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ABSTRACT 

Phase change materials (PCM) are used in many energy storage applications. Energy is stored 

(latent heat of fusion) by melting the PCM and is released during re-solidification. Dispersing 

highly-conductive nanoparticles into the PCM enhances the effective thermal conductivity of 

the PCM, which in turn significantly improves the energy storage capability of the PCM. The 

resulting colloidal mixture with the nanoparticles in suspension is referred to as nanoparticle 

enhanced phase change materials (NEPCM). A commonly used PCM for energy storage 

application is the family of paraffins (CnH2n+2). Mixing copper oxide (CuO) nanoparticles in 

the paraffin produces an effective & highly efficient NEPCM for energy storage. However, 

after long term application cycles, the efficiency of the NEPCM may deteriorate and it may 

need replacement with fresh supply. Disposal of the used NECPM containing the 

nanoparticles is a matter of concern. Used NEPCM containing nanoparticles cannot be 

discarded directly into the environment because of various short term health hazards for 

humans and all living beings and un-identified long term environmental and health hazards 

due to nanoparticles. This problem will be considerable when widespread use of NEPCM is 

practiced. It is thus important to develop technologies to separate the nanoparticles before the 

disposal of the NEPCM. This is the motivation behind this study. The primary objective of 

this research work is to develop methods for the separation and reclamation of the 

nanoparticles from the NEPCM before its disposal.  

It is aimed to find or design separation methods which are simple, safe, and economical. The 

specific NEPCM considered in this study is a colloidal mixture of dodecane (C12H26) and 

CuO nanoparticles (1% - 5% mass fraction and 5-15 nm size distribution). The nanoparticles 

are coated with a surfactant or stabilizing ligands for suspension stability in the mixture for a 
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long period of time. Various methods for separating the nanoparticles from the NEPCM are 

explored. The identified methods include; (i) distillation under atmospheric and reduced 

pressure, (ii) high speed centrifugation, (iii) destabilization of the nanoparticles by adding 

chemical agents thereby inducing gravitational precipitation, (iv) silica-column 

chromatography, (v) silica adsorption and (vi) nanofiltration These different nanoparticle 

separation methods have been pursued and the results are presented with detailed process 

description, analysis, and conclusion. 
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CHAPTER 1 

                                      INTRODUCTION

1.1 Phase Change Materials 

Ideally all materials exist in three phases; solid, liquid, and gaseous and can change phases 

depending on the subjected temperature. Thereby all materials are phase change materials. 

However, in the context of the research presented in this work, Phase Change Materials 

(PCM) are those materials having relatively low melting points which are melted and 

solidified easily, such as water, paraffins, salts, fatty acids, esters etc. These materials, with 

the capability of storing and releasing large amount of heat energy with a slight or no 

temperature change are widely used as thermal energy storage materials. Thermal or heat 

energy can be stored either as a sensible heat or latent heat. Sensible heat storage 

stores/releases thermal energy passively and requires a much larger volume of material to 

store same amount of energy in comparison to latent heat storage. A PCM changes its phase 

from solid to liquid as the temperature increases and reaches the melting point and as it melts, 

the PCM absorbs the heat energy as the latent heat of fusion and the process is endothermic. 

Similarly, when the temperature decreases and reaches the solidifying temperature, the 

material changes phase from liquid to solid and the PCM releases the latent heat through an 

exothermic process [1]. 

Latent heat storage is an attractive energy storage option. One of the major advantages of the 

PCM system is the (almost) isothermal release or gain of thermal energy. A PCM is a 

constant temperature heat source, meaning the PCM stores/absorbs heat energy in the form of 

latent heat of fusion and then releases thermal energy during solidification; with slight or no 
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change of temperature. A PCM offers high energy storage density as their latent heat of 

fusion of PCM is 50-100 times more than the sensible heat [2]. PCM can regenerate thermal 

energy at high temperature at a melting point slightly lower than the temperature of waste 

heat. Melting and solidifying processes of the PCM can be repeated for many cycles offering 

economic benefits. Due to advantages offered by PCM latent heat thermal energy storage, 

such as low (negligible) temperature variation during phase change cycles, small unit size and 

high storage density, and relatively constant heat transfer fluid temperature during discharge 

process, it has been applied to numerous low temperature applications such as solar energy 

storage, smart housing, heat management of electronics, agricultural greenhouse, and 

industrial waste heat recovery. Due to the widespread concern about recent energy crisis, 

PCMs are attracting much attention due to their energy saving energy potential [1-5]. 

Thermal energy storage (TES), also commonly called heat and cold storage allows the 

storage of heat or cold to be used later. Hence to be able to retrieve the heat or cold after 

some elapsed time, the method of storage needs to be reversible. This reversibility is offered 

by PCMs where they store heat energy by changing phase from solid to liquid via charging 

process and gives away heat through discharging process leading to PCM freezing. 

Depending upon the temperature requirement, PCMs can be used for number of applications. 

Also being quasi-isothermal phase change process it is particularly attractive for transport of 

temperature sensitive products as it aids to the simplicity of the storage system [6-8]. 

As the demand for air conditioning increased greatly over the years, large demands of electric 

power and limited reserves of fossil fuels have led to a surge of interest with efficient energy 

storage applications. Electrical energy consumption varies significantly during the day and 

night according to the demand by the industrial, commercial, and residential activities. In hot 

and cold climate countries, the major part of the load variation is due to the air conditioning 

and space heating which leads to a differential pricing system for peak and off peak periods 
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of energy use. Recent discussions on topics like global warming and heat waves along with 

the increasing demands for cooling systems have brought attention once again to energy 

efficient systems utilizing renewable energy sources. Hence due to the increase in greenhouse 

gas emissions and energy crisis, the utilization of renewable energy sources and thermal 

energy storage are crucial current topics. The thermal energy storage has wide range of 

applications, e.g., solar energy storage, waste heat recovery, smart housing, temperature 

control greenhouses, textiles, heat regulation of electronics and so on [4,9-14,16,17]. 

1.2 Types of Thermal Energy Storage Systems:  

To assist and solve the energy related problems thermal energy storage (TES) systems have 

been developed. The selection of TES is generally dependent on the storage period required, 

i.e., diurnal or seasonal, economic viability, operating conditions, etc. [1,9]. 

Three types of TES systems are common in practice: 

1) Sensible TES (e.g., water, rock), 

2) Latent TES (e.g., water/ice, salt hydrates), 

3) Thermo chemical TES (e.g., inorganic substances). 

The most common way of thermal energy storage is as sensible heat storage. In this case 

heat transferred to the storage medium leads to a temperature increase of the storage medium 

as shown in Fig. 1.1. A sensor can detect this temperature increase and the heat stored is thus 

called sensible heat. In sensible heat storage system, energy is stored or extracted by heating 

or cooling a liquid or a solid, which does not change its phase during the process. A variety 

of substances like water, heat transfer oils and certain inorganic molten salts, and solids like 

rocks, pebbles, and refractory are used. The choice of the substances used largely depends 

upon the temperature level of the application [1]. 
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In case of latent heat storage the material (PCM) stores or releases heat by changing its 

phase at constant temperature. PCM has low temperature range and high energy density of 

melting – solidification compared to the sensible heat storage. Also PCM can store about 3 to 

4 times more heat per volume than is stored as sensible heat in solids or liquids in a 

temperature interval of 20°C [18]. This can be a significant advantage in many applications 

like in domestic space heating. As per requirement with the selection of suitable material the 

phase change by melting and solidification can store large amounts of heat or cold. Also 

melting is characterized by a small volume change, usually less than 10%. Hence a container 

can fit the phase with the larger volume, usually the liquid, so the pressure is not changed 

significantly and consequently melting and solidification of the storage material proceed at a 

constant temperature. While heat is transferred to the storage material upon melting, the 

material maintains its temperature constant at the melting temperature, also called phase 

change temperature [9]. 

The storage of heat of melting takes place at constant temperature and is referred as latent 

heat and the process is known as latent heat storage. Due to the small volume change, the 

stored heat is equal to the enthalpy difference between the solid and liquid phase. This 

Fig. 1.1. Heat storage as sensible heat leads to a temperature increase  

when heat is stored. 
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enthalpy change is known as melting enthalpy, or heat of fusion, or solid-liquid phase change 

enthalpy [8,9]. 

In thermochemical systems of heat storage, heat is stored or released by using reversible 

endothermic chemical reactions. The reactions involve the breaking and forming of bonds 

such that a great deal of energy can be stored. Although not currently viable, a variety of 

reactions are being explored [9]. 

 

1.3 Classification of Phase Change Materials: 

 

According to the phase change states, PCMs are divided into three categories: solid-solid, 

solid-liquid and liquid-gas. In general, the term “latent heat” refers to the heat of solid-solid,  

solid-liquid, and liquid-vapor phase changes as shown in Fig 1.3. However, the terms “latent 

heat storage” and “phase change material” are commonly only used for the first two kinds of 

phase changes and not for liquid-vapor phase changes because liquid-vapor (gas) PCMs have 

no practical application due to larger volume change during phase change which leads to a 

storage problem. In a liquid-vapor phase change, the phase change temperature strongly 

depends on the boundary conditions, and therefore the phase change is not just used for 

Fig. 1.2. Heat storage as Latent heat storage showing 

phase change temperature 
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storage of heat alone. Usually it is connected with a pressure and a temperature difference 

between charging and discharging [10-17,19,20]. 

1.4 Materials Used as PCM:  

 

There are large numbers of phase change materials that melt and solidify at a wide range of 

temperatures, making them attractive for number of energy storage applications. A material 

to be used as PCM should possess some desirable thermo-physical, kinetic and chemical 

properties. Based on the information available from different studies [6,21-28] the essential 

characteristics of a good PCM are: 

 

 Thermo physical Properties:  

- High latent heat of fusion per unit volume 

- High thermal conductivity of both solid and liquid phases 

- Melting temperature in desired operating temperature range 

- Small volume change on phase transformation 

- Small vapor pressure at operating temperature 

- Congruent melting for a constant storage capacity of material with each cycle 

- High specific heat to provide additional significant sensible heat storage 

- High density 

Fig. 1.3 Classification of PCM [20, 24] 
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 Chemical Properties: 

- Freeze/melt cycle reversibility 

- Non-corrosiveness  

- Non-toxic, non-flammable, and non-explosive 

 

 Nucleation and crystal growth Requirements: 

- High nucleation rate to avoid sub-cooling of the liquid phase during 

solidification, assuring phase change cycle occurs at same temperature 

- High rate of crystal growth, so that system can meet the demand for heat 

recovery from the storage system 

 

 Economics: 

- Abundant and easily available  

- Cost effective 

- Easy recycling and treatment 

 

 In general, materials to be used for phase change thermal energy storage must have a large 

latent heat and high thermal conductivity. They should possess a melting temperature lying in 

the practical range of operation, melt congruently with minimum sub-cooling and be 

chemically stable, low in cost, non-toxic, and non-corrosive. The materials exhibiting most of 

these properties can be used as PCM. As shown in Fig. 1.4, PCMs are primarily divided into 

organic and inorganic materials. Organic materials are further classified as paraffin and non-

paraffin (fatty acids, eutectics and mixtures). Experimental evidences of melting and freezing 

cycles using these materials/material composites showed that they crystallize with little or no 

sub-cooling and are chemically and thermally very stable and non-corrosive [7,29]. However, 

they suffer from some inherent disadvantages like flammability, low thermal conductivity 

and low phase change enthalpy. Inorganic materials are further classified as eutectics and 

compounds.  
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Inorganic materials cover a wide temperature range. Compared to organic materials, 

inorganic materials usually have similar melting enthalpies per unit mass, but higher ones per 

unit volume due to their high density also they are non-flammable. Their main disadvantages 

are sub-cooling, phase segregation, incompatibility with metals since severe corrosion can be 

developed in some PCM-metal combinations [9]. Materials that have been studied to work as 

PCM during the last 40 years are salt hydrates, paraffin waxes, fatty acids, and eutectics of 

organic and non-organic compounds. 

1.5 Paraffins as PCM: 

Depending upon the applications and corresponding temperature requirements, a major field 

of research in area of energy storage is the development of PCMs which maintains good heat 

storage when required, followed by heat release. Based on their melting temperature there are 

variety of materials which qualify as PCM [7]. For different applications, temperature 

requirements varies like low temperature (e.g., freezing for food storage), medium 

temperature (e.g., house heating – cooling) and high temperature (e.g., for cooking) hence 

suitability of a PCM is governed by its phase change temperature. The paraffins are a mixture 

Fig.1.4 Families of phase change heat storage materials [6,9,22] 
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of pure alkanes which have quite a range of the phase change temperature. Some paraffins are 

an attractive alternative to chilled water for comfort cooling applications because they enable 

cold storage with high energy density. Paraffin waxes were found to have melting 

temperature from -12°C to 71°C with a latent heat of 128 kJ/kg to 198 kJ/kg [30]. The phase 

change or melting temperature is normally a function of the molecular properties. For 

paraffins it is found that molecular weight and hence number of carbon atoms is a linear 

function of melting temperature [7,9]. Also by mixing different paraffins, different non-

paraffins, or paraffins with non-paraffins different melting temperature can be obtained 

[29,30]. 

Paraffins (alkanes) are the saturated hydrocarbons which consists of hydrogen and carbon 

atoms only and are held together by single bonds in a non-cyclic or linear (can be branched) 

chain form. The alkanes with cyclic structure are known as cycloalkanes. The non-cyclic 

alkanes have the general chemical formula as CnH2n+2 where n being the number of carbon 

atoms. The physical and chemical properties of alkanes are mainly governed by the number 

of carbon atoms and corresponding hydrogen atoms. Hence according to the number of the 

constituent atoms and eventually their molecular weight, alkanes are found in gaseous, liquid, 

and solid states offering different melting points to be used as phase change temperatures, as 

shown in table below [31-33]. 

As it is explained earlier, alkanes with liquid-gas mode of phase change are not efficient as an 

energy storage medium due to high volumetric expansion leading to storage issues. Hence 

further discussions would pertain to the non-gaseous alkanes only. From the Table 1 it is 

evident that for alkanes in general, as the number of carbon atoms increases thereby 

subsequent increase in number of hydrogen atoms, their thermo-chemical properties vary in 

direct relation. 
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For example alkane with lower carbon atoms, e.g., pentane with 5 carbon atoms has melting 

temperature and density lower than that of hexane and all the other alkanes with higher 

carbon content. As carbon content of an alkane increases its properties as well as its state 

changes and for higher carbon content (higher than 16 C atoms) alkane exists as solid. 

 

 

Alkane Formula 
No. of 

Carbon atoms 

Boiling 

point (°C) 

Melting 

point [°C] 

Density 

(g·cm−3) 

(at 20 °C) 

State              

(at 20 

°C) 

Methane  CH4 1 -162 -182 gas gas 

Ethane  C2H6 2 -89 -183 gas gas 

Propane  C3H8 3 -42 -188 gas gas 

Butane C4H10 4 0 -138 gas gas 

Pentane  C5H12 5 36 -130 0.626 liquid 

Hexane  C6H14 6 69 -95 0.659 liquid 

Heptane  C7H16 7 98 -91 0.684 liquid 

Octane  C8H18 8 126 -57 0.703 liquid 

Nonane  C9H20 9 151 -54 0.718 liquid 

Decane  C10H22 10 174 -30 0.73 liquid 

Undecane  C11H24 11 196 -26 0.74 liquid 

Dodecane  C12H26 12 216 -10 0.749 liquid 

Hexadecane  C16H34 16 281 18 0.773 
solid-

liquid 

Icosane  C20H42 20 343 37 0.7886 solid 

Triacontane  C30H62 30 450 66 0.81 solid 

Tetracontane  C40H82 40 525 82 0.817 solid 

Pentacontane  C50H102 50 575 91 0.823 solid 

Hexacontane  C60H122 60 625 100 0.827 solid 

 

Vapor pressure of a liquid is the pressure at which liquid boils at a particular temperature and 

hence the vapor pressure is a function of the liquid temperature. Vapor pressure is determined 

by the kinetic energy of molecules which is related to temperature, mass, and velocity of 

molecules. When the liquid is heated and the temperature reaches the boiling point, the 

average kinetic energy of the liquid particle is sufficient to overcome the forces of attraction 

that holds molecules in the liquid state. This results in breaking of molecules away from 

liquid to form a gaseous phase. Molecules with the most independence in individual 

Table 1: Properties of alkanes used as PCM 

http://en.wikipedia.org/wiki/Methane
http://en.wikipedia.org/wiki/Ethane
http://en.wikipedia.org/wiki/Propane
http://en.wikipedia.org/wiki/Butane
http://en.wikipedia.org/wiki/Pentane
http://en.wikipedia.org/wiki/Hexane
http://en.wikipedia.org/wiki/Heptane
http://en.wikipedia.org/wiki/Octane
http://en.wikipedia.org/wiki/Nonane
http://en.wikipedia.org/wiki/Decane
http://en.wikipedia.org/wiki/Undecane
http://en.wikipedia.org/wiki/Dodecane
http://en.wikipedia.org/wiki/Hexadecane
http://en.wikipedia.org/wiki/Icosane
http://en.wikipedia.org/wiki/Triacontane
http://en.wikipedia.org/wiki/Tetracontane
http://en.wikipedia.org/wiki/Pentacontane
http://en.wikipedia.org/wiki/Hexacontane
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Brownian motions achieve sufficient kinetic energy to escape into the vapor phase at lower 

temperatures. The vapor pressure will be higher and therefore the compound will boil at 

lower temperature. The molecules that bond with each other through a variety of 

intermolecular forces or interact strongly with each other cannot move easily or rapidly and 

therefore do not achieve the kinetic energy necessary to escape the liquid state. Hence the 

molecules with strong intermolecular forces will have higher boiling points. This is mainly 

due to the greater intermolecular London attractive forces which increases as the number of 

electrons per molecule, molecular polarity and contact between chains increases with 

increasing chain length [34] This explains the change in state of molecule due to change in 

number of carbon atoms present in case of alkanes. 

