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Abstract 

 

 

Thermal energy storage (TES) is considered as a vital component for 

concentrated solar power (CSP) technology, which leads to cost-effective 

dispatchable electricity production. The commercial TES technology in CSP plants is 

based on a two-tank solution of molten nitrate salts. The binary inorganic salt which 

consists of a mixture of 60 wt% of NaNO3 and 40 wt% of KNO3, so-called “Solar 

salt”, is used due to its suitable operating temperature range, high density, low vapor 

pressure, and relatively high heat capacity. While, its poor thermal conductivity is 

considered as the main drawback that requires a complicated heat exchanger design 

for a better heat transfer efficiency during the charge and discharge processes. Thus, 

it contributes to the increment of the levelized cost of electricity (LCOE) in CSP 

plants. However, for further reduction of the CSP costs, the efficiency of the whole 

system can be improved by enhancing the thermophysical properties of the molten 

salt as the specific heat capacity and thermal conductivity.  

Recently, the development of nanofluids based on molten salt with 

anomalous enhancements of those properties was identified as a promising approach. 

Even some enhancements were already reported in the literature, a big discrepancy of 

the results was observed due to several factors such as the enhancement mechanisms 

are still unknown, the complexity of the nanofluid preparation method, the 

determination of those properties, the initial state of the nanoparticles dispersion and 

its evolution with time. 

In this work, we present an optimized simple dry method for the preparation 

of nanofluids to obtain a homogeneous dispersion of nanoparticles within the molten 

salt. In addition, to reveal the mechanisms of thermophysical properties and improve 

the dispersion stability, different type, shape, size and composition of the 



 

 

nanoparticles were used. For that purpose, monodispersed SiO2 and SiO2@Al2O3 

core-shell nanoparticles were developed for the first time to prepare the molten salt-

based nanofluids with improved stability compared to the commercial nanoparticles 

based nanofluids.  

Finally, the effect of adding nanoparticles in the molten salt on its corrosivity 

with the tank material is still needed to be explored. In the present work, we 

discovered new corrosion mechanisms related to the addition of the nanoparticles in 

the molten salts. In addition, a simple graphitization method was proposed as an 

anticorrosion method for molten binary nitrate salt with carbon steel. 

 



 

 

 

 

 

Resumen 

 

 

El almacenamiento de energía térmica (TES, por sus siglas en inglés) se 

considera un componente vital para las centrales termosolares de concentración 

(CSP, por sus siglas en inglés), ya que permite una producción de electricidad 

gestionable y rentable. La tecnología TES comercial en plantas de CSP se basa en 

una solución de dos tanques de sales de nitrato fundidas. Dicha sal inorgánica 

binaria, consistente en una mezcla de 60% en peso de NaNO3 y 40% en peso de 

KNO3, llamada "sal solar" se usa debido a su adecuado rango de temperatura de 

operación, alta densidad energética, baja presión de vapor y relativamente alta 

capacidad calorífica. Por otro lado, su mala conductividad térmica se considera su 

principal desventaja, ya que requiere un diseño complicado del intercambiador de 

calor para posibilitar una rápida transferencia de calor durante los procesos de carga 

y descarga. Por lo tanto, contribuye al incremento del coste de electricidad nivelado 

(LCOE, por sus siglas en inglés) en las plantas de CSP. En ese sentido, para una 

mayor reducción de los costes de CSP, la eficiencia de todo el sistema se puede 

mejorar al aumentar las propiedades termofísicas de la sal fundida, como la 

capacidad térmica específica y la conductividad térmica.  

Recientemente se identificó como un enfoque prometedor el desarrollo de 

nanofluidos con base de sal fundida, debido a las mejoras anómalas de propiedades 

termofísicas que muestran. A pesar de que algunas de esas mejoras se han publicado 

en la literatura, se ha observado una gran discrepancia entre los resultados mostrados. 

Dicha discrepancia es debida a diversos factores, como la falta de confirmación de 

los mecanismos físicos que producen la mejora, la complejidad del método de 

preparación de nanofluidos, la determinación de esas propiedades, el estado inicial de 

La dispersión de las nanopartículas y su evolución con el tiempo. 



 

 

En este trabajo presentamos un método simple y optimizado para la 

preparación en seco de nanofluidos con una dispersión homogénea de nanopartículas 

dentro de la sal fundida. Además, para revelar los mecanismos de mejora de las 

propiedades termofísicas y aumentar la estabilidad de la dispersión, se utilizaron 

diferentes tipos de nanopartículas con diferentes tamaños, composiciones y formas. 

Para ese propósito, se desarrollaron por primera vez nanopartículas mono dispersas 

de SiO2 y de “core-shell” de SiO2@Al2O3 para la obtención de nanofluidos basados 

en sales fundidas con una estabilidad mejorada en comparación con los nanofluidos 

basados en nanopartículas comerciales.  

Finalmente, también es necesario analizar el efecto que produce la adición de 

nanopartículas en la corrosividad de la sal fundida sobre los distintos materiales del 

tanque. En el presente trabajo, se descubren nuevos mecanismos de corrosión 

relacionados con la adición de las nanopartículas en las sales fundidas. Además, se 

propone un método simple de grafitización como método anticorrosión para la sal 

fundida de nitrato binario con acero al carbono. 
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Abbreviations 

 

AISI    American Iron and steel institute 

BET    Brunauer-Emmett-Teller  

Cc    Concentration 

CO2    Carbon dioxide  

CS    Carbon steel  

CSP    Concentrated solar power  

DSC    Differential scanning calorimetry  

EDX    Energy-dispersive X-ray spectroscopy  

enhanc.    enhancement  

FIB    Focused ion beam 

FTIR    Fourier transform infrared spectroscopy 

HTF    Heat transfer fluid 

incr.     incremets 

LCOE    Levelized cost of electricity 

LFA    Laser flash analysis  

LFR    Linear Fresnel reflectors  

LHS    Latent heat storage   

LP    Liquid phase 

MWCNTs   Multi-walled carbon nanotubes  

nm    Nanometer 

NPs    Nanoparticles 

NRs    Nanorods 

PCMs    Phase change materials 
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PDC    Parabolic dish collectors  

PTC    Parabolic trough collectors  

PV    Photovoltaic  

Qsalt     Quantity of salt  

Ref    Reference 

RT    Room temperature 

SEM    Scanning electron microscope 

SHS    Sensible heat storage 

SP    Solid phase 

SPT    Solar power tower  

SS    Stainless steel 

SWCNTs    Single-walled carbon nanotubes  

TcES    Thermochemical energy storage  

TEM    Transmission electron microscope  

TES    Thermal energy storage 

TG-DTA   Thermogravimetry and differential thermal analysis 

UV    Ultraviolet  

Vtank    Volume of the tank 

XRD    X-ray diffraction  

XPS    X-ray photoelectron spectroscopy  

 

Symbols 

Cp    Specific heat capacity    J/K.g 

λ    Thermal conductivity    W/m.K 

T    Temperature     ºC 

α    Thermal diffusivity     mm2/s 

η    Viscosity      Pa.S 

ZP    Zeta potential      mV 

ΔH    Enthalpy      J/g 
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Chapter 1. Introduction 

 

 

1.1. Scope of the thesis 

The main aim of this work is to develop stable molten salt nanofluids with 

enhanced thermophysical properties for thermal energy storage application at 

concentrated solar power plants. Also, the lifetime of the storage system components 

is one of the critical parameters to be considered for the further industrial application 

of the developed nanofluids in CSP plants. So, the compatibility test between the 

storage materials and storage tank was also targeted in the present work aiming to 

understand the effect and the corrosion mechanisms when nanoparticles are added to 

the base molten salt.  

So far, the molten salt-based nanofluids are prepared by using classical wet 

methods. However, the classical wet method was widely used but it has several 

drawbacks such as the long processing time and difficulty to scale it up for 

commercial applications. In this work, we developed a new simple physical shaking 

method for the nanofluids preparation which presents several advantages such as the 

shorter processing time and the possibility of scale up into industrial applications. In 

the second step, the reported works in literature have investigated the molten salt 

nanofluids by using commercial nanoparticles such as Al2O3 and SiO2 nanoparticles, 

which prevents the systematic investigation of the nanoparticles shape and size 

effects on not only the enhancement of the thermophysical properties but also, on the 

dispersion stability of the nanofluid. The present work introduced the development of 

advanced nanoparticles like SiO2 with different sizes and SiO2@Al2O3 core-shell 

nanostructures aiming not only to maximize the thermophysical properties 

enhancement; but also, to shed light on the understating the effect of long-term 

stability of the nanofluids. The stabilization of the nanofluids will help to understand 

the discrepancy of the results reported in the literature by different authors for the 
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same system. Furthermore, the most research results reported in literature focus only 

in the enhancement of specific heat capacity,  in this regard, the present work will 

investigate the effect of adding nanoparticles on the enhancement of thermal 

conductivity. Special attention was also made to investigate the viscosity and 

stability of the system developed within this thesis work aiming to understand the 

effect of the size, shape, composition (between Al2O3 and SiO2) and agglomeration 

of nanoparticles on the possible undesirable increase of the viscosity and stability of 

the system. Finally, the compatibility between the molten salt nanofluids and carbon 

steel under different corrosion test conditions was carried out to understand the 

mechanisms responsible for the change of the corrosion rate compared to the base 

fluid. In addition, to mitigate the corrosion effect a new graphitization method was 

introduced in this work as a protective layer.  

The present thesis work is structured in five main parts, as follows: 

In Chapter 1: A general overview on renewable energies and thermal energy 

storage was presented together with the state-of-the-art of the development of molten 

salt nanofluid highlighting many aspects such as the preparation method, the 

enhancement of the thermophysical properties, the effect of adding nanoparticles on 

the viscosity and the effect on the corrosion behaviour of the nanofluids. 

In Chapter 2: This chapter begins with the preparation methods of different sizes of 

SiO2 and different composition of SiO2@Al2O3 core-shell nanoparticles. The 

commonly used wet preparations methods of nanofluids are compared with the 

newly developed dry method. The optimization of the preparation of nanofluids and 

their characterization will be highlighted aiming to the dispersion stability of 

nanofluid with time. Furthermore, the compatibility of the developed nanofluids is 

studied by carbon steel, in this regard, the experimental methods for corrosion 

protocol, the sample preparation for cross-section analysis by SEM and FIB 

techniques is elaborated in this chapter. In addition, the detailed description of the 

instruments is used for the structural and thermophysical characterization of the 

prepared materials such as nanoparticles and nanofluids were shown in this section. 

Especially, sample preparation and measurement conditions of the thermophysical 

properties included more in detail due to the difficulties of the techniques. 

In Part 1: This part is divided into three main chapters where commercial and 

synthesized nanoparticles were used for the preparation of nanofluids based on 
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eutectic nitrate salt (NaNO3:KNO3 51:49 wt%) as a base fluid. The commercial 

Al2O3 and SiO2 nanoparticles and new synthesized monodispersed SiO2 and 

SiO2@Al2O3 core-shell nanoparticles were used aiming to investigate the size, shape 

and composition effects not only on the enhancement of the thermophysical 

properties but also on the dispersion stability of the nanofluids. Initially, the utilized 

nanoparticles were characterized by several techniques to know the structural and 

morphological properties by using XRD, FTIR, SEM, BET, TEM, etc. Then the 

detailed thermophysical properties such as specific heat capacity, thermal 

diffusivity/conductivity, enthalpy, viscosity, thermal and visual stability of the 

nanofluids were studied by using different techniques such as DSC, LFA, 

Rheometer, STA, Dilatometer and visual stability test at high temperature. 

In Part 2: This part is divided into three main chapters where the compatibility test 

of nanofluids with storage tank materials was presented. The main aim is to 

investigate the effects of nanoparticles addition on the corrosivity of the molten salts. 

On the first hand, the effect of adding commercial Al2O3, SiO2 and TiO2 

nanoparticles was studied. On the second hand, the use of a simple graphitization 

process of the carbon surface to protect it against the corrosivity of the molten salt 

was highlighted. For that purpose, systematic corrosion experiments were carried out 

at two temperatures of 310ºC and 390ºC under air atmosphere by using the exposure 

times of 250h, 500h, 1000h and 1500h. To shed some light on the corrosion 

mechanisms and quantify corrosion rates a combination of advanced material 

characterization techniques as Focused Ion Beam, SEM, EDX, XPS depth profiling, 

XRD and TGA were applied. 

In Conclusions: The main results are summarized demonstrating the main 

advantages and drawbacks of the nanofluids developed in this thesis work.  
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1.2. Background 

Energy is an essential need for a human being and having a major impact on 

economic developments. Each year, additional energy is required to meet the 

increase of the population, improvement of technology and worldwide 

industrialization. The global energy demand was increased by 2.1% in 2017 

compared with 0.9% on average over the previous five years [1]. The 

thermodynamic first law of conservation of energy states that the energy can be 

neither created nor destroyed in an isolated system but it can be transferred from one 

form to another form. As a result, considering universal as an isolated system, the 

entire object in the modern world is functioned by relying on this principle; i.e. the 

transformation of one form of energy into another form (e.g. heat into electricity). So 

far, the generation of a major part of electricity depends on the non-renewable energy 

sources of fossil fuels (coal, oil, and natural gases) and the minor parts are belonging 

to nuclear energy and renewable energy sources of biomass, geothermal, solar, wave 

and wind energies (Figure 1). 

 

Figure 1.1. Estimated global electricity production from renewable energies, (End-2017) [2]. 

Fossil fuel energies are the essential energy sources for the past decades and 

it is inexpensive to extract, stable energy sources, easy to store and it can be easily 

transferred from one place to another place [3]. While burning the fossil fuel, it 

releases gases (Figure 2) of nitrous oxide (N2O), methane (CH4), carbon dioxide 

(CO2) and a trace of fluorinated gases (RF-gases) into the air, which causes air 

pollution and it has many negative effects on the environment [3]. Among the 

different gases, CO2 plays a major role in the greenhouse effects, by absorbing and 

transmitting the thermal radiation, which is responsible for global warming effects 

[4].  
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Figure 1.2. Global greenhouse gas emission by gases based on 2010 data [5]. 

 

Increasing the global energy demand and awareness of environmental effect 

lead to looking for alternative energy sources. Accordingly, renewable energy 

sources are the ones that are able to fulfill the energy requirements without 

contributing to climate change or global warming effects. The third law of 

thermodynamics state that the entropy of an isolated system will be constant if the 

temperature is absolute zero value. Again, if we consider universal is an isolated 

system by reducing greenhouse gases the temperature of the system will be reduced, 

which will result in the regulation of the climate changes. As an alternative to fossil 

fuels, different types of renewable and sustainable energy technologies are globally 

used to generate electricity such as geothermal, biomass, hydropower, wind and solar 

power. In the last years, the renewable energy showed rapid growth compared to 

non-renewable sources that will result in the production of 25% of global energy 

demands in the close future [1]. Figure 1.3 shows the expected growing trend of the 

world net electricity production from different types of renewable energy sources 

where a very promising scenario is expected for solar energy power. 
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Figure 1.3. Projection of world net electricity from different types of renewable energy 

sources from 2012-2040 [6]. 

 

Within this scenario, renewable energy-based solar power showed a fast-

growing trend of 8.3% per year [6]. Solar power is used to produce electrical energy 

by the direct or indirect process via solar radiation. Solar power is reliable, abundant 

in nature, sustainable and clean energy, which is utilized for producing a different 

form of energy by a different mechanism. The prediction says that the annual 

potential of solar energy is around 1575 EJ, which is much higher than the world 

primary energy required per year (573 EJ) [7]. Among the solar energy technologies, 

the direct photovoltaic (PV) conversion system and indirect concentrated solar power 

(CSP) technology are the most commercially used ones for the production of 

electricity. 

1.3. Photovoltaic (PV) system 

Photovoltaic systems are working based on the conversion of light (photon) 

into electricity by using semiconducting materials via the photovoltaic effect (Figure 

1.4). The photovoltaic effect is discovered by Alexandre-Edmond Becquerel in 1839 

and which is used in the solar cell to produce electricity. In the photovoltaic 

conversions process, most of the visible to Ultraviolet (UV) regions were used to 

produce the electricity via a light absorbing material. The silicon technology is the 

dominant one of PV solar cells where combinations of multi-crystalline silicon and 

monocrystalline silicon materials have been optimized to improve the efficiency but 

also to reduce production costs, hence make it more feasible for various applications. 

In this type of solar cell technology, n-type and p-type silicon semiconductors are 
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joined together called p-n junction, which creates the internal electric field [8]. The 

p-type silicon donates the electron and receives hole, while n-type silicon accepts the 

electron. When the solar radiation incident on the cell, the photon excites some of the 

atoms in the semiconducting materials and which creates the electron-hole pairs. 

Simultaneously, due to the internal electric field, the pairs tend to separate, results in 

an electron move to the negative electrode and hole move towards the positive 

electrode. Finally, the electric current extract from the circuit and supply to the grid 

[9]. The big advantages of the photovoltaic devices are the little required 

maintenance and lower costs; while their biggest limitation is the non-dispatchability 

of their produced electricity which requires a high extra cost for the incorporation of 

energy storage devices. 

  

Figure 1.4. Photovoltaic conversion process [10]. 

1.4. Concentrated solar power (CSP) technology  

The CSP technology is functioned by concentrating a large area of the 

sunlight at a specific point by using heliostats (mirrors) which help to achieve high 

temperature working fluids. Then this high temperature of the fluid is used to 

produce electricity through it continues thermal cyclic process. The CSP has a major 

advantage of dispatchability to produce the electricity compared to all other 

renewable energy technologies. Also, the CSP technology compared to PV has the 

possibility to store the intermittence solar radiation that later to be used to produce 

stable output power [11]. The CSP systems are classified according to the position of 

the receiver whether it is fixed or mobile, tracking system, the shape of the mirror 

and operating temperature of the system [12]. 
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The different types of CSP technology are: i) Parabolic trough collectors 

(PTC), ii) Linear Fresnel reflectors (LFR), iii) Solar power tower (SPT) and iv) 

Parabolic dish collectors (PDC). The position of the receiver is fixed in power tower 

and linear Fresnel systems but which is movable in the parabolic trough and 

parabolic dish systems. The Parabolic trough collectors and Linear Fresnel reflectors 

are called a line focusing system because the mirrors are focusing the solar radiation 

along one axis. Solar power tower and parabolic dish collectors are called a point 

focus system, where the mirror focuses the solar radiation along two axes [13]. The 

point focusing system is achieving higher efficiency compared to line focusing 

system. The parabolic trough and tower power plant systems count with different 

advantages such as the cost-effective, wide operational experience and maturity of 

the technology [14]. 

1.4.1. Parabolic trough collectors (PTC) 

In the parabolic trough collectors, solar radiation is concentrated by a 

parabolic curve trough-shaped reflector, which directs the sunlight towards absorber 

pipe (tube) positioned in the focal line of the parabola (Figure 1.5). The heat transfer 

fluid (HTF) flows through the pipe and temperature is raised up to 400°C. The 

maximum working temperature of the current system is limited by the decomposition 

temperature of the HTF involved in the process, i.e. thermal oil. The reflecting mirror 

and absorbing tubes are oriented towards the north to south direction to ensure the 

maximum absorbance of sun radiation. In parabolic trough system, a group of 

parallelly connected reflecting mirrors are called as a solar field and absorbing tubes 

are called as a heat collector. Then the heat transfer fluid is transferred through the 

central receiver tubes to increase the temperature of power block working fluid, i.e. 

steam, to rotate the turbine to produce the electricity.  

 

 

Figure 1.5. Parabolic trough collectors system [15, 16]. 
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1.4.2. Solar power tower (SPT) 

Solar power tower or central receiver system consists of the combination of 

many large sun tracking and reflecting mirrors are called heliostats (Figure 1.6). In 

heliostats, the flat mirrors are used to track the sun at two axes. The heliostat use to 

concentrates the solar power and reflects towards the central receiver, which is 

placed on the top of a fixed tower. The HTF increases its temperature, by circulating 

through the central receiver, up to its decomposition temperature of 565°C, i.e. the 

decomposition temperature of molten Solar salt used in most cases. The SPT system 

is able to increase the size of the solar field to achieve higher temperatures that help 

to increase the thermodynamic efficiency of the system [17].  

 

Figure 1.6. Solar power tower system [15, 16]. 

1.4.3. Linear Fresnel reflectors (LFR): 

In the linear Fresnel reflector, a large number of flat or slightly curve shaped 

mirrors are used to reflect the solar radiation along the pipe, which is fixed above the 

parallel collectors (Figure 1.7). Linear Fresnel reflector system is operating at a 

lower temperature compared to other systems where the maximum temperature is 

around 300°C. The difference of LFR from the PTC system is the mirrors because it 

rotates individually while focusing the solar radiation at the top of the fixed absorbed 

collector. The mirrors are aligned towards the north-south orientation to gain 

maximum annual power collection efficiency. The main advantage of LFR is the 

flexible mirror and it is separately fixed below the absorber tube, so this simple 

design was reducing the investment cost. This system has the facility of direct steam 

production, so it eliminates the need for heat transfer fluids and heat exchanger. LFS 

has lower efficiency compared to PTC and SPT due to the solar radiation loss in the 

absorber tube. This solar radiation loss is due to the focal line distorted by 

astigmatism, where, secondary mirrors are necessary to refocus the increase the 

system efficiency [18]. The main limitation of the LFR system is the high cost of its 
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storage system to store the steam, which is produced in the solar field, or to transfer 

the heat to other storage media. 

 

Figure 1.7. Linear Fresnel reflector [15, 16]. 

1.4.4. Parabolic dish collectors (PDC) 

Parabolic dish collectors (PDC) system consists of a parabolic-dish shaped 

mirror that reflects the solar radiation at a focal point where the receivers are located 

(Figure 1.8). PDC has the highest optical concentration, which provides the highest 

optical and thermal efficiency of the system. Parabolic dish collectors are operating 

in the temperature range between 120-1500°C, which is higher than all other CSP 

technologies. The absorbed heat is directly used by a heat engine which is mounted 

on the receiver [19]. The PDC is moving in two-axis to track the sun in order to 

achieve maximum efficiency. Potentially, the PDS system has the highest efficiency 

compared to all other CSP techniques and Sandia National energy lab demonstrated 

the 31.5% efficiency of solar energy to grid conversion [18]. The parabolic dish 

collecting system is high cost and the thermal energy storage (TES) system has low 

feasibility for the commercial application. The Stirling and Brayton cycle engines are 

currently used for power conversion in the PDC system [19]. 

 

Figure 1.8. Parabolic dish collectors [15, 16]. 
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1.5. Thermal energy storage (TES) 

As explained above, one of the main advantages of CSP technology is its 

cost-effective energy storage concept, unlike wind or PV technologies, based on 

direct heat storage in the thermal energy storage (TES) system. In TES process, the 

heat energy is transferred to the storage medium which can be used later to produce 

the electricity. TES system is economically feasible and easy to scale up to large 

storage systems. TES system reduces the mismatch between the demand and energy 

supply, balance the fluctuation of the temperature and increases the efficiency of the 

CSP plants. The TES system is also used in some industries to store the industrial 

waste heat that nowadays in most cases it is simply dissipated to the environment, 

which is dramatically increasing the global warming effect. So, the TES system 

provides environmental and economic benefits by saving the industrial waste heat to 

be used in the same industrial process that helps to reduce the combustion of fossil 

fuels and the electricity demand.  

In general, TES can be based on thermochemical energy storage (TcES) by 

reversible chemical reaction, latent heat storage (LHS) using phase change materials 

and sensible heat storage (SHS) using solid or liquid materials [13].  

1.5.1. Thermochemical heat storage (TcES) 

Thermochemical energy storage stores the energy by means of reversible 

reactions where the heat is stored during the endothermic reaction and is released 

during the reverse reaction, i.e. exothermic reaction [20]. The heat energy 

stored/released is directly proportional to the mass of the reactive material and 

reaction enthalpy according to the following equation (eq. 1):  

Q = m . ΔHreaction   (eq. 1) 

Where, m is the mass of the storage material (kg) and ΔHreaction is the reaction 

enthalpy (kJ. Kg-1). 

The energy storage density in thermochemical energy storage is higher than 

in sensible heat and latent heat storages. In addition, the TcES has the advantage of a 

long storage period due to the possibility of storing the reactant material at room 

temperature [21]. Despite that, due to the complexity of the thermochemical storage 

system, the development of this technology is still at the laboratory scale.   
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1.5.2. Latent heat storage (LHS) 

In the Latent heat storage process, heat energy is stored during the phase 

change of storage materials at a constant temperature. The energy stored/produced by 

LHS is directly proportional to phase change enthalpy of the storage material, where 

a larger amount of heat can be stored compared to the sensible heat storage process. 

Therefore, the heat energy is stored during the increase of the temperature and 

dissipated during the decrease of the temperature. The amount of the stored heat is 

directly proportional to the mass and enthalpy of the phase transformation according 

to the following equation (eq. 2): 

Q = m . ΔHlatent    (eq. 2) 

Where, m is the mass of the storage material (kg) and ΔHlatent is enthalpy of 

phase transformation (kJ. Kg-1) 

The phase change materials (PCMs) are classified as organic, inorganic and 

metallic, where the organic PCMs adapted for low-temperature application but are 

considered relatively expensive and flammable; while the inorganic and metallic 

PCMs have large latent heat and commonly used for high-temperature applications 

[20]. The phase change temperature of the latent heat storage material is denoted in 

the decreasing orders: solid-solid > solid-liquid > liquid-gas phase change. In 

general, the solid-solid phase change has very low latent heat and the liquid-gas 

phase change has the highest latent heat but a huge volume change during the phase 

transformation which makes difficult to develop at commercial application [7]. The 

most commonly used phase change process for energy storage is solid-liquid phase 

transformation due to the combination of its good latent heat and the feasibility for 

its development for commercial systems.  

1.5.3. Sensible heat storage (SHS) 

The sensible heat storage system is the most mature technology for thermal 

energy storage applications due to their easy heat transfer and storage principle. 

Accordingly, the SHS system stores the heat energy while increasing the temperature 

and release the heat energy by decreasing the temperature. The amount of the stored 

heat is directly proportional to the mass, heat capacity and working temperature of 

the storage materials, according to the following equation (eq. 3): 

Q = m . Cp . ΔT   (eq. 3) 
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Where, m is the mass (kg), Cp is the specific heat capacity (kJ kg-1 K-1) and 

ΔT is the working temperature range during the charging and discharging processes 

of storage material.  

The materials have been used for SHS purpose must have high specific heat 

capacity, which leads to increase the overall efficiency and reduces the size of the 

storage tank and thus results in the reduction of the total investment cost. The 

sensible heat storage materials can be in solid form such as ceramic materials or in 

liquid form such as molten salt. Nowadays, the molten salt-based TES system is 

more matured in terms of commercial technology and it is installed in all commercial 

CSP plants with the storage system. The advantages for the use of molten salt 

material in a two-tank configuration are the high thermodynamic efficiency, low 

thermal losses, low vapor pressure, non-flammability behaviour and plays a major 

aspect in the economic and environmentally friendly approach.  

The most commonly studied molten salts for TES purpose are Solar salt, 

(NaNO3-KNO3 with 60:40 wt.%), Hitec (NaNO3-KNO3-NaNO2 with 7:53:40 wt.%) 

and HitecXL (NaNO3-KNO3-Ca(NO3)2 with 7:45:48 wt.%). The melting 

temperatures of the Solar salt, Hitec and HitecXL are 223°C, 142°C and 120°C, 

respectively [22]. Since Hitec and HitecXL have low melting points, but they also 

have lower decomposition temperatures compared to Solar salt. The decomposition 

temperatures of Hitec, HitecXL and Solar salt are 454°C, 500°C and 565°C, 

respectively [12]. However, among the studied salts, the binary nitrate salt (NaNO3-

KNO3) counts with the operating temperature range and thermodynamic properties 

that are most suitable for the current CSP technology.  

 Solar salt is broadly studied by different researches and used in commercial 

CSP plants. The melting temperatures of NaNO3 and KNO3 are 307°C and 334°C, 

respectively; while their binary eutectic mixture (NaNO3-KNO3 with 51:49 wt.%) 

has a lower melting temperature of 222°C [7]. For the commercial purpose, 60 wt.% 

of NaNO3 and 40 wt.% of KNO3 was used to reduce the cost of the energy storage 

material due to the lower price of NaNO3 compared to KNO3.  

As it is mentioned above, the storage material plays an important role because 

its energy storage capacity/density and thermal conductivity determine the storage 

material amount and the energy transfer efficiency thus result are important to define 

the storage tank size and heat exchanger design. However, for further reduction of 

the CSP costs, the efficiency of the whole system can be improved by the 



Chapter 1. Introduction 
 

24 

enhancement of the thermophysical properties of the storage material such as the 

specific heat capacity, thermal conductivity and operating temperature range.  

In the last years, the enhancement of thermophysical properties of the molten 

has been targeted by the scientific community by adding a minor concentration of 

nanoparticles to the base salt commonly known as nanofluid. This approach was 

firstly proposed by Maxwell in 1873 to increase the thermophysical properties of 

aqueous fluids. In 1902, Maxwell proposed the enhancement of the thermal 

conductivity of aqueous fluids by dispersing solid particles having micro or 

millimeter size. Two different shaped TiO2 (spherical and rod shape) nanoparticles 

were dispersed in DI water to investigate their effects of changing concentration 

from 0.5 to 5 volume fraction (vol.%) on the thermal conductivity. From the analysis, 

5 vol.% of TiO2 suspended in DI water shows an enhancement of thermal 

conductivity by 30% for TiO2 spheres (15 nm) and 33% for TiO2 nanorods (10 nm * 

40 nm) [23]. Furthermore, nanofluids based on DI water, ethylene glycol and oil with 

different types of nanoparticles have been developed and the clear enhancements of 

the thermal conductivity were observed [24]. Also, the colloidal dispersion stability 

of those nanofluids has been improved by using some nanoparticles surfactant 

stabilizers that can be operated at low operating temperature range (below 150ºC). It 

is already reported that the thermal conductivity of ionic liquid was increased by the 

addition of different types of nanoparticles such as Al2O3, Au, CuO, Fe2O3, stacked 

graphene nanofiber, MWCNTs, SWCNTs, SiO2, ZnO [25, 26]. Since the molten 

inorganic salts have a higher operating temperature range (above 150ºC), it is a very 

challenging task to prepare well-dispersed molten salt-based nanofluids. 

1.6. Molten salt based nanofluids 

1.6.1. Preparation of molten salt-based nanofluids. 

The preparation method has a major influence to get homogeneously 

dispersed nanofluids with the maximum enhancement of the thermophysical 

properties and reproducible results. However, different preparation methods have 

been used in literature such as the most common two-step wet method, in-situ 

formation, ball mill method and high-temperature dispersion method. 
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1.6.1.1. Two-step wet methods 

The nanofluids are commonly prepared through a two-step wet method. The 

most common preparation protocol is shown in Figure 1.9 and it consists of the 

following steps: 

1. Initially, 1 wt% of nanoparticles was added in the DI water and sonicated for 

at least 60 minutes to break the agglomeration of the nanoparticles. 

2. Then, dissolving the 99 wt% of molten salt into the above dispersed 

nanoparticles solution and sonicated again for at least 60 minutes. Different 

levels of sonication energy were used to optimize the homogeneity of the 

nanofluids. 

3. After sonication, different evaporation speeds were tested aiming to 

investigate the quick and slow evaporation steps on the final state of the 

dispersion of nanoparticles within the nanofluid. 

 

Figure 1.9. Schematic diagram for the preparation of molten salt-based nanofluid by wet 

methods [27]. 

 

1.6.1.2. In-situ method for nanofluid preparation  

In the in-situ preparation method, the nanoparticles precursor was directly 

seeded inside the molten salt, instead of dispersing them by the wet method, aiming 

to avoid the initial agglomeration state of the nanoparticles. As an example, titanium 

(IV) oxysulphate (TiOSO4) precursor has been used to obtain TiO2 and Solar slat 

based nanofluid as shown in Figure 1.10 [28]. The appropriate amount of TiOSO4 

precursor and molten salt were added together, then grinded for 15 minutes in a 

pestle and mortar. Once it is well grinded, the mixture was transferred into the 

alumina crucible and kept at 450°C for 30 minutes. 
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Figure 1.10. In-situ method for the preparation of molten salt-based nanofluids [28]. 

1.6.1.3. Physical Ball-Mill dry method 

The present method is simple compared to the wet method and has several 

advantages such as shorter preparation time and one-step process, which help to 

reduce the risk for the agglomeration of nanoparticles [29]. Initially, the 

nanoparticles are dispersed within the salt by means of ball milling using stainless 

steel balls to break the agglomeration of nanoparticles (Figure 1.11). In this method, 

several factors need to be optimized like the size of the balls, amount the materials 

and time of physical shaking to obtain a homogeneous dispersion. Unfortunately, 

under the conditions used in that work, the final goal was not achieved where 

nanoparticles agglomerates and pure salt zones were distinguished by SEM and EDX 

analyses. Also, the authors concluded that the stainless steel balls may affect the size 

and shape of the added nanoparticles.  

 

Figure 1.11. Physical Ball-Mill method for nanofluid preparation [28].  

1.6.1.4.  High-temperature twin-screw micro-compounder method 

The twin-screw micro-compounder method follows a new protocol to prepare 

the nanofluid by direct dispersion of nanoparticles into the molten salt at high 

temperature (300°C) [30]. This new component consists of the twin-screw extruder 

with the addition of the recirculating channel (Figure 1.12). The recirculating 
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channels were used to recycle the nanofluids during the mixing phase, which 

improves the dispersion of nanoparticles in the base fluids. The twin screws are used 

to well mixing of nanoparticle in the base fluids at 300ºC.  

 

Figure 1.12. a) Twin-screw micro-compounder and b) Incorporated recirculating channel 

and twin screws [30]. 

 

1.6.1.5. High-temperature probe sonication method 

Initially, the salts were melted in the furnace and nanoparticles are separately 

dispersed in acetone using ultrasonication for 30 minutes. Then this dispersed 

nanoparticle solution was injected into molten salt and acetone was evaporated ~ 30 

seconds by left the nanoparticles in the molten salt. After that, the nanoparticles 

added molten salts were sonicated for 5 minutes by probe sonication while it is in the 

molten state. Figure 1.13 shows the home-made furnace equipped with an 

ultrasonicate probe for the dispersion process of the nanoparticles at high 

temperature [31]. 

 

Figure 1.13. Home-made ultrasonicate furnace for the nanofluid preparation [31]. 

 

1.6.2. Thermophysical properties of molten salt-based nanofluids 

1.6.2.1.  Specific heat capacity of molten salt-based nanofluids 

The primary aim of the development of molten slat nanofluids is to increase 

the specific heat capacity aiming to decrease the amount of storage material needed 
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to store a given amount of energy and consequently to reduce the size of the storage 

tank. Accordingly, the Cp enhancement of the molten salt nanofluid was studied 

enormously, but the reported results in literature show a big discrepancy including 

their theoretical predictions due to the mechanisms of the enhancement are still 

unknown yet. The most commonly proposed mechanism for the enhancement of Cp 

for molten salt (ionic liquid) is the interaction between the salt and nanoparticles 

which is proportional to the specific surface area of the nanoparticles. However, 

since the results of the theoretical prediction of ionic liquid-based nanofluids were 

not correlated with the experimental results, therefore several new mechanisms have 

been proposed in [32, 33] as the following: 

Specific heat capacity of the nanoparticles From the theoretical prediction, the 

specific heat capacity of nanoparticles increases while decreasing the size of 

nanoparticles due to the high surface area, so the nanoparticles having high Cp 

compared to their bulk material. In the case of NPs, the atom placed in the surface of 

the NPs is less confined, so the low frequency with high amplitude of surface atoms 

leads to the high surface energy of the NPs [32].  

