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ABSTRACT 

The potential use of molten salt-based nanofluids as thermal energy storage material in 

Concentrated Solar Power plants has gained attention over the last years due to their 

enhanced storage capacity. The possible effects of the salt-based nanofluid production at 

industrial scale has not been yet investigated, as this could influence the nanoparticles 

agglomeration and therefore their thermal and flow properties. Four methods were 

evaluated for the production of solar salt-based nanofluids containing 1 wt.% of silica 

nanoparticles. The particle size distribution, the stability, the rheological behaviour and 

the specific heat of the samples were measured. Nanofluids prepared by means of a dry 

mixing method presented the lowest viscosity, trimodal particle size distribution and 

lack of stability. The commonly used dissolution method coupled with oven drying in a 

petri dish as well as the ball milling method presented non-Newtonian behaviour and 

intermediate values of particle size and stability. The new spray drying method 

proposed provided a monomodal particle size distribution with high stability but the 

highest viscosity and shear thickening behaviour. Results suggest that the four methods 

evaluated are appropriate for specific heat enhancement (up to 21.1%) but a 

commitment between stability and viscosity has to be achieved. 
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1. Introduction 

The use of renewable energies has become of great importance over the last few years 

in order to reduce the consumption of fossil fuels and to mitigate Global Warming [1,2].  

Concentrated Solar Power (CSP) plants, transforming solar energy into electricity, have 

the advantage of including a Thermal Energy Storage (TES) system to handle the 

intermittencies of solar availability and to prevent the gap between energy supply and 

power demand. The TES material commonly used in CSP plants is the mixture of 

sodium and potassium nitrates (60-40 wt.%) known as solar salt. In some of the 

facilities, this material is used as both sensible heat TES and Heat Transfer Fluid (HTF). 

Since the first works reported by Shin and Banerjee in 2011 [3,4], in which an abnormal 

enhancement of the specific heat of molten salts was observed with the addition of 

nanoparticles, many efforts have been done on the formulation and characterization of 

molten salt-based nanofluids (colloidal suspensions of particles between 1 and 100 nm) 

[5-21]. These studies are mainly focused on the influence of the process variables (base 

fluid, particle size and shape, chemical composition, etc.) and the possible mechanisms 

behind this abnormal behaviour. It is accepted that the specific heat enhancement 

depends on the degree of dispersion of the nanoparticles and specific surface available 

for the interaction between nanoparticles and salt to take place [22, 23]. 

Less attention has been paid to the modelling of the rheological behaviour of molten 

salt-based nanofluids [24-28]. In these works, the influence of the type and 

concentration of nanoparticles, the presence of salt impurities and the measurement 

equipment on the flow behaviour were studied. Nevertheless, discrepancies about the 

Newtonian or non-Newtonian behaviour of molten salt-based nanofluids can be found.  
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For low viscous fluids and very dilute or well dispersed suspensions a Newtonian 

behaviour is expected. In this case, the mean distance between particles is large 

compared to the particle radius and particles are able to move freely driven by the 

Brownian motion. At high volume fractions the particle movement is constricted by the 

neighbour ones and the hydrodynamic interactions become important. Under these 

conditions particles agglomerate and nanofluids present shear thinning behaviour [29]. 

This shear dependent behaviour is due to the clusters, agglomerates, flocs or clusters of 

flocs that break into primary flocs or individual particles as the shear rate is increased 

leading to the concept of shear-dependent structure [30]. Moreover, these nanofluids 

present an apparent yield stress that can be used to analyse the degree of agglomeration.    

As both, thermal properties and flow properties depend on the degree of dispersion of 

the nanoparticles, the production method chosen to disperse the nanoparticles in the 

base fluid is crucial. Several techniques can be found in the literature being the 

dissolution method the most widely used technique [5]. In this method the nanoparticles 

are dispersed in the salt solution and then the water content is removed by evaporation 

either in a hot plate or an oven with different temperature and evaporation time. Some 

other methods have been also proposed in which the nanoparticles and the salts are 

directly mixed up either in solid o molten state with a mortar or mechanical stirrers. 

