantly improved. 

2.3.1 Molten Salt-Based Nanofluids (MSBNFs) 

 

Molten salts have become a potential heat transfer and storage medium in CSP plants because of the 

following advantages: wide temperature range, high heat capacity, low cost, pollution-free. Specific 

heat is one of the most important thermophysical parameters of molten salts. Its improvement can 

play a key role in increasing heat storage capacity and reducing the heat storage cost of solar thermal 

power generation systems. For that reason, many studies have been dedicated to improving the 

thermal properties of molten salts, especially their thermal conductivity and specific heat capacity.  

The production of nanofluids with the addition of solid particles has been of great interest due to the 

resulting improvement of thermal properties of the molten salt, especially the specific heat capacity 

and thermal conductivity. Unfortunately, a significant decrease in the specific heat capacity of 

nanofluids with aqueous solvent has been observed [54]–[57]. For that reason, recent research 

worldwide are focused on both the improvement of the thermal properties improvement and the 
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determination of the possible causes of the anomalous increment of these properties for non-aqueous 

solvents as molten salt. 

Within the possibilities of improving the thermophysical characteristics of molten salts used in TES 

systems, the use of solid particles to improve the heat capacity has been studied by several authors 

[50], [58]–[71], and silica (SiO2) has been one of the most reported materials for this purpose [62]–

[64], [68], [72], [73]. Seo and Shin [74] used 1 wt.% of silica nanoparticles, 5 nm and 60 nm, to 

minimize some stability issues by adding them to the ternary eutectic salt LiNO3-NaNO3-KNO3. 

Results showed that the specific heat of the mixture increased between 13 - 16% regardless of particle 

size, demonstrating that particle size does not have a significant effect on the specific heat, and 

therefore, particle size cannot be solely responsible for improving the properties of the salt. 

Andreu-Cabedo et al. [58] demonstrated that with 1 wt.% of silica nanoparticles added to the 

commercial Solar Salt, a maximum increase of 25.03% can obtain in the specific heat. 

Another type of additive used to improve the properties of salts is alumina (Al2O3). Ho and Pan [75] 

showed that the optimum amount added to commercial salt Hitec® to obtain the best properties was 

0.063%, which increases the heating capacity of 19.9 %. In this study, it was shown that at higher 

concentrations of alumina, there is a decrease in the properties of the salt. Schuller et al. [76], 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, with a maximum specific heat increase of 30.6 % for 

0.78 wt.% of alumina. Other authors have investigated the use of both. alumina and silica, as in the 

case of Chieruzzi et al. [62], who demonstrated that with a ratio between 0.5% and 1.5% of alumina-

silica nanoparticles, there is a significant potential to improve the thermal storage characteristics of 

the binary salt NaNO3-KNO3. Chieruzzi et al. [72], reported an increase in the heat capacity of sodium 

nitrate up to 9.5 % in solid phase and 6 % in liquid phase after the addition of 1 wt.% of silica, 

alumina, and a mixture of both nanoparticles. However, the best results were obtained with silica as 

an additive.  

Table 4 summarizes the results of experimental investigations in the literature for molten salt-based 

nanofluids (MSBNFs). An increment up to 33 % of the specific heat capacity has been obtained using 

alumina nanoparticles with carbonates as base fluid. On the other hand, Solar salt, one of the most 

studied, exhibited an increment up to 19.25 % in specific heat capacity by using SiO2 nanoparticles 

as an additive and 8.3% with alumina nanoparticles. It must be taken into account that although Hitec 
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has very good properties at present, there are few reports with this salt as the base fluid [50], [51], in 

which an increase in the specific heat capacity up to 6.1 % has been achieved. 

Due to the few pieces of research about Hitec-based nanofluids and even more with the use of alumina 

nanoparticles, this doctoral thesis seeks to show the influence of alumina nanoparticles on the thermal 

properties of Hitec molten salt, namely melting point and heat capacity. The nanofluids were 

synthesized by the traditional two-step method and a new two-step method developed in this work in 

which water is replaced by butanol, guaranteeing a suspension of the nanoparticles before they are 

mixed with the salt and reducing the evaporation time of the solvent. Also, this work provide insights 

on the corrosive behavior of the developed nanofluids against AISI 304 austenitic stainless steel, a 

metal commonly used for the manufacture of molten salt containers for thermal storage in the TES 

system of the CSP plants.
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Table 4. Properties of molten salt-based nanofluids: Experimental data from the literature. 

 

Base Fluid Particle(s) 
Size 

(nm) 

Weight Fraction  

(wt. %) 

Melting 

temperature 

(℃) 

Specific heat  

Enhancement (%) 
Ref. 

NaNO3 

 

CuO 40 0.054 (2 % vol) 334 - [77] 

SiO2  1.00 - 26 [78] 

KNO3 

CuO 40 0.058 (2 % vol) 306.6 N/A [77] 

SiO2 15-20 0.50, 1.00, 2.00, 4.00 333 7.1, 15.7, 11.4, 2.1 [69] 

SiO2 7 1.0 333.7 6.1 [72] 

Al2O3 13 1.0 333.3 -7,8 [72] 

SiO2 (82-86%) Al2O3 

(14-18 %) 
2-200 1.0 333.9 -3,4 [72] 

LiCO3-K2CO3 

(62-38 mol) 

Carbon nanotube 30 0.10, 0.50, 1.00, 5.00 490 5, 9, 12.5, 14.7 [79] 

MgO 10 1.0 - 22 [80] 

SiO2 10 1.0 - 27 [59] 

Al2O3 10 1.0 - 33 [70] 

Carbon nanotube 30 1.00 480 17 [81] 

Graphite 200 1.00 480 21 [81] 

SiO2 10 1.00 488 19-24 [73] 

SiO2 27 1.00 378 14.5 [63] 

NaNO3-KNO3 

(60-40) 

Al2O3 20 0.5, 1.00, 1.50, 2.00 227 1.9, 5.8, 7, 8.3 [61] 

SiO2 15-20 1.00 227 8.9 [64] 

SiO2 20 1.00 227 17.6 [64] 

SiO2 20 1.00 227 -2 [64] 

SiO2 25 1.00 - 
21.1, 20.3, 9.5, 10.6, 

15.82 
[82] 

Al2O3 10 1.00 220 -14.7 [83] 

Graphene 

nanoplatelets 
5-20 

0.10, 0.50, 1.00, 1.50, 

2.00, 2.50 
- 

-15.2 , 7.9, 16.7, 9.4, 

2.9, 0.7 
[84] 

SiO2 5, 30 1.00 220 19, 25 [85] 
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SiO2 25 1.00 - 21.1 [86] 

SiO2 10, 20, 30 0.5, 1.0, 1.5, 2.0 215 4.9, 8.4, 7.0, -1.7 [87] 

SiO2 15.2 1.00 - 15.01 [88] 

Al2O3 40 
0.125, 0.25, 0.5, 0.75, 

1.00, 1.5, 2.00 
- 

2.8, 0.7, 2.1, 0.9, 0.3, 

1.5, 2.7,1.7 
[76] 

NaNO3-KNO3 

(51-49) 
Al2O3 13, 50 1.00 222 6, 3 [89] 

NaNO3-KNO3 

(48.2-51.8 mol) 
CuO 40 0.056 (2% vol) 223 - [77] 

NaNO3-Ca(NO3)2 

(53-47) 
SiO2 10, 20 30, 60 0.5, 1.0, 1.5, 2.0 127.4 17.8 [90] 

NaNO3-KNO3-NaNO2 

(7-53-40 mol%) 
Al2O3 50 

0.016, 0.063, 0.125, 0.25, 

0.5, 1, 2 
- 

9.6, 19.9, 12.7, 9.6, 

7.8, 6.5, -2.7 
[50] 
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2.3.2 Preparation Methods of Molten Salt-Based Nanofluids 

 

Currently, nanofluids can be produced by one- or two-step methods. One-step methods combine the 

production and dispersion of the nanoparticles in the base fluid. Direct evaporation [91], and laser 

ablation are some of the one-step methods. The main advantage of one-step methods is low 

agglomeration. However, it is not possible to have good control of the nanoparticle size [37], [92].  

On the contrary, the two-step method consists of two separate processes/steps. In the first step, 

nanoparticles, nanofibers, or nanotubes are produced in the form of dry powders. In the second step, 

the obtained nanomaterial is dispersed in the fluid base with the help of a magnetic stirrer or by 

ultrasonication. Nanoparticles can be produced by physical or chemical processes. The physical 

processes include inert-gas condensation and mechanical grinding, while the chemical processes 

include chemical precipitation, microemulsion, thermal spray, chemical vapor deposition, and spray 

pyrolysis [53]. Figure 6 shows the most common two-step method used to produce MSBNFs 

established by Shin and Banerjee in 2011.  

 

Figure 6. Two-step synthesis of MSBNFs, established by Shin and Banerjee in 2011 [68]. 

Recent studies are being directed to the development of new methods of preparation of MSBNFs to 

eliminate the use of water and ensure good thermal properties of the mixture [60], [93], [94]. For 

example, Chieruzzi et al. [60] evaluated the mixtures of 1 wt.% of Silica (SiO2), alumina (Al2O3), or 

both (SiO2-Al2O3) with Solar Salt directly at high temperature using a twin-screw micro-compounder, 
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and obtained an increment of the specific heat capacity up to 18.6 % for the case of 1 wt.% of 

SiO2-Al2O3. Nevertheless, none of these reports used the commercial salt Hitec as a base salt. On the 

other hand, Chen et al. [94] evaluated the thermophysical properties of 

Ca(NO3)2-KNO3-NaNO3-LiNO3 molten salt with the addition of the 0.5% of SiO2 using high-

temperature melting and obtaining an increase of 24.5% of the specific heat capacity.  

2.4 Thermophysical Properties of Nanofluids 

 

Taking into account the great interest in improving heat transfer, especially in CSP plants, many 

studies have investigated the different properties of nanofluids. In this way, researches seek to 

increase the thermal conductivity, and the specific heat capacity, as well as to reduce the viscosity 

and the corrosive behavior of the molten salt used as a thermal medium, with the overall objective of 

reducing the Levelized cost of energy (LCOE) and increase the system efficiency. Below are the main 

characteristics of each of these properties. 

2.4.1 Specific Heat Capacity 

 

In order to increase the storage capacity of the TES materials, one of the most important properties 

that must be enhanced is the specific heat capacity (Cp). Usually, the Cp of molten salts is low. 

However, using a small amount of the nanoparticles (less than 2 %), the Cp increases up to 33 % 

[70], depending on the molten salt and the nanoparticle used. This behavior is different for water-

based nanofluids; it was reported that the addition of nanoparticles at minute concentrations caused 

a significant decrease in the overall specific heat capacity [54]–[57]. For that reason, researches have 

proposed different mechanisms to explain this anomalous behavior in MSBNFs. Shin and Banerjee 

in 2011 [63] proposed three mechanisms by which the anomalous increase in Cp of MSBNFs can be 

explained:  

- Mode I. Higher specific heat capacity of nanoparticles than the bulk: due to the high energy 

area per unit mass of the nanoparticle, the specific heat capacity of the nanoparticle is 

increased when the particle size is reduced. 

- Mode II. Solid-Fluid interaction energy: abnormal increase in thermal resistance between 

nanoparticles and surrounding liquid molecules. This resistance functions as additional 

storage due to the interfacial interaction of vibrational energies between atoms and interfacial 

nanoparticle molecules. 
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- Mode III. ‘‘Layering’’ of liquid molecules at the surface to form a semi-solid layer: the liquid 

molecules adhered to the surface of the nanoparticles have semi-solid behavior. These semi-

solid layers normally have greater properties than those presented by the bulk material 

contributing to the increase of the specific heat capacity of the nanofluid. 

Recently, the functionalization of nanoparticles by the ion-exchange mechanism has been proposed 

as the cause for the increase in the Cp of nanofluids, but has not yet been listed as a mechanism [95]. 

The authors have shown that by ion-exchange mechanism the nitrate groups present in the molten 

salt are adsorbed on the surface of the nanoparticles, regulated by the ion exchange capacity of the 

nanoparticle. Hence, the Cp of the nanoparticle and the nanofluid increases [95]. 

Most researchers in this area seek to demonstrate these methods to explain the significant increase of 

Cp [50], [61], [65], [96]. However, no consensus has been reached on any of these mechanisms and 

it has not been determined which of them is responsible for the Cp increase or if it is a mixture 

between them. For the system studied in this thesis, it is established that there is no single mechanism 

responsible for the increase in Cp of nanofluids, this increase is given by the combination of several 

mechanisms, that is, there is an influence of the semi-solid layer formed around the nanoparticles due 

to the temperature gradient between the nanoparticles and the salt, as well as the concentration 

gradient around the nanoparticles and the possible ionic interaction between the nanoparticles and 

the molten salt. Similarly, there may be an influence of the interfacial thermal resistance between the 

nanoparticles and the fluid that becomes larger given the high surface area of the nanoparticles. 

2.5 Corrosive Behavior 

 

Corrosion is defined as the deterioration of a material as a result of an electrochemical attack by its 

surroundings. The lifetime of energy storage plants in CSP can drastically decrease given the 

corrosion of the tanks in contact with the molten salt. The atmosphere, temperature, as well as the 

thermal cycling,  aggravate the high-temperature oxidation [97]. In this way, nanoparticles are being 

used not only to increase the thermal properties of molten salts but also to reduce corrosion rates. 

However, there are few reports about corrosivity of molten salt-based nanofluids [98]–[102], in which 

the results vary depending on the base salt and the nanoparticles used. 
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In CSP plants, corrosion involves the dissolution and oxidation reaction of metal alloy. However, 

only a few metals are appreciably soluble in molten salts used in CSP. The corrosion process involves 

a reduction and oxidation reaction as listed below: 

𝑁𝑂3
− + 2𝑒− ⇌ 𝑁𝑂2

− + 𝑂2− Equation 1 

𝐹𝑒 + 𝑂2− ⇌ 𝐹𝑒𝑂 + 2𝑒− Equation 2 

3𝐹𝑒 + 4𝑂2− ⇌ 𝐹𝑒3𝑂4 + 8𝑒− Equation 3 

It is important to highlight that at high temperatures (above 600 °C) corrosion rates are higher, given 

the presence of oxygen-containing anions resulting from the nitrate reduction reaction, and the 

oxygen dissolved in the salt [103]. But, a lower temperature molten salts have similar behavior to 

weak bases as a result of absorption of moisture, stimulating additional pathways for reaction with 

the metals, and increasing the corrosive nature of these molten salts [104].  

Despite the interest in molten salt-based nanofluids to increase efficiencies and reduce the LCOE of 

CSP plants, few pieces of research report the effect of nanoparticles on the corrosive behavior of salt. 

However, reports have shown a decrease in corrosion rates and the corrosion layer with the addition 

of solid particles such as alumina and silica, thanks to the incorporation of nanoparticles within the 

corrosion layer [101], [102]. Hitherto, the corrosion behavior of Hitec as base fluid with alumina 

nanoparticles as an additive in austenitic stainless steel 304 has not been evaluated.  
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3. HYPOTHESIS AND OBJECTIVES OF THIS STUDY 

3.1  Hypothesis 

 

Although the number of publications demonstrated the enhancement of thermophysical properties of 

molten salts by using nanoparticles as an additive, nowadays, a lack of consensus on the effect of 

nanoparticles on the thermal properties of molten salt-based nanofluids is evident, that is, different 

levels of enhancement have been reported; hence the mechanism to explain the anomalous increment 

of these properties have not been thoroughly understood. For that reason, the present doctoral 

research project aims to contribute to the thermal-fluid sciences and fundamental understanding of 

Molten Salt-Base Nanofluids (MSBNFs) using molten salt Hitec as fluid and alumina nanoparticles 

as additive. 

Thereby, as hypothesis, it is possible to obtain a thermal- and time-stable suspension of the molten 

salt-based nanofluid with nitrates-based salts as base fluid and alumina nanoparticles as additive 

synthesized by a new non-aqueous method, in order to increase its thermal storage capacity by 

enhanced specific heat capacity (Cp) of the salt, with the aim to increase the CSP system efficiency.  