Fig. 1.5 shows variation of melting temperature and density of alkanes with respect to 

number of carbon atoms.  Evidently, alkanes offer wide range of phase change temperatures 

and qualify to be used as phase change material for thermal energy storage applications. 

Alkanes are also referred as thermo-adjustable, because the phase change temperature of 

alkane can be changed by varying the number of carbon atoms. Thus, it is possible to vary the 

Fig.1.5 Alkane Melting point and Density variation with number of Carbon atoms 
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number of carbon atoms or form different molecular alloys to obtain a continuous variation of 

phase change temperature within certain ranges. Hence, with varying phase transition 

temperature requirement according to specific applications, alkanes offer all possible 

temperature ranges either as basic available form or as a tailored alloy. 

In this research, dodecane (C12H26) with phase transition temperature of -10°C was selected 

as the base fluid. Being liquid at room temperature dodecane can be stored conveniently and 

possess most of the required properties of phase change material like; inert, non-poisonous, 

chemically stable, etc. However, thermal conductivity of dodecane, and alkanes in general, is 

not very attractive (~0.2 W/m°C) to be considered as an efficient phase change material. This 

low thermal conductivity value limits applications of alkanes for high temperature LHS 

systems. To store a certain amount of heat, the low thermal conductivity of paraffin results in 

higher volume requirement than the material with higher thermal conductivity. Therefore, to 

make paraffin suitable for applications requiring higher thermal conductivity, different 

approaches have been adopted, e.g., suspension of metal rods, suspension of metal plates, and 

suspension of metal nanoparticles [9,35-37]  
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CHAPTER 2 

NANOPARTICLES 

 

2.1 Nanoparticle Basics 

A nanoparticle is an ultrafine particle whose size is measured in nanometers (nm) which in 

metric system is same as one-billionth of a meter (10-9m). In general, nanoparticles refer to 

ultrafine particles whose sizes are in the range of 1 nm to several hundred nanometers 

depending on materials, fields and applications [38-40]. 

There is no accepted international definition of a nanoparticle and term ‘nanoparticle’ is 

utilized to refer to particles of size < 100 nm or < 50 nm, at times for any particle 10 nm or 

less and occasionally < 1 µm. Based on size (diameter) range they also known as fine 

particles covering 100-2,500 nm range while ultrafine particles have dimensions 1-100 nm 

[41,42]. One definition given in the new PAS71 document developed in the UK is: "a particle 

having one or more dimensions of the order of 100 nm or less". 

"Novel properties that differentiate nanoparticles from the bulk materials, are typically 

develop at a critical length scale of under 100 nm. “The "novel properties" mentioned are 

entirely dependent on the facts that at the nano-scale, the physics of nanoparticles, meaning 

their properties, are different from the properties of the bulk material. This makes the size of 

particles or the scale of its features the most important attribute of nanoparticles. The 

properties of many conventional materials change when formed from nanoparticles. This is 

typically because nanoparticles have a greater surface area per unit weight than larger 

particles; this causes them to be more reactive to certain other molecules. 
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Nanoparticles are of great scientific interest as they are effectively a bridge between bulk 

materials and atomic or molecular-structures. A bulk material should have constant physical 

properties regardless of its size, but at the nano-scale size-dependent properties are often 

observed. Thus, the properties like melting point, dielectric constant, thermal behavior, 

optical behavior, mechanical behavior of materials change as their size approaches the nano-

scale and as the percentage of atoms at the surface of a material becomes significant. At 

nano-scale, materials exhibit various sizes dependent properties like quantum confinement 

effect is observed in semiconductor particles, super-paramagnetism is evident in magnetic 

materials and surface plasmon resonance is observed in some metal particles. For bulk 

materials larger than one micrometer (or micron), the percentage of atoms at the surface is 

insignificant in relation to the number of atoms in the bulk of the material. The interesting 

and sometimes unexpected properties of nanoparticles are therefore largely due to the large 

surface area of the material, which dominates the contributions made by the small bulk of the 

material [38-42]. 

Due to their unique properties nanoparticles of different materials have been used in wide 

range of applications in different fields of engineering and science. In biomedical field NPs 

have been successfully used for applications like drug delivery, cancer treatment, sunscreen 

lotion, etc. In chemistry NPs are utilized to synthesize new materials with unique properties 

for applications like water purification. In engineering field NPs are employed to improve 

mechanical and thermal properties of materials for different applications like thermal 

conductivity improvement of heat transfer fluids, strength enhancement for materials used in 

vehicles and space-crafts, improving lubricating properties of oils, etc. Hence these novel 

particles have been proved to be equipped with vast potential to solve number of 

technological and medical issues and have been used in numerous applications [43,44]. 

 

http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Molecular


 

15 
 

2.2 Classification of Nanoparticles:  

Nanoparticles can be classified according to different properties. Major classification is as 

follows: 

1. Based on material: metallic, non-metallic, and composite. 

2. Based on shape: spherical, rod-shape, elliptical, etc. 

3. Based on properties such as: magnetic, charged, and neutral. 

 

2.3 Synthesis of Nanoparticles:  

Since their introduction in 1990 different approaches have been developed to synthesize NPs 

of different sizes and properties using different materials. Some of them are listed below 

[43,45]. 

1. Sol-gel Process 

2. Wet chemical synthesis 

3. Physical vapor deposition 

4. Aerosol processing 

5. Inert gas condensation method 

6. Chemical vapor deposition 

7. Mechanical alloying/milling 

8. Micro-emulsion 

9. Biological methods 

Broadly there are two approaches to manufacture nanoparticles and above mentioned 

methods are one of those types [38,39]. 

1. Top-down: In this approach material decreases its size from large to nano-scale 

hence one starts with coarse material and applies forces to disintegrate into the 

nanosize range. Example: Pearl/ball milling, high-pressure homogenization.  
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2. Bottom-up: In this approach nanoparticles are produced by assembling atoms or 

molecules together. It is a classical precipitation method in which molecules in a 

solution are associated to other molecules to form solid particles of nano-size. 

Selection of a synthesis method is governed by size of nanoparticles, amount of nanoparticles 

required, and economic considerations. For example: bigger size nanoparticles of size 400 nm 

or high, top-down approach is preferred due to its simplicity and low cost. 

2.4 Properties of Copper-oxide Nanoparticles: 

As explained earlier in section 1.5, alkanes or paraffins are most suitable material to qualify 

as a PCM except that their thermal conductivity is poor. Hence nanoparticles are used as a 

means to enhance thermal conductivity of paraffins. In this research work copper oxide 

(CuO) nanoparticles have been used due to various reasons [46,47] to improve thermal 

conductivity of dodecane used as a base fluid [48,49]. The copper oxide (CuO) NPs stabilized 

by capping with sodium oleate acid (SOA, C18H33NaO2) were synthesized and provided by 

colleagues from Department of Chemistry and Biochemistry, Auburn University, Auburn, 

AL. These nanoparticles are prepared using wet chemical method presented in greater detail 

elsewhere [48,49]. Fig. 2.1 (a) shows TEM image of CuO/SOA which reveals particle size 

distribution ranging from 3 to 29 nm. 

Fig. 2.1(a) TEM image of 

CuO/SOA     Nanoparticles 
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A histogram presented in Fig.2.1 (b) clearly indicates 90% of the size distribution exists 

within the range of 5 to 15 nm with dominant size being 9 nm [49]. 

 

The basic properties of CuO NP can be summarized as:  

 

Size: Peak size distribution at 9 nm with size range 5-15 nm. 

Shape: Spherical. 

Charge: Not withstanding partial charges, the CuO particles possess no net, permanent 

charge. 

Molecular weight: 79.54 g/mol. 

Magnetic Behavior: Non-magnetic. 

Color: Black 

 

 

 

  

Fig. 2.1(b) CuO particle size distribution assessed 

over 300 NPs [48,49] 
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CHAPTER 3 

NANOPARTICLE ENHANCED PHASE CHANGE MATERIALS 

3.1 Nanoparticle Enhanced Phase Change Materials 

Since the introduction of nanofluids in mid-nineties, it had attracted many applications like 

energy storage, heat exchangers, refrigeration, lubrication, etc. Nano-materials exhibit unique 

properties which have been utilized to serve different applications ranging from science, 

engineering to biology and personal care as explained in previous sections. At nano-level, 

one of the most prominent feature gets developed is high surface area of the nano-structures, 

e.g., nano-particles, nano-wires, etc. As heat transfer is a surface phenomenon, addition of 

nano-structures to heat transfer fluids and mediums enhances their heat transfer capabilities. 

As explained in section 1.5, though paraffins (alkanes) qualify as an outstanding PCM they 

lack in heat transfer ability. Hence in order to use paraffins as a PCM, it is required to 

improve their thermal conductivity which is achieved by embedding or incorporating 

nanostructures with paraffin. Thermal conductivity improvement by dispersing ultra-fine 

(nanosize) particles in liquids was first reported in 1993 [50] followed by introduction of term 

“nanofluids” in 1995 [51] referring to new class of fluids with superior thermal properties. A 

fluid containing nano-materials with high thermal conductivity tailored specially to store 

energy is known as nanoparticle enhanced phase change material (NEPCM) [52]. 

Another term commonly used in exchange with NEPCM is nano-colloid which means 

nanoparticles are being stabilized to form NEPCM and are colloidal form [48]. Hence adding 

thermally active nano-particles lead to increase in thermal conductivity of PCM which can 

hold and release heat at higher rate. Addition of nanoparticles to improve thermal 
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conductivity of fluids has been reported in numerous articles like: using Cu nanoparticles, 

nucleate pool boiling heat transfer coefficient of R113/oil was found to be increased by over 

23 % by decreasing size of nanoparticles from 80 nm to 20 nm [53], improved thermal 

conductivity of ethylene glycol based nanofluids using Cu nanoparticles [51,54], volume 

fraction or concentration of added NPs and specific surface area governs thermal 

conductivity. For heat transfer applications, effect of different types of nanoparticles metallic, 

non-metallic with different size variations from 5 nm to several hundred nm in combination 

with different types of base fluids like water, glycol, etc., have been reported [46,47,55-59]. 

In this research work dodecane ( C12H26 ) was used as a base fluid which is purchased from 

Vertellus Health & Specialty Products LLC, Indiana, USA [60] and used as is without any 

further processing. Table 2 presents basic physical and chemical properties of dodecane. For 

additional information refer Material Safety Data Sheet included in appendix (A). CuO 

nanoparticles (presented in section 2.4) were used to enhance thermal properties of dodecane. 

 Table 2: Properties of Dodecane [60]  

Physical State Liquid Flash Point: 74°C 

Appearance Water White 

(colorless) 
Vapor Pressure: 

(mm Hg @ 20°C) 

5.9 

Relative Density: 

(Water = 1) 

0.753 @ 25°C Vapor Density: 

(Air = 1) 

5.9 

Boiling Point: 216°C Solubility in Water Insoluble 

Freezing Point: -10°C Auto Ignition 

Temperature 

203°C 

 

3.2 Preparation of NEPCM 

Nearly homogeneous NEPCM samples were prepared by dispersing desired amount of CuO 

NPs into the base PCM, i.e., dodecane. The samples were prepared by following a mass 

fraction approach. In this approach, density of the NPs and dodecane was used to find a 

required NP concentration (mass) for a particular volume of NEPCM. The amount of CuO 
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NPs required for preparation of nanofluids is calculated using law of mixtures, which is given 

by  

% 𝑣𝑜𝑙𝑢𝑚𝑒 𝑐𝑜𝑛𝑐. (𝜙𝑣𝑜𝑙)  =
𝑊𝐶𝑢𝑂

𝜌𝐶𝑢𝑂
(

𝑊𝐶𝑢𝑂

𝜌𝐶𝑢𝑂
+

𝑊𝑏𝑓

𝜌𝑏𝑓
)⁄  

where subscripts CuO and bf are referred to NPs and base fluid respectively. In case the 

corresponding mass fractions are of interest, following relations are used for conversion for a 

two component system: 

𝜙𝑣𝑜𝑙 = 𝜙𝑤𝑡𝜌𝑏𝑓 [𝜙𝑤𝑡𝜌𝑏𝑓 + (1 − 𝜙𝑤𝑡)𝜌𝐶𝑢𝑂]⁄  

𝜙𝑤𝑡 = 𝜙𝑣𝑜𝑙𝜌𝐶𝑢𝑂 [𝜙𝑣𝑜𝑙𝜌𝐶𝑢𝑂 + (1 − 𝜙𝑣𝑜𝑙)𝜌𝑏𝑓]⁄  

After determining mass of NPs required, next step followed is dispersing this NP mass in 

required volume of dodecane, then heating and stirring rigorously at 60°C on a hot-plate 

magnetic stirrer (SP131325Q, Thermo Fisher, Dubuque, IA) shown in Fig.3.1 for 30 minutes 

to attain a stable colloidal suspension. This mixing in combination of heating produced a 

stabilized NEPCM, which appeared like a black ink and was used for further experiments. 

Using these sodium-oleate stabilized CuO nanoparticles, long-term stability of colloidal 

Fig.3.1 NEPCM Preparation 
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suspensions in various hydrocarbons (hexane, octane, dodecane, and eicosane) was observed 

both qualitatively and quantitatively for mass fraction up to 20 wt% corresponding to volume 

fraction of about 3 vol% [48,49]. 

In this work, only dodecane was considered as the base fluid to prepare NEPCM and conduct 

different trials. Using the approach explained above various concentrations (wt %) of 

NEPCM including 0.5, 1.0, 2.0, 3.0, 5.0 have been utilized to conduct trials using different 

methods explained in successive sections. Table 3 presents mass of NPs required to prepare 

100 ml of NEPCM of different concentrations.  

Table 3: Amount of CuO NP required 

Sr.No. NEPCM Volume (mL) NP wt % NP mass required (g) 

1 100 0.5 0.3798 

2 100 1 0.7597 

3 100 2 1.5330 

4 100 3 2.3202 

5 100 5 3.9384 
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CHAPTER 4 

PARTICLE SEPARATION METHODS 

Separation of particles/impurities from a solid-liquid mixture has been an age old problem. 

Various separation methods have been developed for various types of applications over the 

years. The separation method for a specific class of solid-liquid mixture depends on various 

factors such as the size of the particles, type/class of the liquid, mass/volume fraction of the 

particles in the mixture, physical properties of the base liquid and the particles, etc. In this 

chapter, various available and potential particle separation methods and the associated 

processes are described. As mentioned earlier, the main objective of this research is to 

develop efficient, effective, and economical methods for the separation of nanoparticles from 

colloidal mixture of the nanoparticles in a base fluid. Specifically, separation of CuO 

nanoparticles from a colloidal mixture in alkanes such as dodecane is considered. This colloid 

is designated as Nanoparticle Enhanced Phase Change Material (NEPCM). 

After extended survey of the existing literature, several particle separation methods have been 

identified. These are; (i) Filtration, (ii) Distillation, (iii) Centrifugation, (iv) Magnetic 

Separation, (v) Electrophoresis, (vi) Chromatography, and (vii) Chemical Methods. 

