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ABSTRACT

The research focused on the investigation into the cleaning behavior of nanofluids on crude oil
contaminated soil at optimum conditions.This was done by contaminating 10g of soil with 5g
stimulant — HV1 60 mineral oil and white mineral oil, in each case, 10 grams sandy soils was
uniformly spilled with 5g each mineral oil.Subsequently, the simulated soil samples were
cleaned using 15¢g of nanofluids prepared from 0.3 — 1wt% powdered ZnO, TiO2, and Al,O3
nanoparticles each dispersed in deionised water and their cleaning behaviors were observed
with and without surfactants.Differential Scanning Calorimetric Analysis was used to
determine the total weight loss, heat transfer rate and mass flow after the clean-up process of
the soil samples. The particle size distribution of the Al>.O3, TiO2 and ZnO
-water nanofluids was done using dynamic light scattering technique.The pH
stability study was carried out by adding 0.5g sodium hexametaphosphate
and 0.1g sodium dodecylbenzenesulfonate, respectively, as surfactants, to ZnO Al,O3
and TiO2 water nanofluids as well as ultrasonicated for 24hours Oil cleaning
efficiency of pure Al,O3 nanofluid was 74%.TiO2 nanofluid was 84% and ZnO nanofluid was
78% at optimum level of 1g.The cleaning efficiency of the nanofluids increased to 84%, 99.4%
and 98%, respectively, when they were surfacted.The results obtained showed that the flow
characteristics properties of the different nanofluids increased with decrease in particle size
concentration.The contaminated soil samples and cleanup experiments were used to determine
wettability, contact angle and relative permeabilities. The imaging method was executed to
investigate how the surfacted nanofluids and mass fraction of surfactants influenced the contact
angle and surface tension.In the contact angle and surface tension measurements a decline was
observed for the measurements with surfacted nanofluids.However, the values of both
measurements increased from 0.3 wt% to 1.0 wt% of nanofluids.The reason for this is attributed
to the stability of the various nanofluids, and it contradicts the assumption of more water-wet
conditions for higher nanoparticle concentrations.Besides this singular contradiction, the
experimental results are in conformity with the expectations of my earlier proposal. These
findings are comparable to the findings of other Researchers.

Keywords: Soil, Petroleum, soil contamination, remediation, Nano-fluids, stability, mass

fraction, wettability and optimum conditions.
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1 Chapter 1.0 Introduction

1.1 Background

Soil contamination is the presence of natural or man-made chemicals or other alterations in the
soil natural environment.This type of contamination is typically caused by the rupture of
underground petroleum pipes and storage tanks, application of pesticides, percolation of
contaminated surface water to subsurface strata, leaching of wastes from landfills or direct
discharge of industrial wastes to the soil.

Soil contamination results when hazardous substances are either spilled or buried directly in
the soil or migrate to the soil from a spill that has occurred elsewhere Figure 1-1.Contaminated
lands contain substances which when present in sufficient concentrations may cause harm,
directly or indirectly to man, to the environment or other targets [119].The main hazards
associated with chemical contaminated land are uptake of contaminants by food crops grown

in the contaminated soil, skin contact, photo toxicity, fire and explosions as well as chemical

attack on building materials and building services [43].

Figure 1-1Soil contaminated sites [100]

Polluted rivers render the water unsafe for drinking, fishing and recreation. Polluted land results
in the Kkilling of plants and fauna, adversely affecting their natural habitat, and putting an end
1
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to local economic practices and livelihoods such as hunting, farming as well as a multiplicity

of nutritional, health related and socio cultural practices.

There is a very large set of health consequences from exposure to soil contamination depending
on pollutant type, pathway of attack and vulnerability of the exposed population.Lead
originating from coal burning, gasoline burning, and ore smelting causes a high risk of
developmental damage to the brain and nervous system in young children [79].Mercury is an
element known as quicksilver, or hydragyrum.It is a chemical element represented in the
Periodic Table with the symbols: Hg.and atomic number of 80.Mercury is a heavy, silvery d-
block metal and is one of the five metals that are liquid at or near room temperature and
pressure.Mercury is used in barometers, thermometers, manometers, sphygomomanometers,
float valves, and other scientific tools.Exposure to Mercury can lead to poisoning, kidney
damage, liver toxicity and depression of the central nervous system.There are many other

health effects such as headache, nausea, fatigue, eye irritation and skin rash [21a, 21b].

In Nigeria, statistics of some possible causes of oil spillage shows that one per cent (1%) of the
spillage is due to engineering drills, twenty one per cent (21%) to oil production operation,
twenty eight per cent (28%) to sabotage and fifty per cent (50%) to corrosion [95]. Inability to
effectively control oil wells, failure of machines and inadequate care in loading and off-loading
oil vessels are also some causes of the oil spillage [95]. The materials contained in oil spills are
usually in the form of biodegradable (mainly hydrocarbons and sulphur compounds), non-

biodegrade (mainly inorganic elements like Iron, Zinc, lead) and hazardous compounds).

There have been recently some reports by soil scientists on a new technique for mapping and
testing of oil-contaminated soils which uses visible near infrared light with diffuse reflectance
spectroscopy, shining a light on a sample and reading the reflecting wavelengths [115].This
allows researchers to rapidly evaluate soils for the presence and amount of oil contamination
quickly while in the field, without taking a sample to a laboratory for analysis and waiting for
the results of the test. The fact that this spectroscopic technology does not need prior sample

preparation has made it applicable.

The over increasing demand for enough energy supply to meet up with the extensive global

industrialization demand has grossly expanded the frontiers of petroleum hydrocarbon (PHC)
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exploration.In the petroleum industry it is considered that most of the easy accessible oil
reservoirs has been found and set on production and currently there is a decline in conventional
petroleum production.To meet the future demand of petroleum the industry will either have to
find new fields, increase the recovery factor of existing fields or start to produce more
unconventional resources such as shale gas, shale oil, crude oil /heavy oil and bitumen.About
80% of the easy accessible conventional petroleum is located in the Middle East, most of it in
Saudi Arabia [122].Though, taking heavy oil and bitumen reserves into account, America may
be the future giant of petroleum assets as most of the reserves are located in Venezuela and
Canada.

The exploration and production of crude oil is highly dependent on the oil price as the recovery
methods used for extraction of heavy oil are expensive.Consequently, the exploration activities
amongst others often result in pollution of environment, thus creating serious imbalance in the
biotic and abiotic regimes of the ecosystem hence there is an urgent need for investigating the
methods of cleaning such polluted environment of which if not taken care of will definitely
contaminate the air, water and soil. It has been observed that accidental and deliberate crude
oil spills have been and still continue to be a significant source of environmental pollution
[128b]).Apparently, the only available solution to such environmental problem is cleaning of

such ecosystem.

Cleaning, otherwise known as remediation, is the means of returning the polluted environment
to its natural form by cleaning-up and / or treatment using some materials which may be
biologically, physically or chemically sourced [90].Several cleaning techniques have been in
use (or the restoration of petroleum polluted site).These include the naturally occurring
bioremediation and phyto remediation which have been used for centuries.Take for example;
desalination of agricultural land by phyto extraction has a long tradition.Fungal biodegradation,
which refers to the degradation of a wide variety of organo pollutants utilizing fungi lignin —
degrading wood rotting enzyme system.Petroleum cleaning products (PCP) consist of long
spheres of treated wax and nutrients which when they come in contact with the spilled oil
“bind’’> with the hydrocarbons.Others include soil vapour extraction; recirculating well

technology, air sparing and in-situ chemical oxidation (ISCO) methods [124].

Biological cleaning or remediation refers to any cleaning technique that uses biological means

such as micro-organisms, green plant or their enzymes to return the polluted sites to its original
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form or condition, that is utilizing micro-organisms to reduce to the barest minimum or
completely remove the concentration and toxicity of various petroleum hydrocarbon pollutants
(PHP).These PHP include polycyclic aromatic hydrocarbons, polychlorinated biphenyls,
phthalate esters, nitro-aromatic compounds, petrochemical solvents and metals.

Chemical cleaning or remediation refers to the use of various minerals or chemicals to absorb,
adsorb, bind, precipitate or co-precipitate trace elements and heavy metals in contaminated
soils and water thereby reducing their bioavailability, toxicity and mobility. The application of
the two processes simultaneously is referred to as biochemical remediation. The goal of
biochemical remediation, therefore, is to degrade organic and inorganic pollutants to
concentrations that are not detectable or if detectable, to concentrations that are permissible by

regulatory agencies [96].

On the other hand, physical cleaning refers to the means of returning the contaminated
environment to its original form by use of equipment and materials that do not involve either
biological or chemical reactions.A typical example of such cleaning technique is the
application of pulverized used water sachet polyethylene whose characteristic length is less
than 100 nanometer (100 nm) in cleaning petroleum hydrocarbon polluted river or sea.Other
examples include the application of particle production technologies in the production of large
quantities of colloids typical of solid metal oxide particles suspended in liquids [96].

Colloids are systems that consist of small particles of one substance suspended in another
whose characteristic lengths are less than 100 nm. In other words, nano fluids are colloids
containing nanoparticles, particularly in the field of surface cleaning of polluted soils
research.The significance of nanofluids is in the cleaning of polluted soils or in the area of heat
transfer research which may be beneficial in future cooling including their thermal property,
optical property and rheological properties as well as their high particle stability. The above
stated properties make any investigation in the areas of surface cleaning cum heat transfer
technology quite promising and interesting especially when consideration is given to their uses
in removing solid and liquid contaminants from surfaces which could be beneficial to many
industries. In that respect, a fundamental knowledge and understanding of how nana fluids
behave with respect to a specified geometry becomes absolutely necessary.The increasing

demand for hydrocarbons has led to a hope of developing more efficient recovery techniques
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for unconventional resources such as heavy oil.Heavy oil is movable in the reservoir, but
recovery is time-consuming and expensive.

Nanofluid is investigated as a possible enhanced oil recovery method. Nanofluid promises an
alternation of wettability and a reduction of the interfacial tension as nanoparticles added to
one of the fluid phases disturbs the initial equilibrium state.By bringing nanotechnology into
the petroleum industry the hope is to develop recovery methods that are cheaper, more effective
and have a better environmental sound. Nanofluids can be developed as a recovery method for
both conventional and unconventional resources.The injection of nanoparticles as nanofluids
are introduced as a possible future enhanced oil recovery method.Hydrophilic silica
nanoparticles promise a decrease in the interfacial tension and a possibility of wettability
alternation to strongly water-wet conditions.The motivation for investigating nanofluid for
enhanced oil recovery application is development of nanofluid as a new enhanced oil recovery

method.The hope is to develop an effective and less expensive recovery method for the future.

1.2 Causes of soil contamination

Soil contamination is the occurrence of pollutants in soil above a certain level causing a
deterioration or loss of one or more soil functions.Also, Soil contamination can be considered
as the presence of man-made chemicals or other alteration in the natural soil environment. This
type of contamination typically arises from the rupture of underground storage tanks,
application of pesticides, and percolation of contaminated surface water to subsurface strata,
leaching of wastes from landfills or direct discharge of industrial wastes to the soil. The most
common chemicals involved are petroleum hydrocarbons, solvents, pesticides, lead and other
heavy metals.The occurrence of this phenomenon is correlated with the degree of
industrialization and intensity of chemical usage in the region.Petroleum hydrocarbon pollution
is one of the main environmental problems, not only by the important amounts released but

also because of their toxicity.

The soluble compounds of diesel (benzene, toluene, ethyl benzene and xylenes which are
known as BTEX) are toxic to aquatic life as well as animals and humans.According to [108b]
hydrocarbons in the soil are considered toxic when they reach concentrations greater than 100
(MU)g/g. Where, (MU) g, Micro = 1pg — one millionth of a gram.

The concern over soil contamination stems primarily from health risks, from direct contact

with the contaminated soil, vapours from the contaminants, and from secondary contamination
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of water supplies within and underlying soil. Mapping of contaminated soil sites and the
resulting clean-up are time consuming and expensive tasks, requiring extensive amounts of
geology, hydrology, chemistry, computer modelling skills and GIS as well as an appreciation
of the history of industrial chemistry.

It is in North America and Western Europe that the extent of contaminated land is most well-
known, with many of the countries in these areas having a legal framework to identify and deal
with this environmental problem, this however may well be just the tip of the iceberg with

developing countries very likely to be the next generation of new soil contamination cases [82].

The immense and sustained growth of the Peoples’ Republic of China since the 1970s has
exacted a price from the land in increased soil pollution.The State Environmental Protection
Administration believes it to be a threat to the environment, to food safety and to sustainable
agriculture.According to a scientific sampling, 150 million mi (100,000 square km) of China’s
cultivated land has been polluted with contaminated water being used to irrigate a further 32.3
million (21,670 square km) land and another 2 million (1,300 square km) land covered or
destroyed by solid waste.In total, the area account for one-tenth of China’s cultivatable land,
and is mostly in economically developed areas. An estimated 12 million tonnes of grains are
contaminated by heavy metals every year, causing direct losses of US$2.57 billion.

Statement of problem

The cleaning behavior of nanofluids on crude oil contaminated soils and modelling is still in
the early stages of development and therefore has not been investigated.Research is needed to
advance nanotechnology and to determine the possibility of nanofluids applications for
cleaning refineries and reclaiming agricultural farmlands after oil spillage.Research will help
to understand the relationship of nanofluids and cleaning efficiency at various operational
conditions.The research being conducted in this study uses three types of nanofluids
(monotypes) and their combinations (hybrids) at different concentrations under three levels (
low - 0.3g, medium — 0.7g and high — 1.0g) and at different optimum process variable
conditions (temperature, pressure and time).

Significance of the problem

The mechanisms responsible for the cleaning behaviour of nanofluids are not yet fully

understood. However, they may possess the mechanisms or ability which helps in the cleanup



process such as heat transfer, stability, flow/transport properties of nanofluids, wet and
spreading, mass transfer and diffusion of nanofluids.

Definition

Nano — 107

Nanoparticle — particle with a size between 1-100 nm

Nanofluid — nanoparticle mixed in a conventional fluid

Conventional Fluid — water, oil, High viscosity mineral oil

Heating Element — converts electricity into heat

Convection — heat transfer between a solid and conventional fluid

Steady State — temperatures remain constant with time

Laminar — dominated by diffusion and velocity profile is nearly linear

Turbulent — dominated by turbulent mixing

Reynolds Number — is is a dimensionless number for definition of flow regime (laminar and
turbulent flow).

Assumptions

It is important to assume that there was no heat loss during the cleaning from the heat
exchanger through the helical coil tubing.Experiments were conducted using the same
procedures and equipment and have the same factors monitored. Temperature and flow rates
were measured at steady state which was indicated by the steady temperatures for a ten
minute period [58].

1.2.1.1 Limitations

The study will be limited to laboratory conditions.First of all, financial limitations were my
prime concern.Budgetary constraint limits the items being used to conduct the experiment. The
burettes that were used for the soil contamination and clean-up process affected oil removal
due to the size of the burettes as well as a financial constraint.Due to cost consideration the
nanofluids used was restricted to Al:O3, TiO2 and ZnO with their combinations
(hybrids).Testing was restricted to only three concentrations (3 levels —low, medium and
high/optimum of nanofluid) to accommodate the time schedule.Use of water as conventional
fluid to mix with the nanoparticles for cleanup experiments, however, to lessen our
environmental impact and requirements for disposal, this research was conducted using
deionised and distilled water.The Study is limited to evaluating heat transfer rates at

predetermined flow rates and temperatures, specific heat capacity, thermal conductivity and to
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measure viscosity, density, surface tension of the different water nanofluids as well as
thermaloptical of the nanofluids.The study focused on the evaluation of stability of different
water nanofluids using zetapotential, pH, thermaloptical — absorbancy , wavelength and
particle size distribution as well as cleanup process using pure and surfacted nanofluids on 10g
soil contaminated with 5g of HV1 60 mineral oil. The wettability, relative permeabilities of oil
and water were determined using the endpoint/products from the cleanup process of the
different nanofluids on crude oil contaminated soils.

1.3 Aims and Objective of the study

The main objective of this study was to investigate the cleaning behaviour of nanofluids namely
ZnO, TiOz and Al203 on crude oil contaminated soils at optimum conditions with and without
surfactants.

The aim of the present study was to apply different water based nanofluids in cleaning
simulated crude oil contaminated soil samples so as to determine their cleaning efficiency. The
scope of the study included the following:

To investigate the cleaning behavior of nanofluids using (powdered ZnO, Al,O3 and TiO-
dispersed in deionised water) on the simulated crude oil contaminated samples using 3 x 3
simplex Lattice design (3?). Specifically, it aimed at studying the effect of:

i Behaviour of ZnO — water nanofluid on the cleaning of crude oil contaminated soils using
Sodium hexametaphosphate to enhance ZnO — water nanofluid stability, based on 2,2 Simplex
Lattice Design.

ii Absorbancy behaviour of Al,Os —water nanofluid on cleaning crude oil contaminated soils
using SDBS surfactant to enhance Al>Os — water nanofluid stability, based on 2,2 Simplex
Lattice Design

iii Behaviour of TiO2 — water nanofluid on the cleaning crude oil contaminated soils using
SDBS surfactant and nitric acid to enhance TiO2 — water nanofluid stability/optical properties.
iv Concentration on the stability of the nanofluids. This is formulated using 3, 3 simplex Lattice
Design.

The different concentrations of nanoparticle size dispersed in deionised water will be used to
clean mineral oil contamination soil samples with and without stabilised/surfacted nanofluids.
Evaluating remediation efficiency of each nanofluid so as to choose the best nanofluid based
on economy, and cleaning efficiency as well as most recent applications to laboratory scale and

commercial scale soil remediation, with a focus on crude oil (mineral oils) pollutants.



via It is very important to optimize the various conditions such as mass fraction/concentration
of nanoparticles, surfactants to obtain the nanofluids with desired properties.Three process
variables (temperature ,at 0 °C — 400°C at interval of 10°C/min pressure - 150mbars and time
— 60min) on the cleaning behaviour of the different nanofluids on two mineral oil grades
contaminated soils using 3,3 simplex Lattice Design at optimum conditions.

vib Different surfactants (ionic and non ionic surfactants) on the wettability and contact angle
of the various nanofluids.

vii Thermophysical/transport properties (flow characteristics) study which is density, viscosity,
specific heat capacity and surface tension.Thermal optical properties such as absorbancy and
wavelength through the evaluation of stability of the various surfacted — stabilized nanofluids.
viiia.Application of statistical analysis to determine the contributions of the remediation factors
on the cleaning of crude oil contaminated soils.

viiib.Application of statistical analysis to the experimental data and comparison of cleaning
efficiency/oil recovery with wettability using mixture experiments based on 3, 3 simplex
Lattice Design at optimum conditions.

iX. Wetting analysis study consisting of Wettability (water wettability index and oil wettability
index), contact angle and relative permeabilities of water nanofluids and oil using oil
contaminated cores oilflood samples and cleanup process of nanofluid flooding based on using
Amott Harvey tests.

x. Comparison of the wettability index using contact angle, Amott Harvey and USBM Index.

1.3 Report Outline

The thesis is divided into eight chapters and the outline is as follows:

Chapter 1 is the introduction. This chapter defines the main objectives of the thesis.

Chapter 2 of this thesis is dedicated to the general description of theory relevant to the
background of this study including some concepts in nanofluids, description of soil pollution,
remediation techniques.Interaction between fluids and soil, wetting properties of soil (soil
reservoir parameters) with a special focus on wettability in soil as a reservoir.

Chapter 3.0 describes the experimental work performed in the laboratory including
formulation, preparation of different nanofluids based on experimental design,
characterization, measurement of themophysical and thermal optical properties of various

nanofluids. The methodology of soil contamination and cleanup process using nanofluids and



differential scanning calorimetry (DSC) in chapters 3& 4.Chapter 4 is the mineral oil soil
contamination and clean-up process. The key results are presented in chapter 4.

Chapters 5 and 6 are discussions of the results presented in Chapter 4 with wettability
study.Chapter 7 is general discussion and summary. The conclusions & recommendation/future

work are given chapter 8.
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2 Chapter 2.0 Literature Review

This chapter provides the literature review on the different aspects of the present study:.It
comprises of a summary of the theory relevant to the study of the most important physical
properties of soil, fluid and fluid-soil interaction formulation, preparation , characterization and
measurement of properties of water nanofluids, wettability and contact angle through oil
contamination soil and cleanup process.The various sections explain/emphasize the geological
origin, classification, properties and chemical composition of crude oil.Different methods of
soil remediation were reviewed.Nanotechnology is introduced.Nanoparticles, nanofluid and
surfactants as a possible enhanced oil cleaning / recovery method are introduced.Propagation
of nanofluids though porous media and their wettability is covered.Also, a short review of

current literature on mineral oil and nanotechnology is given.

2.1 Soil properties

Soil properties are the physical characteristics of reservoir soils that make them able to store
fluids and allow for fluid flow [113].The most important soil properties are bulk density,
porosity and permeability.

2.2 Porosity

Porosity, ¢, is a measure of the storing capacity of the soil as a reservoir.Porosity is defined as
the ratio of the pore volume to bulk volume as:

_Vb—-Vg Vp

Where, the bulk volume, Vb, is the sum of the pore volume, Vp, and the grain volume,

) e (2.1)

Vg.Porosity is given in fraction or in percentage of the bulk volume.Fluid flow is not possible
in the total pore space.Residual porosity is the ratio of the volume of the pores that are closed
off by the reservoir matrix to the bulk volume.Effective porosity is the ratio of the volume of
the pores that are interconnected to the bulk volume.Effective porosity is of most importance
as it reflects the volume available for fluid flow, and it is usually measured in the laboratory.

Helium porosimeter is a common method used to measure porosity of core soil samples in the

laboratory. The experimental set-up and procedure for another method is given in Chapter 3.
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2.2.1 Permeability (Hydraulic conductivity)

Permeability, k, is a property of porous medium, and it is a measure of the capacity of the
medium to transmit fluid.Permeability measures the ease at which a fluid flows through porous
media. The easiness at which fluid flows through the soil decreases with the depth.

The coefficient or permeability is also known as hydraulic conductivity.Hydraulic
conductivity, k, is a measure of soil permeability; k is determined in the lab using two methods:
Constant-Head Test and Falling-Head Test. Darcy's law relates the flow rate, g, to the
permeability, k and according to Darcy they are proportional.Darcy's law is given as follows:
K= QL/ARt _ oo (2.2)

Where, Q= flow rate (cm®/s)

k= coefficient of permeability (cm/s)
A = area of the specimen (cm?)

L = length or distance (cm)

H = height of water (cm)

t = time (second)

The rate, q, is proportional to permeability and inversely proportional to the viscosity.In other
words, if the viscosity of the oil or water is decreased or if the permeability is increased, the oil
rate will increase.This test applies a constant head of water to each end of a soil in a
“permeameter”.

In the present thesis a constant head permeater is used for measurement of permeability. The

experimental set-up and procedure for this method is given in Chapter 3.

2.2.2 Saturation

For a given porous soil, fluid saturation is defined as the ratio of the volume of the fluid to the
pore volume of the rock [126]. In a water, oil and gas (air) system, the respective saturations

are defined as:

Where =V, Vo, Vg and V, are water, oil, gas and pore volumes respectively.

SW +So +Sg :1

The pore volume is referred to as the interconnected pore volume only, then the saturation is

referred to as the effective saturation.A normalized value of the saturation is used where the
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irreducible saturations are subtracted from the bulk saturations.Saturation is given as a fraction
or as a percent.The irreducible water saturation (S wirr) is the lowest water saturation
obtainable when a water displacement process is occurring (ie water retained in the soil after
cleaning process).Increasing the capillary pressure will not reduce the water saturation below
S wirr. The residual oil, Sor or gas saturation, Sgr is the ultimate trapped value of oil or gas
after the capillary pressure is decreased from a high positive value to a high negative value,
and finally, the critical water saturation is defined as the highest water saturation for which the

water is immobile.