3.2 Objectives 

 

In order to contribute to the understanding of the causes of the improvement of thermophysical 

properties of molten salts after the addition of solid particles, the main objective of this project is to 

develop Molten salt Hitec-based nanofluids with alumina as additives and identify the effect of the 

addition of solid nanoparticles on the thermal storage capacity and the corrosive behavior of 

nanofluids with potential application as a thermal storage medium in CSP plants. 

With the following specific objectives:  

1. To design nanofluids with molten salts based on nitrates as the base fluid and alumina 

nanoparticles as an additive, taking into account the report from literature, their specific heat 

capacity, melting temperature, and viscosity. 

2. To manufacture nanofluids by mixing molten salts based on nitrates and alumina 

nanoparticles. 

3. To determine the thermal stability of the mixtures that showed better behavior concerning the 

specific heat capacity employing long-term tests in a controlled atmosphere.  
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4. To establish the corrosivity of the mixture that exhibits the best properties by deliberate 

exposure to austenitic stainless steel, which is used in thermal solar plants for the fabrication 

of containers for salts storage. 

3.3 Significance of this Study 

 

Currently, there are several reports in the literature confirming the increase in the thermophysical 

properties of molten salts with the addition of solid nanoparticles. However, few reports refer to 

nanofluids with Hitec salt as base fluid and alumina nanoparticles as an additive, in addition to the 

lack of consensus on the rate of increase in these properties and the mechanisms that explain it. 

Therefore, this work seeks to contribute to the understanding of this system. In this way, the main 

contributions of this research project to the literature are listed below: 

 A new method for synthesizing molten salt-based nanofluids was designed and evaluated, by 

replacing the water with butanol, while ensuring a suspension of the nanoparticles and a good 

homogenization of the system, in order to reduce both, time and cost of the process. The good 

results of the thermal properties demonstrated the feasibility of this method to be used in the 

synthesis of nanofluids for thermal storage in CSP plants.  

 A complete characterization of the nanofluids was performed, that is, the measurement of the 

thermophysical properties, e.g. melting point, specific heat capacity, and thermal stability 

were evaluated to apply this type of material as fluid for thermal energy storage application. 

 Considering the application to which the nanofluids are aimed to be used, it is of utmost 

importance to determine their corrosive behavior to ensure their proper operation without 

affecting the structure, tanks, valves, pipes, among others elements of the plant. In this way, 

this doctoral project contributes to the study of the corrosive behavior of a nanofluid, based 

on Hitec and alumina nanoparticles as an additive compared to pure salt; for this, two reactors 

were designed and manufactured for this purpose. It should be noted that thanks to the size of 

the reactors, the amount of fluid evaluated, that is, 1000ml, exceeded the amounts normally 

used in other reports and is a little closer to a prototype plant. 

This study aims to explore the effect of alumina nanoparticles in three different concentrations, 0.5, 

1.0, 1.5 wt.%,  on the thermophysical properties of the commercial molten salt Hitec, synthesized the 

Molten salt-based nanofluids. Prior reports in the literature showed the different thermal properties 

of the molten salt using different types of materials as additives. However, almost all reports focused 
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on the study of nanofluids with binary solar salt as base fluid. Thereby, this investigation contributes 

to the understanding of the Hitec-alumina nanoparticle system, studying not only the thermal aspects 

but also the influence of these particles on the corrosive behavior of the salt against an austenitic 

stainless steel AISI 304, normally used for the manufacture of containers for solar thermal plants.   

Thus, nanofluids were fabricated and evaluated employing a newly proposed two-step method. 

Briefly, water used in the traditional two-step method was replaced by butanol in order to obtain a 

stable and homogeneous mixture of the alumina before being mixed with the salt. Furthermore, 

thermal cycling was performed in order to ensure homogenization of the final mixture. Similar to 

previous reports in the literature on molten salt-based nanofluids, the poor thermal properties of 

molten salts can be improved by the addition of nanoparticles. The addition of nanoparticles at minute 

concentration can significantly enhance the specific heat capacity of the molten salt and its thermal 

stability.  

As an important factor, the corrosive behavior of the pure Hitec as a reference was compared to the 

MSBNF with 1.5 wt% of alumina nanoparticle. For this, two reactors were designed and tuned in 

order to have controlled temperature and nitrogen atmosphere; additionally, constant mechanical 

agitation was used in order to ensure the colloidal stability of the nanofluid for up to 2000h. The 

decrease in the corrosivity of the salt thanks to the embedding of the nanoparticles in the corrosion 

layer was demonstrated. 

Thanks to the thermal properties obtained, the proposed new two-step method was demonstrated as 

a successful approach for the synthesis of molten salt-based nanofluids for thermal application in 

CSP plants. In the same way, an improvement of the corrosive character of the salt was evidenced 

after the addition of the solid particles, which proves that these nanofluids can be used as a storage 

medium in solar thermal plants without great damage to the system. All of the above can contribute 

to reducing the LCOE of technology, allowing it to be more competitive compared to traditional 

energy sources.  
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4 EXPERIMENTAL METHODS  

In order to evaluate the properties of the Molten Salt-Based Nanofluids (MSBNFs) developed in 

this work, the eutectic commercial salt Hitec (7 wt% NaNO3-53 wt.% KNO3-40 wt.% NaNO2) 

was selected as a reference and base fluid and commercial alumina with a nominal size of 13.6 nm 

as additive. Three different concentrations of alumina nanoparticle were evaluated, namely0.5, 

1.0, and 1.5 wt.%. The methodology flow chart is shown in Figure 7. Alumina nanoparticles were 

selected to be the additive for MSBNFs with Hitec commercial molten salt as base fluid, thanks 

to the good thermal properties such as high melting point and thermal conductivity, and good 

stability at high temperature, and considering the literature [50], [70], [75], [76], [105] where the 

alumina is used as an additive, especially with Nitrate-nitrate molten salt as base fluid. Two 

different methods to fabricate MSBNFs were evaluated to select the most appropriate method. 

The traditional two-step method developed by Shin and Banerjee in 2011 [106] was compared to 

a new two-step method developed in this thesis, in which deionized water was replaced by butanol 

to ensure a homogeneous suspension of nanoparticles before mixing it with molten salt and 

ending with 4 or 5 thermal cycles in order to obtain a homogeneous nanofluid. Subsequently, 

thermophysical properties, specifically the melting temperature, specific heat capacity, and 

thermal decomposition, were validated and compared to the reference to select the method that 

produces nanofluids with the best properties. Finally, the corrosive behavior of the MSBNF with 

high specific heat capacity was evaluated in a reactor specially designed to assess the influence 

of nanoparticles on the corrosion of stainless steel. Three different heights inside the reactor were 

used, at the bottom of the reactor to evaluate the precipitated nanoparticles, at medium position 

to evaluate the nanofluids, and partially submerged to assess, not only the nanofluids, but also the 

possible releases of gases by the molten salt. 
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Figure 7. Methodology flow chart of molten salt-based nanofluids studied.
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4.1 Preparation method of Molten Salt-Base Nanofluids 

  

As mentioned above, there are different types of methods to prepare the nanofluids. The traditional 

method used was established by Shin and Banerjee in 2011 [106]. This method can be expensive at 

large scale, since it uses large amounts of water, which could be detrimental to the salt stability. 

Taking into account that the preparation method is an important factor to obtain good properties of 

nanofluids and intending to reduce energetic costs and synthesis time [89], researchers focus on 

obtaining nanofluids based on molten salts by alternative methods decreasing or eliminating the use 

of water without affecting the thermophysical properties of the mixture [60], [93]. Hence, in this 

research, the traditional two-step method was compared with a new two-step method proposed in 

which the water was replaced by butanol. Three different percentages of alumina nanoparticles (0.5, 

1.0, and 1.5 wt.%) were used to elaborate the MSBNFs with both methods.   

4.1.1 Preparation of the molten salt 

 

The salt mixture was prepared in the laboratory from pure high-grade chemicals according to the 

known formulations Hitec (7 wt. % NaNO3-53 wt. % KNO3-40 wt. % NaNO2). The nitrite and 

nitrate salts used were NaNO2, NaNO3, and KNO3 (98 %) Reagent Grade purchased from Merck. 

Pure salts contain different levels of impurities, primarily consisting of chloride, magnesium, and 

sulfate. The level of impurities in the salts according to the salt provider is given in Table 5.  

Table 5. The reported level of impurities in the nitrate/nitrite salts. 

Pure salt 

Amount (wt. %) 

Chloride 

(Cl-) 

Magnesium 

(Mg 2+) 

Sulfate 

(SO4
2-) 

Insoluble Moisture 

NaNO2 <0.01 <0.01 0.01 <0.025 <0.05 

NaNO3 <0.05 <0.005 <0.01 <0.025 0.1 

KNO3 <0.002 <0.005 <0.01 <0.025 0.05 

 

In the beginning, the salt mixtures were carefully prepared in an agate mortar for around 20 min under 

atmospheric conditions according to the proportion described above. After that, the mixture was 

heated in a Nabertherm LT 9/12/P330 muffle furnace until the melting point (~160°C) in a quartz 
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vessel for around 1 h, and the temperature was raised to 270°C for 48 h to eliminate the presence of 

moisture. Later, the mixture was cooled faster in a stainless steel container submerged in cold water, 

distributing it homogeneously at the bottom in such a way that there was a layer of ca. 5 mm thick, 

fast cooling it until the salt was completely solid. 

4.1.2 Traditional Method: Two-step method  

 

In order to produce molten salt-based nanofluids, the traditional method designed by Shin et Banerjee 

in 2011, was used as seen in Figure 8. Sodium nitrate, sodium nitrite, and potassium (7:53:40 weight 

ratio) and the alumina (Al2O3) nanoparticles were weighed in a Mettler Toledo AB204 Analytical 

Balance and mixed in a mortar for about 15 min until the obtaining of a visibly homogeneous mixture. 

The total mass of the mixture was 10 g. Next, the mixture was repackaged in a glass beaker and 

completely dissolved in 30 ml of deionized, then it was ultrasonicated for 3 hours to ensure good 

homogenization and a colloidal suspension (nanofluid). After that, the nanofluid was transferred to a 

hot plate at 120°C for evaporating the water from the mixture for around 14 hours. Finally, the 

nanofluid was heated at 160°C for around 4 hours to ensure a mixture completely melted and 

homogenous, followed by a rapid cooling to try to preserve the structure of the salt in the molten state 

and not allow time for the formation of new structures. After that, the samples were ground in a 

mortar before characterization, and stored in resealable bags inside a desiccator in order to avoid 

moisture ingress. Figure 9 presents the MSBNF before and after the fusion.  

 

Figure 8. The traditional method to develop Molten Salt-Based Nanofluids. 
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a.                                                                 b.  

Figure 9. Molten salt-based nanofluid a. before and b. after fusion. 

4.1.3 The proposed new method: Traditional Method with Modification  

 

Molten salt-based nanofluids were also produced following a modification of the traditional method 

by using butanol instead of water, with the aim to ensure a homogeneous and colloidal suspension of 

the nanoparticles before mixing with the molten salt. Considering that the alumina nanoparticles form 

stable suspensions in slightly polar solvents as 1- butanol [107], ensuring the homogeneous 

suspension of the nanoparticles first in the butanol, it is possible to obtain a homogeneous distribution 

of them after the addition of the molten salt. Once the salt is obtained by the procedure established 

above, the mixture was homogenized using an agate mortar for 15 minutes. The homogeneous 

powder was mixed with the nanoparticles (0.5, 1.0, and 1.5 wt.%), which were previously mixed with 

10ml of butanol, and forming a stable suspension sonicated continuously for at least 1 hour. After 

that, the mixture was subjected to a cycling process between 160 and 270°C at least 2 times, and fast 

cooling in a stainless steel container submerged in cold water to ensure the structure of the salt in the 

molten state and not allow time for the formation of new structures. After that, the samples were 

ground in a mortar to obtain powder and guarantee their homogeneity, and stored in resealable bags 

inside a desiccator in order to avoid moisture ingress. DSC, TGA, and rheometry were carried out to 

characterize pure Hitec and the MSBNFs. The preparation of MSBNFs is schematized in Figure 10. 
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Figure 10. The new proposed method, traditional method modify to prepare the Molten Salt-Base 

Nanofluids. 

4.2 Thermophysical Properties Determination 

 

4.2.1 Sampling process  

 

1. After the synthesis process, the samples are stored in resealable bags in a desiccator, in order 

to avoid the entry of moisture. 

2. When performing the characterization by the different techniques used, DSC, MDSC, TGA, 

Raman, XRD and SEM; the sample is removed from the desiccator and the required quantity 

is immediately selected. The selection is carried out randomly, always taking from different 

areas of the sample for each measure. 

3. Finally, after selecting the sample for characterization, it is re-stored in the desiccator. 

Note: In case of requiring transfer from one place to another, the samples stored inside the resealable 

bag were placed in an airtight container with silica gel inside, seeking to avoid the entry of moisture. 



51 

 

4.2.2 Thermal Analysis 

 

The experimental conditions to realize the thermal analyses such as differential scanning calorimetry 

(DSC), modulated differential scanning calorimetry (MDSC), and the thermogravimetric analysis 

(TGA) were as follows: 

4.2.2.1 Differential Scanning Calorimetry  

 

The melting point was measured using a differential scanning calorimetry (DSC; Q200, TA 

Instrument, Inc.). Tzero hermetic pan/lid aluminum (TA instruments) was used to place the samples 

in the DSC and analyzed by TA Universal Analyzer 2000 version 4.5A. The sample mass was around 

10 mg for all samples. The thermal cycle was realized in a nitrogen atmosphere, starting at room 

temperature until 400°C at a rate of 10 °C / min, followed by equilibration at 40°C. The test had a 

sampling interval of 0.10 s / pt, and 2 cycles were realized to obtain a homogeneous result. The 

melting temperature of the sample was taken as the main endothermic peak in the DSC curve. 

4.2.2.2 Modulated Differential Scanning Calorimetry  

 

Differential scanning calorimetry (DSC) is the most used procedure for determining the specific heat 

capacity of the nanofluids and other types of material for thermal energy storage. ASTM E1269 

establishes that the heat capacity should be measured by Differential Scanning Calorimetry (DSC) 

[108]. According to this standard, a sample measurement is comprised of three separate 

measurements: a baseline, a sapphire, and the sample. Finally, the determination of the heat capacity 

value is done by comparison between the power to heat the sample and the power to heat a known 

reference, usually sapphire. On the other hand, an alternative method to find the specific heat of a 

sample has been developed, using the Modulated Differential Scanning Calorimetry (MDSC) 

following the standard ASTM E2716 [109]. By this method, two simultaneous heating rates are 

applied to the sample, a linear heating rate where the total heat flow is analogous with the 

conventional DSC, and a second sinusoidal heating rate that allows the direct calculation of the 

specific heat capacity of the sample, allowing to have greater sensitivity to small changes in the 

sample, especially in non-homogeneous samples such as nanofluids.  

Modulated differential scanning calorimeter (MDSC; Q200, TA Instrument, Inc.) was used to 

estimate the specific heat capacity of the samples, using aluminum crucibles and N2 atmosphere. The 
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samples were heated up to 250°C and held at this temperature for 5 min to obtain a stable heat flux 

signal, after that, the applied amplitude was ± 0.50 °C every 130 s, and finally was heated again until 

350 °C at 2 °C / min. The specific heat capacity was reported for both methods at 300 °C, since this 

is the temperature at which the salt in Parabolic Trough Plants is commonly maintained. The 

reference used was standard sapphire. Several factors can influence the results of the measurement, 

including heating rate and sample size. In order to assess the influence of the latter, DSC 

measurements were performed using different weights of samples, 5, 10, 20, and 30 mg, it was 

established that 10 mg of sample was the adequate weight to obtain homogeneous and reproducible 

results. Peak analysis was performed using the Universal Analysis 2000 version 4.5A. These 

procedures were applied to measure the specific heat capacity of every sample, pure samples, and 

mixtures.  