Finally, milling in a ball mill or in situ production have also been used. Table 1 

summarizes the methods used to prepare molten salt-based nanofluids in the 

publications mentioned above. 
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Table 1. Summary of production methods of molten salt-based nanofluids 

Method References 

Dissolution method + hot plate drying [6], [7], [8], [10], [16], [22], 

[25], [27] 

Dissolution method + oven/furnace drying [15], [19], [23], [28], [21] 

Magnetical stirring in molten state [9] 

Mechanical stirring in molten state [17], [18] 

Static mixing in molten state in a furnace [11] 

Twin screw micro-compounder mixing in molten state [14] 

In-situ production  [12], [13] 

Dry milling in a ball mill [26] 

Dry mixing  [20], [21] 

  

The final particle or cluster size of the nanoparticles dispersed in the molten salt is 

needed in order to evaluate the efficiency of the production method and its influence on 

the thermophysical properties. Selvakumar and Dhinkaran [31] developed a model to 

predict the volume fraction of clusters present in a nanofluid from the particle size 

distribution measurement. This effective volume fraction can be used to model the 

rheological behaviour. However, due to the high melting temperature of the solar salt, 

no direct measurements of particle size distribution were possible until now with the 

commercial devices available. Recently, authors have developed a new experimental 

set-up composed of an external, portable dynamic light scattering system coupled with a 

high temperature cuvette compatible with molten salts to measure for the first time the 

particle size distribution of the nanoparticles suspended at high temperature conditions 

[32]. 

In this work, solar salt-based nanofluids containing a 1 wt.% of silica nanoparticles 

were produced by four different methods: dry mixing in a mortar, dissolution method 

and oven drying, dissolution method and spray drying and wet milling in a ball mill 
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with acetone. The particle size distribution and the stability of the nanofluids were 

measured in order to analyse the influence of the production method. The rheological 

behaviour and the specific heat capacity were also measured and the results revealed 

differences due to the different cluster structure provided by the evaluated methods. 

 

2. Materials and methods 

2.1 Materials 

Solar salt is the name given to the mixture of NaNO3 and KNO3 commonly used in the 

solar thermal industry whose melting temperature is 223ºC. NaNO3 (Analytical grade 

ACS, Labkem) and KNO3 (Extra pure, Scharlau) were mixed in a 60:40 wt.% 

proportion.  

The silica nanoparticles used for the nanofluids were obtained from a commercial 

suspension (Ludox SM-30, 30 wt.% suspension in water, Sigma Aldrich). These are 

particles well dispersed in water with a narrow size distribution (mean particle size of 

25 nm) and a specific surface of 320-400 m2/g. 

2.2 Production methods 

Solar salt-based nanofluids with 1 wt.% of silica nanoparticles were prepared by means 

of four different methods as follows: 

(S1) Dry mixing in a mortar: the corresponding amount of Ludox suspension was 

dropped on the dry solar salt and the mixture was hand mixed. To remove the 

small amount of water coming from the silica suspension the sample was dried 

overnight (15 h) in an oven at 100ºC. The dry nanocomposite was finally ground 

in a porcelain mortar. 

(S2) Dissolution method and oven drying: this is the most commonly used method to 

prepare salt-based nanofluids. First, the solar salt was dissolved in water (1g 
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salt/10ml water) and then the Ludox suspension containing the nanoparticles 

was added and dispersed by means of an ultrasound probe (Sonopuls HD2200, 

Bandelin, HF-output of 200 W and HF-frequency of 20 kHz) for 1 minute at 

100% of power input. Samples of 25 ml were distributed in petri dishes and 

dried overnight (15 h) in an oven at 100ºC. Finally, the powder was recovered 

from the petri dishes and homogenised with the help of a porcelain mortar.  

(S3) Dissolution method and spray drying: in this method the dispersion was carried 

out in the same manner as in method (S2). The solar salt was dissolved in water 

(1g salt/10ml water) and the Ludox suspension containing the nanoparticles was 

dispersed by means of the ultrasound probe. Two litres of nanofluid were 

prepared and sonication was applied for 1 minute at 100% power input to 

aliquots of 200 ml. The drying stage was performed by spray drying in a pilot-

scale spray dryer Mobile Minor (GEA Niro, Denmark) following the scheme in 

Figure 1. The suspension was atomized in single droplets using a two-fluid 

nozzle (1.5 mm of inner diameter) located in the cone of the drying chamber, 

spraying upwards. Atomization is created by compressed air at a pressure of 1 

bar. The drying air is introduced at 380ºC in the centre of the chamber roof, 

being the outlet temperature of 100-110ºC. Under these conditions, the wet bulb 

temperature at which the droplet is submitted is 62.7ºC. The spray dried powder 

is collected with the help of a cyclone. This technique provides a faster drying (a 

few seconds), allows the production of higher amounts of solar salt containing 

dispersed nanoparticles and can be scaled up to industrial applications. Although 

the drying of the droplet is very fast, the whole time needed to spray dry 2 litres 

of sample can take up to 2 hours. In the meantime the aqueous nanofluid was 

periodically stirred but no continuous sonication was applied. 
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Figure 1. Spray drying set-up. 