4.1 Filtration 

Filtration primarily works on size-exclusion principle and has been widely used to separate 

impurities of different size ranges, e.g., nano, micro, or higher. For micro or bigger size 

impurities or particles, filtration is basically a sieving mechanism where large size entities get 

trapped at filter/membrane surface allowing only small entities to pass through depending on 

filtration membrane pore size rating. However, at nano-level, filtration becomes complex in 

terms of increased fouling and pressure requirements and is no longer size-exclusion 
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dependent only. Separation of nanoparticles or nano-size entities from a solution dates back 

to late 1950’s when reverse osmosis (RO) was established as a process primarily for 

desalination of water. In 1970’s relatively low pressure RO membranes were developed 

yielding higher water flux with added advantages of retaining essential minerals. Such 

membranes with lower rejections of dissolved components with higher water permeability 

proved to be great improvement for separation technology. These low-pressure RO 

membranes are referred as “Nanofiltration” membranes [61,62]. Nanometer-sized particles 

show unique physical and chemical properties that are different from those of bulk materials 

depending on their sizes and shapes due to the quantum confinement effect [63-67]. Nano-

filtration is a process intermediate between reverse osmosis and ultrafiltration that rejects 

impurities or molecules which have size in designated nanometer range of membrane. This 

range of membrane is often specified in terms of molecular weight cut-off ration (MWCO), 

which is basically a number indicating capacity of membrane to hold 99% of the molecules 

or particles of size greater than specified MWCO rating. Different membrane suppliers have 

different rules and guidelines to make selection of membrane for an application. Though 

different theoretical models have been proposed since its introduction in 1980s, this method 

of separation mechanism has long been debated as pure convection (sieving) or pure 

diffusion or combination of both. Some nanofiltration membranes known as “activated 

membranes” have surface charge to aid in filtration while processing charged solute or 

solvent in the sample [62,63,68-72] 

4.2 Distillation 

Distillation is a common and well-known process for separating miscible fluid mixture based 

on differences in volatility between the components. Apart from conventional distillation 

systems various other configurations of distillation unit are available like membrane 

distillation, vacuum distillation, column distillation, etc. Distillation is primarily used in 
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petrochemical industries for separation and purification purposes [73-76] When size and 

shape based separation process like filtration, centrifugation, and electrophoresis becomes 

challenging due to small size of impurities or complexity of solution formation, distillation 

serves the purpose. 

4.3 Centrifugation 

Centrifugation is one of the simplest methods for the separation of impurities or particles 

from a liquid, which works on the principle of density gradient of constituent elements in 

solution. This is the most convenient method of separation as it does not rely on any liquid-

solid phase interactions and specific chemical reactions pertaining to the sample. Due to its 

simplicity of operation and high efficiency, centrifugation is widely used for chemical and 

biological applications [77-81]. 

4.4 Magnetic Separation 

Magnetic separation has been studied for many years and is usually applied for metallurgical, 

wastewater treatment, food processing, chemistry and biological separations in the form of 

batch or flow through magnetic separators. The basic principle behind magnetic separations 

is remarkably simple and old. It relies on the simple fact that materials with differing 

magnetic moments experience different forces in the presence of magnetic fields. Hence the 

use of this method of separation is straightforward in mixtures where a magnetic component 

is known to exist [82-89]. 

4.5 Electrophoresis 

Electrophoresis is one of the most powerful separation techniques used to separate a variety 

of differently sized electrically charged materials. Here, separation mechanism relies upon 

materials having surface charges; typically charges of nanoparticles arising from the sorption 

of ions onto the surface of the nanoparticles during their preparation. Different particles 
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display different specific mobility during electrophoresis under the influence of an external 

applied voltage because of different charge to size ratios which is utilized for separation. 

Electrophoresis is available in different configurations like gel, capillary, etc., to serve wide 

range of applications which makes it suitable for separating, analyzing and characterizing 

chemical, biological, and metallurgical entities [90-95]. 

4.6 Chromatography 

Chromatography is another process where separation is carried out by difference in physical 

and chemical properties (size, density, affinity, etc.) of constituents present in the solution. In 

order to suit different applications, there are different types of chromatography such as gel 

chromatography, column chromatography, gas chromatography. It is widely used for 

separation and characterization of polymers, molecules, nanoparticles, and biological entities 

due to its simplicity and low cost of operation [96-98].Some of these methods have been 

developed largely for characterization and analysis of bio-medical applications and are 

limited to handling fluids like water, blood, proteins, etc. 

Being a universal solvent with simple molecular structure, water aids simplicity and cost-

effectiveness to most of the separation process particularly to nano-filtration. On contrary, for 

non-aqueous samples nano-filtration becomes highly complex and expensive even for lab 

scale applications. Also most of these size dependent methods work with high degree of 

efficiency for larger particles/impurities, e.g., 50 nm (size of biological entities like virus, 

bacteria, etc.) and higher. For smaller size particles in the range of 1-25 nm, the efficiency of 

the methods suffer greatly while some of them remains unsuitable. For example, separation 

of impurities using magnetic separation or electrophoresis demands components to be 

separated to possess magnetic or electric component, respectively, without which these 

methods become non-applicable. 
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As explained earlier the nano-colloid under consideration is a mixture of dodecane as base 

fluid and copper oxide (CuO) nanoparticles of size 5-15 nm with average size being 9 nm. 

Producing a stable mixture of the colloidal mixture of the nanoparticles and the base fluid has 

two fundamental challenges. The first is to prevent particle agglomeration and the second is 

to prevent gravitational precipitation. Both agglomeration and precipitation decrease the 

effectiveness of the nanoparticles. In order to keep the nanoparticles suspended and maintain 

uniform/homogeneous dispersion in the base fluid for a long and effective useful life, they 

are chemically treated with suitable surfactants before mixing into the base fluid. As the CuO 

particles do not carry any charge leading to electrically and magnetically neutral behavior the 

only route to restrict the agglomeration is by placing a barrier between two approaching 

particles. This is achieved by coating nanoparticles with stabilizing agent/surfactants (Fig. 

4.1a) also known as ligand which acts like a cushion between the individual particles. For the 

present case, the CuO nanoparticles are coated with sodium oleate (C18H33NaO2). This 

stabilizer/surfactant forms numerous ligands on the particle surface which have a thread or 

rope like structure as shown in Fig. 4.1a. Thus the nanoparticles have average mass 

composition of 69% copper oxide and 31% sodium oleate with an uncertainty of ±1.4%. The 

polar head group of these ligands associates with particle surface whereas non-polar tail 

interacts with hydrocarbon solvent (dodecane) [49]. Hence under the influence of these 

ligand nanoparticles form a repulsive matrix as shown in Fig. 4.1b, resulting in highly stable 

colloid. This form of stabilization is known as steric stabilization. 

By comparing process requirements of different separation methods explained before with 

morphology of nanoparticles and properties of nano-colloid, suitable potential methods can 

be determined. Being electrically and magnetically immobile, the CuO nanoparticles render 

electrophoresis and magnetic separation processes unsuitable. As NEPCM under 

consideration is non-aqueous based colloid, filtration at nano-level becomes highly complex 

http://www.chemspider.com/Molecular-Formula/C18H33NaO2
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and cost intensive option. Another approach not explained above is destabilizing the 

nanoparticles by removing stabilizing ligands from their surfaces. As an order of magnitude 

difference exists between density of CuO and dodecane, unstable nanoparticles are presumed 

 to precipitate under the action of gravity. 

 

Keeping in mind the project objectives, the NEPCM colloidal properties, and process 

requirements; distillation, centrifugation, chromatography, and destabilization of the 

nanoparticles were found to be the best suitable methods to achieve the separation of the 

nanoparticles in an efficient and cost effective manner. Throughout the course of this study, 

these various nanoparticle separation methods are attempted and tried. Some of the methods 

Fig. 4.1. (a) Schematic diagram of a nanoparticle with long ligands coated on its 

surface serving as the stabilizing cushion layer, (b) Ligands on particle 

surface to provide a physical barrier (cushion) which prevents particle 

contact and subsequent agglomeration [49]. 

(a) 

(b) 
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proved to be very successful while others were less or partially successful. Detailed 

description of the separation methods, the qualitative and quantitative results, and the precise 

conclusion and recommendations about the suitability of these methods for the separation of 

the nanoparticles from the base fluid are presented, analyzed, discussed in the following 

chapter. 
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CHAPTER 5 

RESULTS, ANALYSES, AND DICUSSIONS 

5.1 Distillation 

Normally, distillation is used to separate a pure liquid from a mixture of a few liquid 

components of different volatility or boiling point. In its simplest form of distillation [99-

104], the liquid mixture is heated in a container until the liquid component with lower boiling 

point is vaporized followed by condensation in a condenser which is collected as distillate. 

Distillation has been one of the oldest and primary methods to purify various liquids. The 

widespread use of distillation is attributed to its operational simplicity and degree of purity 

offered. It is the best available method for the separation applications where purity is of prime 

importance. Distillation was invented to purify water to be used for human consumption and 

reportedly solar energy was employed to carry out distillation. Owing to its low resource 

requirements and high purification efficiency, eventually it had been established as an 

attractive alternative for different separation applications including chemical, biological, and 

petro-chemical processes. Reportedly, distillation is by far the most widely used separation 

process in chemical process industry. Petroleum refining and chemical industries are two of 

the most separation-intensive industries which employ distillation as the primary process to 

carry out separation of olefins from paraffins. Distillation is also used widely in application 

involving extraction and characterization of hydrocarbons and analysis of hydrocarbons [105-

109].  

Also distillation is employed to carry out isotope separation like purification of oxygen-18 

and other purification applications. Distillation involves both saturated liquid and vapor phase 
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during operation hence each pressure corresponds to a certain bubble and/or dew point 

temperature. This means with increasing pressure the temperature also increases accordingly. 

At atmospheric pressure, several inorganic and light hydrocarbon components have a boiling 

point well below 0 °C and a larger number of hydrocarbons have boiling points up to and less 

than 100°C, whereas a great number of important fine chemicals boils well above 200°C. Due 

to this higher boiling temperature there is a tendency of degradation of component. Hence, to 

prevent thermal degradation of distilled material, the operating pressure has to be 

accommodated to allow most economical operation. In case of high-molecular weight 

(heavy) components this implies distillation under vacuum conditions and for light 

components distillation under high pressure. Hence, depending on the type of application and 

material being processed distillation operating requirements vary. Over the period of few 

decades, various distillation configurations have been invented and are used widely 

depending upon the application requirements like dry, stream, vacuum, column with straps or 

without, membrane distillation, etc. [110-113]. Fig. 5.1 shows schematic diagram for 

atmospheric pressure distillation process.  

The distillation process can also be useful to separate suspended solid particles from a solid-

liquid mixture. In the present context, the separation of the nanoparticles from the NEPCM 

can be achieved by taking the base fluid out of NEPCM leaving behind the nanoparticles. 

This can be accomplished by evaporating the dodecane (base fluid) using a distillation 

process. Distillation can be conducted at different pressures and temperatures as per 

requirement. Following sections present distillation of NEPCM conducted to achieve NP 

separation.  
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5.1.1 Atmospheric pressure distillation trials 

A standard distillation unit was used to carry out the distillation process at atmospheric 

pressure. The standard distillation unit consists of a 1000 ml round bottom heating flask, 

condenser, collecting flask, and 1000 W heater with power regulator. The distillation unit, 

along with required accessories such as pipes for condenser; stand, clamps, etc., were 

purchased from Mountain Home Biological, USA [114]. An energy meter named “Kill-a-

Watt” was used to measure the amount of energy consumed during each experiment. All the 

joints were sealed using sealing tape to minimize the loss of liquid and vapors. Initially, a 100 

ml sample of the NEPCM having 1 wt% concentration of CuO nanoparticles was used. The 

NEPCM was prepared as per the guidelines mentioned in Chapter 3. 

The standard safety protocol for distillation was followed to run the experiments. Fig. 5.2a 

shows the 100 ml NEPCM. The black color of the colloid is due to the presence of black CuO 

nanoparticles. Fig. 5.2b shows the nanoparticles residue left in heating flask after distillation 

is complete. Nanoparticles got deposited in the form of a layer at the bottom of the flask. This 

layer can be removed and collected using glass cleaning agent like acetone. Fig. 5.2c shows 

NEPCM 

 

Fig. 5.1 Atmospheric distillation process set up. 
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the receiver flask with the distillate which resembles to pure colorless dodecane used to 

prepare the nano-colloid. Absence of any color clearly indicates that collected distillate is free 

from any trace of copper oxide. However, as the particles mixed initially were of nanosize, it 

was required to analyze the distillate microscopically in order to confirm complete removal 

of the CuO nanoparticles. 

 

 

Table 5.1 shows the raw data collected for each of the 5 min. time interval during a  trial run 

with 50 ml of NEPCM having 1% (by mass) CuO concentration. A stop watch was used to 

keep track of time. Fluid temperature inside the flask was monitored using a thermometer of 

range 0°C – 300°C. Initial boiling and condensation was observed after 5 min. of trial time. 

This continued further and after 10 min., temperature of the fluid was recorded as 80°C. After 

15 min., the temperature was about 212°C which is close to the boiling point of pure 

dodecane: 216°C [60]. At this point intense vapors at the top of flask rising towards 

condenser were observed. In next 5 min., the distillate in the form of condensed vapor 

droplets was observed at the receiver flask and temperature inside the flask reached 250°C. 

At this point, due to rapid rise in temperature and consequent vaporization of fluid in flask, 

a. Before Distillation  

Sample: 100 ml 

1 % (by mass) NEPCM  

b. After distillation: 

Flask Bottom showing 

nanoparticle residue. 

c. After distillation: 

Condensate 

95 ml 

Fig.5.2. Distillation at atmospheric pressure. 
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vapor amount in the condenser reached to the peak value. This resulted in higher 

condensation rate producing a continuous stream of distillate. In next 10 min., the 

temperature inside the flask kept rising as very little amount of liquid was left to absorb the 

heat energy and get vaporized. This increase in temperate passed well above the range of the 

used thermometer hence the exact value of the temperature could not be recorded. During this 

phase of the distillation, the distillate output was decreased to drop by drop and was 

eventually stopped after 35 min. In order to raise the temperature gradually the power regular 

of the heater was used. The energy consumed was measured using energy meter connected in 

series with heater. The water flow rate to the condenser was kept uniform at 2 lpm and tap 

water with inlet temperature of 21°C was used for cooling. The output collected in the form 

of distillate was measured to be 48 ml which is 2 ml less than the starting volume. The 

reduction of distillate is attributed to the loss of fluid on the flask walls. 

Table 5.1. Distillation data for 1% concentrated (by mass) 50 ml NEPCM. 

Time (mins) Fluid Temp (0C) kWhr Observations 

0 22 0   

5 28 0.02 boiling started with churning sound   

10 80 0.1 boiling with condensation on flask wall   

15 212 0.18 
boiling with condensation on flask upper 

wall   

20 218 0.29 
output in the forms of initial drops started 

which turned into a stream 

25 250 0.37 
output decreased to drop by drop, few 

drops of liquid at flask bottom  

30 over 300 0.5 output decreased further as drop by drop  

35 over 300 0.6 
no liquid , only smoke was observed in 

flask   
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Although the collected distillate resembles pure colorless dodecane and looks free from any 

CuO nanoparticles, observation with naked eyes does not provide concrete basis to confirm 

complete removal of nanoparticles. As particles are of nano-size and being very light, there 

was a possibility of particles being carried away with the dodecane vapor formed during the 

distillation process. Hence in order to confirm the complete removal of nanoparticles from 

distillate, an analysis of distillate was required. Scanning Electron Microscopy (SEM) was 

used for this purpose. All samples for SEM were prepared on a standard nickel grid having 

carbon coating and were dried for 48 hours before imaging. SEM images of 99% pure 

dodecane and that of the collected distillate were compared. Fig. 5.3(a) shows the SEM 

image for the pure dodecane. The structure of carbon coating on the grid is clearly discernible 

from this image which shows no signs of any nanoparticles present. Same carbon web 

structure was observed while imaging distillate received after atmospheric distillation as 

shown in Fig. 5.3 (b). At used SEM settings, any particulate matter would stand out and look 

very different than carbon web structure. Absence of any NPs gives distillate pure carbon 

web structure very similar to one observed for pure dodecane. Thus both the images looks 

similar and provide enough evidence to conclude distillation removes NPs completely from 

NEPCM and yields 100 % separation efficiency. 

Fig. 5.3. Scanning Electron Microscopy images (SEM); (a) 99 % pure dodecane, (b) 

collected distillate. 

(a) (b) 
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After confirming complete removal of nanoparticles from the NEPCM, numbers of trials 

were performed to record data about variation of time and energy required, in relation to the 

amount and NP concentration of NEPCM used for distillation. Table 5.2 shows the summary 

of the data collected using atmospheric pressure distillation. Total of six trials were 

performed for different combinations of NEPCM volume and nanoparticles mass 

concentration. The mass concentration (% wt) of NPs chosen was 0%, 1%, and 3%. A trend 

was observed for time required and energy consumed in relation to the amount of NEPCM 

used. Also it was observed that for the same volume, NEPCM with higher concentration of 

nanoparticles get distilled faster than NEPCM with lower nanoparticle concentration. This 

confirms the claimed thermal conductivity enhancement of the dodecane with the addition of 

copper oxide nanoparticles. 