4.2.2.3 Thermogravimetric Analysis  

 

The thermal stability of pure Hitec and the MSBNFs were determined by thermogravimetric analysis 

(TGA; Q500, TA Instrument, Inc.) under a constant stream of nitrogen at a flow rate of 50 ml/min, 

temperature ramp of 15°C / min in the range 25-800°C and isothermal for 5 min. 

4.3 Raman Spectrometry  

 

Raman spectra were obtained with a Horiba Jobin Yvon Labram HR spectrometer equipped with a 

He- Ne laser (0.10 mW, 632 nm) and CCD matrix detector (1024×256 pixels), to evaluate the 

chemical stability of the both pure Hitec and MSBNF with 1.5% Al2O3, submitted to the corrosive 

behavior test at 550 °C during 24, 48, 76, 97, 336, 432, 500, 668, 720, 864, 1663, 1932, and 2000 h. 

Raman spectra were collected over the range 50-2000 cm-1, and each spectrum resulted from a single 

scan, corresponding to a total collection time per spectrum of 20 s. Taking into account the 

heterogeneous nature of the sample nature, for both pure salt and the nanofluid, several spots on each 

sample were measured. 

4.4 Corrosive Behavior of Molten Salt-Based Nanofluids with Container Materials 

 

Given that the thermal energy storage system is an important part of the CSP plants, it is essential to 

investigate the susceptibility of the container materials in contact with the molten salt, taking into 

account that the corrosion decreases the plant life, and it can be aggravated by thermal cycling at high 
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temperature [4]. Hence, the corrosive behavior test of both pure Hitec and the MSBNF with high 

specific heat capacity was realized at 550 °C under a controlled atmosphere of N2 to evaluate the 

interaction between the metal surface and the MSBNF. This procedure was focused on the corrosion 

products on the surface, the corrosion rate of the metal alloy, and the stability under the time that 

MSBNFs were evaluated.  

4.4.1 Corrosive Behavior Test 

 

It is necessary to take into account that the materials used to contain the storage fluid must maintain 

both their structural integrity and their mechanical properties at the working temperature of solar 

thermal plants. The most widely used metals are stainless steels, such as AISI 304, AISI 316 among 

others, thanks to their low cost compared to other steels and alloys [110], as well as their thermo-

physical and mechanical properties. Among the stainless steels, AISI 304 stands out as one of the 

most used together with P91. AISI 304 was used in the Solar Two Plant in Daggett (California), for 

the hot tank and the parts in contact with the molten salt at high temperatures (565°C) [111], [112]. 

On the other hand, there are reports that highlight that steels with a high Cr content, such as AISI 304 

stainless steel, can be used in systems such as pipes and molten salt storage tanks, which operate at 

temperatures close to the 570°C [113]. In line with this information, stainless austenitic steel 

AISI 304 (SS304) was selected to evaluate the corrosion behavior inside both the molten salt Hitec 

and the MSBNFs; Table 6 shows the specification of the AISI 304 according to ASTM A240 [114]. 

Rectangular samples with initial dimensions of 25 mm×10 mm×1 mm and a 3 mm diameter hole for 

gripping the sample holder, were analyzed via gravimetric measurements. Then, the samples were 

grinded with SiC abrasive paper, degreased in alcohol, and dried in the air, to ensure a homogeneous 

surface without impurities. After that, they were placed in two reactors especially designed for this 

purpose, the first one with Hitec pure as fluid and the second one with the MSBNF with the enhanced 

thermophysical properties, specifically the specific heat capacity. Three different heights inside the 

reactor were evaluated to estimate the influence of the presence of nanoparticles. At the bottom of 

the reactor to estimate the influence of the precipitation of the nanoparticles, at medium position to 

evaluate the nanofluid, and partially submerged to evaluate, not only the nanofluid, but also the 

possible gases released by the molten salt. Figure 11 shows the reactors, the sample holder with the 

three heights evaluated, and the samples used to estimate the corrosion behavior. The long-term test 

was realized during 24, 48, 72, 168, 240, 360, 500, 672, 840, 1000, 1500, and 2000 h, in which the 
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samples were removed from the reactor, slowly cooled in warm distilled water and then, dried and 

weighted. For every height evaluated (Bottom, medium, and top) three samples were removed at 

every time of measurement.  Finally, the average value was computed from five weights, and the 

mass gain overtime was calculated according to Equation 4; where 𝑚𝑖 is the initial mass of the 

sample, 𝑚𝑓 is the mass of the sample at the selected time and 𝑆𝑜 is the initial area of the sample. 

∆𝑚

𝑆0
=

𝑚𝑖 − 𝑚𝑓

𝑆𝑜
 

Equation 4 

 

Table 6. Chemical composition of the studied AISI 304 alloy according to ASTM A240. 

Alloy C Mn S P Si Cr Ni N 

SS 304 <0.07 <2 <0.03 <0.045 <0.75 17.5-19.5 8-10.5 0.10 

Sample 0.026 1.49 0.012 0.037 0.27 18.6 8.4 - 

 

  

Figure 11. Image of a. Reactors designed to evaluate the corrosion behavior in this work, b. 

samples holder with three different positions inside the reactor and c. Stainless Steel AISI 304 

samples. 
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In order to determine the corrosion rate, the ASTM G1-03 standard was used [115]. Hence, HNO3 

solution was used to remove the corrosion products of SS304 samples by immersion, which were 

further cleaned by light brushing several times. Subsequently, the mass loss was determined after 

each cleaning by weighing the samples. Finally, from the norm [115] the Equation 5 was used to 

calculate the corrosion rate, where K is a constant (8.76x104 mm / y); W is the mass loss of the sample 

in grams, A is the sample area in cm2; T is the exposure time in hours, and D is the density of the 

stainless austenitic steel AISI 304 (7.94 g / cm3).  

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
(𝐾. 𝑊)

(𝐴. 𝑇. 𝐷)
 

Equation 5 

 

 

It is important to highlight that after the process described above, SS304 samples were stored in 

resealable bags with nitrogen injection prior to closing, in order to displace the presence of oxygen 

and prevent it from continuing to attack the surface of the samples, before being characterized by 

XRD. In this way, the phases identified by XRD would correspond to those obtained by the 

immersion process in salt and nanofluid. 

 

4.4.2 Characterization Techniques 

 

The scanning electron microscopy (SEM) and the X-ray diffraction (XRD) was performed in order 

to analyze the morphology of the SS304 samples in contact with pure Hitec and MSBNFs, as well as 

to determine the corrosion products after the long test. 

4.4.2.1 Transmission electron microscopy TEM 

 

The size and shape of alumina nanoparticles used to elaborated the MSBNF were observed by 

electron transmission microscope, TEM (Tecnai F20 Super Twin TMP), using a source of emission 

of fields, resolution of 0.1 nm in 200 Kv. Taking into account 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 the solvent elimination. 

4.4.2.2 Scanning Electron Microscopy (SEM) 
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The samples were fixed on a graphite tape, covered with a thin gold coating (DENTON VACUUM 

Desk IV equipment) and analyzed in the high vacuum scanning electron microscope (JEOL JSM 

6490 LV) to obtain high-resolution images. The detector of secondary electrons was used to evaluate 

the morphology and topography of the samples. The elemental analysis was carried out by energy-

dispersive X-ray spectroscopy EDS (reference INCA PentaFETx3 Oxford Instruments).  

SEM images were carried out after the MDSC measurement to verify the presence of the 

nanoparticles inside of the molten salt as well as to evaluate the agglomeration. On the other hand, 

the same technique was used to evaluate the morphology structure of the SS304 used to estimate the 

corrosive behavior of Hitec and MSBNF with 1.5 wt.% of Al2O3 under corrosive behavior test. 

4.4.2.3 X-Ray Diffraction (XRD) 

 

An X´Pert PRO MPD X-ray diffractometer with Co and Cu Kα radiation source was used, the data 

were recorded over the 2 theta range of 10-90° to analyze the corrosion products formed in the SS304 

at 550°C after 672 h of testing, as well as the corrosion products inside the molten salt after 2000 h 

of the corrosive behavior test. Rietveld refinement analysis was performed on the XRD patterns and 

compared to the references and standards found in HighScore Plus software from PANalytical 

version 3.0.  
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5 EXPERIMENTAL RESULTS 

In order to evaluate the effect of nanoparticles on the thermophysical properties of the molten salt, 

that is, Molten Salt-Based Nanofluids (MSBNFs) developed in this work, the eutectic commercial 

molten salt Hitec (7 wt. %NaNO3-53wt. %KNO3-40wt. %NaNO2) was selected as a reference and 

the base fluid and compared with the results of the MSBNFs with alumina nanoparticles in three 

different proportion, 0.5, 1.0 and 1.5 wt. %, with a nominal size of 13.6 nm. Hence, this section shows 

the characterization of both pure Hitec and the MSBNFs, as well as the characterization of the pristine 

alumina nanoparticles. 

5.1 Characterization of alumina nanoparticles 

 

Consider the significant properties of the alpha-alumina such as high melting point and thermal 

conductivity, good resistance to thermal impact and chemical stability and chemical stability, alpha-

alumina was selected as an additive to synthesize the MSBNFs. Thus, characterization by SEM, 

TEM, TGA, MDSC and DRX was performed to establish the size distribution, shape, thermal, and 

chemical stability of the alumina used for the synthesis of the MSBNFs with the traditional two-step 

method and the new two-step method proposed.  

5.1.1 Morphology of Alumina 

 

Figure 12 a and b shows the SEM and TEM images of the pristine alumina nanoparticles used to 

elaborate the MSBNFs, respectively, as well as,  

Figure 12 c and d, the size distribution with an average size of 13.6 nm which is even smaller than 

that reported by the supplier of 40 nm, and the EDX obtained from TEM where it is evident that the 

nanoparticles are composed only of Al2O3. The regular shape can be observed in the SEM and TEM 

images, as well as the presence of agglomerates, which can be eliminated or reduced during the 

MSBNFs synthesis process. The shape of the alumina is characteristic of alpha alumina, as other 

authors have reported [116], [117]. 
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Figure 12. Morphological features of pristine alumina nanoparticles used to elaborate the MSBNFs. a. SEM image, b. TEM image and c. 

the size distribution obtained from TEM image.

 

a.  

 

b.  

 

c.  

 

d.  



59 

 

 

5.1.2 Thermal properties 

 

Considering the differences between the properties of materials in bulk compared with the 

nanoparticles and taking into account the significant increase in the thermal properties of salts with 

the addition of solid particles with a size smaller than 100 nm demonstrated by various authors in the 

literature, the thermal properties of the nanoparticles used for the synthesis of nanofluids in this thesis 

are reported. Table 7 shows the comparison of the specific heat capacity of the nanoparticles with 

13.6 nm size used in this investigation with the reported in the literature, as well as the Cp for the 

bulk alumina. The reduction of the Cp in the nanoparticles is evident compared with the bulk alumina 

as other authors have been informed [53], [89]. The difference in Cp value obtained experimentally 

compared to that reported by some authors for alumina nanoparticles of the same size may be due to 

the crystallinity of the material, that is, the presence of the three phases of alpha, beta, and gamma-

alumina, as well as the shape of the particles [89]. 

Table 7. Specific Heat capacity of alumina nanoparticles and bulk. 

Size 
Specific Heat Capacity 

(J/g°C) 
Reference 

13.6 nm 0.79 (at 300°C) Experimental 

13nm 0.814 (at 310°C) [89] 

Bulk 

1,09 (at 223°C)  

1,14 (at 306,5 °C)  

1,16 (at 334°C) 

[77] 

 

On the other hand, it is important to consider other thermal properties such as the melting point to 

ensure that the particles remain solid at the operating temperatures of the salts. Table 8 reports the 

melting point of the alpha-alumina at 2050°C and higher, showing that this material can withstand 

the working temperatures in CSP plants: 550°C for Parabolic Trough Collectors and 770°C for 

Parabolic Dishes 
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Table 8. Thermal properties of bulk alumina from literature. 

Property Value Reference 

Melting Point 

(°C) 

2050 

2072 
[118] 

Thermal conductivity 

(W/mK) 

36,3 (at 25°C) 

20,4 (at 223°C) 

16,7 (at 306,5 °C) 

15,6 (at 334°C) 

30 

25 

[77], [119] 

Density 

(g/cm3) 

3.97 (at 223°C) 

3.96 (at 306,5°C) 

3.96 (at 334°C) 

[72], [77] 

 

Through the TGA shown in  

Figure 13, the thermal stability of the alumina nanoparticles was confirmed; below 150°C, the weight 

loss was attributed to the elimination of physically adsorbed water [120]. After this temperature, the 

sample is stable up to 1300°C without presenting other significant losses of mass as reported by other 

authors [121]. This result indicates that alumina will be stable during the nanofluid synthesis process, 

in which the maximum temperature is 270°C, and during its use in the corrosive behavior test with a 

holding temperature of 550°C. 
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Figure 13. TGA of pristine alumina nanoparticles. 

5.1.3 Composition and Structure by XRD 

 

In order to establish the chemical stability of alumina nanoparticles, the XRD pattern shown in Figure 

14 was established for two different samples, the first one shown in the left the of figure presents the 

XRD result of the pristine alumina used to synthesize the MSBNFs in this research, and the second 

one in the right of Figure 14, shows the result for the alumina calcined during 6 hours at 600°C, this 

temperature was selected considering the maximum temperature used in CSP plants and the 

temperature selected to evaluate the corrosive behavior test reported later, i.e., 550°C. In both 

diffractograms, the presence of the same phases of alumina, alpha, gamma, and theta was found in 

the same positions, thus, the chemical stability of the nanoparticles can be ensured as there are no 

appreciable changes in the structure of the sample after calcination.  

Despite the supplier of the alumina nanoparticles reported the composition of nanoparticles with only 

alpha alumina, the DRX results confirmed that it is a mixture of the three mentioned phases, alpha, 

gamma, and theta, the presence of these different phases of alumina can be related to factors such as 

the characteristics of the starting material (degree of crystallinity, impurities, alkaline) and the 

thermal cycle used to obtain the alpha-alumina. However, it is known that all of these phases are very 

stable both thermally and chemically, especially at the working temperature of the salts in the plant, 

that is, less than 600°C [122]. Although in the research with alumina nanoparticles used in the 

synthesis of nanofluids, the alumina phase is not reported, the improvement of the thermophysical 

properties with alumina gamma in the nanofluids has been reported [123], [124]. Likewise, the 

different phases may affect the thermophysical properties of different proportions compared to other 

authors, as indicated by Nithiyanantham et al. [89].  
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a.  

 
 

b.  

 

Figure 14. The XRD pattern of a. pristine alumina and b. calcined alumina.
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5.2 Thermophysical properties of Hitec and the MSBNFs  

 

The melting temperature, specific heat capacity and the thermal stability were assessed by DSC, 

MDSC and TGA, respectively; these thermal analyses are presented in this section. Also, the 

calculation of the storage capacity and the SEM evaluation after the specific heat capacity 

determination are shown in this section.  

5.2.1 Melting Temperature (Tm) 

 

The melting temperature values of the pure Hitec and the MSBNFs were obtained by DSC. Two 

heating and cooling runs were performed to avoid discrepancies in the melting temperature produced 

by the hygroscopic nature of some nitrates. The first cycle was performed to achieve the perfect 

mixing of the mixture, and the results from this sequence were not taken into account. The second 

cycle was analyzed, and the data from these runs are reported in Figure 16. The first transition is 

related to the solid-state phase transition α/β associated with the KNO3 eutectoid [125], and the 

second endothermic peak corresponds to the melting temperature.  

Given that both, the base molten salt (Hitec) and the nanofluids with the different proportions of the 

alumina nanoparticles, are not pure materials, and considering previous reports by Gimenez and 

Fereres [126] and Mohammad et al. [127], the heating rate affects the onset of melting as well as the 

peaks height, peaks width, and transition enthalpies. Therefore, the melting temperature of the sample 

was taken as the endset temperature of the main endothermic peak at the DSC curve [41]. Thereby, 

the melting point related to the Hitec salt was 145.38°C and the endset point was obtained at 

149.83°C, slightly higher than reported in the literature [40], [43], [47]. This behavior may be related 

to the preparation of salt in the laboratory without atmospheric control during the fusion process, that 

is, the fusion was performed under an air atmosphere. As indicated by Olivares [128] the use of air 

during fusion can change the composition of the initial mixture after oxidizing part of the nitrite to 

nitrate raising the melting point. 