 

Figure 1.14. Specific heat capacity model-I 

Solid-fluid interaction energy High surface area of the nanomaterial extremely 

increase the interfacial thermal resistance between the nanoparticles and its 

surrounding molten salt, but this effect is negligible in macroscale level. High 

interfacial thermal resistance (call it as Kapitza resistance) help to store the 

additional heat energy due to the interaction of vibration energy between the 

nanoparticle atoms and their interfacial molecules, simultaneously Cp of the 

nanofluids was increased [32]. 
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Figure 1.15. Specific heat capacity model-II 

Semi-solid layer formation by layering effect Liquid molecules of molten salts 

adhering the surface of nanoparticles and forming the ‘semi-solid’ liquid layer. This 

thickness of the molten salts adhering layer is depending on the surface energy of the 

nanoparticle. Finally, this semi-solid layer formation has high thermal properties 

compared to their bulk liquid of molten salt which leads to an increase in the Cp of 

nanofluids [32].  

 

Figure 1.16. Specific heat capacity model-III 

The ionic exchange capacity of nanoadsorbents The present mechanism is based on 

the ionic exchange capacity between the nitrate salts (Na, K, and Li nitrates) with 

metal oxides (alumina and silica) which are studied by using FTIR spectroscopy 

techniques. The ionic exchange capacity of the nanoadsorbents and specific heat 

capacity of the molten salt-based nanofluid is depending on the surface area of the 

nanoparticles and interaction between the salt and nanoparticles. While increasing 

the concentrations of the nanoparticles, the active sites were reduced due to the 

agglomeration of nanoparticles. The nanoparticles have a lower size with higher 

surface area provides higher ionic exchange capacity. The protonation by HCl is 

increasing the ionic exchange capacity due to the additional exchangeable H+ on the 

surface of the nanoparticles. From the results, they observed that the adsorption of 

the nitrate anions on the surface of the nanoparticles which lead to increasing the 

specific heat capacity of the nanoparticles and this increase is depending on the effect 
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of the ionic exchange process. The interfacial structure of ordered ion provides the 

interaction between the salt and nanoparticles, which helps to functionalize the 

nanoparticles and simultaneously enhance the specific heat capacity of the nanofluids 

[33]. 

 

 

Figure 1.17. Cp of the solar salt with 1 wt% NPs (SiO2, Al2O3, TiO2, Al2O3- SiO2, CuO and 

graphene) [29, 36-47] 

 

Table 1.1. Specific heat capacity of Solar salt based nanofluids. 

 

NPs 
Size 

(nm) 
Cc. (wt%) T(ºC) Cp enhanc. (%) Ref. 

Al2O3 

13 0.9, 2.7, 4.6 vol% 320 -3, -8, -13 [34] 

90 0.9, 2.7, 4.6 vol% 320 -1 -6, -8 [34] 

40 0.78 350 30 [35] 

n.a.* 1 350 20 [36] 

50 1 SP, LP* 11, 19 [37] 

13 0.5, 1, 1.5 SP -5, 20, -3 [38] 

13 0.5, 1, 1.5 LP -8, 6, -3 [38] 
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20 0.5, 1, 1.5, 2 LP 2, 6, 7, 8 [39] 

80 1 LP 34 [40] 

13 1 SP, LP 22, -1 [41] 

SiO2 

7 0.5, 1, 1.5 SP -16, 15, 2 [38] 

7 0.5, 1, 1.5 LP -19, 0.8, -1 [38] 

NA 1 350 19 [36] 

10 1 SP, LP 11, 11 [37] 

10 2 SP, LP 18, 23 [37] 

40 1 LP 30 [40] 

7 1 SP, LP 30, -2 [41] 

20 1 250-350 18 [42] 

10-20 0.5, 1 30-50 -2, -0.5 [43] 

10-20 0.5, 1 300-500 5, 7 [43] 

5, 10, 

30, 60 
1 LP 8, 12, 19, 27 [44] 

12 0.5, 1, 1.5, 2 250-420 3, 25, 2, 4 [45] 

10, 20, 

30 
1 260-400 8, 27, 19 [46] 

TiO2 

10 1 SP, LP 8, 9 [37] 

10 2 SP, LP 18, 24 [37] 

20 0.5, 1, 1.5 SP -14, -6, -11 [38] 

20 0.5, 1, 1.5 LP -16, -6, -12 [38] 

34 0.1, 0.5, 1, 1.5 440 10, 9, 8, 2 [29] 

SiO2-

Al2O3 

2-200 0.5, 1, 1.5 SP -2, 58, 35 [38] 

2-200 0.5, 1, 1.5 LP -7, 22, 1 [38] 

2-200 1 SP, LP 52, 19 [41] 

CuO 29 0.1, 0.5, 1, 1.5 440 2, 5, 5, 5 [29] 

Graphene 

5-20 

nm x 

10-20 

µm 

0.1, 0.5, 1, 1.5, 2, 

2.5 
250-450 -16, 18, 1 [47] 

*n.a., SP and LP stand for not available, solid phase and liquid phase, respectively. 
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1.6.2.2. Thermal conductivity of the molten salt nanofluids 

The increase of the thermal conductivity of the molten salt will result in 

simplification of the heat exchanger designs and consequently will give a positive 

effect on the investment costs of the CSP plants. In literature, the enhancement of 

heat capacity has attracted the attention of the scientific community; while very few 

works were investigated the effect of adding nanoparticles on the thermal 

conductivity of molten salt nanofluids. Table 1.2 summarized the observed changes 

in the thermal conductivity of molten salt nanofluids by adding different types of 

nanoparticles, where negative and positive effects were obtained. The mechanism 

responsible for the enhancement of the effective thermal conductivity is the localized 

convention of the nanoparticle by the effect of Brownian motion. Maxwell-Garnett 

conduction model says that the convection caused by the Brownian motion of the 

nanoparticle decreases while increasing the particle size [48]. According to the 

model, the NPs have high convection when are lighter or having a lower size, which 

is observed in the water, ethylene glycol and oil-based nanofluids regardless of the 

thermal conductivity of the nanoparticles [48]. In addition, some deviation in the 

thermal conductivity values may be due to the percolation network structure 

formation by the nanoparticles due to their agglomeration. However, the discrepancy 

of the reported results may be due to the partial agglomeration of the nanoparticles 

(percolation network); while, the negative effect may be obtained due to the settle 

down of the nanoparticles (interfacial resistance effect). 

Table 1.2. Thermal conductivity of Solar salt based nanofluids.  

 

NPs Size (nm) Cc. (wt%) T(ºC) λ enhanc. (%) Ref. 

Al2O3 

40-60 1 300-500 20 to 25 [49] 

n.a.* 0.09, 0.17, 0.30 150 -25,-13, -28 [37] 

n.a.* 0.53, 0.78, 1.19 150 -25,-15, -25 [37] 

L=50 nm, D=10 0.5, 1, 1.5 396 20, 34, 67 [50] 

SiO2 7 0.5, 1, 1.5 396 -18, 45, 16 [50] 

MWCNTs 
L= 3-15 µm 

D=12-15 nm 
0.3, 0.4 300 293, 90 [51] 

MgO 1-2 µm 10 vol. 250-400 39 [52] 

Fe2O3 20-40 0.5 450 60 [53] 

*n.a, L and D stand for not available, length and diameter, respectively. 
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1.6.2.3. The viscosity of the molten salt-based nanofluids 

The rheological properties of the molten salt-based nanofluid are very 

important parameter together with the heat capacity and thermal conductivity to 

determine the final efficiency of the TES system because increasing the viscosity 

will increase the pumping power. Furthermore, the viscosity of the nanofluid has an 

impact on the convective heat transfer coefficient which must also be considered. 

The viscosity of the water-based nanofluid is extensively investigated, while the 

viscosity of molten salt-based nanofluids has attracted less attention which may due 

to the complexity to determine this property at high temperature. The viscosity of the 

nanofluids depends on several factors such as temperature, the volume fraction of 

NPs, agglomeration of the NPs, shape of the NPs, size of the NPs, type of the base 

fluids and stability of the nanofluids. Mainly the agglomerations of the nanoparticles 

increase the viscosity enormously. Commonly the molten salt-based nanofluids show 

the Newtonian behaviour by means of constant viscosity with an increase of shear 

rates. The following Table 1.3 show overview of the viscosity results of the molten 

salt-based nanofluids that are obtained from the literature. Similar to specific heat 

and thermal conductivity results, different effects have been obtained varying from 

small decrease (-34%) to a big increase of viscosity (1130%) depend on the nature, 

shape, size, agglomeration and concentration of nanoparticles. 

 

Table 1.3. Viscosity of Solar salt based nanofluids  

NPs Size (nm) Cc. (wt%) T(ºC) η incr (%) Ref. 

Al2O3 
(L=50, D=10) 1.5 300-400 -15, 0.63 [54] 

40-80 1, 2 250-500 -9, 68 [55] 

SiO2 
10-20 0.5, 1 250-500 

2.4 to 106, 

101 to 189 
[43] 

7 1.5 300-400 3.5, 22 [54] 

Graphene n.a. 2 250-500 3 to 248 [55] 

CuO 29 0.1 250-500 5 to 18% [56] 

*n.a. stands for not available 

1.7. Corrosion effect of the molten salt-based nanofluids  

Molten salts have several advantages like high operating temperature, 

efficiency and even commercialized for different industrial applications. Although, it 
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is highly corrosive in nature, which reduces the lifetime of storage system 

components. There are several works that have been investigated the corrosion effect 

of the molten salts; while, only a few works studied the corrosivity of molten salt 

nanofluids and their corrosion inhibition mechanisms. The corrosion is defined as 

physical-chemical interaction between the surface of the container material and its 

environment, which affects the real properties of the container material by means of 

introducing impurities and modifying its superficial composition. The corrosion 

effect of the aqueous alumina nanofluids was studied with copper, alumina and 

stainless steel (SS)  materials, among them copper shows the highest corrosion while 

stainless steel shows lower corrosion effects in the environmental condition [57]. The 

electrochemical study shows the prevention of carbon steel (CS) from the corrosion 

influence by functionalized with multi-walled carbon nanotubes (MWCNT) [58]. 

The corrosion and erosion study was based on the low carbon steel were performed 

in seawater by using nano-size and micro-size alumina materials. This report was 

also indicating that the presence of the Al2O3 particle acts as a corrosion inhibitor for 

a certain time period, but after a particular time, the corrosion-erosion was higher in 

the presences of Al2O3 particles compared to the base fluids [59]. The corrosion 

behaviour of Incoloy 800 H and stainless steel AISI 310 was performed in 34.42 

wt% NaCl – 55.47 wt% KCl in a nitrogen atmosphere at 700°C and from the study 

Incoloy 800 H show ~2500 μm/yr while stainless steel AISI 310 show 4500 μm/yr 

[60]. So take into account of all these parameters, the corrosion behaviour was 

already studied with different kinds of storage materials like stainless steel 316L 

which contains Fe-Cr, Incoloy 800HT has Ni–Fe, Inconel based Ni-Cr and CS has 

the major composition Fe-C [61]. Based on the alloy composition, the corrosive 

resistances withstand even at high temperature and the heat energy can be able to 

store at high temperature to maximize the efficiency of the system. For example, the 

inorganic salt reacts with the metal iron (Fe) and it converts the Fe into different 

oxidation states of iron like Fe2+ and Fe3+. Generally, the presence of chlorine in the 

salt as an impurity leads to provoking the corrosion reaction [62]. The molten nitrate 

salts were studied at 600ºC in contact with stainless steel 316 and stainless steel 

347H, the results show the descaling of metal oxide layer (corrosion layer) where 4.4 

µm was observed for SS316 and ~ 4.8 µm for SS347H after 3000 hours of post 

corrosion study [63]. A. S. Dorcheh et al. demonstrated the corrosion effect on the 

low-chromium ferritic-martensitic X20CrMoV11-1 steel (X20 steel) and stainless 
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steel 316 (SS316) at 600ºC using Solar salt [64]. They observed maximum corrosion 

layer of ~18 µm for SS316 and ~1600 µm for X20 steel after 1000 hours and the 

higher corrosion behaviour of X20 steel is due to the lower Cr content and which 

could not be able to protect the surface during the corrosion immersion test [64]. The 

corrosion properties of stainless steel (SS) 304 and stainless steel 316 were studied at 

570ºC for 7000 hours by using binary nitrate salts and they observed corrosion rates 

of 6 and 15 µm/year for SS 304 and SS 316, respectively [65]. The same author also 

studied the corrosion effect of CS A36 at 316ºC for 7000 hours in binary nitrate salt 

and they observed a corrosion rate of around 1-4 µm/year [65]. 

Recent research shows the dynamic and static corrosion immersion test using 

Solar salt at 500ºC in contact with the CS A516 during 100 hours, the authors 

observed the formation of the oxide layer of ~ 23.3 µm for the static test and ~ 31 µm 

for the dynamic corrosion test [66]. Cortes et al. investigated the corrosion effect of 

Hitec salt in direct contact with the CS and low-Cr alloy steels at 390ºC during 2000 

hours. From the analysis, they obtained a thickness of the oxide layer of ~ 2.66 µm 

for CS, ~ 6.05 µm for low-Cr alloy steel T22 (Cr= 2.25 wt%) and ~ 7.05 µm for low-

Cr alloy steel T11 (Cr= 1.2 wt%) [67]. The authors also confirmed that the increase 

in the Cr content in the CS helps to decrease the corrosion rate due to its corrosion 

resistive nature [67]. 

The corrosion evolution of HitecXL salt was also studied with the immersion 

of the CS and SS up to 1500 hours. The thickness of the oxide layer was obtained for 

CS, SS 316 and SS 304 after 1500 hours of static test corrosion tests are 20 µm, 16 

µm and ~ 13 µm, respectively [68]. The complete corrosion inhibition from the 

inorganic salt is still far from the present research investigation, but different types of 

coating and passive layer formations show a reduction of the corrosion rate. Alumina 

and silica oxides are proved that they have the ability to form a passive layer against 

further increases in the oxidation layer [69]. Inorganic metal oxide of CeO2 

nanoparticles combined with sol-gel coating techniques was used as a corrosion 

inhibitor and show the formation of the protective layer [70]. The aluminium 

substrate coated with hybrid inorganic sol-gel (SiOx/ZrOx) solution is used as a 

corrosion protective layer. In particular, the porous nanoparticles filled with 

corrosion inhibitors materials, which will release the inhibitor materials near to the 

defected surface and finally it produced the self-healing corrosion inhibition layer 

[71].  
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The sol-gel coating ZrO2 -3%mol Y2O3 was coated by spin coating on the P91 

steel. Then this sample was tested for corrosion study in Solar salt at 500ºC for 1000 

hours. From that, the authors observed that the ZrO2-Y2O3 is not only reducing the 

corrosion rate, but it also helps to reduce the environmental impact [72]. The 

potentiodynamic polarization measurements and electrochemical impedance 

spectroscopy show that the silica-based hybrid coating with cerium salt can form the 

corrosion protection layer in the surface of the CS. This study also indicated that the 

increase the thickness of the coating layer provides the additional corrosion 

resistance due to the higher concentration of the nanoparticles in the surface, which 

produce the barrier effect [73]. 

However, all the published reports have been investigated several systems 

under different corrosion test conditions such as atmosphere, temperature, dynamic 

mode, static modes and different exposure time. Mainly, all the above corrosion 

studies were performed by using molten salt without the addition of the nanoparticles 

in the base fluids. Most recently, our group investigated the corrosion effect of 

HitecXL based nanofluids on CS at 310ºC and the results showed the increase of 

corrosion layer is due to the presence of nanoparticles. The increase of the corrosion 

effect was observed 3 times higher in the Al2O3 based nanofluids and ~ 2 times for 

SiO2 based nanofluids compared to the pure HitecXL salt [74]. In addition, we 

investigated the corrosion inhibition mechanism by developing simple graphite 

coating method in CS to prevent its corrosion by HitecXL at temperatures up to 

500ºC [75]. Recently, the Al2O3 and SiO2 based nanofluids were studied by using 

two different grades (different in impurities) of Solar salt [76] and the corrosion test 

is conducted by using SS 347 at 565ºC up to 1000 hours. The authors found that the 

addition of SiO2 nanoparticles into Solar salt reduces the corrosion rate. The addition 

of Al2O3 nanoparticles into the Solar salt results in the formation of the needle-like 

structure with alumina which additionally acts as a corrosion protective layer. 

Finally, from the results they observed that when a high purity of base fluid is used, 

the corrosion rate obtained for Solar salt, Al2O3 based nanofluid and SiO2 based 

nanofluid are 0.021 mm/year, 0.007 mm/year and 0.022 mm/year, respectively. Also, 

they found that when a low purity base fluid of Solar salt is used, the corrosion rate 

obtained for Solar salt, Al2O3 based nanofluid and SiO2 based nanofluid are 0.027 

mm/year, 0.019 mm/year and 0.024 mm/year [76]. This higher corrosion rate 

obtained for the low purity of the base fluid is due to the presence of a higher 
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concentration of Cl in the salt, which increases the corrosion rate. Taken into 

consideration all the investigated systems, still, there is a lack of information to 

understand the effect of adding nanoparticles on the corrosivity of the nanofluids and 

the mechanisms responsible for these changes of the corrosion rates.  
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Chapter 2. Materials and Characterizations 

 

 

2.1. Materials 

2.1.1. Synthesis of nanoparticles 

2.1.1.1.  Synthesis of the SiO2 nanoparticles 

Three types of SiO2 nanoparticles with average sizes of 27 nm, 450 nm and 

800 nm have been used for the preparation of the nanofluids. The SiO2 27 nm was 

received from Sigma-Aldrich and the other two (SiO2 450 nm and 800 nm) were 

prepared in this work. The Stöber method [77] was used for the synthesis of the SiO2 

nanoparticles with particle sizes of 450 nm and 800 nm.  

Initially, silica precursor of tetraethyl orthosilicate (Si(OC2H5)4) 

(concentration ~ 0.4 M, the equivalent mass of 3.332 g) was added into 40 ml 

ethanol. Then this solution mixture was stirred for 15 minutes at room temperature to 

obtain a homogeneous solution. After 15 minutes of stirring, a quantity of 6 ml of 

ammonium hydroxide (NH4OH) was added dropwise. The final solution has pH ~ 8 

that was kept under magnetic stirring at room temperature for 2 hours. In order to 

obtain silica nanoparticles with higher size than the previous material, the same 

synthesis procedure was carried out with a pH = 9 by means of increase to 8 ml of 

ammonium hydroxide (NH4OH). Finally, SiO2 nanoparticles were collected using 

centrifugation at 8000 rpm and cleaned by ethanol for 3 times. The collected powder 

was initially dried in an oven at 80°C and further calcined in the furnace at 600°C. 

The schematic presentations of the synthesis process of SiO2 nanoparticles (SiO2-

NPs) were shown in Figure 2.1. The final nanoparticles were labelled by SiO2-X, 

where X refers to particles size. 
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Figure 2.1. Scheme of the preparation process for SiO2 nanoparticles. 

2.1.1.2. Synthesis of the SiO2@Al2O3 core-shell nanoparticles 

The chains like an aggregation of SiO2@Al2O3 core-shell nanomaterials were 

synthesized via wet chemical route as it is shown in Figure 2.2. The Al2O3 

nanoparticles having a size of ~ 12 nm, purchased from Sigma Aldrich, were used in 

the preparation as inner core material. To prepare the outer shell, tetraethyl 

orthosilicate (Si (OC2H5)4) 1.666 g (~ 0.2 M) was added in 40 ml of ethanol and 

stirred for 15 minutes at room temperature. The mixture of the 40 ml of ethanol with 

4 ml of ammonium hydroxide (NH4OH) was prepared, and then this mixture was 

added dropwise into the previous solution mixture and continued stirring for 30 

minutes. Subsequently, 10 ml Si precursor was added to the dispersed Al2O3 

nanoparticles solution that previously prepared by dispersion of 500 mg in 40 ml of 

ethanol by means of ultra-sonication for 30 minutes. The reaction takes place 

between the interaction of Si-OH and Al2O3 nanoparticles. Finally, the synthesized 

materials were collected using centrifugation followed by calcination at 600ºC with a 

heating rate of 5ºC/min and kept in isotherm condition for 4 hours at 600ºC. The 

thickness of the outer layer of the SiO2 was increased by increasing the volume of Si 

precursor, i.e. 10 ml, 20 ml and 35 ml, which is confirmed by TEM analysis. The 

final materials were mentioned as SiO2@Al2O3-X, i.e. SiO2@Al2O3-10, 

SiO2@Al2O3-20 and SiO2@Al2O3-35, where X = the volume of Si precursor in ml. 

 

Figure 2.2. Schematic representation for the synthesis of SiO2@Al2O3 core-shell 

nanomaterials. 
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2.1.2. Preparation of the nanofluids  

2.1.2.1. Classical wet method 

The molten salt-based nanofluids are most commonly prepared by the wet 

preparation method. A simple scheme of the steps followed to prepare molten salt-

based nanofluids was shown in Figure 2.3. As a first step, the inorganic salts (i.e. 

eutectic binary salt composed by 51 wt% NaNO3 and 49 wt% KNO3) were dissolved 

in distilled water. Then, once the salts are completely dissolved the corresponding 

amount of nanoparticles (most commonly 1 wt%) was added to the solution under 

ultra-sonication process during 30 minutes aiming to obtain a homogeneous solution 

(well dispersion of the nanoparticles). Finally, the solution was dried in the sand bath 

at 80°C to remove water and then, the obtained powder is again subjected to drying 

process at 120°C during 12 hours for the complete removal of water. The final 

product is a dry mixture of salts and nanoparticles that being saved in a glove box for 

its further investigation. 

 

 

Figure 2.3. Schematic representation for the preparation molten salt-based nanofluids by the 

classical wet method. 

 

It should be mentioned here that this method is the most followed in the literature to 

prepare molten salt-based nanofluids, although several drawbacks have already been 

identified for its use for practical applications such as:  

I) The agglomeration nanoparticles trend when the distilled water is used as 

dispersed media. 

II) The difficulty to control the dispersion of the nanoparticles during the slow 

drying step in the sand bath.  

III)  A long processing time and multi-step processes to obtain the molten salt-

based nanofluids. 
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IV)  The complexity of process scaling up for industrial applications that require 

a large amount of nanofluid (thousands of tons).  

2.1.2.2. Advanced dry method 

Taking into consideration the limitations of the classical wet method 

mentioned above, a new simple method for the preparation of nanofluids was 

proposed in this work. The first aim of this method is to avoid the trend of the 

agglomeration of the nanoparticles when they are added to distilled water and during 

the drying process. As the main challenge for a dry method is the identification of 

process able to disperse well the nanoparticles within the salt without affecting the 

size and shape of nanoparticles nor the chemical composition of the salt. In literature, 

a ball milling method was proposed where stainless steel balls were used in the 

process, in which the authors identified the possibility of changing the size and shape 

of nanoparticles during the physical shaking process.  

However, in the present work, a simple dry method consisting of physical 

mixing of the salts and nanomaterials without using balls is proposed for the first 

time. Firstly, the eutectic salt mixture was prepared by pre-dried NaNO3 and KNO3 

in the weight ratio of 51:49 and melted at 360°C for 6 hours. Once the molten salt 

was cooled down to room temperature, it was ground to obtain a solid powder of the 

eutectic salt in order to guarantee that the homogeneity of the mixture is maintained 

under the subsequent shaking process. This melting step was used in this work to 

guarantee the correct stoichiometry of the samples that will be used for the 

characterization of the nanofluid, and it will not be necessary for the industrial 

application. Then, the nanomaterials (1wt.%) were added to the corresponding 

amount of the eutectic salt and the mixture was introduced into an aluminium bottle. 

As it was indicated above, the introduction of stainless steel balls in the preparation 

process may have some side effects; however, in the present preparation method, no 

balls were used. Instead, it is expected that the relatively large particles of the salt 

break the agglomeration of the nanoparticles. The aluminium bottle was fixed inside 

the physical milling instrument (Prep 8000-series High-Energy Shaker Mill) and 

mixed for different shaking times where 15 min was identified as the optimum time 

for good dispersion of the nanoparticles. The speed of the shaking process was 

approximately 1080 cycles per minute. 
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The physical shaking method proposed in this work has several advantages 

compared to the previously used methods for molten salts-based nanofluids 

preparation. In particular, apart from the homogeneous dispersion of the 

nanoparticles in the eutectic salt, this method has a short preparation time, it is 

simple to scale up and does not require the use of water, which may be responsible 

for the partial formation of nanoparticles agglomerates and the introduction of new 

impurities into the system. Figure 2.4 summarizes the steps followed for the 

preparation of nanofluids by the dry method.  

 

 

Figure 2.4. Schematic representation for the preparation molten salt-based nanofluids by the 

advanced dry method. 

 

The validity of the dry method was confirmed by SEM and EDX analyses. As an 

example, Figure 2.5 shows the SEM images and their corresponding EDX 

compositional maps obtained for the nanofluids based on eutectic salt and Al2O3 

nanoparticles prepared by wet and dry methods. As it can be observed, in the case of 

wet method homogeneous distributions of the K and Na elements were obtained, 

while a non-homogeneous distribution of Al elements was detected. However, these 

results revealed that with this wet method it is difficult to maintain the dispersion of 

the nanoparticles during the drying process due to their tendency to settle down or 

agglomeration.  

In the case of dry method, the result confirms that homogeneous distributions of Na, 

K and Al elements were achieved. Accordingly, the physical milling method is 

considered as an advanced method for obtaining a homogeneous dispersion of the 

nanoparticles with a very simple process and shorter processing time.  
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Figure 2.5. SEM images and their corresponding EDX compositional maps for Al2O3 based 

nanofluids prepared by wet and dry methods. 

 

2.1.3. Stability of the nanofluids 

The enhancement of the thermophysical properties mainly depends on the 

dispersion stability of the nanofluids. In this sense, the discrepancy of the 

thermophysical results reported in the literature for the same system may be 

explained by the initial dispersion state of the nanofluid and its evolution with time, 

i.e. during the characterization process. However, in the present work, special 

attention was given to this point aiming to correlate the thermophysical properties of 

the nanofluid to its real dispersion state at the moment of the measurements. In this 

regard, a visual stability test was conducted in the furnace at molten state for several 

time periods. As examples, Figure 2.6 demonstrated the visual stability tests 

conducted for Al2O3 and SiO2 based nanofluids in comparison with the eutectic salt. 

For the visual stability, the test tubes were used to conduct the experiment under a 

static mode in the furnace at molten state for 24 hours time period. 

In the case of Al2O3 based nanofluid, in each image in Figure 2.6a the tubes 

from right to left denote the eutectic salt (Eutectic), Al2O3-NPs based nanofluids 

(Al2O3-NPs) and Al2O3-NRs based nanofluid (Al2O3-NRs). It was observed that the 

nanoparticles started to settle down at the bottom of the tube immediately after the 

melting process. But it was also detected that a part of nanoparticles is still 

homogeneously dispersed in the base fluid after 1 hour, which might have an 

influence on the enhancement of the thermophysical properties. The stability of the 

nanofluids was explained by two different mechanisms according to their driven 

force between an ionic liquid to a solid interface. One is an ionic liquid-based steric 

force and another one is ionic liquid-based solvation force [78]. The steric force is 

due to the strong interaction between the ions and particle surface, which prevents 
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the aggregation of the nanoparticles. The solvation force is also helping to stabilize 

the nanoparticles against the Van der Waals force in the ionic liquids [78]. Even after 

one day, we can see some nanoparticle in the eutectic fluids apart from the 

sedimentation part. Furthermore, this sedimentation of the nanoparticles may occur 

due to the density difference between the nanoparticles and molten eutectic salt.  

In the case of SiO2 based nanofluids, Figure 2.6b shows the visual stability 

test performed in the furnace at 400°C for SiO2-27, SiO2-450 and SiO2-800 based 

nanofluids. The results demonstrate that the SiO2-27 nanoparticles were floating on 

the top of the molten salt while in the case of the SiO2-450 and SiO2-800 the 

dispersion of the nanoparticles was relatively maintained even after 24 hours. The 

synthesized SiO2 nanoparticles in this work show a positive effect on the stability of 

the nanofluids with time, which may provide guidance on the development of stable 

nanofluids. 

 

Figure 2.6. Visual stability tests conducted at molten state for the Al2O3 and SiO2 based 

nanofluids in comparison with eutectic salt. 

2.2. Corrosion test protocol 

Basically, molten salts have corrosion nature; especially at high temperature 

the corrosion effect is pronounced. However, the compatibility study between 

storage container materials and molten salt is essential in the aspects of safety and 

increasing the lifetime of storage system components as well the stability of the salt. 

In this study, carbon steel A516.Gr70 with the following chemical composition in 

weight percentage was used: 98.68% Fe, 0.97% Mn, 0.31% C and 0.04% P. 
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For the corrosion tests, pieces of CS A516 Gr70 having a size of around 3 × 

12 × 14 mm were used. These pieces were cleaned with ultra-sonication for 15 

minutes using acetone followed by ethanol and finally with DI water. It is worth to 

mention here that the samples were used under the conditions close to practical 

applications without applying any polishing or other external treatment of the CS 

surface, which may enormously affect the evolution of the corrosion rate. In 

particular, polishing the CS surface will remove the oxide layer and carbon-rich layer 

which present in the surface and it not comparable with the real applications. 

The mass of the CS was controlled before and after the corrosion tests. The 

corrosion tests were conducted in alumina crucible by immersing CS pieces in 5 g of 

eutectic salt or nanofluids. The corrosion tests were conducted under air at 390ºC for 

periods of 250, 500, 1000 and 1500 hours under static immersion condition. Figure 

2.7 demonstrated a simplified scheme of the protocol followed in the corrosion tests. 

After the corrosion tests, the samples were carefully washed with hot water. In order 

to check the effect of the presence of microbubbles in the nanofluid, the corrosion 

tests were also performed at 310ºC following the same protocol and experimental 

conditions.  

 

Figure 2.7. A scheme of the corrosion test protocol. 

 

A specific sample preparation method for the SEM cross-section analysis to 

study the corrosion effect of the eutectic salt and nanofluids immersed carbon steel 

samples were followed. After the corrosion test, the samples were immersed in the 

rubber which is prepared by mixing of Aka-Resin (1 ml) and Aka-Cure catalyst 

(0.1 ml), then this resin was kept overnight for the solidification process. Finally, the 

resin holder with the sample was cut in half or polished ~ 2 mm to observe the 

corrosion cross-section layer. This special resin holder was avoiding the exfoliation 

of the corrosion layer from the CS and which gives more accuracy about the 
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corrosion thickness layer of the sample. Figure 2.8 demonstrated a scheme of the 

specific preparation method to obtain a cross-section of the tested carbon steel. 

 

Figure 2.8. Sample preparation method for SEM cross-section analysis. 

 

FEI Helios NanoLab 450S DualBeam – Focused ion beam (FIB) with FEG 

SEM was used to record micrographs of the surfaces of carbon steel samples after 

the corrosion tests. Also, the FIB technique was deployed to observe a cross-

sectional view of the corrosion layer. Figure 2.9 shows the steps of the cross-section 

preparation procedure. First, Pt protective layer (~ 1 micron) was deposited above the 

spot of interest on the carbon steel surface (Figure 2.9a) via electron beam (3 keV) 

stimulated decomposition of a Pt-containing gaseous precursor (Figure 2.9b). Next, a 

staircase-shaped cavity was excavated using a focused Ga ion beam (30 keV, 9.6 nA) 

(Figure 2.9c). The dimensions of this cavity were around 15 μm wide, 30 μm long 

and 20 μm deep at the cross-sectional plane. Finally, polishing of the cross-section 

surface was performed by low-current (30 keV, 100 pA) focused Ga ion beam 

followed by 52o tilt of the sample for the cross-section analysis (Figure 2.9d). Using a 

low-voltage (3 keV) and low-current polishing combined with Pt protective layer, 

allowed to preserve the corrosion layer in its initial form and to gain the details of its 

topology usually inaccessible when mechanical polishing is applied.  

 
 
Figure 2.9 The main steps of cross-section view preparation using FIB technique: a) carbon 

steel; b) Pt protective layer of ~500 nm deposited on carbon steel; c) staircase-shaped cavity 

excavated using focused Ga ion beam; d) 52º tilted view of the cross-section. 
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2.3. Characterizations 

2.3.1. Structural characterizations 

2.3.1.1.  X-ray diffraction (XRD)  

XRD is the most commonly used tool to identify the crystalline phase and 

unit cell dimension of the crystalline materials. In 1912, Max Von Laue has 

discovered the phenomena about the XRD, accordingly, the X-ray diffraction was 

related to the constructive interference of the monochromatic X-ray and crystalline 

sample. The XRD is functioned with initial generation of X-ray by cathode ray tube, 

then monochromatic radiation is attained by the filter, followed by collimated is used 

to concentrate and finally, the X-rays are directed towards the sample. The 

interaction of X-ray with sample produces the diffraction peak if it is obeying the 

Braggs law (nλ= 2d sinθ). Then the detector records the X-ray and process to the 

signals to a count rate. From the Braggs law, n is an integer, λ is the wavelength of 

the X-ray, θ is the incident angle of the X-ray and d is the spacing between the atom 

layers. Copper is widely used as a source of target materials and the radiation of the 

CuKα source is 1.5418 Å.  

The XRD measurement of the samples was done by using Bruker D8 

Advance X-ray diffractometer, which is equipped with a LYNXEYE detector using 

CuKα1 radiation (λ= 1.5418 Å). The samples are measured in the 2θ range between 

10 to 90° with a scanning rate of 2°/min. After the measurements, the obtained data 

were analysed using EVA software to know the phase compositions and structures of 

the materials. 

2.3.1.2. Fourier transform infrared spectroscopy (FTIR) 

FTIR technique helps to identify the molecule structure of a wide range of the 

solid, liquid and gases by absorption or emission of the infrared spectrum. While the 

interaction of infrared into the sample molecules, it will absorb the radiation with a 

specific wavelength and it changes the dipole moment of the sample molecules. 

Simultaneously, the vibration energy level of sample molecules transfers from 

ground state to excited state. Then, the frequency of the absorption peak is identified 

by the energy gap and the number of absorption peaks is depends on the number of 

vibrational freedom of the molecules. The infrared portion of electromagnetic 

spectrum in the region of 12800-10 cm-1 is classified into different regions: near-

infrared is 12800-4000 cm-1 mid-infrared is 4000-200 cm-1 and far-infrared         
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1000-50 cm-1. The most commonly used infrared region is 4000-200 cm-1 because 

the absorption radiations of most of the inorganic and organic compounds are lying 

in this region. The mid-infrared is used to analyse the fundamental vibration 

associated with their rotational-vibrational structure of the molecules. In the FTIR 

spectra, the absorption band between 1450 to 600 cm-1 is difficult to identify, 

because it follows a unique pattern and it’s called fingerprint region. Similarly, the 

absorption band corresponds to the region from 1450 to 600 cm-1 is usually observed 

due to the stretching vibration of diatomic molecules.  

The interferometer having the components of IR source, beam splitter, 

moving mirror, stationary mirror and detector. The IR source passes towards the 

beam splitter (interferometer) and ideally, 50% of light refracted towards the fixed 

mirror and 50% of light is transmitted to the moving mirror. Then the lights reflected 

from the two mirrors return to the beam splitter and from that, some of the lights are 

passed through the sample and finally reached to the detector. The sample absorbs 

the light according to their chemical properties.  

In the present work, the samples were analysed using Perkin Elmer FTIR 

Spectrum 400 DTGS spectrophotometer under an argon atmosphere at room 

temperature by directly placing the powder sample on the sample holder.  