2.3 Fluid Properties
Fluid properties are the physical characteristics of fluids that affect their flow.The most

important fluid properties are density, viscosity and surface tension.

2.3.1 Density

Density (p) is defined as mass per unit volume. It is a function of temperature and pressure.
Density has the SI-unit of kg/m?3.

Specific gravity (SG) and API gravity are two terms used to describe the density of a fluid.For
liquid, SG is defined as the ratio of density of the liquid to density of water at the same
temperature.For gases, it is the ratio of density of the gas to density of air at the same
temperature. The density of water at standard conditions is 1000 kg/m®while for air at standard
conditions it is 1.23 kg/m3.The standard conditions in the petroleum industry for international
trade of petroleum are 15°C (60°F) and 1 atm.This is different from the standards in chemistry
where standard conditions are 25 °C and 1 atm.

API gravity was developed by the American petroleum institute (API).It is referred

to on an API scale where most values falls within the range of 10°until 70°

[113].The formula for API gravity is:

141.5
SG60°F

AP| =

— 1315 e e e e e e (2.4)

Where, SG is the specific gravity of the fluid at standard conditions. Density does not have a
direct impact on the physical flow properties such as permeability, but it usually increase with
viscosity which has a high impact on the fluid flow.The density will be measured using a

picknometer as described in Chapter 3.
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2.3.2 Surface and interfacial tension (IFT)

Surface tension is the tendency of a liquid to expose a minimum free surface, and it may be
defined as the contractile tendency of a liquid surface exposed to gases.The interfacial tension
(IFT) is a similar tendency which exists when two immiscible liquids are in contact.Surface
and interfacial tension of fluids result from molecular properties occurring at the surface or
interface [126].

Molecules in a given fluid are attracted to each other by an electrostatic force called cohesion. If
several fluids are present in a system, cohesive forces also exist between the different fluids.In
a water/oil/gas system, the intramolecular forces (within a fluid) are often greater than the
intermolecular forces (between two or more fluids), causing the different fluids to be
immiscible.In such systems, the area of the contact surfaces is minimized.If a solid is
introduced to the system, the molecules are attracted to the solid by an electrostatic force called
adhesion [129].

This intermolecular force to contract the surface is called the surface tension, and it is
responsible for the shape of liquid droplets.In practice, external forces such as gravity deform
the droplet; consequently, the contact angle is determined by a combination of surface tension
and external forces (usually gravity).Theoretically, the contact angle is expected to be
characteristic for a given solid-liquid system in a specific environment [120a].Surface and
interfacial tension (IFT) 0, is a property of the interface of two immiscible phases.When both
of the phases are liquids, like oil and water, the term interfacial tension is used.When the phases
are different, like gas and liquid, surface tension is used. Interfacial tension is the tendency of
a liquid to expose a minimum free surface when it is in contact with an immiscible fluid, and

interfacial tension acts perpendicular to the interface as shown in Figure 2-1.

Py

a

Figure 2-1 Interfacial tension acts perpendicular to the interface between the two
immisciblefluids [126]

The Young-Laplace equation describes the discontinuity in pressure, p2 - pi1, across the
interface between two immiscible fluids as follows:

P2 P1= 0 (4 =) oo e s e (2.5)
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Where, r1 and r» are the curvature of the surfaces and 0 is the interfacial tension between the
two immiscible fluids. In this thesis, surface tension is measured in place of interfacial
tension.This is because, the Attestation Theta for measuring surface tension comprises of liquid
which is water-nanofluid and gas is the air.

2.3.3 Viscosity

Absolute or dynamic viscosity, [, of a fluid is a measure of the internal resistance to flow. The
absolute viscosity is defined as the relation between the shear stress,

T, and shear rate, vy, as follows:

h=o (2.6)

This equation holds only for Newtonian fluids where the shear stress is proportional to the
shear rate.The unit used for viscosity is Pascal second (Pas) in Sl units and centipoise (cp) in
field units.One centipoise is equal to 1/100 poise and 0.001 Pas.Kinetic viscosity, v, is also
used by the oil industry. It is defined as the dynami cviscosity divided by the density of the

fluid, and the unit is centistokes (cSt).

2.4  Properties of Fluid-Soil Interaction
The most important properties of fluid-rock interaction are wettability, saturation, capillary
pressure and relative permeability. These parameters describe the interaction of the fluid-soil

interaction on a micro scale.

2.4.1 Wettability

Wettability is the tendency of one fluid to spread on or adhere to a solid surface in the presence
of other immiscible fluids [10b].Wettability is an important determining factor in a multiphase
flow in reservoir rock, fluid distribution and trapping [122b].Fluid distributions in porous
media are affected both by forces at fluid-fluid interfaces and fluid-solid interfaces.Usually,
one phase is more strongly attracted to the solid than the other phase, when two immiscible
fluids are placed in contact with a solid surface.The more strongly attracted phase is called the
wetting phase. Also, soil wettability affects the nature of fluid saturations and the general
relative permeability characteristics of fluid-rock system.The location of a fluid within the pore
structure depends on the wettability of that phase [50b].

The reservoir wettability is a critical parameter in many types of oil recovery
processes.Recovery of oil by spontaneous imbibition of water into the matrix of fractured

reservoirs is a frequently cited example.[81b] also noted that capillary pressure is the driving
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force in spontaneous imbibitions.Wettability remains the key factor in determining capillary

driving force and the related imbibition rate.

2.4.2 Classification of wettability

Wettability can classified as homogeneous when the rock surface has uniform molecular
affinity to either water or oil.This is again split into strongly water-wet, strongly oil-wet, and
Intermediate-wet categories.For a strongly oil-wet soil, the oil will contact most of the rock
surface and occupy the smallest pores and the water is in the middle of the larger pores.When
this soil is waterflooded, the oil will remain as a film on the soil surface and in the smallest
pores where water does not penetrate The water will mainly flow the soil in the larger pore
channels as illustrated by Figure 2-3.

On the other hand, if water contacts most of the rock surfaces and fills the smallest pores of the
soil, we have strongly water-wet soil.The oil is located in the center of the larger pores.If the
soil is waterflooded, a snapping phenomenon may occur, leaving oil globules trapped in the
center of the large pores, as show in Figure 2.2 [122b].Intermediate wettability occurs when
both fluid phases tend to wet the solid, but one is only slightly more attracted than the other
[50b].

Moreover, the concept of intermediate wettability assumes that all portions of the soil have a
slight but equal preference to being wetted by oil or water.

In contrast, the internal surface of the reservoir soil is composed of many minerals with
different surface chemistry and adsorption properties, leading to variations in wettability. This
heterogeneous wettability may be divided into fractional or mixed wet. In fractional wettability,
(also called heterogeneous, spotted, or dalmatian) crude oil components are strongly adsorbed
in certain areas of the soil. Thus, some portion of the soil is strongly oil-wet, while the rest is
strongly water-wet. The mixed wet is a special type of fractional wettability when the soil has
continuous water-wet and oil-wet regions [111b, 122b].Mixed wettability results from a
variation or heterogeneity in chemical composition of the exposed rock surfaces or cementing-
material surfaces in the pores [50b].In addition, both water and oil can spontaneously imbibe,
in some mixed-wet or fractional wet system [10b, 27c].Furthermore,[50b] gave a quantitative
classification of wettabilty based on contact angles.Contact angle by convention, is measured
through water phase and it is a measure of wettability.From Figure 2.1, the solid is water-wet
if  <90° and oil-wet if 6 > 90°.A contact angle approaching 0° indicates a strongly water-wet

system and an angle approaching 180° indicates a strongly oil-wet system.Intermediate
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wettability occurs when 6 is close to 90°.Small contact angles (<90°) correspond to high
wettability, while large contact angles (>90°) correspond to low wettability.

Wettability is a surface phenomenon where there two immiscible fluids are in contact with a
solid surface.Wettability describes the interactions between fluid(s) and soil, i.e.how the
fluid(s) tends to spread on the soil surface.The wettability and wetting condition can be
expressed through the wettability index, WI, or the contact angle which is measured through
the densest fluid phase relative to the soil surface.In an oil-water system as shown in Figure
2.2, the soil surface can be described as water-wet, intermediate-wet or oil-wet.In such a system
the contact angle is determined through the densest phase which in most cases is water.

2.4.3 Methods of wettability measurement

Many different methods have been proposed for measuring the wettability of a system
[10b].They include quantitative methods- contact angles, Amott (imbibition and forced
displacement), and USBM wettability method.The qualitative methods include: imbibition
rates, microscope examination, flotation, glass slide method, relative permeability curves,
capillarimetric method, displacement capillary pressure, reservoir logs, nuclear magnetic
resonance, and dye adsorption.

Finally, there is a new quantitative wettability test method for carbonates [122b] based on
chromatographic separation between sulfate ions, SO42 and thiocyanate, SCN, as a
tracer.However, there is no single accepted method and many of the wettability measurements
are also imprecise, particularly close to neutral wettability.One method may show that a core
is mildly oil-wet, while another shows that a core is mildly water- wet [10b].

2.4.4  Amott method for the calculation of Wettability Index (WI)

There are many quantatively and qualitatively methods for calculation of wettability index, as
follows:
Amott test is one of the commonly used methods of characterizing wettability of a porous

medium [81b].It combines imbibition and forced displacement (of water and oil) to measure
the average wettability of a core [10b].The method is based on the fact that the wetting fluid
generally imbibe spontaneously into the core, displacing the nonwetting one.Forced
displacement is either by centrifuging, as originally proposed by Amott, or by waterfloding
[27d].No stepwise capillary pressure values are measured during the test. The Amott wettability
measurement consists of 5 steps which include: (1) immerse the core in oil, and measure the

volume of water displaced by the spontaneous (free) imbibition of oil after 20 hours; (2)
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centrifuge the core in oil until irreducible water saturation (IWS) is reached, and measure the
total amount of water displaced, including the volume displaced by spontaneous imbibitions;
(3) immerse the core in brine, and measure the volume of oil spontaneously displaced by
imbibitions of water after 20 hours; and (4) centrifuge the core in oil until residual oil saturation
(ROS) is reached, and measure the total amount of oil displaced [10Db].

The modified Amott wettability test, called Amott-Harvey relative displacement index
(1an) is used by some researchers [10b].This method offers a single value that can be used for

mathematical modeling.

The Amott wettability indices to water lw and oil lo are defined respectively as:

_ ASw imb
ASoimb

Iw S & 71)

v e e e (120)

Where:

ASw imb = the saturation change during a spontaneous imbibitions of water (water recovered
after cleanup process)

ASwt  =the saturation change during a forced imbibition of water (water retained in the soil

after cleaning with nanofluids)

ASo imb = the saturation change during a spontaneous drainage of oil (oil recovered after
cleanup process)
ASor = the saturation change during a forced drainage of oil (oil retained after cleanup process).

The Amott-Harvey relative displacement index is the displacement-by-water ratio minus the
displacement-by-oil ratio.This is expressed as W1 = WWI — OWI. (le lan = Iw - 10)

Thus, this combines the two ratios into a single wettability index that varies from +1 for
complete water wetness to -1 for complete oil wetness.[27d] further gave the index ranges as:
+0.3</IAH<1.0

for water-wet system, -0.3< /aH < 0.3 for intermediate wet system, and -1< JAH < —0.3 for
oil-wet system.The Amott test gives a defined scale for the wettability. The test is widely used
and measurement is easy to perform. However, Amott method is insensitive close to neutral
wettability [10b].It does not discriminate adequately between systems that give high
wettability index to water [81Db].

Amott Test combines spontaneous and forced imbibition to measure the average wettability of
a specimen (soil).The method is based on the fact that the wetting fluid will generally imbibe
spontaneously into the specimen (soil) and displace the nonwetting one.The ratio of

spontaneous to forced imbibition is used to reduce the influence of other factors such as relative
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permeability, viscosity and initial saturation of the specimen (soil).Based on the test, the
Amott-Harvey wettability index WI can be calculated. The index compares the imbibition
potential of water and oil, which varies from +1 for strongly water-wet specimens (soils) to -1
for strong oil-wet specimens (soils) [11].

24.4.1 USBM Test

The USBM test [34] measures the average wettability of the core.

It has advantage over Amott wettability test because of its sensitivity close to neutral
wettability.A minor disadvantage is that USBM wettability index can only be measured on
plug-size samples because the sample must be spun in a centrifuge. Also, the USBM test also
cannot determine whether a system has fractional or mixed wettability.

This method compares the work necessary for one fluid to displace the other.Because of the
favourable free-energy change, the work required for the wetting fluid to displace the
nonwetting fluid from the specimen (soil) is less than the work required for the opposite
displacement.Based on the USBM test, the USBM wettability index can be
calculated.Experimentally though the index usually falls within -1 to +1. According to [79a],
the specimen (soil) is preferentially water-wet if the index is greater than zero (+ve).If the index
is less than zero (-ve), the specimen (soil) is preferentially oil-wet. The specimen (soil) is

neutral-wet if the index is approximately zero.

2.4.4.2 Contact angle

The contact angle method is the best measure of the wettability when pure fluids and artificial
cores are used [10b].A typical oil/water/solid system is shown in Figure 2.1b and 2.2, where
the surface energies in the system are related by Young’s equation.By convention, the contact

angle, 0, is measured through the water and the interfacial energy dow is equal to 0.

aow CosO = 805 - 8\,\,5 Yer e (12C) B

Contact angles can be either static or dynamic.Static contact angles are formed with a surface
under no applied force other than gravity.Dynamic contact angles are distorted from the static
case by an applied force and can advancing or receding.Advancing contact angles are formed
at the front of the encroaching wetting phase, whereas receding contact angles are formed at
the front of the encroaching non-wetting phase [122b].Such motion of a phase boundary,

involving advancing and receding contact angles, is known as dynamic wetting.
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The commonly used methods in the petroleum industry are the sessile drop method and the
modified sessile drop method [10b].The sessile drop method uses a single flat, polished mineral

crystal.

2.4.4.3 The static and dynamic sessile drop method

The most frequently used is the goniometer-telescope measurement of sessile-drop contact
angles.Commercial contact angle goniometers employ a microscope objective to view the
angle directly.In the static method a drop is deposited on a surface and the contact angle can
be measured by looking at the drop through a goniometer (an instrument that measures contact
angles).The dynamic method is similar to the static one but the drop of liquid which is deposited
on a surface is modified. The droplet is being deposited via a syringe and the droplet’s volume
is changed dynamically without increasing its solid-liquid interface area and this maximum
angle is the advancing angle. Volume is then removed to produce the smallest possible angle,
which is called the receding angle.The difference between those two measured angles is called

contact angle hysteresis.

Solid Surface Solid Surface

(a) Water Wet (b) Oil Wet
Figure 2-2 Contact angle measurements through the water phase [107]

The modified sessile drop method uses two flat, polished mineral crystals that are mounted

parallel to each other on adjustable posts.Drop method will be used in this thesis.

SOLID

Figure 2-3 Schematic of advancing and receding contact angles
Unlike ideal surfaces, real surfaces do not have perfect smoothness, rigidity, or chemical

homogeneity.Such deviations from ideality result in phenomena called contact-angle
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hysteresis.Contact-angle hysteresis is defined as the difference between the advancing (62) and
receding (0r) contact angles [122b].
H=0,- 6

In simpler terms, contact angle hysteresis is essentially the displacement of a contact line by
either expansion or retraction of the droplet.Figure 6 depicts the advancing and receding
contact angles.The advancing contact angle is the maximum stable angle, whereas the receding
contact angle is the minimum stable angle.Contact-angle hysteresis occurs because there are
many different thermodynamically stable contact angles on a non-ideal solid [122b].

2.4.4.4 Applications of contact angle

The interest in contact angles is because it plays a significant role in a number of technological,
environmental and biological phenomena.Water imbibition into porous media theory has been
shown to have a multidisciplinary validity in food, soil physics, geology, printings and
more.Imbibition of a liquid by a porous solid is a phenomenon highly dependent on
wetting.Capillary imbibition is a mechanism that plays a significant role during rehydration of
dry food particles that are considered as porous media.Imbibition is highly dependent on the
wettability of the porous media, which is usually determined by measuring contact angles
which liquids form with the solid.

2.4.5 Contact angle and wettability

When a liquid comes in contact with a solid surface, the liquid either spreads out on the surface
or forms drops on the surface [126].If the liquid spreads out, the liquid is said to be wetting the
surface, while in the other case a contact angle © = 0 will develop between the surface and the
drop.If there are more than one fluid present in the system, one of the fluids (the most adhesive
one) has a higher tendency of wetting the surface than the other fluids. This fluid is called the
wetting phase and a measure of how much the fluid is wetting can be determined by the contact
angle.This angle reflects the equilibrium between the fluids’ interfacial tension and the fluids’
individual adhesive attraction to the solid [129].In some cases the different fluids can have
equal affinity to the solid surface.This is called a neutral system.The process of decreasing the
wetting phase saturation is defined as drainage.The opposite, increasing the wetting phase
saturation is defined as imbibition.In otherwords, hysteresis in contact angle in a water-wet
porous medium (a) increase in the wetting fluid (imbibition) and (b) decrease in the wetting

fluid (drainage).
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cos §= Tso— Fw
Owo

Figure 2-4 Illustration of the nomenclature used for defining the contact angle [126]

In figure 2-4, dso, osw and owo are the interfacial tensions between the solid and oil, solid and
water and water and oil, respectively.[126] give the following Table 2-1 that relates the contact
angle to the wettability.

The values of the wettability index and contact angle and their corresponding wetting
conditions are shown in Table 2-1.

Table 2-1 Wettability index (WI) and contact angle for different wetting conditions

Wetting Index cos © | Contact angle © Wetting condition
1 0° Completely water-wet
0 90° Neutral system
-1 180° Completely oil-wet

When more than 50 % of the soil surface is wet by water in a water/oil/soil system, the soil is
considered water-wet [35].The smallest pores and crevices are fully saturated with water, and
the water also coats the grains in bigger pores as surface films, surrounding the oil that exists
as droplets in the center of the pore bodies.The oil can exist as globules, which means that oil
can be connected between two or more pores, but the oil is not a continuous phase unless the
water saturation is very low.In a water-wet system the water will exist as a continuous phase
and wets the surfaces even if we reduce the saturation to the irreducible water
saturation.Another core of the same reservoir soil that is 100 % water-filled will not
spontaneously imbibe oil [35].For an oil-wet soil the roles of water and oil is the opposite
compared to the water-wet case.Oil fills the smallest pores and crevices and coats the surfaces
of the grains, while the water exists in the center of the pore bodies.The behavior of oil for an
oil-wet core is the same as for water in a water-wet core soil sample described above.

Table 2-2 Relationship between wettability, contact angle USBM and Amott — Harvey
wettability indices [10b]

Wetting conditions Water-wet Neutral — wet Oil — wet
Contact angle 6°
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Minimum 0° 60° to 75° 105° to 120°
Maximum 60° to 75° 105° to 120° 180°

USBM Wettability Index W near 1 W near zero W near -1
Amott test

Displacement by H2O ratio | +ve Zero -ve
Displacement by oil ratio Zero Zero +ve

Amott — Harvey Wettability | 0.3<WI <1.0 | -0.3<WI<0.3 -1.0<WI <£-0.3
Index WI<1.0 WI<-0.3

Soil surface

N
Water wet ' Oil wet
Figure 2-5 Illustration of interfacial tension for a two-phase system with water and oil on a
soil surface [10b]
Where, owo is the interfacial tension between water and oil, owo is the surface tension between

solid and oil and Osw is the surface tension between solid and water.

2.4.5.1 Spreading, wetting, and contactangle

T,
Solid -

6 = 0° Perfect wetting

0° < 8 < 90° Partial wetting
Vapour

90° < 8 < 180° Non-wetting

6 = 180° Perfectly non-wetted

Figure 2-6 Illustration of a porous system of mixed wettability

Some grains are oil-wet where the oil is coating the grain while others are water-wet [51].
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Figure 2-6 is an illustration of a porous media where different grains have unlike wetting
preference.lt is referred to as a system of mixed wettability.In water — wet system, water is
coating the soil surface completely and tends to be occupying the smaller pores while oil is
situated in the center of the larger pores.After water flooding residual oil is trapped as big
droplets in the center of the larger pores due to the discontinuous phase.In an oil-wet system it
will be the other way around.Oil is then coating the soil surface and occupying the smaller pore
space while water is in the center of the larger pores.The residual oil is then the oil that is
coating the soil.

Residual oil saturation is defined as the fraction of volume of oil that cannot be displaced over
pore volume.The same applies for irreducible water saturation.Both irreducible water
saturation and Residual oil saturation are affected by permeability.

In a neutral system (intermediate wet) the situation in the porous media is a mix of the two
described above. Wettability is the main characteristic evaluated in the present thesis. The
contact angle is measured by the Imaging method as described in Chapter 3: 3.4.3 and the
relative wettability change is evaluated with the spontaneous imbibition test as described in
Chapter 3: 3.4.2.

2.5 Saturation

Saturation, S, is the relative amount of a fluid in the pore space and is expressed as follows:

_Vx

SO = — s e e s
Vp

e (2.70)

Where, Vp is the volume of the pore space, V is the volume of a fluid in the pore space and
o refers to the oil, water or gas phase. As porosity, saturation is given as fraction or in
percentage of the pore volume.

The sum of the saturation of the phases (oil, water and/or gas) present in the pore space is
equal to one:

So+Sw+Sg=1 i (2.7b)

Saturation is a function of the soils wettability and is important when it comes to how easy the
fluid flows through porous media.lf the fluid phase is continuously connected through the pore
space then it flows more easily than fluid that is surrounded by another phase.Droplets or 'blobs’
of a phase may be trapped in the pore space when completely surrounded by another
phase.When oil is displaced by water and the remaining oil no longer flows, theamount of oil
left behind in the porous media is referred to as the residual oil saturation, Sor. When water is

displaced by oil and the water no longer flows, it is called the irreducible water saturation,
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Swr.Connate water/oil saturation, Swec, is the water/oil saturation in the reservoir before
starting production.In other words, initial moisture content of the soil sample.The movable
fraction of oil is: 1 - Swr - Sor. The use of enhanced oil recovery (i.e surfacted nanofluids)
techniques may reduce the residual oil saturation.This will lead to a higher recovery.

Note: Saturation is not directly measured in present thesis, but residual oil saturation which is
oil retained in the soil after cleaning) and the irreducible water saturation (water retained in the
soil after cleaning) are calculated for the experiments performed on soil contamination and

cleanup process.