 

Table 5.2. Atmospheric pressure distillation trials summary 

Trial 

Number 

NEPCM 

Volume 

(ml) 

Nanoparticles 

Mass 

Fraction (%) 

Total 

Time 

(min) 

Total Energy 

Consumed 

(kWh) 

Distillate 

Volume 

(ml) 

Energy/Volume 

(kWh/ml) 

1 100 0 40 0.68 96 0.0068 

2 50 1 35 0.6 48 0.0120 

3 100 1 40 0.63 95 0.0063 

4 150 1 40 0.65 146 0.0043 

5 200 1 40 0.66 197 0.0033 

6 100 3 32 0.51 97 0.0051 

 

5.1.2 Vacuum distillation trials 

Distillation is defined as the separation process based on the tendency of the substances to 

vaporize in a boiling liquid mixture. And the boiling point of a substance is known as the 

temperature at which vapor pressure of the liquid equals the pressure surrounding the liquid 

and the liquid changes into vapor. Hence the boiling point of the liquid varies depending 

upon the surrounding environmental pressure. A liquid at high pressure has a higher boiling 
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point than when the liquid is at atmospheric pressure. Conversely, at lower pressure or under 

vacuum boiling point of liquid is lower than that at atmospheric pressure conditions. 

Distillation has long been criticized as slow and highly energy intensive process. Hence, in 

order to make it more energy efficient, distillation at reduced pressure was thought to be a 

better alternative. This section explains the procedure followed for vacuum distillation trials, 

results, and analysis. 

To perform distillation under reduced pressure a complete new setup was required, as the 

distillation unit for this purpose has to be airtight and of sufficient strength to withstand the 

applied vacuum. Hence a new vacuum distillation unit with a vacuum pump was purchased 

from Mountain Home Biological, USA [114]. The configuration of the distillation system 

differed slightly than the atmospheric distillation. Here the condenser has the straight passage 

for incoming vapor which is different than spiral one in atmospheric distillation and also it is 

held about 20° inclined to the horizontal plane. Vacuum pump of 1/6 HP power rating, 2.4 

CFM free air displacement, and 10 Pa ultimate vacuum was used which was capable of 

creating vacuum from 0 bar (min) to -1 bar (max).All the standard procedures and safety 

measures were followed while conducting the trials. 

Fig.5.4 shows the actual vacuum distillation setup used to conduct trials. Energy meter was  

used in series with the vacuum pump and heater power lines to record total power consumed. 

All joints were sealed using sealing tape and airtight performance (to hold constant vacuum) 

was confirmed by having a trial run for 2 min. In order to have a comparison with 

atmospheric distillation, vacuum distillation trials were carried out for the same amount and 

concentrations of NEPCM samples. The vacuum distillation was carried out at 33.6 kPa 

(vacuum) which is about one-third of the atmospheric pressure. 
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Table 5.3 shows the vacuum distillation data for 100 ml 1% conc. NEPCM after every 5 min. 

time interval. Final vacuum applied was -20 inches of Hg (33.6 kPa) which was applied 

gradually by following consistent steps. Pressure dial mounted on the vacuum pump was used 

to record the vacuum readings. After initial 5 min. of trial under 33.6 kPa pressures 

(vacuum), boiling of NEPCM started followed by condensation on lower flask walls. 

 

Table 5.3. Vacuum distillation of 100 ml 1 % conc. NEPCM at 33.6 kPa vacuum. 

Time 

(mins) 

Fluid 

Temp (0C) 
kWhr Observations 

0 26 0   

5 26 0.05 Boiling , condensation on lower flask walls 

10 162 0.19 
Rapid boiling followed by evaporation and condensation. 

Output started 

15 154 0.24 
No fluid in heating flask, only black residue of 

nanoparticles observed 

 

 At this point the temperature reading on the thermometer was found to be same as initial 

value of 26°C. In next 5 min. the temperature raised to 162°C and rapid boiling was observed 

which resulted in evaporation and condensation leading to the stream of distillate which was 

Boiling Flask Receiving 

Flask 

Vacuum 

Pump  

    Condenser 
Energy 

Meter 

Thermometer 

      Heater 

Fig. 5.4. Laboratory vacuum distillation unit. 
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collected as an output in receiving flask. During next 5 min. all of the NEPCM got distilled 

leaving behind nanoparticle residue in heating flask. The water flow rate to the condenser 

was kept uniform at 2 lpm and tap water with inlet temperature of 21°C was used for cooling. 

 

In order to establish relation between volumes of NEPCM distilled, power consumed, and 

time required etc. vacuum distillation was performed for 3 different samples. Table 5.4 shows 

the data so collected. For 100 ml volume of NEPCM, it was found that, as the amount of NPs 

increased, time required for vacuum distillation decreased which resulted in less power 

consumption. This is due to fact that high heat conducting NPs present in NEPCM increases 

rate of distillation as observed in atmospheric distillation case as well. The final volume of 

distillate measured was found to be lower than initial volume of 100 ml due to removal of 

NPs and loss of fluid as vapors. 

Table 5.4 Vacuum distillation data summary. 

 

Trial 

Number 

  

Volume 

(mL)  

NPs Conc.   

(wt %) 

Total Time 

(min.) 

Total Energy 

Consumed 

(kWh) 

Distillate 

Volume 

(ml) 

Energy/Volume         

( kWh/mL) 

1 100 0 20 0.35 96 0.0035 

2 100 1 15 0.24 97 0.0024 

3 100 3 12 0.18 96 0.0018 

 

To verify the nanoparticle removal efficiency of the vacuum distillation process, the NEPCM 

samples were analyzed on a nickel grid having carbon coating with Scanning Electron 

Microscope (SEM) of the University of Alabama Central Analytical Facility. Fig. 5.5 shows 

comparison of SEM images taken for base fluid (pure dodecane), NEPCM before distillation, 

distillate at atmospheric pressure, and distillate collected by vacuum distillation. Fig. 5.5(a) 

shows SEM image of the 99% pure technical grade dodecane structure which has been used 

as a base fluid for the NEPCM preparation. The structure of carbon coating on the grid is 

clearly visible from this image. Fig. 5.5(b) shows the structure of the NEPCM containing 



 

39 
 

0.5% (by mass) concentration of the CuO nanoparticles. The lump of nanoparticles sticking 

to the carbon web structure of the grid is clearly visible in the image. As 0.5 % by mass is a 

higher concentration especially after preparing SEM sample where it is dried which makes 

nanoparticles to agglomerate. These two images in Figs. 5.5(a) and (b) were compared with 

the SEM images of the distillate samples. Fig. 5.5(c) shows the image of the distillate 

collected from the atmospheric pressure distillation while Fig. 5.5(d) shows the image of the 

distillate collected from the vacuum distillation. While capturing presented SEM images the 

whole sample grid was scanned at minimum 8-10 locations to detect any particulate matter in 

order  

 

a 
 

c 

b d 

Fig. 5.5. Scanning Electron Microscope (SEM) images of: a) dodecane, b) NEPCM,  

c) distillate after atmospheric pressure distillation, d) distillate after vacuum 

distillation. 
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to capture best image. No trace of the nanoparticle is detected in the distillate in these images 

asserting that the distillation is a successful process for the separation of nanoparticles from 

the NEPCM. 

Table 5.5 presents distillation data comparison for atmospheric and vacuum pressure 

distillation experiments. The data is also plotted in Fig. 5.6 on basis of total energy 

consumption and in Fig. 5.7 on the basis of total time taken. From graphs it is evident that  

  

 

 

 

 

 

 

 

 

vacuum distillation is much more efficient process to carry out distillation of NEPCM, as it 

consumes lower energy and takes lesser time than distillation at atmospheric. Based on  

calculations it is found that for the same volume and nanoparticle concentration of NEPCM  

distilled, vacuum distillation consumes about 60% less energy as well as time. 

 

 

 

 

 

NEPCM 

Volume(ml) 

CuO 

Mass 

Fraction 

Total 

Time(min.) 

Total Power 

Consumed(kWhr) 

Distillate 

Volume(ml) 

Atmospheric Pressure (101.3 kPa) Distillaltion 

100 0% 40 0.68 96 

50 1% 35 0.60 48 

100 1% 40 0.63 95 

150 1% 40 0.65 146 

200 1% 40 0.66 197 

100 3% 32 0.51 97 

Vacuum (33.6 kPa) Distillaltion 

100 0% 20 0.35 96 

100 1% 15 0.24 97 

100 3% 12 0.18 96 

Table 5.5 Distillation Data Summary for comparison. 
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Hence, it can be concluded that vacuum distillation should be preferred over atmospheric 

distillation in order to separate nanoparticles from NEPCM in an efficient and faster way. 

Though initial equipment cost for vacuum distillation setup is higher than that for 

atmospheric distillation the operating cost for vacuum distillation is much lower. This lower 

      Fig. 5.6. Distillation data comparison on energy basis. 
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Fig. 5.7. Distillation data comparison on total time basis. 
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operating cost would make vacuum distillation a cost effective option within a short period of 

operation in terms of most sought benefit of energy saving. Thus it can be concluded that for 

long term applications and higher volumes of NEPCM to be processed vacuum distillation is 

a better alternative.  

5.2 Chemical Treatment of the NEPCM 

It is hypothesized that, if the NEPCM is mixed with another heavier liquid in which the base 

fluid is soluble, then a portion of the dodecane in the NEPCM will be dissolved into the 

heavier liquid and settle down at the bottom leaving a more concentrated NEPCM layer on 

top. The concentrated top layer can then be separated out and further processed. Based on 

literature survey and consultation with the experts in chemistry, different heavier solvents 

were selected to verify the hypothesis. Initial attempts were made using methanol, ethanol, 

and mixture of methanol and propanol as solvents. Equal volume of NEPCM and solvent 

were added in a test tube and were shaken for 30 min. at 450 rpm and 34°C using a 

Controlled Environment Incubator Shaker unit available at University of Alabama Biology 

Department. Three samples of alcohols containing pure methanol, pure ethanol, and a 50%-

50% mixture (by volume) of propanol and methanol were tested. Out of three samples tested 

the 50%-50% mixture of propanol and methanol showed satisfactory results. 

Fig. 5.8 shows the results obtained using the alcohol mixture. During sample preparation and 

before shaking, it was found that due to high density, the colorless alcohol mixture sits at the 

bottom of the test-tube occupying half of the filled tube length while the top half is filled by 

the black colored NEPCM. After shaking, it was observed that the volume of the black 

colored liquid part shrank while the volume of the colorless liquid part increased 

substantially. This is because a portion of the colorless dodecane (base fluid) in the NEPCM 

got dissolved into the colorless alcohol mixture and settled down at the bottom. Thus the 

process leads to a concentrated NEPCM on top. 
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To obtain a quantitative data about the amount of dodecane dissolved using the procedure 

described above, 5 ml of NEPCM (containing 0.5% mass fraction of nanoparticles) was 

added to 5 ml of alcohol mixture and experiment was repeated. Fig. 5.9 shows the results of 

first trial after shaking at 450 rpm for 30 min. The concentrated NEPCM on top after shaking 

was pipetted out and was found to be 3.75 ml in volume. Using this concentrated volume the 

experiment was repeated again using another 5 ml of alcohol mixture and it was found that 

the NEPCM got concentrated to 2.5 ml as shown in Fig. 5.9. 

 

Fig. 5.9. NEPCM (5 ml) and alcohol mixture (5 ml); NEPCM volume 

reduced to 3.75 ml after mixing. 

Before Shaking After Shaking NEPCM volume ~ 3.75 ml 

Before Shaking After Shaking 

Fig. 5.8 NEPCM and alcohol mixture. 



 

44 
 

Though visible observations indicate some amount of dodecane has been mixed with alcohol 

and clear layer shown in Fig.5.9 does not contain any nanoparticles, analytical results are 

required to support this claim. Hence, in order to confirm complete removal of nanoparticles 

after processing with alcohol mixture, pipetted out sample was analyzed using UV-visible 

spectrophotometer. 

UV-visible spectrometry was selected to perform analysis over other methods like electron 

microscopy due to its simplicity, versatility, speed, accuracy and cost-effectiveness. “Varian 

Cary 100 UV-Vis spectrophotometer” was employed to determine absorption wavelengths. It 

is a double beam, recording spectrophotometer controlled by a computer operating under 

Windows 2000 and WinUV software. It hosts tungsten halogen as a visible light source and 

deuterium arc for ultra-violet light and has wavelength range from 190 to 900 nm. A 1 cm 

cell was used to feed sample in sample holder. A wavelength range of 300 nm to 800 nm was 

used to capture data. UV-Vis scan rate was set to 600 nm/min and data interval was 1 nm. 

Please refer appendix (B) for detailed specifications. 

 

Fig. 5.11 shows UV-Vis spectrum of collected sample, which is compared with baseline 

(dodecane) spectrum and 0.01 wt% NEPCM spectrum. Due to presence of NPs NEPCM 

spectrum shows increasing absorbance values as the wavelength is varied from 800 nm to 

300 nm, indicating presence of light absorbing NPs. Whereas for sample spectrum (Run1) no 

Before Shaking After Shaking NEPCM volume ~ 2.5 ml 

Fig. 5.10. NEPCM (3.75 ml) and alcohol mixture (5 ml); NEPCM 

volume reduced to 2.5 ml after mixing. 
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variation of absorbance with respect to wavelength is observed. Also sample absorbance 

spectrum resemble closely with dodecane spectrum which provides a concrete evidence that 

sample is free from any NPs after treatment with alcohol mixture.  

 

 

 

 

It can be concluded from these trials that every mixing and shaking step yields about 25% 

more concentrated nano-fluid. The trial was done with a mixture of alcohol containing 50-

50% of methanol and propanol. The concentrated NEPCM collected after a few cycles of 

mixing and shaking can be further processed by other separation methods such as distillation 

for complete separation of the nanoparticles with significant reduction in energy and time. 

 

 

 

 

 

Fig. 5.11 UV-Vis Spectrum of Sample 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

300 400 500 600 700 800 900

A
B

SO
R

B
A

N
C

E 

WAVELENGTH (NM)

Baseline

Run1

0.01% NEPCM



 

46 
 

5.3 Centrifugation of the NEPCM 

Due to the density gradient between CuO nanoparticles (ρ = 6.31 g/cm3) and base fluid 

dodecane (ρ = 0.753 g/cm3), it was anticipated that centrifugation at higher speeds would 

sediment the nanoparticles. Initial trials were performed at speed up to 10,000 rpm and no 

sedimentation was observed for centrifugation duration of 30 min. A micro-centrifuge with 

maximum speed of 12,000 rpm, typically used by chemists, was utilized for this purpose. 

However, no deposition of the nanoparticles was observed at this speed due to the fact that 

the stabilizing ligand threads on the nanoparticle surfaces exert large opposing drag forces on 

the particles which could not be overcome by the centrifugal forces on the particles. Hence, 

in order to bring the nanoparticles out of the suspension it is required to apply larger 

centrifugal forces to overcome the stabilization effect. This force can be applied using higher 

centrifugation speeds on a large size centrifugation machine. 

 

In order to control the centrifugation precisely, often centrifugation is specified in terms of 

relative centrifugal force (RCF) which is expressed in units of gravity (times gravity or ×g). 

Hence, most of the advanced centrifuge machines are equipped with settings for 

centrifugation speed as well as centrifugal force. In order to have an easy conversion between 

RPM and RCF, centrifuge manufacturers often supplement the operating instructions with an 

equation or formula. For the given rotor and RPM specification, using this equation the RCF 

value can be calculated. 

 

For the centrifuge that have been used to perform the ultra-high centrifugation trials the 

equation is given as [115] 𝑅𝐶𝐹 = (1.118 ×  10−5) 𝑅𝑆2 where, R is the radius of rotor in 

centimeters and S is speed of centrifuge in rpm. 
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A SORVALL RC6 super-speed centrifuge, which is a floor model, was used to conduct high 

speed trials. The unit was available at Biology Department at the University of Alabama. 

Fig.5.12 shows the centrifuge, the rotor which holds the sample via test-tubes or bottles, and 

the operator interface which allows control of the cabinet temperature, centrifuge speed, and 

time. For centrifugation trials of the NEPCM at higher speed on SORVALL RC-6, SM-24 

rotor was selected which is a fixed angle type. Please refer appendix (C) for detailed technical 

specifications of SORVALL RC6. 

 

SORVALL RC6 is suitable for lower to higher speed applications with wide range of 

operating conditions in terms of temperature, duration, etc. Depending upon the application 

requirements, the sample can be operated using one of the different types of rotors this 

instrument supports, e.g., fixed-angle rotor, swinging bucket rotor, or micro-tube rotor. For 

different rotors the sample holding size, number of samples to process one time and rpm (or 

RCF) specification varies. Hence, this instrument facilitates processing of wide range of 

samples by selecting a correct rotor.  