2.3.1.3. Zeta potential (ZP) analysis 

Zeta potential measurement is used to identify the surface functionality and 

dispersion stability of the particles in solution. The zeta potential analysis helps to 

study the magnitude of the electrostatic/charge attraction or repulsion between the 

particles. The zeta potential is necessary for the surface of the materials, which is in 

direct contact with the liquid because the functional group of the material reacts with 

the surrounding medium.  

The zeta potential analysis of aqueous dispersed SiO2 nanoparticles was 

measured using Malvern zetasizer (nano series) at room temperature. For the ZP 

measurement, the refractive index of 1.460 and absorption of 0.000 was used as input 

values for the aqueous dispersed SiO2 nanoparticles. Similarly, the refractive index 

of 1.760 and absorption of 0.100 was used for Al2O3 nanoparticles.  

2.3.1.4.  Brunauer-Emmett-Teller (BET) Analysis 

BET technique is used to determine the specific surface area and pore size 

distribution of the materials. Nitrogen is commonly used as absorbed gas for BET 
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analysis. The specific surface area of the materials is calculated by physical 

adsorption of the gas molecules on the solid surface and the adsorbed gas related to 

the monomolecular layer on the surface. Physical absorption is relatively weak forces 

(Van der Waals forces) between the adsorbate gas molecules and material surface.  

BET analysis was carried out in an automated gas adsorption analyser model 

Micromeritics ASAP 2460. Nitrogen sorption isotherms of the nanoparticles were 

measured after outgassing of the samples at 250ºC under vacuum for 6 hours. 

2.3.1.5. Raman spectroscopy 

Raman spectroscopy helps to identify the vibration, rotational and other low 

frequencies in the system. The Raman effect is mainly correlated to the polarizability 

of the electron in the molecules. While photon interacts with matter, absorption or 

scattering will occur and this scattering is classified into elastic and inelastic 

scattering. The elastic process is called Rayleigh scattering and inelastic scattering is 

called Raman scattering. The electric field component of the scattered photon will 

interrupt the electron clouds and exit the system to the virtual state. In the Raman 

scattering, system exchanges energy with photons and decays the vibrational energy 

below or above the initial state. The frequency shift is the difference between the 

incident and scattered photon which is called a Raman shift. Depends on the gain or 

loss in the vibrational energy, the Raman shift occurs up or downshift of the scattered 

photon frequency compared to the incident photon. The shift in energy gives 

information about the vibrational modes of the system.   

The Raman spectra of the materials were collected at room temperature by 

using Renishaw spectrometer (Nanonics Multiview) having an excitation wavelength 

of 532 nm with an Ar ion laser.  

2.3.1.6. Scanning electron microscope (SEM) 

The SEM helps to obtain the image of the sample by scanning on the sample 

surface with a focused electron beam. The interacted electrons with the surface give 

the various signals that show the information about morphology, topography and 

composition of the materials. The entire electron column present in the vacuum helps 

to prevent the contamination and external noise or disturbance, which increases the 

resolution of the image.  

In the SEM module, an electron beam is thermionically emitted from the 

cathode of tungsten filament, which is fitted in the electron gun. Then the electron 
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beams are focused by condenser lenses with a spot size between 0.4 to 5 nm in 

diameter.  Concurrently, the electron beam passes through the scanning coil or 

deflector plates in the electron column and lens deflect the beam in x and y 

directions. Finally, the deflected electron scans the surface in rectangular area and 

produces the images. Tungsten filament is commonly used thermionic electron gun 

and other types of lanthanum hexaboride (LaB6) were also used. The electron beam 

has the voltage range between 0.2 keV to 40 keV.  

The nonconductive specimen is usually coated by conducting materials to 

avoid the charging of the sample surface by the electron beam. While the electron 

interacts with the specimen it produces the secondary electron, backscattered electron 

and characteristic X-rays. When the electron beam interacts with the sample, it 

penetrates few microns which depend on the accelerating voltage and density of the 

samples. The maximum resolution of the SEM image mainly depends on the electron 

spot size and volume of the electron beam interaction with the sample. SEM can 

achieve the resolution of below 1 nm, but typically it can provide the image with 

high resolution of 1-20 nm. The energy exchange between sample and electron beam 

reflects the high energy electrons by elastic scattering, while inelastic scattering 

emits the secondary electrons. The secondary electrons are providing the high-

resolution image compared to the backscattered electrons. However, backscattered 

electron gives the different contrast pattern depends on the composition of the 

multiphase in their topographic images. The diffracted backscattered electron 

provides the information about crystal structure and orientation of the minerals while 

characteristic X-rays are used for elemental analysis.  

Energy-dispersive X-ray spectroscopy (EDX) is used to identify the chemical 

composition of the materials with their quantitative abundance and elemental 

composition mapping in a wider range. The chemical composition is identified by the 

emission of X-ray, which produced while the interaction of electron beams with the 

specimen (sample). While the electron beam is bombarded on the specimen, the 

electrons are emitted from atoms comprising the sample. Then the corresponding 

electron vacancies of holes are filled by an electron from the higher energy state. 

During this transition from a higher energy shell to lower energy shell, the energy 

difference can be released as X-ray. 
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In order to determine the size and shape of the nanoparticles and to 

investigate their dispersion within the nanofluids Quanta 200 FEG scanning electron 

microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDX) was 

used. Also, these techniques were used to analyse the elemental composition and 

mapping of the surface and cross-section of the carbon steel for the corrosion study. 

For an optimum image generation, the SEM microscope was operated in high 

vacuum mode at accelerating voltages of 30 kV. The images were collected by using 

the backscattered electron detector (BSED).  

2.3.1.7. Transmission electron microscope (TEM) 

In TEM, a high energy beam of electron transfer through a thin sample and 

the interaction between the sample and electron produces the image. TEM can also 

be used to identify the crystal structure and chemical composition of the materials. 

TEM is working by the basic principle of an optical microscope, but in TEM electron 

is used rather than light. The commonly used emission source in TEM is tungsten 

filament or lanthanum hexaboride (LaB6). The high voltage of 100 keV to 300 keV is 

applied to emission source for thermionic or field electron emission purpose. The 

magnification of TEM is approximately 100X to more than 1000,000X.  

Initially, the electron gun has produced the beam of electron and condenser 

lens is used to focus the beam to object. The image producing system consists of the 

objective lens, movable sample stage, intermediate and projector lens, which helps to 

focus the electron beam through the sample. Finally, highly magnified images were 

produced in a fluorescence screen or charge coupled device (CCD) camera. 

The prepared nanomaterials were characterized by transmission electron 

microscopy (TEM), model FEI Tecnai F20 electron microscope, which is operating 

at 200 kV. The preparation of the samples was carried out by sonication of the solid 

particle in the ethanol and small droplet of the sample was transferred onto a holey 

carbon film fixed on a 3 mm copper grid (200 mesh).  

2.3.1.8. Density measurement 

The helium pycnometer is used to measure the density of the sample by 

displacing the volume of gas by a known mass of the materials. The skeletal density 

of cylindrical pellet of eutectic salt was measured at room temperature by using 

helium pycnometer AccuPyc II 1340 from Micromeritics. For the accuracy of the 
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results, 10 consecutive measurements were measured and an average value was 

considered as a final density.  

2.3.1.9. X-ray photoelectron spectroscopy (XPS)  

The XPS technique is a useful tool to measure the elemental composition, 

chemical state, electronic state and empirical formula of the materials. XPS is 

functioned by the irradiation of X-ray beam on the solid surface and concurrently 

measuring the kinetic energy of the electron obtained from a surface depth of 1-10 

nm. By measuring the kinetic energy of the emitted electron, the properties like 

binding energy of the electron, elemental properties and chemical state of the 

materials can be defined. The position and intensity of the peak are used to define the 

electronic state and quantitative information about the materials.  

The XPS study was performed in an ultra-high vacuum system using 

hemispherical electron analyser PHOIBOS 150 (SPECS). The twin Al/Mg anode X-

ray source X-ray XR50 (SPECS) is operated at 12 keV with 100 W power. The XPS 

spectrums were obtained by the fixed analyser transmission mode with pass energies 

of 20 eV and 90 eV for detecting high-resolution elemental spectra line and survey 

spectrum. Finally, the obtained XPS data were fitted using CasaXPS data processing 

software. The XPS depth profiling was performed by using sputter gun IQ12 

(SPECS) operated in scanning mode with an argon ion beam with the kinetic energy 

of 5 keV. The sputtering rate was nearly 1-3 nm min-1. 

2.3.2 Thermophysical analysis 

2.3.2.1. Differential scanning calorimetry (DSC) 

Accurate specific heat capacity (Cp) of the most common materials was 

measured by differential scanning calorimetry (DSC) technique. The DSC technique 

also provides information about the endothermic (heat absorption) and exothermic 

(heat release) properties of the materials during the physical transition process, 

thermodynamic process and reaction kinetics.  

In a heat flux DSC cell, the sample and reference pans are placed in the 

thermoelectric sensor which is surrounded by the furnace. During the 

increase/decrease of temperature, the differential heat flow of the sample and 

reference is measured according to the following equation (eq. 1),  

q = - T0 ( ) + (Cr-Cs)  - Cr                                  (eq. 1) 
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Where, T is the difference between the sample (Ts) and reference (Tr) 

temperatures, T0 is the difference between the sensor (T0) and sample (Ts) 

temperatures, T0 is the control temperature, Rr is the reference sensor thermal 

resistance, Rs is the sample sensor thermal resistance, Cr is the reference sensor heat 

capacity and Cs is the sample sensor heat capacity. 

The specific heat capacity and enthalpy of the nanofluids were measured by 

using the Thermal Analysis DSC 2500 model in the temperature range of 50-350°C 

with a heating/cooling rate of 10 °C/min. Aluminium hermetic pans were used for 

the reference as well as for the sample crucibles which are hermetically closed in an 

argon atmosphere. Between 32 mg to 38 mg of the sample mass used to obtain the 

proper contact between the sample and bottom surface of the crucible. Before each 

measurement, the sapphire was measured to validate the uncertainty of the 

measurement and an error of less than 2% was obtained. 

2.3.2.2. Laser flash apparatus (LFA) technique 

Thermal diffusivity is the measure of how fast the heat can propagate through 

the materials or medium. In 1960, Parker et al. introduced the laser flash apparatus 

(LFA) techniques that can provide information about the thermal diffusivity (α). The 

measurement is done by heating of the front side of the materials with a high-

intensity laser pulse and changes in the temperature related to the backside of the 

sample were measured by an infrared camera. In ideal adiabatic condition, the 

thermal diffusivity is defined as α =0.1388. l/t50. Where l is the thickness of the 

sample and t50 is the time to the half maximum (S). 

The thermal diffusivity of the nanofluids was measured in solid and liquid 

states by means of a Laser Flash Apparatus (Netzsch LFA 457 model). In the case of 

solid state, a square sample with 10 mm length and thickness of around 2 mm was 

used. In the case of the liquid state, the sample was prepared by melting the salt in a 

home-made stainless steel holder with micro-rough surfaces in order to solve the 

problem of measurements inaccuracy related to the wetting phenomena caused by the 

molten inorganic salt. In the case of solid state, a graphite film prime was added over 

the top and bottom surfaces of the sample which is aiming to minimize the 

experimental error. In the case of the liquid state, a graphite coating over the top and 

bottom surfaces of the holder was applied. Finally, the thermal conductivity was 
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calculated by using λ= α(T)·ρ(T)·Cp(T). Where, α is thermal diffusivity, ρ is density 

and Cp is specific heat capacity of the sample.  

2.3.2.3. Thermogravimetry analysis (TGA)  

The thermogravimetric analysis (TGA) is a technique that used to control the 

mass variation of a sample while the temperature of the measuring chamber is 

increased/decreased at a controlled rate under the controlled flow of gas. During the 

measurement different gases can be used as a purging medium such as air, nitrogen 

and argon. This technique is useful for investigation of thermal stability of nanofluids 

and the pristine salts by controlling the mass change with temperature under the same 

experiment conditions such as the atmospheric gas, gas flow and heating rate. For 

this purpose, a thermal analyzer NETZSCH STA 449 F3 Jupiter instrument was used 

where sample and reference crucibles were placed in a symmetrical position in the 

furnace. The measurements were performed under air and argon atmospheres from 

room temperature to 700°C with a heating rate of 10 °C/min. 

2.3.2.4. Rheometer 

A rheometer is used to measure the deformation and flow properties of the 

liquid under an applied force. Different geometries are used such as parallel plates, 

concentric cylinders or cone and plate depend on the fluid’s characteristics. The 

sample is placed inside the geometry where torque is applied on the upper plate 

(applied shear stress) to determine the shear strain. The viscosity is defined as the 

ratio between the shear stress and shear rate as described in the following equation 

(eq. 2).  

                            Viscosity     (eq. 2) 

 

Discovery Series Hybrid Rheometer-1 (DHR) model from the thermal 

analysis (TA) was used to measure the viscosity of the prepared nanofluids and 

pristine salts. The viscosity measurement was studied by using 25 mm parallel plate 

geometry by using around 1 gram of the sample in the form of a pellet. The distance 

between geometry was fixed to an optimum gap of 1 mm. The measurements are 

performed under a static temperature of 250, 300, 350 and 400°C in an argon 

atmosphere with the velocity of 10 rad/s for 20 minutes. 
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2.3.2.5. Contact angle measurement  

The KRUSS HT-2 Contact Angle (CA) instrument is used to study the 

wettability or contact angle of the molten salt-based nanofluids (MSBNFs) on a carbon 

steel substrate. The CA measurements are performed under an air atmosphere, with a 

ramp of 2 °C/min until 400°C. At least three measurements are conducted for each 

sample to assure confidence and the presented values are the average of the three best 

measurements. For reproducibility of the measurement, a standardized sample 

preparation method was used.  

Initially, the 100 mg of the sample was placed in the 4 mm diameter die then 

compressed at 120 MPa for 3 minutes. To correlate the wettability behaviour of the 

nanofluids with the corrosion phenomena, the substrate (CS) used in the corrosion test 

is also used for the CA measurement. The roughness of the substrate plays a crucial role 

on the CA, so the roughness of the CS (20 mm x 20 mm x 2 mm) was measured by 

using EPS interferometer before and after the measurements. The roughness is               

S = 0.43 ±0.2 µm. 

2.3.2.6. Dilatometry 

The dilatometer is used to characterize the dimensional change 

(expansion/shrinkage) with the function of temperature. The expansion coefficient of 

the material is calculated by the following equation (eq. 3): 

 

                                                   
T

L

L 




0

1
                                             (eq. 3) 

Accordingly, α is the linear expansion coefficient, L0 is the initial length of 

the sample, ΔL is the change in the length and ΔT is the change in the temperature. 

For a dilatometry analysis, the material was placed inside the special sample holder 

which is located in the furnace. The length of the sample is changed when it is 

subjected to temperature and concurrently linear variable displacement transducer 

core is moved. Then, the displacement record is directly proportional to the output 

signal. The linear thermal expansion (dL/L0) of the nanofluids and pristine salts was 

studied in solid-state using dilatometer by Netzsch Model 402C in the temperature 

range of 30–200°C at a heating rate of 10°C/min in the nitrogen atmosphere. The 

dilatometer contains the alumina sample holder with a push rod. The cylindrical 

shape of the sample was prepared by melting the binary mixture and produced by a 
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replica method with a size of 2.5 cm length and 1 cm of diameter. Before the 

measurement, the calibration was done by using alumina standard with a length of 15 

mm and a diameter of 6 mm. Finally, the thermal expansion coefficient was 

calculated by a change in the length compared to the initial length of the sample over 

the temperature range. 
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Part 1. Development of Molten Salt-Based 

Nanofluids 

 

 

Part 1. General Introduction 

Molten salt based nanofluids were investigated for high-temperature TES 

purpose aiming to increase the thermocyclic efficiency of the system. In literature, 

the commercial binary nitrate mixture of NaNO3:KNO3 (60:40 wt%) was used as the 

base fluid for the development of the nanofluids. In this study, as the specific 

mechanisms for the anomalous enhancements are still unclear, we used eutectic 

nitrate salt, i.e. NaNO3:KNO3 (51:49 wt%), having a single melting/crystallization 

temperature, because the non-eutectic mixture has multiple melting/crystallization, 

which might distort the interaction between the nanoparticle and salts. In addition, 

the non-eutectic salt may lead to its segregation during the melting and solidification 

processes which are not the case on an industrial scale, since the salt is used all the 

time in a molten state. For the preparation of the molten salt-based nanofluids, in 

addition of the Al2O3 and SiO2 commercial nanoparticles commonly studied in the 

literature, the new synthesized monodispersed SiO2 and SiO2@Al2O3 core-shell 

nanoparticles were used aiming to improve the dispersion stability and 

thermophysical properties of the nanofluids. Initially, the shape effect on the 

thermophysical properties was studied by using two different shapes of Al2O3 

nanomaterials, i.e. nanospheres and nanorods. Simultaneously, the size effect on the 

thermophysical properties was studied by using different sizes of SiO2 nanoparticles 

having the size of 27 nm, 450 nm and 800 nm. Finally, the effect of composite 
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nanoparticles was studied by using hybrid SiO2@Al2O3 core-shell nanoparticles by 

changing the ratio between the inner and shell diameters.  

Initially, the utilized nanoparticles were characterized by several techniques 

to know the structural and morphological properties by using XRD, FTIR, SEM, 

BET, TEM, etc. The molten salt-based nanofluids were prepared by the new physical 

milling process and the milling time was optimized to get homogeneous dispersion 

of the nanoparticles in the eutectic salt. Then the detailed thermophysical properties 

such as specific heat capacity, thermal diffusivity/conductivity, enthalpy, viscosity, 

thermal and visual stability of the nanofluids were studied. For the thermophysical 

properties, the accuracy of the measurements was ensured by optimizing several 

parameters responsible for the discrepancy of the results presented in the literature. 

Furthermore, the effect of adding nanoparticles on the nanofluid viscosity was 

highlighted. Finally, the thermal and dispersion stabilities of the nanofluids have 

been studied at high temperature. 



Part 1. Development of Molten Salt-Based Nanofluids 
 

61 

 

 

 

Chapter 3. Nanoparticles Shape Effect 

 

 

Two types of Al2O3 nanoparticles, i.e. nanorods (NR) and nanospheres (NS), 

have been used to investigate the shape effect on the enhancement of the most 

relevant properties of the molten salt currently used in CSP power plants. Initially, 

the structural characterization of the two different shapes of Al2O3 nanoparticles was 

studied using XRD, FTIR, TEM, BET, etc. Then, the nanoparticles were used to 

prepare the molten salt-based nanofluids by simple dry method in order to study the 

thermophysical properties. A good dispersion of 1 wt.% Al2O3 nanomaterials in the 

base eutectic salt, i.e. 51wt.% NaNO3 – 49 wt.% KNO3 was achieved by a shaking 

time of 15 minutes. Their stability and thermophysical properties have been studied 

by means of TGA, DSC, LFA, Rheometry and Dilatometry. The Al2O3-NPs based 

nanofluid (Al2O3-NPs-nanofluid) and Al2O3-NRs based nanofluid (Al2O3-NRs-

nanofluid) show enhancements of the specific heat capacity (Cp) in the liquid phase 

of 3% and 6%, respectively. The thermal conductivity analysis demonstrates 

enhancements of 12 % and 20% in solid states and 16% and 12% in the liquid phase 

for Al2O3-NPs-nanofluid and Al2O3-NRs-nanofluid, respectively. The viscosity 

increments of 25% and 37% were observed for Al2O3-NPs-nanofluid and Al2O3-

NRs-nanofluid, respectively. 

3.1. Structural analysis 

Two types of Al2O3 nanoparticles with a size of 13 nm and 50 nm, received 

from Sigma Aldrich, were used for the preparation of the nanofluids. As it was 

mentioned above, a big discrepancy was obtained for the published results by 

different groups when the same type and size of the nanoparticles were reported. 
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However, in this work, we decided to characterize the as-received commercial 

nanoparticles aiming, on the first hand, to understand the discrepancy of the reported 

results; and, on the second hand, to understand the mechanisms responsible for the 

enhancements in the thermophysical properties of the investigated nanofluids. 

The analysis of the size and shape of the two types of the Al2O3 

nanomaterials was carried out by TEM analysis. Figure 3.1a shows the TEM images 

and their corresponding histograms for Al2O3 (13 nm) and Al2O3 (50nm) 

nanoparticles. In the case of Al2O3 (13 nm) nanoparticles, a spherical shape with an 

average size of 12  2 nm was observed. In the case of Al2O3 (50 nm), a nanorod 

shape was observed instead of a spherical form as it can be clearly seen in Figure 

3.1b. The histograms of the nanorods demonstrated that the average diameter is 5  

1 nm and a length of 40  10 nm. However, the shape of the nanoparticles may 

differ among the suppliers of nanoparticles with the same type and size and may be 

the source of the discrepancy of the reported results in the literature. Hereafter, we 

will refer to Al2O3 (13 nm) and Al2O3 (50nm) as Al2O3-NPs and Al2O3-NRs, 

respectively. 

 

Figure 3.1. TEM images of the two different morphologies and their corresponding 

histograms for Al2O3 nanomaterials, a) Al2O3-13 nm and b) Al2O3-50 nm. 

 

The specific surface area of Al2O3-NPs and Al2O3-NRs was evaluated using 

the nitrogen physisorption analysis shown in Figure 3.2. The BET surface area 

results are in agreement with TEM/EDX results because both materials adopt a 
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spherical form: the smaller particle size should lead to a higher specific surface. The 

specific surface area of Al2O3-NPs and Al2O3-NRs was evaluated using the 

Brunauere-Emmett-Teller (BET) method over the P/P0 range from 0 to 1 in the X-

axis. Figure 3.2 shows the adsorption/desorption curves obtained for Al2O3-NPs and 

Al2O3-NRs. From the N2 physisorption analysis, the measurement shows the type II 

isotherm and flat region in the middle indicating a monolayer formation. In the 

higher relative pressure, the adsorption and desorption show high adsorbed quantity 

which is due to the filling of the interparticle space. The adsorption and desorption 

isotherms confirm the non-porous nature of the investigated nanomaterials. From the 

measurement, we obtained the BET specific surface area for Al2O3-NPs and Al2O3-

NRs are 93 m2/g and 124 m2/g, respectively. 

 

Figure 3.2. BET absorption and desorption curves of the Al2O3-NPs (red line) and Al2O3-

NRs (blue line). 

 

In order to identify more parameters that may be responsible for the observed 

discrepancy of the reported results, XRD patterns were collected and analysed for the 

Al2O3-NPs and Al2O3-NRs, as-received and after being treated at 600ºC for 6 h, and 

the results are presented in Figure 3.3. The Al2O3-NPs shows the presence of the 

cubic structure (γ-Al2O3) with the space group Fd-3m (COD # 1101168); while, 

Al2O3-NRs shows the presence of both structures α-Al2O3 and γ-Al2O3. The α-Al2O3 

phase is a hexagonal structure with the space group R -3 c (COD # 9008081). The 

presence of sharp and broad diffraction peaks in the α-Al2O3 diffraction pattern 

indicates the preferred orientation due to its form as nanorods  [79]. The α-Al2O3 or 
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corundum phase of the alumina is considered as more thermodynamically stable 

materials [80]. However, the presence of γ-Al2O3 may be due to the fast cooling 

process of these materials during the fabrication process. In order to check the 

stability of the γ-Al2O3 in Al2O3-NPs and Al2O3-NRs, the materials were calcined at 

600°C (the maximum temperature of the application) for 6 h with a heating/cooling 

ramp of 5 °C/min. After the calcination, we did not observe any significant changes 

in neither case, which indicates that the γ-Al2O3 phase is stable up to the maximum 

temperature of the application (600ºC). The presence of the α-Al2O3 and γ-Al2O3 in 

the nanoparticles is related to the fabrication processes that can differ from one 

supplier to another, which may affect the enhancement of the thermophysical 

properties and may be responsible for the discrepancy of the reported results in the 

literature.  

 

Figure 3.3. XRD diffractograms of as-received and calcined at 600ºC (6 hours): a) Al2O3-

NPs and b) Al2O3-NRs. The (*) correspond to unidentified phase. 

 

3.2. Preparation and analysis of nanofluids 

A simple dry method consisting of physical mixing of the salts and 

nanomaterials is proposed for the first time in the present work. Firstly, the eutectic 

salt mixture was prepared by pre-dried NaNO3 and KNO3 in the weight ratio of 

51:49 and melted at 360 °C for 6 hours. Once the molten salt was cooled down to 

room temperature, it was ground to obtain a solid powder of the eutectic salt in order 

to guarantee that the homogeneity of the mixture is maintained under the subsequent 

shaking process. Then, the Al2O3 nanomaterials (1wt.%) were added to the 

corresponding amount of the eutectic salt and the mixture was introduced into an 

aluminum bottle. As it was indicated above, the introduction of stainless steel balls in 
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the preparation process may have some side effects; however, in the present 

preparation method, no balls were used. Instead, it is expected that the relatively 

large particles of the salt break the agglomeration of the nanoparticles. The 

aluminum bottle was fixed inside the physical milling instrument (Prep 8000-series 

High-Energy Shaker Mill) and mixed for a shaking time of 15 min. This shaking 

time was previously optimized in a systematic study to investigate the effect of the 

shaking time on the dispersion state and the results will be presented and discussed in 

a separated research article. The dispersion state of the prepared nanofluids was 

analysed by SEM and EDX techniques. Figure 3.4 shows the SEM and EDX 

mapping images for pure eutectic salt, Al2O3-NPs-nanofluid and Al2O3-NRs-

nanofluid. In this figure, it can be clearly seen that the homogeneity of the salt 

mixture and the good dispersion of the nanoparticles within the salt were achieved, 

with no evidence of nanoparticles agglomerates.  

The physical shaking method proposed in this work has several advantages 

compared to the previously used methods for molten salts based nanofluids 

preparation. In particular, apart from the homogeneous dispersion of the 

nanoparticles in the eutectic salt, this method has a short preparation time, it is 

simple to scale up and does not require the use of water, which may be responsible 

for the partial formation of nanoparticles agglomerates and the introduction of new 

impurities into the system.  

 

Figure 3.4. SEM images and their corresponding EDX compositional maps for: a) Eutectic 

salt, b) Al2O3-NPs-nanofluid and c) Al2O3-NRs-nanofluid. 
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The FTIR spectra of the eutectic salt, nanomaterials and nanofluids were 

measured at room temperature in transmission mode in the range of 4000–400 cm-1. 

The stretching and bending vibration modes were determined, aiming to use this 

information to detect any structural changes of these nanoparticles and inorganic 

salts during the preparation processes. Figure 3.5 shows the room temperature FTIR 

spectra of Al2O3-NPs, Al2O3-NRs, eutectic salt, Al2O3-NPs-nanofluid and Al2O3-

NRs-nanofluid before and after the melting process. In the case of Al2O3-NPs, the 

bands around 510 cm-1 and 741 cm-1 were ascribed to the Al-O-Al bending mode and 

stretching vibration of Al-O bond in the γ-Al2O3 phase, respectively [81]. In the case 

of Al2O3-NRs, it is clear that the presence of both α-Al2O3 and γ-Al2O3 crystalline 

material due to the shift of the stretching and bending wavelengths and the band’s 

form. The strong absorption broad bands were also assigned to the Al-O-Al bending 

mode and Al-O stretching vibration mode in the γ-Al2O3 phase. The present of α-

Al2O3 is indicated by the presence of sharp hump over the broad peak in the region 

of 513 cm-1 and 728 cm-1 as indicated by red circles in the corresponding spectrum. 

The FTIR spectrum of the eutectic salt and eutectic salt with Al2O3 nanomaterials, 

obtained before and after the melting process, are also shown in the same Figure 3.5. 

In the case of the eutectic salt, we observed a small hump and band at around 725 

cm-1 and 832 cm-1 for asymmetric in-plan bending modes and bending mode of the 

N-O bond. The broad peak obtained at around 1340 cm−1 corresponds to N-O 

asymmetric stretching modes. Two other weak bands are observed at around 1781 

cm−1 and 2428 cm−1, which correspond to the stretching modes of nitrate ions [82]. 

In addition, similar spectra were observed for Al2O3-NPs-nanofluid and Al2O3-NRs-

nanofluid before and after the melting process. The FTIR results indicate, on the first 

hand, no degradation or modification of the involved eutectic salt during the shaking 

process; and, on the second hand, no specific interaction between the nanoparticles 

and eutectic salt during the preparation processes. Taking into consideration these 

results, we can validate this new dry method as a proper method for obtaining 

nanofluids without any degradation and modification of the base salt. 
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Figure 3.5. FTIR spectra of the nanomaterials, eutectic salt and nanofluids before and after 

melting process. 

3.3. Thermophysical characterizations 

3.3.1. Specific heat capacity analysis 

Figure 3.6 shows the obtained specific heat capacity (Cp) curves for Al2O3–

NPs, Al2O3–NRs, eutectic salt, Al2O3–NPs-nanofluid and Al2O3–NRs-nanofluid, in 

the solid and liquid states, in the temperature range of 120ºC – 340ºC. The Al2O3 

nanoparticles count with lower Cp values compared to that of the eutectic salt, where 

values of 0.814 J/K·g and 0.871 J/K·g at 310ºC were obtained for Al2O3–NPs, 

Al2O3–NRs, respectively. These values are different from the value (0.835 J/K·g) 

reported at 310°C for the Al2O3 nanomaterials having a size range of 40-50 nm [83], 

but the differences are not significant. These differences are due to the crystallinity 

of the material, i.e. the concentrations of the α-Al2O3, γ-Al2O3 phases and amorphous 

part. The eutectic salt shows a Cp value of 1.45 J/K·g at 310ºC, as can be seen in 

Figure 3.6, which is in agreement with the most reported values in the literature [37]. 

Therefore, according to a simple mixing theory, the calculated specific heat capacity 

for nanofluids (dotted curves) shows slightly lower values than the pure eutectic salt 

due to the lower Cp of the Al2O3 nanomaterial compared to that of eutectic salt, as 

can be clearly seen in the inset Figure 3.6b. On the contrary, the experimental results 

show higher values of Cp for the nanofluids than for the eutectic salts, both in the 
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solid and liquid states. The Cp values obtained for the Al2O3–NPs-nanofluid and 

Al2O3–NRs-nanofluid at 310ºC were 1.5 J/K·g and 1.54 J/K·g, with average 

anomalous enhancements of 3% and 6%, respectively. The enhancement of the 

specific heat capacity due to the addition of nanoparticles may be explained through 

different hypotheses, among them; first, the formation of a compact solid salt layer 

on the surface of the nanoparticles and the interfacial thermal resistance arising at the 

solid-liquid interface, which acts as additional thermal capacity [32, 84]. In our case, 

we observed that the Al2O3-NRs-nanofluid has a higher specific heat capacity 

compared to that of the Al2O3-NPs-nanofluid which may be due to the higher surface 

area Al2O3-NRs (124 m2/g) compared to that of Al2O3-NPs (93 m2/g), i.e. more 

compact solid salt layer formation and higher interfacial thermal resistance. These 

results are in good agreement with the conclusion of the theoretical study presented 

in [85]. 

 

Figure 3.6. Specific heat capacity for Al2O3–NPs, Al2O3–NRs, eutectic salt, Al2O3–NPs-

nanofluid and Al2O3–NRs-nanofluid. 

 

3.3.2. Enthalpy measurements 

Enthalpy and melting temperature of the eutectic salt and Al2O3 based 

nanofluids were simultaneously measured by the DSC technique and the results are 

shown in Figure 3.7. As it can be seen in the inset of Figure 3.7b, the doping of the 
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eutectic salt by Al2O3 induces slight changes in the form of the heat flow curves 

during the solid-liquid phase transformation. The melting and solidification 

enthalpies, as well as the melting and solidification temperatures, are reported in 

Table 3.1, in order to evaluate their variation in the presence of the nanoparticles. It 

is interesting to mention here that the addition of the Al2O3 nanomaterials into the 

eutectic salt leads to a decrease by around 1ºC of the melting point as well as the 

crystallization temperature of the nanofluids compared to eutectic salt. Similar results 

were already observed with doping of Solar salt by 1wt.% of Al2O3, TiO2, SiO2, 

where, the onset melting temperature was decreased by less than 1% compared to the 

base salt [38]. The author also showed that the dispersion of 1wt.% of SiO2-Al2O3 in 

the Solar salt leads to a reduction of the onset melting temperature by 10°C [38]. 

These decreases on the melting point and solidification temperatures may be due to 

the nano-sized confinement of the salt in the interparticle space, and/or the 

pronounced heat transfer behaviour of the nanomaterials.  

On the other hand, the melting and solidification enthalpies obtained for the 

nanofluids were lower than that of the base eutectic salt, which is due to the presence 

of 1wt.% of oxide material, i.e. nanoparticles, that were not contributing to the 

enthalpy. This result is in good agreement with the one reported in [22]. On the 

contrary, an anomalous enhancement of the enthalpy by more than 15% was reported 

for nanofluids based on Solar salt and 1wt.% of Al2O3, SiO2 and Al2O3-SiO2 [38]. It 

is important to note that in the last work, as mentioned above, the enthalpy 

enhancement was accompanied by an important decrease of the melting temperature 

of the same nanofluids, which may be due to the partial decomposition of the nitrate 

salts to nitrite salts during the preparation process.  

Table 3.1. Melting and solidification enthalpies and temperatures of the eutectic salt, Al2O3-

NPs-nanofluid and Al2O3-NRs-nanofluid. 

 

Fluid ΔHheating (J/g) Tm (°C) ΔHcooling (J/g) Tsol (°C) 

Eutectic salt 104 222 103 223 

Al2O3-NPs-nanofluids 103 222 102 223 

Al2O3-NRs-nanofluids 103 222 103 223 
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Figure 3.7. DSC measurements for eutectic salt, Al2O3-NPs-nanofluid and Al2O3-NRs-

nanofluid. 

 

3.3.3. Thermal conductivity analysis  

Thermal diffusivity/conductivity of the eutectic salt and nanofluids were 

measured in the solid state as well in the molten state and the results are presented in 

Figures 4.10 a and b. The thermal conductivity was determined indirectly as follows 

λ (T) = α(T)·ρ(T)·Cp(T), as described in the experimental section. In the solid state, 

the density of the eutectic salt was measured at room temperature and its evolution 

with temperature was calculated (Figure 3.10), by using the thermal expansion of a 

salt pellet obtained from dilatometry as described below. In the liquid state, the 

density of the nanofluids was considered similar to that of the eutectic salt which was 

obtained from [86, 87]. The measurements were carried out in the temperature range 

from 50ºC to 200ºC covering the solid state and from 250ºC to 400ºC covering the 

liquid state. The thermal diffusivity and thermal conductivity for the eutectic salt, 

Al2O3-NPs-nanofluid and Al2O3-NRs-nanofluid are shown in Figure 3.8. 

In the solid state, thermal conductivity enhancements of around 20% and 

12% were observed for Al2O3-NRs-nanofluid and Al2O3-NPs-nanofluid, 

respectively. These enhancements are generally due to the contribution of the higher 
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heat transfer characteristic of the nanoparticles, i.e. high nanoparticle thermal 

conductivity of 2.5 W/m·K as considered in [88]. The highest enhancement was 

obtained for Al2O3-NRs-nanofluid, that might be due to the larger size of Al2O3-NRs 

compared to Al2O3-NPs and to the higher heat transfer behaviour through a preferred 

orientation along a particular direction [89]. Furthermore, while increasing the 

temperature the thermal conductivity of all three samples decreased, caused by the 

decrease of their thermal diffusivity and density, typical for inorganic salts.  