2.5.1 Capillary Pressure

Capillary pressure is the difference in pressure between two immiscible phases in the pores
space, and it is given by Equation 2.9 which is the pressure in the nonwetting phase minus the
pressure in the wetting phase.The pressure difference is caused by a discontinuity in pressure
on the interface between the two fluids.For an oil-water system, the capillary pressure is
defined as: pc = po - pw Where o stands for oil and w for water.Recall that the Young Laplace
(Equation 2.5) gives the relation between the capillary pressure and the curvature of the
interfaces.
The same equation may be modifies to give the capillary pressure as follows:

Pe = Prw — Dw = a(% + é) ............... (2.8)
Where pnw is the pressure of the non-wetting phase, pw is the pressure of the wetting phase,
0 is the interfacial tension, and ryand r2 is the curvature of the interfaces.
Drainage is defined as the process where the non-wetting phase is displacing the wetting
phase.Imbibition is defined as the process where the wetting phase is displacing the non-
wetting phase.For simplicity, imbibition in an oil-water system refers to the process where oil
is displacing water even though oil is the wetting phase and drainage refers to the opposite, e.g.
the process where water is displacing.
This is due to the underlying assumption that all soil reservoirs are considered to be water-
wet.Porous media has a distribution of different pore throat sizes where the wetting fluid is
occupying the smaller space and the non-wetting fluid is occupying the center in the larger
space.During drainage more pressure is applied to the nonwetting phase.Gradually smaller pore
throats are invaded of the non-wetting phase which leads to a decrease in the saturation of the
wetting phase.Typical imbibition and drainage curves are shown in Figure 2-7.The upper-most

curve is the primary drainage curve.Primary drainage is when the core is initially fully saturated
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with water, Sw = 1, and water is displaced by oil. The imbibition curve is the lower-most curve
going from Scw to Sor.The imbibition curve is found by first letting water spontaneously
imbibe the core soil sample until the spontaneous water saturation, Sspw, is reached.After
forced imbibitions are performed, i.e.until no more oil is released, then Sor is reached.The
secondary drainage curve is the curve in the middle going from Sor to Scw.The secondary
drainage curve is found by firstdrain the oil spontaneously until the spontaneous oil saturation,
Sspo. Second, forced drainage is performed until no more water is released at Scw.The capillary
pressure is not measured in the present thesis. The methods used in laboratory experiments to

measure the capillary pressure can be found in the literature.

Pc
4 «
5 o SSPW SSP" o
T
0 Su 1

Figure 2-7 Illustration of the capillary pressure as a function of saturation showing the

drainage and imbibition curve

2.5.2 The Effects of Wettability on Capillary Pressure

Wettability affects the capillary pressure together with the saturation and the pore throat
Distribution [11].USBM, also called the centrifuge method, is an experimental method used
for determination of wettability based on the correlation between the areas under the capillary
pressure curves and the wetting condition. The imbibition and drainage curves are obtained only
by forced imbibition and forced drainage.For a water-wet system the area under the forced
drainage curve, Al, is expected to be larger than the area under the forced imbibition curve,
A2.For an oil-wet system, A2 is expected to be larger than A1.While for a system of neutral

wettability Al and Al are expected to be equal.
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2.5.3 Effective and Relative Permeability

Effective permeability, ke, is a measure of how easy a fluid is transmitted through porous media
when another phase is present.The dimension of effective permeability is the same as for
absolute permeability: Darcy, D, or m?.Relative permeability, kr, describes the interaction of
the phases while flowing through a porous medium as a function of the saturation.lt is the ratio

of effective permeability to absolute permeability as follows:

Kex

Where « refers to the oil, water or gas phase.With the use of effective and relative permeability,
Darcy's law (Equation 2.2) can be modified so that the equation holds for two- or three-phase

flow in porous media:

__ kkre Ap

U e (2.10)

mo L e

2.5.4 Effects of Wettability on Relative Permeability

Wettability effects relative permeability as the wetting condition of the porous media
determines the distribution of the fluids in the pores and hence the flow [12a].As a consequence
the shape of the relative permeability curve is dependent on wettability as shown in Figure 2.5.
The fluid path for the wetting fluid is often through the smaller and low permeable pores.At
low saturations of the non-wetting fluid, this phase will be discontinuous through the pore space
and left as droplets in the larger pores.This blocks the pore throats, and lowers the available
flow area for the continuous wetting phase.

Hence, it also lowers the relative permeability of the wetting phase.As the non-wetting fluid
has its fluid path in the center of the larger pores the non-wetting phase has a higher
permeability at any saturation.

Figure 2-8: shows that the oil relative permeability is always higher in the water-wet case, and
the water relative permeability is higher in the oil-wet case.Also, at low saturation of the
wetting fluid the relative Permeability of the non-wetting fluid often approaches the absolute

permeability.
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Figure 2-8 Visualizaion of the effect of wettability on the relative permeability curves

[129].

Crude oil also known as petroleum (from Greek: Petra (rock) & Latin oleum (oil) is a
composition of hydrocarbons (chemicals composed solely of hydrogen and carbon in various
molecular arrangements) and other compounds which is usually brown or black in colour.It is
extracted from the earth, formed naturally from the fossil of animals and plants.The viscosity

and relative weight of crude oil varies and it can exist in either liquid or solid state.

2.5.5 Crude oil

Crude oil can also be defined as a highly complex mixture, containing hundreds of thousands
of Hydrocarbons [15]. Compounds in crude oil can be divided into three general classes
consisting of saturated hydrocarbons, aromatic hydrocarbons and polar organic
compounds.Crude oil is physically, chemically and biologically harmful to soil because it
contains many toxic compounds in relatively high concentrations (e.g. polycyclic aromatic
hydrocarbons, benzene and cycloalkane rings).The presence of high molecular weight
compounds with very low solubility in water prevents natural biodegradation process from
working efficiently in hydrocarbon contaminated soils. These compounds also prevent macro-
and micro-pores in soil and thus limit water and air transport that would be necessary for
organic matter conversion.Generally, petroleum hydrocarbons compounds bind to soil
components and are difficult to remove of degrade.Biosurfactans (BS) can emulsify
hydrocarbons, thus enhancing their water solubility, decreasing surface tension and
increasing the displacement of oily substance from soil particles. Sites contaminated by
petroleum compounds ranged from leaking household oil tanks to areas polluted by oil tanker
spills, e.g. old and new petrol stations as well as areas surrounding oil storage facilities,

pipelines, terminals and refineries.
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Crude oil is a naturally occurring flammable liquid consisting of a complex mixture of
hydrocarbons of various molecular weights and other liquid organic compounds that are
found in geologic formations beneath the Earth’s surface.A fossil fuel is formed when large
quantities of dead organisms, such as zooplankton and algae, are buried underneath

sedimentary rock and undergo intense heat and pressure.

Crude oil varies greatly in appearance depending on its composition.It is usually black or
dark brown (it can be yellowish, reddish or greenish), It is found in the reservoir as natural
gas, which being lighter forms a gas cap over the petroleum, and saline water, which, being
heavier than most forms of crude oil, generally sinks beneath it [141].Crude oil may also be
found in semi-solid form mixed with sand and water as well as other components (Table 2-3),
where it is usually referred to as crude bitumen (bitumen is considered as a sticky, black, tar-
like form of crude oil which is so thick and heavy that it must be heated or diluted before it
flows).Crude oils are classified as: paraffin base, naphthene base, asphalt base or mixed
base.There are some crude oils which have up to 80% aromatic content, and these are known
(‘as aromatic-base oil).Attempts have been made to define or classify petroleum based on
various distillation properties when combined with another property such as density.It has
been suggested that crude oil should be called asphaltic if the distillation residue contained

less than 2% wax and paraffinic if it contained more than 5%.

2.5.6 Classification of Hydrocarbon Reservoir Fluids

Petroleum and crude oil are equal terms and their definition is "a natural occurring mixture of
hydrocarbons which may also include compounds of sulfur, nitrogen, oxygen, metals and other
elements” (Table 2-2 and [122].The term conventional petroleum covers the petroleum fluids
that are produced and recovered through utilizing the easily free flow of the
liquid.Unconventional petroleum is used for resources such as shale gas, shale oil, heavy oil,

extra heavy oil and bitumen.

Table 2-3 2005Composition and Percentage of the Trecate crude oil (AGIP, 1995)

Enrollment in local colleges,

Component Percentage (%)
Water 0.1
H2S 0.01
Hydrocarbons
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Gaseous (fraction compounds) 11 (Methane 4%, C2 — C4 7%)

Polycyclic Aromatic Hydrocarbons 8
Sulphur Organic compounds 0.16

Light fuel 6.5

Kerosene 20

Diesel fuel 11
Lubricating oils 25.23

Residue 18

100

The different types of crude oil are classified based on the America Petroleum Institute (API),
(an oil industry measure of density and its sulphur content) and viscosity.The properties may
vary in terms of proportion of hydrocarbon elements, sulphur content etc. as it is extracted from
different geographical locations all over the world.

Light crude oil is defined as having an API gravity higher than 31.1* API: i.e.Crude oil is
considered light if it has low density or heavy if it has high density.Medium oil is defined as
having an API gravity between 22.3" APl and 31.1" APl.Heavy oil is defined as having an
API gravity below 22.3" API.

Crude oil classifications: Classifications are made based on the sulphur content.Crude oil with
low content of sulphur means ‘sweet’ and the presence of high sulphur content is known as
‘sour’. One of the largest and major classifications of crude oil is Brent, which is found in the
North Sea.With an API gravity of 38.3 degrees and 0.37% of sulphur, this blend of crude oil
comes from 15 various oil fields in the North Sea.Some of the common reference crudes are:
West Texas Intermediate (WT) known as Texas Light sweet, OPEC Reference Basket, a
weighted average of oil blends from various OPEC (The Organization of the Petroleum
Exporting Countries) countries and Dubai-Oman Crude (Middle East sour crude oil flowing to
the Asia-Pacific region) are other major benchmarks or references.The deposits for West Texas
Intermediate (a very-quality, sweet, light oil delivered at Cushing, for North American) are
found in Texas and Mexico. Tapis (from Malaysia, used as a reference for light Far East oil)

Minas (from Indonesia), is used as a reference for heavy Far East oil.

Whereas for OPEC Reference Basket oil is sourced from Bonny light (Nigeria), Arab light
(Saudi Arabia), Basra light (Iraq), Saharan blend (Algeria) and Minas (Indonesia).Although,
Brent blend is graded as a light crude oil, it is not as light as (WT). Russian Export Blend, the

Russian benchmark crude, is a mixture of several crude grades used domestically or sent for
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export.Russian Export blend is a medium, sour crude oil with an APL gravity of approximately
32 and a sulphur content of 1.2%.1t is used in countries like Augusta, Italy and Rotterdam,
Netherlands, which act as the two primary points. Light, sweet crude is more expensive than
heavier, sourer crude because it requires less processing and produces a slate of products with
a greater percentage of value-added products such as gasoline, diesel, and aviation fuel.
Heavier, sourer crude typically sells at a discount to lighter; sweeter grades since it produces a
greater percentage of lower value-added products with simple distillation and require additional
processing to produce lighter products [47].

Crude oil pollution causes among other things low permeability and low infiltration of water
into the soil [13].These conditions can lead to accumulation of water on the soil surface and
artificial drought in the subsurface layer of soil. The growth of plant root into soil help to create
pores in the soil and thereby enhance water penetration and infiltration in soil polluted with
crude oil.Water:It is a fundamental requirement that liquefied petroleum gas should not contain
free water (ASTM D-2713).Dissolved water may give trouble by forming hydrates and giving
moisture vapor in the gas phase. Both of these will lead to blockages.Test methods are available
to determine the presence of water using electronic moisture analyzers (ASTM D-5454), dew-
point temperature (ASTM D-1142).

Sulfur Content: weght percentage of Sulfur content and API gravity are two properties which
have had the greatest influence on the value of crude oil, although nitrogen and metals contents
are increasing in Importance.The sulfur content is expressed as percent sulfur by weight and
varies from less than 0.1% to greater than 5%. Crudes with greater than 0.5% sulfur generally
require more extensive processing than those with lower sulfur content.Although the term
“‘sour”’ crude initiallyhad reference to those crudes containing dissolved hydrogen sulfide
independent of total sulphur content, it has come to mean any crude oil with a sulfur content
high enough to require special processing.There is no sharp dividing line between sour and

sweet crudes, but 0.5% sulfur content is frequently used as the criterion.

Metallic Compounds: Metallic compounds exist in all crude oil types in very small
amounts.Their concentration must be reduced to avoid operational problems and to prevent
them from contaminating the products.Metals affect many upgrading processes.They cause
poisoning to the catalysts used for hydro processing and cracking.Even minute amounts of

metals (iron, nickel and vanadium) in the feedstock to the catalytic cracker affect the activity
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of the catalyst and result in increased gas and coke formation and reduced gasoline yields.For
high-temperature power generators, the presence of vanadium in the fuel may lead to ash
deposits on turbine blades and cause severe corrosion, and the deterioration of refractory

furnace linings.

Parts of the metallic constituents of crude oils exist as inorganic water-soluble salts, mainly as
chlorides and sulphates of sodium, potassium, magnesium and calcium.These are removed in
desalting operations More important are metals which are present in form of oil-soluble
organometallic compounds.Zinc, titanium, calcium and magnesium appear in the form of
organometallic soaps.However, vanadium, nickel, copper and iron are present as oil-soluble
compounds, capable of Complexing with pyrrole compounds.

Nitrogen Compounds: Crude oils contain very low amounts of nitrogen compounds. Generally,
the more asphaltic the oil, the higher its nitrogen content.Nitrogen compounds are more stable
than sulphur compounds and therefore are harder to remove.Even though they are present at
very low concentrations, nitrogen compounds have great significance in refinery
operations. They can be responsible for the poisoning of a cracking catalyst, and they also

contribute to gum formation in finished products.

2.5.7 Chemical components

The most common elements in natural hydrocarbons are Carbon, Hydrogen, Nitrogen, Sulfur
and Oxygen.These elements make up the main chemical components in hydrocarbons which
can be divided into three groups: Paraffins, Naphthenes and Aromatics and examples of their
structure are shown in Figure 2-6.

Crude oils are often characterized based on the amount of the different hydrocarbon
compounds.are n alkanes with the general formula CrnHa2n+2 where n from 1 to 4 are gases, n
from5 to 15 are liquids and n above 15 are wax-like solids such as paraffin waxes.Paraffins are
saturated, where the carbon atoms are arranged in chains by single bonds, both branched and
straight.Naphthenes form a ring of carbonates saturated with hydrogen and has the general
formula CnHn where nis 5, 6 or 7.

Aromatics contain at least one carbon ring, e.g. benzene CsHs, Where every other bond is a
double and single bond.Aromatics are undersaturated and may bond with hydrogen or other

elements to the unsaturated ring.Paraffins are mineral oils known as lubricating oils.
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Figure 2-9 Examples of typical hydrocarbon components.Normal hexane and iso-hexane are
paraffins. Cyclohexane belongs to the napthenes, and aromatic benzene [51].

Non-hydrocarbon compounds can include any of the three hydrocarbon components mentioned
above, but are considered to be non-hydrocarbons as they contain nitrogen, sulfur or oxygen in
their molecular structure.Non-hydrocarbon compounds are often found in heavier crude oils.

Resins and asphaltenes are large molecules with similar basic structure of rings, mostly
aromatics.Resins dissolve in petroleum while asphaltenes are dispersed colloidal.Resins
become asphaltenes by oxidation.The black color of heavy oils and bitumen compared to light

oils are mainly due to presence of resins and asphaltenes.

2.5.8 Petroleum and petroleum products

2.5.8.1 Petroleum definition

Petroleum (also called crude oil) is a naturally mixture of hydrocarbons, generally in the liquid
state, that may also include compounds of sulfur, nitrogen, oxygen, and metals and other
elements (ASTM D-4175).Inorganic sediment and water may also be present.

The elementary composition of crude oil usually falls within the following ranges as shown on
Table 2-4.

Petroleum is recovered mostly through oil drilling.Oil drilling comes after the studies of
structural geology, sedimentary basin analysis, reservoir characterization (in terms of porosity
and permeable structures).lt is refined and separated, most easily by boiling point, into a large
number of consumer products, from petrol (or gasoline) and kerosene to asphalt and chemical
reagent used to make plastics and pharmaceutical [141] .

Petroleum Composition: Petroleum is commonly known as crude oil which includes all liquids,
gaseous and solid (such as paraffin) hydrocarbons.Lighter hydrocarbons methane, ethane,

propane and butane, under surface pressure and temperature conditions; occur as gases, while
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pentane and heavier ones are in the form of liquids or solids. The proportion of gas, liquid and
solid in an underground oil reservoir, however, depends on the subsurface conditions and on
the phase diagram of the petroleum mixture.

The proportion of light hydrocarbons in the petroleum in the petroleum mixtures varies greatly
among different oil fields, ranging from 97 per cent by weight in the lighter oils to 50 per cent
in the heavier oils and bitumen.The hydrocarbons in crude oil are mostly alkanes, cycloalkanes
and various aromatic hydrocarbons while the other organic compounds contain nitrogen,
oxygen and sulphur and trace amounts of metals such as iron, nickel, copper and vanadium.The
exact molecular composition varies widely from formation to formation but the chemical
elements proportions vary uniformly (Table 2-1).

Table 2-4.Composition of hydrocarbon elements by weight

Element  Percentage range %
Carbon 83 to 87

Hydrogen 10 to 14

Nitrogen 0.1to 2

Oxygen 0.05 to1.5

Sulphur 0.05t0 6

Metal <0.1

Petroleum is used mostly, by volume, for producing fuel oil and petrol, very important primary
energy sources. 84 per cent by volume of the hydrocarbons contain in petroleum is converted
into energy-rich fuels (petroleum-based fuels), which includes petrol, diesel, jet, heating and
other fuel oils as well as liquefied petroleum gas.Lighter grades of crude oil produce the best
yields of petroleum-based fuels.Oil refineries are increasingly processing heavy oil and
bitumen using more complex and expensive methods to produce the products required as the
world’s reserves of light and medium oil are depleted.Heavier crude oils have too carbon and
less hydrogen , these processes generally involve removing carbon from or adding hydrogen
to the molecules, using fluid catalytic cracking to convert the longer, more complex molecules
in the oil to shorter, simpler ones in the fuels.

Oil has become the world’s most important source of energy since the mid-1950s due to its
high energy density, easy transportability and relative abundance.Petroleum is also the raw
material for many chemical products such as pharmaceuticals, solvents, fertilizers, pesticides

and plastics.Petroleum is found in porous rock formations in upper strata of some areas of the
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Earth’s crust.There is also petroleum in oil sands (tar sand) with estimates of 190km3(1.2

trillion) barrels without sand and 595 km? (3.74trillion barrels) with oil sand.

2.5.8.2 Chemistry of Petroleum

Petroleum is a mixture of a very large number of different hydrocarbons; the most commonly
found molecules are alkanes (linear or branched), cycloalkanes, aromatic hydrocarbons and
complicated chemicals like asphaltenes.Each petroleum variety has a unique mixture of
molecules, which define its physical and chemical properties (e.g. colour and viscosity).The
alkanes, known as paraffin, are saturated hydrocarbons with straight or branched chains which
contain only carbon and hydrogen with general formula CnH2n+2. They generally have from 5
to 40 carbon atoms per molecule with trace amounts of shorter or longer molecules present in

the mixture.

The alkanes (or straight and branched-chain alkanes) from propane (CsHs), pentane (CsH12) to
octane (CgH1s) are refined into petrol, the ones from nonane (CgoHzo) to hexadecane (CieH3a)
into diesel fuel, kerosene and jet fuel.Alkanes with more than 16 carbon atoms can be refined
into fuel oil and lubricating oil.Paraffin wax is an alkane with close to 25 carbon atoms, while
asphalt has 35 and above, they are usually cracked by modern refineries into more valuable
products. The shortest molecules, those with four or fewer carbon atoms, are in a gaseous state
at room temperature.They are the petroleum gases.Depending on the cost of recovery and
demand, these gases are either flared off, or sold as liquefied petroleum gas under pressure or
used to power the refinery’s own burners. Butane (C4H10), during the winter, is blended into
the petrol pool at high rates, since butane’s high vapor pressure assist with cold starts. Butane,
when liquefied under pressure slightly above atmospheric, is used for powering cigarette
lighters.It is also a main fuel source for many developing countries. Propane can be liquefied
under modest pressure and is consumed as petroleum for energy as well as in other applications
like cooking, heating and transportation.

The cycloalkanes, known as naphthenes, are saturated hydrocarbons which have one or more
carbon rings in which hydrogen atoms are attached according to formula CnH2n+2. Cycloalkanes
have similar properties to alkanes except that Cycloalkanes have higher boiling points.

The aromatic hydrocarbons are highly unsaturated hydrocarbons which have one or more
planar six-carbon rings called benzene rings, to which hydrogen atoms are attached with the

formula, CnHn.Aromatic hydrocarbons include also toluene, ethyl benzene, and xylene
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(collectively known as BTEX).When carbon atoms are share between rings, compounds are
called polycyclic aromatic hydrocarbons (PAHSs).They tend to burn with a sooty flame and
many have a sweet aroma while some are carcinogenic.These different molecules are separated
by fractional distillation at an oil refinery to produce, petro, jet fuel, kerosene and other
hydrocarbon.Example, 2, 2, 4-Trimethylpentane (isooctane), widely used in petrol, has a
chemical formula of CgHgs, it reacts with oxygen exothermically [141].
2CgHas (1) + 2502 (g) ——> 16 CO2 (g) + 18H20 (g) + 10.86 MJ/mol (octane)

The amount of various molecules in an oil sample can be determined in laboratory.The
molecules are extracted in a solvent, then separated in a gas chromatograph and finally
determined with a suitable detector, such as a flame ionization detector or a mass
spectrometer.As a result of the large number of co-eluted hydrocarbons within oil, many cannot
be resolved by traditional gas chromatography which appears as a hump in the
chromatogram.This unresolved complex mixture of hydrocarbons is especially apparent when
analysing weathered oils and extracts from tissues of organisms exposed to oil.Incomplete
combustion of petroleum results in production of toxic by-products.Too little oxygen results in
carbon monoxide.Exhaust gases from petrol combustion in car engines which includes nitrogen
oxides that are responsible for creation of photochemical smog due to the high temperatures
and pressures involved.Octane known as paraffin wax or paraffin oil.Octane is found in UK,
Ireland and South African as paraffin oil which is called Kerosine in US, Canada, Australia

etc.The property of this organic compound can be found on Table A-3 in Appendix A-3.

2.5.8.3 Chemical Compounds and Wettability

Chang et.al investigated the effects of crude oil components on soil wettability. The heavier
components in crude oil can change the wettability of a reservoir when in contact with the
reservoir soil for a longer period of time Polar compounds containing nitrogen, sulfur and
oxygen was found to alter wettability.As the fraction of higher boiling point compounds
increased the wettability of the sand stone increases also.The wettability was altered to less
water-wet.

Brief origin of crude oil: There are five geological features that have to be in place in the correct
sequence for hydrocarbon to be trapped in a soil reservoir.These are a good source, a migration
pathway, a reservoir, a trap and a seal, the source of hydrocarbon is sediment with a high
content of biogenic decay deposited in a low-energy environment.If the biological material is
buried and exposed for a certain range of temperature and pressure through geological time

then hydrocarbons can be generated (biogradation).After migration from the source due to
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buoyancy the hydrocarbons hopefully enters a storage unit, i.e. a reservoir which is a porous
and permeable rock. A trap is needed to accumulate the hydrocarbons in the reservoir.The seal
prevent further upward fluid migration. The seal is often a zone with low permeability.The
reservoir is typically sandstone with good permeability and with a reservoir temperature of 40
-60 °C.

2.5.9 Recovery of crude Oil

How easily a fluid flows in the reservoir can be expressed by its mobility which is a function
of both fluid and soil properties Mobility of a phase is the ratio of the effective permeability to
the viscosity of that phase, i.e mobility is inversely proportional to the viscosity.The lower the
mobility value the less mobile the in-situ fluid is in the soil reservoir for most crude oil

reservoirs the low mobility is often the main challenge in production.

2.5.10 Use of Nanotechnology as Enhanced Oil Recovery

Nanotechnology may have the solution to several challenges faced by the oil industry today,
and it ranges from finding the oil, drilling wells for production, the extraction process through
field life and the process facilities and transport.Above all, cleaning oil spillages and refineries
with nanotechnology.

Nanotechnology is engineering of functional systems at the molecular scale.Nanotechnology

can refer to measurement or visualization at the scale of 1-100 nanometers.