 

(S4) Ball milling: to avoid the contact with water, ball milling in acetone was tested. 

Milling was carried out in a Pulverisette ball mill (Fritsch GmbH) at 400 rpm for 

30 min. An agate milling jar was used with agate balls: 32.7 g of balls of 2 cm of 

diameter and 14.2 g of balls of 1.5 cm of diameter. Solar salt and Ludox in the 

corresponding weight were mixed with acetone (1g salt/10 ml acetone) in the 

milling jar. The sample was then dried overnight (15 h) in the oven. To compare 

the results with the previous methods two drying temperatures were tested: 60ºC 

(S4_60) and 100ºC (S4_100).    

After the production of the solar salt containing dispersed nanoparticles by means of the 

four methods mentioned above, the powder was melted at 300ºC, stirred for 10 minutes 

at 1000 rpm using a mechanical stirrer (Eurostar digital, IKA Labotechnik) and then 

immediately cooled down in the form of pellets.  

Table 2 summarizes the experimental conditions of the methods under research. 

 

DRYING 

CHAMBER 

Nanofluid: 

water  

+ SS (1g/10ml) 

+ SiO2 (1 wt.%) 

Atomizer 

nozzle 

Drying air inlet 

380ºC 

Dried Powder (SS+SiO2): 

coarse fraction 

CYCLONE 

Dried Powder 

(SS+SiO2): fine fraction 

Nanofluid 

droplets 

Drying air outlet 

100-110ºC 
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Table 2. Summary of experimental conditions for nanofluid production methods. 

Method Materials Nanoparticle 

dispersion 

Liquid removal Production 

time for 50 g 

S1) Dry mixing Solar Salt 

Ludox 

Mortar Oven at 100ºC <20 h 

S2) Dissolution and oven 

drying 

Solar Salt 

Ludox 

Water 

Ultrasound 

probe 

Oven at 100ºC < 24 h 

S3) Dissolution and spray 

drying 

Solar Salt 

Ludox 

Water 

Ultrasound 

probe 

Spray drier, 

droplet 

temperature 

62.7ºC  

<5 h 

S4) Ball milling Solar Salt 

Ludox 

Acetone 

Ball mill Oven at 60ºC  < 20 h 

Oven at 100ºC  

 

   

3. Experimental techniques 

3.1 Transmission Electron Microscopy, TEM 

The size and shape of the primary particles dispersed in Ludox was observed by means 

of a Transmission Electron Microscope JEOL 2100 operating at an accelerating voltage 

of 200 kV. A small amount of the sample was dropped on a copper grid and then was 

slightly heated to remove the liquid. To prevent agglomeration of particles during the 

drying of the sample, a very dilute sample was used. 

3.2 Rheometry 

The viscosity of the nanofluids, , was obtained by conducting tests under steady state 

conditions using a Discovery HR-1 rheometer (TA Instruments). A system composed of 

two parallel plates (40 mm of diameter and 1 mm gap) inside an environmental test 

chamber was used to measure viscosity at 275ºC. The samples were submitted to the 

following procedure: (1) a conditioning stage at 275ºC for 30 min, (2) a peak hold stage, 

in which the samples were submitted to a constant shear rate of 200 s-1 for 30 s to ensure 

similar starting conditions for all the nanofluids, (3) a flow sweep from 1 s-1 to the 
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maximum shear rate and (4) a flow sweep from that maximum to 1 s-1. Both shear rate 

and time dependant behaviour were evaluated with this procedure.  

Torque and axial force values were checked for each test. The minimum shear rate was 

determined so the torque value was higher than 0.1 N·m. For lower values the 

viscosity is affected by the surface tension of the molten salts and the results are not 

reliable. The maximum shear rate is the one in which the axial force starts to decrease 

due to turbulent effects in the sample that lead to an apparent increase in the viscosity. 