In the liquid state, an opposite trend was obtained where a positive 

temperature dependence of the thermal conductivity, for all the samples, was 

observed that may due to the molten salt convection. Furthermore, at 270ºC the same 

thermal conductivity enhancement of 11% was observed for Al2O3-NPs-nanofluid 

and Al2O3-NRs-nanofluid. This enhancement may be due to two factors: the first one 

is related to the secondary nanostructure formation, which is proportional to the 

specific surface area of the nanoparticles and the second factor is linked to the 

Brownian motion of the nanoparticles inside the base fluids, affected by the 

nanoparticles size and shape [34, 90]. The maximum enhancements obtained at 

400°C are 16 % and 12% for Al2O3-NPs-nanofluid and Al2O3-NRs-nanofluid, 

respectively. It can be seen that while increasing temperature the nanoparticles based 

nanofluid shows higher enhancement than nanorods based fluid because the second 

factor (Brownian motion) becomes dominant. In other words, the heat transfer due to 

the Brownian motion, by means of smaller spherical nanoparticles, is more efficient 

compared to larger nanorods, due to their shape and size. These results are in 

agreement with the conclusions reported in [90, 91].  
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Figure 3.8. Thermal diffusivity (closed symbols) and conductivity (open symbols) of the 

eutectic salt, Al2O3-NPs-nanofluid and Al2O3-NRs-nanofluid in the solid state (a) and in a 

liquid state (b). 

 

Thermal evolution of eutectic slat density 

The density of the cylindrical pellet of eutectic salt was measured at room 

temperature by using helium pycnometer. The measurements were performed for 10 

times and an average value of 2.1736 g/cm³ was obtained. The evolution of the 
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density of the eutectic salt was calculated by means of room temperature density and 

the thermal expansion according to the following equation. 

Figure 3.9 shows the linear thermal expansion (dL/L0) obtained by 

dilatometer for the eutectic salt pellet in the temperature range from 30°C to 200°C. 

From the graph, we can distinguish two linear thermal expansion coefficients of 

1.66·10-5 K-1 and 6.38·10-5 K-1 for the temperature ranges of 30ºC – 90ºC and 90ºC – 

200ºC, respectively. This behaviour is due to the solid-solid phase transition of KNO3 

salt as explained in [92].  

Figure 4.10 shows the calculated evolution of density with temperature from 

the density at room temperature and thermal expansion curve using the following 

formula:  

 

Where, ρ (T) is the variation of density with temperature, ρRT is density at 

room temperature and dL/Lo is the linear thermal expansion. 

 

Figure 3.9. Dilatometry measurement of the eutectic salt. 



Part 1. Development of Molten Salt-Based Nanofluids 
 

74 

 

Figure 3.10. Calculated density of eutectic salt as a function of temperature. 

 

3.3.4. Viscosity analysis  

The viscosity of the base fluid and nanofluids was measured at 250, 300, 350 

and 400°C – Figure 3.11 The suspension of 1 wt.% of Al2O3 nanoparticles in the 

base fluid results in a viscosity increase. The viscosity decreases with temperature for 

all the samples due to the weakening of the intermolecular attractions [93]. The 

Al2O3-NRs-nanofluid has higher viscosity compared to that of the Al2O3-NPs-

nanofluid due to the high hydrodynamic resistance of the Al2O3 nanorods. In 

addition, we observed a decrease in the viscosity while increasing the temperature, 

but in comparison with the eutectic salt, the increment of viscosity was high at the 

highest temperature. The Al2O3-NPs-nanofluid and Al2O3-NRs-nanofluid show, 

respectively, increments of 5% and 12% at 250°C and 25% and 37% at 400°C 

compared to the eutectic salt. This trend may be due to a partial agglomeration of the 

Al2O3 nanomaterial at high temperatures. The viscosity of nanofluids based on 

molten salt was studied in [94], where it was reported an increment of 61% at 250ºC 

when 1 wt.% of fiber-shaped Al2O3 nanoparticles with a length of 50 nm and a 

diameter of 10 nm were added to Solar salt. The concentration, nature, shape and size 

of the nanoparticles used in the experiment are similar in the present work. 

Therefore, the higher viscosity increment of 61% may be due to the agglomeration of 
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the nanoparticles caused by the use of Alumisol 10 A, a water-based nanofluid, as a 

source of nanoparticles. The absence of more viscosity experimental values for 

similar nanofluids in literature obstructs further comparisons.  

The increase of the viscosity is not beneficial for this kind of nanofluids since 

an increase of the pumping power will be necessary, so minimizing the effect on the 

viscosity is considered an important parameter for the industrial implementation of 

these materials. Therefore, in the present work, it was demonstrated that the 

elongated structure of the nanorods with higher hydrodynamic resistance results in 

higher viscosity compared to that of the spherical nanoparticles.  

 

Figure 3.11. Rheological analysis of the eutectic salt, Al2O3-NPs-nanofluid and Al2O3-NRs-

nanofluid. 

 

3.3.5. Thermal stability analysis 

TGA analysis of the eutectic salt, Al2O3-NPs-nanofluid and Al2O3-NRs-

nanofluid with a heating rate of 10 °C/min under argon atmosphere was conducted. 

Figure 3.12 shows the TGA decomposition curves obtained for the samples in the 

temperature range from 100ºC to 700ºC. Generally, the decomposition point depends 

on several parameters such as the impurity of the salt, heating rate, atmospheric 

condition and crucible materials. However, in the present work, we tried to fix 
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similar parameters for the three investigated materials aiming for obtaining 

comparative results.  

From the TGA results, we observe a similar decomposition behaviour for 

nanofluids compared to the eutectic slat, with no major mass loss or change in the 

decomposition temperature observed. In all the cases, we observed around 1% of 

mass loss at 638°C, which generally indicates the stability of eutectic salt was not 

affected by the addition of the nanomaterials. These results confirm that, on the first 

hand, the nanoparticles did not affect the stability of the base salt, and, on the second 

hand, the dry method used in the present work did not introduce any kind of 

contamination by new impurities to the salt. 

 

Figure 3.12. TGA decomposition curves of the eutectic salt, Al2O3-NPs-nanofluid and 

Al2O3-NRs-nanofluid. 

 

3.4. Economical evaluation 

The main motivation of the scientific community for developing nanofluids 

with enhanced thermophysical properties is lowering the investments costs at CSP 

plants and thus reducing the levelized cost of electricity (LCOE) produced by this 

renewable technology making it more competitive. Taking that into consideration, it 
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is very important to highlight the economic benefits of using the results obtained in 

the present work. First, a new simple method has been demonstrated as an efficient 

method for nanofluid preparation. This dry preparation method has several 

advantages compared to a wet method such as a good dispersion of nanoparticles, 

short preparation time and the possibility of on-site preparation. This allows 

obtaining nanofluids at industrial scale with a reasonable cost compared to the wet 

method.  

Second, both nanofluids show significant enhancements of heat capacity by 

3% and 6% that will lead to a reduction of the quantity of the required storage media 

to store the same amount of energy and by, consequence, the volume of the storage 

tanks can be reduced. In order to highlight this benefit, a simplified calculation, due 

to the fact that rigorous evaluation is quite complicated, was made taking Noor III 

CSP Tower plant at Ouarzazate, Morocco, as an example. In this particular case, 

37.500 tons of Solar salt is used inside tanks with a volume of 14.243 m3 for each 

one [95]. Table 3.2 shows the energy densities calculated for Solar salt, Al2O3-NPs-

nanofluids and Al2O3-NRs-nanofluids, by using equation (1), where E is energy 

density, Cp is the average specific heat capacity of the fluids in the particular 

operating temperature and T1 and T2 are the initial and final working temperature of 

the fluids (380ºC – 565ºC): 

     (1) 

Therefore, the quantity of the fluid and the volume of each tank were 

calculated based on the energy density obtained for each and the results are presented 

in Table 3.2. As can be seen, the quantity of the storage material required in the case 

of Al2O3-NPs-nanofluids and Al2O3-NRs-nanofluids are respectively 36.193 tons and 

35.092 tons which correspond to a reduction of 1.307 tons and 2.408 tons in 

comparison to the case of Solar salt. For the tank volume, a reduction of each tank 

volume by 492 m3 and 915 m3 were respectively obtained for Al2O3-NPs-nanofluids 

and Al2O3-NRs-nanofluids compared to Solar salt case. 

Finally, the enhancement of the thermal conductivity obtained for Al2O3-

NPs-nanofluids and Al2O3-NRs-nanofluids will increase the heat transfer efficiency 

from the storage fluid to water for steam production that is used to turn the steam 

turbine. Thus, this will lead to a considerable simplification of the heat exchanger 

configuration and will result in further costs reduction.  
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Table 3.2. Average values of heat capacity and thermal conductivity, the calculated energy 

density, quantity of salt and tank volume for Solar salt, Al2O3-NPs-nanofluids and Al2O3-

NRs-nanofluids. 

 

CSP plant Material 

Average Cp 

(kJ/kg*K) 

in 380-

565°C 

Average λ 

(W/m·K) 

in 380-

565°C 

Energy 

density 

(kJ/kg) 

 

Qsalt 

(tons) 

Vtank 

(m3) 

NOOR III 

Solar salt 1.5 0.5 277 37500 14243 

Al2O3-

NPs-

nanofluid 

1.55 0.6 287 36193 13746 

Al2O3-

NRs-

nanofluid 

1.6 0.55 296 35092 13328 
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Chapter 4. Nanoparticles Size Effect 

 

 

Despite the big effort made in the literature to obtain molten salts based 

nanofluids with enhanced thermophysical properties, their stability remains an open 

issue. In this regard, the present chapter aims to investigate the nanoparticles size 

effect on the enhancements of the heat capacity, thermal conductivity and viscosity 

of the molten salt, where special attention was made to understand the dispersion 

stability behaviour of the investigated nanofluid. For that purpose, the effect of SiO2 

nanoparticles size was systematically studied. Three types of SiO2 nanoparticles with 

average sizes of 27 nm, 450 nm and 800 nm, the first one received from Sigma-

Aldrich and the other two prepared in this work, have been used for the preparation 

of the nanofluids. By means of in situ high-temperature observations and zeta 

potential experiments, it was demonstrated that larger nanoparticles lead to better 

stability of a molten salt based nanofluid, despite the lower enhancement of 

thermophysical properties. The obtained results define a clear pathway for the 

development of molten salts based nanofluids, where a compromise between stability 

and thermophysical properties enhancement may be tuned by nanoparticle size. 

4.1. Structural analysis 

The SiO2 nanoparticles were analysed by SEM and TEM techniques to 

identify the size, shape and initial agglomeration state of their particles. Figure 4.1 

shows the TEM micrograph of the commercial SiO2 nanoparticles and SEM 

micrographs of both synthesized SiO2 nanoparticles obtained at 600°C with their size 

distribution histograms. The commercial SiO2 nanoparticles show interconnected 

spherical particles shapes with an average size of each particle of 27 ± 1 nm. 
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Whereas, the synthesized SiO2 nanoparticles show a spherical shape with 

monodispersed nature. The nanoparticles synthesized at pH ~ 8 have an average size 

of 450 ± 40 nm while increasing the pH of the solution from 8 to 9 the average size 

of SiO2 was increased to 800 ± 30 nm. All different sizes of SiO2 nanoparticles were 

calcined at 600°C and the calcination process did not exhibit any change of size and 

morphology, which indicates the stability of nanoparticles at high temperature. For 

simplification, the SiO2 nanoparticles with the average size of 27 ± 1 nm, 450 ± 40 

nm 800 ± 30 nm are referred in the text as SiO2-27, SiO2-450 and SiO2-800, 

respectively. 

 

Figure 4.1. (a) TEM micrograph and its size histogram of the commercial SiO2 nanoparticles 

and (b,c) SEM micrographs and their size histograms of the synthesized SiO2 nanoparticles 

after calcination at 600°C. 
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The XRD analyses of SiO2-27, SiO2-450 and SiO2-800 after calcination at 

600°C are shown in Figure 4.2. From the obtained diffractograms, it is clear that the 

three different sizes of SiO2 nanoparticles show the typical amorphous nature of the 

SiO2 materials. The amorphous nature was confirmed by the broad diffraction peaks 

appeared at around 22°, as well as no other observable sharp peaks in the pattern 

[96]. 

 

Figure 4.2. X-ray diffraction (XRD) patterns collected at room temperature for SiO2-27, 

SiO2-450 and SiO2-800 nanoparticles calcined at 600°C. 

 

FTIR analysis was carried out to know the vibration modes of the SiO2-27, 

SiO2-450 and SiO2-800 which is obtained before and after the calcination at 600°C. 

The obtained FTIR spectra at room temperature are shown in Figure 4.3. The peaks 

at 1220 cm-1 and 1070 cm-1 denote the asymmetric stretching vibration modes of Si-

O-Si bond. The peak observed at 947 cm-1 for synthesized SiO2-450 and SiO2-800 is 

due to asymmetric bending and stretching vibration modes of Si-OH and which is not 

appearing in the samples calcined at 600°C [97]. The symmetric vibration of Si-O 

bond was observed at 812 cm-1 and bending vibration of Si-O-Si bond was obtained 

at 458 cm-1 [98]. The FTIR results confirm the obtaining of pure silica oxide 

materials. 
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Figure 4.3. FTIR spectra of the three different sizes of SiO2 nanoparticles showed before and 

after calcination at 600°C. 
 

For understating the effect on the thermophysical properties, the surface area 

of the nanoparticles is having major contributions. Therefore, the surface area of the 

three SiO2 nanoparticles was analysed by N2 physisorption technique and their 

corresponding isotherms were shown in Figure 4.4. The surface areas of 148 m2/g, 

12.6 m2/g and 5.6 m2/g were observed for SiO2-27, SiO2-450 and SiO2-800 

nanoparticles, respectively. In general, the specific surface area is inversely 

proportional to the size of the particles, which is the same case observed in this work. 

But the higher surface area of SiO2-27 compared to SiO2-450 and SiO2-800 ones are 

associated to artificial interparticle pores of the interconnected particles (Figure 4.1a) 

differently to synthesized ones, which are monodispersed (Figures 4.1 and 4.13c).  

 
Figure 4.4. Adsorption/desorption Brunauer –Emmett-Teller (BET) isotherms of the SiO2-

27 and B) SiO2-450 and SiO2-800 nanoparticles. 
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4.2. Preparation of SiO2 based molten salt nanofluids and analysis 

The dispersion of the SiO2 nanoparticles in the molten salt was studied with 

the help of SEM-EDX mapping as shown in Figure 4.5. The homogeneous 

dispersion of nanoparticles in the molten salt was optimized by studying the 

dispersion time of high-energy physical milling from 5 to 30 min, the corresponding 

SEM micrographs are shown in Figure 4.5. The dispersion of nanoparticles in the 

nanofluids has a major contribution for obtaining not only the maximum 

enhancement of thermophysical properties but also the stable performance with time. 

While non-homogeneous dispersion produces sedimentation of the nanoparticle and 

final results will affect the thermophysical properties of the nanofluids which give 

aberrant values and may be the response of the discrepancy of the results were 

reported in the literature [99].  

In the present study, the nanofluids prepared between 5 and 10 minutes show 

a non-homogeneous dispersion of the SiO2 nanoparticles into molten salt. 

Nevertheless, once we increased the time of physical milling to 15 min the SiO2 

nanoparticles become more homogeneously dispersed into the molten salt, which is 

evidenced by SEM image and EDX mapping. Furthermore, while the dispersion time 

increased to 30 min the nanoparticles tend to agglomerate. The optimum well-

dispersed SiO2 based nanofluids were obtained at the physical milling time of 15 

min. This method has an advantage of shorter preparation time, no need for 

additional temperature treatment to evaporate water and it can be easily scaled up to 

industrial levels. 
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Figure 4.5. SEM micrographs and their corresponding EDX mapping for SiO2-800 based 

nanofluids after a) 5 min, b) 10 min, c) 15 min and d) 30 min of physical dispersion. 

 

4.3. Thermophysical characterizations 

The specific heat capacity measurements of SiO2-27, SiO2-450 and SiO2-800 

nanofluids are summarized in Figure 4.6. The SiO2-27 based nanofluid shows around 

1% of Cp enhancement compared to the base fluid. The high surface area of the 

nanoparticles which is come from the narrow inter-particles space leads to increase 

the thermal resistance between the molecules of eutectic salt and nanoparticles, this 

state will increase the interfacial interaction between the nanoparticles and molten 

salt helping to enhance the Cp value [32, 53]. Nanofluids prepared with SiO2-450 and 

SiO2-800 show a decrease of Cp -0.4% and -1.7%, which may be due to the related 

lower surface areas. The effect on the Cp value by addition of nanoparticles in the 

molten salt can be due to several reasons like Van der Waals force, the attractive 

force between the nanoparticles, sedimentation of the nanoparticles, the surface area 

of nanoparticles, nanoparticles dispersion and surface charge between the 

nanoparticles [53]. In the molten salt nanofluids, the electrostatic interaction between 

different salt mixtures and nanoparticles is different and simultaneously the 

nanoparticle tends to separate. After separation of the nanoparticles, the salt 

compounds crystallize on the surface of the nanomaterials as nanostructured 

materials. So depends on the size and surface area of the added nanoparticles, this 
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nanostructure will form and accordingly the smaller size of the nanostructure will 

give better enhancement compared to their bulk materials [100]. The larger size of 

the synthesized SiO2 nanoparticles was not helping to enhance Cp of SiO2-450 and 

SiO2-800 based nanofluids. 

 

Figure 4.6. Specific heat capacity of eutectic salt and eutectic salt + 1wt% of three different 

SiO2 nanoparticles. 

 
 

Figure 4.7. Specific heat capacity modification of binary nitrate salt + 1 wt % SiO2-NPs in 

the liquid state [36-38,40-46]. 
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From the overall literature overview (Figure 4.7), it is clear that the positive 

and negative values were observed from the different works, which may be due to 

the preparation method, size and most importantly stability of the nanofluids. The 

highest enhancement of 30% was observed for binary nitrate salt + 1 wt % SiO2-NPs 

(41 nm) [101] and the negative effect of -28.1% were observed for binary nitrate salt 

+ 1 wt % SiO2-NPs (7 nm) [30].  

The thermal diffusivities/conductivities of the eutectic nitrate salt and three 

different molten salt-based nanofluids are shown in Figure 4.8. The three SiO2 based 

nanofluids show decrement of thermal diffusivity/conductivity compared to their 

base fluids. The maximum decrement of thermal diffusivity is -18% and thermal 

conductivity is ~ -17% for SiO2-800 nanofluids at 400°C. The increment in the 

thermal conductivity of the nanofluids depends on the properties of the nanomaterials 

like chemical nature, stability, concentration and surface area, etc. [53]. From the 

present study, we found that the spherical monodispersed nanoparticles reduce the 

thermal conductivity. The Brownian motion of particles and natural convection 

occurs during the phase change has a major influence on the thermal conductivity of 

the nanofluids [53].  

 

Figure 4.8. Shows the thermal diffusivity and thermal conductivity measurement of eutectic 

salt, SiO2-27, SiO2-450 and SiO2-800 nanofluids in the temperature range 250-400°C. 

 



Part 1. Development of Molten Salt-Based Nanofluids 
 

87 

Thermophysical properties are deviating due to the stability nanofluids. 

Regarding the thermal conductivity measurement, very few works were presented, 

especially for the binary nitrates salt with nanoparticles. From the available report, 

Belén et al. show the 45 % increment of thermal conductivity by addition of the solar 

salt with 1 wt% SiO2 nanoparticles (7 nm) [50].  

The viscosity of the nanofluids has a considerable effect on the several 

thermophysical properties such as the convective heat transfer, pumping power and 

pressure drop in laminar flow, etc. In general, the viscosity of the base fluids 

increases while adding the nanoparticle which is due to the particle volume friction 

and the effect on the internal shear stress in the fluids [102]. The present work 

investigated the viscosity of three SiO2 based nanofluids compared to the pure 

eutectic salt. The obtained results exhibit an increment of viscosity, which depends 

on the size of added SiO2 nanoparticles as shown in Figure 4.9. Accordingly, the 

SiO2-27 nanofluid shows the highest increment of viscosity by 238% while SiO2-450 

and SiO2-800 nanofluids show respectively 32% and 27% at 250°C compared to the 

pure eutectic salt. Similarly, at a higher temperature, around 400°C the nanofluid 

contains SiO2-27 shows an increment of 404%, SiO2-450 and SiO2-800 show around 

48% compared to the pure eutectic salt. The nanofluids SiO2-450 and SiO2-800 show 

lower viscosity compared to SiO2-27 is due to the lower inter-molecular attraction 

between the base fluids and nanoparticles as a result of the lower surface area of the 

synthesize SiO2-450 and SiO2-800 nanoparticles [103].  

The SiO2-27 nanofluids show an increase of viscosity ~ 5 times higher 

compared to the eutectic salt at 400°C, which is due to higher agglomeration of 

nanoparticles. A similar conclusion was obtained for ethanol (density 0.798 g/cm3) 

based nanofluids with SiO2 nanoparticles having a size of 35 nm, 94 nm and 190 nm 

and the results demonstrate that the nanoparticle having a larger size (190 nm) in the 

base fluid possess the lower viscosity [104]. The smaller particle size has a more 

compressed layer than larger particle due to higher surface area and smaller size has 

more volumetric concentration [105]. While decreasing the particles size at constant 

volume fraction, the inter-particle distance is decreasing which favours the Van der 

Waals attractive force, resulting in the agglomeration and higher viscosity of the 

nanofluids and the phenomenon was clearly observed in the present study [106]. 

However, monodispersed and spherical shaped synthesized SiO2 

nanoparticles show lower viscosity due to the presence of individual nanoparticles, 
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even in the melting state, compared to the one of commercially purchased SiO2-27.  

 

Figure 4.9. Rheometer analysis of the eutectic salt, SiO2-27, SiO2-450 and SiO2-800 

nanofluids. 

  

Finally, the Surface charge of the nanoparticles is the most fundamental 

properties to know about the tendency of the colloidal stability of nanofluids. The 

stability of the nanofluid depends on the zeta potential value of the nanoparticles, 

accordingly if the value is ± 0-10 mV then it is highly unstable, ± 10-20 mV is 

relatively stable, ± 20-30 mV is moderately stable and > ± 30 mV is highly stable 

[107]. The measured zeta potential value for the aqueous based SiO2-27, SiO2-450 

and SiO2-800 is -28 mV, -36 mV and -36 mV, respectively. The synthesized SiO2 

nanoparticles have the tendency for high dispersion stability inside the nanofluids. 

Figure 4.10 shows the stability test performed at the static mode in the 

furnace at 400°C for SiO2-27, SiO2-450 and SiO2-800 based nanofluids. After re-

dispersion by mechanical agitation, the results demonstrate that the SiO2-27 

nanoparticles were floating on the top of the molten nanofluid while in the case of 

the SiO2-450 and SiO2-800 maintained dispersed even after 24 hours.  

In summary, the synthesized SiO2 nanoparticles have shown a negative 

impact on the enhancement of the heat capacity and thermal conductivity; while a 

positive effect was obtained for the viscosity and dispersion stability with time. This 

result provides guidance on the development of stable nanofluids with enhanced 
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thermophysical properties through optimizing the combination between the size of 

the nanoparticles and the zeta potential value. 

 

Figure 4.10 Visual stability of the molten salt-based SiO2 nanofluids. 
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Chapter 5. Nanoparticles Composition Effect 

 

 

Up to now, different types of monotype nanoparticles, especially Al2O3 and 

SiO2 nanoparticles have been used for the preparation of molten salt-based 

nanofluids. Thus, the present chapter aims to investigate the effect of adding 

SiO2@Al2O3 core-shell nanoparticles, which possess different chemical nature and 

gravitation effect in the base fluids, on the dispersion stability and thermophysical 

properties of the nanofluids. Therefore, the Al2O3-12 nm nanoparticles were used as 

a core and the thickness of the SiO2 outer shell was controlled by changing the 

concentration of silica precursor. The formation of SiO2@Al2O3 core-shell was 

confirmed by FTIR, TEM, SEM, EDX analyses. The new SiO2@Al2O3 core-shell 

nanoparticles will help to obtain the stable nanofluids based on the inorganic molten 

salts. However, SiO2@Al2O3-10, SiO2@Al2O3-20 and SiO2@Al2O3-35 core-shell 

nanoparticles with an inner diameter, i.e. Al2O3, of 12 nm and shell diameter, i.e. 

SiO2, of around 1 nm, 2 nm and 5 nm were obtained, respectively. The effects of the 

new SiO2@Al2O3 core-shell nanoparticles on the thermophysical properties of the 

base fluid (NaNO3-KNO3 with 51-49 wt%) were studied by laser flash analysis 

(LFA) and rheometry techniques. Changes of the thermophysical properties and 

viscosity of the nanofluids were observed depending on the thickness of the outer 

shell size of SiO2 in the nanomaterials. 

5.1. Characterization of the core-shell nanoparticles 

Figure 5.1 shows the room temperature XRD diffractogram of SiO2@Al2O3-

10, SiO2@Al2O3-20 and SiO2@Al2O3-35 core-shell nanoparticles after being 

calcined at 600ºC. From the XRD analyses, the three different types of SiO2@Al2O3 
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core-shell nanomaterials show as main phase Al2O3 with the cubic structure (γ-

Al2O3) having a space group of F d -3 m. In addition, the presence of a small broad 

peak at around 22º was found which corresponds to the amorphous SiO2 [108]. The 

pre-eminence of the Al2O3 peaks was observed due to very thin layer formation of 

SiO2 on the top of Al2O3 nanomaterials. The amorphous nature of SiO2 was found in 

all the SiO2@Al2O3 core-shell nanomaterials.  

 

Figure 5.1. X-ray diffraction (XRD) diffractograms of three SiO2@Al2O3 core-shell 

nanoparticles calcined at 600°C. 

  

The FTIR spectra of SiO2, Al2O3, SiO2@Al2O3-10, SiO2@Al2O3-20 and 

SiO2@Al2O3-35 nanoparticles are shown in Figure 5.2a. In case of SiO2, the band 

observed at 459 cm-1 corresponds to Si-O-Si bending modes, 807 cm-1 is due to 

stretching vibration modes of Si-O-Si bond and at 1074 and 1220 cm-1 due to Si-O-Si 

asymmetric stretching modes [109]. In the case of Al2O3, the band at 511 cm−1 is 

assigned to the Al-O-Al bending mode, the one at 745 cm−1 to the Al-O stretching 

vibration mode and the band from 900 to 400 cm-1 is assigned for the vibrations of 

Al-O bond for Al octahedral [110, 111]. 

In the case of SiO2@Al2O3 core-shell nanoparticles, compared to the 

individual Al2O3 and SiO2 nanoparticles, we observed the appearance of new bands 

and the shift of the band positions corresponding to the wavenumbers of 811, 753, 

730, 699, 657, 542 and 520 cm-1. The appearance of new bands and the band shift 

were evidencing the formation of SiO2@Al2O3 core-shell nanoparticles, which is 

also confirmed by SEM, TEM and EDX analyses. The presence of the SiO2 

characteristic bands is clearly observed in the region 1240-970 cm-1 as can be seen in 
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Figure 5.2b, thus, confirm the formation of the SiO2@Al2O3 core-shell nanoparticles 

[108]. On the other hand, while increasing the concentration of Si precursor, the 

intensity of the bands is increased due to the increasing of outer SiO2 shell thickness.    

 

Figure 5.2. a) FTIR spectra of SiO2, Al2O3 and SiO2@Al2O3-10, SiO2@Al2O3-20 and 

SiO2@Al2O3-35 core-shell nanoparticles. b) enlarged view of SiO2@Al2O3-35 spectra. 

 

Figure 5.3 shows the SEM micrographs and their EDX with mapping 

analyses obtained for SiO2@Al2O3-10, SiO2@Al2O3-20 and SiO2@Al2O3-35 core-

shell nanoparticles. The homogeneity of synthesized core-shell nanomaterials was 

confirmed by EDX with a good distribution of Si and Al nanomaterials. The carbon 

peak present in the EDX spectrum is due to the adhesive carbon tape, which is used 

during the SEM sample preparation. In addition, the distribution of the Si and Al 

were confirmed from mapping as well. As it is expected, the weight and atomic 

concentrations of Si element increased while increasing the thickness of the outer 

shell.  

 

Figure 5.3. SEM micrographs and their corresponding EDX mapping and analyses of a) 

SiO2@Al2O3-10, b) SiO2@Al2O3-20 and c) SiO2@Al2O3-35 core-shell nanoparticles. 
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Figure 5.4 shows the TEM micrographs of chain-like aggregation of 

SiO2@Al2O3-10, SiO2@Al2O3-20 and SiO2@Al2O3-35 core-shell nanoparticles. 

From the TEM image, it is clear that the different thicknesses of the SiO2 layer 

observed depend on the concentration of Si precursor. The SiO2@Al2O3-10 

nanoparticles show a particle size of 12 ± 2 nm, however, for the lowest 

concentration of Si precursor, the coating layer of SiO2 is not clearly visible by TEM. 

Nevertheless, the presence of Si was observed by SEM-EDX with mapping analysis. 

While increasing the concentration of the Si precursor, the coating of the SiO2 on the 

top of Al2O3 was clearly visible from the TEM image and forms a well-connected 

chain-like aggregation structure. For the sample of SiO2@Al2O3-20 we observed a 

particle size of 14 ± 2 nm with an outer shell thickness of around 2 nm. Similarly, the 

size of SiO2@Al2O3-35 is 17 ± 2 nm with an outer shell thickness of around 5 nm.   

 

Figure 5.4. TEM micrographs with small and large magnifications of a) SiO2@Al2O3-10, b) 

SiO2@Al2O3-20 and c) SiO2@Al2O3-35 core-shell nanoparticles. 

 

5.2. Thermophysical properties of the nanofluids 

The specific heat capacity, thermal conductivity, and viscosity are the key 

characteristics properties of the nanofluids, which are used in TES applications. 

According to Shin et al., the Cp enhancement depends on different factors such as 

high surface energy or surface area of nanoparticles, semi-solid layer formation over 

the nanoparticles by molten salt and solid fluids interaction [112]. The Cp 

enhancement was also explained by Zhang et al. by lamellar network structure via 

the creation of different thicknesses of high-density salt phase on the surface of the 

nanoparticles [99]. Recently, Mondragón et al. reported this enhancement to be 
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related to the ionic exchange properties between nanoparticles and molten salt [33]. 

So, the specific heat capacity of the molten salt-based nanofluids depends on the 

different parameters such as the preparation method of nanofluids, structure and size 

formed between nanoparticle and base fluids. There are several works demonstrating 

the influence of nanoparticle type on the specific heat capacity[99, 113, 114]. In the 

present work, a detailed investigation of the thermal conductivity and viscosity of 

SiO2@Al2O3 core-shell molten nitrate salt based nanofluid was carried out. 

Figure 5.5 shows the thermal diffusivity values obtained for the nanofluids 

based on SiO2@Al2O3-10, SiO2@Al2O3-20 and SiO2@Al2O3-35 core-shell 

nanoparticles in the temperature range of 250-400ºC. Different results were obtained 

depending on the thickness of the outer shell of SiO2@Al2O3 nanoparticles. A 

positive effect was observed for SiO2@Al2O3-35, whereas, a negative effect was 

obtained for SiO2@Al2O3-10 and SiO2@Al2O3-20 core-shell based nanofluids. 

Thermal diffusivity of SiO2@Al2O3-10 nanofluid shows a -8 to -4% decrease, 

SiO2@Al2O3-20 nanofluid varies from 0 to -2% and SiO2@Al2O3-35 nanofluid show 

an increase of 7 to 14% compared to the base fluid. Thermal conductivity (Figure 

5.6) was calculated by using thermal diffusivity, density and specific heat capacity 

values of the corresponding SiO2@Al2O3 nanofluids. Accordingly, SiO2@Al2O3-10 

nanofluid shows lower values by -6 to -2%, SiO2@Al2O3-20 nanofluid shows 

different values ranging from 3 to -1% and SiO2@Al2O3-35 nanofluid shows an 

increase of 11 to 19% in the temperature range of 250-400ºC. 

 

Figure 5.5. Thermal diffusivity of eutectic salt and eutectic salt + 1 wt% of SiO2@Al2O3 

core-shell nanoparticles. 
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Generally, different mechanisms were proposed for the enhancement of the 

thermal conductivity of nanofluids like Brownian motion of the nanoparticles, 

interfacial layer between the nanoparticles and base fluids, clustering effects of the 

nanoparticles and the intrinsic heat transport properties of the nanoparticles [11, 

115]. In our case, a maximum enhancement of the thermal conductivity of 19% was 

observed for SiO2@Al2O3-35 nanofluid, while zero or negative enhancements were 

observed for SiO2@Al2O3-10 and SiO2@Al2O3-20 nanofluids. This observation 

confirms that the well-connected chain-like aggregation between the SiO2 and Al2O3 

nanomaterials plays an important role in the enhancement of the thermal 

conductivity. Increasing the concentration of Si precursor helps to form a well-

connected network structure, in this case for SiO2@Al2O3-35 core-shell 

nanoparticles. Since this interconnected chain-like aggregation provides a 

preferential heat direction path which helps to increase the thermal conductivity of 

the nanofluids [100]. While lacking interconnection between the SiO2 and Al2O3 

nanomaterials due to the low concentration of Si precursor in the case of 

SiO2@Al2O3-10 and SiO2@Al2O3-20 core-shell nanoparticles may lead to a lower or 

negative effect on thermal diffusivity.  

 

Figure 5.6. Thermal conductivity of eutectic salt and eutectic salt + 1 wt% of SiO2@Al2O3 

core-shell nanoparticles. 
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A huge effort from the scientific community was focused on the investigation 

of the enhancements of Cp and thermal conductivity, but only a few works show the 

effects of viscosity by the addition of nanoparticles in the molten salt [55, 94]. It is 

well known that the addition of nanoparticles in the molten salt increases the 

viscosity, which is simultaneously affecting the heat transfer properties due to the 

modification of the Reynolds number affecting the pumping power and pressure drop 

in the laminar flow [94, 102]. Apart from that, a big increase of such property value 

may limit further deployment of these nanofluids. Figure 5.7 shows the viscosity 

values obtained for the nanofluids based on SiO2@Al2O3-10, SiO2@Al2O3-20 and 

SiO2@Al2O3-35 core-shell nanomaterials in the temperature range of 250-400ºC. 

The increment of the viscosity was observed for the SiO2@Al2O3-10 nanofluids 

ranges from 16 to 25%, SiO2@Al2O3-20 nanofluids range from 16 to 30% and 

SiO2@Al2O3-35 nanofluids range from 25 to 34% compared to the base fluids. In 

general, at the higher temperature, the viscosity of the nanofluids decreased due to 

the weakening of the intermolecular attraction between the base fluid and 

nanoparticles, which is in agreement with the results published in [102]. This 

investigation shows that an elongated structure of nanoparticles provokes higher 

viscosity increase compared to a spherical one and that the viscosity of nanofluids 

decreased by increasing the sizes of the nanoparticles, which means lower specific 

surface area [102, 116]. In our case, the well-interconnected chain-like structure has 

high elongation, which explains that the SiO2@Al2O3-35 nanofluid counts with 

higher viscosity compared to SiO2@Al2O3-10 and SiO2@Al2O3-20 core-shell 

nanoparticle based nanofluids. 

 

Figure 5.7. Viscosity of nanofluids based on eutectic salt and 1 wt% SiO2@Al2O3 core-shell 

nanoparticles.
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Part 1. General Conclusion 

 

 

The molten salt-based nanofluids were introduced to enhance the 

thermophysical properties of the eutectic salt. In this work, an optimized simple dry 

method for obtaining nanofluids by physical shaking results in good dispersion of the 

nanomaterials within the base fluid, i.e. molten salt. To improve the dispersion 

stability of the nanofluid which is the responsible for the discrepancy of the reported 

results in the literature, different type, size, composition and shape of nanoparticles 

were used to prepare the nanofluids. 