Fig. 5.12. (a) Centrifuge machine, (b), Centrifuge rotor, (c) Operator interface. 

c a 

b 
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To conduct trials rotor SM-24 was used (please refer appendix C for detailed specifications) 

which requires sample to be fed in a test-tube with 16 ml capacity. For this purpose, Nalgene 

Oak Ridge Centrifuge Tubes made up of Polypropylene Co-polymer, were used. The test-

tubes were purchased from ThermoScientific and have following dimensions Diameter: 17.9 

mm, Length: 106.6 mm, Capacity: 17 mm, Maximum RCF: 50,000 × g. These are the extra 

strong test-tubes manufactured especially for high centrifugal force applications. While 

selecting the centrifugation tube to hold sample apart from its size and capacity, diameter and 

length play a critical role. Any clearance between the tube wall and cavity of the rotor to hold 

the tube can result in tube bulging and eventual breaking. This is mainly due to the fact that at 

high speeds, centrifugal force generated is of higher magnitude which results in a force 

concentration at the lower part of centrifuge tube, essentially at the test-tube bottom as tube is 

oriented at an outward angle from the axis of rotation. Hence lower part of the tube would get 

bulged out if any clearance is available. Also length of the tube is crucial as rotor has a top lid 

which should be secured before operation. 

 

Initial trial was carried out using centrifuge tubes of 16 mm diameter and 12 ml 0.5 wt% 

NEPCM. The trial duration was 4 hours and speed was maintained at 15,000 RPM (27,820 × 

g). Fig. 5.13a shows the precipitation of the nanoparticles at the bottom tube wall. But since 

results show a colored centrifuged solution, it is perceived that centrifugation at this setting 

could not remove all the nanoparticles. This is mainly due to the insufficient RCF generated 

at operating rpm to overcome the stabilization. Fig. 5.13b shows the side of the tubes shown 

in Fig. 5.13a which shows the tube bulging or swelling as a clearance was present between 

test-tube holding sample and rotor cavity due to use of  under-size tubes. 
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Further experiments were performed using 17.1 mm diameter centrifuge test tubes which left 

only enough clearance between the tube and the holder to allow loading and unloading of the 

tubes in rotor cavity. The tubes used have capacity of 17 ml but as per recommendations only 

75% of its volume was utilized. The empty volume of the centrifuge tube allows the 

movement of the fluid during operation. Fig. 5.14 shows the results of the centrifugation 

trials for 0.5%, 2%, and 5% concentration for the same operating conditions of 18,000 rpm 

(40,173 × g) for 19.5 hr. 

 

It is observed that centrifugation could not remove all of the nanoparticles from the 

given sample volume, as the centrifuged samples have reddish color indicating some of the 

nanoparticles are still in suspension. As the pure dodecane is colorless fluid hence a non-clear 

centrifuged sample indicates presence of nanoparticles. 

Fig. 5.13. Centrifugation result: first trial, (a) front view, (b) side view. 

(b) (a) 
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Fig. 5.15a shows SEM image of diluted NEPCM which shows general size distribution of 

NPs. Fig.5.15b presents SEM image of trial-1 sample after centrifugation. Comparing these 

two images it is evident that NPs present in centrifuged sample are of less than 10 nm size. 

Hence the nanoparticles still in suspension after the centrifugation giving the reddish color to 

the centrifuged samples are of lower size in the nanoparticle size range of 5-15 nm. As the 

centrifugal force is proportional to the particle mass, the applied centrifugal force of 40,173 × 

gravity was found to be capable of pulling the larger particles out of NEPCM whereas 

smaller NPs remained stable. 

Trial 2: (a) 2 % conc (by mass) 

(b) 5 % conc (by mass) 

(a) 

Trial 1: 0.5 % conc. (by mass) 

  

           Sample: Volume: 13 ml, Speed: 18,000 rpm, Duration: 19.5 hr. 

Fig. 5.14. Nanoparticle precipitation in the test tube after centrifugation trials. 

 

(b) 
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Similar trails were conducted for 0.5, 1 & 2 %wt concentrations of 12 ml NEPCM for 24 hrs. 

and 48 hrs. at 18000 rpm in order to analyze effect of centrifugation duration (if any). Fig. 

5.16 a shows three samples i.e. 1, 2, & 3 of concentration 0.5 %, 1% & 2% respectively 

before centrifugation trial. After 24 hours of centrifugation at 18000 rpm most of the NPs 

were precipitated as shown in Fig. 5.16b. At this point 1 mL of centrifuged NEPCM sample 

Fig.5.15. (a) SEM image of diluted NEPCM, (b) SEM image 

of centrifuged sample (Trial-1). 

(a) 

(b) 
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was collected from each of the three samples for comparison purposes. Samples in Fig. 5.16b 

were centrifuged back for next 24 hours and after end of 48 hours sample conditions are 

presented in Fig.5.16c.  

 

 

General visual observation of Fig.5.16c indicates that longer centrifugation duration of 

additional 24 hours at 18000 rpm results in no further precipitation of NPs because samples 

in Fig. 5.16 b and c bear same color. In order to quantify the particle removal efficiency of 

the centrifugation trials and record difference in concentration after duration of 24 and 48 

hours (if any), a concentration based analysis was done where concentrations of NEPCM 

before and after centrifugation were used to calculate efficiency of particle removal by 

centrifugation. As a known concentration of NEPCM was used initially to conduct trials, 

concentration of NEPCM was known before centrifugation.  In order to determine 

concentration of NEPCM after trial, “Calibration Curve” or “Internal Standard” approach 

using UV-Vis photo-spectroscopy was employed. Using UV-Vis spectroscopy concentration 

of a sample can be determined either by using Beer-Lambert Law (refer appendix (B)) or by 

Fig. 5.16. (a) Before centrifugation, (b) after 24 hr. of centrifugation, 

(c) after 48 hr. of centrifugation. 
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plotting calibration curve. But as Beer-Lambert Law is not applicable to all solutions since 

solutions can ionize/polymerize at higher concentrations or precipitate to give a turbid 

suspension that may increase or decrease the apparent absorbance. Further, the Beer-Lambert 

Law is most accurate between absorbance (Abs) values of 0.05 to 0.70, the measured Abs for 

higher values tend to underestimate the real Abs. As the NEPCM samples used were of 

higher concentration and samples of unknown concentration after centrifugation might have 

higher Abs than the limit of Beer-Lambert Law, Calibration Curve method was preferred. To 

plot a calibration curve which is a graph of concentration versus absorptivity for the solution, 

six samples of known concentrations were prepared in addition to the unknown centrifuged 

sample. Fig. 5.17 & 5.18 shows the samples of known varying NP wt% prepared to 

determine concentration of centrifuged sample after 24 hours of 2 % concentrated NEPCM 

and 48 hours of 1 % concentration NEPCM respectively. These known concentrations were 

selected such that the unknown concentration sample falls in the middle these sample 

concentration range. The color of centrifuged NEPCM (or NEPCM) sample proved as an aid 

in preparing these samples with known varying concentrations to bracket unknown sample 

concentration.  

   ? 

Fig. 5.17. UV-Vis spectrometry samples of 2 wt% NEPCM to find 

concentration after 24 hours of centrifugation 
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For each sample, absorbance spectra were recorded using UV-Vis spectrometer and the value 

of the absorbance of each of the spectrum curves at the highest absorbing wavelength (λmax ) 

is determined. Fig. 5.19(a) & (b) shows absorbance spectra of 2 wt% & 1 wt% respectively of 

NEPCM samples of different known concentrations & unknown concentration. After 

determining absorbance values at λmax calibration curves were plotted.  

 

   ? 

Fig. 5.18. UV-Vis spectrometry samples of 1 wt% NEPCM to find 

concentration after 48 hours of centrifugation 

Fig. 5.19(a). UV-Vis spectra of 2 wt% NEPCM and sample 3(After 24 hrs.) 

0

0.5

1

1.5

2

2.5

200 300 400 500 600 700 800

A
b

so
rb

an
ce

Wavelength(nm)

0.0198 wt%

0.0165 wt%

0.0132 wt%

0.0066 wt%

0.0033 wt%

Unknown

λmax = 220



 

55 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.20 a and b shows calibration curve for sample 2 (1 wt %) and sample 3 (2 wt %) 

respectively. As shown absorption spectra was recorded for samples with concentrations 

varying from 0.0066 %wt to 0.016 %wt for sample 2 and 0.0033 %wt to 0.021 %wt for 

sample 3. Due to errors introduced during data recording and inconsistent concentration steps 

of sample, Calibration curve deviates from being a perfect straight line. Using Calibration 

curve so plotted a curve fit equation was determined to calculate x value (concentration) of 

centrifuged samples for the known Y-value (Absorbance) determined from absorbance 

spectrum. 

 

Using Calibration curve concentration (%wt) of NEPCM after centrifugation were 

determined and compared with initial concentration before centrifugation. Table 5.6 presents 

summary of data collected for two centrifugation samples. For the same centrifugation speed 

in this case 18000 rpm equivalent to 40,173 x gravity (which is the maximum attainable 

speed with the equipment available) , 24 hours period resulted in about 95 % efficiency  

Fig. 5.19(b). UV-Vis spectra of 1 wt % NEPCM and sample 5 (After 48 hrs.) 
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Sample 

No. 

Initial 

wt % 

Centrifugation 

rpm (×Gravity) 

wt % after 

24 hrs 

Overall 

Efficiency (%) 

wt % after 

48 hrs 

Overall 

Efficiency (%) 

2 1 18,000(40,173 × g) 0.044 95.6 0.043 95.7 

3 2 18,000(40,173 × g) 0.084 95.8 0.081 95.95 

 

which remained almost same without any significant further improvement for additional 24 

hours centrifugation period. This is evident from the overall efficiency values presented. 

Fig. 5.20. Calibration curve for centrifugation, (a) sample 2, (b) sample 3. 
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Table 5.6. Centrifugation results. 
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Referring to Fig. 5.14b remaining NPs are of lower size range (dia < 10 nm), hence they need 

stronger centrifugation force to bring them out of solution to make them precipitate. The 

primary hypothesis of by applying same centrifugation force for longer duration should result 

in improved centrifugation efficiency broke down. 

 

In order to achieve separation of nanoparticles from NEPCM, high-speed centrifugation is a 

partially successful method. Based on the performed experiments and analysis it can be 

concluded that centrifugation at higher RCF (25,000× gravity and up) brings separation of 

nanoparticles from the NEPCM by means of sedimentation. However, for the applied RCF of 

over 40,000 × gravity for 48 hr., centrifugation was found to be capable of producing around 

95% efficient results. With the available centrifuge maximum 2000 ml of NEPCM volume 

can be processed in a single run using a suitable rotor for the required duration at right speed. 

Also new advanced centrifuges are available which are known as “continuous centrifugation 

devices” which allows sample feeding and processed sample collecting during the required 

the processing cost is very low. Using the available resources and performed experimental 

analysis, it is evident that centrifugation at further higher RCF values should bring higher and 

faster precipitation of nanoparticles resulting in more efficient NP separation from NEPCM.  

 

5.4. Destabilization of the Nanoparticle Ligands/Surfactants using Concentrated Base 

As explained earlier, nanoparticles in NEPCM are stabilized by means of steric stabilization 

using oleic acid which is achieved by chemically attaching large and bulky oleic acid ligands 

on to the particle surface that provide a physical “cushion” between colliding particles and 

stable suspension of the particles in the base fluid after mixing. In this type of stabilization, 

ligands have their polar heads attached to the nanoparticle surface and non-polar tails lying in 

non-polar base fluid (dodecane). This kind of stabilization is proved to be very efficient and 
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strong due to the fact that being heavier than base fluid (density: 0.753 g/cc), nanoparticles 

(density: 6.31 g/cc) stay stable for months with no or negligible precipitation [49]. Hence, if 

ligand end attached to nanoparticle surface gets detached, steric stabilization will break down 

leading to nanoparticle destabilization and consequential precipitation due to gravity. With 

this premise, trials were conducted using solvents in which oleic acid is soluble. After 

conducting several experiments and getting unsatisfactory results, interaction of concentrated 

potassium hydroxide (KOH) with NEPCM in the presence of ethanol produced desired result. 

It was observed that KOH interaction with NEPCM results in steric stabilization break down 

which makes nanoparticles fall down quickly due to gravity. 

 

An initial trail was conducted using 5 ml of 0.5% CuO mass fraction NEPCM, 3 ml of 

saturated aqueous solution of KOH, and 0.5 ml of ethanol. Saturated KOH solution was 

prepared by mixing KOH pallets in deionized water till the resulting solution was saturated 

and no further mixing was observed. All chemicals used were purchased from Sigma Aldrich, 

USA and used as is without any purification. Glassware used was purchased from VWR 

international. The 5 ml of NEPCM was taken in a test-tube and 3 ml of KOH solution was 

added followed by continuous shaking for about 1 min. At this point little mixing was 

observed with no sedimentation of nanoparticles. Few drops of ethanol were added followed 

by continuous shaking. NPs were observed to form a dense black layer at the bottom and a 

colorless top layer. 

 

Fig. 5.21 a shows the end result of trial 1.  A schematic chemical reaction between the oleic 

acid ligands and the KOH is presented in Fig. 5.21b to explain the net effect of KOH on 

NEPCM stability. It is predicted that KOH saponifies the oleate ester linkage which 

eventually results in formation of potassium oleate. This results in cancellation of stabilizing 
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effect by disintegration of  ligands from NP surface which makes nanoparticles loose stability 

and fall down under the action of gravity forming a dense layer at test-tube bottom. The clear 

layer on top of precipitated nanoparticles is thought of as a mixture of base fluid dodecane 

and ethanol. Hexane was added to wash the test-tube walls and to make layers look distinct. 

The removal of the oleate ligands from the CuO nanoparticles is believed to occur via the 

reaction mechanism is illustrated in Fig. 5.21 b On left hand side, a CuO nanoparticle is 

shown with the oleate group attached to its surface. We propose that KOH saponifies the 

oleate ester linkage, resulting in the formation of potassium oleate. The detachment of oleate 

from the nanoparticle surface makes the particles unstable and results in precipitation as 

shown in Fig. 5.21a. After the reaction with the KOH, the top clear layer in Fig. 5.21a is 

expected to contain potassium-based oleate group as shown on right hand side of the equation 

in Fig. 5.21b. 

 

 
 
In order to confirm complete removal of NPs due to action of conc. base (KOH) top layer of 

clear fluid (Fig.5.21a) was analyzed optically using UV-Vis spectrometry. UV-Vis 

spectrometry was chosen due to its simplicity, accuracy, and speed. Pure dodecane (99 % 

Fig. 5.21. (a) Nanoparticle destabilization using saturated KOH solution,  

      (b) schematic of the chemical reaction between oleic acid and KOH. 
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technical grade) was used as reference sample (baseline). For the same sample two spectra 

were recorded and compared with baseline spectrum. For the same sample UV –Vis spectrum 

was recorded and was compared with spectrum of 99 % pure dodecane and 0.0167 wt% 

NEPCM as shown in Fig. 5.22. Absorbance spectrum of sample i.e. Run 1 resembles to 

spectrum of baseline where as NEPCM spectrum possess very different behavior with high 

absorbance values. Hence it can be concluded that treated sample is free from the CuO 

nanoparticles. This demonstrates that aqueous KOH in the presence of ethanol is capable of 

removing oleate ligands from the particle surfaces resulting in the precipitation of all of the 

nanoparticles from the sample NEPCM yielding 100% separation efficiency. 

 

For different volumes and nanoparticle concentrations of the NEPCM, different trials were 

performed in order to determine the optimum amount of KOH and ethanol required. First 

experiment was performed using 2 ml of 2 wt % NEPCM as shown in Fig. 5.23a. 

One ml saturated aqueous KOH solution was added to sample and solution was shaken 

followed by addition of 6-8 drops of ethanol. After continuous manual shaking for about 30 
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Fig. 5.22. UV-Vis Spectrum of trial 1. 
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seconds nanoparticle precipitation was observed as shown in Fig. 5.23b. Small volume (~1 

ml) of hexane was used to wash out nanoparticles sticking to the test-tube wall due to 

shaking. Top clear layer was pipetted out for qualitative analysis using UV-Vis photo-

spectrometry explained before. The volume of precipitated nanoparticles was found to be 0.6 

ml (approx.).The nanoparticles are coated with ligands which accounts for about 30% of 

nanoparticle mass.  

After reacting with the KOH this 30% mass of nanoparticle or ligand gets detached from the 

particle surfaces and forms a separate thin reddish colored layer right over the nanoparticle 

layer, as shown in Fig. 5.23c. As explained (refer Fig. 5.21b), potassium ion (K) replaces the 

oleate bond with CuO nanoparticles forming a potassium based oleate which separates out 

from the NEPCM system forming the thin layer. After a period of 20 hr., further 

concentration of nanoparticle layer and thickening of reddish oleate layer is observed as 

shown in Fig. 5.23d. This is due to further agglomeration or precipitation of nanoparticles 

due to gravity and thereby releasing more solvent into the layer above. The second layer is a 

mixture of water (density: 1 g/cc), ethanol (density: 0.789 g/cc) and potassium based oleate. 