The effect of the Alumina nanoparticles aimed at lowering the melting point of Hitec salt is shown 

in Table 9 and Figure 16, where the results are presented for both the traditional two-step method 

(TM) and the new two-step method (NM), with the three proportions of nanoparticles, 0.5, 1.0, and 

1.5 wt.% of Al2O3 nanoparticles. The addition of Alumina led to an apparent reduction of the onset, 
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endset, and melting point temperature. This effect was found for all samples investigated, but it was 

more evident for the new two-step method up to 4.93 % with 1.0 wt.% of nanoparticles compared to 

the base salt mixture. This behavior corresponds to the reports of several authors [62] in which the 

thermal properties of the molten salt have higher enhancement with 1.0 wt.% of Al2O3, and with a 

greater amount of nanoparticles the thermal properties begin to be affected negatively. In particular, 

the onset temperature decreased by adding Al2O3. This performance means that the phase change 

occurred at a lower temperature in comparison to the base salt; this behavior is a clear advantage for 

the use of the MSBNFs in CSP plants. On the contrary, with the traditional two-step method, the 

sample presented lower melting points between 1.5 wt.% and 4.08 % of Al2O3, contrary to what has 

been reported in the literature. However, taking into account the standard deviation of all samples 

evaluated, Figure 15, there was no statistically significant difference in the decrease of the melting 

point, which means that the samples exhibited a similar decrease regardless of the proportion of 

nanoparticles and the method of synthesis used. 

Few pieces of research have been reported for the variation of the melting point of salt with the 

addition of nanoparticles, and none of them used Hitec as the base fluid. Habitually, the researchers 

focus on other properties, like thermal conductivity and specific heat capacity. However, using the 

same type of nanoparticles, Nithiyanantham et al. [89] reported a decrease of ca. 1°C for the melting 

temperature after the addition of 1 wt.% of Al2O3 in the binary Solar salt. On the other hand, Chieruzzi 

et al. [62] showed a decrease of less than 1 % of the melting temperature for the molten salt after the 

addition of alumina nanoparticles.  
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Table 9 The melting point of pure Hitec and MSBNFs. 

Sample 

Melting 

Point 

(°C) 

Change 

Percentage 

(%) 

Standard 

Deviation 

Onset 

(°C) 

Endset 

(°C) 

Heat 

of 

Fusion 

(J/g) 

Hitec (H) 145.38 - 0.53 139.36 149.83 85.43 

H+0.5% Al2O3-TM 140.25 -3.53 0.84 131.52 146.50 78.76 

H+1.0% Al2O3-TM 139.54 -4.01 1.03 129.55 129.81 71.69 

H+1.5% Al2O3-TM 139.45 -4.08 1.20 129.81 145.95 71.81 

H+0.5% Al2O3-NM 138.98 -4.40 1.41 128.62 144.99 70.40 

H+1.0% Al2O3-NM 138.71 -4.93 0.25 127.42 144.50 68.42 

H+1.5% Al2O3-NM 139.27 -4.21 0.69 131.75 145.57 77.07 

 

 

Figure 15. Comparison of melting points of the traditional two-step method and the new two-step 

method. 

The addition of the alumina nanoparticles changed the shape of the heat flow curves during the solid-

liquid phase transformation as observed in Figure 16 d and e, as well as the reduction of the heat 
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fusion up to 20 %. This behavior means that the added nanoparticles allowed the heat storage to be 

less effective per unit volume. The decrease in the melting point and the heat of fusion may be due 

to the nano-sized salt embedded in the interparticle space, as well as the significant heat transfer 

behavior of the nanoparticles [89]. This combination generates a pre-melting, that is, the melting of 

the solid interface at a temperature below the melting point [129]. Additionally, Svobodova-

Sedlackova et al. [130] indicate a broadening in the melting peak relating it to an alteration between 

the phase formed on the surface, the aforementioned white layer, and the rest of the system. Due to 

the salt located between nanoparticles as shown in Figure 17, local heating is generated in them that 

helps to distribute the heat in a more homogeneous way throughout the nanofluid, and therefore, its 

melting point decreases. On the other hand, as indicated below for the increase in Cp, the formation 

of the white foamy phase and the ion exchange between the nanoparticles and the salt, can affect the 

melting temperature in the same way due to the alteration of the thermal behavior between the phase 

formed and the rest of the system. This behavior can lead to the formation of the shoulder shown in 

the curve depending on the interaction within the salt, taking into account that it is a ternary salt and 

not a single salt. However, this behavior must be confirmed experimentally. The interfacial thermal 

resistance influence cannot be ruled out either taking into account the shape of the curve obtained by 

the DSC and the decrease of the melting point and the heat of fusion. Nevertheless, one of the most 

determining factors for this behavior is given by the different synthesis methods, of the nanofluids 

and the base salt, and the subsequent possibility of different segregations or recombination that can 

be evidenced in the change in the shape of the flow curve, Figure 16. However, considering the 

storage capacity equation 𝑄 = 𝑚∆𝑇𝐶𝑝, the decrease of the melting temperature can lead to a ΔT 

increment, and in turn to an increase in storage capacity.  
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Figure 16. DSC of a. pure Hitec, b. MSBNF prepared by the traditional method (TM), c. MSBNF by the new method (NM), d. and e. close-up 

at the melting peak for TM and NM respectively.

 

a. 

 

b. 

 

c.  

 

 

d. 

 

e. 
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Figure 17. Graphic representation of salt embedding between nanoparticles. 

5.2.2 Specific Heat Capacity (Cp) 

 

Considering the importance of increasing the heat capacity of molten salts as a means to reduce their 

volume in CSP plants, the most suitable method to measure the specific heat capacity (Cp) of the 

molten salt is still a controversial topic, especially when nanoparticles are involved. This work is 

focused on the understanding of this property (Cp), mainly for the commercial molten salt Hitec 

compared to the Molten Salts Based Nanofluids (MSBNFs) with 0.5, 1.0, and 1.5 wt. % of alumina 

nanoparticles with a nominal size of 13.6 nm. 

Much of the researches on nanofluids has focused on the study of the influence of particles on thermal 

conductivity, only 5 % of the works studied the influence on specific heat capacity [131]. It should 

be noted that the first researches on nanofluids showed a decrease in Cp after the addition of solid 

particles [132], [133]. However, these investigations were based on water-based fluids and other 

fluids different from molten salts. But, around 2011 [9], researches using molten salts as base fluids 

in nanofluids began to be reported and showed a positive and significant effect on both Cp and 

thermal conductivity, after the addition of small proportions of solid particles. 

In this research, the specific heat capacity was measured using modulated differential scanning 

calorimetry (MDSC) in a temperature range of 250 to 350°C, considering the normal operating 
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temperature in CPS plants, especially parabolic through collectors, only results were reported at 

300°C. Hence, Table 10 shows the Cp of the pure Hitec and the MSBNFs synthesized by the 

traditional two-step method (TM) and the new two-step method (NM). The results show a positive 

effect in all the samples after the addition of the alumina nanoparticles in different concentrations and 

by both synthesis methods. The new two-step method, proposed here, showed an apparent 

improvement in Cp up to 14.08 % with the addition of 1.5 wt.% of Al2O3. This result, together with 

the decrease in the melting point, demonstrated that new method is viable for the manufacture of 

molten salt-based nanofluids for thermal storage applications in CSP plants, avoiding the use of water 

in the process and therefore its subsequent elimination. With the same proportion of nanoparticles 

(1.5 wt%) synthesized by TM, a maximum apparent increase of 18.74 % was obtained, considering 

that the dispersion of the nanoparticles within the salt is an important parameter in the improvement 

of the Cp of the nanofluids [37], [134], the time of sonication in the TM process can allow better 

dispersion of nanoparticles in the nanofluid and lead the increment of Cp. According to the standard 

deviations Figure 19, there was no statistically significant difference between the evaluated samples, 

which would indicate a similar increment of Cp of the MSBNFs with 0.5 and 1.0 wt.% for both 

synthesis methods used. 

The proposed and reported mechanisms to explain the significant increment of Cp in MSBNFs 

considers: i. a higher specific heat capacity of nanoparticles than the bulk, ii. the abnormal increase 

in thermal resistance between nanoparticles and surrounding liquid molecules, iii. the layering of 

liquid molecules at the surface to form a semi-solid layer [63] and a possible fourth recently proposed 

mechanism regarding the functionalization of nanoparticles by ion-exchange mechanism [95]. 

Experimentally, in this thesis, it was not possible to demonstrate that the increase in the Cp of the 

nanofluid occurs by one of the mechanisms previously established. However, it is considered that the 

abnormal increase in Cp is not given by a single mechanism, that is, this increase may be due to a 

mixture of the mechanisms. 

Given that the Cp of the alumina nanoparticles used to prepare the MSBNFs in this thesis is lower 

than the base fluid, the first mechanism cannot explain the increment of the Cp. In addition to the 

influence of the high surface area of the nanoparticles per unit volume and the good dispersion of the 

smaller in the salt, the formation of a semi-solid layer or the formation of a liquid-solid interface, 

which had initially been tried to verify by means of molecular dynamic simulation [78], [135], could 

recently be demonstrated by means of infrared thermography and thermal analysis  [130].  Given the 
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presence of these interfaces, the existence of a temperature gradient and a foamy white layer with the 

nanofluid in the molten state was shown. It should be noted that this foamy white layer was also 

observed in this project through the initial visual observation of the melting process of the system, as 

well as at the time of the viscosity evaluation, in Figure 18 the images taken in each of the these 

moments. However, this white layer was not evaluated individually, that is, at the end of the salt 

preparation process, the container was shaken manually in order to distribute the nanoparticles and 

proceed with cooling. 

According to Svobodova-Sedlackova et al. [130] the white layer has a higher crystallinity compared 

to the rest of the fluid. In the same way, they were able to verify an alteration of the environment of 

the NO3
- ion due to changes in the characteristic bands of this, evaluating in the nanofluid fusion 

process by means of FT-IR, as well as an ion exchange between the hydroxylated nanoparticles and 

the nitrate of sodium, which leads to the formation of a large super specific. Additionally, a new 

ordering of the species that causes the enhancement of specific heat capacity. Within the same article 

they report the existence of a thermal limit resistance or additional Kapitza resistance, that is, there 

is a resistance between the nanoparticles and another between them and the fluid. In this way, if we 

make an analogy between what is reported by the authors and the system evaluated in this thesis, that 

is, NaNO3 + SiO2, and our system the ternary salt Hitec (KNO3-NaNO2-NaNO3) + Al2O3, taking into 

account that visually the white foamy layer was also observed; it could be indicated that an ion 

exchange is also possibly generated and the formation of a second Kapitza resistance that leads to an 

increase in the Cp of the nanofluid [87]. However, it is important to experimentally test this behavior 

to be able to affirm it, especially since it has a ternary mixture instead of an individual salt, in addition 

to alumina nanoparticles instead of silica. 

In accordance with the above, and taking into account the work reported by Mondragón et al. [95] in 

which the ion exchange capacity (IEC) of alumina and silica nanoparticles with the salts NaNO3, 

KNO3 and LiNO3 is evaluated. It could be indicated that the increase in Cp in the system evaluated 

in the thesis is lower than other systems reported in the literature, since the alumina nanoparticles 

have a lower IEC compared to silica, for all the salts evaluated in said article. This is due to the fact 

that the size of the silica nanoparticles is smaller and therefore greater specific surface area. 

Additionally, given that the salt in this thesis is a ternary salt with a greater presence of the K + cation, 

a greater affinity of the nanoparticles for the NO3
- ion could be expected due to the larger size of this 

anion compared to Na +, as reported by the same authors having a higher IEC when K + is present.  
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Table 10. Average specific heat capacity at 300 °C of pure Hitec and the MSBNFs by both 

methods, Traditional Method (TM) and New Method (NM). 

Sample 
Specific Heat Capacity 

(J/g°C) 

Change 

Percentage 

(%) 
Standard Deviation 

Hitec (H) 1.46 - 0.033 

H+0.5% Al2O3-TM 1.64 12.58 0.107 

H+1.0% Al2O3-TM 1.68 14.91 0.140 

H+1.5% Al2O3-TM 1.73 18.74 0.028 

H+0.5% Al2O3-NM 1.67 14.63 0.143 

H+1.0% Al2O3-NM 1.60 9.66 0.011 

H+1.5% Al2O3-NM 1.67 14.08 0.001 

 

 
a.   

b.  

Figure 18. Evidence of the presence of the foam layer in the nanofluids a. during visual inspection 

of the fusion, b. the corrosion assessment process and c. in the evaluation of viscosity. 

So far, there is no consensus on the reason for the improvement of the Cp of nanofluids, especially 

the MSBNFs, as well as the mechanisms that lead to a significant increase with low proportions of 

nanoparticles. Some authors have reported that with 1 wt.% of nanoparticles the greatest increase in 

Cp is obtained [61], [69], [72], [85], others such as Ho and Pan [50] have carried out a study of the 

optimal concentration of alumina nanoparticles in Hitec salt, concluding that with a concentration 
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greater than 0.063 wt.% the Cp of the salt is negatively affected with reductions of up to 5.7 % with 

the addition of 2 wt.% of Al2O3, while Hu et al. [61] reported an 8.3 % increase in Cp of binary salt 

with 2 wt.% Alumina nanoparticles.  

Additionally, several theoretical models have been reported for determining the Cp of nanofluids, the 

first model is similar to the mixing theory for ideal gas mixtures, Equation 6, the second model, 

known as the “simple mixing model”, assumes that the base fluid and the nanoparticles are in thermal 

equilibrium as expressed in Equation 7, and the third model, established by Shin et al. and shown in. 

Equation 8, considers the contribution of the compressed phase to the total specific heat capacity of 

the nanomaterials.  

𝐶𝑝𝑛𝑓 = ∅𝐶𝑝𝑛𝑝 + (1 − ∅)𝐶𝑝𝑏𝑓 

 
Equation 6 

𝐶𝑝𝑛𝑓 =
∅(𝜌𝑛𝑝𝐶𝑝𝑛𝑝) + (1 − ∅)(𝜌𝑏𝑓𝐶𝑝𝑏𝑓)

∅(𝜌𝑛𝑝) + (1 − ∅)(𝜌𝑏𝑓)
 

 

Equation 7 

 

𝐶𝑝𝑛𝑓 =
𝜌𝑛𝑝𝜙𝑛𝑝𝐶𝑝𝑛𝑝 + 𝜌𝑐𝜙𝑐𝐶𝑝𝑐 + 𝜌𝑏𝑓𝜙𝑏𝑓𝐶𝑝𝑏𝑓

𝜌𝑛𝑝𝑉𝑛𝑝 + 𝜌𝑐𝑉𝑐 + 𝜌𝑏𝑓𝑉𝑏𝑓
 

Equation 8 

 

 

Where, ϕ is the volume fraction of nanoparticles, ρ the density and the subscripts nf, np, c, and bf 

refer to the nanofluid, nanoparticle, compressed layer, and base fluid, respectively [58], [65], [136]. 

It is important to highlight that in nanofluids discussed in here, the values of Cp, density and volume 

fraction of the compressed layer were taken according to what was established by Shin et al., that is, 

the Cp value of the layer is 4 times the Cp value of the salt, the density of the layer is equal to that of 

the base salt, and the volume fraction was calculated taking into account the thickness of the layer of 

1.67 nm for the alumina particles. 

Table 11 shows the Cp values determined by the three models previously established. A lower value 

of Cp compared with the base fluid is obtained with the addition of nanoparticles and decrease with 

the concentration increment for the first two theoretical models (Model-1 and Simple mixing model), 

while the model established by Shin et al. showed an increase in Cp compared to the base fluid and 

concerning the concentration of nanoparticles. Although some authors report a good agreement 

between these models and the experimental data, and even though the theoretical model proposed by 
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Shin et al. considers the compressed or semi-solid layer and which shows a growth of the Cp of the 

nanofluids regarding the Cp of the molten salt, the rate of increase is not equal to what was found 

experimentally. For that reason, in this case, it is necessary to consider other factors or physical-

chemical parameters that can explain the anomalous improvement obtained. 