In the case of nanoparticles shape effect, two nanofluids based on Al2O3 

nanospheres (Al2O3-NPs) and Al2O3 nanorods (Al2O3-NRs) were investigated. The 

Al2O3-NPs-nanofluid and Al2O3-NRs-nanorods show enhancements of their specific 

heat capacity and thermal conductivity, but as expected, an increase of their viscosity 

was observed. The different enhancements were attributed to the contributions of the 

size, shape and specific surface area of the involved nanoparticles 

 In the solid state, the Al2O3-NRs-nanofluid has the highest enhancement of 

the thermal conductivity of 20% and the lowest enhancement of thermal 

conductivity of 12% was observed for Al2O3-NPs-nanofluid.  

 In the liquid state, the highest enhancement of the specific heat capacity of 

6% was observed for Al2O3-NPs-nanofluid, while for Al2O3-NPs-nanofluid 

it is 3%, which correlates to the specific surface area of the nanoparticles. 

Accordingly, Al2O3-nanorods shows higher specific heat capacity compared 

to the Al2O3-nanoparticles via its high surface area, which provides high 

interfacial resistance or interaction and it helps to store the additional energy.  
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 In the case of the thermal conductivity, similar enhancements of around 11% 

were observed for both nanofluids below 270ºC. A higher enhancement of 

16% for Al2O3-NPs-nanofluid was obtained as compared to 12% for Al2O3-

NRs-nanofluid above 350ºC, due to the predominant contribution of the 

nanoparticles Brownian motion, which is more pronounced for Al2O3-NPs 

with smaller size and spherical shape.  

 For the viscosity, the lowest increment of 5% was observed for Al2O3-NPs-

nanofluid compared to 12% for Al2O3-NPs-nanofluid at 250°C, which was 

attributed to the difference in the hydrodynamic resistances of the 

investigated nanoparticles.  

In summary, the Al2O3-NPs-nanofluid and Al2O3-NRs-nanofluid present 

different behaviours in liquid and solid states. The Al2O3-NRs-nanofluid presents the 

best enhancements of the specific heat capacity and thermal conductivity in the solid 

state, while in a liquid state, the Al2O3-NPs-nanofluid presents the highest thermal 

conductivity enhancement and the lowest increment of viscosity.  

In the case of nanoparticles size effect, three nanofluids based SiO2 

nanoparticles with three different sizes of 27 nm, 450 nm and 800 nm were studied. 

The obtained results can be summarized as follows: 

 Nanofluids based on 450 nm and 800 nm silica nanoparticles demonstrate 

superior stability, as compared to nanofluids based on 27 nm nanoparticles, 

which was confirmed by visual observations and zeta potential experiments. 

 Nanofluids based on 450 nm and 800 nm silica nanoparticles demonstrate 

only 48% viscosity enhancement, contrary to nanofluids based on 27 nm 

nanoparticles for which viscosity increased 5 times at 400ºC, as compared to 

a nanoparticle-free molten salt. 

 Nanofluids based on 450 nm and 800 nm silica nanoparticles show no 

enhancement of heat capacity or thermal conductivity, suggesting that a 

compromise between nanofluid stability and thermophysical properties is 

governed the nanoparticle size.  
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 The synthesized monodispersed nanoparticles were homogeneously dispersed 

in the molten salt, which is beneficial for understanding the correlation 

between the theoretical and experimental results.  

The obtained results provide a methodological route for the development of 

stable nanofluids with enhanced thermophysical properties by optimizing the size 

and zeta potential value of the nanoparticles. From the size effect of SiO2 

nanoparticles, the smaller size with a high surface area of the nanomaterials based 

nanofluids shows the higher enhancement of the thermophysical properties and the 

higher negative impact on the viscosity; while increasing the size of the nanoparticles 

shows no enhancements of thermophysical properties and lower impact on the 

viscosity.  

In the case of nanoparticle composition effect, three nanofluids based on 

synthesized SiO2@Al2O3 core-shell with different thicknesses of the SiO2 shell were 

investigated. 

 The synthesized SiO2@Al2O3 core-shell nanoparticles show the enhancement 

of thermophysical properties of nanofluids, depending on the thickness of the 

SiO2 layer on the top of Al2O3 nanoparticles. From the accomplished analyses, 

we observed enhancements of thermal conductivity of ~19% for the nanofluids 

based on SiO2@Al2O3-35 core-shell nanoparticles. Such observation can be 

explained by the formation of a chain like aggregation of SiO2@Al2O3-35 core-

shell nanoparticles, promoting the heat transfer in the nanofluid. A similar 

phenomenon may be responsible for the observed increment of 25 to 34% in 

the viscosity of this nanofluid. 

 In general, the shape, size and composition of the nanoparticles need to be 

optimized in order to obtain a good compromise between the long-term 

dispersion stability of the nanofluids and the optimal increase of their 

thermophysical properties. It is worth to mention here that the surface area of 

the nanoparticles is playing a crucial factor for enhancing the thermophysical 

properties mainly specific heat capacity and thermal conductivity.  

 On the contrary, the high surface area of the nanoparticles playing a negative 

role in the increment of the viscosity of the investigated nanofluid. Therefore, 

nanoparticles with big particle sizes and higher specific surface area, 
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nanoporous materials, may lead to better enhancement of the thermophysical 

properties with limited impact on the viscosity. 
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Part 2. General Introduction 

Currently, the considerable scientific effort is focused on the development of 

new molten salt-based nanofluids as storage materials with enhanced thermophysical 

properties. The corrosion mechanism between the molten salt and storage materials 

is clear and several works are shown in the literature. However, the effect of adding 

nanoparticles in the molten salt is still needed to be explored because it will 

profoundly detrimental for the implementation of nanofluids on an industrial scale. 

The present part of the thesis investigated the effects of nanoparticles addition on the 

corrosivity of the molten salts. On the first hand, the effect of adding the commercial 

Al2O3, SiO2 and TiO2 nanoparticles were studied. On the second hand, the use of a 

simple graphitization process of the carbon surface to protect it again the corrosivity 

of the molten salt was highlighted. For that purpose, systematic corrosion 

experiments were carried out by using different time intervals like 250h, 500h, 1000h 

and 1500h. The experiments were conducted under an air atmosphere at two 

temperatures of 310°C and 390°C. To shed some light on the corrosion mechanisms 

and quantify corrosion rates a combination of advanced material characterization 

techniques like SEM, EDX, XPS depth profiling, FIB, XRD and TGA were applied. 

However, by using nanofluids based on a eutectic mixture of NaNO3-KNO3 

(51 wt%-49 wt%) we demonstrated that nanoparticles doping has complex effects on 

the corrosion rates of carbon steel. In particular, if the negative effect of 
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microbubbles of air trapped between the nanoparticles is not predominant, one can 

obtain reduced corrosion rates due to the incorporation of the nanoparticles into the 

oxidation layer. In this sense, we have studied that addition of 1wt% of nanoparticles 

to molten binary nitrate salt to reduce the corrosion rate of carbon steel tested at 

390°C by a factor of 3 and had a stabilizing effect on the corrosion scale. The 

anticorrosion effect of nano-additive was attributed to the formation of the iron-

nanoparticle mixed oxides on the carbon steel surface. In view of presented results, 

the use of molten salts based nanofluids in the CSP pertains not only to enhance 

thermophysical properties, but also to improve compatibility with construction 

materials. On the other hand, the graphitization anticorrosion method for carbon steel 

in contact with molten binary nitrate salt demonstrated a similar effect. It has been 

demonstrated that the surface spray-coating by graphite reduces the corrosion rate at 

least by a factor of 6 and stabilizes the corrosion scale by iron carbide crystals at 

temperatures of 390°C.  

In general, the obtained results are important both for expanding the very 

limited knowledge on the corrosion aspects of molten salts based nanofluids, as well 

as for the comprehensive evaluation of the feasibility of such nanofluids for TES 

applications.  
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Chapter 6. Effect of Al2O3 and SiO2 

Nanoparticles 

 

 

The main motivation for the present chapter is to fulfill the gap between the 

pronounced interests in molten salts based nanofluids and limited information 

regarding their corrosivity. Here we focus on Al2O3 and SiO2 nanoparticles dispersed 

in binary eutectic nitrate salt (NaNO3-KNO3 with 51:49 wt.%) and their effect on the 

corrosion of carbon steel A516 Gr70, which is widely used construction material for 

TES units. It was possible to separate two different corrosion aspects of molten salts 

based nanofluids, namely a positive effect of the incorporation of stable oxides into 

the corrosion layer and a negative effect of microbubbles formation. In this regard, 

reduced corrosion rates for molten salts based nanofluids were obtained as compared 

to the base fluids (molten salts without nanoparticles), when the negative effect of 

microbubbles was minimized. This decrease is mainly due to the incorporation of 

nanoparticles into the corrosion layer. It was identified that in order to take benefit of 

this positive effect, special attention must be taken during the melting process of the 

nanofluid in order to minimize the negative effect of microbubbles inside the storage 

tank at concentrated solar power plants.  

6.1. Corrosion test protocol 

For the corrosion tests, pieces of CS A516 Gr70 having a size of around 3 × 

12 × 14 mm were immersed in 5 g of each fluid, namely of eutectic salt and Al2O3 

and SiO2 based nanofluids. The corrosion tests were conducted under static 

immersion condition in an air atmosphere at 390ºC for periods of 250, 500, 1000 and 
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1500 hours. In order to check the effect of the microbubbles, the corrosion tests were 

also performed at 310ºC following the same protocol and conditions. The details of 

the corrosion protocol were mentioned in chapter 2.  

6.2. Carbon steel analysis 

Examples of SEM cross-sections of carbon steels after corrosion tests with 

eutectic salt, as well as after the tests with Al2O3 and SiO2 based nanofluids are 

presented in Figure 6.1, where well-defined corrosion layers are evident for all the 

samples.  

 

 

Figure 6.1. SEM cross-section images of the carbon steel after 1500 hours of corrosion tests 

at 390ºC with A) Eutectic salt, B) Al2O3 based nanofluid and C) SiO2 based nanofluid. 

 

A careful statistical evaluation of the corrosion layer thickness from the cross-

section images clearly reveals that Al2O3 based nanofluid and SiO2 based nanofluid 

have lower corrosion thicknesses as compared to the pure eutectic salt - Figure 6.2A. 

In particular, the obtained oxide layer after 1500 hours immersion tests for the 

eutectic salt is ~ 15.8 2.5 µm, for Al2O3 nanofluid, it is ~ 6.4 0.8 µm and for 

SiO2 nanofluid, it is ~ 5.7 1.6 µm. Such results correspond to the following 

corrosion rates: ~ 92 µm/year, ~ 37 µm/year and ~ 33 µm/year for the eutectic salt, 

Al2O3 nanofluid and SiO2 nanofluid, respectively. Expectedly, the thickness of the 

corrosion layer was increased with time for all the samples as can be seen in Figure 

6.2A. In addition, the maximum corrosion penetration depth was also analysed for 

each sample and is presented in Figure 6.2B. The highest penetration depth was 

observed for pure salt, while lower values were obtained for the nanofluids, 

following the same trend as the average corrosion layer thickness.  
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Figure 6.2. (A) Evolution of the corrosion layer thickness at 390°C and (B) maximum 

corrosion penetration depth for carbon steel during the immersion corrosion tests with pure 

eutectic salt and Al2O3 and SiO2 based nanofluids. 

 

Remarkably, the presence of nanoparticles also modified the corrosion rate 

evolution (Figure 6.2A). While pure eutectic salt demonstrates close to a linear 

increase of corrosion layer with time, nanofluids demonstrate close to parabolic 

dependence, where corrosion rates significantly decrease for exposure times higher 

than 250 hours. 

From the cross-section analysis, it is evident that the corrosion layer after the 

tests with nanofluids exhibits more cracks as compared to the pure salt case - Figure 

6.1. This may be explained by the phase composition of the corrosion layer - Figure 

6.3. In the case of nanofluids, the corrosion layer is formed by two different oxides, 

namely, magnetite (Fe3O4) and hematite (Fe2O3). Whereas, in the case of pure salt, it 

shows only a single oxidation phase of maghemite (Fe2O3). The presence of two 

different types of oxide phases in the corrosion layer might be responsible for the 

formation of cracks [65]. It is important to note that Fe2O3, being the higher 

oxidation state of iron as compared to Fe3O4, additionally signifies a higher corrosion 

rate for pure eutectic salt compared to the nanofluids.  From Figure 6.3 one can see 

that the peaks of the iron phase are more pronounced for the case of nanofluids. In 

general, the observable peaks of iron for all the samples are due to the fact that the 

penetration depth of the X-ray beam exceeds the corrosion layer thickness. In this 

sense, more pronounced peaks of pure iron phase in case of nanofluids confirm the 

lower thickness of the corrosion layer as compared to the pure salt case. In particular, 

for the case of Al2O3 and SiO2 based nanofluids the corrosion layer thickness is 

around 5 µm (Figures 6.1 and 6.2), so the X-ray beam penetrates the corrosion layer 

and largely reaches the pure iron phase. While in case of pure molten salts, the 
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corrosion layer is around 15 µm, so the X-ray beam hardly reaches the pure iron 

phase. This explains why for the case of nanofluids the intensity of iron peaks is 

much higher compared to pure salt.   

 

Figure 6.3. XRD patterns of CS before and after 1500h corrosion test at 390ºC. Pristine CS 

(black color), after corrosion test with eutectic salt (blue color), after corrosion test with 

Al2O3 nanofluid (green color) and after corrosion test with SiO2 nanofluid (pink color). 

 

The corrosion tests were conducted by using eutectic salt, Al2O3 and SiO2 

based nanofluids for time periods of 250, 500, 1000 and 1500 hours at 310°C. XRD 

patterns of carbon steel (CS) after these tests are shown in Figure 6.4 and are 

compared with pristine carbon steel. From the XRD analysis, it is evident that the 

hematite (Fe2O3) and magnetite (Fe3O4) phases are formed for all the samples after 

corrosion tests.   

 
Figure 6.4. XRD patterns of CS before and after 1500 hours of corrosion tests at 310ºC.  

Pristine CS (black color), Eutectic salt immersed CS (blue color), Al2O3 based nanofluids 

immersed CS (green color) and SiO2 based nanofluids immersed CS (pink color). 



Part 2. Nanofluid Compatibility with Tank Material 
 

109 

The mass gain analysis for all the samples is in agreement with the SEM 

observations. The mass gain evaluation graph from the initial state to 1500 hours is 

shown in Figure 6.5 and the mass gain over the different time periods was calculated 

using the following equation: 

 

where, Δm indicates the changes in the mass of the specimen, S0 is the initial area of 

the specimen, mi is the initial mass of the specimen and mf is the final mass of the 

specimen at different time intervals [117]. 

 

 
Figure 6.5. Gravimetric analysis of the carbon steel after corrosion tests with eutectic salt, 

Al2O3 and SiO2 based nanofluids at 390ºC. 

 

Pure eutectic salt resulted in higher mass gain as compared to Al2O3 and SiO2 

based nanofluids, which corroborates the higher oxidation in the case of eutectic salt. 

The obtained mass gain after 1500 hours corrosion test with eutectic salt is ~ 2.2 

mg/cm2, after Al2O3 based nanofluids it is ~ 0.7 mg/cm2 and after SiO2 based 

nanofluids, it is 0.6 mg/cm2 respectively. The same behaviour was found for the 

Al2O3 based nanofluids with a mass gain after 1500 hours lower than the one at 1000 

hours. The dynamics of oxidation is also in agreement with the SEM and XRD 

analyses.  

 

The dynamics of oxidation is also evident from the XRD analysis - Figures 

6.3 and 6.4. The observed decrease of corrosivity for the nanofluids can be due to the 
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incorporation of stable nanoparticles into the corrosion layer and hence its 

stabilization. For example, it has been reported that the formation of a uniform thin 

layer of alumina on the surface of the alloy before exposure to the molten chloride 

salt reduces the corrosion rate [118]. With this regard, the pronounced growth of the 

corrosion layer before 250 hours may be due to the rapid formation of the initial 

oxide. While after the formation of a thickness of around 2.5 μm and the 

incorporation of Al2O3 and SiO2 nanoparticles into the oxide layer the corrosion rate 

decreases. This phenomenon is clearly noticeable from the Figure 6.2A, where for 

250 hours the thickness of the corrosion layer is similar in all the cases, including the 

eutectic salt; however, starting from 500 hours, the corrosion rate of the eutectic salt 

is higher compared to nanofluids. Both Al2O3 and SiO2 nanofluids show a similar 

thickness of the oxidation layer in the whole time range.   

 

 

Figure 6.6. SEM images and their corresponding EDX mapping for cross-sections of carbon 

steel after 1500 hours corrosion test at 390ºC with A) Eutectic salt, B) Al2O3 based nanofluid 

and C) SiO2 based nanofluid. 

 

The maximum penetration depth of the corrosion was also identified from the 

SEM cross-section analysis as can be seen in Figure 6.2B. Such localized corrosion 

is important from a practical point of view, as it is responsible for construction 
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material failure. After 1500 hours the maximum penetration depth of the corrosion 

layer for the eutectic salt is ~ 21 µm, for Al2O3 nanofluid it is ~ 8 µm and for SiO2 

nanofluid it is ~ 9 µm. The reduced maximum penetration depth for nanofluids may 

also be due to the incorporation of nanoparticles into the corrosion layer. In order to 

explore such a hypothesis, the EDX-analysis was performed for all the samples - 

Figure 6.6. 

 From the EDX-mapping, it is clear that after the immersion tests with carbon 

steel and eutectic salt, the corrosion layer is formed by iron oxide (only iron and 

oxygen are detected in the layer), and after the tests with nanofluids additionally the 

elements of nanoparticles (Al or Si) are detected in the corrosion layer. Particularly, 

high concentration of Al was clearly observed in Al2O3 based nanofluid case (Figure 

6.6B) and a high concentration of Si was detected for SiO2 nanofluid case (Figure 

6.6C), which is marked with red lines. The incorporation of the Al and Si elements in 

the oxide has a relatively similar thickness. This passive layer formation by the 

nanoparticle may act as a corrosion inhibitor, which reduces the thickness of the 

oxide layer as compared to eutectic salt due to physical or chemical incorporation of 

nanoparticles.  

One should note that the chemical incorporation of alumina nanoparticles is 

likely to reduce the corrosion rates. For example, it was demonstrated that high Al 

content in stainless steel alloys reduces the corrosion rates due to protective alumina 

layer formation [119–121]. In this work, we found reduced corrosion rates for both 

alumina and silica-based nanofluids. This allows presuming similar protection 

mechanism for both nanoparticles. However, the mechanism behind the effect of Si 

is yet to be demonstrated. On the other hand, possible physical incorporation of the 

nanoparticles into the corrosion scale needs further investigation, as while the short-

term effect may be positive due to reduced diffusion of molten salt, in long-term run 

physical phenomena like erosion and spallation may take place.         

The incorporation of nanoparticles into the corrosion layer reduces the 

concentration of nanoparticles in the salt and therefore affects the thermophysical 

properties of the nanofluid. Under the conditions of the corrosion tests performed in 

this work, the amount of incorporated nanoparticles is very low. In particular, no 

noticeable difference in Al/Si concentration was detected by EDX analysis for the 

salts after the corrosion tests as compared to as-prepared salts. Nevertheless, for the 
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real application, such incorporation should be taken into account and additional 

nanoparticles need to be added to the salt to compensate for the loss.   

 The phases containing Al or Si expectedly were not detected by means of 

XRD (Figure 6.3) due to the very low concentration of nanoparticles in the salt.  

 

Figure 6.7. SEM images for the surface of the carbon steel after 1500 hours corrosion test at 

390ºC with A) Eutectic salt, B) Al2O3 based nanofluid and C) SiO2 based nanofluids. 

 

The SEM analysis of surfaces of carbon steel after the corrosion tests further 

supports the positive effect of nanoparticles - Figure 6.7. The surface of CS after the 

corrosion test with eutectic has more defects compared to nanofluids cases. In 

particular, the surface is not homogeneously oxidized and large spots of 50-100 µm 

with a higher degree of oxidation (according to oxygen content – Figure 6.8B) are 

present all over the surface (Figure 6.7A). The higher magnification of such defects 

in Figure 6.7 demonstrates significantly higher corrosion penetration, which results 

not only in higher corrosion rates as will be shown below but also in higher values of 

corrosion layer standard deviation (Figure 6.11). On the contrary, the surfaces of 

carbon steel after corrosion tests with nanofluids are homogeneously oxidized and 

A 

B 

C 
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the defects mentioned above were not detected (Figure 6.7B and 6.7C). The 

inclusions of corresponding nanoparticles were also detected (Figure 6.7B and 6.7C). 

The elemental composition for the surfaces of the CS before and after 1500 

hours corrosion tests is shown in Figure 6.8. The pristine CS has two different types 

of roughness with similar Fe composition as it can be observed in Figure 6.8A. After 

1500 hours corrosion test with the eutectic salt, the oxidation of the surface and non-

homogeneous incorporation of Mg can be detected – Figure 6.8B. While after 1500 

hours of corrosion tests with nanofluids the Mg was not detected, instead the 

elements of Al and Si were found for Al2O3 and SiO2 based nanofluids cases 

respectively. Mg is a typical impurity in the nitrate salts, which were used for the 

preparation of the eutectic salt. More commonly, Mg interacts with magnetite 

(Fe3O4) and forms a stable compound of Magnesium ferrite (MgFe2O4) phase [117]. 

Competitive incorporation of Mg and elements of corresponding nanoparticles 

signifies the chemical interaction of the nanoparticles with the corrosion layer, rather 

than just physical incorporation. In our previous work, we discussed this effect in 

terms of different electronegativity of Mg, Al and Si elements [122].  

 

Figure 6.8. SEM and EDX analyses of the surface of a) pristine carbon steel; and carbon 

steels after 1500 hours corrosion tests at 390ºC with b) Eutectic salt; c) Al2O3 based 

nanofluid, and d) SiO2 based nanofluids. 

 

The reduced corrosion rates of nanofluids as compared to pure eutectic are in 

strong contradiction with our previously reported results for HitecXL salt based 
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nanofluids [68, 122], where we identified two major factors affecting the corrosion 

of carbon steel by molten HitecXL with nanoparticles: 1) incorporation of 

nanoparticles into the corrosion layer and 2) formation of microbubbles, which 

remain in the salt for a long time (~ 4 days at 310ºC in that case) increasing the 

oxidation rates [122]. Particularly, one can clearly see the formation of agglomerates 

after the nanofluid preparation (Figure 6.13). Such agglomerates result in an inter-

particles pores, which contains air. After melting the salt, this air tends to be released 

in the form of bubbles.  

 

 

Figure 6.9. Air microbubbles evolution in molten Al2O3 nanofluid at a) 390ºC and b) 310ºC. 

 

In the present work, due to the different composition of the salt and the higher 

temperature of corrosion tests the microbubbles were removed from the molten salts 

after a shorter time period (several hours) after melting, while for HitecXL salt it was 

more than 4 days [122]. Therefore, the comparison of previously obtained result 

[122], and present results allow separating these two major aspects of nanofluids. In 

particular, one can suggest that incorporation of nanoparticles into the corrosion 

layer reduces the corrosion rates by stabilizing the oxidation scale, while the 

pronounced the formation of the microbubbles favours the corrosion due to increased 

amount of oxygen in the system. In order to check the air microbubbles evolution in 

the case of eutectic salt, we performed two experiments using Al2O3 based nanofluid 

at 310ºC and 390ºC and the results are demonstrated in Figure 6.9. At 390ºC, it takes 

only ~ 2 hours for microbubbles of air to escape completely from the molten salt, but 

at 310ºC even after 3 days, some microbubbles are still visible. In order to confirm 

the effect of air bubbles on the corrosion rates, we performed immersion corrosion 

experiments with eutectic salt and Al2O3 and SiO2 based nanofluids at 310ºC.   
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Remarkably, at 310ºC the corrosion layer is larger for nanofluids compared to 

pure salt, which is evident from the statistical cross-section analysis (see Figure 6.10 

for the example), which is in agreement with the previous work performed for 

HitecXL based nanofluids [122].  

 

Figure 6.10. Cross-sections of carbon steel after 1500 hours of corrosion tests at 310ºC with 

A) Eutectic salt, B) Al2O3 based nanofluid and C) SiO2 based nanofluids. 

 

The results of the corrosion tests at 310ºC experiments are compared with the 

results of corrosion tests performed at 390ºC in Figure 6.11. It is notable that at 

310ºC the presence of nanoparticles in the molten salts increases the corrosion rate 

about twice compared to pure eutectic. This is in strong contrast to the results 

obtained at 390ºC, where the presence of nanoparticles results in lower corrosion 

rates (Figure 6.2). Such observations are in favour of the hypothesis that the negative 

effect of air microbubbles is prevailing at 310ºC, while it becomes secondary at 

390ºC due to their fast evaporation. On the other hand, incorporation of nanoparticles 

decreases the corrosion rates and is observed independently on temperature.    
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Figure 6.11. Corrosion layer thickness for carbon steel after 1000 hours immersion tests at 

310ºC and 390ºC with pure eutectic salt and Al2O3 and SiO2 based nanofluids. 

6.3. Molten salt and molten salt-based nanofluids analysis 

Molten salts and molten salts based nanofluids were examined before and 

after the corrosion tests in order to check for any degradation phenomena. FTIR 

spectra of pure eutectic salt, Al2O3 and SiO2 based nanofluids were analysed after 

corrosion and no modifications were found, which is shown figure 6.12. In the FTIR 

spectra of SiO2 nanomaterials, the peaks observed at 464 cm-1 and 1070 cm-1  

correspond to bending and asymmetric stretching vibration modes of Si-O-Si bonds, 

whereas, the peak at 812 cm-1 corresponds to the symmetric vibration of Si-O bond 

[123]. In Al2O3 nanomaterials, the strong absorption bands observed near to 726 

cm−1 and 516 cm−1 can be assigned to Al-O stretching mode and Al-O-Al bending 

mode of γ-Al2O3 [81]. In the pure eutectic salt, the peaks were observed at 721 cm-1 

for asymmetric in-plan bending modes, 828 cm-1 due to O-N-O bending mode and 

1334 cm-1 due to NO3 stretching mode [82]. The small peaks near to 1774 cm-1 and 

2434 cm-1 describe the stretching modes of nitrate ions [82]. The addition of the 

nanoparticles into the salt did not result in the formation of new interaction (no new 

peaks at the FTIR spectra) between nanomaterials and eutectic salt. Such a result 

suggests the absence of pronounced interaction of molten salts and nanoparticles. 
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Figure 6.12. FTIR spectra of pristine Al2O3 NPs, SiO2 NPs and eutectic salt; and tested 

eutectic salt, Al2O3 based nanofluids and SiO2 based nanofluids after 1500 hours corrosion 

test. 

The observed peaks for eutectic salt and nanomaterials remained in the same 

positions without changing their wavenumber region. The pristine Al2O3 and SiO2 

based nanofluids show prominent metal oxide bonds for Al2O3 and SiO2 

nanomaterials combined with eutectic salt. After 1500 hours of corrosion reaction, 

we did not find any new peaks, which confirmed that there is no additional impurity 

present in the fluids, and no decomposition reaction occurred, such as the conversion 

of NO3 to NO2, in the tested nanofluids. 

The dispersion of the nanoparticles before and after the corrosion tests were 

verified by SEM technique. The as-prepared nanofluids demonstrate the good 

distribution of the nanoparticles with agglomerates of no more than ~200 nm (Figure 

6.13a). After the corrosion tests, much larger agglomerates of around 2 µm were 

formed (Figure 6.13b). Such agglomerates were observed all over the salt after the 

corrosion test. The obtained results suggest that even though due to agglomeration 

during the corrosion test the local concentration of nanoparticles may be different 

from the initial 1 wt%, the surface of carbon steel is constantly exposed to SiO2 / 

Al2O3 permitting chemical and physical interaction. It, however, should be noted that 

agglomeration reduces the concentration of the nanoparticle elements available for a 
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chemical reaction. Therefore, pronounced agglomeration can mitigate the 

anticorrosion effect of nanoparticles in molten salts and should be avoided.     

 

Figure 6.13. SEM images of Eutectic + SiO2 salt a) before and b) after 1500h corrosion test 

at 390ºC. 

 

It is important to note that some settling of nanoparticles is likely to occur in a 

real system, which can affect the corrosion of the surfaces where the particles settle. 

Therefore, systematic study of the effect of nanoparticles settling on the corrosion (or 

potentially erosion) should also be performed. 

 

6.4. Enthalpy and melting temperature 

The enthalpy of eutectic salt, Al2O3 and SiO2 based nanofluids were studied 

after 1500 hours corrosion test and the results are shown in Figure 6.14. In general, 

the reported results in literature show that the enthalpy of the molten salt slightly 

decreases or increases depends on the concentration and types of the nanoparticles 

used [29]. For example, 1% CuO nanoparticles doped molten salt was decreasing the 

enthalpy, while 1% TiO2 nanoparticles doped molten salt was increasing the enthalpy 

as compared to the base salt [29]. In our present study, we observed small changes in 

the enthalpy of eutectic salt by the addition of the Al2O3 and SiO2 nanoparticles - 

Table 6.1. These changes might be due to size and agglomeration of the nanoparticle 

inside salt, which will alter or affect the properties of the base fluids [29]. Similarly, 

we observed minor modifications in onset melting temperature for Al2O3 and SiO2 

based nanofluids in comparison with base eutectic salt due to the addition of 

nanoparticles. The change in the melting temperature by the addition of the 

nanoparticles may be due to the confinement of the salt in the pores (inter-particle) 

generated by the agglomeration of the nanoparticle [29]. The values for the melting 

and solidification temperatures and the enthalpy during melting and solidification 

processes obtained for the eutectic salt, Al2O3 and SiO2 based nanofluids after 1500 
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hours corrosion tests are presented in Table 6.1. It is noteworthy to mention here that 

the obtained deviations are within the experimental error of the DSC equipment, 

which confirms that the addition of the Al2O3 and SiO2 nanomaterials did not affect 

significantly the melting and enthalpy of the investigated eutectic salt.  

 

Figure 6.14. DSC analysis of eutectic salt, Al2O3 based nanofluid and SiO2 based nanofluid 

after 1500 hours corrosion test. 

 

Table 6.1. Enthalpy, melting temperature and crystallization temperature of the eutectic salt, 

Al2O3 and SiO2 based nanofluids for after 1500 hours corrosion test. 

 

Fluid ΔHm (J/g) Tm (°C) ΔHsol (J/g) Tsol (°C) 

Eutectic 105 218 103 222 

Eutectic + 

Al
2
O

3
 NPs 104 220 103 222 

Eutectic + 

SiO
2
 NPs 103 220 103 222 

 

6.5. Thermogravimetric analysis (TGA)  

Thermogravimetric analysis of the eutectic salt, Al2O3 and SiO2 base 

nanofluids were carried out after 1500 hours corrosion tests to observe the stability of 

post-tested molten salts and the results are plotted in Figure 6.15. The samples were 

analysed with pre-correction using alumina sample holder as a reference crucible to 

get the accuracy of the measurements. To know the decomposition point, the tests 

were conducted in air atmospheres from RT to 700ºC with a heating ramp of 
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10ºC/min. From the analysis, we observed a more stable performance of the three 

different molten salts until 565°C.  

 

  
Figure 6.15. Thermogravimetric analysis of eutectic salt and Al2O3 and SiO2 based 

nanofluids after 1500 hours corrosion test. 

 

Similarly, no modifications were observed for melting temperature and 

enthalpy after the corrosion tests (Figure 6.14 and Table 6.1). Additionally, we did 

not observe any major change in the decomposition point for all the samples after the 

corrosion tests compared to as prepared ones - Figure 6.15. Such results indicate the 

absence of a chemical reaction between nanoparticles and the salt. This is important 

in terms of chemical stability of the nanofluid. Additionally, it indicates that the 

addition of nanoparticles is unlikely to modify the electrochemical potential of the 

salt, which is an important parameter for the corrosion process. Finally, the TGA 

analysis confirmed that the addition of nanoparticles did not produce major change 

on the thermal stability of the molten salt.  
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Chapter 7. Effect of TiO2 Nanoparticles 

 

 

The aim of this work is to define the dominant phenomena affecting the 

corrosivity of molten salts based nanofluids. For this purpose, a set of advanced 

techniques was applied to carbon steel tested with molten binary nitrate salt doped 

with titania nanoparticles. The corrosion rates were found to decrease considerably 

when nanoparticles were added, which was confirmed by three independent 

techniques (mass gain, cross-section analysis and XPS depth profiling). It was 

identified that the formation of mixed iron-titanium oxide is responsible for the 

stabilization of the corrosion layer and reduced corrosion rates. 

7.1. Corrosion test protocol 

For the corrosion tests, pieces of CS A516 Gr70 having a size of around 3 × 

12 × 14 mm were used. The corrosion tests were conducted in alumina crucible by 

immersing CS pieces in 5 grams of eutectic salt or TiO2 based nanofluid. The 

corrosion tests were conducted under static immersion condition in an air atmosphere 

at 390ºC for periods of 250, 500, 1000 and 1500 hours.  

7.2. Nanoparticles analysis 

SEM imaging of titania nanoparticles (Fig. 5.15, insert) has confirmed the 

average size of 21 nm specified by the supplier. Raman spectroscopy is the technique 

of choice for titania polymorphs characterization. Fig. 5.15 shows a Raman spectrum 

from the titania nanoparticles. The main peaks centered at 148 cm -1, ~400 cm -1, 

~520 cm -1 and ~640 cm -1 are close to the peaks positions in anatase, thus 
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concluding that the titania nanoparticles used in this study are mainly anatase 

polymorph.   

 

 
 

Figure 7.1. Raman spectrum of TiO2 –nanoparticles. Insert: SEM micrograph 

 

7.3. Carbon steel analysis 

A pronounced separation of the corrosion layer (peel off) in the case of a pure 

nitrate salt is clearly seen (Figure 7.2a), while homogeneous corrosion appears when 

titania nanoparticles were added (Figure 7.2b). The high-magnification micrographs 

reveal the difference in the corrosion layer morphology (Figures 7.2c and 7.2d versus 

Figures 7.2e and 7.2f). Specifically, one can see that the nanoparticles are merging 

with the typical flakes of iron oxide (Figure 7.2f) - the nanoparticles no longer 

possess the well-defined crystal shape as compared to the pristine nanoparticles 

(Figure 7.1, insert). Such observation is in favour of the chemical reaction between 

the nanoparticles and the corrosion layer. Another argument to support the idea about 

possible chemical reactions between titania and salt comes from the EDX analysis. 

Tables in Figure 7.1 list elemental concentrations for the corresponded surfaces. In 

case of nanoparticles-free nitrate salt apart from iron and oxygen, magnesium was 

detected. Magnesium is a common impurity in nitrate salts and is often detected in 

the corrosion layers [68,75,122,124,125]. On the other hand, for the nitrate salt 

doped with titania nanoparticles titanium was detected instead of magnesium, which 

indicates the predominance of the titania - iron reaction over the magnesium-iron 

reaction. Titanium was found all over the surface of the carbon steel. In some places, 

titanium forms large agglomerates ~5 µm in size, as it is evidenced in Figure 7.3.      
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Figure 7.2. SEM micrographs of the surface of CS after 1500h corrosion test at 390ºC with 

nanoparticles-free nitrate salt (a, c, d) and nitrate salt doped with 1wt% of TiO2 (b, e, f). 

 

 
 

Figure 7.3. SEM micrographs and EDX-mapping of the surface of CS after 1500h corrosion 

test at 390ºC with nitrate salt doped with 1wt% of TiO2. 