2.5.11 Nanoparticles and Nano fluids

2.5.11.1 Backgrounds

Nanoparticles are very small nanometer sized particles with dimensions 1-100 nm
(nanometers) in size. Some of the common oxide nanoparticles being used in heat transfer
research are: Zinc Oxide (ZnO), Zirconia (ZrO.), Copper Oxide (CuO), Silica (SiOy),
Aluminum Oxide (Al.O3), and Titanium Oxide (TiO2) while some of the metal nanoparticles
are Gold (Au), Silver (Ag), and Copper (Cu). Conventional fluids being mixed with
nanoparticles are: water, ethylene glycol, and oil.

Water is a convenient and safe medium; however, it has poor heat transfer characteristics which
are a major disadvantage.For example, water is roughly three orders of magnitude poorer in
heat conduction than copper; as is the case with coolants such as engine coolants, lubricants,

and organic coolants.The use of nanofluids (nanoparticles + conventional fluids), like water,
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may possess the ability to increase the convection heat transfer characteristics of that particular
fluid.

Nanofluids are dilute liquid suspensions of nanoparticles with at least one critical dimension
smaller than 100nm.A nanofluid is a mixture of liquid and nanoparticles.Nano-particles
suspended in base fluids is a new Innovative called ‘nanofluids’.These nano-particles were
make changes in the thermal and transference properties of the base fluid.Much attention has
been paid in the past decade to this new type of composite material which has enhanced
properties and behaviour associated with heat transfer [80, 25], mass transfer [70], wetting and
spreading [136], antimicrobial activities [148], and the number of publication related to

nanofluids increases in an exponential manner.

Nanofluids are also important for the production of nanostructure materials [65], for the
engineering of complex fluids [127a] as well as for cleaning oil from surface due to their
excellent wetting and spreading behaviour [136].Despite considerable research effort and
significant progress in the past decade, the fundamental understanding of Nanofluids is
limited.This is indeed reflected in the scattering/disagreement of published works and less
convincing arguments in experimental data.lt is fair to say that there is a long way to go before
we can actually tailor-make nanofluids for targeted applications.Advanced material
engineering techniques can structure surfaces that allow dynamic turning of their wettability
all the way from super hydrophobic/ water hating (i.e repelling) behaviour to almost complete
wetting equipment (i.e.super hydrophilic/ water loving or strongly absorbing) , but these
surfaces only work with high surface-tension liquids.Almost all organic liquids that are
ubiquitous (seeming to be in all places) in human environment such as oils, solvents, detergent

etc.have fairly low surface tensions and thus readily wet even super hydrophobic surfaces [82].

Nanofluids are emerging as one of the most promising cooling reagent in the present world;
Alumina has been used by many researchers as nanoparticles because of its stability and can
dispersed easily in water, thus forming colloidal solution.Silver and gold though have higher
thermal conductivities; they are much more expensive than alumina.Copper oxide, though not
very unstable, requires a dispersant to form a colloidal solution with the base fluid.Carbon
Nano Tubes have high thermal conductivity but it is difficult to disperse them in base fluid as

they entangle and agglomerate to settle [4].
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A new type of fluids, which can be labelled as “’smart fluids’’ is becoming increasingly
available to the oil and gas industry.These nanofluids are designed by adding nano-fabricated
particles to a fluid in order to enhance or improve some of its properties. Essential nano scale
particles are suspended in the liquid phase in low volumetric fractions.The liquid phase can be
any liquid such as oil, water or conventional fluid mixtures.The nanoparticles used in the design
of such fluids are preferably inorganic with properties of no dissolution or aggregation in the
liquid environment.They can be designed to be compatible with reservoir fluids and are

environmentally friendly.

Recent experiments have shown some promising nano fluids with amazing properties such as
fluids with advanced drag reduction, binders for sand consolidation, gels, products for
wettability alteration and anticorrosive coating [136].

Gardea-Torresdey et.al [62] carried out research in order to better understand that why the
thermal conductivity of nano fluids increases with the decrease in the particle size of the
nanoparticles.They explored four possible causes, i.e., Brownian motion of the particles,
molecular level layering of the liquid at the liquid particle interface, the nature of heat transport
in nanoparticles and the clustering of nanoparticles.

Palma et.al [130] investigated theoretical reasons for heat transfer enhancement in nanofluids
by applying hyperbolic heat conduction constitutive relationship and comparing the same
with the corresponding Fourier conduction results. They proposed that the hyperbolic thermal

conduction was the reason behind high heat transfer in nanofluids.

Gupte, et al [72] in their investigation on copper oxide-ethylene glycol nano fluids observed
that the thermal conductivity with respect to particle concentration is attainable only when
concentration is below the dilute limit of 3¢, with ¢ denoting the nanoparticle volume
fraction VVolume fraction at dilute limit is 0.002.Therefore dilute limit is 0.006.Well-dispersed
and stable nanofluids are formed after properly dispersing nanoparticles into base fluids and
the resulting nanofluids are expected to exhibit several beneficial features:a) High stability of
nanofluids.Because the nanoparticles are small, the particles are stably staying in the liquid
phases for months or even years without sedimentation.Brownian motion (the random
thermally driven movement of particles suspended in a fluid) can increase the stability of the

suspension.
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b) Greatly improved heat conduction.Nanofluids demonstrate higher thermal conductivities
than the base fluid due to several factors.The large surface area of nanoparticles per unit
volume allows for more heat transfer between solids particles and base fluids. Another
advantage is that the high mobility of the nanoparticles due to the tininess, which may
introduce micro-convection of fluids to further stimulate heat transfer.

c¢) Elimination of clogging.Nanoparticles are only composed of hundreds or thousands of
atoms, about 1 ~ 100 nm in diameter and are well-dispersed in nanofluids, so that they will
not causing any clogging problem.Nanofluids can therefore be used in microchannels, which
can further promote the heat transfer rate by combining enhanced thermal conductivity of

fluids and increased ved heat conduction.

Choi, [36b] stated fluids such as water, oil, and ethylene glycol are poor heat transfer properties
and they are widely used in many industries nowadays.Nanofluids are modern heat transfer
fluids organized by dispersing metallic or non-metallic nanoparticles into fluid.Many
researchers demonstrated that nanofluids have created a variety of advantages, such as better
long-term stability, greater thermal conductivity compared with millimeter or even micrometer
sized particle.

Nanofluid is a pioneering heat transfer fluid with better potential for enhancing the heat
transfer performance and cleaning properties.Many pioneers have been made to study its
thermophysical properties which is important before determine the heat transfer performance.

Basically, the main idea is to disperse small solid particles in common base liquids in order to
enhance their heat transfer properties.However, before starting to determine the heat transfer
performance of nanofluids, it is necessary to know about their thermophysical properties.
Know that, viscosity, density and specific heat are the most important transport properties of
nanofluids.From the researcher, [94] stated that publications about the viscosity and specific
heat of nanofluids are still bare compared with thermal conductivity properties.From the
theoretical, [94] also stated that a nanofluid represents a fascinating new challenge to
researchers in fluid dynamics and heat transfer because of the fact that it appears very difficult,
if not practically impossible, to formulate any theory that can reasonably predict behaviors of
a nanofluid by considering it as a multi-component fluid.

Chandrasekar et al [31] found that, in general, dynamic viscosity of nanofluid increases

considerably with particle volume concentration but clearly decreases with a temperature
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increase.Then, they also state that the hysteresis phenomenon has raised serious doubts regarding

the reliability of using nanofluids for heat transfer enhancement purposes.

Properties of Nanofluids

A fluid is any substance which flows because its particles are not rigidly attached to one
another.The properties outlines below are general properties of fluids which are of interest in

engineering.These properties can readily found at many reference books.

Viscosity

Viscosity is the one of properties that is needed to know to determine heat transfer rate of
fluid.Viscosity is a scientific term describing the internal friction of a fluid or gas.Both have
adjacent layers, and when pressure is applied, the friction between layers affects how much the
substance will respond to external force.[195] said in his book, viscosity, in its simplest form,
can be evaluated by the thickness of a substance.A general rule is that gases are less viscous

than liquids, and thicker liquids exhibit higher viscosity than thin liquids.

Density

Yunus A. Cengel [195] also explicit about a material's density and it is defined as its mass per
unit volume.lt is, essentially, a measurement of how tightly matter is crammed together or can
also refer to how closely "packed" or "crowded" the material appears to be.For example: A
rock/soil is obviously denser than a crumpled piece of paper of the same size. This can simplify
to the equation below.The unit of density is kg/ma.

p=mv (2.1)

m = mass of the object
p = density of the object

V = volume of the object

Specific heat capacity

The other property that is important to determine before conducted the experiment to predict

the heat transfer of fluid as a cooling agent. Specific heat is define as the ratio of the amount

of heat required to raise the temperature of a unit mass of a substance by one unit of temperature
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to the amount of heat required to raise the temperature of a similar mass of a reference material,
usually water, by the same amount.[151] said it is also can be define as the amount of heat,
measured in calories, required to raise the temperature of one gram of a substance by one

Celsius degree.

There are two types of specific heat which are specific heat at constant pressure, cp and specific
heat at constant volume, cv. [195] define the specific heat at constant volume, cv can be viewed
as the energy required to raise the temperature of a unit mass of as substance by one degree as
the volume is constant. The energy required to do the same as the pressure is held constant is
the specific heat at constant pressure cp.Common unit is kJ/kg.°C or kJ/kg.K. Notice that

AT(°C) = AT(K) and 1°C change in temperate is equivalent to a change of 1K.

There are many types of nanoparticles examples, carbon nanotubes, aluminium, alumina, zinc,
zinc oxide, gold nanoparticles, silver nanoparticles, diamond, tin oxide, metal oxides
etc.Studies has shown that a mixture of Nano scale SiO4 and TiO4 can increase nitrate reductase
activity in Soybean, enhance its ability to absorb and utilize water and fertilizer, stimulate its
antioxidant system and hasten its germination and growth [152] Nano-TiO- has further been
reported to promote photosynthesis and nitrogen metabolism, and thus greatly improve growth

of spinach at certain concentration.

So far no general mechanisms have been formulated to explain the strange behaviour of the
nanofluids [143] including the highly improved effective thermal conductivity, although many
possible factors have been considered, including Brownian motion, liquid-solid interface layer
and surface charge state.Currently there is no reliable theory to predict the anomalous thermal
conductivity of nanofluids satisfactorily.From the experimental results of many researchers, it
is known that thermal conductivity of nanofluids depends on parameters including the thermal
conductivities of the base fluid and the nanoparticles, the volume fraction of the nanoparticles,
the surface area, and the shape of the nanoparticle and the temperature [133].Recent research
of nanofluids has offered particle clustering as a possible mechanism for the abnormal

enhancement of thermal conductivity when nanoparticles are dispersed in the liquids [102].
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2.6  Preparation of nanofluids
There are two primary methods to prepare nanofluids: Single or one-step methods and two-

step methods.

2.6.1 Production of Nano fluids

Nano fluids preparation using Dispersion method, also called two-step method, is generally
favoured for preparing nano fluids containing high volume fraction metals, oxides and carbon
nanotubes.Here the dry nano powder is dispersed in the liquid by application of one or many
dispersion techniques [88].This method is more economical in comparison to one-step method,
due to the low cost of nano powders in the market.Decline of the price of nano powders is a
result of the rapid development of high throughput nanoparticle production technologies over
the years.Nano fluids prepared by dispersion method, however commonly have shown a
stability problem [88].These Nano fluids gradually start to settle after a period of time
depending on the properties of base liquid, surfactant or dispersant used type of nanoparticles
and the likelihood of nanoparticles to aggregate.The validity of a nano fluid is as only long as

it is stable.

An agglomerated nano fluid is different in properties, and may cause operational problems
similar to those encountered with micron-sized particulate suspensions; sedimentation and
clogging of the system.Unstable nano fluids moreover are most likely a root cause for the wide
discrepancies in literature data on their heat transfer behaviour.

2.6.1.1 One-Step Methods

The nanoparticles may agglomerate during the drying, storage, and transportation process,
leading to difficulties in the following dispersion stage of two-step method.Consequently, the
stability and thermal conductivity of nanofluid are not ideal.In addition, the production cost is
high.To reduce the agglomeration of the nanoparticles, one-step methods have been
developed.There are some ways for preparing nanofluids using this method including direct
evaporation condensation [69, 38, 39] chemical vapour condensation [121] and single-step
chemical synthesis. The nanofluids are homogenized with or without surfactants depending on
the interface properties of between nanoparticles and basefluids. This method is mainly limited

by the availability of nanoparticles
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2.6.1.2 Two-Step Methods

Several studies, including the earliest investigations [76] of nanofluids, used a two-step process
in which nanoparticles are first produced as a dry powder. This method is more extensively
used to produce nanofluids because nanopowders are commercially available nowadays.Some
authors suggested that two-step process is very suitable to prepare nanofluids containing oxide

nanoparticles than those containing metallic nanoparticles [56b].

Stability is a big issue that inherently related to this operation as the powders easily aggregate
due to strong van der Walls force among nanoparticles.In spite of such disadvantages this
process is still popular as the most economic process for nanofluids production.

There are also three method of preparing nanofluids, namely ballmillng. his method is used in
the one step method of preparing nanofluids.It is the poorest method of preparing nanofluids
because there is some extent you can not reduce particle size into powder.The nanofluid tends
to aggregate very easily. The second is ultrasonification method which is good but the best
method is pressure homonigenization method.

Kelvin [85] prepared Copper oxide and Aluminium oxide nanofluids by the introduction of each
of the nanofluid to the tank of water caused an immediate discoloration of the water.For example,
when the CuO nanofluid was introduced to the water, the water turned a dark dirty brown and
when the Al>Oz nanofluid was introduced to the water it turned a silvery color even though the
concentrations were extremely low (2g of nanoparticles in 6 liters of water & 4 grams of
nanoparticles in 6 liters of water).

A variety of physical, chemical, and laser-based methods are available for the production of

the nanoparticles to be used for nanofluids [1, 2] [28a].

2.6.2 Stability of nanofluids

The production of a nanofluid faces some major challenges such as agglomeration of particles
in solution due to very strong van der Waals interactions and the rapid settling of particles in
fluids.The special requirements for preparation of a nanofluid are durability and stability of
suspension with low agglomeration of particles, and no chemical change of the fluid
[128a].Stability of a nanofluid is strongly affected by the characteristics of the suspended
particles and base fluids such as the particle morphology and the chemical structure of the
particles and base fluid [57].In order to make a stable suspension, one should reduce the density

difference between the particles and the fluid, increase the viscosity of the fluid, and make the
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particles very small to prevent agglomerating [22].Stability of any liquid is a homogenize

mixed solution. le, it is equilible between liquid phase and solid phase.

2.6.3 Methods of Improving the Stability of a Nanofluid

To obtain stable nanofluids, several methods such as electrical, physical, or chemical [30] are
used. General common methods are:

(1) Controlling the surface charge of the nanoparticles by controlling the pH.The stability of a
nanofluid directly links to its electro kinetic properties.Through a high surface charge, density,
strong repulsive forces can stabilize a well-dispersed suspension [46].As the pH of the solution
departs from the isoelectric point (IEP) of particles, the colloidal particles get more stable [145]
and [75].The IEP is the concentration of potential controlling ions at which the zeta potential
is zero. Thus, at the IEP, the surface charge is zero.

(2) Modifying the surface by addition of some surfactants: This is one of the general methods
to avoid sedimentation of nanoparticles.Surfactants can modify the particles-suspending
medium interface and prevent aggregation over long time periods.The reason is that the
hydrophobic surfaces of nanoparticles/nanotubes are modified to become hydrophilic and vice
versa.Selection of suitable surfactants and dispersants depends mainly upon the properties of

the solutions and particles.

Surfactant molecules adsorbed on the nanoparticle’s surface can decrease the surface energy
and thus prevent the agglomeration of particles.Popular surfactants that have been used in
literature can be listed as sodium dodecylsulfate [61], sodium dodecylbenzenesulfonate [135b]
,cetyltrimethylammoniumbromide [14], dodecyltrimethylammonium bromide, sodium
octanoate [78] and polyvinylpyrrolidone [150].Adding surfactants restricts the application of
nanofluids at high temperatures[149] when the bonding between surfactant and nanoparticles
is damaged and hence, the nanofluid loses its stability and sedimentation of nanoparticles
occurs [133].

The use of additives (surfactants) is a technique applied to enhance the heat transfer
performance of base fluids.

(3) Using ultrasonic vibration.Ultrasonic bath, processor, and homogenizer are powerful tools
for breaking down the agglomerations in comparison with other methods like magnetic and
high shear stirrer as experienced by researchers [46].Each of the above techniques or
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combination of them such as simultaneous use of ultrasonic agitation and addition of
surfactants are sometimes used to minimize particle aggregation and to improve dispersion
behaviour.The best way to produce a stable suspension may be a single-step method where
instead of nanoparticles; nanofluids are produced directly, thus reducing the chance of

agglomeration [30].

2.6.4 Stability Evaluation

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [32b] and [130b] for colloidal
interactions dictates that a colloidal system will remain stable if and only if the columbic
repulsion, arising from the net charge on the surfaces of the particles in a colloid, is greater
than the van der Waals forces.

When the reverse is true, the colloidal particles will cluster together and form flocculates and
aggregates.Although the stability of nanofluids is very important for their applications, there
are limited studies on estimating the stability of a suspension.There are some ways for

evaluating the stability of a nanofluid:

[25] Measuring the zeta potential which is the overall charge that a particle acquires in a
specific medium and is a good [52] indicator for the colloidal stability of a nanofluid [96b].The
higher the absolute zeta potential, the stronger the columbic repulsion between the particles,
and therefore, the lower impact of the van der Waals forces on the colloid. Zetapotential
measurement is one of the most critical tests to validate the quality of the nanofluids stability
via a study of its electrophoretic behaviour [130a].

(2) Measuring particle size distribution by transmission electron microscopy (TEM) or light
scattering methods.The nanofluid becomes more stable when nanoparticles have narrow
particle size distribution.

(3) UV-Vis spectrophotometric measurements. UV-Vis analysis is an efficient way to evaluate
the stability of nanofluids. If nanomaterials dispersed in fluids have characteristic absorption
bands in the wavelength range of 190-1100 nm, it is an easy and reliable method to evaluate
the stability of nanofluids using UV-Vis spectral analysis.The variation of supernatant particle
concentration of nanofluids with sedimentation time can be obtained by the measurement of
absorption of nanofluids because there is a linear relation between the supernatant nanoparticle
concentration and the absorbance of suspended particles. The outstanding advantage of UV-Vis

spectral analysis compared to other methods is that it can present the quantitative concentration
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of nanofluids [147a].The first work to quantitatively characterize colloidal stability of the
dispersions of CNT by UV-Vis scanning spectrophometric measurements was reported by
[61].However, this method is unsuitable for high concentration of nanofluids because these
dispersions are too dark to differentiate the sediment visibly [46].

Absorbancy is a material’s ability to soak up a liquid.Example, nanoparticle and
water.Absorbancy indicates the stability of a solution in terms of wavelength.Typically,
absorbance of a dissolved substance is measured using absorption spectroscopy/Uv-Vis
spectrophotometer.This involves shining a light through a solution and recording how much
light and what wavelengths were transmitted onto a detector.Solutions are placed in a small
cuvette cell and inserted into the holder.The Uv-Vis spectrophotometer is controlled through a
computer and, once you "blank™ it, will automatically display the absorbance plotted against
wavelength.

(4) Cryogenic electron microscopy (Cryo-TEM, Cryoscanning electron microscopy) is another
efficient method to distinguish the shape, size, distribution, and aggregation of nanoparticles

in a fluid if the microstructure of nanofluids is not changed during cryoation [142].

2.6.5 Surfactants

A surfactant is surface active agent, or wetting agent, capable of reducing the surface tension
of a liquid.Surfactant is force acting on a liquid surface, minimizing the surface
area.Surfactants are compounds that lower the surface tension of a liquid, the interfacial tension
between two liquids, or that between a liquid and a solid.Surfactants may act as detergents,
wetting agents, emulsifiers, foaming agents, and dispersants.

There are essentially three types of surfactants - anionic, cationic and non-ionic.

Anionic surfactants have a negatively charged ion.Common types include soaps and alkyl
benzene suffocates.

Cationic surfactants have a positively charged ion. Common types include alkyl ammonium
chlorides.

Non-ionic surfactants have a polar, but uncharged, ion. Common types include polyethylene
ethoxylates. When a single surfactant molecule exhibit both anionic and cationic dissociations,
it is called amphoteric or Zwitterionic.

Polymeric surfactants or surface active (surface) polymers which result from the association of

one or several macromolecular structure exhibiting hydrophilic and lipophilic characters.They
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are commonly used in formulating products such as cosmetics, paints, foodstuffs and petroleum
production additives.

Sodium hexametaphosphate is a hexamer of composition (NaPO3)6. Sodium
hexametaphosphate of commerce is typically a mixture of polymeric metaphosphates, of which
the hexamer is one, and is usually the compound referred to by this name. Sodium

hexametaphosphate is used to disperse the different nanofluids used in the experiments.

Thermophysical properties of nanofluids
Thermal conductivity, viscosity, density, specific heat, and surface tension of the nanofluids

have been investigated up to now as the physical properties of nanofluid.

2.6.6 Thermal Conductivity:

Among all the physical properties of nanofluids, the thermal conductivity is the most complex
and for many applications the most important one [69b].By suspending some of the
nanoparticles in heating or cooling fluids, the heat transfer performance of the fluid can be
improved significantly. The main reasons of such enhancement may be listed as follows [145b]:
1. The suspended nanoparticles increase the surface area and the heat capacity of the fluid.

2. The suspended nanoparticles increase the effective (or apparent) thermal conductivity of the
fluid.

3. The interaction and collision between particles and fluid are intensified.

4. The mixing fluctuation and turbulence of the fluid are intensified.

5. The dispersion of nanoparticles flattens the transverse temperature gradient of the fluid.
From the experimental results of many researchers, it is known that the thermal conductivity
of nanofluids depends on many parameters including:

Thermal conductivity of base fluid: [85b] measured some physicochemical properties
including thermal conductivity, viscosity, and surface tension of ZnO nanoparticles in ethylene
glycol and glycerol as base fluids. They found that the enhanced thermal conductivity ratio

decreases with increasing thermal conductivity of the base fluid.

2. Thermal conductivity of nanoparticles: The thermal conductivity of a nanofluid containing
a metal is greater than that of oxide of that metal at the same conditions [87b].

3. Volume fraction: The thermal conductivity of a nanofuid is strongly dependent on the
nanoparticle volume fraction [145b].[146a] measured thermal conductivity enhancements of
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nanodiamond particles suspended in deionized water with different volume fractions in the
range from 0.8% to 3%.They observed the highest enhancement in the thermal conductivity
(7.2%) for a volume fraction of 3 %( ie enhanced thermal conductivity increased with increase

in concentration of nanoparticles suspended in deionized water).

2.6.7 Heat Transfer: An investigation in heat transfer characteristics with nanofluids has

revealed that when nanparticles are introduced to a conventional fluid in certain concentrations
they enhance the ability to transfer heat.Water is a very common fluid used in heat transfer
applications; therefore the data collected from many experiments proved that nanofluids are a
viable option in heat transfer applications.A research conducted using a heated aqueous mixture
of aluminum and copper oxide nanoparticles was passed through helical coiled copper tubing
(heat exchanger) while being cooled by a fan [64].Measured data from this research were
temperature and flow to determine Reynolds Number and heat transfer rate.