Table 11. Specific heat capacity of different particle concentrations obtained by the Simple mixing 

model. 

Concentration 

Particle 

(wt.%) 

Model-1 

Cp 

(J/g°C) 

Simple mixing model 

Cp 

(J/g°C) 

Shin et al. model 

Cp 

(J/g°C) 

0 1.460 1.460 1.460 

0.5 1.459 1.457 1.465 

1.0 1.457 1.453 1.470 

1.5 1.456 1.450 1.475 
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Figure 19. Comparison of the specific heat capacity of the Traditional two-step method, New two-

step method, and the theoretical models. 

 

5.2.3 Microstructural Analysis  

 

To determine the presence of the nanoparticles after the measurement of the Cp by MDSC, as well 

as to observe the degree of dispersion and agglomeration of solid particles in the molten salt, a 

microstructural study was performed using Scanning Electron Microscopy (SEM). In the same way, 

the elemental mapping was performed to ensure the good distribution of the nanoparticles and the 

molten salt components. Figure 20 shows the SEM image of the pure Hitec and the nanofluids are 

shown in Figure 21, in which, the images a, b, and c correspond to the samples synthesized by the 

traditional two-step method with proportions 0.5, 1.0 and 1.5 wt.% of alumina respectively, and d, f, 

and e the samples prepared by the new two-step method with 0.5, 1.0 and 1.5 wt.% of Al2O3 

respectively.  
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Figure 20. SEM Images of pure Hitec. 
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Figure 21. SEM images after MDSC evaluation a, b, c samples elaborated by traditional two-step method with 0.5, 1.0 and 1.5 wt.% of 

alumina nanoparticles, respectively, and d, e, f .sample elaborated by new two-step method with 0.5, 1.0 and 1.5 wt.% of alumina 

nanoparticles, respectively.

 
 

a. 

 
 

b. 

 
 

c. 

 
 

d. 

 
 

e. 

06  

 

f. 
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A similar microstructure of the MSBNFs can be observed in Figure 21, which means that they are 

not influenced by the synthesis method. The presence of the alumina nanoparticles in all samples 

prepared by both methods TM and NM was evident, as well as the uniform nanoparticles dispersions 

inside the molten salt that can be observed for all samples evaluated. This result can be confirmed by 

elemental mapping shown in Figure 22, where a good distribution of the base elements of the salt 

was evident, i.e. Na and K, and the presence of the nanoparticles (blue color) was observed. However, 

localized agglomeration was visible.  

It is important to highlight that this research did not show the presence of the interconnecting network 

of nanoparticles or needle-like structure as reported for some authors [63]. However, the absence of 

these connecting networks has been reported by several authors [50], [60], [62], [72]. Therefore, this 

is not the reason why there was a significant increase in Cp, although the distribution in the solid-

state does not necessarily correspond to the distribution of the nanoparticles in the molten state. In 

this case, the increment of the heat capacity could be due to the high surface area of the nanoparticles 

per unit volume and the particle size distribution, that is, smaller particles may be more dispersed 

within the salt and increase thermal properties [62].  

On the other hand, some authors have reported that the Cp decrease is given the increment of the 

agglomeration of the nanoparticles with the increase of particle concentration [78]. Nevertheless, in 

this research, a greater increase in Cp could be observed for the highest concentration obtained by 

traditional two-step method, a sample in which less agglomeration was observed, see Figure 21 c. 

Though, samples with greater agglomeration, 1.0 and 0.5 wt.% of Al2O3 obtained by TM and 

1.0 wt.% of Al2O3 synthesized by NM, presented the lower Cp value, while the other two samples 

prepared by NM showed the similar grade of agglomeration and Cp value, confirming that the amount 

of agglomerates is a determining factor in the Cp of nanofluids. Additionally, comparing the structure 

of the salt in the MSNBFs Figure 21 and the base fluid Figure 20, the grain size reduction can be 

detected, especially for the samples with higher Cp values, this behavior has been reported by other 

authors [50], [72]. 
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Figure 22. Example elemental mapping, MSBNF with 0.5 wt.% of Al2O3 obtained by TM after the 

MDSC evaluation (O-white, Na-green, Al-blue, K-orange, and N-red). 

 

5.2.4 Thermal Stability 

 

The results for the TGA experiments are summarized in Table 12 and Figure 23, Figure 24, and 

Figure 25. To evaluate the thermal stability of the molten salt Hitec and the MSBNFs, we followed 

the criterion for the maximum stability temperature where 3 % of the overall weight has been lost 

[24], [26], for this a temperature of 300°C was chosen as the initial temperature where the mass loss 

started.  

As can be observed in Figure 23 and Figure 24 Hitec and the nanofluids presented a similar 

decomposition curve and the thermal stability under N2 atmosphere. The decomposition temperature 

of Hitec was estimated at 621.88°C, this value was slightly lower than the reported by Villada et al. 

[24] who reported a decomposition temperature value of 639.11°C, and Fernández et al.[43] informed 

630.97°C, both studies for an inert atmosphere. However, other authors presented a maximum 
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thermal stability between 535 to 538°C under N2 atmosphere [48], [137] and 610°C under the same 

atmosphere [128], this behavior may be due to both the raw materials and the salt preparation method, 

showing that there is not a consensus about this thermal property. On the other hand, the 

decomposition temperature for the MSBNFs was higher than 616°C, it was not significantly affected 

by the addition of the nanoparticles or by the nanofluid synthesis method, TM and NM. Increases of 

up to 1.91 % and reductions of up to 0.15 % were obtained. In this way, it could be said that the 

nanofluids obtained by both methods are stable; this behavior is in accordance with some reports by 

other authors in which, a mass of loss of 1 % was observed [58], [89]. 

 

Figure 23. Decomposition temperature under N2 atmosphere of pure Hitec from TGA 

measurements. 
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Figure 24. Decomposition temperature under N2 atmosphere of the MSBNFs synthesized by TM 

and NM, from TGA measurements. 

 Traditional Method (TM) New Method (NM) 

0.5% 

  

1.0% 

  

1.5% 
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Table 12. Thermal stability analysis under N2 of pure Hitec and MSBNFS by both methods studied. 

Sample 

Thermal 

decomposition 

(°C) 

Standard 

deviation  

Change 

Percentage 

(%) 

Bulk of 

decomposition 

(°C) 

Standard 

deviation 

Change 

Percentage 

(%) 

Hitec (H) 621.88 0.58 - 785.68 4.58 - 

H+0.5% Al2O3-TM 625.58 6.22 0.59 788.30 2.79 0.33 

H+1.0% Al2O3-TM 633.79 7.66 1.91 791.11 2.76 0.69 

H+1.5% Al2O3-TM 616.74 4.36 -0.83 789.40 0.35 0.47 

H+0.5% Al2O3-NM 620.97 4.14 -0.15 784.92 9.57 -0.10 

H+1.0% Al2O3-NM 617.60 5.49 -0.69 790.18 2.83 0.57 

H+1.5%Al2O3-NM 631.75 6.99 1.59 790.67 1.34 0.64 

 

Figure 25 shows the bulk decomposition of the MSBNFs prepared by TM and NM methods that is 

the maximum signal in the derivate weight change curves. According to the results, the bulk 

decomposition values were also not affected significantly by the addition of nanoparticles or the use 

of different synthesis methods, and Hitec bulk decomposition temperature is close to those reported 

by other authors (789°C under N2) [128]. The form or the peaks can be related to the evolution of 

nitrogen species (N, N2) at 780°C, as well as O2 and NO2 species [128]. However, considering the 

amount of sample evaluated by TGA (less than 10 mg), and compared to the real amount in CSP 

plants, approximately 30.000 tons, the examination in terms of salt composition and kinetics are 

required, similar to the reported by Villada [49] 
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a. 

 
 

b. 

Figure 25. Derivate weight change showing bulk decomposition processes of the MSBNFs 

synthesized by a. TM and b. NM. 

5.2.5 The storage capacity of the Hitec and MSBNFS  

 

Considering the main use of the materials proposed in this research, that is, as material for thermal 

storage in CSP plants, the influence of their thermal properties, especially the specific heat capacity, 

melting temperature, and stability temperature, as well as the system operating temperature and tank 

size in the thermal storage capacity must be taken into account. Hence, the storage capacity through 

the sensible heat was calculated using Equation 9, according to the properties previously presented 

(specific heat capacity, melting point, and thermal decomposition under nitrogen) and with 1 ton as 

a calculation basis. Similarly, the density of the samples was obtained by applying mixed classical 

theory Equation 10 [138] where 𝜙𝑝 is the volume fraction of the particles and 𝜌𝑏𝑓and 𝜌𝑝 the density 

of base fluid and nanoparticles respectively.  

𝑄 = 𝑚𝐶𝑃∆𝑇 Equation 9 

 

𝜌𝑛𝑓 = (1 − 𝜙𝑝)𝜌𝑏𝑓 + 𝜙𝑝𝜌𝑝 Equation 10 
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Table 13 shows the storage capacity in KW-h as well as the cost per kilogram, the storage cost, 

estimated by Equation 11 [135], and the density of the Hitec salt and the MSBNFs synthesized by 

both the traditional two-step method and the new two-step method proposed in this research. The 

calculation was performed taking into account the cost value of the molten salt at analytical and 

industrial grade. Hence, all samples evaluated showed a reduction of more than 10 % in the storage 

cost, in addition to a small reduction in cost per kilogram and an increase in storage capacity. 

Concerning the degree of purity of the salt, using an industrial-grade salt costs less than using an 

analytical grade salt. 

Also, it is possible to observe an increase in storage capacity of up to 20% for the MSBNF with 

1.0 wt.% of alumina synthesized by the traditional two-step method and with storage cost less than 

18 % compared with the base salt. However, these calculations do not take into account other 

important factors of the process such as the amount of water used in the traditional method, the energy 

consumed for its elimination, and therefore the additional cost. Thus, when comparing the nanofluids 

obtained by the two methods, with the same proportion of nanoparticles, the increases in the storage 

capacities and costs were similar, except for 1.0 wt.%. However, the potential of the proposed method 

is evident given the reduction of water and decrease of energy consumption to eliminate it. The 

density increases with the increase of particles concentration , behavior reported by other authors 

[61], [138], which shows that this property can be estimated very accurately using classical mixed 

theory. 

 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 [
$

𝑘𝑊 − ℎ
] =

𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑘𝑔 [
$

𝑘𝑔]

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑝 [
𝑘𝐽

𝑘𝑔𝐾] ∗ ∆𝑇[𝐾] ∗ 2.778 ∙ 10−4[
𝑘𝑊ℎ

𝑘𝐽 ] 
 

 
Equation 11 
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Table 13. Storage capacity and Effective storage fluid cost of the Hitec and MSBNFs synthesize by two-step traditional and new methods. 

Sample 

Specific Heat 

Capacity 

kJ/KgK 

Density 

(kg/m3) at 

300°C 

[Ref.] 

Storage 

Capacity 

(kWh) 

Change of 

Storage 

Capacity 

from Hitec 

(%) 

Cost per kg 

(US $/ kg) 

[Ref.] 

Analytical 

grade 

 

Storage 

Cost 

(US $/ kWh) 

Analytical 

grade 

 

Cost per kg 

(US $/ kg) 

[Ref.] 

Industrial 

grade 

Storage 

Cost 

(US $/ kWh) 

Industrial 

grade 

Hitec (H) 1.46 1640 [139] 161 - 0.930 [48] 5.78 0.370 2.30 

Alumina 0.79 3951.74 - - 0.170 [140] - 0.170 [140] - 

H+0.5% Al2O3-TM 1.64 1644.81 185 15 0.926 5.02 0.369 2.00 

H+1.0% Al2O3-TM 1.68 1649.65 193 20 0.922 4.77 0.368 1.90 

H+1.5% Al2O3-TM 1.73 1654.52 191 19 0.919 4.81 0.367 1.92 

H+0.5% Al2O3-NM 1.67 1644.81 185 15 0.926 5.02 0.369 2.00 

H+1.0% Al2O3-NM 1.60 1649.65 177 10 0.922 5.20 0.368 2.08 

H+1.5%Al2O3-NM 1.67 1654.52 191 19 0.919 4.80 0.367 1.92 
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Currently, one of the problems for the deployment of solar energy is the high Levelized cost of energy 

(LCOE), i.e., the commonly used metric that represents the performance and cost as a dollar amount 

per unit energy generated [141]. By the end of 2018, the LCOE of CSP plants was 0.185 US$/kWh 

for 0.5 GW of capacity added [20]. Some of the parameters to be calculated for the estimation of 

LCOE is the initial investment cost including the components and system costs, as well as the 

efficiency; the implementation of TES system with molten salt as a storage medium in the two-tanks 

configuration, used as a strategy to reduce the LCOE, showed an efficiency of >98% [89]. Hence, 

increasing the storage capacity improves the TES and in turn contributes to the reduction of the 

LCOE, making the technology more competitive compared to traditional energy sources [142]. 

 

5.3 Conclusion 

 

The thermophysical properties of the pure Hitec as a reference and the molten salt-based nanofluids 

(MSBNFs) was evaluated. MSBNFs were successfully synthesized by two different methods, 

traditional two-step method (TM) and a new two-step method (NM) proposed by replacing the water 

with butanol, with the aim to avoid the use of water in the process and the decrease the preparation 

time of the nanofluids. The melting temperature, the specific heat capacity and thermal stability were 

reported and measured by DSC, MDSC and TGA, respectively. The microstructure after the MDSC 

evaluation was also shown, in addition to the heat capacity storage of the molten salt evaluated.  

A new two-step method was proposed, in which the use of water in the process is avoided and the 

time of the process is reduced with the use of butanol to obtain a good dispersion of alumina 

nanoparticles. According to the results, it was possible to demonstrate the viability of the synthesis 

of the molten salt-based nanofluids by this method thanks to the apparent increase in specific heat 

capacity up to 14.08 % with 1.5 wt.% of nanoparticles, as well as the apparent decrease in the melting 

point of up to 4.21 % with the same amount of nanoparticles, with a minimum effect on the stability 

temperature of nanofluids. Using the traditional method established by Shin and Banerjee for the 

synthesis of MSBNFs, an apparent increase of up to 18.74 % of the specific heat capacity was 

obtained with 1.5 wt.% of nanoparticles, and a decrease of 4.08 % of the melting point. Similarly, 

there was no significant effect on the stability of the nanofluid. The other alumina nanoparticle 

proportions synthesized by both methods (0.5 and 1.0 wt.%), did not show a statistically significant 

difference in the increase in Cp, so their behavior was similar. 
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After the evaluation of the thermal properties, especially of the Cp by MDSC, the presence of the 

nanoparticles was determined by SEM for both synthesis methods. It should be noted that no new 

nanostructures like those reported by other authors were found, which have been proposed as being 

responsible for the significant increase in the Cp of MSBNFs. Experimentally, in this thesis, it was 

not possible to demonstrate that the increase in the Cp of the nanofluid occurred by one of the 

mechanisms proposed by other authors. However, taking into account what was observed both 

visually in the nanofluids developed and in the results obtained for the thermophysical properties, in 

addition to the current reports in the literature. It is considered that the increase in Cp may be due to 

a combination of some of these mechanisms. 

In addition to the influence of the high surface area of the nanoparticles per unit volume and the good 

dispersion of the smallest particles in the salt, the increase in Cp may be due to the formation of a 

new phase, a white foam also observed in this work, which some authors have shown has an effect 

both on the ionic interaction of the fluid with the nanoparticles, and on the generation of a second 

Kapitza resistance. On the other hand, taking into account other studies, it could be indicated that the 

ion exchange capacity would be favored thanks to the presence of the potassium ion within the salt. 