 

XPS spectra shown in Figure 7.4 confirm the above mentioned observations, 

namely, the presence of titanium and the absence of magnesium in the corrosion 

layer of carbon steel for the case of nitrate salt doped with titania nanoparticles 

(green line in Figure 7.4) while presence of magnesium was detected in the case of 

nanoparticle-free nitrate salt (red line in Figure 7.4).  
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Figure 7.4. XPS spectra of the surfaces of carbon steel (CS) after the 1500h corrosion tests 

with nitrate salt and nitrate salt doped with TiO2 nanoparticles (np). 

 

XRD diffractograms presented in Figure 7.5 reveal evolution of the chemical 

phase composition of carbon steel after the corrosion tests with nanoparticle-free 

nitrate salt and with the salt doped with titania nanoparticles. In particular, the 

surface of carbon steel after 1500h corrosion tests with nanoparticles-free nitrate salt 

contains two phases, namely, iron (Fe) and hematite (Fe2O3). On the other hand, the 

corrosion products after the tests with nitrate salt doped with titania are formed by 

magnetite (Fe3O4), which is a lower degree of oxidation compared to hematite, and 

iron-titanium mixed oxide (Fe1.7Ti0.3O3). The former phase suggests that upon 

oxidation of carbon steel in molten nitrate salt some Fe3+ iron atoms are substituted 

by titanium in hematite phase. Formation of such mixed oxide can be an explanation 

of the stabilization effect, which prevents corrosion layer from peeling off (Figure 

7.2). Quantitative XPS analysis of the carbon steel surface elemental composition 

after corrosion tests (Table 7.1) gives Ti:Fe ratio ~ 0.20 which is in accord with the 

XRD derived result: Ti:Fe=0.18. 
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Figure 7.5. XRD diffractograms of carbon steel before and after 1500h corrosion tests at 

390ºC with nitrate salt and nitrate salt doped with nanoparticles.   

 

Table 7.1. Quantitative XPS analysis (at%) of carbon steel after 1500h corrosion 

tests at 390ºC with nitrate salt (CS) and nitrate salt doped with nanoparticles (CS + 

TiO2) 

 

 Ti2p Fe2p O1s C1s Mg 

CS + TiO2 5 26 47 22 - 

CS - 32 66 1 1 

 

In order to quantify the effect of iron-titanium mixed oxide formation in the 

corrosion layer, the rate of oxidation was determined using three independent 

techniques. First, the mass gain evolution was examined, which was found to be 

more than twice lower for nitrate salt doped with nanoparticles than that for the 

nanoparticles-free salt after 1500h corrosion tests – Figure 7.6a. Next, a similar trend 

was observed for the corrosion layer evolution (Figure 7.6b), which was determined 

from the statistical examination of the cross-sections of carbon steel (Figure 7.7 as an 

example). Finally, the obtained results were confirmed by the XPS depth profiling 

technique, which revealed the enhanced thickness of the oxidation layer for 

nanoparticles-free nitrate salt compared to the salt doped with titania nanoparticles – 

Figure 7.8. Combined results of three techniques described above showed reduction 

by a factor of ~3 of the corrosion rate after 1500h corrosion tests for the salt doped 

with nanoparticles.  
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Figure 7.6. a) mass gain and b) corrosion layer thickness for carbon steel tested with molten 

nitrate salt and nitrate salt doped with TiO2 nanoparticles at 390ºC. 
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Figure 7.7. Cross-section of carbon steel after 1500h corrosion test at 390ºC with a) nitrate 

salt and b) nitrate salt doped with nanoparticles. 

 

Additional important observation can be extracted from XPS depth profiling 

experiments. In the case of nanoparticles-free nitrate salt magnesium incorporation 

into the corrosion layer of carbon steel can be tracked all along with the oxide layer 

(Figure 7.8a, green line). This suggests that Mg forms a mixed oxide with iron upon 

oxidation in molten nitrate salt. We were not able to determine the Mg-containing 

phase by means of XRD due to its very low content as can be seen the EDX (Figure 

7.2a) and from the XPS (Figures 7.4 and 7.8a) data. On the contrary, the titanium-

containing phase (Fe1.7Ti0.3O3) was found to be located mostly in the topmost surface 

of the corrosion layer (Figure 7.8b). In particular, the concentration of Ti drops 

exponentially after sputtering away ~1 µm of material and continue to decrease with 

depth in the corrosion scale. Such observation allows suggesting that after the 

formation of the mixed iron-titanium oxide further oxidation of carbon steel takes 

place by the diffusion of oxygen through the Fe1.7Ti0.3O3 phase. Such diffusion is 

apparently slower as compared to the diffusion through the mixed iron-magnesium 

oxide, which results in the lower corrosion rates in the case of nitrate salt doped with 

nanoparticles compared to nanoparticles-free salt.      
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Figure 7.8. XPS depth profiling for carbon steel after 1500h corrosion test at 390ºC with a) 

nitrate salt and b) nitrate salt doped with titania nanoparticles. Red lines present a depth 

profile of the iron oxide component (FeOx) of the Fe2p XPS spectral line. FeOx component 

intensity represents the contribution from several oxidation states of iron excluding metallic 

iron. 

 

Based on the XPS depth profiling and XRD analysis presented above, while 

taking into account EDX mapping, one can schematically represent the corrosion 

scale of carbon steel after the corrosion tests with nanoparticles-free molten nitrate 

salt and nitrate salt doped with titania nanoparticles (Figure 7.9).   

 
 

Figure 7.9. Schematic representation of corrosion layer of carbon steel after corrosion test at 

390ºC with molten a) nitrate salt and b) nitrate salt doped with titania nanoparticles based on 

XPS depth profiling and XRD analysis.  

 

Finally, the focused ion beam technique was used to obtain textural properties 

of the corrosion layers' cross-section. Due to low-voltage ion polishing, the cross-

section of the corrosion scale reveals the textural features (like cracks, voids, etc), 

which are typically lost during the mechanical polishing applied in conventional 
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cross-section preparation. Figure 7.10 clearly shows that corrosion layer of the 

carbon steel after the corrosion tests with molten nitrate salt poses more cracks 

(Figure 7.10a) as compared to the case of molten salt doped with titania 

nanoparticles (Figure 7.10b).  

 
Figure 7.10. Cross-section view of carbon steel after 1500h corrosion test at 390ºC with a) 

nitrate salt and b) nitrate salt doped with titania nanoparticles. Obtained with focused ion 

beam technique. 

 

All the described above observations provide strong evidence of the 

anticorrosion effect of titania nanoparticles doping into the molten nitrate salt. This 

effect we assign to the formation of mixed iron-titanium oxides. It is known from the 

literature that the doping by other nanoparticles like silica [37, 76, 122, 126] or 

alumina [76,122] also results in their incorporation into the corrosion layer. In 

particular, the incorporation of Al2O3 [6] and SiO2 [37, 126] nanoparticles was 

reported to decrease the corrosivity of molten salt. While in other work SiO2 

nanoparticles incorporation had a negligible effect on the corrosion, rates [6]. In the 

case when corrosion tests were performed at lower temperature (310ºC) micro-

bubbling of the nanofluids were found to be a dominating effect which led to 

increased corrosion rates, even though, the incorporation of Al2O3 and SiO2 

nanoparticles was also reported [3]. In this work, we have found that the mechanism 

of titania nanoparticles incorporation involves formation of mixed oxide with iron. 

Such results may also shed some light on the possible mechanism of SiO2 and Al2O3 

nanoparticles doping. In particular, in work [6] iron-silicon mixed oxide was reported 

as a corrosion product after corrosion test of Solar salt with SS 347. However, this 

Fe2SiO4 phase did not have a predominant role for the corrosion rates and the overall 

corrosivity of the salt did not change despite of nanoparticles doping [6]. 

7.4. Nanofluid analysis 

It is generally known that the nanoparticles doping can change the wetting 

properties of a fluid [127], which pertains to corrosion phenomena. With this regard, 
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high-temperature contact angle measurements were performed for molten salts and 

salt doped with nanoparticles. It was found that in the investigated temperature 

range, nanoparticles doping did not change the wetting properties of molten nitrate 

salt (Figure 7.11). Therefore, obtained reduction of corrosivity can be attributed to 

the mixed oxide formation, rather than to the wetting properties of the nanofluid. 

 
Figure 7.11. Contact angles of a) molten nitrate salt, b) molten nitrate salt + TiO2 NPs and c) 

their temperature dependence. 

 

It should be noted that both salts and nanoparticles were examined in terms of 

possible degradation after the corrosion tests by XRD (Figure 7.12) and no evidence 

of such modifications were detected. It was also verified that nanoparticles doping 

does not affect the decomposition temperature (and hence the operational 

temperature range) of the salt (Figure 7.13)  
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Figure 7.12. XRD pattern of binary nitrate salt doped with 1wt% TiO2 nanoparticles after 

1500h corrosion test with carbon steel at 390ºC. 

 

 
 

Figure 7.13. Thermogravimetric curves of as prepared nitrate salt, nitrate salt + 1wt% TiO2 

nanoparticles and nitrate salt + 1wt% TiO2 nanoparticles after 1500h corrosion test at 390ºC.
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Chapter 8. Graphitization as an Efficient 

Inhibitor Method 

 

 

The aim of this chapter is to test the graphitization method as a corrosion 

inhibitor for carbon steel by molten binary nitrate salt (NaNO3-KNO3), improving its 

durability and operational temperature range, particularly for the TES applications at 

CSP plants. This method was demonstrated to be effective in reducing corrosion 

rates, stabilizing the corrosion scale and preventing its separation. It has been 

demonstrated that the surface spray-coating by graphite of carbon steel reduces the 

corrosion rate at least by a factor of 6 and stabilizes the corrosion scale by iron 

carbide crystals at temperatures of 390ºC. 

8.1. Results and discussions 

Figure 8.1 shows surface morphology of carbon steel after 1500h corrosion 

tests at 390ºC. It is clear that the binary nitrate salt severely corrodes the carbon steel, 

which involves pronounced separation of the corrosion scale, localized corrosion and 

cracking (Figure 8.1a). In contrast, the graphitized carbon steel demonstrated 

significantly less corroded surface after the test - Figure 8.1b. Even though, 

graphitization did not result in a completely homogeneous surface after the corrosion 

test as some localized separation of the corrosion scale was evident. The depth of 

such spots is considerably lower (Figure 8.1b), as compared to that of the non-

graphitized steel sample (Figure 8.1a). A high-magnification image of the FIB made 

cross-section reveals that the corrosion scale of the non-graphitized carbon steel 

possesses more cracks as compared to the graphitized carbon steel – Figure 8.2. The 
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comparison of EDX analysis revealed the important difference in the chemical 

composition of the surfaces of non-graphitized (Figure 8.1a) and graphitized (Figure 

8.1b) carbon steels: the graphitized samples do not have Mg (a common impurity in 

nitrate salts) incorporated in the corrosion scale. This suggests that the reaction 

between graphite and carbon steel is competitive to the reaction of Mg with carbon 

steel. This may explain the difference in the textural appearance of the surfaces of 

graphitized and non-graphitized carbon steels at high magnification – Figures 8.1a 

and 8.1b. However, due to a very low concentration of the graphite in the system 

(around 0.08 wt%), it is difficult to distinguish any carbon containing phase at the 

surface of graphitized carbon steel. In order to understand the mechanism and type of 

the involved chemical reactions, additional experiments for graphitized carbon steel 

with nitrate salt containing 2wt% of graphite were conducted. It was verified by the 

thermogravimetric method that the nitrate salt containing graphite is stable at the 

temperature of corrosion tests – Figure 8.3. One can see that such experiments 

resulted in a homogeneous surface of carbon steel without localized corrosion 

(Figure 8.1c), which suggests that the amount of deposited graphite during the 

graphitization can be optimized to reach even better corrosion resistance as compared 

to the results shown in Figure 8.1b.  One can also clearly see the formation of cubic 

crystals inside the corrosion scale (Figure 8.1c, inset), which have a stabilizing 

effect. XRD examination (see below) showed that the crystals are iron carbide. 

 

Figure 8.1. SEM micrographs and EDX analysis of the carbon steel surface after 1500 

hours of corrosion tests at 390ºC. a) carbon steel + nitrate salt; b) graphitized carbon steel + 

nitrate salt; c) graphitized carbon steel + nitrate salt + 2%wt graphite. 
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Figure 8.2. FIB/SEM cross-section analysis of carbon steel after 1500h corrosion tests 

at 390ºC. a) carbon steel + nitrate salt; b) graphitized carbon steel + nitrate salt. 

 

 

 
 

Figure 8.3. Thermogravimetric test for binary nitrate salt and binary nitrate salt + 

2wt% graphite 

 

 

The representative images of the cross-sections are demonstrated in Figure 8.4. 

Results of cross-sectional examination of the studied samples are summarized in 

Table 8.1. The data revealed reduced corrosion rates in the case of graphitized carbon 

steel and a further decrease of corrosion rate of the graphitized carbon steel when 

2wt% of graphite was added into the salt. The obtained values were additionally 

verified with the cross-section measurements using the FIB technique.  
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Table 8.1. Corrosion layer thickness (L) of carbon steel (CS) after 1500h corrosion test at 

390ºC. 

 

Sample 
Max L 

(µm) 

Average 

L (µm) 

Standard 

deviation 

(µm) 

Corrosion 

rate 

(mm/year) 

CS + nitrate salt 21.99 18.71 2.93 0.109 

Graphitized CS + nitrate salt 15.17 11.36 1.97 0.066 

Graphitized CS + nitrate salt + 

2wt% Graphite 
4.74 3.12 0.59 

0.018 
 

 

 

Figure 8.4. SEM micrographs of the cross-sections of carbon steel after 1500h 

corrosion tests at 390ºC. a) carbon steel + nitrate salt; b) graphitized carbon steel + nitrate 

salt; c) graphitized carbon steel + nitrate salt + 2%wt graphite. 

 

 

Figure 8.5. XPS survey spectra for carbon steel (CS) and graphitized CS after 1500h 

corrosion tests at 390ºC. The surfaces were cleaned before acquiring the XPS spectra by Ar 

ion clusters. 
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In order to gain further insights into the corrosion mechanism and verify the 

obtained corrosion rates, XPS depth profiling was applied to the graphitized and non-

graphitized samples of carbon steel. Comparative analysis of XPS surveys spectra 

shown in Figure 8.5 confirms the presence of Mg in the non-graphitized carbon steel 

after the corrosion test, as well as its absence in the graphitized sample. Due to 

higher surface sensitivity (below 1nm thickness, detection limit ~0.1 at%) of XPS, 

low traces of Na and Ca were detected in the corrosion scale. The Ca and Na 

originate from the salt´s impurities. Those two elements were only detected on the 

surface of the samples and their peaks disappeared after removal of ~ 100 nm of the 

scale by means of ion-sputtering. On the contrary, the Mg was found to be present in 

the corrosion scale of non-graphitized carbon steel up to the depth of 20 μm – Figure 

8.6b. The XPS depth profiling confirmed the reduced corrosion scale thickness of the 

graphitized carbon steel (Figure 8.6a) as compared to the non-graphitized sample 

(Figure 8.6b). 

XRD analysis is in accordance with the SEM and XPS data (Figure 8.7). In 

particular, it was found that corrosion scale of non-graphitized carbon steel (Figure 

8.7a) is formed not only by iron oxide hematite (Fe2O3) but also by the Mg-

containing phase – magnesioferrite (Fe2MgO4). In the case of graphitized carbon 

steel (Figure 8.7b) the corrosion scale is formed by two iron oxides, namely hematite 

(Fe2O3) and magnetite (Fe3O4). Any other phase, which may be responsible for the 

corrosion rates reduction and stabilization of the scale was not identified, probably 

due to the low initial concentration of graphite in the system and consequently the 

low amount of this phase. In the case when 2wt% of graphite was added to the salt 

the surface of graphitized carbon steel is covered by the scale of hematite (Fe2O3), 

magnetite (Fe3O4) and iron carbide (Fe5C2), also known as Hägg carbide. The 

crystals in the former phase were evidenced by SEM (Figure 8.7c).  

It was verified by means of thermogravimetric analysis that the decomposition 

temperature of the salt after the corrosion test with the graphitized carbon steel was 

not modified (Figure 8.3). The melting temperature and the enthalpy of phase 

transitions were also found to be similar to pristine nitrate salt. This suggests that all 

the sprayed graphite has reacted with the carbon steel and the properties of the nitrate 

salt, including its maximum operational temperature, were not affected.    

From the described above observations (SEM, XPS) one can clearly see that 

graphitization reduces the corrosion rates of carbon steel in contact with molten 
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nitrate salt at 390ºC. The reduced corrosion rates (Table 8.1) are due to the formation 

of iron carbide phase (XRD, SEM), which stabilizes the corrosion scale and prevents 

its separation during the corrosion test. The sufficient amount of carbon (graphite) in 

the system is crucial for the formation of the stabilizing phase of iron carbide. In 

particular, significantly reduced corrosion rates of carbon steel in the case of 2wt% 

of graphite were added into the salt, suggest that the amount of graphite sprayed over 

the surface of the carbon steel can be further optimized to reach even better 

protection quality. It is evident that the reaction of iron with graphite is competitive 

to the reaction of iron with Mg (SEM-EDX, XPS, XRD), which may also affect 

corrosion rates and will be the subject of further work.            

 

Figure 8.6. Atomic concentration of FeOx and Mg versus the depth of the corrosion scale 

(sputtered thickness) obtained by XPS depth profiling. 
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Figure 8.7. XRD patterns of the surfaces of carbon steel after 1500h corrosion tests at 

390ºC. a) carbon steel + nitrate salt; b) graphitized carbon steel + nitrate salt; c) graphitized 

carbon steel + nitrate salt + 2%wt graphite.
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Part 2. General Conclusions 

 

 

Binary nitrate salt-based nanofluids were examined in terms of their corrosion 

aspects with carbon steel under air atmosphere. The following conclusions can be 

formulated: 

 Doping the salt with alumina and silica nanoparticles considerably 

reduced the corrosion rates of carbon steel at 390ºC. After 1500 hours immersion 

tests, the corrosion layer was demonstrated to be about 3 times lower as compared to 

the base fluid (salt without nanoparticles), which was evident from the mass gain and 

statistical cross-section analysis. The lower oxidation rate for nanofluids was also 

evident from the XRD analysis. In addition, non-homogeneous oxidation with 

numerous defects was detected for nanoparticles-free nitrate salt by examination of 

the surfaces of carbon steel after the corrosion tests. On the contrary, the same 

analysis revealed homogeneous oxidation of carbon steel after the tests with 

nanofluids. 

 Reduced corrosion rates of carbon steel may be due to the 

incorporation of nanoparticles into the corrosion layer, which was detected by EDX-

SEM techniques for both cross-section and surface analysis. 

 Two major counter corrosion aspects of nanofluids were identified: i) 

incorporation of nanoparticles into the oxide layer, which reduced the corrosion rates 

and ii) formation of microbubbles, which enhances the corrosion rate due to the 

increased amount of oxygen in the system. 

 Experiments at 310ºC allowed to increase the effect of microbubbles 

due to their long-time entrapment in the molten salt (more than 3 days). Under these 

conditions, the corrosion layer for molten salts based nanofluids was about 2 times 

higher as compared to the base fluid.   
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 The dispersion of nanoparticles in the salt was examined before and 

after the corrosion tests. It was demonstrated that as-prepared salts contain 

agglomerates of nanoparticles of ~ 200 nm size. After the corrosion tests, 

nanoparticles tend to further agglomerate. In particular, agglomerates of ~ 2 μm were 

found after 1500h corrosion tests. 

In the case of TiO2 based nanofluid, the effect of titania nanoparticles on the 

corrosion rates of eutectic NaNO3-KNO3 molten salt was investigated for the first 

time. The following conclusions can be formulated: 

 Addition of 1wt% of titania nanoparticles to molten binary nitrate salt 

reduced the corrosion rate of carbon steel tested at 390ºC by a factor of 3, 

which was demonstrated by mass gain, SEM cross-section, and XPS depth 

profiling analysis.   

 The presence of titania nanoparticles in the salt resulted in homogeneous 

oxidation of the surface of carbon steel at 390ºC, which is in drastic contrast 

to the case of nanoparticles-free salt, where pronounced corrosion scale 

separation and peel-off were evident from SEM experiments.  

 Formation of mixed iron-titanium oxide was demonstrated by XRD analysis 

and suggested to be responsible for the corrosion rates reduction and 

corrosion scale stabilization. By means of XRD, EDX and XPS it was shown 

that growth of surface iron-titanium oxide is competitive to the formation of 

iron-magnesium oxide - a chemical phase formed due to the presence of Mg 

impurity in the nitrate salt. 

 By means of XPS depth profiling, it was demonstrated that such mixed oxide 

is located on the surface of corrosion scale on top of magnetite phase, 

hindering the diffusion of molten salt and further oxidation of carbon steel. 

 The investigated molten salt-based nanofluid was found to have similar 

decomposition temperature and surface properties (contact angle on the 

carbon steel) as nanoparticles-free nitrate salt.   

 All the salts were demonstrated to be stable during the corrosion tests and no 

modifications of melting temperature, enthalpy of melting, decomposition 

temperature and infrared spectra were detected.    

Finally, the spray-graphitization was tested as an anticorrosion method for 

molten binary nitrate salt. It was demonstrated that corrosion rates of carbon steel at 
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390ºC were reduced almost twice when graphitization was applied. Moreover, it was 

shown that adding 2wt% of graphite into the salt reduces the corrosion rate more 

than 6 times compared to the non-graphitized carbon steel due to the formation of 

homogeneously distributed iron carbide crystals on the surface of carbon steel. Thus, 

the amount of sprayed graphite can be further optimized to obtain better protection. 

Finally, the molten salt-based nanofluids show the reduction of the corrosion rates, 

which will increase the lifetime of the storage tank.  

In general, the newly developed protection and the addition of nanoparticles 

serve as a protection layer from the molten salt corrosivity. The obtained results have 

the potential to improve safety and to reduce the costs of construction materials for 

high-temperature molten salts applications like concentrated solar power plants. 

Furthermore, the obtained results provide important insights into the corrosion 

mechanisms of molten salts based nanofluids and allow to reconsider their feasibility 

for CSP applications due to the improved compatibility aspect. 
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Future Works 

 

 

The development of nanofluids based on molten salt with anomalous 

enhanced thermophysical properties will lead to a further cost reduction in CSP 

plants. In the present thesis work, a big effort was made to understand the big 

discrepancy of the already reported in the literature which may due to several factors: 

1. The initial state of the nanoparticle dispersion. The wet method followed in 

literature may be the responsible of the discrepancy of the results due to the 

partial dispersion states obtained by different groups for the same system, i.e. 

the same base fluid and nanoparticles, due to the complexity to disperse the 

nanoparticles in an aqueous medium. However, in this work, we present an 

optimized simple dry method for the preparation of nanofluids to obtain that 

allows us to obtain a homogeneous dispersion of nanoparticles within the 

molten salt. As future work, a cross verification of this new method by 

different research groups will be needed to validate it as an efficient way to 

obtain well-dispersed nanofluids. 

2. The evolution of the dispersion stability with time. The long-term dispersion 

is very important not only to shed some light on understating the discrepancy 

of the results reported in the literature but also to maintain the anomalous 

enhancements of the thermophysical properties during the lifetime of the 

nanofluids. The investigation of this aspect was almost absent in literature 

despite its importance. In this work, we studied the evolutionary stability of 

the nanofluid by means of a visual stability test conducted in the furnace at 

high temperature. In the future, the development of a high-temperature 

dynamic light scattering (DLS) will help to perform in-situ analysis of the 



Future works 
 

146 

dispersion state of nanofluids that will conduct to a better understanding of 

the mechanisms responsible for the agglomeration of the nanoparticles. 

3. The nanoparticles size, shape and composition effect. In general, we 

demonstrate the effect of the shape, size and composition of the nanoparticles 

on the enhancement of the thermophysical properties and short-term 

dispersion stability of the nanofluids. In the future, systematic studies of the 

effect of the combination of those parameters, at least two, should be 

conducted aiming to maximize the enhancements of the thermophysical 

properties and to improve the long-term dispersion stability of the nanofluids. 

4. The specific surface area of nanoparticles. It is very important to mention 

here that the surface area of the nanoparticles is playing a crucial factor for 

enhancing the thermophysical properties mainly the specific heat capacity 

and thermal conductivity. On the contrary, a high surface area of the 

nanoparticles plays a negative impact on increasing the viscosity of the 

investigated nanofluids. In the future, nanoparticles with big particle size and 

higher specific surface area, nanoporous materials, will be investigated 

looking for a better compromise between the enhancements of the 

thermophysical properties and limited impact on the viscosity. 

5. The enhancement mechanisms of the thermophysical properties. The 

enhancement mechanisms of the thermophysical properties are still unknown, 

However, in order to investigate the interfacial phenomena between the 

molten salt and solid nanoparticle, more localized characterization techniques 

such as Small Angle Neutron Scattering (SANS), Small Angle X-ray 

Scattering (SAXS) and Small Angle Laser Scattering (SAXS) will be 

performed.  

6. The compatibility of molten salt-based nanofluids was the storage tank 

materials. In this work, we demonstrated the positive effect of adding 

nanoparticles such as Al2O3, SiO2 and TiO2 on the corrosivity behaviour of 

molten salt. The corrosion tests were performed under static immersion 

conditions. In the future, it is very important to conduct these corrosion tests 

under dynamic mode aiming to investigate other effects as the erosion effect 

that may be caused by the addition of the nanoparticles that may depend on 

the shape of the nanoparticles.  
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A B S T R A C T

Nanoscale science rapidly enters nearly every field of technology providing perspectives of new advanced ap-
plications. In the area of thermal energy storage (TES) doping molten salts with small amounts of nanoparticles
represents tremendous interest due to the perspective of pronounced enhancement of their thermophysical
properties. This is particularly important for the concentrated solar power (CSP) technology where a con-
siderable decrease of investment costs is required. However, the information about materials degradation in
direct contact with molten salts based nanofluids is practically absent. In this work, the compatibility of carbon
steel A516.Gr70 with NaNO3-KNO3-Ca(NO3)2 (15-43-42 wt%) molten salt known as HitecXL doped with SiO2

nanoparticles was evaluated under thermal cycling conditions. We demonstrate that the presence of nano-
particles in the salt considerably increases the corrosion rates even for carbon steel protected by spray-graphi-
tization method – the anti-corrosion method capable of reducing the corrosion rates for nanoparticles-free-
HitecXL under similar conditions.

1. Introduction

Concentrated solar power (CSP) is a renewable technology where
electricity is produced from thermal energy obtained by means of solar
irradiation concentration. Increasing interest in CSP technology [1–4] is
explained by a relatively simple method of energy storage (thermal
energy storage) that improves its dispatchability, which is considered as
the bottle neck of every renewable technology.

However, apart from improved dispatchability the use of thermal
energy storage (TES) at CSP increases the investment costs due to the
construction of a large double- or single-tank system, as well as the need
of a large amount of storage material (typically, thousands of tons). In
these regards, storage material with enhanced energy capacity (heat
capacity) is highly desirable. Today molten salts (nitrate salts in parti-
cular) are industrially preferred mature storage material for TES at CSP
[1–4]. Many works are dedicated to the enhancement of thermo-
physical properties of molten salts by using small amounts of nano-
particles as dopants (normally, no more than 1wt%) [5–10]. The en-
hancement of heat capacity was reported for nitrate salts (Solar salt and
HitecXL) to reach 20–30% [5–9]. Also, first steps for the scale up of
nanosalts production have been reported [10].

The aforementioned enhancement of heat capacity is certainly an
attractive improvement for a storage material. However, the expected
economic benefit can be completely suppressed by the enhanced cor-
rosion. In these regards, understanding the effect of nanoparticles
doping on the compatibility of molten salts is highly important.
However, information on that topic is extremely limited. In our pre-
vious work, we demonstrated that the presence of nanoparticles in
molten HitecXL nitrate salt noticeably enhances the corrosion of carbon
steel and modifies its mechanism under isothermal (310 °C) conditions
[11]. Whereas in Refs. [12,13], the authors claimed a decrease of cor-
rosivity of binary carbonate salt doped with 1 wt% silica nanoparticles
at 520 °C. Such contradicting results suggest that the effect of nano-
particles on the corrosion mechanism of molten salts is complex and it
depends on the base salt and conditions of corrosion tests. To reveal the
corrosion mechanism of molten salt based nanofluids a deeper under-
standing is required.

Despite the absence of sufficient studies on the effect of nano-
particles on the corrosivity of molten salts, the corrosion issues at CSP
are well recognized and are under active investigation. Particularly,
Fernandez et al. [14] explored the compatibility between HitecXL salt
and stainless steels AISI 304 and 430, a low-Cr alloy steel (T22) and a
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carbon steel (A1) at 390 °C. In this work it was shown that HitecXL salt
is compatible with such materials and the presence of Cr in the steel
composition decreases the corrosion rates, which were lower compared
to Solar salt. In Ref. [15], Ruiz-Cabañas et al. investigated the corrosion
behaviour of carbon steel A516.Gr70 in direct contact with Solar salt.
The authors reported the incorporation of magnesium into the corro-
sion layer, which is in agreement with [14,16]. We recently studied the
effect of humidity, impurities and initial state of material on the com-
patibility between HitecXL salt and carbon steel A516.Gr70, stainless
steels AISI 304 and 316 at 310 °C [16]. We observed that the presence of
humidity in the system severely increases the corrosion rate for carbon
steel A516.Gr70 making it unacceptable choice under such conditions,
while stainless steels AISI 304 and 316 at 310 °C demonstrated accep-
table corrosion rates [16]. A long corrosion tests of 7000 h were per-
formed in Solar Salt at 570 °C for stainless steels (SS-304 and SS-316)
and at 316 °C for carbon steel (A36) [17]. The authors concluded that
impurities such as NaCl, KClO4 and Na2SO4 typically present in some
commercial grades of alkalinitrates have relatively small effects on
corrosion for the studied materials. Sandia National Laboratories re-
ported the corrosion study for two iron-based alloys (SS-321 and SS-
347) and two nickel-based alloys (In625 and HA230) in contact with
Solar salt at temperatures of 400, 500 and 680 °C [18]. For all four
materials, the corrosion rates were found to be very small at tempera-
tures lower than 600 °C. However, at 680 °C a tremendous increase in
corrosion rates was observed. It should be noted that decomposition
temperature of Solar salt is around 600 °C, so such observation is rather
important in case of abnormal overheating at the power plant. The
negative role of chlorides on the compatibility of Solar salt was recently
demonstrated [19].

Reaching higher efficiency for heat-to-electricity transformation
cycle is possible by increasing the maximum operational temperature at
CSP. In these regards, more corrosive salts able to operate at higher
temperatures were explored in terms of corrosion [20,21]. In Refs.
[20,21] authors explored the corrosion behaviour of Hastelloys C-276
and C-22 and stainless steel 304 with molten chloride salts at tem-
peratures up to 800 °C. They found that corrosion rates decrease con-
siderably if oxygen is absent in the atmosphere with better corrosion
resistance of Hastelloys compared to stainless steel 304.

Application of anticorrosion coatings is known to be a proper so-
lution to use cheaper materials. However, the stability of such coatings
at high temperatures is a challenge. For example, slurry aluminizing
was proposed for corrosion protection against molten nitrate salt at
high temperature [22]. Particularly, ferritic–martensitic P91 (Cr9–Mo1)
and stainless steel 304 were tested to demonstrate the improved com-
patibility. Inconel 738-LC was covered with a NiCrAlY bondcoat and
with a nanostructured scandia (3.6 mol%) and (0.4 mol%) yttria co-
stabilized zirconia (4SYSZ) topcoat by air plasma spraying (APS) [23].
Then, the material was tested for corrosion with 45wt% Na2SO4 +
55 wt% V2O5 molten salt at 910 °C. The failure of such coating was
reported due to the formation of mixed oxide [23]. TP347H coated with
Hastelloy C22 (Ni–Cr–Mo) by means of laser cladding was tested for
compatibility with chloride salts (KCl and NaCl) at temperatures up to
750 °C [24]. Such coating considerably improved the corrosion re-
sistivity [24].

Both dynamic and static corrosion tests were performed for A516
carbon steel in contact with Solar salt at 500 °C. The oxide layer of
~23.3 μm for the static corrosion test and ~31 μm for the dynamic
corrosion test after 100 h were reported by Lasanta et al. [25]. Corro-
sivity of molten LiNO3–NaNO3–KNO3 salt was tested with SB450, T22,
T5, T9 and X20 steels revealing (Fe, Cr)3O4 layer formation and positive
effect of Cr in construction material composition [26]. Molten carbo-
nate salt Li2CO3–Na2CO3–K2CO3 was studied with HR3C steel
(25%Cr–20%Ni–53%Fe) in terms of corrosion [27]. A recent review on
the corrosion monitoring and mitigation techniques on TES materials
for CSP plants can be found in Ref. [28].

In the present work, for the first time we explore the effect of

nanoparticles on the corrosivity of molten HitecXL salt under thermal
cycling. Additionally, the effect of such cycling on the spray-graphiti-
zation coating, previously proven to be effective against HitecXL cor-
rosion [29], is explored for both nanoparticles-doped and nano-
particles-free HitecXL salts.

2. Materials and techniques

2.1. Materials

HitecXL salt was prepared by mixing 15%NaNO3, 43%KNO3 and
42%Ca(NO3)2 (weight concentrations). Commercial nitrates were used
(KNO3 and NaNO3 from SQM and NitCal from YARA (NitCAl is a
commercial mixture of calcium nitrate and potassium nitrate) [30])
with the detailed chemical composition presented elsewhere
[11,16,29]. Nanoparticles-doped HitecXL salt was prepared using a dry
method consisted of the following steps: a quantity of 2g of the mixture
of HitecXL salt (99 wt%) and the nanoparticles (1 wt%) were in-
troduced into a 50ml aluminium bottle and subjected to a dynamic
shaking by means of Spex Sample Prep 8000 Series Mixer\Mill during
15min. The proper distribution of the nanoparticles was verified by
SEM-EDX technique. The commercial SiO2 nanoparticles delivered by
Sigma-Aldrich with particle size of 12 nm were used to prepare the
nanofluids. The salts with nanoparticles are referred as HitecXL + SiO2

in the text.
The corrosion tests were carried out for the commonly used con-

structive material – carbon steel A516.Gr70 with the composition of
0.97%Mn, 0.36%Si, 0.31%C, 0.04%P and Fe for balance (weight con-
centrations).

2.2. Cycling corrosion tests protocol

For the corrosion experiments, the salts (around 10 g) were placed
inside alumina crucibles and carbon steel pieces of 3mm×10mm x
20mm were immersed completely into the salt. The possibility of at
least partial settling down or floating of nanoparticles was considered.
For that reason, the coupons of carbon steel were positioned vertically
in the crucible with molten salt during the corrosion test and the areas
of 10×3mm close to the top and bottom edges were excluded from the
SEM-EDX analysis. Then, the crucibles were placed inside the furnace
and kept under a cycling temperature from 300 to 500 °C with a
heating/cooling ramp of 2 °C/min. Experiments with different duration
of 24 h, 100 h and 500 h were performed. The salts were kept under air
atmosphere during the corrosion test. At the end of the experiments, the
coupons of carbon steel were washed in hot water.

2.3. Initial state of the materials

Two types of initial state were used in this work: pristine carbon
steel and carbon steel coated with a thin layer of graphite following the
procedure described elsewhere [29]. In brief, pristine carbon steel was
successively washed in acetone, ethanol and water using an ultrasonic
bath prior to the corrosion tests.