The maximum shear rate is 300 s-1 for low viscous samples while reaches 1000 s-1 for 

the most viscous sample. 

3.3 Dynamic Light Scattering, DLS 

In order to measure the particle size, dP, distribution and stability of molten salt-based 

nanofluids at high temperature conditions a new system previously developed by the 

authors was used. A dynamic light scattering (DLS) VASCO FLEX particle size 

analyser (Cordouan Technologies) consisting of an external laser head that contains the 

light emitter and receiver was used (65 mW-658 nm fibre pigtailed laser). This device 

can measure diameters ranging from 0.5 nm to 10 m. Intensity particle size 

distributions are obtained in which Y axis is the percentage of light scattered by the 

particles. The light registered corresponds to backscattering with an angle of 170º. In 

order to heat up and control the temperature of the samples, a high temperature cuvette 

was designed. It consists of a cylindrical stainless steel cuvette with two fused quartz 

windows on the sides with a 20 ml sample volume. A heating ring is installed around 

the cuvette and two K-thermocouples are used to control the temperature on the wall of 

the cuvette and inside the fluid. The working temperature of the system was set at 275ºC 

in order to do not damage the windows (maximum working temperature 300ºC). A 

more detailed scheme of this experimental set-up can be found in [32].  
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Initially the pellets were introduced in the cuvette and heated to melt the sample. After 

complete melting, the fluid was mechanically stirred at 1000 rpm for 2 minutes to 

ensure homogeneous conditions. Measurements of particle size distributions in static 

condition were taken every 30 minutes at the beginning and then every 1 hour for 4 

hours. The sample was finally redispersed by mechanical stirring at 1000 rpm for 2 

minutes to check if the initial particle size was recovered. 

3.4 Differential Scanning Calorimetry, DSC 

The specific heat of the nanofluids, cP, was measured by means of differential scanning 

calorimetry (DSC) tests using a DSC2 calorimeter (Mettler Toledo). The method used 

was the areas method, which has been checked to provide better results than the 

dynamic or isostep methods [33]. In this method, a standard sapphire and the sample 

were submitted to consecutive isothermal segments with a 1 ºC step and no heating 

stages amid. The DSC signal provided a peak, whose area was used to calculate the 

specific heat. A 1 ºC temperature step was applied at 400 ℃, with 5 minute isotherms 

before and after the step. A sample of around 20 mg was analysed in a 40 l aluminium 

crucible. Tests were carried out at a constant 25 mL/min N2 flow rate. To ensure 

repeatability at least three samples were prepared and two cycles were run for each one 

in order to obtain a mean value. The experimental error of the mean value was 

statistically obtained at a 95% of confidence level, with a maximum error of 5.02% and 

a mean error of 2.39%. 

Phase change performance of the samples was also evaluated by means of DSC. A 

sample of around 20 mg was analysed in a 40 l aluminium crucible. A thermal cycle 

from 180 ºC to 280 ºC was performed under nitrogen atmosphere (25 mL/min N2 flow 

rate), with 10 K/min heating and cooling rates and 5 min isotherms at the maximum and 

minimum temperatures. 
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3.5 Thermogravimetric analysis, TGA 

The thermal stability of the samples and the decomposition temperature was evaluated 

by means of Thermogravimetric Analysis (TGA) using a TGA/SDTA851e (Mettler 

Toledo). Samples were submitted to a 5 minute isotherm followed by a heating step 

from 25 ºC to 900 ºC at 10 K/min under N2 atmosphere in an alumina crucible. 

4. Results and discussion 

4.1 Viscosity and rheological behaviour 

The dynamic viscosity and the rheological behaviour of the nanofluids were measured 

following the procedure previously explained. The flow curves obtained for the samples 

tested are shown in Figure 2. Regarding the shear dependent behaviour it can be 

observed that the pure solar salt as well as the sample prepared by dry mixing (S1) 

present a Newtonian behaviour with the lower viscosity values. The sample prepared by 

the dissolution method (S2) coupled with oven drying present shear thinning behaviour 

thus indicating the presence of agglomerates that break down to smaller ones due to the 

application of high shear rates [30]. For the samples prepared by ball milling (S4_60 

and S4_100) and the dissolution method coupled with spray drying (S3), an abnormal 

behaviour is observed. A first shear thinning region can be initially observed followed 

by a shear thickening region and a second shear thinning region. This shear thickening 

behaviour is more noticeable as the viscosity of the samples increases and is reached at 

lower values of shear rate. For the S3 the first shear thinning region can be initially 

observed up to 25 s-1 followed by a shear thickening region up to 65 s-1 and a second 

shear thinning region. This behaviour was first observed in the literature for ionic 

liquids in 2009 [34] and has been recently reported for molten salt-based nanofluids 

[35]. This behaviour is common in concentrated suspensions of ionic liquids in which, 

due to the interparticle forces acting on the particle surface, agglomeration and jamming 
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take place when particles get into contact because of the fluid flow at a sufficient shear 

rate. When a threshold shear rate is achieved these agglomerates break down into smalls 

ones leading to the second shear region. 