The mixture of all these factors and the additional ones that must be tested experimentally for this 

particular system, in which there is the presence of three different salts, can lead to obtaining 

additional storage and therefore to an increase in the Cp of the nanofluid. 

An increase up to 20% in the storage capacity of the nanofluids synthesized by both methods was 

shown compared to the base fluid, with 1.0 wt.% of alumina nanoparticles synthesized by TM method 

and with 1.5 wt.% of alumina nanoparticles using NM method. Similarly, the cost of storage had a 

positive effect after the use of nanoparticles, that is, it was reduced by up to 18% using the traditional 

two-step method (with 1.0 wt.% of nanoparticles) and up to 17% for the new two-step method (with 

1.5 wt.% of nanoparticles).  

According to the results previously exposed, the feasibility of applying the method developed in this 

thesis is demonstrated, obtaining properties comparable to the traditional two-step method, with 

similar storage costs as well as storage capacity, but reducing costs in the synthesis process by 

decreasing solvent evaporation time.  
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5.4 Corrosive Behavior Test of Hitec and Molten Salts-Based Nanofluids in contact with 

AISI 304 

 

To establish the aggressiveness of nanofluids against steel, which is commonly used for the 

manufacture of containers in CSP plants [143], Hitec was used as a reference salt and, given the 

results of Cp described above, the nanofluid with 1.5 wt.% of Al2O3 synthesized by the traditional 

two-step method was also selected as the corrosive environment. Stainless steel AISI 304 (SS304) 

was chosen given its characteristics, such as good resistance to corrosion, prevention of 

contaminating products, and adequate resistance to creep. Two reactors, see Figure 11, with 

controlled N2 atmosphere, temperature, and mechanical agitation were manufactured to ensure the 

same conditions during 2000 h at 550°C for pure Hitec and the selected MSBNF. Three different 

positions inside each reactor were selected for the evaluation of stainless steel samples: bottom to 

evaluate the influence of particles precipitation, as some authors have proposed [102], medium to 

determine the real aggressiveness of the nanofluid, and top with a part in contact with the fluid and 

another part above the nanofluid level to evaluate the possible effect of gases released by the salt. In 

the following section, the isothermal immersion test to measure the mass change and the corrosion 

rate is shown. Moreover, the characterization of SS304 samples and the molten salts evaluated is 

presented. SEM and EDX analyses were employed to determine the morphological evolution, 

thickness, and chemical composition of the samples; finally, the corrosion products were determined 

by XRD. 

5.4.1 Composition and Structure by XRD 

 

A conventional XRD and a Rietveld refinement analysis were used to identify the corrosion products 

present in the SS304 samples immersed in the Hitec salt and the nanofluid after 672 h at 550°C under 

a controlled N2 atmosphere. Figure 26 and Table 14 shows the XRD pattern and the phases obtained 

by the refinement, it is important to highlight that the Rietveld refinement was performed without 

background subtraction, which was done only to improve the presentation of the images. Table 15 

presents agreement indices for the Rietveld fitting procedure .The weighted R profile (Rwp) and the 

goodness of fit (GOF)  confirmed a good fit because their values were lower than 10% and 4, 

respectively [144]. 

After 672 h of exposure, all samples showed the presence of two main corrosion phases, magnetite 

(Fe3O4) and sodium iron oxide (NaFeO2), as well as a protective layer of chromium. However, 
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different types of chromium oxide protective layers were found for the samples exposed in Hitec 

compared to those exposed in the nanofluid. The samples exposed in Hitec formed a simple 

chromium oxide Cr2O3, while those immersed in the nanofluid showed the “less-protective” 

compound spinel FeCr2O4 ( 35.1° and 38.7°) [145]–[147]. This behavior had been reported by other 

authors with similar exposure times and temperatures, indicating that the protective layer of 

chromium oxide Cr2O3 that characterizes SS304 samples is not maintained given the dissolution of 

chromium in contact with nitrate/or nitrite base salts [113].  

Additionally, in both cases the presence of some peaks corresponding to the substrate was evidenced, 

indicating that the penetration depth of X-ray beams (micrometers) exceeded the corrosion layer 

thickness, 9.50 nm for the samples immersed in Hitec salt and 6.08 nm for the samples immersed in 

the nanofluid [102]. Also, the increase in the exposure time of the samples could propitiate the growth 

of the iron oxides present in the sample and the FeNaO2 layer, as it was observed in SEM and EDX 

analysis; this behavior has been reported by other authors [148]. 

 



89 

 

 

a.  

 

b.  

a.  

Figure 26. The XRD pattern of AISI 304 immerses in a. Hitec and b. MSBNF after 672 h at 550°C, in the bottom and medium position inside 

the reactors. 
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Table 14. Quantitative Rietveld analysis of SS304 immersed in Hitec and MSBNF after 672 h at 

550°C, in the bottom and medium position inside the reactors. 

Phase 

Weight fraction 

(%) 

Hitec MSBNF 

Bottom Medium Bottom Medium 

Iron 8.0 37.3 14.6 12.5 

Hematite (α-Fe2O3) - 3.6 8.2 7.9 

Magnetite (Fe3O4) 58.2 5.2 32.3 27.6 

Fe4O5 25.6 16.8 16.6 20.3 

Chromite (FeCr2O4) - - 4.6 6.5 

Cr2O3 2.9 4.7 - - 

FeNaO2 4.4 27.8 23.8 25.3 

NaNO2 0.8 4.7 - - 

 

Table 15. Agreement indices for the Rietveld fitting procedure. 

Sample 
Weighted R Profile 

Rwp (%) 

Goodness of Fit 

GOF 

Hitec 
Bottom 2.61 1.65 

Medium 3.10 2.22 

MSBNF 
Bottom 2.27 1.31 

Medium 2.30 1.33 

 

5.4.2 Morphological development by SEM/EDX analysis 

 

In order to compare the corrosion behavior produced by pure Hitec and the MSBNF with 1.5 wt.% 

of Al2O3  in the SS304, SEM was used to determine the evolution of the morphology throughout 

immersion time. Figure 27 and Figure 28 show the morphology of the oxide layer of the samples 

immersed in the reactor with pure Hitec and with the MSBNF, respectively. Different 

microstructures, stick type and hexagonal, were observed in all samples evaluates, which grew with 
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the time of exposure.  By comparing the samples immersed in the different salts, R1 with pure Hitec 

and R2 with the MSBNF, it seems the microstructures are similar, although their growth was faster 

for samples immersed in pure Hitec. Additionally, the presence of nanoparticles in the sample layer 

even after 2000h of exposure was observed. It is important to highlight that the morphology was not 

affected by the location of the samples inside the reactors. 

 Bottom Medium Top 

500h 

   

2000h 

   

Figure 27. SEM images of the surface of metal samples in contact with pure Hitec after 500 h and 

2000 h immersion test, in three different positions bottom, medium, and top. 
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 Bottom Medium Top 

500h 

   

2000h 

   

Figure 28. SEM images of the surface of metal samples in contact with MSBNF with 1.5 wt.% of 

Al2O3 after 500 h and 2000 h immersion test, in three different positions bottom, medium, and top. 

 

To establish the distribution of the corrosion products across the surface of samples SEM analysis 

coupled with Energy-Dispersive X-ray spectroscopy (EDX) was performed. Figure 29 and Figure 

30 show the SEM images of the cross-section of samples immersed during 500 and 2000 h in pure 

Hitec and MSBNF with 1.5 wt.% of Al2O3 nanoparticles, respectively. The samples immersed in pure 

Hitec have a thicker oxide layer (9.50 nm) compared to those obtained in the immersed in the 

nanofluid (6.08 nm). it is possible to observe by comparing the samples of both reactors, that the 

corrosion layer of the samples immersed in the nanofluid is more homogeneous and compact. these 

inner oxide layers adhered to the base metal indicated that the layer had a protective nature. However, 

the sample in the top position of reactor 2 showed a detachment of the inner layer. On the other hand, 

the samples after 2000 h of exposition in Hitec showed the presence of "spider" type oxides, this may 

indicate the presence of localized points of aggressive anions from the molten salt. However, the 

SEM image and EDX mapping in Figure 32 appears homogenous with no indication of any attack 

through the grain boundaries, and therefore the intergranular corrosion was not observed, evidencing 
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uniform internal oxidation. There was not significant pitting in any of the samples evaluated, neither 

exposed to Hitec nor in the nanofluid. 

 

 Bottom Medium Top 

500 h 

   

2000 h 

   

    

Figure 29. Cross-section of the metal samples in contact with the pure Hitec after 500 h and 2000 h 

immersion test, in three different positions bottom, medium, and top. 
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 Bottom Medium Top 

500h 

   

2000h 

   

Figure 30. Cross-section of the metal samples in contact with the MSBNF with 1.5 wt.% of Al2O3 

after 500 h and 2000 h immersion test, in three different positions bottom, medium, and top. 

 

Figure 33 presents the detail of the cross-section SEM images of the SS304 specimens after 2000 h 

immersed in pure Hitec and MSBNF with 1.5 wt% of Al2O3. The measured oxide layer corresponds 

to the thickest layers obtained. Taking into account the EDX results in Table 16 and the EDX 

mapping of the samples immersed during 2000 h in both reactors, it is possible to observe that at the 

beginning the formation of a protective layer of chromium oxide was followed by a layer of sodium 

oxide, as other authors have shown [97], [101]. The position of this corrosion layer is shown in Figure 

33. At the same time, the presence of nanoparticles within the corrosion layer was observed as 

mentioned before, which may be the cause of the ameliorated effect of the corrosion of samples 

immersed in the nanofluid [149]–[152]. Some authors even modify the amount of Nb in the molten 

salt, depending on the Ni and Al levels, looking for external protective scales of Al2O3, which adds 

more protection qualities to Cr2O3 layers [151], [153], [154].  

Despite the evidence in the XRD results of a less-protective layer of chromium in the samples 

immersed in the nanofluid after 672 h at 550°C, and the lack of the reports showing that the presence 

of nanoparticles influences the growth of different chromium oxide layers, such as those found in the 
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samples submitted to the nanofluid. It could be indicated that the alumina nanoparticles contribute to 

the growth of the spinel. The samples subjected to the nanofluid showed greater resistance to the 

inlay of the salt compared to the samples immersed in the pure Hitec salt. The presence of the main 

component of the salt (sodium nitrite NaNO2) inside the corrosion layer of the samples immersed in 

Hitec was evident, which could cause the presence of aggressive anions that generate greater 

penetration of corrosion. This behavior could be confirmed with the presence of "spiders" shown in 

SEM images. The gravimetric test, i.e. gain and loss of mass, as well as the corrosion rate (discussed 

later), showed that the nanofluid had better behavior against corrosion, this could be related to the 

presence of nanoparticles within the corrosion layer, generating a more compact layer and therefore 

improving their corrosive behavior [151].  
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Figure 31. EDX mapping of SS304 surface after 2000 h of exposure time in MSBNF with 1.5 wt% of Al2O3.  
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Figure 32. EDX mapping of SS304 surface after 2000 h of exposure time in Hitec. 
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a.  

  

b.  

Figure 33. Detail of the cross-section of the SS304 specimens after 2000 h immersed into a. Pure 

Hitec and b. MSBNF with 1.5 wt% of Al2O3. 

 

Table 16. EDX results of the cross-section of the SS304 specimen after 2000 h immersed into pure 

Hitec and the MSBNF, where A-1, A-2 and A-3 are the areas evaluated by the EDX demarcated 

within the image.  

Fluid Spectrum O Na Cr Mn Fe Si Ni Al C 

Hitec 
A-1 25.04 12.44 1.24 0.78 60.5 - - - - 

A-2 20.57 3.35 26.81 1.35 41.02 1.42 5.14 - - 

MSBNF 

A-1 16.85 9.09 0.87 2.72 67.83 1.39 1.26 - - 

A-2 10.96 5.47 3.91 - 74.88 1.88 1.98 0.93  

A-3 1.67 -| 14.86 1.32 55.75 0.48 8.59 - 17.32 

 

According to the EDX and the XRD results for the samples immersed in Hitec and MSBNFs at 550°C 

from 24 to 2000 h, an oxidation process of SS304 in the presence of the salt and the nanofluid is 

proposed and shown in Figure 34. In the beginning, there is a migration of Fe and Cr to the metal 

surface forming the protective layer of chromium oxide, in the case of samples subjected to Hitec a 

simple layer of Cr2O3 is formed, while for the nanofluid the layer of FeCrO4 spinel due the Reaction 

1. These layers prevent the oxidation of the steel; however, given the effects of temperature, the 

critical percentage of Cr is lost with time; hence, the layer starts degrading and leading to the 

formation of the iron oxides layers, e.g. magnetite, hematite, and Fe4O5. Finally, the sodium ferrite 

9.50 nm 6.08 nm 

Cr-Ni/Fe Oxide 

Na/Fe Oxide 

Cr-Ni/Fe Oxide 

Na/Fe Oxide 

A-1 

A-2 

A-1 

A-2 

A-3 
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may have its origin in the reaction between trace amounts of sodium oxide in the molten nitrate and 

hematite according to Reaction 2 [148], [155].  

3𝐹𝑒2+ + 4𝐶𝑟2𝑂3 ⟶ 3𝐹𝑒𝐶𝑟2𝑂4 + 2𝐶𝑟3+ Reaction 1 

 

𝑁𝑎2𝑂 +  𝐹𝑒2𝑂3 ⟶ 2𝑁𝑎𝐹𝑒𝑂2 Reaction 2 

 

 

a. 

 

b. 

Figure 34. Proposed diagram of the oxidation process of SS304 immersed in a. Hitec and b. the 

MSBNF. 

5.4.3 Mass Change and Corrosion Rate 

 

To determine the mass gain and have control of the growth of the oxide layer over time, the 

gravimetric gain test at 550°C during 2000 h was performed, the results comparing the three different 

positions inside of each reactor, R1 with pure Hitec and R2 with MSBNF with 1.5 wt.% of Al2O3 

nanoparticles, are shown in Figure 35.  

Less than 1000 h after the start of the experiment, the corrosion produced by R1 was higher than the 

weight gain in R2 with alumina nanoparticles in all the positions evaluated. Nevertheless, after 

1000 h, the rapid growth of corrosion was evident in both reactors, being greater for R2. However, 
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from 1000 h of exposure, the mass gain of R2 (with nanoparticles) was higher than R1 (pure Hitec). 

This behavior could be related to the first oxide layers formed, i.e. the spinel layer formed in R2, that, 

as demonstrated by XRD above, is more compact and stable compared to the chromium oxide layer 

found in R1 samples. 

At the bottom of the reactors, R2 has a rapid growth in mass gain up to 1.10 mg / cm2 at 1500 h of 

exposure followed by a rapid decrease in mass gain up to 0.62 mg / cm2 at 2000 h, this behavior could 

be associated with a detachment of corrosion products. In R1, after a low reduction of the mass gain 

at 1000 h of exposure, rapid mass growth is reported up to 0.84 mg / cm2 at 1500 h, followed by a 

rapid decrease in mass gain up to 0.40 mg / cm2 at 2000 h, as in R2, this behavior can be associated 

to the detachment of the corrosion layer.  

In the medium position of the reactors, Figure 35 b, the mass gain of R1 was almost constant up to 

1500h of exposure followed by rapid growth until 1.05 mg / cm2, by the contrary, R2 showed rapid 

growth after 1000 h followed by a detachment of the corrosion products up to 0.71 mg / cm2. It is 

important to highlight that the mass gain in this work at the habitual conditions evaluated, that is, 

SS304 metal completely immersed inside the molten salt, was less than the reports in the literature. 

In the compilation of Gasia et al. [156] reported the corrosive behavior of the SS304 in contact with 

pure Hitec, the mass gain at 390°C was less than 1 mg / cm2 and less than 3 mg / cm2 at 550°C, while 

Villada in 2018 [97] informed a mass gain of 0.744 mg / cm2 at 2000 h of exposure at the same 

temperature. On the other hand, Ma et al. [157], reported the effect on the corrosion of alumina 

nanoparticles obtained by the one-step method from Alumina Nitrate in Solar Salt; and after 432 h of 

testing at 565°C they obtained a mass gain of 0.39 mg / cm2 less than that obtained by us but in much 

less time of holding. 