Nanoparticles are very small nanometer sized particles with dimensions 0.1-1000 nm
(nanometers) in size.Some of the common oxide nanoparticles being used in heat transfer
research are: Zinc Oxide (ZnO), Zirconia (ZrO2), Copper Oxide (CuO), Aluminum Oxide
(Al203), and Titanium Oxide (TiO2) while some of the metal nanoparticles are Gold (Au),
Silver (Ag), and Copper (Cu). Conventional fluids being mixed with nanoparticles are: water,
ethylene glycol, and oil.

Water is a convenient and safe medium; however, it has poor heat transfer characteristics which
are a major disadvantage.For example, water is roughly three orders of magnitude poorer in
heat conduction than copper; as is the case with coolants such as engine coolants, lubricants,
and organic coolants. The use of nanofluids (nanoparticles + conventional fluids), like water,
may possess the ability to increase the convection heat transfer characteristics of that particular
fluid.

As fluids stream through a heat exchanger, the flow can be two distinct types: laminar or
turbulent. Laminar flow is smooth and the fluid moves in layers or paths parallel to each other
and leads to low heat transfer rates. In turbulent flow, the layers of fluid mix until they are no
longer distinguishable and leads to higher heat transfer rate. Deficiencies in efficient heat
transfer rates should be a result of design flaws in the exchanger, not an effect of
nanofluids.This section will review recent research of flow characteristics within heat

exchangers, the understanding of Reynolds number, and the influence of nanoparticles on
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modern heat exchange research with respect to thermal conductivity and viscosity.Although
research has been conducted on heat exchange designs for a long time, the field of nanofluids
with respect to heat exchange transfer is relatively new. Current research indicates, however,
that nanoparticles do not pose a problem to heat transfer designs.

Currently, researchers [61b] are conducting experiments to examine the effects of the
nanoparticles disbursed into the fluid. Experiments are being conducted routinely with helical
coiled tubing.These experiments are being conducted because most heat exchangers,
condensers, and steam generators are constructed with helical coiled tubing.The helical coiled
tubing presents an interesting challenge because of the effects of centrifugal force through the
radial sections, especially in small radial bends.The centrifugal force causes the fluid to become
unstable resulting in a Reynolds number that is no longer a constant value when transitioning

from laminar to turbulent flow.

The hydraulic performance is influenced by centrifugal force and that has a pronounced effect
on the Reynolds number by causing it to increase significantly.

All etal [9] conducted hydrodynamic experiments on spiral coiled tubing referred to as
ascending equiangular spiral tube coils.Equiangular spiral tube coils are spirals with no
constant pitch but varies along the length of the spiral whereas an Archimedian spiral has a
constant pitch.They wrote how the helical coil and spiral coil differ in flow characteristics
because the coil curvature remains constant which produces fully developed downstream
flow.The spiral coil, with its nonconstant spiral pitch and varying curvature, does not produce
a fully developed flow but instead creates a secondary flow that varies intensity. Therefore; they
determined there was a need for a calculation for critical Reynolds number that incorporated
the Reynolds numbers calculation for both straight and helical coiled tubing.The following

equation was also a basis for this experiment:

Critical Re = 2100 [1+ 12{d/2(Rmax)}°°] ............ (2.11)

50



Figure 2-10 Helical Coiled Tubing (Heat Exchanger) Layout [69c]

Thermal Conductivity of nanofluids has been debated for years with many different
experiments being conducted to determine the many different factors, like Reynolds number,
or heat transfer coefficient, or heat transfer rate at laminar and turbulent flow rates.In theoretical
models A.K.Singh [120b] remarks that thermal conductivity depends on nanoparticle size,

material, and concentration.

2.6.8 Contact Angle

One of the fundamental methods of characterizing the properties of pure/Surfacted nanofluid
is to determine the contact angle.The contact angle is a measure of the wetting behavior of a
particular liquid (ie nanofluid or water) on the surface (a glass slide) under investigation and
directly relates to the interfacial energies of the systems.The contact angle on the solid surface
gets changed merely by changing the chemistry of the outermost monolayer [77], [99].

It can be defined geometrically as the angle formed by a liquid at the three phase boundary

where a liquid, gas and solid intersect as shown below:

Figure 2-11 A water droplet in equilibrium over a horizontal solid surface

It can be seen from the Figure 2.8 that a low values of contact angle () indicates that the liquid
spreads, or wets well i.e.hydrophilic nature of surface of solid under test, while a high contact
angle indicates poor wetting.If the angle 0 is less than 90° the liquid is said to wet the solid.If
it is greater than 90° it is said to be non-wetting i.e.hydrophobic nature.A zero contact angles

represents complete wetting.
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2.6.9 Porosity and contact angle

Contact angle on a smooth surface (O©) for which a porous substrate with pore fraction fi will

be wetted (6'=90") is shown on Table 2-5

Table 2-5 Porosity and contact angle values

Porosity (f1) Contact angle © ° | Porosity (f>) Contact angle © °
0 90 0.45 35

0.2 75 0.48 23

0.4 48 0.5 0

This can be understood by the following relation, derived by Cassie and

Batter (121):

CosO’=f1¢c0osO -T2, .o, (2.12)

fi and f. are the fractions of the composite surface which are liquid-solid and liquid-air,
respectively. This equation can only be used if f2 < fi.In the other case (f. >fj) cos© would be
smaller than zero, which means that © is always larger than 90”.This should mean that such a
surface could never be wetted.However, it can be easily understood that, if © becomes zero or
approaches zero, the surface of the material (even inside the pores ) becomes completely

wetted.

2.7 Application of Nano fluids

These are fluids with a colloidal dispersion of nanometer-sizes particles of Metals, oxides,
carbides, nitrides, or nanotubes.Typically, a Nanofluid may contain Carbon nanotube (CNT),
TiO2, Al203, MoSz, and diamond. Size of the nanoparticles is between 1 and 100 nm.Nano
fluids show enhanced thermal conductivity and heat transfer coefficient.With the addition of
nanoparticles, the thermal conductivity of the fluids can enhance by several hundred per

cents.This is mainly due to more surface-to-volume ratio of nanoparticles [25].

The enhanced thermal behaviour of Nano fluids could provide a basis for an enormous
innovation for heat transfer intensification, which is of major importance to a number of
industrial sectors including transportation, power generation, micro-manufacturing, thermal
therapy for cancer treatment, chemical and metallurgical sectors, as well as heating, cooling,

ventilation and air-conditioning. Nano fluids are also important for the production of nano
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structured materials, for the engineering of complex fluids as well as for cleaning oil from

surfaces due to their excellent wetting and spreading behaviour.

There have been increasing research activities in heat intensification using nano fluids. An
exhaustive review of this is found in [134]. Previous studies under nano fluids include effective
thermal conductivity studies under the static conditions [138], convective heat transfer studies
[88] and phase change heat transfer studies [25].[134] and [138] gave a detailed report on
Nanofluids behaviour under these static conditions.[134] have reported the investigations on
nano fluids behaviour under forced convective and enhancement in heat transfer
characteristics.

Few studies concluded that the particle shape or aspect ratio of the particle is a significant
parameter to affect the thermal performance of Nano fluids.The conflicting results observed
from limited data for the effect of nanoparticles on the boiling heat transfer performance
indicated that the understanding of the thermal behaviour of nano fluids related to the boiling
heat transfer is still poor.In the reviewed studies, however, only the surface roughness is the
most often considered parameter.Systematic studies should be carried out to include the
interaction between the surface and nano fluids (wettability), also as suggested by
[138].Compared with the research effort in forced convective and phase change heat transfer,
relatively few studies have been carried on natural convective heat transfer.Golubovic et.al [66]
numerically investigated the heat transfer behaviour of nanofluids in a two-dimensional
horizontal enclosure. The random motion of nanoparticles was considered through a dispersion

model similar to thermal dispersion models for flows through porous media.

It has been shown by the available results that the heat transfer behaviour of nano fluids is very
complex and the application of nano fluids for heat transfer enhancement should not depend
on their effective thermal conductivity.Many other factors such as particle—fluid interactions
particle size, shape and distribution, micro-convection and pH value have important influence
on the heat transfer performance of the nanofluids in natural convective heat transfer, which
should be identified further in future work.This apparently paradoxical behaviour of heat
transfer has motivated the authors to carry out a critical analysis of all the possible factors that
affect the heat transfer process using nanofluids with a special focus on the particle—fluid
interactions which is greatly influenced by the sonication time.CuO nano fluids of different
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concentrations were prepared at various sonication times and their effects on the heat transfer

characteristics were investigated [66].

Recently, nanofluids have been used with Minimum Quantity Lubrication (MQL) systems.The
nanofluid is supplied to the machining area in the form of mist mixed with highly pressurised
compressed air.Nanofluids have been containing MoS», diamond, and Al>Oz in grinding and
milling.Khovakh [88] applied nanofluid containing 30-nm size diamond particles with the
basefluids of paraffin and vegetable oils in drilling aluminium work piece.The performance of
nanofluid MQL was compared with compressed air lubrication and pure MQL.The nano
diamond concentration of 1% and 2% by volume was considered for the study.The addition of
nano diamond particles improved lubrication and cooling effects with their enhanced
penetration and entrapments at the drilling interface.lt is reported that nanoparticles have
ball/rolling bearing effect and enhance tribological and wear characteristics
significantly.Meanwhile, the magnitude of torques and thrust forces were significantly

reduced.

Khovakh [88] observed that paraffin oil based nanofluid MQL was more effective than the
vegetable oil based one.In the case of the paraffin oil, the 1 vol% of nano diamond particles
was more effective than 2 vol% of particles. On the other hand, in the case of the vegetable
oils, the nanofluid with 2 vol% was found better.

2.7.1 Nanofluid Detergent

Nanofluids do not behave in the same manner as simple liquids with classical concepts of
spreading and adhesion on solid surface [88].This fact opens up the possibility of nanofluids
being excellent candidates in the processes of soil remediation, lubrication, oil recovery and

detergency.Future engineering applications could abound in such processes.

2.7.2 Application of Nanotechnology in Oil and Gas Industries

Nanotechnology is exciting because the science and engineering behind it are largely

unknown.In fact, most scientists are aware that the laws that govern materials at nano scale are

very different from those that have been widely accepted in larger scales [59],but

nanotechnology is poised to impact dramatically on all sectors of industry.In oil and gas
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application, nanotechnology could be used to increase opportunities to develop geothermal
resources by enhancing thermal conductivity, improving whole separation, and aiding in the
development of non-corrosive materials that could be used for geothermal — energy
production.Nano scale metals already have been used to delineate ore deposits for geothermal
exploration [132].

Nanotechnology could be used to enhance the possibilities of developing unconventional and
stranded gas resource.Nanotechnology can address the problems associated with accessing
stranded natural gas resources by developing nano— catalysts and nano-membrane for gas-to
liquid (GTL) production and creating nanostructured materials for compressed natural gas
transport or long-distance electricity transmission [112].Nanotechnology could help improve
oil and gas production by making it easier to separate oil and gas in the reservoir for instance,

through improved understanding of processes at the molecular level.

There are many other potential clean energy sources that could be enhanced through the use of
nanotechnology.The practical application of nanotechnology in the soil opens interesting
prospects for improved oil recovery, not least through better understanding of processes at the
interface between liquids and solids.The oil industry needs strong, stable materials in virtually
all of its processes.By building up such substances on a nano scale, could produce equipment
that is lighter, more resistant, and stronger [111a].

The productions of petroleum and petroleum processing have resulted in the spillage of oil and
gas flaring in the Niger Delta of Nigeria.Oil spills and waste water has significant polluting
properties due to its high levels of chemical oxygen demand (COD), biochemical oxygen
demand (BOD) and phenols.

New research by Capasso’s team at the University of Naples and Dr. Baoshan Xing’s group
[21a] at the University of Massachusetts has investigated the interaction of complexing
dissolved organic matter with aluminium oxide nanoparticles.The researchers demonstrated
that it is possible to use polymerin to adsorb phenanthrene — one of the most hazardous
compounds in the ecosystem, derived mostly from the combustion of carbon fuels such as coal,
oil, gas, wood, etc. — from polluted waters and spilled oil and that by mixing aluminium oxide
nanoparticles with polymerin and drying the complex they can notably increase the

effectiveness of this process.
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Different experimental results showed that alumina oxide nanoparticles adsorbed an amount of
polymerin nearly 100 times higher than micro particles’ says Xing ’In addition, we found that
a dry complex using nanoparticles and polymerin adsorbed twice the amount of phenanthrene
than polymerin alone and 70 times the amount compared to a polymerin micro particles
complex’’ (Baoshan Xing’s group [21a].Polymerin is a negatively charged water-soluble
matrix and therefore it is difficult to separate it from the once the binding process is done.Xing
and Capasso had the idea to immobilize polymerin on an insoluble support [21a].Since
aluminium oxides are positively charged at neutral and acidic pH, they seemed suitable for this

purpose.

By coating the oxides with a negatively charged organic matter, it is possible to change their
hydrophilic surface into relatively hydrophobic after drying the complex, which have a great
affinity for soil and oil polluting compounds such as hydrophobic organic
chemicals.Manganese Oxide Nano powder (MnO), nanoparticles are high surface area
particles. Nano scale Manganese Oxide Nanoparticles are typically 5 - 100 nanometers (nm)

with specific surface area (SSA) in the 25 - 50 m? /g range.

2.7.3 Remediation methods

Oil spill is subject to physical, chemical and biological changes. Non-biological weathering
processes include evaporation, dissolution, dispersion, photochemical oxidation, water — in —
oil emulsification, adsorption onto suspended particulate material, sinking and sedimentation
[18].Biological processes include ingestion by organisms and microbial degradation —
(bioremediation).Methods of remediation are vaporization, which takes care of one or two
thirds of the oil spilt; physical removal and chemical treatments.Remediation processes are

used to restore the contaminated area to a status as close as possible to the original.

Successful clean up may require a combination of remediation processes [126].The potential
impact will depend on the remediation process used and the type of habitat being cleaned. The
need to remediate the crude oil contaminated soils( to recover oil) has led to development of a
wide variety of innovative processes such as chemical, physical, thermal and biological, that

eliminate hazardous organics from the environment without causing further ecological
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damages.As a result of public concern towards the conservation of the environment, demands
have made for new and more environmentally efficient low cost strategies for clean-up

contaminated sites.

In respect of oil pollution, soil remediation methods aim at preventing the further spread of the
pollutants and also its removal from the soil. Comparative Analyses of Remediation methods:
Five criteria are used to evaluate the different remediation methods based on their efficiency,
applicability, cost, time and cleanliness. Soil remediation can take place either in-situ or ex-
situ using different remediation technologies. A number of physical (hatural attenuation,
leaching), thermal, chemical amendments and biological methods have been developed to
remediate the oil contaminated soils [3].Each of the remediation methods has its advantages
and disadvantages.

2.7.4 Natural processes

For some contaminated sites, the best remediation process may be to do nothing and let natural
processes degrade and remove any contaminants.Natural processes that can remove
hydrocarbons include evaporation, photo — oxidation and bacterial action, coupled with
dispersion from wind and wave action.Natural processes can be enhanced by manually
removing free oil with absorbents.Natural attenuation describes the processes that act on a
contaminant in the natural environment to reduce contaminant concentrations. These processes

may include dilution, volatilization, biodegradation, adsorption, and chemical reactions.

Although not a technology per se, natural attenuation has been employed at sites where the
potential for contaminant migration is low, or where other remedial measures are
impractical. Advantages: it involves no handling of contaminated materials which could put
workers at risk, No site disturbance, no capital costs.It can be a permanent solution.

Disadvantages: Modelling and long term monitoring are generally required.Degradation of
products may be more mobile and toxic than the original contaminant.Regulatory and public
acceptance is low because it may be perceived as a "do-nothing" option.Less regulatory and
public acceptance is low because it may be perceived as effective for some halogenated
volatiles and semi-volatiles, pesticides.The use of cheap and sustainable agricultural wastes or

by products which are natural polymers as raw materials for the adsorption of heavy metals
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from waste water have been severally reviewed [51, 56-60]. Rice husk, sugarcane bagasse,
soya bean hulls, rice bran and straw sawdust are among the numerous agricultural wastes
mentioned as materials used for such application [51].

Saw dust, egg shell and chitosan were found to be suitable for the chromium (V1), iron (1),
nickel (1) and mercury (1) from waste water. It was reported that the materials significantly
adsorbed 90% of the initial metal concentration present in 1g-2g/l of solution containing the
metals [57]. Sorbents made of rice husk had efficiency of almost 100% when used to remove
metals in complex matrix containing iron, Manganese, zinc, copper, cadmium and lead.

Agricultural and sewage wastewater are reported to contain these metals [61].

2.9.2 Soil washing

Soil washing is when a wash solution (water, surfactant or both) is added to soil to remove
contaminants. The contaminant is transferred from the soil to the wash solution, which then
must be treated. Residual sludge is often associated with this method. Water alone is not
effective in removing PAHSs. [53] reported that the amount of total PAHSs in the soil decreased
by about 50% after soil washing as the PAHs were transferred into the washing water. The
higher the soil particle size, the lower the washing rate. The combined effect of particle size
and total petroleum hydrocarbons concentration, determines the total petroleum hydrocarbons
removal efficiencies. These facts are very important for designing an appropriate soil washing
remediation process. Leaching is washing away of soil nutrients and contaminants through
erosion is an intrinsic natural process.

2.9.3 Pump and treat

Traditionally, the most common way to remediate hydrocarbon contaminated groundwater is
to pump the ground water from on-site wells or trenches and then treat the water. Due to
capillary trapping of hydrocarbons in the pore spaces, pump and treat does not completely

recover all of the hydrocarbons at a spill site, additional remediation may be required.

The conventional technique used for remediation have been to dig up contaminated soil and
remove it to a land fill, or to cap and contain the contaminated areas of a site. The method has
some drawbacks. The method simply moves the contamination elsewhere and may create
significant risks in the excavation, handling and transport of hazardous material. It is also very
difficult and increasingly expensive to find new landfill sites for the final disposal of the

material. The cap and contain method is only temporal measure since the contamination
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remains on site, requiring monitoring and maintenance of the isolation barrier for long period

of time, with high costs.

Some technologies that have been used are high temperature incineration and various types of
chemical decomposition such as base-catalysed dechlorination, UV Oxidation. They can be
very effective at reducing levels of a range of contaminants, but have several drawbacks due
principally to their technological complexity, the cost for small-scale application, and lack of
public acceptance.

2.9.4 Thermal gravimetric analysis (TGA)

TGA is a useful technique or method of thermal analysis in which changes in physical and
chemical properties of materials are measured as a function of increasing temperature (with
constant heating rate), or as a function of time, with constant temperature and/or constant mass
loss [28].L TGA is commonly used to determine selected characteristics of materials that exhibit
either mass loss or gain due to decomposition, oxidation, or loss of volatiles (such as moisture).
Common applications of TGA are (1) materials characterization through analysis of
characteristic decomposition patterns, (2) studies of degradation mechanisms and reaction
Kinetics, (3) determination of organic content in a sample, and (4) determination of inorganic
(e.g. ash) content in a sample, which may be useful for corroborating predicted material

structures or simply used as a chemical analysis.

Thermo gravimetric analysis relies on a high degree of precision in three measurements: mass
change, temperature, and temperature change. Therefore, the basic instrumental requirements
for TGA are a precision balance with a pan loaded with the sample, and a programmable
furnace. The furnace can be programmed either for a constant heating rate, or for heating to

acquire a constant mass loss with time.

Though a constant heating rate is more common, a constant mass loss rate can illuminate
specific reaction kinetics. For example, the kinetic parameters of the carbonization of polyvinyl
butyric were found using a constant mass loss rate of 0.2 wt. %/min. [27a]. Regardless of the
furnace programming, the sample is placed in a small, electrically heated furnace equipped
with a thermocouple to monitor accurate measurements of the temperature by comparing its
voltage output with that of the voltage-versus-temperature table stored in the computer’s

memory. A reference sample may be placed on another balance in a separate chamber. The
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atmosphere in the sample chamber may be purged with an inert gas to prevent oxidation or
other undesired reactions. A different process using a quartz crystal microbalance has been
devised for measuring smaller samples on the order of a microgram (versus milligram with

conventional TGA). Figure 1 provides schematic diagrams of a typical TGA instrument.

2.9.5 Bioremediation

The biological processes also known as bioremediation has become a valuable alternative to
chemical and physical (traditional) methods. Bioremediation can be defined as any process that
uses microorganisms, green plants or their enzymes to return the environment altered by
contaminants to its original condition. Petroleum hydrocarbons will degrade over time, given
the right conditions, as a result of metabolism by bacteria normally present in soil. Under
normal conditions, it will take many years before the contamination is reduced to acceptable
levels. The process can be vastly accelerated under controlled conditions by bio-remediation

to reduce the time frame to months rather than years.

Bio-remediation of contaminated soil uses living organisms to remove pollutants including
hydrocarbons, from soil. It can be carried out either in-situ or ex-situ. In situ remediation
efforts focus on treating the contaminant at the polluted site. Ex situ remediation refers to the
treatment of contaminated water or soil at an off-site location. In such cases, soil and
groundwater from the contaminated site are transported to a place (like a bioreactor), where
conditions favourable for biological degradation can be controlled and enhanced. Ex-situ
treatment can deal with higher levels of contamination and more difficult soil types. It allows
for immediate removal of contaminated soil so that development of the site can continue.
Bioremediation is the oldest method of soil remediation.

It is cumbersome and complex. It has low operation cost, and can remove small amount of
contaminations that usually will be remained after applying a traditional method. These
biological processes are simpler than traditional methods and can be employed without huge
transport of chemicals to contaminated sites/soils. Recent awareness of the dangers of many
chemicals has led to products that are more easily degraded in the environment. Three
important disadvantages of the traditional methods are harsh side effects, high costs and are

inconvenient application [46].
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Bioremediation can be used to destroy or render harmless various contaminants using natural
biological activity. It uses relatively low-cost, low technology techniques, which generally
have a high public acceptance and can often be carried out on site. Fertile soil naturally contains
up to one million hydrocarbon degrading bacteria per gram of dry soil [124]. By adding
nutrients and ensuring the availability of oxygen, in-situ bioremediation can effectively
degrade many hydrocarbon contaminants. This process can take several months to several years

to complete; however, it is difficult to control (U.S. Environmental Protection Agency, 1990).

The microorganisms transform contaminants to less harmful compounds through aerobic and
anaerobic respiration, fermentation, co-metabolism and reductive de-halogenation. The rate at
which natural biodegradation occurs is slow and this is due to the following reasons: low counts
of hydrocarbon — degrading microbes, toxicity of some components, limited oil / soil interface,
insufficiency of oxygen, sub optional temperatures, pH and lack of mineral nutrients and

electron acceptors and biotic factors such as predation by protozoa [ 16, 28].

Immobilized microorganisms have been used and studied for the treatment of waste waters
[45a], [23d] and the bioremediation of contamination from numerous toxic chemicals. [33]
reported that immobilization of bacterial cells significantly enhanced the biodegradation rate
of crude oil compared to free living cells over a wide range of culture medium salinity.
Although immobilized cells have been successfully employed as biocatalysts in environmental
protection, especially in pharmaceutical, chemical and food industry processes, as well as in
aquatic environments, there are very few reports of their direct application in the
bioremediation of contaminated soils. Many synthetic and natural polymeric materials have
been proposed as carrier material but the uses of locally available cellulosic materials (such as
straw, wood fibre, rice husk, peat moss, coconut shell etc.) have not been reported.