Regarding the time dependant behaviour, only the nanofluid prepared by the dissolution 

method coupled with spray drying (S3) presents rheopectic behaviour for shear rates 

lower than 65 s-1 caused by the shear thickening behaviour. Reversible time effects have 

been reported in some materials including colloidal suspensions, in which the viscosity 

increases with time at low shear rates after shearing at high shear rates [36]. This sample 

was submitted to a third flow sweep from 1 s-1 to 1000 s-1 to check the reversibility of 

the process and the recovery of the initial particle structure as can be observed. 
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(a) 

 

(b) 

Figure 2. Solar salt-based nanofluids (a) flow curve and (b) shear stress vs. shear 

rate at 275ºC. 

  

As the nanofluid composition is the same for all the samples, the differences found in 

the rheological behaviour are expected to be linked to the different agglomeration states 

achieved during the production method. Two of the parameters most widely used to 
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analyse the degree of agglomeration are the extrapolated yield stress, Y, and the plastic 

viscosity, P, [37]. These parameters can be obtained by fitting the shear stress/shear 

rate values in the Newtonian plateau to the Bingham model: 

  PY                        (1) 

where  is the shear stress applied and  is the shear rate generated and shown in Figure 

2b. 

Results are shown in Table 3. For the two samples presenting Newtonian behaviour 

(pure Solar Salt and the nanofluid obtained by S1 method), no yield stress is obtained 

and the plastic viscosity corresponds to the dynamic viscosity of the fluid, independent 

of the shear rate. For the non-Newtonian nanofluids the extrapolated yield stress is 

obtained being higher for the sample with the highest viscosity. These results confirm 

the differences in the agglomeration state when the nanofluids are produced by different 

methods. 

Table 3. Yield stress and plastic viscosity. 

Sample Y 
 [Pa] 

P· 103  

[Pa·s] 
R2 

Solar Salt SS - 3.90 0.998 

SS+SiO2 S1 - 4.44 0.999 

SS+SiO2 S2 0.045 7.21 0.997 

SS+SiO2 S3 1.695 19.07 0.964 

SS+SiO2 S4_60 0.049 8.02 0.998 

SS+SiO2 S4_100 0.202 12.14 0.994 

 

In order to obtain the viscosity enhancement caused by the dispersion of the 

nanoparticles by means of the different methods, the viscosity of the nanofluids at the 

maximum shear rate (Newtonian plateau) was used for the non-Newtonian nanofluids. 

In Table 4 it can be observed that for the pure solar salt the value obtained is in good 

agreement with the theoretical one in the literature for 275ºC (4.25·10-3 Pa·s) [38]. In all 
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cases the viscosity increases with the addition of nanoparticles, as expected. However, 

the increase strongly depends on the production method. The dry mixing method (S1) 

provides a Newtonian behaviour with the lowest increase while the dissolution method 

coupled with spray drying (S3) leads to non-Newtonian, rheopectic behaviour with the 

highest increase. In the ball milling method it can be observed how the increase in the 

drying temperature from 60ºC to 100ºC reduces the drying time and leads to a different 

microstructure of the nanoparticles with a higher viscosity.  

 

 

 

Table 4. Viscosity increase at the maximum shear rate. 

 

Sample 
· 103  

[Pa·s] 

Viscosity 

increase [%] 

Solar Salt, SS 3.90 - 

SS+SiO2 S1 4.44 13.7 

SS+SiO2 S2 6.68 71.2 

SS+SiO2 S3 19.25 393.5 

SS+SiO2 S4_60 8.92 128.8 

SS+SiO2 S4_100 13.16 237.4 

 

4.2 Particle size distribution and colloidal stability 

As has been mentioned before the differences found in the viscosity of the samples are 

expected to depend on the particle size and agglomeration. At low shear rates this 

viscosity can be related to the particle/cluster size measured in static conditions. Figure 

3 show the particle size distribution of the primary nanoparticles obtained by image 

processing of over 1000 particles observed by TEM. A micrograph of the nanoparticles 

is shown and a mean particle diameter of 25 nm is obtained. 
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Figure 3. Primary particle size distribution and TEM micrograph. 