It should be noted that there is no significant difference between the bottom and the medium positions, 

which could mean that the conditions were similar, that is, there is no large number of particles at the 

bottom of the reactor, and the MSNBF was stable during the test. The presence of alumina 

nanoparticles found in the salt aliquots collected during the test confirm this theory, see Figure 36 

for the SEM and EDS images of the aliquot of MSBNF from the reactor after 2000 h of exposure. 

On the other hand, the behavior is different at the top position in the reactor, where half of the sample 

is immersed in the salt and half is above the level in order to assess the influence of the possible gases 

released by the salt. The mass gain of the R1 was almost constant up to 840 h time experiment, then, 
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a marked decrease in mass gain was observed, followed by a rapid recovery up to 0.67 mg / cm2. 

Contrarily, R2 presented a continuous increase of mass gain up to 1500 h of exposure with a rapid 

decrease at 2000 h with a mass gain of 0.61 mg / cm2, this behavior can be related to the detachment 

of the layer formed so far; hence, knowing that the layer in R2 had a progressive growth up to 1500h, 

this layer is more stable than the layer formed in R1. It is important to highlight that although part of 

these samples was above the salt, and having the possibility of generating different corrosion products 

and increasing the mass gain, the samples in this position in R1 had a lower gain compared to the 

other positions evaluated. Meanwhile, the behavior of the samples in this position in R2 was similar 

to the other positions. Taking this into account, it could be said that there was no influence of possible 

gases released by the salt.  
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a. 

 

b. 

 

c. 

 

Figure 35. Gravimetric gain test at 550°C during 2000 h  of the Molten salt Hitec (R1) and the 

MBSNF with 1.5 wt.% of Al2O3 (R2) a. in the bottom (B), b. in the medium (M) and c. in the top 

(T) of the reactor. 
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Figure 36. SEM image and EDX mapping of aliquot at 2000 h of exposure of MSBNF in the reactor.
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Figure 37 shows the average mass loss with their respective trend line estimated using the non-linear 

model BoxLucas, from three samples for every exposure period at three different positions, bottom, 

medium, and top for both R1 (pure Hitec) and R2 (MSBNF with 1.5 wt.% of Al2O3 nanoparticles). 

Every sample was weighted after immersion in HNO3 solution to remove the corrosion products 

attached to the SS304 samples, and then, cleaned with a light brushing several times, according to 

ASTM G1-03. The mass loss of the samples is consistent with those obtained by mass gain, that is, 

the mass loss was lower for the samples submerged in the nanofluid compared to those immersed in 

pure Hitec, for all the positions evaluated. Compared with the mass loss results with the gravimetric 

gain, the first one was more conclusive considering the gravimetric gain test had a higher variability 

given layer detachments during the process. 

In R1 the mass loss had a rapid increment up around to 360 h of exposure, in the case of the bottom 

position after 1000 h the mass loss begins to stabilize reaching a maximum of 0.019 g, while in the 

medium and top positions after 2000 h a stabilization was not obtained, being greater the mass loss 

in the medium position. Regarding R2, a constant increment of mass loss can be observed for the 

three positions evaluated, in the top position a slight increase in mass loss up to 1500 h compared 

with the other position was observed. For R2, the mass loss during the total time of exposure agreed 

with the behavior of mass gain measurements. Similar behavior in the three positions evaluated was 

observed, which could represent that the part of the nanofluid stability was preserved thanks to the 

constant movement inside the reactor.  
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a. 

 

b. 

 

Figure 37. Mass loss of corroded samples immersed during 2000 h in three different position 

bottom (B), medium (M), and top (T), in a. Hitec (R1) and b. MBSNF with 1.5 wt.% of Al2O3 (R2). 
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It is important to highlight that the corrosive behavior for SS304 was higher in contact with pure 

Hitec (R1) compared to the MSBNF with 1.5 wt.% of Al2O3 (R2) after 2000 h of exposure, according 

to both gravimetric, gain and loss mass, tests. These results can be checked with the assessment of 

the corrosion rate, Figure 38 a. after 1000 h and b. after 2000 h time of the experiment. In both 

results, R2 presented a corrosion rate remarkably lower. It is clear that the corrosion rate is not 

influenced by the position inside the reactor when MSBNF is used, for 1000 h and 2000 h, obtaining 

a corrosion rate of 0.0274 mm / year at 1000 h and 0.0097 mm / year at 2000 h, as the highest values. 

In the same way, the corrosion rate decrease with time of exposure for all the samples evaluated, as 

usual in corrosion tests when protective layers are formed. Recently, Ma et al. [157] reported the 

behavior of a solar salt nanofluid with alumina nanoparticles obtained by the one-step method from 

Aluminum Nitrate, for which after 432 h of immersion at 565°C. They obtained a corrosion rate of 

0.01 mm / year, higher than ours obtained in similar conditions but with a longer immersion time. 

Few reports in the literature have informed the effect of nanoparticles on corrosive salt behavior. 

Padmanaban y Schuller et al. [98], [99] evaluated the effect of SiO2 nanoparticles on the corrosion 

rates for binary carbonate salt (42.7 % Li2CO3-K2CO3) showing a reduction of the corrosion rate. On 

the other hand, Fernandez et al. [101] showed that compatibility depends on the type of nanoparticle 

used; that is, with silica nanoparticles, the corrosion rate was not affected, while the alumina 

nanoparticles increased the protection of the corrosion produced by molten salts.  

On the contrary, Grosu et al. [100] informed an increment of the corrosion rate given the formation 

of microbubbles of air trapped in between nanoparticles using Hitec XL as fluid and alumina and 

silica as nanoparticles, as well as the presence of the nanoparticles in the corrosion layer. However, 

the temperature evaluated in Grosu’s research was lower compared to the temperature studied here. 

Recently, Nithiyanantham et al., [102] reported the corrosive behavior of the Solar Salt with the 

addition of alumina and silica nanoparticles, at 310°C and 390°C. The use of nanoparticles had a 

positive effect on the corrosive behavior of the molten salt with the incorporation of the nanoparticles 

in the corrosion layer, reducing the corrosion rate.  

The results reported here agree with Nithiyanantham et al., [102]. The use of the nanoparticles had a 

positive effect, evidenced by the incorporation of stable oxides layer as well as the presence of 

nanoparticles inside the corrosion layer which led to the reduction of corrosion rates compared to 

pure Hitec. Figure 39 shows the SEM image and EDX mapping obtaining in the SS304 surface after 

2000 h of exposure in MSBNF with 1.5 % of Al2O3 in the top position, where it is evident the presence 
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of Al2O3 nanoparticles. In the same way, Figure 40 shows the SEM images of the SS304 cross-

section after 2000 h of exposure and their EDX for the medium position, where it is possible to 

observe the presence of alumina nanoparticles in the corrosion layer. According to Nithiyanantham 

et al. [102], the presence of alumina nanoparticles in the corrosion layer formed a passive layer acting 

as a corrosion inhibitor. Due to the physical and chemical incorporation of nanoparticles, the 

corrosion rate decreases if compared to the pure Hitec [149]–[152]. Additionally, according to the 

results of XRD and the evaluation of corrosion, the presence of nanoparticles may contribute to the 

formation of the spinel (FeCr2O4) in the samples immersed in the nanofluid. This layer, although 

some authors consider it less protective, in this system seems to be one of the causes for the 

ameliorated corrosive behavior of the nanofluid. So it could be said that it is more protective and 

stable compared to the oxide layer formed in the samples immersed in Hitec. This behavior can be 

verified due to the presence of spiders in the corrosion layer of the samples subjected to the Hitec 

salt, as well as the main component of the salt and the difference in thickness of the corrosion layer. 

This may indicate that the simple chromium layer is not stable in salt and therefore less protective. 
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a. 

 

 

b.  

 

Figure 38. Corrosion rate of the pure Hitec and MSBNF with 1.5%Al2O3, a. 1000 h and b. 2000 h of exposure time

MSBNF 

MSBNF 

HITEC 

HITEC 
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Figure 39. SEM image and EDX mapping of SS304 surface after 2000 h of exposure time in MSBNF with 1.5 wt.% of Al2O3 in the top 

position. 
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Figure 40. SEM image and EDX analysis of SS304 sample after 2000 h of exposure time in MSBNF with 1.5 wt.% of Al2O3 in the medium 

position.
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5.5 Conclusion  

 

Considering the corrosive nature of the salts in contact with the metals used in the manufacture of 

storage tanks in CSP plants, the selection of the metals and the design of the molten salts are important 

to minimize the effects of corrosion. Therefore, in this research, the evaluation of the corrosive 

behavior of the pure Hitec and the MSBNF with 1.5 wt% of alumina nanoparticles synthesized with 

the traditional two-step method (TM) was performed with the aim understand the effect of the 

addition of solid particles on the aggressive nature of the molten salt.  

By XRD analysis and Rietveld refinement, the formation of different protective chromium layers was 

evidenced for the samples immersed in Hitec after 672 h at 550°C compared to the samples submitted 

to the nanofluid. A spinel layer of FeCr2O4 was observed in the samples immersed in the MSBNF, 

given the results obtained after the evaluation of corrosion, this layer could be more protective 

compared to the oxide layer formed in the samples exposed to Hitec; which together with the 

embedded nanoparticles inside the corrosion layer and by forming a denser layer, mitigated the 

aggressiveness of the salt.  

Moreover, the main component of the salt, sodium nitrite (NaNO2), was found in the corrosion layer 

of the sample immersed in Hitec, this result and the SEM images where the “spider” morphology was 

observed, could indicate greater fouling of the salt in these samples compared to the samples 

immersed in the nanofluid, causing the presence of aggressive anions that generate greater penetration 

of corrosion. This behavior could indicate that the spinel layer evidenced in the samples immersed in 

the MSBNFs is more resistant to salt penetration compared to the simple oxide layer found in samples 

exposed to Hitec. In the same way, there was no indication of pitting or any attack through the grain 

boundaries, and therefore intergranular corrosion was not observed, evidencing uniform internal 

oxidation for both samples immersed in pure Hitec and the MSBNF. 

According to the gravimetric results of both gain and mass loss, as well as a lower corrosion rate at 

both 1000 and 2000h of exposure, a less aggressive character of the nanofluid in contact with the 

SS304 steel was obtained compared to the Hitec. This behavior can be given by the inclusion of 

alumina nanoparticles in the corrosion layer, generating a more compact layer. It should be noted that 
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the values of gravimetric gain in both evaluated fluids were lower than those reported by other 

authors, although in our case the samples were subjected to a higher temperature. 

On the other hand, the stability through time of the MSBNF was determined thanks to the similar 

results obtained from the bottom and medium position as well as the presence of nanoparticles in the 

corrosion layer after 2000 h of exposition, this stability was established thanks to the mechanical 

agitation throughout the test. In this way, by using a minimum agitation it could be possible to 

guarantee the nanofluid character at all times when used as a storage fluid in CSP plants. 
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5.6 Pure Hitec and MSBNF with 1.5%Al2O3 evaluation after corrosive behavior test 

 

Both pure Hitec and the MSBNF with 1.5 wt.% of Al2O3 were examined after the corrosion test in 

order to check for any degradation phenomena and the presence of corrosion products. So, the melting 

point, SEM images, Raman spectrometry, and DRX were performed. 

5.6.1 Melting point evaluation 

 

After subjecting Hitec and the MSBNF for 2000 h cycling between 550 and 160°C at each removal 

of metal samples from the reactors during the evaluation of aggressiveness, the melting point was 

measured to establish the stability with time of this property in the time. Table 17 shows the melting 

point and heat of fusion of the Hitec and the MSBNF. Regarding the results of the pure salt, there 

was evidence of a reduction in both the melting temperature up to 5.56 % and the heat fusion, while 

for the nanofluid the behavior was opposite, that is, the melting temperature and heat of fusion 

increased up to 5.93 % and 23.5 % respectively. The different behavior of the MSBNF compared 

with the pure Hitec can be related to the particle agglomeration during the corrosive behavior test 

[158]. In the same way, the melting point can be affected by the presence of corrosion products in 

the molten salt. Different results have been reported in the literature corresponding to the enthalpy 

changes with the addition of the nanoparticles in the molten salt. Lasfargues et al. [158] reported an 

increment of the enthalpy with 1 % of TiO2 nanoparticles, by the contrary, with 1 % of CuO, the 

enthalpy decreased compared to the base salt. On the other hand, Nithiyanantham et al. [102] showed 

that SiO2 and Al2O3 had no significant effect on the enthalpy of the solar salt after 1500 h of the 

corrosion test at 390°C. 
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Table 17. Melting point of pure Hitec and MSBNFs after the corrosive behavior test. 

Sample 

Melting 

Point 

(°C) 

Change 

Percentage 

(%) 

Standard 

Deviation 

Onset 

(°C) 

Endset 

(°C) 

Heat of 

Fusion 

(J/g) 

Hitec (H)-initial 145.38 - 0.53 139.36 148.95 85.43 

Hitec -500 h 137.29 -5.56 1.68 127.50 143.34 72.89 

Hitec-1000 h 144.73 -0.44 0.67 139.36 148.81 82.00 

Hitec-1500 h 145.33 -0.03 0.29 139.48 149.70 80.10 

Hitec- 2000 h 141.86 -2.42 6.08 135.56 147.95 78.50 

H+1.5% Al2O3-initial 139.45 - 0.84 129.81 145.95 71.81 

H+1.5% Al2O3-500 h 146.81 5.28 0.41 141.19 153.90 88.69 

H+1.5% Al2O3-1000 h 147.17 5.54 0.26 141.04 154.60 74.73 

H+1.5% Al2O3-1500 h 147.58 5.83 0.66 141.53 155.38 81.11 

H+1.5% Al2O3-2000 h 147.71 5.93 0.63 141.43 156.19 81.38 

 

5.6.2 Scanning Electron Microscopy SEM 

 

Figure 41 shows the SEM analysis of the Hitec and the MSBNF after the corrosive behavior test for 

1000 h, 1500 h and 2000 h, different microstructures of the solidification were evident after 

comparing the pure salt and the nanofluid images. However, all of these microstructures correspond 

to the element of the molten salt, that is, Na and K, this result can be checked with the EDX mapping 

in Figure 42. In the same way, in the EDX mappings was possible to observe the presence of 

chromium as a corrosion product, this impurity in both Hitec and the MSBNF may be responsible for 

the changes obtained in the thermal properties of the aliquots evaluated.  
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HITEC 

   

MSBNF 

   

Figure 41. SEM images of the aliquot of Hitec and MSBNF from the reactor after 1000, 1500, and 

2000 h of corrosive behavior test. 

 

 

 

 



116 

 

 

 

 

  

 

  

Figure 42. SEM image and EDX mapping of the aliquot of MSBNF from the reactor after 1500 h of corrosive behavior test. 
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5.6.3 Raman Spectrometry of the pure Hitec and MSBNF during the corrosive 

behavior test 

 

In order to determine the chemical changes in pure Hitec and the MSBNF with 1.5 wt.% of Al2O3 

after the corrosive behavior test at 550°C under N2 atmosphere for 2000 h, Raman spectrometry was 

performed. Figure 43 shows the Raman spectra of pure Hitec and Table 18 the Raman band shifting 

of its salts: NaNO3, KNO3, and NaNO2. Similarly, Figure 44 presents the Raman spectra of the 

MSBNF with 1.5 wt% of Al2O3, it is important to highlight that given the low concentration of 

nanoparticles within the nanofluid, it was difficult to obtain a spectrum where the presence of 

nanoparticles was evident. However, Figure 44 a. shows the presence of nanoparticles thanks to the 

characteristic doublet bands of alpha-alumina with a strong band in 1372 and 1401cm-1 [159].  

Figure 45 shows the Raman spectrum of the pristine alumina nanoparticles used for the synthesis of 

the MSBNFs. The characteristic bands of the molten salt components were found in both Hitec and 

the nanofluid, which means that these are not affected strongly by the presence of nanoparticles, 

especially the strong absorption of nitrate ion between 1000-1200 cm-1, which is less intense between 

700-800 cm-1 and 1300-1400 cm-1. As well as the bands corresponding to the nitrite ion, between 

150-160 cm-1, 826-832 cm-1, and the strongest between 1327-1331 cm-1 [160], [161]. 
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Figure 43. Raman spectra of pure Hitec.  