Being light dodecane (density: 0.753 g/cc) occupies top layer. 

Fig. 5.24a shows separated or precipitated nanoparticles after the top layer has been pipetted 

out for analysis. In order to check the possibility of dispersing precipitated nanoparticles back 

into dodecane as well as prove the mechanism of precipitation using KOH, fresh dodecane 

volume was added to sample shown in Fig. 5.24a and was given a rigorous shaking . One ml 

of 99 % pure technical grade dodecane was added to precipitated nanoparticles and solution 

was shaken for 2 mins. It was observed that separated nanoparticles no-longer mix with fresh 

dodecane as shown in Fig. 5.24b, where clear layer of dodecane on the top and separate black 

layer of nanoparticles in the bottom is clearly visible. Hence reuse of so separated 

nanoparticles is not feasible. Above results provide a concrete evidence to support presented 
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hypothesis where disintegration of KOH and formation of potassium based oleate were 

considered as the possible steps for nanoparticle destabilization and precipitation.  

 

 

 

 

 

 

 

 

Fig. 5.23. Two ml 2 % conc. NEPCM sample, (a) before trial, (b) after KOH 

reaction, (c) sample after trial showing 3 separated layers, (d) sample 

after 20 hours of trial showing 3 separated layers 
 

(a) (b) 

(c) (d) 

Fig. 5.24. (a) Sample after top layers pipetted out for analysis, 

(b) Sample showing coating-less nanoparticles and 

dodecane layer. 

 

(a) (b) 



 

63 
 

Table 5.7 presents the summary of trials performed using different volumes and 

concentrations of NEPCM. It can be deduced that volume of NEPCM governs the volume of 

saturated KOH solution required for complete precipitation. This is true for the ethanol 

amount required as well. 

Table 5.7. KOH trails summary. 
 

Trial No. NP conc. (%) NEPCM Vol. (ml) KOH Vol. (ml) Ethanol Added (drops) 

1 0.5 5 3 10 

2 2 2 1 6 

3 1 3 2 8 

4 2 3 2 8 
 

Figs. 5.25a and b shows trial number 4 results. Adding KOH solution to NEPCM with 

shaking in absence of ethanol results in incomplete mixing as shown in Fig. 5.25a where a 

clear liquid volume portion with bubbles at the bottom of test-tube is clearly visible. At this 

stage all NPs are stable and no precipitation was found. However after adding 8-10 drops of 

ethanol in addition to continuous shaking a phase separation was observed as shown in Fig. 

5.25b. It was observed that first few drops of ethanol were capable of initializing separation 

process and after adding the mentioned amount of ethanol all nanoparticles were accumulated 

at the bottom of test-tube.  

Fig. 5.25. (a) 2 wt % 3 ml NEPCM and KOH before adding ethanol, 

(b) 2 wt % 3 ml NEPCM and KOH after adding ethanol. 
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Effect of additional KOH solution and ethanol was evaluated by adding another 1 ml of KOH 

solution after observing complete precipitation. It was found that additional KOH has no 

effect on further precipitation even after adding few more drops of ethanol to facilitate further 

mixing and precipitation. Additional KOH and ethanol volumes add up to precipitated 

nanoparticles volume as shown in Fig. 5.26 below.  

 

In summary, it can be stated that the NEPCM reaction with saturated aqueous KOH solution 

in the presence of ethanol results in separation of nanoparticles by means of destabilization. 

Due to reaction with KOH, oleate group attached to the surface of nanoparticles, which is 

primarily responsible for stabilization, gets detached resulting in unstable nanoparticles. 

Being heavier than base fluid dodecane and any other solvent present in solution these 

unstable particles precipitate due to gravity bringing separation. This is one of the simplest 

methods where complete separation of the nanoparticles is achieved by attacking stabilizer 

ligands. As it requires saturated aqueous solution of KOH and ethanol only to carry out 

separation, it is deemed very safe and economical process. Chemicals formed after 

completion of reactions are dodecane, mixture of ethanol and water and potassium based 

oleate which is safe for handling. Based on experiments performed and analysis done it can 

be concluded that this method can be easily scaled up to suit for large volumes of the 

NEPCM. 

Fig. 5.26 Effect of additional KOH and ethanol  
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5.5 SILICA COLUMN CHROMATOGRAPHY 

 
Chromatography is a separation process in which sample mixture to be processed is 

distributed between two phases in the chromatography bed (column or plane). One phase is 

stationary known as stationary phase while the other phase passes through the 

chromatography column and is known as mobile phase or eluent. The substances in the 

mixture to be processed or separated must have different affinities for these two phases. The 

substance with a relatively higher affinity for the stationary phase moves with a lower 

velocity through the chromatography column than the substance with lower affinity. This 

difference in migration velocities of the components of the sample ultimately leads to 

physical separation of the components [116]. 

A component of the sample mixture that leaves the stationary phase and moves with mobile 

phase is said to be eluted in a process known as elution. The stationary phases are either a 

solid, porous, surface-active material in a small-particle form or a solid support covered with 

a thin film of liquid. The particle size of the stationary phase governs the efficiency. Column 

efficiency is inversely related to rate at which sample components elute through the 

stationary phase.  

There are different types of chromatography methods to suit variety of application 

requirements. Depending on the system design they are classified as column or planer 

chromatography; according to the physical state of the mobile phase they are defined as gas 

or liquid chromatography; according to the separation mechanism they are classified as ion-

exchange, size-exclusion, or expanded bed adsorption chromatography. Also there are some 

special techniques like reversed-phase chromatography, two-dimensional chromatography, 

moving-bed chromatography, Chiral chromatography, etc. Most advanced chromatography 

systems are computer controlled and are capable of spectrometry analysis and continuous 

operation. 
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In the specific application of this research, the separation of nanoparticles from the NEPCM 

is carried out using the silica column. As silica is classified as probable carcinogen by Hazard 

Communication Standard (HCS), care should be taken while handling silica. Also a face 

mask is recommended when performing experiments using silica. A manual column 

chromatography using powder silicate was used to carry out NEPCM chromatography trials. 

This type of chromatography is known as silica column chromatography, silica gel 

chromatography, gel chromatography, or flash chromatography. A glass chromatography 

column of 10.5 mm internal diameter and 200 mm length was purchased from The Lab Dept, 

Inc., which came with a straight stopcock with a poly-tetrafluoroethylene(PTFE) plug. A 

cotton plug, sand (coarse) and silica were used to establish the column. Coarse sand (washed 

and dried) was purchased from Macron Chemicals (ref. appendix-D for material properties) 

and was used as is without any treatment. Silica gel with 40-63 µm grain size (230-400 

mesh), pore size 60Å in dry form was purchased from SILICYCLE, UltraPure SILICA 

GELS, Canada and was used as is. As a first step in column preparation, a small piece of the 

cotton plug was dropped inside column which was adjusted right into the narrow passage 

above PTFE plug. This cotton plug was used to provide a base for silica column formation. In 

the next step a small amount of coarse sand was added which occupied about 2 mm of 

column length. Cotton plug with coarse sand layer accounted for base formation for the silica 

gel column. Finally, fine grain silica (silica gel) was added to the required column height. 

After adding silica to required column length, hexane was added to make the entire column 

wet and bubble free. In this formation silica gel was used as stationary phase and hexane was 

used as mobile phase. 

There is another approach to establish silica gel column generally followed by chemists. In 

this approach after base formation using cotton plug and coarse sand, silica gel column is 

formed by using a diluted silica solution or wet silica. Silica is dissolved in hexane and this 
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saturated solution is added to the chromatography glass column. In order to form a compact 

column of desired length excess hexane from the silica column is drained by opening PTFF 

plug. This approach requires a good estimate of the amount of silica required for the desired 

column length. As excess hexane removal is a slow process this approach takes longer time 

for a compact column formation. Also any excess hexane left, leads to a loosely packed 

column which eventually adds up to the elusion length or requires a longer column length to 

process a given sample when compared to the first approach mentioned previously. Hence to 

process a given sample using shortest possible silica gel column first approach was followed.  

A silica column of 4 inch (approx.) was used for all the trials. Table 5.8 shows the 

chromatography data for different volume and concentrations of NEPCM. Silica used to build 

column served as stationary media while hexane was used as eluent. After the column is 

established, NEPCM sample to be processed was added followed by hexane to aid in elusion 

process. Hexane was added till the top end of the glass column, this hexane column (5 ml 

approx.) on the top of NEPCM sample helps in faster elusion. Due to the pressure exerted by 

the hexane, movement of NEPCM was observed through silica column, which was easier to 

observe due to its black color. After reaching a certain length of the column the nanoparticle 

elusion stopped. At this point nanoparticles are considered to be trapped by silica matrix or 

column allowing only transport of base fluid dodecane under action of hexane as an eluting 

agent.  

Table 5.8. Silica Column Chromatography trial results. 

 

Trial 

No. 

NEPCM 

Volume (ml) 

NP conc. 

(by mass) 

Elusion 

Length(inch) 

Elutant 

Volume(ml) 

Time 

(min) 

1 0.5 0.5% 0.25 15 70 

2 1 1% 0.3 15 70 

3 1 2% 0.3 15 75 

4 2 2% 0.3 10 55 
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After first elusion was complete, i.e., when the hexane level drops from the top of the glass 

column to the top of the silica column, hexane was refilled. This process was repeated 2-3 

times or until no movement of the nanoparticles was observed. As reported in Table 5.8 for 

the different concentrations and volumes of NEPCM samples, maximum length to which 

nanoparticles could travel through silica column (elution length) varies from 0.25 to 0.3 inch. 

Elution length is a function of concentration of nanoparticles and the compactness of column. 

Trial 1 for 0.5 % conc. 0.5 ml NEPCM sample was carried out using second approach of 

column building as well (not reported in Table 5.8), it was observed that elution length in this 

case was very long when compared to the same with a compact silica gel column formed 

using the first approach. As shown in Fig. 5.27a, for a less compact column, the elution 

length was about 2 inch or half of the total column length. Fig. 5.27b shows the trial 2 

elusion, where limited travel of the nanoparticles in silica column can be observed. Fig. 5.27c  

and Fig. 5.27d shows trial 3 and trial 4, respectively, indicating elution length and hexane 

amount added during each elusion step. The time taken for complete elusion where no further  

movement of the nanoparticles was observed, was found to vary from 55-75 min., which is a 

function of volume of the hexane required for elution to have a complete separation of 

nanoparticles. 

A close observation of the silica column after the completion of the experiment reveals that 

all of the nanoparticles are trapped. This is due to the fact that nanoparticles are black in color 

and the length of silica column with black color indicates the depth of nanoparticle travel 

which is only fraction of the total column length. However, there might be a possibility of 

nanoparticles escaping through the inner core which is not visible from the outer glass 

surface. In order to confirm complete removal of nanoparticles using silica column, collected 

eluted mixture of dodecane and hexane was air dried to get rid of most of the hexane and was 

analyzed using optical characterization.  
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Optical characterization using Varian Cary 100 UV-Vis spectrophotometer was used to 

determine any trace of nanoparticles in the processed samples. UV-visible spectrometry was 

selected to perform analysis over other methods like electron microscopy due to its 

a b 

c d 

Fig. 5.27 NEPCM Chromatography 
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simplicity, versatility, speed, accuracy, and cost-effectiveness. A standard quartz cuvette of 

size 10mmL x 10mmW x 40 mmH was used to feed the sample. A wavelength range of 200 nm 

to 800 nm was used to capture data. UV-Vis scan rate was set to 600 nm/min and data 

interval was 1 nm. Please refer appendix (B) for additional information about UV-Vis 

spectrophotometry.  

Fig. 5.28 shows UV-Vis spectrum of the elutant obtained after trial 3. To record data a 

freshly prepared sample of elutant was irradiated at 20°C by a dual source of light in the 

wavelength range specified before. The solution was removed at fixed times and its UV 

spectrum recorded until no further spectral changes occurred. To capture the data pure 

dodecane was used as a base or reference solution. Fig.5.28 shows three spectra namely 

Baseline as pure dodecane, Run1 as chromatography sample and 0.0167 wt% NEPCM 

sample. According to UV-Vis spectrometry principle solution containing light absorbing 

particles or particulate matter should produce absorbance values at specific wavelengths as 

evident from 0.0167 wt% NEPCM spectrum in Fig.5.28. When compared to the NEPCM 

spectrum, chromatography sample spectrum revealed it’s free from any particles as it shows 

almost same absorbance values unlike NEPCM absorbance spectrum. Also chromatography 

sample spectrum shows same trend as that of baseline and resembles very closely to the 

same. This proves that using silica chromatography all the NPs have been removed from 

NEPCM sample.  

After running silica chromatography trials, an analysis was done to understand the 

mechanism of nanoparticle separation through silica column. It was anticipated that a packed 

silica column has sub-nanosize permeability which restricts the transport of nanoparticles. 

Along with this hypothesis another objective of this analysis was to check the feasibility of 

dispersing back nanoparticles in fresh dodecane. A small amount of silica from the top part of 

the silica column capturing nanoparticles is collected in a beaker as a sample. A small volume 
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of hexane was added followed by manual stirring and shaking for 2 min. No mixing or any 

color change was observed for two both of the components in solution. Once the 

stirring/shaking is stopped a two phase solution in beaker was observed, clear hexane as top 

layer and black silica as bottom layer. It revealed that nanoparticles are being chemically 

adsorbed on the silica surface. Hence during silica column chromatography nanoparticles did 

not get trapped in the space between silica grains, and permeability of column was not 

responsible for nanoparticle capture, instead they are chemically adsorbed on silica grain 

surface. 

Silica gel chromatography was proved to be an efficient, simple, and cost-effective 

alternative for nanoparticle separation from the NEPCM. Compared to two methods of 

column formation described, the first method using dry silica for column building, proved to 

be more efficient and economical as it requires shorter elusion length and is faster to 

construct. Elusion time required for 5 ml of mobile phase (hexane) was found to be higher 

due to the compactness of the column. For a less compact column, elusion time will be 

shorter but elusion length will be longer. Hence there is a tradeoff between elusion time and 

Fig. 5.28 Trial 3 (2 wt %, 1 ml NEPCM) UV-Vis spectrum. 
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elusion length to be considered while determining the process parameters. To have a faster 

elusion or shorter elusion time for a compact column additional pressure can be applied to the 

silica column using a pressure source like compressed air or rubber bulb. Being simple and 

economical silica gel chromatography can easily be scaled up to process larger amounts of 

NEPCM. 

 

5.6 NANOPARTICLES ADSORPTION ON SILICA PARTICLE SURFACE 

 

At room temperature silica can be seen coated by a mono-molecular layer of water molecules 

which tightly cling to its surface via extended hydrogen bonds to adjacent silanols which 

explains why silica is highly hydrophilic material. Silica has a moderately strong acidity, 

negligible basicity, and moderately strong di-polarizability. Silanol groups (≡ Si – OH) are 

formed on the surface by the two processes. First, during silica synthesis, e.g., condensation 

polymerization of  Si(OH)4 where the supersaturated solution of the acid is converted into 

spherical colloidal particles containing Si – OH (silanol) groups on the surface. Upon drying, 

hydrogen yields xerogel as the final product which retains some or all of the silanol groups on 

the surface. Secondly, surface   Si – OH groups can form as a result of re-hydroxylation of 

de-hydroxylated silica when it is treated with water or aqueous solutions. The surface silicon 

atoms tend to have a complete tetrahedral configuration and in an aqueous medium their free 

valence becomes saturated with hydroxyl groups. The various surface properties of 

amorphous silica which is considered to be an oxide adsorbent depend on the presence of 

silanol groups. The OH groups act as the centers of molecular adsorption during their specific 

interaction with adsorbates capable of forming a hydrogen bond with OH groups or in general 

undergo donor-acceptor interaction. It is no surprise that removal of hydroxyl groups from 

the silica surface leads to a decrease in the adsorption [117-122]. 
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After learning silica is acting as adsorbent for CuO nanoparticles from silica chromatography 

trials, experiments were performed to determine minimum amount of silica required to 

separate or adsorb all of the nanoparticles present in a given sample. Silica with 40-63 µm 

grain size (230-400 mesh), pore size 60Å in dry form was purchased from SILICYCLE, 

UltraPure SILICA GELS, Canada and was used as is. The black color of the nanoparticles 

present in NEPCM sample served as an indicator during these trials. For these trials a known 

volume and concentration of NEPCM was taken as a sample in a test-tube and measured 

amount of silica was added in a steps of 0.1 gm followed by rigorous manual shaking for 1 

min. A digital scale (Mettler Toledo MS204, USA) was employed to measure the weight of 

silica. Solution was allowed to settle for 15 s followed by addition of more silica in the 

mentioned measured amount if no settling of nanoparticles with silica was observed. Once 

enough silica was added to adsorb all of the nanoparticles, once settled two distinct layers 

were observed in test-tube; a clear top layer of base fluid (dodecane) and black layer at 

bottom containing silica and adsorbed nanoparticles (Fig. 5.29a).A Whatman grade no. 1 

filter paper of diameter 9 cm (Whatman 1001-090) was used to separate the two phases. Fig. 