 

 In spite of the good dispersion of the primary nanoparticles, they agglomerate when 

introduced in the molten salt. Figure 4 shows the initial particle size distribution 

measured for the nanofluids tested. It can be observed that the only sample presenting a 

monomodal distribution is the sample S3 (spray drying method). The other four samples 

present multimodal distributions with small particles at around 100 nm and 

agglomerates bigger in the micrometrical size range. These differences found in the 

initial size confirms that the cluster structure of the sample produced by means of spray 

drying (S3) is completely different from the other samples which can be related to the 

different rheological behaviour and the highest viscosity. 
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Figure 4. Initial particle/cluster size distribution. 

 

In order to evaluate the colloidal stability of the samples, the evolution of the 

particle/cluster size distribution with time was measured for 4h in static conditions and 

after redispersion. Initial size, agglomeration after 4h in static conditions and size after 

redispersion of the particles are plotted in Figure 5. It can be observed that the samples 

S1, S2 and S4_60 initially show a smaller peak around 100 nm and then clusters of 

bigger sizes, reaching up to a few thousand nanometres. Samples S1, S2, S4_60 and 

S4_100 also present a general displacement of the peaks after 4 hours, showing bigger 

clusters that reach up to 10000 nm in some cases, the maximum size that the equipment 

can register. The behaviour after redispersion is different for every sample. In S1, the 

redispersion does not change much compared to the state after 4 hours, and a peak at the 

limit of 10000 nm still appears. A similar behaviour is observed for S2, where a peak of 

bigger clusters remain after the redispersion, even though there is also a peak of small 

particles below 100 nm that indicates that some of the bigger clusters have broken down 

with redispersion. Sample S4_60 presents an only peak, so redispersion seems to be 

effective to reduce the cluster sizes to 1000 nm. In sample S4_100 the redispersion is 
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effective enough to recover the initial the particle size. The behaviour of S3 is 

completely different to the rest of the studied samples, in line with what has been 

observed in the rheology tests. This sample shows a big peak between 2000 and 3000 

nm in every stage studied, and also presents bigger clusters around 10000 nm after 4 

hours, that are effectively recovered after redispersion. 

 

Figure 5. Particle/cluster size distribution: initial, after 4h and redispersed for (a) 

S1, (b) S2, (c) S3, (d) S4_60 and (e) S4_100. 

 

Figure 6 shows the evolution of the main peaks of the size distribution through time. As 

the size distributions were not monomodal and a mean particle size cannot be used, the 

size of the peaks obtained at any measured time was plotted. Bigger bubbles correspond 

to higher intensity peaks detected, namely, a higher amount of light scattered by the 
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particles. As the intensity of the scattering is proportional to the sixth power of the 

diameter according to Rayleigh’s approximation, small particles scatter less light than 

big particles. Therefore small particles presenting a high intensity indicates a higher 

amount of clusters of that size. It is observed that for the sample S1 the distribution 

remains trimodal with time and the bigger clusters agglomerate up to diameters close to 

10 m while the smaller ones remain rather constant. Samples S2, S4_60 and S4_100, 

are bimodal most of the time and the change in the bigger agglomerates is observed in 

the last hour recorded. In the samples S2 and S4_100 an increase is observed while in 

the sample S4_60 a decrease takes place due to settlement of clusters, both behaviours 

meaning a lack of stability. The sample S3 is the only one presenting a rather 

monomodal and stable behaviour over time. In this case, the high viscosity of the 

nanofluid helps to keep particles in suspension avoiding their settlement. It can be 

concluded that faster dryings (S2 and S4_100) lead to smaller initial clusters as the 

nanoparticle do not have so much time to agglomerate than in the other ones. 
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Figure 6. Evolution of particle size with time for (a) S1, (b) S2, (c) S3, (d) S4_60 

and (e) S4_100. 