Graphitized carbon steel was prepared by spraying graphite over the
clean surfaces of carbon steel pieces prior to the corrosion tests using
Graphite 33 Spray from Kontakt Chimie. Comparison of the weights of
the sample before and after the spraying revealed very small mass of
deposited graphite. A quantity of approximately 3mg was deposited,
which is 0.05 wt% of the salt in the experiment and represents ⋅

−5 10 3

mg/cm2 of graphite per area of carbon steel. The samples coated with
graphite are referred as "graphitized" in the text below.

2.4. Characterization techniques

2.4.1. Scanning electron microscopy - SEM
The surfaces of the samples of carbon steel were carefully washed
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with hot water to remove salt stuck after the corrosion tests.
To examine the corrosion layer thickness and composition, the

cross-sections of the samples were examined. A simplified scheme of
such samples preparation for SEM analysis is described in detail else-
where [11,16,29]. First, the mixture of KEM 90 Harz resin and KEM 90
Harter catalyst in 2:1 proportion was prepared. Next, the samples were
completely immersed in the resin and left for 12 h. After solidification,
the resin creates a proper holder for SEM imaging. Such holder helps to
preserve all the corrosion products on the surface of the carbon steel,
particularly, during the cross-section preparation. Then, the resin
holder with the sample was cut in half and the cross-section was po-
lished successively with SiC grinding discs of 240, 800, 1200 and 2500
roughness.

The prepared samples of carbon steel were imaged by means of a
Quanta 200 FEG scanning electron microscope (SEM) operated in high
vacuum mode at 30 kV and with a back scattered electron detector
(BSED). In addition, energy-dispersive X-ray spectroscopy (EDX) ana-
lysis was carried out to obtain chemical composition. The thickness of
corrosion layer was obtained from a statistical examination of the cross-
sections of the carbon steel samples. The average and maximum values
are presented. More than 200 values were used for averaging.

2.4.2. X-ray diffraction – XRD
A structural analysis of the materials before and after the corrosion

tests was performed by XRD using a Bruker D8 Advance X-ray dif-
fractometer equipped with a LYNXEYE detector using CuKα1 radiation
(λ=1.5418 Å) and θ-2θ geometry. The data was collected at room
temperature between 10° and 100° in 2θ with a step size of 0.02° and
counting time of 8 s per step. The EVA software was used to identify the
crystallographic phases present.

3. Results and discussion

3.1. Effect of nanoparticles

The summary of SEM micrographs of the carbon steel cross-sections
after different corrosion tests is shown in Fig. 1. The corrosion layer is
clearly seen on the surface of the material. As expected, such corrosion
layer evolves with time for all the corrosion tests. Such observation is in
agreement with the XRD analysis where it can be clearly seen that the
peaks corresponding to the iron oxides (magnetite and hematite) in-
creases with time on the normalized patterns (Fig. 2). The corrosion
rate between 100 and 500 h time is 0.013mm/year, which is about
20% higher compared to isothermal tests performed for similar system
at 310 °C [16]. Such increase is most probably due to the higher tem-
perature of the corrosion test and the cycling conditions.

A noticeable increase of thickness of the corrosion layer is observed
in case silica nanoparticles were added to the salt (Fig. 1). Such ob-
servation is confirmed by the XRD analysis where the presence of iron
oxides is more noticeable (Fig. 3). In our previous work it was shown
that upon isothermal immersion tests the presence of nanoparticles
affects the corrosivity of HitecXL salt due to two main mechanisms
[11]: 1) the entrapped bubbles of air in the interparticle porosity in-
crease the local concentration of oxygen and stimulates the oxidation of
carbon steel; and 2) the reaction and incorporation of nanoparticles into
the corrosion layer. It seems that similar mechanisms take place under
thermal cycling. Particularly, EDX analysis of the cross section of the
carbon steel after 500h corrosion test with HitecXL + SiO2 nano-
particles reveals the presence of silicon in the corrosion layer (Fig. 4). In
addition, the incorporation of calcium can be clearly seen, which is in
agreement with our previous work [16].

The evolution of corrosion layer with time (number of cycles)
clearly reveals the drastic effect of nanoparticles (Fig. 5). Not only the
thickness is about two times higher when nanoparticles are added, but
the variation of the corrosion rate has changed. In case of nanoparticles-
free HitecXL the corrosion layer thickness demonstrates logarithmic

dependence on time and after 100 h the rate is strongly decreased.
While in the case of nanoparticles-doped salt the dependence is para-
bolic and after 100 h the rate is 0.041mm/year, which is more than 3
times higher compared to pure HitecXL.

Such change of corrosion rate was not observed for the isothermal
corrosion tests [11], where adding nanoparticles increased the corro-
sion thickness, but the time dependence remained logarithmic. It ap-
pears, that thermal cycling is responsible for such differences. Under
isothermal conditions after certain time the oxide layer is formed on the

Fig. 1. SEM images of cross-sections of graphitized and non-graphitized carbon
steels after corrosion tests with HitecXL and HitecXL + SiO2 salts.

Fig. 2. XRD patterns of carbon steel after corrosion tests with HitecXL salt.
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surface of carbon steel, which decreases the further rate of oxidation
due to limited diffusion of oxygen for both cases of nanoparticles-free
and nanoparticles-doped salts. While under cycling conditions such
effect takes place only for nanoparticles-free HitecXL. In case nano-
particles are added, the oxidation layer is less stable and breaks (de-
taches) from the surface of carbon steel (Fig. 1) due to thermal ex-
pansion, providing favorable conditions for further oxidation. Such
observations suggest a strong interaction of carbons steel with nano-
particles during the corrosion test. It should be noted that in real CSP
application such effect can be even more pronounced as the operation
takes place under flow conditions.

It should be also noted that in the case of nanoparticles-doped
HitecXL the corrosion layer is more irregular and additionally localized
corrosion is observed. It can be seen that the maximum values of the
corrosion layer increased nearly twice compared to nanoparticles-free
HitecXL (Fig. 6).

3.2. Effect of nanoparticles doping on the spray-graphitization anti-
corrosion coating

In our previous work, we demonstrated that graphite coating can
serve as effective anti-corrosion protection for carbon steel against
molten HitecXL salt due to the protective calcium carbonate layer for-
mation [29]. In the present work, this method was tested under thermal
cycling conditions and for nanoparticles-doped HitecXL salt.

In Fig. 1 pronounced differences can be seen when the graphite
coating is used to protect the carbon steel. After 500 h test the forma-
tion of the uniform layer on the surface of carbon steel can be clearly
seen. In our previous study we demonstrated in detail that such layer is
formed by calcium carbonate CaCO3 and acts as a protective layer [29].
Formation of such CaCO3 layer is competitive with the oxidation

process, for that reason CaCO3 can form above oxidation layer, which is
demonstrated in a zoom of Fig. 1. XRD analysis confirms such statement
where the well crystallized CaCO3 phase was clearly identified in the
patterns (Fig. 7).

The graphitization considerably decreases the corrosion rate. At
500 h the average value of corrosion layer thickness is two times lower
compared to non-graphitized carbon steel, while maximum value is
more than 3 times lower (the formed layer is very uniform with the
similar thickness all over the surface) – Fig. 6. Moreover, the corrosion
layer evolution with time is logarithmic with the rate of 0.004mm/year
between 100 and 500 h, which is more than 3 times lower compared to
non-coated carbon steel.

The situation is drastically different when nanoparticles are added
into the salt. The formed protective layer is strongly non-homogeneous
(Fig. 1) and CaCO3 is hardly detectable by the XRD (Fig. 7). Ad-
ditionally, CaCO3 phase was detected on the surface of graphitized
carbon steel after the corrosion tests with HitecXL (Fig. 7) and CaCO3

crystals were rarely found in the salt (Fig. 8a). On the contrary, CaCO3

Fig. 3. XRD patterns of carbon steel after 500h corrosion tests with HitecXL and
HitecXL + SiO2 salts.

Fig. 4. SEM-EDX mapping of the cross-section of carbon steel after 500h corrosion test with HitecXL + SiO2.

Fig. 5. Evolution of corrosion layer thickness of graphitized and non-graphi-
tized carbon steels after corrosion tests with HitecXL and HitecXL + SiO2 salts.

Fig. 6. Average and maximum values of corrosion layer of graphitized and non-
graphitized carbon steels after corrosion tests with HitecXL and HitecXL + SiO2

salts after 500 h corrosion tests.
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phase was not detected on the surface of graphitized carbon steel after
the corrosion tests with HitecXL + SiO2 (Fig. 7) and large number of
CaCO3 crystals was detected in the salt after the corrosion tests
(Fig. 8b). These observations clearly indicate that nanoparticles prevent
the CaCO3 crystal growth on the surface of graphitized carbon steel.
This can be due to chemical reaction of nanoparticles with the carbon
steel, which was discussed in our previous work [11].

After 500h corrosion tests with HitecXL + SiO2 the average corro-
sion layer thickness of graphitized carbon steel is slightly lower (~15%)
compared to non-graphitized carbon steel (Fig. 6). However, the max-
imum values are similar within the statistical error (Fig. 6). The time
dependence of the corrosion layer of graphitized carbon steel tested
with HitecXL + SiO2 is parabolic (Fig. 5) and corrosion rate is
0.035mm/year. This corrosion rate is more than 2.5 times higher
compared to non-graphitized carbons steel tested with HitecXL salt and
almost 9 times higher compared to graphitized carbon steel tested with
HitecXL salt. Such observations suggest that graphitization demon-
strates excellent performance in the case of nanoparticles-free HitecXL
under cycling conditions, while it is not effective against a corrosion
attack of nanoparticles-doped HitecXL. This could be due to competi-
tive reaction with silica nanoparticles, which inhibits the formation of
proper protective layer of CaCO3. Additionally, incorporation of na-
noparticles into the corrosion layer may have negative effect on the
stability of the protective layer and its detachment upon thermal cy-
cling. The obtained results demonstrate strong effect of nanoparticles
doping on the corrosivity of molten nitrate salt.

It is generally recognized that stability and homogeneous distribu-
tion of nanoparticles are essential for nanofluids properties and their
corrosion aspects. In these regards, the distribution of the nanoparticles
was examined for as-prepared and tested HitecXL + SiO2 salts.
Statistical examination of the as-prepared salt by the EDX technique
revealed the concentration for Si of (1.1 ± 0.3) wt%, where 0.3 wt% is
the maximum deviation from the average value of 1.1 wt%. This value
was obtained by salt examination in 50 different areas 200× 100 μm

each. Following the same method, the average concentration of Si for
the salt after 500 h corrosion test was found to be lower (0.7 ± 0.2) wt
%, but the obtained value is within the maximum deviation. Such de-
crease may be due to the incorporation of some nanoparticles into the
corrosion layer of the carbon steel (Fig. 4), as well as due to the partial
settling down/floating of the nanoparticles during the 500 h corrosion
tests. Fig. 9 demonstrates the typical SEM-EDX images for the salts.

After the corrosion tests nanoparticles formed agglomerates of
around 1 μm, which were not detected for the as-prepared salt (Fig. 10).
The obtained results suggest that even though during the corrosion test
the local concentration of nanoparticles may be different from initial
1 wt%, the surface of carbon steel is constantly exposed to SiO2 nano-
particles permitting chemical and physical interaction. On the other
hand, the agglomeration of nanoparticles (Fig. 10) can have negative
effect on the homogeneity of the protective layer.

4. Conclusions

In this work, the effect of nanoparticles-doping on the corrosivity of
molten HitecXL nitrate salt was studied along with its effect on the
efficiency of spray-graphitization anti-corrosion protection method.
Thermal cycling conditions in the 300–500 °C temperature range were
applied for corrosion tests. The following can be concluded:

• Presence of nanoparticles has strong effect on the carbon steel under
cycling conditions, increasing the corrosion rate more than three
times.

• Spray-graphitization of carbon steel provides effective anti-corro-
sion protection against nanoparticles-free HitecXL corrosion attack,
decreasing the corrosion rate more than 3 times compared to non-
coated carbon steel.

• Nanoparticles doping has strong effect on the spray-graphitization
method, decreasing its efficiency.

Obtained results suggest that additional costs related to corrosion
must be taken into account when evaluating the feasibility of molten
salts doped with nanoparticles.

Fig. 7. XRD patterns of graphitized and non-graphitized carbon steel after 500h
corrosion tests with HitecXL and HitecXL + SiO2 salts.

Fig. 8. SEM images of a) HitecXL and b)
HitecXL + SiO2 after 500 h corrosion test with gra-
phitized carbon steel.

Fig. 9. SEM image and EDX mapping of as-prepared HitecXL + SiO2.
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ARTICLE OPEN

A simple method for the inhibition of the corrosion of carbon
steel by molten nitrate salt for thermal storage in concentrating
solar power applications
Yaroslav Grosu 1, Udayashankar Nithiyanantham1, Abdelali Zaki1 and Abdessamad Faik1

Corrosion is an important issue in high-temperature applications such as Concentrated Solar Power (CSP) technology, playing a
crucial role in the long-term use of storage tanks, heat exchanger and piping materials which account for a considerable
component of the investment costs. While there are many studies regarding the corrosion rates of container materials under the
conditions of CSP, there is little progress in the field of their degradation prevention by anticorrosion methods. This work presents
an analysis of the corrosion mechanisms between the most economical construction material—carbon steel—and molten nitrate
salt. A method to protect the carbon steel against corrosion by molten salt at high temperature was proposed, involving the
formation of a calcium carbonate layer on the carbon steel surface. The stability of the layer was tested under isothermal and
temperature cycling conditions up to 500 °C, in both inert and air atmospheres in the presence or absence of humidity. The
protection method proposed has potential to reduce investment costs for CSP technology.

npj Materials Degradation            (2018) 2:34 ; doi:10.1038/s41529-018-0055-0

INTRODUCTION
The durability of materials is particularly important for high-
temperature applications like Concentrated Solar Power (CSP)
technology.1,2 CSP is a renewable energy technology, which aims
to utilize thermal energy for electricity production by concentrat-
ing solar irradiation on a working body.3–6 The absorbed heat is
then used for electricity production using classical power cycles.
One of the most important competitive advantages of CSP is its
dispatchability (ability to produce electricity on demand) thanks to
the relatively simple storage technology—Thermal Energy Storage
(TES).1,2 This can be achieved by heating a large amount of storage
material held in a storage tanks. Typically, thousands of tons of
molten salts are used. For example, the mass of salts at
GEMASOLAR CSP plant is 8500 tons (ref. 7), at Andasol-1 CSP
plant it is 28500 tons (ref. 8) and at Solana CSP plant it is 125000
tons (http://www.abengoasolar.com, ref. 9). The heat stored in the
molten salt is transferred, when needed, to the power block by a
heat exchanger. In some CSP plants, the same molten salt is used
as the heat transfer fluid in the solar field.7,10 Currently, the
investment costs for CSP are high due to the cost of construction
materials for storage tanks, heat exchanger, pipes and receiver.
The initial investment costs are a large contribution to the final
price of produced electricity. This affects the competitiveness of
this renewable technology in the market. In this context,
numerous studies have explored the corrosion behaviour of
potential construction materials with different storage media or
heat transfer fluids.11–30

Molten nitrate salt, known as Solar Salt, is the most
technologically mature solution for CSP. It consists of 60 wt%
NaNO3–40 wt%KNO3. Corrosion studies of solar salt go back to
1985 where Slusser et al. tested several nickel- and iron-based

alloys.13 In this work, immersion tests were done at 510 °C and
705 °C followed by weight loss analysis. Slusser et al. found that
the chromium content positively influenced the resistance of the
alloys to corrosion. Particularly, the alloys with a chromium
content of 15–20 wt% behaved better compared with iron alloys
with lower chromium content, especially at higher temperatures.
The study showed a drastic increase in corrosion damage at
temperatures above 650 °C for all the investigated alloys, which
may be attributed to the decomposition of nitrate salt at higher
temperature. More recent studies have been dedicated to the
corrosion aspects of other nitrate salts like Hitec (53 wt%
KNO3–40 wt% NaNO2–7 wt% NaNO3) and HitecXL (42 wt% Ca
(NO3)2–15 wt% NaNO3–43 wt% KNO3). Stainless steels such as AISI
304 and 430, a low-Cr alloy steel known as T22 and a carbon steel
A1 were tested by Fernandez et al.14 The authors concluded that
HitecXL salt is less corrosive compared with solar salt, demonstrat-
ing the positive effect of Ca(NO3)2 in a nitrate salt. Ruiz-Cabañas
et al.15 investigated the corrosion behaviour of solar salt by means
of in situ tests with carbon steel A516.Gr70. In this study,15

homogenous oxidation was recorded after immersion corrosion
tests. In both studies,14,15 magnesium was present as an impurity
in the salt and was incorporated into the corrosion layer. Hitec and
solar salts were examined by Federsel et al. with several types of
steel (1.4541 and 2.4816 steels with Hitec; 1.4541 and 1.4571 steels
with solar salt) demonstrating that chlorides increase the
corrosion rates.16 It was also shown in this work16 that an addition
of a small amount of Na2O has increased the corrosion rates. A
molten ternary salt composed of LiNO3–NaNO3–KNO3 was tested
with five different steels (SB450, T22, T5, T9 and X20) revealing
that corrosion resistance improves with increasing Cr content
since it creates a protective layer of (Fe,Cr)3O4 (ref.

17). It was found
that Li absorbed into the corrosion scales due to the presence of
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LiNO3 in the molten salt.17 Goods and Bradshaw investigated the
compatibility of stainless steels SS-304 and SS-316 at 570 °C as well
as carbon steel A36 at 316 °C with several nitrate salts mixtures.18

In long immersion tests of about 7000 h, the authors reported
acceptable corrosion rates even in the presence of some
impurities in the salt.18 A corrosion investigation for molten solar
salt with SS-321 and SS-347 iron-based alloys and In625 (22%
Cr–8%Mo–61%Ni –5%Fe–3%Nb) and HA230 (22%Cr–1%Mo–60%
Ni–1%Fe–14%W) alloys was conducted by Sandia National
Laboratories at different temperatures.19 In the aforementioned
study, an increase of the corrosion rate was observed for all
materials when the temperature was increased to 680 °C.19

Moreover, in this work,19 it was demonstrated that the corrosion
mechanism changes with rising temperatures and the dissolution
of Cr, Mo and W in the molten salt take place above 600 °C. This
resulted in a decreased corrosion rate for iron-based alloys when
compared with nickel-based alloys at temperatures above 600 °C,
while nickel-based alloys performed better at lower temperatures.
In a recent study, the effect of humidity, the initial state of the
material and impurities in the salt were investigated for carbon
steel and two stainless steels of 304 and 316 types in contact with
molten HitecXL salt.20 The rates of corrosion increased for carbon
steel with the presence of moisture in the salt, while corrosion
rates for stainless steels were not considerably affected by the
presence of moisture.20 Alumina and silica nanoparticle doping
was demonstrated to increase the corrosion rates of molten
HitecXL salt due to the excess of oxygen in the system from the air
entrapped in the interparticle porosity12

The need to improve the efficiency of thermal to electrical
energy transformation requires operating CSP technology at
higher temperatures. In this regard, storage materials and heat
transfer fluids with higher stability like carbonate or chloride salts
are also considered as candidates. The ternary salt
Li2CO3–Na2CO3–K2CO3 was investigated for compatibility with
HR3C steel (25%Cr–20%Ni–53%Fe), demonstrating that oxidation
is the main corrosion mechanism.21 Hastelloy C-276 and C-22 and
stainless steel 304 with chloride salts were studied at tempera-
tures up to 900 °C in the presence22,23 and absence23 of air. The
authors concluded that the corrosion rates decrease with the
absence of oxygen in the atmosphere. Different hastelloys have
demonstrated a better corrosion resistance compared with
stainless steel 304. In ref. 24 a new sensible TES material (a by-
product from potash industry) was tested for compatibility with
A316 stainless steel. The by-products composition was predomi-
nately NaCl. The corrosion rate was found to be around two times
greater when compared with solar salt. These results are in-
agreement with other studies which show the negative effect of
chlorides on the compatibility of construction materials, including
the case of Solar salt.25 Stainless steel 316 was examined by
Sarvghad et al. for compatibility with mixtures of (NaCl–Na2CO3)
and (NaCl–Na2SO4) at 700 °C and (Li2CO3–K2CO3–Na2CO3) at
450 °C (ref. 31). Their analysis showed that intergranular attack of
the steel occurred in case of (NaCl–Na2CO3) salt, while homo-
geneous oxidation of the stainless steel was reported when
ternary carbonate salt was used.
The corrosion studies of some thermochemical (TCM) and Phase

Change Materials (PCMs) with different construction materials can
be found in ref. 26–30. It can be generally noticed that stainless
steels SS316 and SS304 are resistant to the corrosion by low-
temperature PCMs/TCMs, including Zinc nitrate hexahydrate,26

hydrogen phosphate dodecahydrate,26 Na2S/H2O (ref. 30) and
others.27–29 While aluminium is often being corroded by those
materials,26 demonstrating resistance to some commercial PCMs
like Na2SO4+ H2O and MgSO4·7H2O (ref. 27). Copper often
demonstrates poor corrosion behaviour, particularly with Na2S/
H2O (ref. 30), CaCL2, Na2S, Ca(OH)2, MgCl2 and MgSO4 (ref.

29).
A review of the heat-transfer fluids which are used in CSP is

found in ref. 1 This includes liquids such as oils, molten salts and

molten metals as well as their corrosion aspects with other
materials used for containers.
According to the literature, it is evident that the most

economically attractive material, namely carbon steel, cannot
nominally sustain the harsh conditions of molten salt at high
temperature. Such incompatibility is an obstacle in decreasing the
levelized cost of electricity (LCOE) produced by CSP if such
technology requires the use of costly or specialised construction
materials.
Application of coatings is one of the most effective solutions to

lower the cost of construction materials,32–36 however, the stability
of these coatings at high temperatures is an issue. Some solutions
which have been applied to water boilers, where the temperature
can rise up to 550 °C, include thermal spraying, pad welding and
cold spraying with corrosion resistive materials like Al, high Cr-
content alloys with Ni or Fe matrix, ZrO2, ZrO2+ Y2O3, Al2O3.

32,33

In ref. 34 an aluminized slurry was proposed to protect against
corrosion by molten nitrate salt at high temperature. Particularly,
ferritic–martensitic P91 (Cr9–Mo1) and stainless steel 304 were
tested to demonstrate the improved compatibility.34 In ref. 35, the
Inconel 738-LC was tested for corrosion with 45 wt% Na2SO4+
55 wt% V2O5 molten salt at 910 °C. This coating was reported to
have failed due to the formation of a mixed-oxide layer even
though the material was sprayed with a NiCrAlY bond coat, a
nanostructured scandia (3.6 mol%), yttria (0.4 mol%) and co-
stabilized zirconia (4SYSZ) topcoat by air plasma spraying (APS).
TP347H coated with Hastelloy C22 (Ni–Cr–Mo) using a laser
cladding technique was tested for compatibility with chloride salts
(KCl and NaCl) at temperatures up to 750 °C.36 This coating
considerably improved the corrosion resistance.36 An Al slurry
coating was recently proposed and demonstrated to be effective
against molten nitrate and carbonate salts corrosion at 580 °C and
650 °C, respectively.37

From the literature review, it can be deduced that the main
mechanism for construction materials degradation is oxidation, if
the maximum temperature is below the molten salt decomposi-
tion. The two main strategies to improve the compatibility of
construction materials with molten salts are: (i) The use of metal
alloys with high content of Cr and/or Ni; and (ii) the use of stable
anticorrosion coatings. Considering that investment costs for CSP
technology play a critical role, new reliable methods for antic-
orrosion protection are specific targets.
In this work, we propose a new simple spray-coating method for

improving the corrosion resistance of carbon steel against molten
nitrate salt attack, expanding its lifetime and operational
temperature range, particularly for CSP technology.

RESULTS AND DISCUSSION
Isothermal corrosion tests
Isothermal corrosion tests for carbon steel A516.Gr70, unexposed
to the graphite layer (non-graphitized), with hydrated HitecXL.H2O
salt produced a corrosion layer, which was observed by SEM cross-
section analysis (Fig. 1a, b). XRD analysis of the samples surface
showed that the layer is composed of iron oxides in the magnetite
and haematite phases (Figure S3). On the other hand, the SEM
analysis shows the formation of a protective layer on the surface
of the carbon steel, which is an iron carbonate layer as discussed
in our previous work.20 These layer is expected to be protective.38–
41

When the carbonate layer separates from the carbon steel, the
oxidation thickness is observed to be around 1.0 μm (Fig. 1a).
However, when the carbonate layer remains attached, the
oxidation thickness is around 0.6 μm (Fig. 1b). Hence the presence
of a carbonate layer reduces the amount of oxidation by nearly
twofold. Though, the case shown in Fig. 1b was rarely detected
while statistically examining the carbon steel samples after the
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corrosion tests, and it was estimated that less than 1% of the
surface was covered with FeCO3.
While being inspired by the protective properties of this

carbonate layer, we decided to increase its formation during the
corrosion test. In particular, the carbon concentration in the
system was increased. To achieve this, graphite was added up to a
total mass of 2 wt% into the salt prior to the corrosion tests (see
section 'Salts preparation' for details). The isothermal corrosion
tests revealed an unexpected and intriguing result. A dense firmly
attached layer of calcium carbonate was formed on the surface of
carbon steel (Fig. 2a, b). The formation of calcium carbonate was
confirmed using XRD analysis with the spectra presented in Figure
S3. The layer demonstrates the desired protective behaviour, by
completely inhibiting the formation of the oxide layer (Fig. 2b).
Only in a few rare zones, the corrosion layer was found on the
steel surface. However, the thickness of the corrosion layer was
reduced (Fig. 2a) when compared with the carbon steel without
the graphite exposure (Fig. 1a). The same observations were seen
on the surface of the carbon steel after the corrosion tests by SEM-
EDX (Fig. 3). In this case, the surface of carbon steel is covered by
the cubic crystals of calcium carbonate in contrast to carbon steel
which was not exposed to graphite. There are some spots on the
carbon steel surface, which present a much lower concentration of
carbon and a higher concentration of oxygen, suggesting the
presence of oxides. XRD analysis confirmed the presence of a
mixture of CaCO3 and iron oxide phases (Figure S3).

The obtained results illustrate the possibility of increasing the
compatibility between carbon steel and molten HitecXL salt by
raising the carbon concentration in the system. However, direct
addition of graphite into the salt can cause a problem with the
thermal decomposition of the unconsumed graphite at a higher
temperature. The last point is demonstrated in Figure S5, where
HitecXL.H2O salt with 2 wt% graphite shows a behaviour like pure
HitecXL only until 450 °C. Nevertheless, the further increase of the
temperature drives the decomposition process resulting with a
pronounced mass loss at ~450 °C.
These experiments provide important information on the

corrosion process of carbon steel in molten nitrate salts and build
a strong basis for the improvement of corrosion resistance
method. The accumulated knowledge was used to develop more
application-suitable anticorrosion methods. In particular, a simple
method of spraying the carbon steel surface with a very thin layer
of graphite was tested (see section 'Carbon steel samples
preparation' for more details on sample preparation). In this case,
the mass of graphite in the system is very low—~5·10–3 g·cm–2 of
graphite per area of carbon steel. This corresponds to about
0.08 wt% of graphite in the salt.
The results of the corrosion test for the graphite-treated

(graphitized) carbon steel are summarized in Fig. 4. It was found
that almost 99.9% of the surface is completely covered by the
crystals of calcium carbonate. Only few spots exhibit lower
concentration of crystals (Fig. 4b). The complete coverage of the
carbon steel surface by the protective layer is mostly due to the

Fig. 1 SEM images of cross-sections of carbon steel after 1500 h corrosion test with HitecXL·H2O. The cases of a separated and b attached
protective FeCO3 layer. Scale bars are 1 µm

Fig. 2 SEM images of cross-sections of carbon steel after 1500 h corrosion test with HitecXL·H2O+ 2 wt% Graphite. The cases of a presence
and b absence of oxidation layer under CaCO3 carbonate layer. Scale bars are 1 µm
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Fig. 3 SEM images and EDX mapping of the surface of carbon steel after 1500 h corrosion test with HitecXL·H2O+ 2 wt% graphite under
different magnifications. Scale bar is a 25 µm, b 5 µm and c 2 µm

Fig. 4 SEM images and EDX mapping of a cross-section (scale bar is 1 µm) and b surface of graphitized carbon steel after 1500 h corrosion test
with HitecXL·H2O (scale bar is 2 µm)
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initial homogenous distribution of graphite (Figure S11). The
analysis of the cross-section revealed the absence of detectable
corrosion layer and a very thin layer of CaCO3 on the surface,
which is confirmed by EDX (Fig. 4a) and XRD (Figure S3) analyses.
This result confirms the protective activity of CaCO3. The
thermogravimetric curve of the salt after the corrosion test with
graphitized carbon steel showed a decomposition temperature
like the pure HitecXL (Figure S5). XRD analysis of these samples
could barely detect the residual amount of iron oxides (much
lower when compared with 2 wt% graphite case) and showed a
clear peak of CaCO3 (Figure S3). The corrosion rates obtained for
the experiments presented above are summarized in Table 1.
Other methods for creating the carbonate layer were tested in

this work: (1) graphite doping of the salt to a concentration of 1 wt
%; (2) ethanol-deposition of graphite onto the surface of carbon
steel; (3) temperature pre-treatment under CO2 atmosphere and
(4) MgCO3 doping of the salt. Details on the results of these
experiments are presented in the Supplementary information
(Figures S6–S10). For all the methods except for MgCO3 doping,
the formation of CaCO3 protective layer was observed, however,
complete coverage of the surface of carbon steel was not
achieved.

Effect of oxygen and thermal cycling
Reactions which form the carbonate surface layer and the
oxidation reactions on the carbon steel are competitive reac-
tions.38–41 Thus additional corrosion test for the proposed method
was performed under an air atmosphere to observe the formation
of carbonate layer under more challenging conditions.
First, for demonstration purposes, half of the piece of carbon

steel was sprayed with graphite, while the other half was not
treated. After a 24 h corrosion test with HitecXL at 310 °C under an
air atmosphere, crystals of CaCO3 appeared and were observed
under an optical microscope (Fig. 5). The line of separation

between graphitized and non-graphitized surfaces is very clear
(Fig. 5): while the graphitized part is well protected by CaCO3, the
non-graphitized one exhibits clear signs of oxidation. XRD and
SEM-EDX analyses further confirmed the formation of crystal
CaCO3.
Given the excellent results under an air atmosphere, we

decided to try more challenging conditions by performing thermal
cycling in the range of 300–500 °C with exposure to air, which is
the typical condition for a CSP plant. The experiment consisted of
125 consecutive cycles over a 500 h period, the results of these
tests are seen in Fig. 6. In the case of non-graphitized carbon steel,
the corrosion layer thickness is high and layer detachment is
observed (Fig. 6a). While the increased rate of oxidation can be
attributed to a higher maximum temperature in the cycling test
compared with isothermal at 310 °C, the layering of the material is
probably due to thermal cycling and is caused by different
dilatation of oxide layer and carbon steel. On the other hand,
graphitized samples clearly demonstrate the formation of a layer
of CaCO3 crystal over the entire surface (Fig. 6b), with little
evidence of the oxidation. XRD analysis reveals the presence of
CaCO3 phase and two iron oxides—magnetite and haematite
(Figure S4). This suggests that some oxides form during the
corrosion test, however, the corrosion rate decrease about three
times compared with non-graphitized carbon steel (Table 1).
The results demonstrate the potential of a simple graphitization

method to improve the corrosion resistance of carbon steel
against molten nitrate salts. The final evaluation, however,
requires further corrosion tests by using experimental conditions
close to real conditions. In particular, it is necessary to verify the
stability of the formed carbonate layer under flow conditions. It
must be noted that the presence of graphite on the surface of
carbon steel is also beneficial in terms of lowering the surface
energy of the carbon steel, which is observed from the contact
angle images of the molten salt (Figure S12). This property is
beneficial for molten salt pumping under harsh conditions. It

Table 1. Corrosion rates of carbon steel under different conditions

Conditions System Corrosion rate, µm/year

Isothermal, 310 °C, Argon, 1500 h Carbon steel+HitecXL·H2O 8.8 ± 0.6

Carbon steel+HitecXL·H2O+ 2 wt% Graphite 3.2 ± 0.5

Graphitized carbon steel+HitecXL·H2O Not detected

Cycling, 300–500 °C, air, 125 cycles Carbon steel+HitecXL 31.5 ± 1.6

Graphitized carbon steel+HitecXL 11.4 ± 1.2

Fig. 5 Optical microscope images of the surface of partially graphitized carbon steel after 24 h corrosion test with HitecXL. Scale bar is 50 µm
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reduces the frictional dissipation associated with laminar flow near
the walls while reducing the stress on the carbonate layer
increasing its lifetime. More dynamic tests are required to further
confirm this method.

Molten salt and carbonate layer chemistry analysis
In this section, we present how the proposed method of
graphitization affects the molten salt and its interaction with the
CaCO3 protective layer. Especially, the solubility of CaCO3 in the
molten nitrate salt is a concern. In general, it is known that
carbonates are soluble in molten salts. To explore this phenom-
enon, which directly affects the stability of this protective layer for
long-term use, several tests were performed.
Firstly, the thermophysical properties (heat capacity, enthalpy of

melting and melting temperature) of the salts, both before and
after corrosion tests with carbon steel and graphitized carbon
steel, were compared and found to be similar within the precision
of equipment (Figure S13). These observations suggest that there
is no significant change in the composition of the salt.
Additionally, FTIR spectra of the HitecXL salts after the corrosion

tests with carbon steel and graphitized carbon steel are shown in
Figure S14. It was observed that there are no changes related to
the main nitrate peaks, however, the presence of traces of CaCO3

is evident in the HitecXL salt after the test with graphitized carbon
steel. This observation is in favour of the limited dissolution of
CaCO3 into the molten salt during the corrosion test. It should be
also noted that no detectable traces of iron were present in the
salts after the corrosion tests.
Finally, to further explore the stability of CaCO3 in the molten

HitecXL salt under the same conditions of the corrosion test, a
controlled solubility experiment was carried out. Pellets of pure
CaCO3 were immersed into the molten HitecXL salt and kept at
310 °C for 1 month. A small concentration of CaCO3 was used
(0.05 wt%). Next, the mixture was quenched by immersing in
liquid nitrogen. In this way, the crystals of CaCO3 are easily
distinguished from glassy HitecXL by SEM. The CaCO3 crystals
remained in the crystalline form is the indication of their limited
solubility in HitecXL. This approach was used by Su et al. to study
the solubility in molten salts.42 The observation of the stability of
CaCO3 micropellets in a quenched salt, (Figure S15a and S15b) as
well as CaCO3 crystals (Figure S15c) are considered as an evidence
of its insolubility (or very limited solubility) in the molten HitecXL
salt under the test conditions. Figures S15a and S15b show the
cross-section of the CaCO3 pellet in the quenched HitecXL. It is
clearly observed that the pellet retains its sharp edges and does

not show signs of dissolution. Separated crystals of CaCO3 have
been also found in the salt and support the limited solubility in
molten HitecXL salt (Figure S15c).
We consider the above-presented observations (Figures S13–

S15) combined with the well-formed CaCO3 layer on the surface of
carbon steel (Figs. 2–6) as a good sign of the stability of CaCO3

protective layer in the molten nitrate salts. However, longer tests
are required for further confirmation of the proposed method. It
must be noted that limited solubility of CaCO3 can be eliminated
by including minor additions of CaCO3 up to the saturation
concentration i.e. Le Chatelier principle.
In this work, the mechanism of corrosion for carbon steel A516.