Taguchi Method for optimization of crude oil bioremediation in soil was used by Syed Ford,
[7] to optimize bioremediation of crude oil in contaminated soils putting into consideration all
the factors influencing bioremediation (such factors like aeration, bacteria, urea, glucose (used
as additional carbon source), humidity, compost, salt and temperature) in the first experiment.
In the second experiment he replaced aeration and temperature with time and activated sludge
while molasses was used as additional carbon source. The contribution percentage of each
factor was determined by analysis of variance. The oil removal was 64.4% and 68% at 35 —

40°C temperature within 20 days for optimum conditions of the first and second set of
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experiments, respectively. Addition of molasses and urea reduced the effect of oil removal,
while aeration showed 98% of oil removal from the contaminated soil. Enhanced natural

attenuation/process:

Remediation by enhanced natural attenuation (RENA) is a land farming treatment technology
for intervention in petroleum hydrocarbon contaminated soils in the Niger Delta regions of
Nigeria [18]. RENA is a full-scale bioremediation technology in which contaminated soils,
sediments and sludge’s, are periodically turned over or tilled into the soil to aerate the waste.
Soil conditions are often controlled to increase the rate of contaminant degradation [49].
Bioremediation process enhances the indigenous bacteria via the addition of oxygen and
nutrients to degrade petroleum hydrocarbon to carbon dioxide and water. The actual
mechanism involved, which is mediated by microbes, is known as biodegradation [17]. RENA
process was used while spanning for 10 weeks, to ascertain the total petroleum hydrocarbon,
nitrogen and phosphorus levels, total hydrocarbon utilizing bacteria and total heterotrophic

bacteria in a contaminated farm settlement in Rivers State, Nigeria.

2.9.6 .Biodegradation

Biodegradation of petroleum hydrocarbons in soil could be limited by physico-chemical factors
(e.g. nutrient, pH, temperature, oxygen) as well as biological factors (e.g. number and species
of indigenous microbes, bio surfactant and seeding). Besides, the above factors could affect the
rate of uptake and mineralization of organic compounds in contaminated soils [83].
Temperature plays a significant role in controlling the nature and extent of microbial
hydrocarbon metabolism [83]. Hence, temperature affects the rate of biodegradation, as well
as the physical and chemical composition of hydrocarbon [117]. Complete degradation might

be obtained by longer incubation time and higher temperature above 50°C.

In-situ biodegradation: Biodegradation involves stimulating naturally occurring microbes to
convert contaminants into less toxic compounds such as carbon dioxide and water. Nutrients
and oxygen are added to enhance the biodegradation. Advantages: *Minimal site disturbance,
low capital costs. It can be a permanent solution. Public acceptance is high. Disadvantages:
contaminant mobility may increase due to microbe enhancement,. Not effective in highly
layered, clay, or bedrock sub-surfaces. Not effective at sites with high concentrations of heavy

metals, inorganic salts, or chlorinated organics, Regulatory acceptance is low due to potential
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of increased contaminant mobility. Remediation may take several months to years. Not cost

effective for small volumes.

2.9.7 Bioventing

This is a form of biodegradation in which oxygen in the form of air is delivered to contaminated
unsaturated soils through a system of extraction and injection wells. Unlike soil vapour
extraction, lower air flow rates are used to provide just enough oxygen to enhance
biodegradation while minimizing volatilization of contaminants to the atmosphere.
Advantages: Better oxygen delivery to less permeable formations. Minimal site disturbance,
low capital and organic matter costs. It can be a permanent solution. Regulatory and public
acceptance is moderate to high. No off-gas treatment if there is a closed system operation.
Disadvantages: Not recommended where water table is near surface. Monitoring of off-gases

at the soil surface may be required. Remediation may take several months to years [60].

2.9.8 Air sparging/Soil Vapour Extraction (SVE) Enhancement Technology

2.9. 8.1 Air sparging: Air sparging, also known as in situ air stripping (in-situ aeration), is an
in situ remediation technology that involves the injection of air into the subsurface saturated
zone and venting through the unsaturated zone to remove subsurface contaminants. During air
sparging, air bubbles traverse horizontally and vertically through the saturated and unsaturated
zones, creating an underground stripper that removes contaminants by enabling a phase transfer
of hydrocarbons stripper that removes contaminants by enabling a phase transfer of
hydrocarbons from dissolved or adsorbed state to a vapour phase. When used in combination
with soil vapour extraction (SVE), air bubbles carry vapour phase contaminants to a SVE
system controls vapour plume migration by creating a negative pressure in the unsaturated zone
through a series of extraction wells. Using air sparging as an SVE (soil venting) enhancement
technology increases contaminants movement and enhances oxygenation in the subsurface

which increase the rate of contaminant extraction.

In-situ air sparging (IAS) is becoming a widely used technology for remediating soils
contaminated by volatile organic materials such petroleum hydrocarbons. When it is used in
combination with SVE can increase removal rates in comparison to SVE alone for cases where
hydrocarbons are distributed within the water saturated zone.Air sparging systems are almost

always coupled with soil vapour extraction to control the subsurface air flow.Proper hydraulic
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control is key to preventing migration of contaminants to uncontaminated areas. It is a relatively
new treatment technology.The target contaminant groups for air sparging are volatile organic
compounds (VOCs) and fuels.Air sparging is generally more applicable to the lighter gasoline
constituents such as benzene, ethyl benzene, toluene, and xylene.lIt is less applicable to heavier
constituents such as diesel fuel and kerosene.The use of in-situ air sparging poses risks, in terms
of health implications not generally associated with most practiced remediation
technologies.Vapour extraction (soil venting) has been demonstrated to be a successful and
cost effective remediation technology for removing volatile organic compounds from

unsaturated zone soils.

2.9.8.2 Soil vapour extraction: Soil vapour extraction is a process of inducing air flow through
unsaturated soils to remove volatilized contaminants.The air flow is induced by applying a
vacuum to the soil through a network of extraction wells. The technology is applicable to
volatile compounds with a high vapour pressure.The process requires a system for handling
off-gases. Volatilisation may be enhanced by heating the subsurface with injected steam or
applied electrical currents. Advantages: Control vapour migration to structures, therefore
inhalation/explosive risk reduced, Minimal site disturbance, low capital costs. It is found to be
a permanent solution. Regulatory and public acceptance is high when off-gas is
treated.Disadvantages: Volatilization inhibited by high humic content of soil, best suited for
relatively permeable, homogeneous soils.Residual liquid from treated air requires disposal
thermal enhancement of volatilization may sterilize the subsurface, killing microbes required
for biodegradation.High organic matter costs. Remediation may take many years.

2.9.9 Solidification/stabilization

Solidification or stabilization, contaminants are physically or chemically bound to the medium
to produce a non-leachate material. Commonly used binding agents include cement, lime,
organic polymers, and silicates.This can be accomplished either in-situ or ex-
situ.Commercially available off-site facilities are also available. Advantages: Most soils can be
treated. Time to complete cleanup is relatively short.Low organic matter costs. Disadvantages:
Permanent immobilization of organic contaminants cannot be assured. Organic compounds
may interfere with binding agents.VVolume of contaminated material can increase 50 to 100%

due to addition of Solidifying agents.High capital costs

2.9.10 Surface capping (Encapsulation)
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Surface capping utilizes an impermeable ground cover to isolate the contaminants from the
surface and redirect surface water percolation away from the contaminated soil.Surface caps
are typically made of synthetic membranes, soil-bentonite mixtures, asphalt, steel or concrete.
An extension of surface capping is encapsulation where impermeable barriers are extended
vertically around and sometimes underneath the contaminated soils to redirect groundwater
around the contaminated soils.Advantages: Easily installed, reduces exposure/contact of public
with contaminants, low organic matter costs. Disadvantages: Long term liability.Periodic
maintenance and monitoring may be required, groundwater controls may be needed.

2.9.11 Phyto-extraction

Phyto-extraction is a relatively new technique that exploits the property of some plants to
absorb large amounts of heavy metals for storage in their roots and shoots.Phyto-extraction
involves selecting and cultivating plants that are amenable to the local soil and climate in the
contaminated zone.These plants may accumulate metals up to 1000 times greater than would
the normal species.Their shoots may be harvested and subsequently treated as waste.
Advantages: Low capital and organic matter costs, can treat large areas of contaminated
soil.Disadvantages: Long time period required.Not yet a recognised full scale treatment
technology. Treatment only extends to the depth of the roots. Not effective for highly
contaminated soils.Plants must be removed and properly disposed of.Biodegradation of
pollutants using plants (i.e., phytoremediation) and their associated microorganisms has been
shown to be effective for remediation of oil contaminated soils [84].

2.9.12 Bio-stimulation

This is the stimulation of a group of organisms in order to shift the microbial ecology toward
the desired process.Bio-stimulation can be achieved through changes in pH, moisture, aeration
or nutrient additions. Bio-stimulation with inorganic fertilizer and bio-augmentation with
hydrocarbon utilizing indigenous bacteria were employed as remedial methods for 12 weeks
in a crude oil — contaminated soil. To promote oil removal, bio carrier for immobilization of
indigenous hydrocarbon — degrading bacteria was developed using peanut hull
powder.Biodegradation was enhanced with free-living bacterial culture and bio carrier with a
total petroleum hydrocarbon removal ranging from 26% to 61% after 12 weeks treatment. Oil
removal was also enhanced when peanut hull powder was only used as a bulking agent, which
accelerated the mass transfer rate of water, oxygen, nutrients and hydrocarbons, and provided
nutrition for micro flora. Dehydrogenase activity in soil was remarkably enhanced by the

application of carrier material.Bio-augmentation is a widely approach where organisms
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selected for high degradation abilities are used to inoculate the contaminated site.Bio-

stimulation and bio-augmentation can be used simultaneously.

According to [5] a combination of treatments consisting of the application of poultry manure,
piggery manure, goat manure, and chemical fertilizer was evaluated in the in situ during a
period of 4 weeks of remediation.Each treatment contained petroleum hydrocarbon mixture
(kerosene, diesel oil, and gasoline mixtures) (10% wi/w) in soil as a sole source of carbon and
energy.After 4 weeks of remediation, the results showed that poultry manure, piggery manure,
goat manure and NPK (nitrogen, phosphorous, and potassium/potash) fertilizer exhibited 73%,
63%, 50% and 39% total petroleum hydrocarbon degradation, respectively.However, a first-
order kinetic equation was fitted to the biodegradation data and the specific degradation rate
constant (k) values obtained showed that the ordered of effectiveness of these bio-stimulating
strategies in the clean-up of soil contaminated with petroleum hydrocarbon mixtures (mixtures
of kerosene, diesel oil and gasoline) was improved in this order, poultry manure, piggery
manure and goat manure treatments showing greater petroleum hydrocarbon reductions than
NPK fertilizer treatment. Therefore, application of animal manure and chemical fertilizer could
enhance oil removal with poultry manure showing a greater effectiveness and thus could be
one of the severally environmentally friendly ways of remediating natural ecosystem

contaminated with crude oil.

2.9.13 Thermal process

This process uses heat to increase the volatility, to burn, decompose, destroy or melt the
contaminants.The principle is based on the increase in the soil temperature to a level where
pollutants become volatile and change into gas phase (best suited for non-biodegradable
organic pollutants and mercury).

Physico — chemical process /treatment (shallow and mixing oxidation-reduction, hydrolysis-
neutralization, stabilization-solidification, mobilisation-immobilisation, soil flushing-
washing).Physical methods, such as stripping or sorption, are not as effective as biological
methods for treating hazardous organic compounds.The principle is based on the pollutants
extraction, as a result of a physico — chemical or washing treatment (or washing process)
suitable for many types of mixed pollution, organic/metals.Chemical methods are used to
remove heavy metals. Biological processes (bioventing, bio purging, hydraulic-pneumatic

fracturing, soil bio injection, air and water flushing, biopolymer shields and
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phytoremediation).The question of which method should be used in oil polluted lands depends
on the chemical, physical and biological properties of both contaminants and soil source

2.9. 14 Eco-friendly treatments.

This is a new biological degreaser’s approach which unlike traditional cleaning technique, they
clean and as well as digest unwanted oil emulsions. There are a number of oil degrading natural
microbes and enzyme treatments for all manner of oil incidents. The enzymes in ideal Microbial
oil Remover rapidly biodegrade mineral oils into harmless constituent parts and the enzymatic
action breaks down oil pollution on soil, grass and concrete as well as converts hydrocarbons

to basic water soluble elements and nutrients.

2.9.14.1 Ideal Group has developed a range of specialist chemical and biology solutions for
cleaning oil spills ranging from a small spill on a forecourt, driveway, fuel pumping,
mechanical workshop and garage to a major spillage in a plant room or other location.

Ideal Group Chemical Solutions are:

2.9.14.2 Ideal biological removal of oil and stains: Oil stain removal rapidly digests and
removes oil stains from porous block work and hard surface, including road surfaces, floors,
equipment, tarmac and Asphalt oil remover removes oil from contaminated surfaces.

2.9.14.3 Ideal Marine Safe: A very fast solution which is an emulsion free degreaser, excellent
for use in environmentally sensitive marine areas.Degreasing, cleaning oil, contaminated birds

and general oil spill pollution can be combated using this chemical solution.

2.9.14.4 1deal Power Wash: A powerful, biodegradable oil degreaser that efficiently removes

oil and grease contamination.

2.9.14.5 Ideal BIO GEL.: Ideal BIO GEL.: is a biological solution which is poured over the area
to digest the remaining oil.It can handle contaminations of any type, from diesel to heavy fuel

oil.Biological oil removers are very effective on hard surfaces.

2.9.14.6 Ideal Soil treatment: Ideal Soil treatment removes fuel, hydraulic and lubricating oils
from soil or sports turf. A bioremediation composting system, dry powder bacteria is applied
to contaminated soil which will achieve a 99% reduction in Total Hydrocarbon and Polycyclic

Aromatics.
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Chemical cleaning or remediation refers to the use of various minerals or chemicals to absorb,
adsorb, bind, precipitate or co-precipitate trace elements and heavy metals in contaminated
soils and water thereby reducing their bioavailability, toxicity and mobility. The application of
the two processes simultaneously is referred to as biochemical remediation. The goal of
biochemical remediation, therefore, is to degrade organic and inorganic pollutants to
concentrations that are not detectable or if detectable, to concentrations that are permissible by
regulatory agencies [132].

Hydrogen peroxide was used to oxidize absorbed petroleum hydrocarbons contaminant in a
clay soil with 5000 gKg-1 of crude oil by using nano zero-valent iron as catalyst [4]. 5 grams
crude oil was spilled in 1kg soil and left 3 weeks before tests were carried out for crude oil
sorption by soil. From the results, it was found that optimum molar ratio of H.O2:Fe0 was
33.7:1 with maximum TPH removal, 91%. It was found that hydrogen peroxide was
heterogeneously decomposed by the soil (due to its organic and/or inorganic components) and
its decomposition rate decreases when the iron was previously precipitated—impregnated into
the soil [5].

2.9.14.7 Fenton’s Reagent: This is a solution of hydrogen peroxide and ferrous iron catalyst,
used for an in-situ chemical oxidation of organic contaminants (Seol and Javandel, 2008).
Fenton reagent is a mixture of hydrogen peroxide (H202) and ferrous iron salts that reacts to
form hydroxyl radicals (HO), ferric iron (Fe™), hydroperoxyl radicals (HO) and/or superoxide
radicals (O2).

Fenton’s Reagent — Remediation of soil and groundwater contaminated with organic
contaminants is accomplished by injecting a strong chemical oxidizer, like a mixture of
hydrogen peroxide, together with a catalyst, ferrous sulphate and an optimum pH (3-5)
adjusted, using sulphuric acid. Concentrated pumping of Fenton Reagent (FR) into an area is
done in order to oxide / destroys those contaminants to the maximum extent possible. It is a
chemical oxidation method which uses strong oxidants to destroy organic contaminants. The
process works best on compounds, such as olefins and substituted aromatics, which contain
unsaturated carbon-carbon bonds. Several chemical combinations can be used: peroxide,
peroxide and iron (Fenton’s reagent), ozone, hydrogen peroxide and ozone (peroxide), and

potassium permanganate [ 89].

68



Weak organic acids such as citrate, tartrate (ammonium salts), citrate-oxalate are very effective
in removing heavy metal at optimum pH of contaminated soils at different textures.
Ammonium salts are very effective in removing heavy metals in sandy clay loam soil at large
scale level in a plastic container (tub), using citrate as flushing liquid. EDTA and DTPA
(chelating agent) are effective in removing heavy metals except Hg.

2.9.15 Soil Reclamation

This is process of liming soil using Calcium sulphate (CaSos). Ammonium salts are very
effective in removing heavy metals in sandy clay loam soil at large scale level in a plastic

container (tub).

2.9.16 Frelo Technology

This consists of the following —

2.9.16.1 Frelo Hydrocarbon Converter is a technique used for soil remediation as an alternative
to dig and haul method that is used for oil spill clean-up. Frelo Hydrocarbon Converter is a

non-toxic planet-friendly solution that reduces costs and saves time.

2.9.16.2 Frelo Maxclean is unique in its matrix as it actually breaks down harmless organic
silicate material as a product. It can be used on all types of petroleum products and related

materials.

2.9.16.3 Frelo Catalyst is a non-toxic liquid solution that makes lead contaminated materials
safe for handling and disposal. It uses the silicates in the product to tie up the heavy metals.
This is inexpensive way to enhance the performance of many processes. Soluble silica reacts

with all multivalent cationic metal ions to form insoluble metal silicate.

2.9.17 Quantification of oil content methods using Mass balance method.

2.9.17.1 Gravimetrical method: This is the method of drying crude oil polluted soils in the
oven. The weight of oil loss is obtained using bulk density method which is given as below:
Bulk density = (Total weight of wet soil (soil containing crude oil) — Weight of oven dried soil)
[Total volume of the wet soil, which is equal to the weight of the oil loss.

2.9.18 Biodiesel is a cleaning agent comprising of vegetable oil blended with an alcohol
Literature revealed that research into biodiesel started more than a decade ago. Review

indicates that biodiesel is a promising agent for cleanup of oil spills; its efficacy is far from
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conclusive. Biodiesel is produced from a wide range of oil seed crops, such as corn, soybean,
rapeseed/canola, sunflower, palm kernel [135c]. The oil from these seeds is pressed and
extracted, then subjected to transesterification [108a]. Through transesterification, the
vegetable oil is reacted with alcohol, often methanol, ethanol and a basic catalyser, usually
sodium hydroxide (NaOH) or potassium hydroxide, KOH [43]. Temperature and time of
reaction, as well as the experimental reagents, influence the yield and the optimal reaction

conditions which are specific to each type of oil.

Pereira and Mudge [135a] evaluated the efficiency of extraction of light crude oil by rapeseed,
soybean and waste cooking oil biodiesels in three sets of experiments. Rapeseed biodiesel was
the most effective of the three biodiesels tested, removing 90% - 96.5% of the crude oil
depending upon the volume of biodiesel applied. The removal rate of 96.5% resulting from the
application of 75ml of biodiesel was significantly greater than the 90% of crude oil removed
by the 30ml application. Soyabean biodiesel approached the removal efficiency of rapeseed
biodiesel whereas waste cooking oil was much less effective than the other two at all volumes
(varying volumes — 30, 40, 50 & 75ml).

2.10 Pollutants

Examples of pollutants: Pollutants found in soils present a variety of different human health
risks. These are listed below:

2.7.1 Petroleum by-products

BTEX — benzene, toluene, ethyl benzene and xylene are by-products of petroleum product. The
biodegradability of these compounds is relatively well known and remediation can be achieved
by creating favourable conditions for BTEX degrader’s growth.

2.7.2 Methyl tert-butyl ether

MTBE is a gasoline additive introduced to replace lead. MTBE raises the oxygen content of
fuel, allowing for more complex combustion and less emissions. MBTE, however, is highly
soluble, does not adsorb well in soil and can move quickly through soil and into groundwater.
2.7.3 Polychlorinated biphenols

PCHs are used in industrial applications are very recalcitrant and many are known carcinogens.

2.7.4 Chlorinated solvents
Chlorinated solvents are used extensively as cleaning agents. Many chlorinated solvents are

carcinogenic. Trichloroethylene (TCE) can be degraded to vinyl chloride under anaerobic
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conditions. Vinyl chloride, in turn, needs different conditions to transform and this should be

seriously considered due to its high toxicity.

2.7.5 Polycyclic aromatic compounds
PAHs are found in high concentrations at industrial sites especially sites that use or process
petroleum products. They are considered carcinogens and mutagens, and are very recalcitrant,

prevailing for many years in the natural environment.

General Discussion and Conclusions: There are many remediation methods which include:
chemical, physical, thermal and biological. Thermal process: This process uses heat to increase
the volatility, to burn, decompose, destroy or melt the contaminants (best suited for non-

biodegradable organic pollutants and mercury).

Physico — chemical process /treatment (shallow and mixing oxidation-reduction, hydrolysis-
neutralization, stabilization-solidification, mobilisation-immobilisation, soil flushing-
washing). Physical methods, such as stripping or sorption, are not as effective as biological
methods for treating hazardous organic compounds. Chemical methods are used to remove
heavy metals. Biological processes (bioventing, bio purging, hydraulic-pneumatic fracturing,
soil bio injection, air and water flushing, biopolymer shields and phytoremediation). The
question of which method should be used in oil polluted lands depends on the chemical,
physical and biological properties of both contaminants and soil source. Bio-augmentation is a
widely approach where organisms selected for high degradation abilities are used to inoculate
the contaminated site. Bio-stimulation and bio-augmentation can be used simultaneously.
Table 2.7.6 — shows the summary of the comparative analysis of the remediation techniques
based on advantages and disadvantages of each major remediation technique.The analysis
showed that nanotechnology is the best due to its simplity,low cost ,timeliness and high
cleaning efficiency /effectiveness. Therefore, nanofluid was considered for this thesis.

Table 2-6Summary of the major remediation methods

Remediation techniques Advantages Disadvantages
Physical Efficient and effective as | Expensive, complex, labour
final cleanup intensive, required

maintenance and longer

period for cleanup.
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Bioremediation

Less manpower needed,
simpler than traditional
technique, low operation cost
and environmentally
friendly,

Bioremediation can be used
to destroy or render harmless
various contaminants using
natural biological activity. It
has a high public acceptance
and can often be carried out

on site.

Long period of treatment.
Oldest method of
remediation. It IS
cumbersome and complex. It
has low operation cost, and
can remove small amount of
contaminations that usually
will be remained after
applying a
method.

traditional

Phytoremediation

Permanent removal of the
metal.

More than one contaminant
can be remediated at the
same time. Reduces the
amount of hazardous waste
to be disposed.

Relatively low cost

Easily implemented and
maintained

Several mechanisms for
removal.

Environmentally friendly
Aesthetically pleasing
Reduces landfilled wastes
Harvestable plant material.

It can only be used for
surface soil contamination.
Remediation takes longer
than  with  conventional
treatments, 18-60 months.
Longer remediation times.
Climate dependent.

Effects to food web might be
unknown.

Ultimate contaminant fates
might be unknown

Results are variable.

Chemical

Less manpower needed, less
expensive than mechanical
methods, quick, effective on
wide range of oil, accelerates
the degradation of the oil by

natural processes.

Efficiency of the
remediation is reduced by the
presence of large
concentrations of other ions.
Promotes the separation of
HgsS, which is a very stable
form of mercury, generating
higher volumes of metallic
mercury to remediate.
Harmful. Dangerous to

the surrounding

underground area.
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Thermal

Effective, quick, less
manpower needed, cost
effective  and  requires
minimal but specialized

equipments

Fear of flashback and
secondary fires.Emit many
petroleum related compound
to air environment, threats to

ecosystem. High cost

Nanotechnology

Nanotechnology is very
simple, applicable to
remediation of surface and
ground water, surface and
subsurface soils as well. It
has low cost, timeliness and
high cleaning efficiency.
The solution for the
treatment can be prepared on
site. The stabilizer is a low
cost, water soluble,
environmentally friendly
compound. Compounds used
are commercially available.
Does not generate additional

waste. It has low energy

demand.High oil recovery.