The stability of the nanofluids can be theoretically predicted through the forces acting in 

the nanofluid. Among them, Stokes sedimentation due to gravity and diffusivity due to 

Brownian motion can be used to calculate the colloidal stability limit of a suspension 

[39]. The colloidal stability limit is the critical size of a particle or particles cluster for 

which the displacement due to the Brownian motion equals the one due to the Stokes 

sedimentation. Thus, if they have bigger dimensions than the colloidal limit the Stokes 

sedimentation becomes predominant and the particles will settle being the nanofluid not 

stable through time. The diffusion of a particle due to Brownian motion can be 

calculated through the following equation: 
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𝑋 = [𝑡
2·𝑘·𝑇

3·𝜋·𝜂·𝑑𝑃
]
1/2

               (2) 

where t is time in seconds, k is Boltzmann’s constant, T is temperature in Kelvin, η is 

the dynamic viscosity of the nanofluid, and dP is the particle diameter. 

On the other hand, the displacement due to the Stokes sedimentation can be calculated 

as shown in the following equation: 

𝑋 =
𝑑𝑃
2 ·(𝜌𝑃−𝜌𝑛𝑓)·𝑔·𝑡

18·𝜂
               (3) 

where ρp is the density of the particle, ρnf is the density of the nanofluid and g is the 

acceleration due to gravity. 

The intersection between both parameters determines the colloidal limit for a particular 

nanofluid, as it can be observed in Figure 7. All the calculations have been made for a 

time of 300 s and the viscosity of the samples at the lowest shear rate has been used. 

Results can be linked with the evolution of the particle size previously obtained (Figure 

6). For sample S1 the colloidal limit is found at ca. 1000 nm which is in good agreement 

with results shown in Figure 6a: particles and agglomerates of lower size remain stable 

while the big ones continue to agglomerate being the least stable nanofluid. For the 

samples S2 and S4_60 the colloidal limit is found at ca. 1800 nm presenting both 

bimodal particle size distributions with stable agglomerates of diameter lower than the 

limit and bigger ones which agglomerate and settle (Figures 6b and 6d). Regarding the 

drying temperature for samples S4_60 and S4_100, the latter presents a higher viscosity 

and colloidal limit (ca. 2250 nm). Although the initial particle size is smaller, the same 

behaviour can be observed: small clusters are stable while the bigger ones are very close 

to the stability limit and agglomerate. Finally, sample S3 present a colloidal limit at ca. 

3000 nm. In this case all the agglomerates initially present in the nanofluid present a 

diameter smaller than the limit and therefore the nanofluid is expected to be stable.    
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Figure 7. Colloidal stability limit for samples (a) S1, (b) S2, (c) S3 and (d) S4. 

 

4.3 Specific heat capacity 

Table 5 shows the results obtained for the specific heat at 400ºC for the samples under 

research. It can be observed that for the pure solar salt the value obtained is in good 

agreement with the theoretical one in the literature (1.511 J/gK) [38].  Regardless of the 

differences observed in the particle size, the samples with the highest enhancement are 

the ones that were processed at 100ºC overnight in aqueous medium, i.e. S1 and S2. 

Samples S3 (spray drying) and S4_60 (ball milling) were submitted to lower 

temperatures around 60ºC and the enhancement is lower. Comparing samples S1, S2 
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and S4_100 it can be observed that the specific heat is lower for the samples processed 

in acetone in which the drying is faster. From the samples S4_60 and S4_100 the 

influence of the temperature on a same method can be evaluated and it is concluded that 

the specific heat increases with temperature. The lowest value obtained corresponds to 

the spray dried sample in which not only the temperature is low but also the residence 

time is reduced so the material is not able to heat up to the maximum drying air 

temperature.  

Although there is still controversy about the possible mechanisms behind the specific 

heat enhancement, these results are in agreement with one of the most widely accepted 

mechanism for the abnormal specific heat enhancement of ionic liquids [3, 4, 23, 40]. 

The mechanism takes into account the formation of an interfacial structure resulting 

from the discrete layering of ions at the solid surface due to nanoparticle-salt 

interactions. Therefore, the experimental conditions that could modify these possible 

interactions, such as the drying temperature and time, can also influence the specific 

heat enhancement. 

In conclusion, the method used to prepare the molten salt-based nanofluids is crucial 

being samples S1 and S2 the best candidates from the point of view of thermal energy 

storage capability. 

Table 5. Specific heat increase at 400ºC. 