5.29b shows filtration process where a funnel was used in conjunction with Whatman filter. 

Hexane was used as a washing agent and as an aid in filtration. The filtrate which is basically 

a mixture of dodecane and hexane was air dried to get rid of excess hexane. The final solution 

containing dodecane and traces of hexane was analyzed using UV-Vis photo-spectrometry to 

check and confirm nanoparticles are completely removed. 

 

Table 5.9 presents summary of the trials done for different concentrations and volumes of 

NEPCM. Same procedure as explained in previous section was followed to record data. 

Amount of silica required to adsorb all nanoparticles increases almost linearly with 
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nanoparticle mass concentration as evident from Fig. 5.30. This is in accordance with the 

adsorption mechanism explained. As concentration of nanoparticles increases silica surface 

 area required for adsorption increases proportionally, hence amount of silica required 

increases. As adsorption is a surface phenomenon, grain size of silica is a critical factor to 

determine amount (weight) of silica required. Silica with bigger grain offers less surface area 

for adsorption as compared to one with smaller grains. Reported results pertains to silica with 

grain size of 40-63 µm, hence using silica of smaller grains, amount of silica required to 

capture the nanoparticles  in a given NEPCM volume will be lesser in relation to grain size.  

 
Table 5.9: Silica adsorption trials summary. 

Trial Number NP conc. (%) NEPCM Vol. (ml) Silica required (mg) 

1 0.5 5 750.1 

2 1 5 2051.2 

3 2 5 2854.4 

 
The UV-Vis spectrum of trial 1 sample along with reference dodecane and NEPCM sample is 

shown in Fig. 5.30. Pure dodecane was used as a reference to capture UV spectrum of sample 

1. Resulting spectrum for sample 1 was recorded 3 times and same behavior is observed. 

Comparing three spectra it is clear that sample 1 shows very similar behavior and absorbance 

values as that of base fluid dodecane  and unlike NEPCM which exhibits higher absorbance 

values. Hence it can be said that sample 1 does not contain any impurities or particles as such 

Fig. 5.29 Silica adsorbing Nanoparticles 

a b 
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 to absorb UV light. This result confirms that sample so obtained after running trial 1 is free 

from nanoparticles and all the particles were adsorbed by silica. 

 

 

Fig. 5.32a shows transmission electron microscopy (TEM) image of silica grains with no 

nanoparticles which clearly indicates size of silica grains which ranges from 40-63 µm as per 

manufacturer specifications. Fig. 5.32b shows the surface structure of individual silica grain 

0

500

1000

1500

2000

2500

3000

0 0.5 1 1.5 2 2.5

S
il

ic
a 

R
eq

u
ir

ed
 (

m
g
)

NEPCM wt%

Fig. 5.30. Silica required Vs NEPCM wt% 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

300 400 500 600 700 800

A
b

so
rb

an
ce

Wavelength (nm)

BaseLine

Run1

0.01 wt% NEPCM

Fig. 5.31. UV Spectrum of trial 1 sample. 



 

76 
 

without nanoparticles. It can be observed that the selected silica grain has a clean surface with 

negligible irregularities. Fig. 5.32c, d, and e show silica grains after trial 1 indicating 

nanoparticles adsorbed on silica grains surface. Fig. 5.32c shows adsorbed nanoparticle at 

lower magnification of 6,000 whereas Fig. 5.32d shows zoomed in view at a magnification of 

35,000 and Fig. 5.32e shows highest possible magnification of 140,000 under applied 

settings.  

 

It can be observed that even at lower magnification of 6,000 (Fig. 5.32c) the presence of 

nanoparticles on silica grain surface is visible. Any further close-up view like Fig. 5.32d 

gives a better picture clearly depicting presence of nanoparticles on the silica surface, though 

these particles look way bigger than the size of nanoparticles used (5 – 15 nm). Fig. 5.32e 

provides enough evidence to comment on the adsorption mechanism. On scale of 100 nm, 

Fig. 5.32e clearly shows cluster of nanoparticles forming bigger size structures which looks 

like a big nanoparticle as seen in Figs 5.32c and d. This cluster formation results mainly due 

to the presence of silanol (Si – OH) groups on the silica surface which act as oxide adsorbent. 

The OH groups here acts as the centers of molecular adsorption during their interaction with 

adsorbates (i.e., CuO nanoparticles) forming a hydrogen bond. Hence being an oxide 

adsorbent, silanol groups attracts more and more nanoparticles by forming hydrogen bonds 

with available OH groups, till saturation is reached. Saturated surface of silica is clearly 

visible in Fig. 5.32 e. 
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Fig.5.32 Silica Grain surface with Adsorbed Nanoparticles 

e 



 

78 
 

 

Nanoparticles separation or extraction from NEPCM using silica is proved to be an efficient 

and simple process. Silanol groups attached on the silica surface were responsible for 

adsorbing copper oxide nanoparticles, due to their inherent property. As adsorption is the sole 

mechanism for nanoparticles extraction, interaction of silica with nanoparticles in NEPCM is 

the most critical factor. The interaction was achieved using manual shaking in the trials and 

experiments so presented. If mechanical means like a shaking unit, mixing unit could be 

utilized for achieving nanoparticles and silica interaction, amount of silica required would be 

much lesser than that used in these trials. Due to mixing at higher speed more nanoparticles 

would come in contact with one silica grain and would get attached thereby amount of silica 

required to extract all of the nanoparticles from a given sample of NEPCM will be less than 

that required using manual shaking.  

 
Nanoparticles separation or extraction from NEPCM using silica is proved to be an efficient 

and simple process. Silanol groups attached on the silica surface were responsible for 

adsorbing copper oxide nanoparticles, due to their inherent property. As adsorption is the sole 

mechanism for nanoparticles extraction, interaction of silica with nanoparticles in NEPCM is 

the most critical factor. The interaction was achieved using manual shaking in the trials and 

experiments so presented. If mechanical means like a shaking unit, mixing unit could be 

utilized for achieving nanoparticles and silica interaction, amount of silica required would be 

much lesser than that used in these trials. Due to mixing at higher speed more nanoparticles 

would come in contact with one silica grain and would get attached thereby amount of silica 

required to extract all of the nanoparticles from a given sample of NEPCM will be less than 

that required using manual shaking.  

 

 



 

79 
 

5.7 NANOFILTRATION OF NEPCM 

 
Filtration primarily works on size–exclusion principle and has been widely used to separate 

impurities of different size ranges, e.g., nano, micro or higher. Separation of nanoparticles or 

nano-size entities from a solution dates back to late 1950’s when reverse osmosis (RO) was 

used as a process primarily for desalination of water. In 1970’s relatively low pressure RO 

membranes were developed yielding higher water flux with added advantages of retaining 

essential minerals. Such membranes with lower rejections of dissolved components with 

higher water permeability proved to be great improvement for separation technology. These 

low-pressure RO membranes referred as “Nanofiltration” membranes [61,123]. For micro or 

bigger size impurities or particles, filtration is basically a sieving mechanism where large size 

entities get trapped at filter/membrane surface allowing only small entities to pass through 

depending on filtration membrane pore size rating. However, at nano-level, filtration 

becomes complex in terms of increased fouling and pressure requirements and is no longer 

size-exclusion dependent only. Nanometer-sized particles show unique physical and chemical 

properties that are different from those of bulk materials depending on their sizes and shapes 

due to the quantum confinement effect [63-67]. 

Nano-filtration is a process intermediate between reverse osmosis and ultrafiltration that 

rejects impurities or molecules which have sizes greater than designated rating of membrane. 

This range of membrane is often specified in terms of molecular weight cut-off ratio 

(MWCO) which is basically a number indicating capacity of membrane to hold 99% of the 

molecules (refer appendix E for more details) or particles of size greater than specified 

MWCO rating. Different membrane suppliers have different rules and guidelines to make 

selection of membrane for an application. Though different theoretical models have been 

processed since its introduction in 1980s, this method of separation mechanism has long been 

debated as pure convection (sieving) or pure diffusion or combination of both. Some 
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nanofiltration membranes known as “activated membranes” have surface charge to aid in 

filtration while processing charged solute or solvent in the sample [62,68,69,71,72,124]. 

Due to its higher separation efficiency and comparatively low operating pressures unlike 

reverse osmosis, nanofiltration had attracted wide variety of applications including biological, 

chemical, medical, etc., to separate entities like proteins, viruses, and dissolved solvents from 

aqueous based solutions as shown in Fig. 5.33. Hence Nanofiltration membranes are 

commercially available to suit wide variety of application where solvents or samples to be 

processed are aqueous based. Being a universal solvent with a simple chemical structure 

nanofiltration of water based solutions was simple to accomplish and hence variety of 

nanofiltration membranes were manufactured for water based solutions. This is mainly due to 

lower pressure requirements unlike RO and a large molecular size difference between water 

(dia.:0.275 nm) and entities to be separated like viruses (dia.: 20 -200 nm), and other 

dissolved compounds (size 1-100 nm) etc. Hence to suit different application requirements 

NF membranes have been manufactured in different size ratings (MWCO) and are made up 

of different materials like Cellulose Acetate, Cellulose Ester, mixed Cellulose, regenerated 

Cellulose, Polyamide, Polysulfone, Polyethersulfone, Polypropylene, etc. For aqueous based 

solutions, these membrane serves best by producing higher separation efficiency without 

degradation of membrane structure. However, for non-aqueous solutions, like organics, these 

membranes have limited applicability mainly due to their lower stability [125].  

Hence, as most polymeric membranes have swelling and stability issues, non-aqueous nano-

filtration process requires membranes made of crystalline and rigid polymers which are 

thermally stable, resistant to compaction, inert, and non-swelling in solvents [126-128]. Due 

to widespread use of non-aqueous solutions like organic solvents, solvent resistant NF 

membranes have been an extensive research topic since last decade. These membranes are 

made up from material like ceramic, metals, and solvent resistant polymers. Inorganic 
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membranes like one made of ceramic have been found to be suitable for extreme conditions 

and higher temperature applications where polymeric membranes cannot be used. To separate 

NPs from NEPCM we used ceramic membrane (Fig. 5.34) purchased from “Sterlitech”, 

Table 5.10 presents properties of the ceramic membrane.  

Table 5.10 Ceramic Membrane Specifications 

Manufacturer Sterlitech 

Size  47 mm dia, 2.5 mm thickness 

Pore Size Range  1 kDa to 1.4 µm 

Maximum Operating Pressure  4 bar (58 psi)  

Operating Temperature < 350 °C (662 °F) 

pH Range  0 – 14 , 2-14 (Nanofiltration)  

Sterilization Chemical or Autoclavable 

 

 

 Fig. 5.33 Separation Spectrum   
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Nanofiltration and filtration in general can be conducted in one of the two configurations: 

Dead End filtration and Cross-flow (Tangential) filtration [129] as shown in Fig. 5.35. Dead 

end filtration works at high pressure, and depending on the concentration of solute (retentate), 

has inherent issue of membrane block over a period of time whereas tangential filtration is 

comparatively low pressure application and does not pose risk of quick membrane blockage 

due to retentate accumulation, hence tangential filtration is preferred for commercial 

applications. For lab scale applications to process small volumes of sample, cross-flow 

filtration is more suitable due to its limited source requirements and lower cost as compared 

to tangential flow filtration system. The dead-end filtration system commonly consists of 

membrane in combination with membrane holder or stirred cell as shown in Fig. 5.35. An in-

house filter holder was designed and manufactured at university glass shop to analyze 

separation efficiency of ceramic membranes. Fig. 5.36 shows in-house designed and 

manufactured nanofiltration set-up in dismantled form. This is designed for dead-end 

filtration trials by incorporating features of both: membrane holder and stirred cell shown in 

Fig. 5.35. 

 

 

3 

Fig. 5.34 Membrane 
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As shown, it consists of two glass parts: top and bottom to hold the filtration membrane in 

between, a pair of gaskets to provide necessary sealing and pair of clamps to hold these parts 

together by means of 3 bolts. Top part of the set-up is designed with two inlets to apply 

pressure while bottom part contains one inlet to apply vacuum (if required) or to collect 

filtrate. To manufacture top and glass parts of the set-up Pyrex glass tubing of size 38.1 mm 

Fig. 5.35 Filtration Configuration 

Membrane Discs 

Membrane Disc Holders  
$ 1500 + 

Stirred Cell 
$ 1300 + Tangential/Cross flow set up  

Flat sheet Membranes   Hollow fiber Membrane   
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OD and 2.5 mm thickness was used which can withstand maximum internal pressure of 9 bar 

(131.2 psi). Glass was preferred to make the top and bottom parts of the nanofiltration set-up 

primarily due to its lower material and machining cost. Fig. 5.37 shows set-up in assembled 

form where assembly was done using 7/16 size spanner/wrench. Fig. 5.38 shows 

experimental set-up used to carry out trials. As shown top part is subjected to pressure using 

pressurized nitrogen through one of the inlet while other inlet served as a stopper or pressure 

relief port. Vacuum was applied at the bottom part which was required during filtration trials 

to improve the filtration rate.  

 

 

Pressure Lines 

Gaskets (general purpose rubber) 

Top  

Bottom 

Ceramic Membrane 

Clamp 

  Fig. 5.36 Designed Filter Holder Parts 
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For dead end filtration design, there is always a possibility of membrane clogging due to 

capture of solute (nanoparticles) which can be minimized by stirring the solution at the 

membrane interface. This is one of the inbuilt feature of stirred cells shown in Fig. 5.35. 

Being a dead-end filtration, stirring in the present set-up is incorporated by having a stir bar 

on membrane interface and stirring solution during filtration operation by holding set-up on 

the magnetic stir plate as shown in Fig.5.38.  

 

 

 

 

 

 

 

 

The separation mechanism behind basic NF operation is ambiguous and topic of debate 

among researchers around the world. NF membranes are rated according to molecular weight 

cut-off (MWCO) (refer appendix E for details) [130-132].This rating is determined using 

solutes like globular proteins like albumin, bacitracin, etc., in aqueous based solutions. Hence 

the ratings of these membranes do not serve as a legitimate selection criteria when the entities 

to be separated is of non-biological type and solvent itself is non-aqueous. This was observed 

and confirmed after finishing initial NF trials using Ultrafiltration disk membranes of size 30 

kDa and 100 kDa and Centrifugal filtration devices of pore size 3 kDa an 10 kDa of 

1 

Fig. 5.37 Designed Filter Holder Assembly 

Pressure  

Suction 

Stopper 

Magnetic Stir Plate 

2 

     Fig. 5.38 Filtration Set-Up 
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regenerated cellulose. As per manufacturer (Pall Life Sciences) specifications, these 

membranes are capable of retaining particles of lower nanosize range of 1-2 nm. For the 

average CuO nanoparticle of size 5 nm, its molecular or particle weight was calculated as 248 

kDa, whereas molecular weight of dodecane is 170.33 Da. Hence being highly tighter for 

NPs all these membranes should retain NPs by allowing dodecane to easily pass through. 

Because of their basic design filtration trials for 3 kDa and 10 kDa membrane were 

conducted under a centrifugal force of 8920 x gravity whereas for 30 KDa and 100 kDa trials 

were conducted under a vacuum of 33.6 kPa. It was observed that 3 kDa membrane could not 

produce any filtrate, whereas 10 kDa, 30 kDa and 100 kDa membranes could not retain most 

of the nanoparticles and produced black colored filtrate. Repeating above trials using the 

same set of membranes revealed the membrane structure had been distorted. Hence selection 

of membranes based on their size ratings had produced highly irrelevant results primarily due 

to non-aqueous application and alteration of membrane structure due to reaction with 

dodecane (alkane). 

Experimental: 

Fig. 5.39 shows filtration set-up. Top part of the filtration cell was kept under pressure using 

pressurized nitrogen at 1.4 bar – 2.75 bar, whereas vacuum of 0.02 mbar was applied at the 

bottom while the additional port at the top part served as stopper/pressure relieving port. To 

initiate filtration, it was required to have a vacuum on the filtrate side of membrane. 