The effects of the soil pH in
the kinetics of the treatment
are yet to be determined.
Deployment strategy needs
to be designed, in terms of
separation and depth of
injection points.

Requires further evaluation

of the geochemistry of the
nanoparticle, nanofluid and
the effects on the soil,
Microorganisms. Nanofluid
must be stabilized before any

application.

Biodiesel

Biodiesel degrades faster and
to a greater degree than
heavy oil.Environmental
friendly, timeliness.

High importation cost of the
source materials due to due
to deforestation, erosion.The
use of biodiesel as a
cleansing agent for oil spill is
still in its infancy. Limited
range of biodiesels.
Unavailability and dispersant
toxicity.
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3 Chapter 3.0 A MATERIALS AND METHODS

This section comprises of materials, equipment and experimental procedure to be used in this
research [57].

3.1 Materials and Equipment
These are given in Tables 3.1 and 3.2
Table 3-1 List of Materials

Materials Source Comment
(UK)

Zn0O, Al;0zand TiO2 (ZnO: 40 -100nm) Available  Clean-up materials
in the lab,

Mineral oil Available Pollution material

(White liquid mineral oil, CAS No. 8020 — 83 - 5) in the lab,

HV1 60 mineral oil, Polyol Caradol SN 9765

Soils Obtained Pollution medium
storage bottle jar from Leeds

Dried soil sample

Sodium hexametaphosphate (Na2HPo4), and Available

Sodium dodecylbenzene sulfonate (SDBS) inthe lab,  Surfactants

Deionised water Available  Dissolving liquid
in the lab

Table 3-2L.ist of Equipment

Equipment Model/Manufactur Comment
er

Hand auger Auger Edelman clay Soil drilling and
(Eijkelkamp) sampling.

74



Standard A.P.l sand Sieve

Bohlin Rotational Rheometer

Dynamic Light Scattering

Thermo gravimetric Analyser

pH Meter

75

NL Baroid

Bohlin Gemini

HP 6890 Series

Mettler Toledo,

Mettler Toledo and

Zetasizer

Sieving dried soil
samples
Measurement  of
Rheological
properties such as
viscosity.

Measurement of

particle size
distribution of
nanofluids.

Identification,
characterization &
measurement  of
mass change with
time at  high
temp./heating rate,
total weight loss,
amount &
composition of
materials /crude oil
to be used.
Measurements  of
electrochemical
parameters such as
pH, electrical
conductivity, ion
concentration  as
well as Oxidation,
Reduction Potential
(ORP).



Weighing balance

Digital Camera

Clock

Density meter

Zetasizer

Separating funnel
Lab

Picnometer

Available in the

Available in the lab

UV vis-Spectrophotometer.

Attension Theta.

Available

Mettler Toledo

Malvern

Lab

Available in the lab

in the

For measuring mass
of materials for the
experiments.

For direct visual
analysis.

For measuring time.
Measurement  of
density and specific
gravity of
nanofluids as well
as mineral oils.
Measurement  of
particle size
distribution and

zeta potential.

To prevent
aggregation of
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Measurement  of
surface  tension,
density, viscosity
of nanofluid

3.2 Experimental Work /procedures

The aim of this chapter is to give an overview of the experimental work executed.

All experiments were performed at the student lab at IPSE and ERRI. The experimental theory,
setup and procedure in the present chapter is based on experience from the laboratory work and
[57, 165]. Figures 3.1a& b is an overview of the laboratory work. It is given to help the reader
understand the sequence of the laboratory work and the preparation needed for each
experiment.The main goal of the soil contamination and cleanup experiments is to have a look
at how nanofluids affect the wettability and interfacial tension of a two-phase system of crude
oil and an aqueous phase, deionised water/pure/hydrophobic nanofluids and
hydrophilic/surfacted nanofluids. Two experiments are prepared for wettability; the imaging
method for measurement of the contact angle, ©, and the spontaneous imbibition test for
investigation of relative permeabilities. One experiment is prepared for the interfacial tension;
the drop method. Initially the Amott method was intended for wettability determination, but
the method was later reduced to spontaneous imbibition testing. This is discussed in Chapter
4.

3.2.1 Zn0O, TiO2 & Al>,03 Nanofluid (s) formulation and Preparation

The required/appropriate amount of dry powder was weighed using a Mettler Toledo laboratory
balance with accuracy of 10*g. ZnO — water nanofuid, TiO>— water nanofuid and Al,O3 were
formulated by using ZnO, TiO2 and Al20s nanopowder (FigAl1l-3) 0.3-1wt %(0.3 g),
monodispersed in 99.70 - 99.0% deionised water (pH of 7),as basefluid (See Table 2) The
nanofluid formulated in this Table was made based on to make 100g nanofluid). This
composition was prepared taking the original nanofluid after 24 hours ultrasonification with
magnetic stirrer for uniformity of nanofluid/solution. Each nanofluid obtained was further
ultrasonicated by means of low power, high frequency (12W, 55 KHz) water bath for 15 mins,
in order to improve the dispersion of nanoparticles in water as well as to prevent aggregation

of particles. No dispersant was added to each nanofluid Figs 1 - 9.
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Figure 3-1.Al203 nanoparticles

Figure 3-2 TiO2 nanoparticles

Figure 3-3.Deionised water

Figure 3-4Zn0O powder

The volume fraction of the powder is calculated from the weight of dry powder using the
density provided by the supplier and the total volume of the suspension.

78



Figure 3-5Al203 nanoparticles Figure 3-6 Deionised water Figure 3-7Al>03 nanofluid

Vol% = % x 100mlwater + % ........................ (3.1)

Where m and p are the mass and density of the Al,O3 nanoparticles, respectively

The surfactant, SDBS with the density, 1.3115 g/cm?® at volume percentage of around 0.01-
0.02 can stabilize the nanofluids [145].The amount of 0.01 vol % SDBS was added into the
Al>O3 water-based nanofluids to keep the nanoparticles well dispersed in the base fluid,
water.The nanofluid was then stirred by a magnetic stirrer for 19 hours before undergoing
Ultrasonification process (Fisher scientific Model 500) for one and a half hours.This is to
ensure uniform dispersion of nanoparticles and also to prevent the nanoparticles from the
aggregation in the nanofluids.Stabilization of nanofluid

3.2.2 Nanofluid Stability Characterization/Sedimentation study and stability optimization [57,
161].For stability optimization experiments, samples of ZnO, nanofluids with different
concentrations of ZnO nanoparticles (ranging from 0.3g to 1g increments of 0.3% (0.3 - 1wt
%)) was dispersed in 99.70g (99.70ml) of deionised water (pH of 7) as basefluid, first and later
0.5% Sodium hexametaphosphate (Na2HPQOj4) as dispersant was added to it in the ratio of 1/2th
concentration of nanoparticles, to enhance the stability of nanoparticles in the fluids, leaving
it for settling time of 16 - 24hrs.Each with sonification time of 19 hrs.The stable suspension
has Sodium hexametaphosphate ZnO as 0.3:0.15 in deionised water following an optimization
study [161].The formulation was made based on making 100g of each nanofluid
(ZnOITiO2/Al203).The Sodium dodecylbenzene sulfonate, anionic surfactant was added to
Al;0s3 and TiO in the ratio of 1/10" for nanofluid Stability Characterization.(See.Table 3-3)
3.3 Experimental Design

Table 3-3 Samples ZnO/TiO2/Al>03 formulation & preparation using fractorial designs 23
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(8 samples from each nanoparticles) using different concentration of nanoparticles in the range
0of 0.3- 1%

No | Name/Sample | %nano ZnO(g) | TiO2(g) | Al2O3(g) Na;HPO4 Sodium Deionised H20 (g)
Nanofluid Particles Mg dodecyl
benzen
e
sulfonat
e
Mg
1 | SyZn0y 0.3 0.3 0.3 0.3 0 0 0 99.70
2 | S(Zn0y 0.70&1 |0.70&1 |0.70&1 |0.70 &1 1 1 1 99.30& 99
3 S3 (TiO2) 0.3 0.3 0.3 0.3 0 0 0 99.70
4 | S4(TiO2) 0.70&1 |0.70&1 |0.70&1 |0.70 &1 10 10 10 99.30 & 9¢
5 | S5(Al203) 0.3 0.3 0.3 0.3 15 15 15 99.70
6 Ss(Al203) 0.3&1 0.70&1 |0.70&1 |0.70 &1 20 20 20 99
7 | S7(ZnO+ 0.3+0.3+ | 90 50 50 0 0 0 99
TiO2+ Al203) | 0.3=1.0
8 | Sg(zZnO+ 0.3 +0.3|90 50 50 Na,HPO4 99
TiO2+ Al203) | +0.3=1 + Sodium

dodecylbenze

ne sulfonate

To prepare/make: 100g nanofluid (ZnO, Al.O3 & TiO») for 0.3% - 1% representing 3 — levels
design: low (0.3g), medim (0.7g) and high (1.09)
0.3x 100 = 0.3g of ZnO, Water to be used 100 — 0.3 =99.70g

100
1%, =1 x 100 = 0.1gZn0, Water to be used 100- 0.1 = 99.9g
100
0.70% = 0.7 x 100 =0.7gZn0, Water to be used: 100 — 0.70 =99.30g
100
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The graphs of the different concentrations against the different nanoparticles/nanofluids are

plotted.

Table3-4 Formulation 2. Using 3, 3 Simplex Lattice Design

This can be used to formulate crude oil contaminated soils and nanofluid for optimum

formulations. Here values are approximated to one decimal place.

Nanofluid
formulation Simplex Lattice Design

X1(ZnO)g X2(TiO2)g X3(Al203)g
Al>O3 nanofluid 0 0 1(1%)
Tiop-+1,03 nanofluid 0 0.7(0.7%) 0.3(0.3%)
TiO2 nanofluid 0 1 (1%) 0
Zn0  +  AL,030.3(0.3%) 0 0.7 (0.7%)
nanofluid
ZnO + TiO2+Al203 0.3 (0.3%) 0.3(0.3%) 0.3(0.3%)
nanofluid
ZnO + TiOz nanofluid 0.3 (0.3%) 0.7 (0.7%) 0
Tio2+Al>O3 nanofluid 0.7( 0.7%) 0 0.3(0.3%)
ZnO + TiOz nanofluid 0.7 (0.7%) 0.3(0.3%) 0
ZnO nanofluid 1) 0 0
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Table 3-5 (2.2) Simplex Lattice Design for formulation of mixture of two surfactants

X1(NazHPO4) | X2(Sodium
dodecylbenzene
sulfonate)

0 0

0.59 0

0 0.1g for 1wt%

0.5g for 1wt% | O

0 0.03 — 0.07g for
0.3wt% -0.7
wt%

0.15 — 0.35g | 0.15 - 0.35g for

for 0.3wt% - | 0.3wt% -0.7

0.7 wt% wit%

Each surfactant was dispersed together with nanoparticles (i.e. 0.3% nanoparticles + 0.15%
Na2HPO4 surfactant = 0.45% surfacated nanoparticles, 100 — 0.45 = 99.55%) in 99.55%
deionised water for ZnO nanoparticles. 0.1% SDBS is for Al2O3 and TiO2, 0.01% Nitric acid

was added to surfacted TiO2 — water nanofluid to enhance the stability.

Table 3-6 Process Variables design using 3, 3 Simplex Lattice Design for optimum cleanin

of crude oil contaminated soils

Process variables: Temperature T, Time t, and Pressure, p

Process variable

Simplex Lattice Design

formulation

Temperature (400°C)

Time (60 mins)

Pressure (150 bars) Interactions

Pressure 0

Temperature x time 0

Time 0

Temperature

pressure

x 0.333X400 =133.2°C

0
0.667(40 mins)

1 (60 mins)
0
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Temperature x time 400°C 40mins 150bar TtP

X Pressure

Temperature x time 0.333 (133.2°C) 0.667 (40 mins) 0 Tt

Temperature x 0.667(266.8 °C) 0 0.333 (4995 =TP

pressure 50bars)

Temperature x time 0.667 (266.8 °C) 0.333 (19.98mins =0 Tt
20mins)

Temperature 1 (400°C) 0 0 T

Table 3-7 (3,3) Simplex Lattice Design for formulation of time,( max 60 mins) for optimum

time of cleaning crude oil contaminated soils using nanofluids.

t1 t2 t3
0 0 1.0
1 0 0
0 1 0
0.5 0 0.5
0 0.5 0.5
0.5 0.5 0

Table 3-8 (3,2) Simplex Lattice Design for formulation of mixture of soil with two oil grades.

X1(Soil)g Xz(mineral oil)g | X3(HV1 60
(ratio of 1) mineral oil)g

1 1 0

1 0 0

1 0 1

1 Ya 0

1 Ya Ya

1 0 Ya

3.3.1 Stability Analysis [41a]

The stability of nanofluid is carried out using dynamic light scattering.
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Zetasizer: Particle size distribution and the zeta potential are measured using Dynamic light
scattering (DLS). Stabilized nanofluid should have particle size <100 nanometer, with zeta
potential of £40 to 60mV, which indicates a good stable nanofluid and >60 mV, which indicates
excellent stable nanofluid. ZnO —water nanofluid is very difficult to stabilise so must be
surfacted using 0.15 to 0.5wt%Na>HPO4 & SDBS- Sodium dodecylbenzene sulfonate, 0.03 —
0.1wt% for 0.3 — 1wt% Al>O3 and TiO (ie for 1wt%ZnO = 1gZn0).

3.3.1.1 Dynamic Light Scattering

Dynamic light scattering (DLS) is particularly suited to determine small changes in mean
diameter such as those due to adsorbed layers on the particle surface or slight variations in
manufacturing processes. In the present case, DLS is used to elucidate the effect of surfactants
on overall size of the prepared nanofluids as well as to determine the hydrodynamic size of the

coated nanoparticles when dispersed in the water.

DLS measurements were carried out using a Malvern 4800 Autosizer (Fig 3-8) employing 7132
digital correlator.The light source was He-Ne laser operated at 632.8 nm.All measurements
were carried out at 25.0 £ 0.1°C using a circulating water bath.Cylindrical cells of 10 mm
diameter were used in all of the light scattering experiments.The intensity of scattered light was
measured five times for each sample at 130°.The autocorrelation function was obtained using
a 192-channel photon correlator.According to the semi-classical light scattering theory when
light impinges on matter, the electric field of the light induces an oscillating polarization of
electrons in the molecules.The molecules then serve as secondary source of light and
subsequently radiate (scatter) light. The frequency shifts, the angular distribution, the
polarization, and the intensity of the scatter light are determined by the size, shape and
molecular interactions in the scattering material.Dynamic light scattering method is one of the
light scattering methods. Figure 3-9 shows the sketch block diagram of instrument of Dynamic
light scattering. The working DLS is on the basis of three assumptions as mentioned below [15,
16]:
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Figure 3-8 Photographic view of a Malvern 4800 zetasizer

The disperse particles or macromolecules suspended in a liquid medium undergo Brownian
motion, in this situation we know the probability density function, given by the formula:
P(r,t|0,0)=(4nDt)*2exp (- r?4Dt ) where D is the diffusion constant, which causes fluctuations
of local concentration of the particles, resulting in local in homogeneities of the refractive

index.This in turn results in fluctuations of intensity of the scattered light.

=8 :

Photo
Itiplier
, mu

Comp Correlator
storage
Amplifier

Discriminator

Figure 3-9A sketch block diagram of Dynamic Light Scattering instrument.

pH Meter Calibration: pH meter was calibrated with pH 7 buffer solution and pH 4 buffer
solution at room temperature, rinsed with distilled water and wiped with Kim wipe before
submersing the pH meter electrode into each nanofluid for the measurement of pH and

zetapotential.

3.3.1.2 Zeta potential Analyzer

For nanotechnology application it is necessary to dispersed nanoparticles in deionised

water.Zetapotential analyzer was used to study the dispersion stability, aggregability and

sedimentation property. Zeta potential and corresponding pH values of the prepared suspension

were measured by using Zetasizer (Malvern Instruments Ltd.) and pH meter (waterproof pH
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scan-2, Eutech Instrument), respectively.Zeta potential of each nanofluid was measured using

pH meter (Figure3-10).The results are shown on Table A-K-1.

Figure 3-10 Photographic view of pH meter

Zeta potential is the potential difference between the dispersion medium and the stationary
layer of fluid attached to the dispersed particle.Zeta potential can be calculated using theoretical
models and an experimentally determined electrophoretic mobility or dynamic electrophoretic
mobility. The potential at the surface of shear for a particle is defined as the zeta
potential.Derivations show that the zeta potential is the double-layer potential close to the
particle surface and one of its applications is the measurement of surface charges of particle

surfaces, such as nanoparticles.

The liquid layer of a particle in suspension migrating in an electric field moves at the same
velocity as the surface (shear surface).This shear surface occurs well within the double layer,
likely at a location roughly equivalent to the Stern surface.Although the precise location of the
surface of shear is unknown, it is assumed to be within a couple of molecular diameters of the
actual particle surface for smooth particles.This thickness is associated with the zeta potential
and defines the ion atmosphere near a surface.

The magnitude of the zeta potential gives an indication of the potential stability of the colloidal
system. If all the particles in suspension have a large negative or positive zeta potential then
they will tend to repel each other and there is no tendency to flocculate.However, if the particles
have low zeta potential values then there is no force to prevent the particles aggregation. The
general dividing line between stable and unstable suspensions is generally taken at either
+30mV or -30mV. Particles with zeta potentials more positive than +30mV or more negative

than -30mV are normally considered stable.
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3.3.1.3 Optical transmittance method/ UV — Vis Spectrophotometer.

Along with zeta potential measurements, optical transmittance/ UV — Vis Spectrophotometer.
Experiment was carried out for suspension stability of prepared nanofluid by studying
sedimentation behaviour [16].The sedimentation behaviour of Al;Os, TiO> and ZnO
nanoparticles in water was studied by optical method using red He-Ne laser of wavelength
6328 A and glass beaker of volume (40 ml) with suspension solution was placed between the
laser source and the photo detector.The transmittance/absorbancy was recorded by interface in
terms of voltage as function of time.The experimental set up is as shown in the Figures 3-11 to
3-13.When an incident beam falls on suspension then part of it gets reflected and some part

transmitted through the particles and the suspension solution.

Absorbance & Transmittance display

Power indicat

Sample holder

Figure 3-11Photographic View of UV-Vis Spectrophotometer

poGH
—5030—

Figure 3-12Absorption C ell/Cuvettes
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Figure3-4c: Block diagram of uv-visible spectrophotometer

3.3.1.4 Contact angle measurements

One of the fundamental methods of characterizing the hydrophobic/hydrophilic properties of a
solid surface is to determine the contact angle. The contact angle is a measure of the wetting
behavior of a particular liquid on the surface under investigation and directly relates to the
Interfacial energies of the systems. The contact angle on the solid surface gets changed merely
by changing the chemistry of the outermost monolayer [18, 19].1t can be defined geometrically
as the angle formed by a liquid at the three phase boundary where a liquid, gas and solid

intersect as shown below.

Figure 3-13 More reviewed on water droplet in equilibrium over a horizontal solid surface.
It can be seen from the Figure 3-13 that a low value of contact angle () indicates that the liquid
spreads, or wets well i.e.hyrophilic nature of surface of solid under test, while a high contact
angle indicates poor wetting.If the angle 6 is less than 90° the liquid is said to wet the solid.If
it is greater than 90° it is said to be non-wetting i.e. hydrophobic nature.A zero contact angle

represents complete wetting.

3.4 Measurement of thermo physical and thermal optical properties of different monotype
nanofluids and their hybrids.

3.4.1.Density: The densities of the monotype nanofluids were measured using density meter,
while those of the hybrids were measured using Picnometer (Figure3-5) due to unavailability

of density meter.The results are discussed in Figures 5-14 & 5-15.
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Figure 3-14 Photographic view of a Picnometer for measuring the density of mineral oil and
nanofluids

3.4.2: Measurement of viscosity of the different nanofluids.

3.4.2Viscosity: The Viscosity of nanofluids was measured using a Bohlin Rotational
Rheometer (model: 50 Bohlin Gemini) using an Ultra-low (UL), adaptor with geometry of
14mm, gap size of 150um (Figure3-14).The results obtained are shown on Figures 5-26 to 5-
3L

Figure 3-15.Photographic view of Bohlin Rheometer
Using Bohlin Rheometer (Figure3-15) the controlled shear rate rheometer (Contraves LS 40)
was applied to measure the viscosity of the monotype and hybrid nanofluids. The rheometer has
a cup and bob geometry.The bob is connected to the spindle drive while the cup is mounted
onto the rheometer.As the cup is rotated, the viscous drag of the fluid against the spindle is
measured by the deflection of the torsion wire.The cup and bob geometry requires a sample
volume of around 5 ml; hence, the temperature equilibrium can be achieved quickly within 5

minutes.
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The spindle type and speed combination would produce satisfactory results when the applied
torque is up to 100% of the maximum permissible torque. In the measurement, the cup was
placed onto the rheometer while the bob was inserted into the top shaft. The nanofluids were
then transferred to the cup in preventing any bubbles forming. Afterwards, the bob was lowered
down until it was completely inserted into the cup and immersed in the nanofluids. The lever
knob was then adjusted until the bob and cup were concentric. After the measuring settings
such as the minimum and maximum shear rates were set, the experiment was run.

The viscosity as a function of the shear rate was plotted.

For the temperature effect, the rheological property of the nanofluids was measured by
viscometer/ Bohlin Rheometer with the thermostat, which controls temperature. The viscosity
measurement was started at 20 -C, and temperature was gradually increased to 70 -C at an
interval of 10 -C.The nanofluid temperature was also measured by using a thermocouple.All
the viscosity measurements were recorded at steady state conditions.Chandrasekar et.al.[31]
found that, in general, dynamic viscosity of nanofluid increases considerably with particle volume
concentration but clearly decreases with a temperature increase.

3.1.1 Surface tension

Table 3-9 Measured surface tension data for the different nanofluids

Nanofluid Volume  (uLie | Area (mm?) Surface
system microlitre) tension(mN/m)
1 vol%TiO2 7.2528 18.08 52.46

1 vol%ZnO 8.6725 20.27 46.74

1 vol% Al2Os 4.5330 12.87 39.76
0.3 vol% Al.03 | 32.2535 47.84 46.98
0.7 vol% Al2O3 | 30.8395 46.68 25.73
0.3 vol% ZnO 30.8955 45.66 88.03
0.7 vol% ZnO 37.5676 57.18 22.61
0.3 vol%TiO; 48.7350 64.55 36.1
0.7 vol%TiO: 54.8070 69.91 40.3
0.7ZnO + | 8.8925 21.4257 42.05
0.3Al,03

0.3ZnO + | 4.8706 11.7353 50.21
0.7TiO2
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0.7Al203+ 5.8940 14.2011 65.5253
0.3TiO2

0.7TiO2 + | 6.2149 14.9742 69.0923
0.3AI1203

0.3A1203 8.9049 21.4556 45.3651
+0.3TiO2 +

0.3ZnO

0.3ZnO + | 6.8889 16.5982 47.6593
0.7Al203

0.7Zn0O + | 4.9067 11.8223 31.4966
0.3TiO:

0.3TiO2 + SDBS | 29.1135 46.47 114.11
0.7TiO. + SDBS | 25.3286 41.46 129.97
1.0 TiO2+ SDBS | 31.4628 45.62 94.34

0.7 ZnO +|25.1265 41.43 104.91
Na2HPO4

1.0 Zn0O + | 27.9566 44.04 180.81
NaHPO4

0.3 ZnO +| 324725 49.09 181.61
Na2HPO4

0.3A1203 + | 25.6804 41.58 147.21
SDBS

0.7A1203 + | 40.8309 57.37 191.41
SDBS

1.0AI203 +139.1810 52.97 91.76

SDBS

0.7Zn0O + | 18.5969 33.95 152.44
0.3Al203 +

surfactants

0.3ZnO + | 12.9062 25.16 646.1

0.7TiO2 +

surfactants
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0.7Al203+ 30.6779 47.61 214.84
0.3TiO; + SDBS

0.7TiO2 + | 22.2020 38.18 214.15
0.3AI1203 +

SDBS

0.3A1203 29.2999 45.20 878.64
+0.3TiO2 +

0.3ZnO +

surfactants

0.3ZnO + | 20.3948 36.11 195.92
0.7Al,03 +

surfactants

0.7Zn0O +(19.1950 34.26 878.64
0.3TiO2 +

surfactants

3.1.1 Contact angle measurements

The contact angle is a measure of the wetting behavior of nanofluids. In the present thesis,
contact angle measurements used to deduce the successful attachment of hydrophilic ligands
of secondary surfactant on the surface of prepared nanofluids.Water Contact Angles of the
surfacted and pure nanofluids were measured using Pendant drop method by deposition of 4-6
uL droplets of nanofluid water on a horizontal surface (glass slide) and their observation in
cross-section.Each drop was observed directly with an Olympus BX-41 microscope objective

lens, whereas its image was digitally captured using a 1.4 megapixel computer-controlled
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digital CCD camera.The instrument used for measuring the contact angle is shown in Figure

2-11.The results obtained for contact angles are shown on Table 6-6 and fig.6-8.