 

Table 18. Raman band shifting for pure NaNO3, NaNO2, and KNO3, components of Hitec [97]. 

Pure 

Salt 

Raman band shifting (cm-1) 

K K Na Na NO2 NO2 NO2 NO3 NO3 NO3 K K 

NaNO3 - - 105 198 - - - 733 1070 1398 - - 

KNO3 83 125 - - - - - 720 1053  1345 1360 

NaNO2 - - 136 160 840 1237 1335 - - - - - 
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a.  

 

b.  

 

Figure 44. Raman spectra of the MSBNF with 1.5 wt.% of Al2O3, a. showing the presence of nanoparticles and b. MSBNF without the 

presence of nanoparticles. 
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Figure 45. Rama spectra of pristine alumina nanoparticles. 

 

During the corrosive behavior test aliquots at 24, 48, 76, 97, 336, 432, 500, 668, 720, 864, 1663, 

1932, and 2000 h were sampled from the reactors with Hitec and MSBNF with 1.5 wt.% of Al2O3 as 

fluids. Figure 46 and Table 19 show the stability evaluation by Raman measurements of the aliquots 

during the corrosive behavior test with highlighted Raman bands for Hitec. In the same way, Figure 

47 and Table 20 present the stability evaluation by Raman measurements and respective Raman 

bands for the nanofluid. According to the results, no significant changes were found through time in 

the characteristic NO3-NO2 bands, that is around 150, 826 and 1327 cm-1, although in some cases the 

intensities of the bands were not high at the end of the test, that is, at 2000 h the three bands were still 

present in the spectra. This behavior can be related to the constant nitrogen atmosphere throughout 

the test. Some authors have reported that by keeping a nitrogen atmosphere, it is possible to increase 

the stability of the salt; due to the nitrogen atmosphere, the partial pressure of nitrogen can be fixed, 

avoiding the production of oxides and the decomposition of nitrite to nitrate.[49], [128]. It is 

important to highlight that the different cations alter the electrical environment of the polyatomic 

anions affecting their vibrational frequencies, for this reason, the bands are not always in the same 
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positions [162]. Taking into account the Raman results, the stability over time of the Hitec salt and, 

even more important, the nanofluid was demonstrated. Using this technique, it was not possible to 

observe corrosion products in the aliquots of the salt or the nanofluid. 

 

Table 19. Raman bands of Hitec during corrosive behavior test. 

Time\ 

Raman  

band 

shifting 

(cm-1) 

Na K NO2 Na NO3 NO3 NO2 NO3 NO3 NO2 K K NO3 

0 83 119 150 187 713 722 826 1049 1067 1327 1344 1360 1386 

24 86 122 155 189 717 729 830 1052 1071 1330 1347 1364 1389 

48 86 123 158 189 719 730 832 1054 1072 1329 1347 1363 1387 

72 86 123 156 187 717 727 831 1052 1071 1330 1348 1362 1391 

96 87 123 162 187 717 727 830 1052 1071 1331 1348 1362 1388 

336 85 121 154 187 715 724 828 1050 1067 1328 1347 1360 1389 

432 84 120 160 186 714 723 826 1049 1067 1326 1345 1360 1387 

500 84 121 155 188 716 728 828 1050 1069 1329 1347 1361 1388 

668 87 124 157 187 718 727 831 1054 1072 1331 1350 1364 1392 

720 87 124 156 190 718 728 831 1054 1072 1331 1348 1365 1392 

864 83 121 155 187 714 724 827 1049 1062 1327 1344 1361 1387 

1668 83 119 154 186 715 725 827 1049 1067 1327 1347 1360 1388 

1932 84 121 155 187 715 725 828 1050 1068 1327 1347 1361 1387 

2000 85 121 154 187 715 730 827 1050 1068 1327 1347 1360 1387 
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Figure 46. Evaluation of the chemical stability by Raman during the corrosive behavior test of the 

Hitec. 
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Table 20. Raman bands of Hitec with 1.5 wt.% of Al2O3 during corrosive behavior test. 

Time\ 

Raman  

band 

shifting 

(cm-1) 

Na K NO2 Na NO3 NO3 NO2 NO3 NO3 NO2 K K NO3 

0 86 123 157 193 717 728 830 1053 1071 1330 1348 1362 1388 

24 88 125 157 192 719 728 832 1054 1072 1331 1346 1364 1391 

48 86 122 156 187 717 726 830 1052 1069 1330 1348 1362 1389 

72 85 122 155 185 717 727 830 1052 1071 1330 1348 1362 1388 

96 83 120 160 186 715 724 827 1049 1067 1327 - 1361 1386 

336 84 121 155 186 716 724 828 1051 1069 1328 1347 1361 1388 

432 83 121 154 186 715 725 827 1050 1068 1327 1348 1360 1386 

500 86 123 157 187 717 728 830 1053 1071 1330 1348 1362 1388 

668 87 123 157 186 718 727 831 1053 1071 1330 1341 1361 1388 

720 88 123 157 187 718 725 831 1054 1072 1331 1347 1361 1390 

864 84 120 160 187 715 724 827 1051 1067 1330 1347 1361 1386 

1668 86 121 154 186 717 726 830 1051 1069 1329 - - 1388 

1932 84 121 155 187 715 725 828 1050 1068 1327 1348 1361 1387 

2000 86 122 155 185 717 726 830 1051 1069 1329 1345 1361 1388 
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a.  

 
b.  

 
c.  

Figure 47. Evaluation of the chemical stability by Raman during the corrosive behavior test of the 

MSBNF with 1.5 wt.% of Al2O3. 
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5.6.4 XRD 

 

Figure 48 shows the XRD patterns obtained for the aliquots of Hitec and MSBNF from the reactors 

after 2000 h of the corrosive behavior test, as well as the close view for better identification of all the 

peaks. In the results for both samples, the components of the molten salt were found, that is, NaNO3, 

KNO3, and NaNO2. Despite the good behavior of both the Hitec salt and the nanofluid against 

corrosion, the presence of corrosion products such as Magnetite, Cr2O3, and FeNaO2 were evidenced. 

These products may be the cause of the decrease in the thermal properties of the salt, as has been 

reported by other authors [101], [103] 
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d.  

 

Figure 48. The XRD pattern of the aliquot of a.  Hitec and b. close view of Hitec, c. MSBNF, and d. close view of MSBNF, after 2000 h at 

550°C.
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5.7 Conclusion 

 

In order to establish the chemical stability and presence of corrosion products in the Hitec and the 

MSBNF after the corrosive behavior test, melting point measurements, SEM micrograph, Raman, 

and XRD were performed. Although both Hitec and the MSBNF showed good corrosion behavior, 

the presence of the main corrosion products within the salt and the nanofluid was evidenced after the 

evaluation of the aggressiveness during 2000 h subjected to cycling between 550 and 160°C at each 

sample withdrawal. However, good chemical stability was determined by Raman in all samples 

throughout the corrosion test. Both the Hitec salt and the nanofluid showed the characteristic bands 

of the Nitrite ion, indicating that the sample did not degrade. 
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6. SUMMARY 

6.1  Summary 

 

Considering the need to improve the thermal properties of molten salts used as a storage medium in 

thermal energy storage systems (TES) of CSP plants, with the aim to decrease LCOE and improve 

the competitiveness of this technology compared to traditional from fossil sources; the use of solid 

particles was implemented and showed a significant improvement in the thermal properties of salts, 

specifically for specific heat capacity and thermal conductivity. Hence, and in order to contribute to 

the understanding of the salt-nanoparticle system, molten salt-based nanofluids were synthesized with 

Hitec as base salt and alumina nanoparticles using two different methods: i. a traditional two-step 

method that uses water during the process for the distribution and homogenization of the system, and 

ii. a two-step modified method by replacing water with butanol in order to reduce costs and 

production time, without having a great influence on the dispersion and homogenization of the 

nanofluid. 

The thermal properties, specific heat capacity, melting point, and stability temperature were 

evaluated, showing the potential of the proposed new two-step method with an increase of up to 

14.08% in the specific heat capacity, 4.21% in the melting point without significantly affecting the 

stability with only 1.5 wt.% of Al2O3 nanoparticles. On the other hand, with the same proportion 

(1.5 wt.%) an increase of up to 18.74% in the specific heat was achieved by the traditional two-step 

method, reducing the melting point by 4.08%, without modification of stability. It should be noted 

that all the samples evaluated showed an improvement in the thermal properties compared to the base 

salt. 

The presence of the nanoparticles after the thermal evaluation was evidence in the samples 

synthesized with both methods. However, the interconnecting network of nanoparticles or needle-

like structure reported for some authors were not found in this investigation. Therefore, this is not the 

reason why there was a significant increase in Cp. The proposed mechanisms to explain the 

significant increment of Cp in MSBNFs are: i. higher specific heat capacity of nanoparticles than the 

bulk, ii. the abnormal increase in thermal resistance between nanoparticles and surrounding liquid 

molecules and iii. the layering of liquid molecules at the surface to form a semi-solid layer, and the 

possible recent mechanism of the functionalization of nanoparticles by ion-exchange mechanism. 
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Experimentally, in this thesis, it was not possible to demonstrate that the increase in the Cp of the 

nanofluid occurred by only one of these mechanisms.  

In addition to the influence of the high surface area of the nanoparticles per unit volume and the good 

dispersion of the smallest particles in the salt, the increase in Cp may be due to the formation of a 

new phase, a white foam also observed in this work, which some authors have shown has an effect 

both on the ionic interaction of the fluid with the nanoparticles, and on the generation of a second 

Kapitza resistance. On the other hand, taking into account other studies, it could be indicated that the 

ion exchange capacity would be favored thanks to the presence of the potassium ion within the salt. 

The mixture of all these factors and the additional ones that must be tested experimentally for this 

particular system, in which there is the presence of three different salts, can lead to obtaining 

additional storage and therefore to an increase in the Cp of the nanofluid. 

Considering the application to which the materials synthesized in this research are directed, that is, 

as a storage medium in the TES systems of CSP plants, the storage capacity, cost of the material is 

of utmost importance. In this way, the storage capacity was calculated according to the evaluated 

thermal properties, obtaining an increase of up to 20% with 1.0 wt.% of nanoparticles obtained by 

the traditional method, while 19% was reached with 1.5 wt.% of nanoparticles synthesized by the 

new proposed method. Although the cost per Kg and the cost of storage decreased in the same 

proportion for the two synthesis methods evaluated, it should be noted that in the calculation of these 

values it does not take into account some factors within the process such as the use of water and the 

energy for its complete removal, as well as the time required for this, generating an additional cost 

for the traditional method compared to the method proposed in this research. Thanks to the 

improvement in storage capacity after the addition of alumina nanoparticles, the size of thermal 

energy storage tanks could be reduced and subsequently also the costs of the CSP technology. 

The results of the evaluation of the aggressiveness during 2000 h at 550 °C under a controlled nitrogen 

atmosphere and constant mechanical agitation, showed a better behavior to corrosion by the nanofluid 

with 1.5wt% of alumina nanoparticles compared to pure Hitec. This behavior may be related to the 

embedding of the nanoparticles in the oxide layer, allowing the formation of a more compact 

corrosion layer, as well as the possible influence of nanoparticles on the formation of a compact layer 

of compound spinel FeCr2O4, which was shown to be more protective in this case. There is no 

indication of any attack through the grain boundaries, and therefore intergranular corrosion was not 

observed, evidencing uniform internal oxidation. There was not significant pitting in any of the 
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samples evaluated, neither exposed to Hitec nor in the nanofluid. The salt and nanofluid used for the 

evaluation of aggressiveness were characterized after the test, the presence of corrosion products 

causing changes in the thermal properties of the salt was evident, particularly the melting point. 

However, there was no evidence of a decrease in the chemical stability of both the salt and the 

nanofluid after remaining for 2000h at 550°C, this behavior is related to the controlled atmosphere 

of nitrogen during the process, avoiding the NO2/NO3
- conversion. Figure 49 shows a summary of 

the main properties evaluated in this research. 
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Figure 49. Summary scheme with the main properties evaluated in this 

research. 
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6.2 Main Achievements 

 

6.3 List of Products 

 

During this research the following papers, conference, and equipment were develop: 

Papers: 

 Recent Developments in Phase Change Materials for Energy Storage Applications: A 

Review 

H. Nazir, M. Batool, F.J. Bolivar Osorio, M. Isaza-Ruiz, X. Xu, K. Vignarooban, P. Phelan, 

Inamuddin, A.M. Kannan*. 

International Journal of Heat and Mass Transfer. 129 (2019) 491–523. 

 

 Viscosity and Stability Analysis of Hitec Salt-Based Alumina Nanofluids 

Marllory Isaza-Ruiz, Rosa Mondragón, Francisco Bolivar Osorio, Jorge Ventura, 

Leonor Hernández*. 

Solar Energy Materials & Solar Cells 222 (2021) 110923. 

 

 Thermal Properties of Hitec Salt-Based Nanofluids Synthesized by New Two-Step 

Method 

Marllory Isaza-Ruiz* , Francisco Bolivar Osorio. 

Procedia Environmental Science, Engineering and Management 8 (2021) (1) 147-155. 

 

 Development of a New Method of Synthesis of Hitec Salt-Based Alumina Nanofluids.  

Marllory Isaza-Ruiz*, Francisco Bolivar Osorio. 

Ingeniería e Investigación (2021), Submitted. 

 

 Corrosion Behavior of Stainless Steel in Contact with Hitec Salt-Based Alumina 

Nanofluids for CSP applications 

Marllory Isaza-Ruiz*, Juan Guillermo Castaño, Francisco Bolivar Osorio. 

(2021), In preparation. 
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 Corrosion Behavior of Stainless Steel in Contact with Molten Hitec Salt for CSP 

applications. 

Marllory Isaza-Ruiz*, Juan Guillermo Castaño, Francisco Bolivar Osorio. 

(2021), In preparation. 

 

Chapter in the Book: 

 

 Nanofluidos: La nueva generación de fluidos 

Marllory Isaza Ruiz 

(2020) Fondo Editorial ITM, Submitted 

 

Conference: 

 

 Determination of Specific Heat of Molten Salt-Based Nanofluids Using Modulated and 

Standard Differential Scanning Calorimetry: A Comparative Study 

Marllory Isaza-Ruiz , Francisco Bolivar Osorio 

Oral presentation in Eurotherm Seminar #112 Advances in Thermal Energy Storage. May 15-

17, 2019. Lleida-Spain  

 Thermal Properties of Hitec Salt-Based Nanofluids Synthesized by New Two-Step 

Method 

Marllory Isaza-Ruiz , Francisco Bolivar Osorio 

Environmental Innovations II: Advances in Engineering, Technology, and Management. 

September 21-25, 2020. Online Conference. Submitted. 

 

Equipment: 

 

 Corrosive behavior test reactors  

This research was carried out the design and manufacture of two reactors with a capacity of 

1000 ml of sample with a controlled atmosphere, temperature, and mechanical agitation to 

evaluate the corrosive behavior of molten salt in under real conditions. 
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6.4 Future Directions 

 

After the completion of this Ph.D. project and in order to have a better understanding of the system, 

the following aspects could be considered for future research. 

1. According to the results presented in this research, the viability of the application of the new 

method to synthesize the molten salt-based nanofluids was shown. However, given the scope 

of this project, it was not possible to assess its aggressiveness against any steel commonly 

used for the manufacture of storage tanks for CSP plants. Therefore, in a future project, the 

corrosive behavior of nanofluids obtained using this method could be evaluated. 

2. Similarly, the study of other atmospheres and other metals could allow selecting the best 

conditions for the use of these nanofluids made by both the traditional method and the new 

method proposed for use as a storage medium in CSP plants. 

3. The examination in terms of salt composition and kinetics are required to have a 

comprehensive understanding of the system. 
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