First trial was conducted for 10 ml of pure dodecane in order to study porosity or diffusing 

ability of the membrane which is rated as 1 kDa according to manufacturer. The set-up and 

procedure followed was same as explained before. Filtration started by producing filtrate in a 

consistent drops and was observed to be very slow. After 70 min trial time experiment was 

stopped which produced about 5 ml of filtrate. When compared, the collected filtrate carried 
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some color and looked very different from the pure dodecane feed sample (Fig. 5.40a) which 

bears a clear water like appearance. A close observation has shown presence of black 

particles around the inner perimeter of the top glass part on the surface of the filter 

membrane. This provided an indication that these black particles are of rubber gasket being 

generated due to reaction with dodecane. As rubber gaskets are supporting the ceramic 

membrane and providing sealing from both the sides of membrane, filtrate comes in contact 

with rubber gaskets before and after filtration. Due to slower filtration rate, filtrate on the 

downstream or permeate side gets enough time to come in contact with rubber gasket which 

results in generation of particles and subsequent colored filtrate as shown in Fig. 5.40b. This 

was further confirmed by checking chemical compatibility of organic fluids like alkane with 

rubber material. General purpose rubber was selected as a gasket material due to its lower 

cost and easy availability.  
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 Fig. 5.39 Filtration Set-Up 
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Second trial was conducted using 10 ml of 0.5 wt% NEPCM by using same set up and 

following same procedure. Filtration is observed drop by drop and the rate of filtration was 

also slow for NEPCM. After a period of 70 min trial was stopped, and the filtrate collected is 

shown in Fig. 5.40c which bears the same color as that of dodecane filtrate due to presence of 

rubber particles. By visual observation of samples shown in Fig. 5.40, it can be concluded 

that ceramic membrane is capable of capturing all the NPs from NEPCM sample. In order to 

confirm the presented hypothesis these samples were analyzed using UV-Vis spectroscopy. 

 

 

 

 

 

 

 

 

 

 
UV-Vis spectroscopy was used to analyze samples mainly due to its simplicity, speed and 

lower cost. Fig. 5.41 (a) shows four UV-Vis spectra presented to compare NF samples with 

the base fluid dodecane and concentrated NEPCM. As shown in Fig. 5.40, NF samples of 

dodecane and 0.5 wt% NEPCM exhibit the same color due to presence of rubber gasket 

particles, this is also confirmed by their respective spectra (Fig. 5.41a). This further confirms 

that both the filtrate sample contain same size and type of particular matter which is 

generated due to reaction of dodecane with gasket material (rubber). Also comparing these 

filtrate spectra with that of 0.0033 wt% NEPCM and dodecane reveals that filtrate spectra 

follows same trends as that of dodecane. Fig. 5.41b presents zoomed view of the spectra for 

wavelength range of 400-800 nm which clearly indicates filtrate samples are free from NPs.  

 

c b a 

  Fig. 5.40 Filtration Results 
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Hence, based on the trial results and analysis, it can be concluded that NF using solvent 

resistant membrane, i.e., ceramic membrane of 1 kDa rating is capable of separating NPs by 

yielding 100 % separation efficiency. For the type of cost-optimized in-house designed set up 

and under maximum applied pressure differential of 3.75 bar (approx.) across membrane, NF 

was found to be a slow process. Higher filtration rates can be achieved by using membrane 

manufacturer recommended membrane holder in conjunction with pressurized feed.  

 Fig. 5.41(a) UV-Vis Spectra Comparison 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

200 300 400 500 600 700 800

A
b

so
rb

an
ce

Wavelength(nm)

0.5% NEPCM Filtrate

Dodecane

0.0033% NEPCM

Dodecane Filtrate

  Fig. 5.41(b) UV-Vis Spectra Comparison (Zoomed In view) 
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CHAPTER 6 
 

SEPARATION METHODS COMPARISON AND CONCLUSION 
 

After laying project objectives, studying NEPCM morphology and literature surveys various 

methods looked promising to bring separation of nanoparticles from NEPCM. Using 

available resources keeping project objectives in mind various methods were attempted to 

seek separation of nanoparticles. The methods which produced positive results have been 

reported in Chapter 5. The methods which did not work or did not produce desired results 

which are not reported are: Electrophoresis, heating-thawing, reaction with strong acid, 

reaction with heavier alcohols, syringe filtration, vacuum filtration & centrifuge-filtration 

6.1 Comparison:  

Based on the experiments conducted, analysis performed and presented in chapter 5, 

separation methods have been compared on the basis of economical and functional 

parameters. Table 6.1 presents comparison summary. The comparison has been done strictly 

referring to the equipment used and practices followed to conduct trials. Referring to table 6.1 

following conclusions can be drawn: 

 
 

Separation  

Method 

Equipment 

Cost 

Material 

Requirement 

Processing 

Volume 

Separation 

Efficiency 

NP 

Reclamation 

Atm. Pressure 

Distillation 
Low None Moderate High No 

Vacuum Distillation Moderate None Moderate High No 

Chemical (alcohol) 

treatment 
High Low Low High Yes 

Centrifugation High None Low Moderate Yes 

KOH-treatment Low Low Low High No 

Silica 

Chromatography 
Low Moderate Low High No 

Silica Adsorption Low Moderate Low High No 

Nanofiltration High None Moderate High No 

 

Table 6.1 Separation Methods Comparison 
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1. As evident from the results presented distillation at atmospheric pressure is one of 

highly efficient process to separate nanoparticles from NEPCM. For the set-up used to 

conduct trials equipment costs was low and it did not require any material during 

operation other than sample. Also it was able to handle moderate volumes of NEPCM 

to process, which resulted in high overall efficiency. For larger NEPCM volumes to 

process, distillation units on industrial scale are available and has been used 

successfully for different applications. Hence distillation at atmospheric pressure 

qualifies as one of the best method to separate NPs from NEPCM. However it has one 

inherent limitation of slow speed and comparatively high energy consumption.  

2. Vacuum distillation demands negative pressure set-up which adds to the equipment 

cost. However while conducting experiments it was observed that operating costs in 

terms of energy consumed and time taken to process a given NEPCM sample was 

much lower when compared to distillation at atmospheric pressure. This mode of 

distillation also does not exhibit any additional material requirements. Moderate 

volumes (about 1000 mL) of NEPCM can be easily processed using the lab scale unit 

utilized in this work. For higher NEPCM volume industrial scale units can be utilized. 

Similar to distillation at atmospheric pressure vacuum distillation yields 100 % 

efficiency. 

3. Chemical (alcohol) treatment was proved to be another highly efficient process to 

separate NPs from NEPCM.  This method does not demand any special set-up as only 

test-tubes and beakers were used to conduct experiments.  However it requires a 

shaking unit capable of producing required momentum to attain desired result which 

adds to the equipment cost. As only mixture of inexpensive alcohols is required its 

material requirement cost is low. Presented trials were conducted to prove the 

functionality of the approach and record the data to provide grounds for further 
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research.  Hence low volumes of NEPCM were processed, however using appropriate 

equipment this approach can be used to process higher NEPCM volumes. This 

method does not destabilize NPs per se by dissolving surfactants rendering NPs able 

to form stable NEPCM if re-dispersed back. 

4. Centrifugation is another potential method to achieve NPs separation from NEPCM. 

Referring to the data presented in chapter 5, it can be concluded that for the maximum 

relative centrifugation force used (40,173 x gravity) this method yields 95% 

efficiency. This also clarifies that for NEPCM separation efficiency of centrifugation 

is factor of centrifugal force and not of duration. This method bears high equipment 

cost and does not demand any additional materials for NEPCM processing. Trials 

were conducted using low volumes of NEPCM, however advanced centrifuges offer 

high volume processing capabilities. Hence for higher centrifugal force centrifugation 

may result in higher efficiency. One of the biggest advantage of centrifugation over 

distillation is NPs so separated in the form of precipitation can be re-dispersed back 

hence centrifugation facilitates NP reclamation.  

5. Separation of NPs from NEPCM via removal of surfactant using aqueous KOH is one 

of the most efficient and economical methods. This method does not require special 

equipment or expensive material to process NEPCM thus keeping equipment and 

material costs low. Based on the trials presented for low volumes of NEPCM, it can 

concluded that this method of separation can be easily scaled up to suit large NEPCM 

volumes.  

6. Silica chromatography is capable of removing all of the NPs from NEPCM sample 

using low cost equipment. It demands a fine grain silica to build column which add up 

to material requirement cost. A lab scale unit was used to prove the concept, however 

chromatography columns to handle large sample volumes are readily available which 
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makes it suitable to process high NEPCM volumes with ease. As elusion of sample 

takes place solely due to gravity, this method is comparatively slower. 

7. Separation of NPs form NEPCM via their adsorption on silica is one of the best 

methods that have been discovered during this research work. It needs fine grain silica 

alone to process the NEPCM sample and achieve separation. Being economical, 

simple and safe this method also yields high separation efficiency. Silica amount 

required to process a sample is directly proportional to volume and concentration of 

NEPCM sample. Due to its operational simplicity and safety it can be easily scaled up 

to process larger NEPCM volumes. 

8. Nanofiltration: This is one of the separation methods which yield 100 % separation 

efficiency. Due to process complexity its equipment cost is high whereas material cost 

is low as it does not need additional materials. For the set-up used to conducted 

nanofiltration trails using NEPCM, processing volume was found as moderate. 

However using commercially available set-up nanofiltration can easily process large 

NEPCM volumes. All the nanoparticles so captured remains adhered to the filtration 

membrane rendering them un-suitable for reuse.  

 

Hence presented methods fulfill most of the benchmarked objectives of this research 

work, i.e., simplicity, safety, economic, and suitability of scaling up. Every method 

has its advantages and disadvantages in terms of characteristics and requirements and 

provide a guideline to make a selection as per application objectives. Based on the 

observation and analysis, Vacuum distillation and Silica Adsorption proves to be the 

best approaches to separate NPs from NEPCM completely (with no reclamation plan). 

Whereas, to preserve the surfactant and re-disperse NPs, treatment of NEPCM with 

alcohol mixture deems best.  
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6.2 Future Work: 

In presented research work NEPCM was prepared using dodecane as a base fluid and 

copper oxide nanoparticles to enhance its thermal conductivity. However depending 

upon application requirements which demands different phase change temperature, 

alkanes with a different number of carbon atoms should be used, as explained in 

section 1.5 of Chapter 1. Similarly instead of copper oxide, nanoparticles of materials 

like Ag, Cu, AlO3 can also be utilized, choice of which is primarily governed by 

NEPCM stability and economic considerations. Hence, the presented work can be 

extended to determine the nanoparticles separation efficiency for a different base fluid 

or different type of nanoparticles or for a completely different NEPCM. Due to the 

variety of operating conditions pertaining to each separation process presented, 

change in NEPCM configuration might demand alterations in the processes 

parameters. For example; eicosane exists as a waxy solid at room temperature, hence 

to separate nanoparticles from an eicosane based NEPCM using one of the presented 

separation methods, it is required to change eicosane based NEPCM state from solid 

to liquid, perhaps using heating. This is due to the fact that all the presented methods 

are capable of processing NEPCM in liquid form. Hence future work can be directed 

to adjust the presented methods to suit different NEPCM configurations. 
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APPENDIX-B 
 
 

UV-Vis Spectrometry 
 
 
UV-Vis Spectroscopy Principle: When a beam of electromagnetic radiation strikes an object 

one of the following phenomenon will result: it will be absorbed, transmitted, scattered, 

reflected or it will excite fluorescence. The processes concerned in absorption spectroscopy 

are absorption and transmission. The conditions under which absorption of the sample is 

examined are chosen to keep reflection, scatter and fluoresces to a minimum. Ultraviolet and 

visible spectroscopy is used for quantitative analysis of the samples. An optical spectrometer 

records the wavelengths at which absorption occurs together with the degree of absorption at 

each wavelength. 

UV-visible analysis could be performed on metal nanoparticles dispersed in a solvent or 

embedded in the insulator matrix. In such cases, absorption of incident radiation takes place 

due to surface Plasmon resonance (SPR) of the metal nanoparticles. Surface plasmons are 

essentially the light waves that are trapped on the surface because of their interaction with 

free electrons of the metals. When metal nanoparticles are embedded in dielectric media and 

specimen are exposed to the electromagnetic radiation, SPR absorption band is observed at a 

specific wavelength depending upon the nature of the metal, matrix, size of the particles and 

their distribution. 

Varian cary100 was used to record absorption spectra. It is a double beam, recording 

spectrophotometer controlled by a computer operating under MS-Windows data acquisition 

system Cary WinUV. It hosts tungsten halogen as a visible light source and deuterium arc for 

ultra-violet light and has wavelength range from 190 to 900 nm while range of visual bulb is 

approximately 350-900 nm. The standard procedure for initial setup and data acquisition was 
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followed as mentioned in device user manual. A standard quartz cuvette of size 10mmL x 

10mmW x 40 mmH was used to feed the sample. A wavelength range of 200 nm to 800 nm 

was used to capture data. UV-Vis scan rate was set to 600 nm/min and data interval was 1 

nm.  

 

The absorption of radiation in a sample follows the Beer-Lambert law which states that the 

concentration of a substance in sample (thin film/solution) is directly proportional to the 

‘absorbance’ which is also referred as optical density or extinction. , A, of the solution. 

 

Absorbance, A=absorptivity coefficient X concentration X cell length ……………….eq.1 

 

Hence if absorptivity coefficient of a solution at a particular wavelength is known and 

absorbance of the solution at that wavelength is measured then using eq.1 concentration of 

any particulate matter can be determined. It is known that nanoparticles like silver, gold, 

copper which possess unique optical properties have peak plasmon resonance which varies as 

a function of particle diameter. For example for sub-nano size particle peak plasmon 

resonance occurs for lower values of wavelength with a high absorption peak while for larger 

diameter (>50 nm) particles plasmon resonance occurs for higher values of wavelengths with 

a low absorption peak.  
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  SORVALL RC-6 Specifications 

Maximum speed(RPM)  21,000 

Maximum (RCF)  x g 51,430 

Maximum capacity 4 x 1,000 ml 

Drive Brushless high frequency motor 

Accel/decel rates 9/10 

Speed range (RPM)  300 – 21,000 

Speed control accuracy(RPM)  ± 25 

Temperature set range °C -20 to +40 in 1°C increments 

Temperature control  °C +2 to +40 

Temperature accuracy °C ±2 

Ambient temperature range °C +15 to +40 

Dimensions (H x W x D) mm (inch) 1132 x 752 x 835 (44.5 x 29.6 x 32.8) 

Weight kg (lb) 350 (770) 

Control Microprocessor 

Programmability 30 programs 

Functions 

 

Automatic RCF; ω2dt Integrator; Real 

Time Control; Pre-Cool 

Run time hr/min 99/59 

Electrical V (Hz) 

 

200/208/220/230/240 (50/60), 30 A,   

single phase; 400 (50), 25 A, 3 phase 

 

SM-24 Rotor Specifications 

Capacity (place × ml) 24 × 16 

Max. Speed (rpm) 20,000 

Max. RCF (× g) 49,460 
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 APPENDIX-D  
 
 

 
 

APPENDIX-E 

The MWCO of a membrane is defined as the molecular weight of hypothetical globular 

solutes (proteins) that will be 90% rejected by the membrane. For example a 10000 MWCO 

ultra filter will nominally reject 90% of molecules with a molecular weight of 10,000 Da. 

Because rejection is actually a function of physical size, shape and electrical characteristics of 

the molecule the MWCO is only a convenient indicator based on model solutes. Linear 

molecules, such as polysaccharides will tend to slip through a membrane that would reject 

globular molecules of the same molecular weight. There is currently no industry standard for 

the determination of MWCO and as such they are not always comparable amongst 

manufacturers. The MWCO cut-off specification is most commonly used to characterize 

ultrafiltration and nanofiltration membranes. 
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Although two membranes can be claimed to have the same cutoff, they can exhibit quite 

different rejection behaviors because of distribution of pore diameters.  Solute retention is not 

absolute. A “sharp” cutoff membrane will have minimal retention for species below its 

nominal MWCO rating. A “diffuse” cutoff membrane can significantly retain species of a 

size below the nominal MWCO or allow passage of some species above its cutoff. For 

concentration of retained species, either sharp or diffuse cutoff membranes will generally 

work equally well, but where the permeate is of interest, the final product may be markedly 

different (Protein Purification Protocols by Paul Cutler). 

Choosing the Correct MWCO Rating:  

Once sample volume is determined, the next step is to select the appropriate MWCO (for 

ultrafiltration) or pore size (for microfiltration). MWCOs are nominal ratings based on the 

ability to retain > 90% of a solute of a known molecular weight (in Kilodaltons). For 

proteins, it is recommended that a MWCO be selected that is 3 to 6 times smaller than the 

molecular weight of the solute being retained. If flow rate is a consideration, choose a 

membrane with a MWCO at the lower end of this range (3X); if the main concern is 

retention, choose a tighter membrane (6X). 

It is important to recognize that retention of a molecule by a UF membrane is determined by 

a variety of factors, among which its molecular weight serves only as a general indicator. 

Therefore, choosing the appropriate MWCO for a specific application requires the 

consideration of a number of factors including molecular shape, electrical charge, sample 

concentration, sample composition, and operating conditions. Because different 

manufacturers use different molecules to define the MWCO of their membranes, it is 

important to perform pilot experiments to verify membrane performance in a particular 

application (www.pall.com). 