Gr70 in molten HitecXL nitrate salt was investigated and reported.
It was shown that upon direct contact of carbon steel and molten
nitrate salts, two competitive reactions take place, namely
oxidation (corrosion) and carbonization (protection). This finding
has allowed the proposal of a simple method to improve the
resistance of carbon steel to corrosion by spray graphitization. The
proposed method improves the corrosion resistance of the carbon
steel to molten nitrate salt under both air and inert atmospheres,
in presence of humidity and under the stress of thermal cycling up
to 500 °C. In particular, corrosion was not detected for graphitized
carbon steel after 1500 h isothermal immersion tests at 310 °C
under Ar in the presence of humidity, while non-graphitized
carbon steel demonstrated the corrosion rate of 8.8 ± 0.6 µm/year
under similar conditions. After the cycling immersion tests in the
300–500 °C temperature range under air atmosphere, the corro-
sion rate of graphitized carbon steel was found to be almost three
times lower than non-graphitized one (11.4 ± 1.2 against 31.5 ±
1.6 µm/year). Further corrosion tests under dynamic (flow)
conditions are required to confirm the proposed method for
practical use or to set points for its improvement. Particularly the
complete coverage of the protected surface is a factor to be
considered to avoid localized corrosion.

METHODS
Materials preparation
Salts preparation. HitecXL was composed of the following mixture of
nitrate salts: 15 wt% of NaNO3, 43 wt% of KNO3 and 42 wt% of Ca(NO3)2.
The chemical composition of the individual components can be found in
Table S1. NitCal was purchased from YARA (http://www.yara.us/images/
NitCal-TDS-industrial_tcm399-66077.pdf). KNO3 and NaNO3 were pur-
chased from SQM. From these chemicals two different HitecXL samples
were prepared. The first sample, which is referred to as HitecXL•H2O is a
salt which has not been dried and thus maintaining the calcium nitrate

Fig. 6 SEM images of cross-sections of a carbon steel and b graphitized carbon steel after 125 heating-cooling cycles in the 300–500 °C
temperature range. Scale bars in the main Figures are 5 µm. Scale bars in the insets are 1 µm

simple method for the inhibition of the corrosiony
Y Grosu et al.

6

npj Materials Degradation (2018)    34 Published in partnership with CSCP and USTB

http://www.yara.us/images/NitCal-TDS-industrial_tcm399-66077.pdf
http://www.yara.us/images/NitCal-TDS-industrial_tcm399-66077.pdf


tetrahydrate Ca(NO3)2•4H2O. This sample was used for experiments with an
argon atmosphere. The second sample, which is referred to as HitecXL is a
dry sample. This salt mixture (HitecXL) is melted and dried at a
temperature of 200 °C for 12 h. This sample was used for experiments
exposed to atmospheric air.

Carbon steel samples preparation. Carbon steel A516.Gr70 used in this
work consisted mostly of Fe with small amounts of C (0.31 wt%), Mn
(0.97 wt%), Si (0.36 wt%) and P (0.04 wt%). The coupons of carbon steel
were cut to the size of (20mm× 10mm× 3mm) then successively washed
in acetone, ethanol and water using an ultrasonic bath prior to the
corrosion tests. The initial state of the carbon steel surface has a strong
effect on its corrosion behaviour.20 Therefore, the samples were not
polished before the corrosion tests. Polishing removes the naturally
occurring oxide layer including the carbon-rich layer. This initial state
would not be comparable to the real industrial conditions.
In this work, several methods of preparing the protective carbonate

layer were explored:

1. Graphite in the form of powder (from Sigma-Aldrich) was added to
the salt upon its preparation. Two concentrations of 1 wt% and 2 wt
% were investigated.

2. Graphite was sprayed, by using graphite 33 spray from Kontakt
Chemie, over the clean surfaces of carbon steel pieces prior to the
corrosion tests. The weights of the sample before and after the
spraying were compared to calculate the mass of graphite
deposited on the carbon steel.

3. The deposition of graphite using a graphite–ethanol solution, which
was poured on the surface of carbon steel, followed by the
evaporation of ethanol.

4. Samples of carbon steel were pre-treated under a CO2 atmosphere
in the presence of humidity at 90 °C for 12 h aiming to form an iron
carbonate layer on the surface of the material. For that method,
samples of carbon steel were placed into an alumina crucible along
with 0.5 g of water to intensify the reaction of iron carbonate
formation. Later, the crucible was placed inside a hermetic high-
pressure reactor (BR-300, Berghof) controlling the temperature and
pressure. The reactor was purged with CO2 for 1 h, pressurised to
2 bar and then hermetically sealed by high-pressure valves. The
temperature was increased to 90 °C and held for 12 h.

Corrosion tests protocol
Isothermal corrosion tests. The scheme for the preparation of the
isothermal corrosion tests is presented in Figure S1. All the samples were
prepared in a glove box under an argon atmosphere to avoid the presence
of oxygen in the reactor. A coupon of carbon steel was completely
immersed in 6 g of HitecXL salt. The alumina crucible containing the salt
and the carbon steel was covered with an alumina lid and introduced into
the stainless-steel reactor. The reactor was hermetically sealed using a
flexible copper ring. Then the reactor was kept inside the furnace for
1500 h at 310 °C. The proper sealing of the reactors was verified by
comparing their weights before and after the tests.

Cycling corrosion tests. To investigate the effect of thermal cycling on the
corrosion behaviour of the studied carbon steel, tests were conducted
between 300–500 °C with heating/cooling rates of 2 °C/min. For these tests,
the samples of carbon steel were completely immersed into the salt which
is placed inside an alumina crucible. Then, the alumina crucible was placed
inside the furnace and kept under an air atmosphere during the corrosion
test. The formation of carbonates and oxidation of the metal surface are
known to be competitive reactions,38–41 therefore, the presence of oxygen
drives the oxidation of carbon steel and provides a more challenging
condition for corrosion tests when compared to an inert atmosphere. Each
experiment was conducted 3 times to confirm the results.

Techniques
Scanning electron microscopy (SEM). The surface as well as cross-sections
of carbon steel samples after the corrosion tests were scanned with a
Quanta 200 FEG scanning electron microscope (SEM) using a back-
scattered electron detector (BSED). Energy-dispersive X-ray spectroscopy
(EDX) analysis was also performed. A simplified scheme of the cross-
section samples preparation for SEM analysis is shown in Figure S2, which
has been described and verified elsewhere.12,20 The values of corrosion

layer were calculated by averaging about 200 measurements along the
perimeter of the cross-section using ImageJ software.

X-ray diffraction (XRD). The phase composition of the carbon steel before
and after the corrosion tests was identified by XRD analysis using a Bruker
D8 Advance X-ray diffractometer with CuKα1 radiation (λ= 1.5418 Å) and
θ–2θ geometry and the EVA program from Bruker.

Optical microscope. Carl Zeiss Axio optical microscope was used to scan
the surface of the samples after the corrosion tests.

Thermogravimetric analysis. Thermogravimetric analysis of each of the
different salts was performed using a NETZSCH STA 449 F3 Jupiter. The
measurements were conducted with constant air flow of 60ml/min to
study the thermal stability of the sample from room temperature up to
700 °C with a heating rate of 10 °C/min.

Differential scanning calorimetry (DSC). The specific heat capacity (Cp),
specific enthalpy of melting and melting temperature of the salts before
and after corrosion tests were measured by DSC technique (TA instruments
Q2500). A heating rate of 10 °C/min was chosen. The instrument was
calibrated using sapphire as a standard material. Masses of ~10mg of salt
were placed inside a high-conductive aluminium holder sample which
then was hermetically closed. The experimental error of this technique is
below 3%.

Fourier transform infrared spectroscopy (FTIR). To identify any degradation
or contamination of the salt after the corrosion tests, the FTIR
measurements were performed. Bruker Vertex 70 spectrometer equipped
with diamond ATR and DLaTGS detector was used. The spectra were
collected in the range of 4000–450 cm-1 in transmission mode.

CaCO3 solubility test
Solubility tests were performed to determine the stability of the protective
CaCO3 layer in molten HitecXL salt. First, pellets of as-received pure CaCO3

powder were prepared by using the hydraulic press and 10mm die with a
maximum load of 1 ton. Then, the indicated pellets were immersed in
molten HitecXL salt and the temperature was raised to 310 °C and held for
1 month. Then, the mixture was quenched by immersion in liquid nitrogen.
Quenching produced a glassy form of HitecXL and with possible dissolved
CaCO3, while undissolved CaCO3 remains in a crystalline form. The stability
of CaCO3 pellets was examined by SEM. The concentration of CaCO3 was
0.05 wt%.
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A B S T R A C T

Molten nitrate salts are currently the most common mature solution for thermal energy storage at the con-
centrated solar power (CSP) plants. Enhancing heat capacity and thermal conductivity of molten salts via doping
by inorganic nanoparticles has attracted an explosively increasing interest due to the possibility of a considerable
decrease of the investment costs for CSP technology. However, to the best of our knowledge there is almost no
information on the effect of such doping on the corrosivity of the molten salts. In this work we demonstrate that
adding small amounts of nanoparticles into the molten nitrate HitecXL salt considerably increases its corrosivity
and modifies the corrosion mechanisms. A set of advanced techniques such as SEM-EDX, XPS and XRD are
applied to get insights into the effect of inorganic nano-additives on the corrosion phenomenon.

1. Introduction

Thermal energy storage (TES) represents an important route for
increasing the dispatchability of the concentrated solar power (CSP)
technology [1–4]. Currently, molten salts (nitrate salts in particular) are
frequently used as storage media as well as heat transfer fluids. Cor-
rosive degradation of the construction materials due to the contact with
molten salts can lead to a power plant failure and negative environ-
mental impact. Understanding the corrosion mechanism as well as ef-
fect of different factors on the corrosion rates allows to improve the
safety, while decreasing the investment costs.

With these regards, compatibility of different molten salts with
potential construction and storage [7] materials is often addressed in
scientific literature. In particular, Fernández et al. [5] performed a
corrosion study between the HitecXL salt and several stainless and
carbon steels. They have shown acceptable compatibility and corrosion
rate dependence on the steel composition. Moreover, they have found
out that the HitecXL salt is less corrosive compared to the commonly
used solar salt [5]. Additionally, they detected the incorporation of the
magnesium atoms (impurity in the salt) into the carbon steel corrosion
layer. In [6], the authors presented a corrosion testing device and used
it for solar salt with carbon steel A516Gr70 system. They demonstrated
that the corrosion rates are acceptable for practical use and they also
confirmed the incorporation of magnesium into the corrosion layer. In
[8] the corrosion resistance of the Hastelloys in molten metal-chloride

heat-transfer fluids was studied showing dependence of the corrosion
rates on steel composition. Federsel et al. [17] conducted a compat-
ibility study between the Hitec salt and several types of steel revealing a
negative effect of chlorides on the corrosion behaviour. Cheng et al.
[25] performed a corrosion study between molten LiNO3-NaNO3-KNO3

salt and several steels. The corrosion resistivity was found to be pro-
portional to the Cr concentration in the steel and that the main me-
chanisms of corrosion are oxidation and lithiumization. Miguel et al.
[26] investigated the compatibility between HR3C steel and
Li2CO3–Na2CO3–K2CO3 carbonate salt demonstrating multi-layer for-
mation of different oxides as corrosion products. García-Martín et al.
[9] presented a device for dynamic corrosion studies demonstrating
that the dynamic conditions increase the corrosion rates compared to
static ones. The stability and corrosion aspects of molten salts doped
with carbon based nanomaterials were addressed in [27,28]. For the
recent review on the corrosion of some PCM materials the interested
reader can refer elsewhere [29].

On the other hand, there is a growing interest in molten salt based
nanofluids development, due to their enhanced thermophysical prop-
erties (thermal conductivity and heat capacity) [30–33]. However,
there are almost no studies demonstrating how such doping with na-
noparticles affects the corrosion behaviour of molten salts. Some in-
formation can be found in [13,24]. In these studies, adding 1%wt of
silica nanoparticles into 42.7%Li2CO3–K2CO3 eutectic salt at 520 °C was
claimed to considerably reduce the corrosion rates compared to that of
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the pure salt. Formation of a protective layer of silica nanoparticles
during the immersion corrosion tests was put forward in [13,24] as an
explanation of the improvement mentioned above. However, the au-
thors arrived to this conclusion solely based on mass variation of the
samples of SS304 in the corrosion tests, while refereeing to the work of
Suegama et al. [23], where bis-[trimethoxysilylpropyl]amine anti-cor-
rosion coating filled with silica nanoparticles was developed. Further
investigations are needed to support this explanation.

The effect of nanoparticles on the corrosion and erosion in water
and in ethylene glycol based nanofluids was studied in more details in
[18–22]. Particularly, Celata et al. studied erosion and corrosion of the
metal surfaces by water based nanofluids containing TiO2, Al2O3, SiC,
ZrO2 nanoparticles under dynamic conditions [18]. They have con-
cluded that these nanofluids had no effect on the erosion of the stainless
steel pipe, while the aluminium pipe had demonstrated increased ero-
sion [18]. Rashmi et al. studied water and ethylene glycol based na-
nofluids containing carbon nanotubes [19] and they have found that,
regardless of the fluid used, the corrosion rate of the tested materials
increases in the order: aluminium, stainless steel, copper. The corrosion
rate was increasing with temperature (27–90 °C) for all the materials
[19]. In another work of the same authors, an increase of erosion and
corrosion for nanofluid formed by alumina nanoparticles and sea water
was demonstrated [20]. Bubbico et al. [22] investigated the corrosion
and erosion of stainless steel 316, copper and aluminium by nanofluids
based on different aqueous solutions and have found that the pH played
an important role in the corrosion process. Among the investigated
construction materials, only the aluminium was affected. Recently,
Fotowat et al. [21] have studied the impact of pH on the corrosivity of
water + Al2O3 nanofluid with the same materials (aluminium, copper
and stainless steel). Among the three investigated construction mate-
rials, copper was found to be the most corroded one while the stainless
steel 316 was the most corrosion resistant [21]. However, to the best of
our knowledge there are no studies focused on the effect of nano-
particles on the corrosion behaviour of molten inorganic salts.

In this work, we studied the effect of adding the inorganic nano-
particles on the corrosivity of the molten salts. In particular, the cor-
rosion tests were carried out for nanofluids based on the commercial
HitecXL salt in direct contact with carbon steel. It was demonstrated
that the presence of nanoparticles in this nitrate salt affects the corro-
sion rate noticeably. This finding can have far reaching implications for
the practical use of nanodoped molten salts.

2. Materials and techniques

2.1. Materials and preparation

In this work, carbon steel A516. Gr70 with the following chemical
composition was used: 98.68% Fe, 0.97% Mn, 0.31% C and 0.04% P
(weight concentrations). Small pieces of the material were successively
washed in acetone, ethanol and water in ultrasonic bath prior to the
corrosion tests. As was demonstrated in our previous work [11], the
initial state of the material has strong effect on the corrosion behaviour.
For that reason, the samples were not polished before the corrosion
tests as such treatment activates the surface, removing the oxide and
carbon-rich layers, providing the initial state of the material far from
the one corresponding to the application.

The above indicated material was tested with HitecXL salt consisted
of 15% of NaNO3, 43% of KNO3 and 42% of Ca(NO3)2 (weight con-
centrations), which was prepared using commercial compounds (NitCal
from YARA [14], KNO3 and NaNO3 from SQM) with the chemical
composition presented in Table 1S. All the components were com-
pletely dried at 200oC over 24 h prior to weighing under controlled
conditions inside the glove box.

Two types of commercial nanoparticles were used to prepare the
nanofluids. The Al2O3 nanoparticles produced by Aeroxide® with par-
ticle size of 13 nm and the SiO2 nanoparticles delivered by Sigma-

aldrich with particle size of 12 nm.
To prepare the nanofluids a dry method was used. A quantity of 2 g

of the mixture of HitecXL salt (99%wt) and the nanoparticles (1%wt)
were introduced into a 50 ml aluminium bottle and subjected to dy-
namic shaking by means of ball milling machine during 15 min. The
proper distribution of the nanoparticles was verified by different tech-
niques and is a topic of a separate paper.

2.2. Corrosion tests protocol

For the corrosion experiments, around 6 g of salt were placed inside
an alumina crucible and then a piece of 3 mm x 10 mm x 20 mm of
carbon steel was immersed completely into the salt. Then, the alumina
crucible was placed inside the furnace and kept at a constant tem-
perature of 310 °C under air atmosphere for exposure times of 500,
1000 and 1500 h. The test temperature was selected in view of the
operation conditions of the pilot CSP plant developed within ORC-Plus
project [10], where the HitecXL salt is considered as one of storage
material candidates to be used in the thermocline storage system,
where, no controlled atmosphere on the top of TES tank is envisaged.

After the corrosion tests, the carbon steel samples were removed
from the salt and carefully washed with hot water in order to remove
the salt residues stuck at the surface.

2.3. Characterization techniques

2.3.1. Scanning Electron Microscopy - SEM
The surface and a cross section of the samples were imaged by

means of a scanning electron microscope Quanta 200 FEG operated in
high vacuum mode at 30 kV featured with a back scattered electron
detector (BSED). In addition, energy-dispersive X-ray spectroscopy
(EDX) analyses were carried out for elemental mapping. The images of
the oxidation/corrosion layers were recorded along the whole peri-
meter of the samples’ cross sections and average values are presented.

The cross sections of the samples were obtained following the
simplified scheme shown in Fig. 1S. The carbon steel piece was im-
mersed in rubber prepared by mixing KEM 90 Harz resin and KEM 90
Harter catalyst in 2:1 proportion, which upon solidification creates a
proper holder for SEM imaging and helps to avoid possible removal of
the corrosion and/or oxidation layers during the cutting and polishing
of the cross section of the sample. A comparison of the SEM results of
samples with and without the resin holder confirms that such holder
does not bring any detrimental information, but helps to keep the se-
parated corrosion/oxidation layer close to the surface of the material.

2.3.2. Fourier Transform Infrared spectroscopy – FTIR
The FTIR was used to identify any degradation or contamination of

the salt upon testing with the carbon steel. The FTIR measurements
were performed with a Bruker Vertex 70 spectrometer equipped with
diamond ATR and DLaTGS detector. The FTIR spectra of the salts before
and after the corrosion tests were recorded at room temperature in the
range of 4000 – 450 cm-1 in transmission mode.

2.3.3. X-ray photoelectron spectroscopy characterization – XPS
XPS characterization was performed in an ultra high vacuum system

described elsewhere [15] to follow composition changes in the surface
layer of carbon steel. The XPS spectra were acquired by means of a
hemispherical electron energy analyzer PHOIBOS 150 (SPECS). A twin
Al/Mg anode X-ray source XR50 (SPECS) operated at 12 keV and 100W
power was used to excite the photoelectron spectra. The XPS spectra
were acquired in the fixed analyzer transmission mode with pass en-
ergies of 20 eV and 100 eV for detecting elemental spectral lines with
high resolution and survey spectra, respectively. The XPS spectra were
peak-fitted using CasaXPS data processing software. The quantification
has been done using sensitivity factors provided by the elemental li-
brary of the CasaXPS software [16].
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The XPS depth profiling was performed by means of a sputter gun
IQ12 (SPECS) operated in scanning mode with Argon ion beam with
kinetic energy of 5 keV. The estimated sputter rate was ~ 1–3 nm min-1.

2.3.4. X-ray diffraction – XRD
A structural analysis of the materials before and after the corrosion

tests was performed by XRD using a Bruker D8 Advance X-ray dif-
fractometer equipped with a LYNXEYE detector using CuKα1 radiation
(λ= 1.5418 Å) and θ-2θ geometry. The data were collected at room
temperature between 5° and 110° in 2θ with a step size of 0.02° and
counting time of 8 s per step. The EVA program was used to determine
the phase composition of the material.

3. Results

3.1. Scanning electron microscopy

Fig. 1 shows SEM micrographs of the corrosion layers formed on the
surface of the carbon steel tested with HitecXL, HitecXL + 1%Al2O3

and HitecXL + 1%SiO2 nanoparticles.
The corrosion layer evolves with time of corrosion test. The time

dependence of the corrosion layer thickness is depicted in Fig. 2. As can
be observed, the Al2O3 and SiO2 nanoparticles, although considered to
be chemically inert, surprisingly lead to thicker corrosion layer when
compared to the non-doped HitecXL salt. Moreover, the EDX analysis
demonstrates the incorporation of these nanoparticles in the corrosion
layer (Fig. 1b and c). It is also interesting to note, that in the case of

HitecXL + Al2O3 the Al penetration depth into the corrosion layer is
limited (sharp peak of Al concentration in Fig. 1b). While in the case of
HitecXL + SiO2 the whole corrosion layer contains Si (Fig. 1c).

Noteworthy, that in the case of pure HitecXL salt the corrosion layer
thickness is uniform over the cross section perimeter, while in the case
of nanoparticles doped salts the corrosion layers are not uniform with
different propagation depths. This is the reason for the higher statistical
deviations in the measured corrosion thickness for the salts with nano-
additives (Fig. 2).

From several works dedicated to the corrosion between nitrate salts
and different construction materials [5,6], one can note that magne-
sium (common impurity of such salts) incorporates into the steel after
the tests. Indeed, the SEM-EDX analysis of the carbon steel surface
tested in pure HitecXL evidences a substantial amount of Mg distributed
over all the surface (Fig. 3b). While in the case of HitecXL salt doped
with nanoparticles no Mg was detected in the corrosion layers (Fig. 3c
and d).

From Fig. 3a it can be also seen that the initial raw carbon steel has
two types of surface states, similar in terms of the chemical composi-
tion, but different in term of roughness. From the EDX analysis it is
evident that such different regions have different concentration of
oxygen before and after the corrosion tests (Fig. 3). This may suggest
that these two regions are formed by different iron oxides - Magnetite
(Fe3O4) and Hematite (Fe2O3). To support this hypothesis the XPS and
XRD results will be discussed in the next sections. Elemental analyses of
the samples tested with salts are shown in Fig. 3b,c,d revealing non-
homogeneous distribution of Mg, C, Al and Si over the carbon steel
surfaces. Mg rich regions of up to ~100 µm (Fig. 3b) in size were de-
tected only in the case of nanoparticles-free salt. In the cases of salts
with alumina/silica nanoparticles two types of regions were detected:
regions rich with silicon/aluminium and the ones rich with carbon
(Fig. 3c and d).

3.2. X-ray photoelectron spectroscopy characterization

The XPS measurements were performed to assess the elemental
composition and chemical state of the components of the corrosion
layers. By performing XPS depth profiling we estimated the thickness of
the iron oxide layer for all the samples. Results obtained with XPS
demonstrate that strong decrease of iron oxide’s signature takes place
after sputtering away approximately 1 µm for nanoparticles-free
HitecXL. The thickness of the sputtered layer was estimated based on
the sputtering time needed to sputter away the top oxide layer.

Blue and black curves in Fig. 4a present Fe2p XPS spectra after re-
moving ~0.1 µm and ~1 µm of top layers, respectively. The shape of
the spectral lines and positions of the peaks in the blue spectra are
characteristic of iron oxide. The black spectrum in Fig. 4a contains

Fig. 1. SEM images and EDX analyses of the cross
sections of carbon steel after 1500 h corrosion tests
with a) HitecXL; b) HitecXL + Al2O3 nanoparticles
and c) HitecXL + SiO2 nanoparticles.

Fig. 2. Evolution of corrosion layer thickness for carbon steel in molten salts: HitecXL,
HitecXL + Al2O3 nanoparticles and HitecXL + SiO2 nanoparticles.

Y. Grosu et al. Solar Energy Materials and Solar Cells 178 (2018) 91–97

93



peaks shifted towards lower binding energies with respect to those in
the blue curve. The main peak at ~707 eV corresponds to Fe2p3/2 line
in metallic iron. Correspondent intensity of the O1s signal (not shown
here) after removing ~1 µm dropped virtually to negligible level thus
confirming removal of the top oxide layer.

In the case of nanoparticles doped salts it took much longer sput-
tering time to completely remove the iron oxide layer: Fe2p spectrum
(black curve in Fig. 4b) exhibit a strong shoulder at ~710 eV which
indicates presence of the iron oxide after removing top layer of ~1 µm.
The latter observation is in accord with the SEM data presented in
Fig. 1b,c thus supporting the conclusion on the heavily non-uniform
thickness of the corrosion layers when the nano-additives to the salts
were used.

Fig. 5 shows wide range XP spectra of the carbon steel surface ac-
quired after testing in nanoparticles-free HitecXL (Fig. 5, black curve)
and in HitecXL doped with SiO2 nanoparticles (Fig. 5, red curve).

The spectrum for the test with SiO2 doped HitecXL indicates the

presence of Si and Ca, while spectrum for nanoparticles-free HitecXL
(Fig. 5, black curve) reveals strong Auger signal from magnesium (peak
at 305 eV) which was not observed for the pristine carbon steel. By
performing depth profiling, we have found that the thickness of the
magnesium enriched layer is around 1 µm thus it is close to that of the
iron oxide layer thickness. Interestingly, the magnesium was not de-
tected on the surface of the sample tested with nanoparticles doped
salts (Fig. 5, red curve), which is in agreement with EDX data (Fig. 3).

From Fig. 5 it is also evident that the SiO2 nanoparticles are in-
corporating into the corrosion layer, which is in agreement with EDX
analysis (Fig. 1c and Fig. 3d). Moreover, in this case the calcium was
found to be incorporated in the corrosion layer of the carbon steel
(Fig. 5, red curve).

3.3. X-ray diffraction

The structure of the carbon steel samples after the corrosion tests

Fig. 3. SEM and EDX analyses of the surface of a) raw carbon steel; and carbon steels after 1500 h corrosion tests with b) HitecXL; c) HitecXL + Al2O3 nanoparticles; d) HitecXL + SiO2

nanoparticles.

Fig. 4. XPS depth profiling for carbon steel after 1500 h corrosion tests with a) HitecXL and b) Hitec XL + SiO2 nanoparticles. Blue and black curves are Fe2p XPS spectra after removing
of ~0.1 µm and ~1 µm top layers by Ar-ion sputtering respectively.
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was analyzed by the XRD. The XRD diffractograms shown in Fig. 6
indicate presence of the iron oxides magnetite (Fe3O4) and hematite
(Fe2O3) and also a small amount of iron carbonate (FeCO3). As ex-
pected, no phases containing Al or Si elements were identified due to
their low concentrations.

In our previous work [11], it was shown that iron carbonate layer
acts as protective layer in case that it is firmly attached to the surface of
material and evenly distributed over the surface. Iron carbonate is
formed during the corrosion test due to the presence of amorphous
carbon-rich layer on the surface of pristine carbon steel as a result of a
long-time exposure to the atmosphere. In this work, the identified iron
carbonate layer is distributed non-homogenously occupying only small
area of the carbon steel surface (Fig. 3). Moreover, when such carbo-
nate layer is found, it is poorly attached to the surface of carbon steel
and does not provide corrosion protection. Example of preservation of
such layer is demonstrate in Fig. 2S. It is interesting that in case of
similar corrosion tests performed under inert atmosphere, the forma-
tion of such protective carbonate layer is much more favorable and it is
observed along almost all the surface of the carbon steel [11]. Such
result is logical considering that the oxidation and carbonization reac-
tions on the surface of steel are known to be competitive reactions [12],
hence the air atmosphere results in higher level of oxidation and as a
result inhibition of carbonization.

3.4. Stability of the salt

It is worth mentioning, that we didn't observe any effect of adding
nanoparticles on the stability of the salt. The temperature as well as the
enthalpy of melting of the tested salts were not modified. Moreover, no
changes were observed in the FTIR spectra of tested salts as can be
clearly observed in Fig. 3S.

4. Discussion

The above described corrosion tests combined with the character-
ization of the corrosion layer by means of SEM-EDX imaging (Figs. 1–3)
and XPS depth profiling (Figs. 4 and 5) indicate that the compatibility
between nitrate salt and carbon steel can be substantially modified/
compromised by adding into the salt small amounts of SiO2 or Al2O3

nanoparticles.
Taking into account that the main mechanism of carbon steel cor-

rosion is oxidation, one may consider that additional oxygen could be
supplied from the air entrapped in the interparticles pores. In other
words, the nanoparticles, having high specific surface area, effectively
provide additional source of oxygen. To verify this idea, small droplets
of salts (15 mg) were deposited on the glassy carbon surface for ob-
servation under corrosion test conditions (310oC, air). The glassy
carbon surface was chosen as chemically inert and smooth surface.

Light images at the bottom of Fig. 7 display large number of bubbles
nested in the droplets of the salt doped with nanoparticles. It is obvious
from the light images in Fig. 7 (bottom) that the amount of trapped air
is considerably higher when nanoparticles are present. The evolution of
the droplets mass in course of time is presented by the graphs in Fig. 7
(right top). During the first 30 min the mass vs time dependence levels
out for all the tested materials, while, it takes about 4 days to com-
pletely remove all the bubbles. Given the fact that the mass variation
for all the three samples is the same within the measurement error we
conclude that the observed bubbles are bubbles of trapped/dissolved
air. Releasing of the trapped bubbles from the droplets proceeds in
parallel with decreasing of the contact angle. The apparent concentra-
tion of bubbles is higher for the SiO2 doped salt as compared to the
Al2O3 doped salt one. This could be explained by the higher volumetric
concentration of SiO2 nanoparticles compared to that of the Al2O3 na-
noparticles (due to lower density of SiO2).

The above observations correlate well with the finding that the
corrosion layer is thicker for SiO2 doped salt than for Al2O3 doped salt
(Fig. 2). On account of the above observations, it appears reasonable to
assign the increased corrosion of carbon steel to the air entrapped in the
interparticle porosity.

Apart from the increased thickness of the corrosion layer, it is clear
that the corrosion mechanism has been also changed. Paricularly, we
found that magnesium incorporation did not occur when salt was doped
with silica or alumina nanoparticles (Figs. 3–5).

It is important to note that while the corrosion layer in the case of
pure HitecXL has uniform thickness, for nanoparticles-doped HitecXL
case regions with considerably thicker corrosion layer are present,
which is evident from SEM analysis (Fig. 1 and Fig. 2) and XPS depth
profiling (Fig. 4). The difference in the corrosion layers’ morphologies
may be due to several reasons: 1) The bubbles observed in Fig. 7 are
non-homogeneously distributed and hence result in non-homogeneous
oxidation of the carbon steel. This is particularly evident for the case of
alumina nanoparticles (Fig. 1b), where the bubbles are larger (Fig. 7)
and hence are distributed even more non-homogeneously compared to
the silica case. It should be also noted that the size of the bubbles is
most probably due to different agglomeration states of the nano-
particles (interparticle porosity). 2) The nanoparticles tend to agglom-
erate forming some regions with higher concetrations. 3) The initial
state of the carbon steel seems to have noticeable effect on the in-
corporation of the nanoparticles during the corrosion test, which is
evident from the SEM-EDX analysis of the surface of carbon steel

Fig. 5. XP spectra of carbon steel after 1500 h corrosion tests with HitecXL (black curve)
and HitecXL + SiO2 nanoparticles (red curve).

Fig. 6. XRD diffractograms of carbon steel after the corrosion tests with HitecXL, HitecXL
+ Al2O3 and HitecXL + SiO2 nanoparticles.
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(Fig. 3) and is explained in more details below.
From the Fig. 3a it can be seen that the pristine carbon steel has two

different states of the surface, which have similar chemical composi-
tion, but are different in terms of roughness and oxygen content. The
corrosion tests exposed the different behaviour/properties of the re-
gions. In the case of pure HitecXL (Fig. 3b) the regions with pronounced
roughness and lower concentration of oxygen contain substantially less
magnesium, compared to the smoother regions, which have higher
amount of oxygen. Combining this observation with the XRD analysis
(Fig. 6) one can argue that such regions represent different iron oxides -
Magnetite (Fe3O4) and Hematite (Fe2O3). In this view, incorporation of
Magnesium is more likely to occur into the Hematite regions. For the
experiments with nanoparticles-doped salts one can see that there is no
Magnesium incorporated into the carbon steel (Fig. 3c and d). Magne-
sium free corrosion layers in the cases of salt doped with silica or alu-
mina could be thought of as an evidence of magnesium substitution by
the dopants with higher electronegativity. Indeed, the electronegativity
of the involved elements is increasing in the following order: Mg, Al, Si.
Hence, in case if more than one of these elements are present, the one
having higher electronegativity should react first with carbon steel.
This explains the absence of Mg in case alumina or silica nanoparticles
are added.

At the same time the smoother regions - initially Hematite - contain
smaller amount of nanoparticles compared to the rough regions - in-
itially Magnetite (Fig. 3c and d). It is logical since nanoparticles are
expected to participate in oxidation process and Magnetite tends to
oxidize to Hematite during the corrosion test, while Hematite is the
final oxidation state of iron. This can result in a non-homogeneous
thickness of corrosion layer as well.

To summarize, we have shown that the air bubbles accumulation
and their distribution within the salt, the affinity of the elements
forming nanoparticles-doped salt as well as the initial state of the
construction material have pronounced effects on the corrosion beha-
viour of carbon steel. The chart in Fig. 8 compares corrosion rates of the
carbon steel when contacting molten HitecXL salt under different
conditions at temperature of 310oC.

It can be seen that the corrosion rate of carbon steel being in direct
contact with molten HitecXL salt depends on the atmosphere. In case of
inert (argon) atmosphere the corrosion rate is higher than that under
ambient conditions. We believe this is due to formation of more cor-
rosive nitrites under oxygen free atmosphere. The negative effect of
inert atmosphere on the corrosion behaviour of stainless steels was
recently demonstrated by DLR [34]. It was shown that drastic increase

of nitrites as well as oxides formation was detected for Solar Salt in case
air atmosphere is replaced by nitrogen gas. Importantly, the corrosive
effect of atmosphere is noticeably lower compared to that of nano-
particle doping of the salt, where corrosion rate increased nearly 3
times in case of SiO2 dopant. The effect of adding nanoparticles is
comparable with the effect of humidity in the system (Fig. 8), which
was in detail discussed in our previous work [11].

5. Conclusions

The effect of silica and alumina nanoparticle doping on the corro-
sivity of molten nitrate HitecXL salt was investigated. The following can
be concluded based on the performed experiments:

1. The doping of the salt with nanoparticles considerably increases
salt’s corrosivity. The corrosion layer thickness in the cases of SiO2

and Al2O3 nanoparticles doped salts is 3 times and ~2 times of that
for the nanoparticles-free salts, respectively. Moreover, the presence
of nanoparticles increases the non-homogeneity of the corrosion
layer thickness.

2. The entrapped air in the interparticle porosity could be responsible
for the increased oxidation (corrosion) rates of carbon steel, while
non-homogeneous distribution of bubbles results in non-homo-
geneous thickness of the corrosion layer.

3. The presence of nanoparticles affects the mechanism of corrosion

Fig. 7. Visualization and mass variation of HitecXL,
HitecXL + Al2O3 nanoparticles and HitecXL + SiO2

nanoparticles droplets on glassy carbon at 310oC.

Fig. 8. Comparison of corrosion rates of carbon steel in direct contact with molten
HitecXL salt under different conditions at 310oC. The values for experiments performed
under argon atmosphere are taken from [11].
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layer formation. Particularly, magnesium, which is known to in-
corporate into the corrosion layer of carbon steel, has not been
detected in the case of salts doped with nanoparticles. Al and Si
were detected instead. This might be due to the different electro-
negativity of the elements involved.

4. The initial state of the material (oxide phases, roughness) has strong
effect on the corrosivity of the investigated molten nitrate salt,
particularly in the case when nanoparticles are added.

From the obtained results it is evident that the corrosion aspect must
be strongly considered in case nanoparticles-doped salts with enhanced
thermophysical properties are used under the conditions of thermal
energy storage at concentrated solar power plant.

Further experiments with nanoparticles-doped molten salts under
dynamic conditions and different atmospheres would be useful for
general understanding of the problem.
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