 

Sample 

Specific 

heat, cP  

[J/gK] 

Specific heat   

increase [%] 

Solar Salt SS 1.496 - 

SS+SiO2 S1 1.812 21.1 

SS+SiO2 S2 1.800 20.3 

SS+SiO2 S3 1.638 9.5 

SS+SiO2 S4_60 1.655 10.6 

SS+SiO2 S4_100 1.733 15.82 
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Finally, the possible relationship between the viscosity and specific heat increases with 

the particle size was evaluated. Figure 8 shows the evolution of the property increase 

with the size of the smallest peak initially present in the nanofluid. As a general trend, it 

can be observed that the presence of the bigger clusters leads to higher viscosities and 

lower specific heat values. However, an exemption can be found for smaller sizes thus 

meaning that not only the particle size but also other parameters influence the specific 

heat enhancement as mentioned before. 

 

Figure 8. Evolution of viscosity and specific heat increases with particle size. 

 

4.4 Thermal  and chemical stability 

The thermal and chemical stability of the molten salt-based nanofluids was evaluated by 

means of TGA and DSC tests as shown in Figure 9a and Figure 9b respectively. The 

weight loss for the silica nanoparticles obtained after drying of the Ludox commercial 

nanofluid at 100 ºC in the oven was also tested. A low weight loss is observed in the 

nanoparticles probably due to presence of the additives used to stabilize the water-based 

nanofluid. However, the influence of these additives on the thermal properties of the 
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molten salt-based nanofluids is negligible as can be observed in the TGA curves. No 

significant differences between the nanofluids and the pure solar salt were found for the 

weight loss and the decomposition temperature. The same conclusion can be gathered 

from the DSC curves in which no significant differences were observed for the phase 

change temperatures and enthalpies of the nanofluids with respect to the pure solar salt. 

 

(a) 

 

(b) 

Figure 9. (a) TGA curves and (b) DSC curves for the samples. 
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5. Conclusions 

Solar salt-based nanofluids have been produced by means of four different methods 

involving wet routes. In addition to the methods previously used in the literature (dry 

mixing, oven drying and ball milling), spray drying in a pilot-scale spray dryer was used 

as an example of industrial scale process. The particle size distribution of the 

nanoparticles suspended in the molten salt at 275 ºC was measured by a new DLS 

system and the degree of agglomeration and stability of the samples were evaluated. 

Rheological behaviour and specific heat of the samples, both properties depending on 

the particle size and clustering, were measured to analyse the influence of the 

production method. 

 The dry mixing method (S1) provided the lowest viscosity increase and 

Newtonian behaviour. However, in this sample a trimodal particle size 

distribution was observed and the nanoparticles agglomerate with time, meaning 

that the nanofluid is not stable. 

  The dissolution method coupled with oven drying (S2) and the ball milling 

method (S4) provided similar shear thinning behaviour with higher viscosity 

increments. Although the particle size distributions are mainly bimodal, the 

samples start to lose stability after 3 h in static conditions. 

  The dissolution method coupled with spray drying (S3) provided the highest 

viscosity increment with shear thinning and shear thickening regions leading 

also to rheopectic behaviour. This sample was the only one presenting a 

monomodal distribution and good stability over time probably caused by the 

high viscosity. 

 The colloidal stability limit obtained from the Brownian motion and the Stokes 

settlement calculations depends mainly on the nanofluid viscosity. The results 
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are in good agreement with the evolution of the particle size distribution with 

time and can be used to predict the colloidal stability. 

 Regarding the specific heat, all the samples provided an enhancement suitable 

for thermal energy storage applications. This enhancement is mainly dependent 

on the agglomeration state and the drying temperature and time. For samples 

with similar cluster size and viscosity (S2 and S4_60), the higher the drying 

temperature the higher the specific heat achieved. Comparing the same method 

(S4), also the highest drying temperature provided a higher specific heat 

enhancement although not the highest due to the fast drying. In general, the 

optimal conditions to increase the specific heat include slow drying at high 

temperature.   

In conclusion, the production method needs to be controlled in order to achieve an 

appropriate degree of dispersion of the nanoparticles. A commitment between stability 

and viscosity has to be achieved as the most stable nanofluid is also the most viscous. 

Finally, the temperature and time at which the nanoparticles are submitted during the 

production process can be optimized to promote nanoparticle salt interactions and to 

improve the thermal energy storage capacity of the nanofluids in combination with 

higher production rates required for large-scale production. 
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