Figure 3-17 The picture view of Contact Angle Instrument.

Attestion Theta / Optical Tensiometer is a mobile contact angle meter enabling characterization
of solid surfaces and liquid - solid interactions.It is primarily used for quality control
measurements and characterization of large objects.The contact angle is the angle at which the
liquid/solid/air interface meets the solid surface.When a liquid droplet is set onto a smooth
homogeneous horizontal surface, it may spread out over substrate and the contact angle will
approach zero if complete wetting takes place.Conversely, if wetting is partial, the resulting
contact angle reaches equilibrium in the range of the material's surface energy.The smaller the
contact angle the greater the wettability or surface energy of the substrate is said to be. Contact
angle is a good measure of surface wettability. Attestion Theta is used in measuring
Wettability, Surface tension, Interfacial tension, Contact angles, Absorption, Surface free
energy , Adsorption, Spreading, Cleanliness, Surface heterogeneity and Interfacial rheology
(Figures2-16 &2-17).

Contact angle, 0, is a quantitative measure of the wetting of a solid by a liquid.It is defined
geometrically as the angle formed by a liquid at the three phase boundary where a liquid, gas

and solid intersect as shown on Fig 3-13.

When attracted by the solid, the liquid spreads, forming a drop with low contact angles (0 <
90°).1f repelled, the contact angles are high (6 > 90°).The contact angle is determined by the
interactions between the gas, liquid and solid phases. A change in one of the phase properties
will lead to a change in contact angle measurable with Theta QC.Using a known liquid
(typically water) and gas (typically air) enables checking the solid properties. It is also possible

to test liquid properties on a known surface.
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3.5: Evaluation of dispersion of the different nanofluids by using the UV-visible
spectrophotometer/absorption spectrum.

Evaluation of dispersion characteristics of the Al.Os, TiO, and ZnO nano-suspensions was
accomplished using the UV-Visible spectrophotometer (Fig.3-11).The experiments were
conducted using 100 ml of 0.3% - 1% Al203, TiO2 and ZnO nano-suspensions.Different
concentrations of the surfactants (SDBS and Na;HPO4) were added to the nanosuspensions,
which were thoroughly stirred with magnetic stirrer for at least 1 hour with 1100 rpm and
sonicated with the ultrasonic disruptor for 24hrs at 25°C. In addition, a blank of deionised water
sample in the test tube was measured first using spectrophotometer then 2 ml of each
nanosuspension was added to the blank water sample and diluted 99 times with deionised water
then pass through a light The absorbency of the nano-suspensions was measured on a UV—
Visible spectrophotometer.When the original suspension concentration was greater than
0.1mg/ml, the dispersions were rapidly diluted to 0.1mg/ml (99times) and then spread over a
blank of water for the UV — Vis spectrophotometer measurements.During the experiment, if
the absorbancy value is greater than, (eg 1 — 3 and above).It means that the testing sample is
highly concentration and have to be diluted until the absorbancy is less than +1 (0.0 to 0.9 ie
stable /stability).When the absorbancy is negative (ie unstable), the test sample has to be diluted
by adding more nanofluid until the absorbancy is +ve.Stability increases as absorbancy

approaches 1 and beyond that is unstability.
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Chapter 4.0

4 4.0: Soil preparation and characterization

4.1 Study site

The study was conducted from 2012 to 2014 on a garden at Chapeltown, 16 km east of the
Leedcity, Leeds (27°32'50"S; 70°15'50"W).Soil evaluations were done at the former Institute
of Particle Science Engineering, University of Leeds, during last year of preliminary
experimental set -up (2012).The study site is characterized by high winter precipitation of
around 65.5 mm per year, with daily average temperatures fluctuating between 25° C in

summer and 5° C in winter.

4.1.1 Soil Sampling

On August 2012, 24 hours after rainfall, soil sampling was done using a hand auger at the
depth of 0 - 50cm.This type of soil was chosen because of low cost, its physical and chemical
properties as arable soils favourable to plant growth. Samples were taken at 0-10 and 10-30
cm in order to measure the soil physical properties.

4.1.2 Soil Analysis: Soil samples collected were transferred to the Laboratory, oven dried at
25°C for 24hrs.Samples were sieved to sieve cut of 1.18 mm and coarse materials were hand
picked and the samples were stored for the analysis.Particle density (DP) was measured using
picnometer [61]. Soil texture was determined by the Bouyoucos method [63] using samples
from each depth.

In parallel, a portion of undisturbed soil sample was oven dry for 48 h at 105 °C until a constant
weight is reached to 16% moisture content, for bulk density (Db) [57].The measured values of
bulk density are showed on Table 4.1.2.All the methodologies are detailed in [142].With the
values of DP and Db, the total porosity (TP, %) was calculated by TP = [1 - (Db / Dp)] x
100.The total porosity result is showed on Table 4.1.1.Hydraulic conductivity (permeability)
was measured using constant head permeameter; the experimental set up is illustrated as shown
in Fig.4-1.
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. Graduated flask

= Porous stone &4 Soil specimen

Figure4-1.1llustration of the Constant Head permeability test apparatus experimental setup
The core/soil sample is placed in the beaker which is a core holder.The tap supplies water Q,
to the soil sample in the beaker at a constant rate, which is recorded. The water flowing out of
the system (or water that permeats through the soil) is collected in a graduated cylinder and
recorded.The constant — head permeability test arrangement is shown in Fig 4-1.The test gives
these values showed on Table 6.1.3.

The results of the physical properties of experimental soils are shown on Table 6-1.
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4.2 Soil Characterization

The soil was classified according to soil taxonomy series.The soils were classified into fine
(<2mm) and coarse (>2mm).Following [136], textures are clay loam to Sandy clay loam (22 to
33% of clay content and 36 to 54% of sand content).

4.3 Soil contamination

Figure 4-2 Burette/Imbibition Flask with Core soil sample

Burette/Imbibition Flask with Core soil sample under Spontaneous Imbibition and also
Figure4-2 were used for the core nanofluid flood system used for the wettability alteration
investigation at soil reservoir conditions [57].The coreflood apparatus was used to determine
oil recovery, saturations of oil and end-point effective permeabilities.A core soil flood data
from the experiments were used to calculate wetting properties of the soil and oil/water relative

permeabilities.

Figure 4-3 Laboratory clean-up experimental Set-up of oil contaminated soil using nano fluid
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The experiment was set-up by artificial pollution of the soil samples with different quantities
of mineral oil (crude oil/petroleum) Fig4-2, based on the following formulation procedure [57]:
The soil samples were contaminated in the ratio of 1:1 (10g of soil: 10g (10ml) of mineral oil)
and later in the ratio of 1:1/2.Each of the mineral oil Figures4.2&4-3 contaminated soil was
left for 24 hrs for uniform absorption of oil by the soil.

Thermal analysis: The contaminated soil samples were later transferred to thermal
gravimetric analyzer to determine rate of mass change and weight loss of the mineral oil
contaminated soils. Oil contaminated samples of 10 — 50mg was taken from each of the bulk
oil contaminated soil (10g of soil: 10g (10ml) of mineral oil for Tga test. This was done
using Mettler, TG 50 under controlled temperature rise from room temperature to
400°C at the rate of 30°C / min, interval of 30 °C , period of 60mins, pressure of
50ml/min. TGA test was carried out on the oil contaminated samples before and after cleaning
with nanofluids.Taking small soil sample from the top, middle and bottom to ensure
uniform/even contamination (fully saturation)of the soil sample from which average values

were determined. The experimental results are shown in figuresA-34 to A-123.

Figure 4-4 White mineral oil.

Figure 4-5 HV160
These oils Figs4-4 &4-5 were used to simulate crude oil contamination soil.
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4.4 Cleaning Process using different nanofluids & their combinations with and without
surfactants.

Each of the powdered nanoparticles, ZnO, TiO2 and Al.Oz (dispersed in water, base fluid) was
added to the contaminated of soils, and left for 24hrs for cleaning.Cleaning efficiency was
quantified using Mass balance method. TGA test was used to determine the amount and weight
loss of crude oil before and after the cleaning process under three process variables (Onset
temperature, T1 = 30 °C /min &T2=400°C, pressure, 50 &150 bars and time, 30, 40 &60mins)
of 3,2 simplex lattice design after which optimum process variables for cleaning crude oil
contaminated soil samples were determined statistically with ANOVA and modelled using
Regression and correlation analysis.From the Mettler Toledo Tga test already carried out, the
optimum process variables were found to be 400°C, 150 bars and 40mins with onset
temperature of 30°C/mins.Tga test starts heating from 30°C/mins to 400°C and cooling down
to 30°C/mins for max of 40mins.Cleanup ratio: (soil: oil: nanofluid) ie (1:1/2, 1/2) for primary
cleaning, or (1:1/2: 3/2) for secondary cleaning.Qil recovered after the cleaning is shown on
Fig 4-6.

Reason for using mineral oil instead of crude oil to simulate crude oil contaminated soil
sample.The use of mineral (laboratory) oil is common because crude oil often precipitate polar
compounds at ambient temp, hence, the experiments must be performed at elevated temps when
using crude oil.In other cases crude oil is simply not available and mineral oil must be used
instead.Sometimes, mineral oil is used for establishing initial water saturation because it has a
more favourable viscosity than crude oil which makes it easier to displace the water.When the
correct initial water satuation is obtained, the mineral oil is displaced with crude oil at elevated
temperature [151].

Procedure 1.Sandy soil of 10g increment up to 50g was taken and simulated with mineral oil
by adding 5% 10%, 15% .in the increments of 5% up to 40% weight/volume % of various
mineral/lubricant oil grades.Subsequently, they are mixed thoroughly (Table 4-1).Then 1g of
powdered nanoparticles (ZnO Al203 and TiOz,) is dispersed in water (in the ratio of Xg of
nanoparticles: (100-Xg) of water, ml) to form nanofluids.Concentrations of, 0.3% - 1% of ZnO,
nanofluids were added to the contaminated soils in the burette and observations were made
based on the extent to which each nanofluid cleaned the contaminated soils.Al.O3 and TiO>

nanofluids cleaning behaviour was investigated in the same way as explained above.Take for
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example, 10g of dry soil was measured into a burette; 5ml of mineral oil was added into the
burette to contaminate the soil (15¢).This was left for 24hrs after which the amount of oil that
drained from the contaminated soil is recorded, Figure4-3.By the second day, 10 — 50mg of
soil sample is taken from the top, centre and bottom of the contaminated soil sample in the
burette for analysis using TGA.Soil sample was taken from the top, centre and bottom of the
contaminated soil sample to ensure fully saturation of the soil sample in the burette.Nanofluid
was added to the contaminated soil sample in the burette. The amount of oil that drained per
day and secondary cleaning (rinsing) was recorded.After this, the soil sample was taken to

TGA for analysis [41a].Cleaned soils from TGA were stored in a bottle jar.

Figure 4-6 Refined golden Oil recovered from the contaminated soil using nanofluids
Table 4-1 Summary of Experimental set-up using 2 x 3 factorial designs (2°) for simulation
and cleaning of crude oil contaminated soils.

Soil contamination & Clean-up process

Samples TGA DLS Density Viscometer

meter

No. Name Soil Oil Nanofluid Surfactant

@ @ () ()
1 Vi 100 0 O 0
2 10 5 0 0
3 Vs 10 5 5 0.5
depending
on the
type  of
nanofluid
4 Vg 20 10 O 0
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5 Vs 20 10 10 0.15
6 Ve 30 15 O 0

7 V7 30 15 15 0.35
8 Vs 40 20 O 0

9 Vo 40 20 20 0.5
10 Vo 50 25 O 0

11 Vu 50 25 25 0.5

Mass balance: Mineral oil (in) = Mineral oil (out)

4.3.3 Saturation of soil samples

The experimental setup was represented on Fig.4-1.First, the empty burette was weighed and
setup as in Fig 4-1.Second, the dry soil was weighed and placed in the burette. Third, mineral
oil (which is less viscous) was added to the soil in the burette and left for 24hrs for full
saturation of oil by the soil. Fourth, each nanofluid was poured into the burette with soil through
flooding.The burette was filled with measured substantial amount of nanofluid covering the
soil.It was left for 24 hours to let the soil fully saturate.The results obtained are showed on
Table 6-3.

4.4.0 Wetting Analysis

4.4.1 Wettability Determination

Amott and USBM are two quantitative methods that were used for wettability
determination.The Amott method is an empirical method based on spontaneous imbibition and
drainage with the use of burette as shown on Fig 4-1 for oil contamination soil and cleanup
process.Figured-2 is a burette with a core soil sample saturated by flooding it with oil. Figure4-
2 is a saturated oil core soil sample flooded with nanofluids. The spontaneous oil and water are
separated and recorded.Both oil and water spontaneous as well as free production volume were
noted during the measurements.

These were the measurement of contact angle and Amott imbibition test based on contaminated
soil sample.The imbibition test consists of spontaneous and frees (gravitational force)
imbibition to measure the average wettability of the soil. The method is based on the fact that
during the artificial oil contamination of soil sample, the wetting fluid (oil) imbibes
spontaneously into the soil and displace the non wetting air After contamination, during the
clean-up process, the nanofluid imbibes spontaneously into the contaminated soil sample
displacing the oil until the irreducible water saturation (Swir) and the residual oil saturation

(Sorw)were reached.The water saturation was further increased by forced displacement of oil
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by water. The wettability index to water is given as the ratio of the volume of the spontaneously
imbibed water, to the total increase in water saturation after spontaneous and forced imbibition.
The ratio of spontaneous to forced imbibition is used to reduce the influence of other factors
such as relative permeability, and the initial saturation of the soil; the results obtained are
showed on Table 6-3.The amount of oil and water displaced were measured using separating
funnel. The wettability index to water is given as the ratio of the volume of the spontaneously
imbibed water -nanofluid, to the total increase in water saturation after spontaneous and forced
imbibition.

Iw = Spontaneous Water nanofluid Imbibition =5 Vil ..................................... eqn4.2a

Vo1 + Vo,=Total Water nanofluid Imbibition

Vw1l

lo = Spontaneous Oil Imbibition = :
Vwi+ Vw2

eqn4.2b

Vw1 + Vw,=Total Oil Imbibition

Where Voz is the volume of oil produced/displaced during spontaneous imbibitions/during
cleaning, Vo2 is the volume of oil retained after water nanofluids flooding/after cleaning, Vw1
is the water produced/displaced during nanofluid flooding/ spontaneous "imbibition™ and Vw>
is the volume of water retained after nanofluids flooding.The wettability of the soil was
determined quantitative with the wettability index,

Based on the test, the wettability index WI was calculated as: WI (lwo) = Iw - 10.The index
compares the imbibition potential of water and oil, and varies from +1 for strongly water-wet
soil to -1 for strongly oil-wet soil [11, 12].

Discussion based on mineral oil contamination and cleanup process (Figures4-2 &4-3).

Soil contamination (Figure4-2).During a cleanup process (Figure 4-3), water nanofluid
flooding of water — wet system, water moves through the porous soil in a fairly uniform front.
The ponded water tends to imbibe into any small or medium —size pores, moving oil into the
larger pores where it is easily displaced, only oil is moving ahead of the front.Figure4-3 (of my
Master’s thesis) shows water displacing oil from water — wet pore.The soil surface is
preferentially wetted by the water, so water will advance along the walls of the pore, displacing
oil in front of it.At some point, the neck connecting the oil in the pore with the remaining oil
becomes unstable and snap off, leaving a spherical oil globule trapped in the centre of the

pore.After the water front passes, almost all the remaining oil and water is immobile (residual
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oil & irreducible water).Because of such immobility in this water — wet case, there is little or
no production of oil after water breakthrough [38, 113].

In this study, nanofluid flooding, water —wet soil is an imbibitions process, while nanofluid
flooding oil- wet soil (soil contamination) is a drainage process. le primary cleaning of a
contaminated soil with nanofluid is a drainage process, while the secondary cleaning process

is the imbibition process.

Imbibition is often used to refer to flow that results in increasing wetting —phase saturations,
while drainage refers to flow with decreasing wetting phase saturations. Wetting refers to water

— wet, nonwetting is for oil —wet state.

4.4.3 Measurement of the Contact Angle

The contact angle,8, of mineral oil and nanofluid, a water phase ) was measured using Cam
100 (KSV instrument) through the imaging method.The imaging method is based on Young's
law (Equation 2.6).The contact angle is measured through the denser phase which in this case

was the aqueous phase.Figure 4-7 include three examples of how a droplet of oil on a solid can

behave when in contact with a water phase.

Figure 4-7 Set-up of the Cam 100 (KSV instrument) camera
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Cam 100 (KSV instrument) camera used for measurement of the contact angle between
nanofluid, oil and a slide glass plate.Index 1 shows the back light, index 2 the placement of the
glass box, index 3 is the camera and lens to sharpen the pictureWhile index 4 is the cable
connected to the computer.

The setup of the Imaging Method is shown in Figure 4-14.The glass box with a smooth and
clean glass plate was filled with deionised water first and later with different nanofluids. A
syringe with a hooked needle was filled with the mineral oil and was used to placea droplet
under the slide glass plate as shown in Figure 4-13 (b).The glass box wasthen put in front of
the camera. To allow for the system to reach equilibrium the oil droplet, water -nanofluid phase
and glass plate was left to rest for at least 30 mins before recordings were made. Lastly, the
camera, computer and software "Adhesion theta" were used to take pictures of the droplet and
to calculate the average of the contact angle measurements. 60 frames of 60 seconds were
chosen.The results are shown in Chapter 5.

4.4.4 Wetting properties of soil

4.4.4 .1 Wetting Analysis comprising of Determination of Wettability indices, contact angle
and relative permeabilities.The series experiments conducted for these analyses/calculations
were from my Master’s thesis.The calculations were computed based on Brook-Corey
equations and modified Brook and Corey model as shown on Figs and Tables.Brook-Corey
equations used do not always result in a good curve fit of the laboratory results (as can be seen
on Figs of plotted pure &surfacted nanofluids on relative permeabilities Figs 6-10 &6-11).In
addition, due to the difficulty of determining all parameters, therefore, the most useful model
in petroleum industry, the modified Brook and Corey model was used for the final
calculations.The results obtained were plotted on graphs and presented on Tables are as shown
in Chapter 6.0.

4.4.4 1.1 Determination of Oil-Water Relative Permeabilities.

The following functions (Modified Brook and Corey relationship) are used to generate the
relative permeabilites from coreflood data:

A detailed summary of results for experiments conducted in this study is shown in Tables 4-2
& 4-3.End-point relative permeabilites were measured for the system at various surfactant
concentrations.The characteristics of relative permeability curves, initial water saturation, end-
point relative permeabilities to water and oil and cross-over points were used to interpret

surfactant induced wettability alterations. This investigation is focused on wettability alteration
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using mineral oil simulated soil samples and cleanup process at soil reservoir conditions.The
mechanism behind this process is reduction in surface tension as well as wettability alteration.
Modified Brook and Corey relationship [26]:

For oil —wet, & gas —oil formation /systems

Kro (1 - Sw — Sor)no Kro (1 - Sw — Sor)
0 Swir — Sor)Swir — Sor) ( 38.)

For water — wet formation (system)

_) Krw (Sw - Swir nw.

I<I’W

Sw - Swir)

Where, Ko = End point relative permeability normalized to oil absolute plug air permeability

Krw = End point relative permeability normalized to water absolute plug air permeability

Sor = Residual oil saturation, Sw = Water saturation, no = Corey exponent to oil and ny = Corey
exponent to water.Parameters used for the recalculation of replotted graphs were based on
values contained on Table 4-2&4-3.

Table 4-2 Critical phase saturation & relative permeability data based on [26, 27]

Initial parameters Initial values
Connact water saturation, Swc 0.16

Relative oil permeability at 1 — Swc, Kro 1

Oil residual saturation, Sro 0.2

Relative water saturation at Sro, Krw 0.3

Initial water saturation, Sw 0.2

Initial oil saturation, Sor 0.8

Initial permeability, K 3.36 x 10°m/s
Initial porosity,$ 42 - 44%

Note: Swir = lowest value of the saturation, Sw.It ranges from 0.16 to 0.168 at porosity = 0.31
to 0.305.Porosity, ¢ from 40 — 50%, Swir = 0.2.Generally, Swir =0.1 - 0.2.

_0.13604.4 . _BVWi
K——Swirz STV (- 3 ) § Ser——q)t et eee e e e e (4.5)

Where, BVWi is the irreducible bulk volume water and ¢t is the total porosity
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Table 4-3 Summary of the different parameters used for the calculations.

Name Min Mean Max Std
Nw 2.09 2.61 3.32 0.21
No 2.14 2.7 3.37 0.18
) 0.05 0.20 0.35

Sw 0.00 0.50 1.00

Sor 0.10 0.25 0.4

Swi = Swir|0.10 0.35 0.60

(sometimes)

Most of my calculations were done using nw= 7, no =2 for water — wet condition.Then no =6,

nw =1 for oil-wet condition and Swir = 0.2

4.5 Experimental Errors: These include — i. Measurement errors.

ii. Environmental/surrounding Errors. iii. Human Errors

Several problems were encountered during the soil contamination (imbibition testing) and
experience concerning the experiment was gained.The main challenges (disadvantages) are

summarized below, and the main learning points (advantages) are given.

Lack of experience in the laboratory and with the experimental method led to several mistakes
in the first experiments especially during the formulations, preparation and characterisation of
nanofluids as well as mineral oil soil contamination & cleanup process. The main error
performed was in the cleanup the experiments.The core soil samples were fully saturated with
mineral oil for one day, the use of a burette with a too small size, filter and control valve made
oil to trap in the burette after clean up leading to improper oil drainage and improper cleaning
of separating funnel.Improper cleaning of separating funnel lead to blockage of the measuring
tube of the separating funnel as it is shaped as a bottleneck. In some cases the mineral oil lost
its grip by shaking the apparatus.

Last, based on the results of the cleaning efficiency, most of the cores obtained a very high or
low cleaning/recovery rate. There might be a problem that the optimization and cleanup process
explained in Chapter 4 was too short. However, it had to be kept short due to the time limitation

of the thesis.
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The main learning points for the measurement of properties and spontaneous imbibition test
are important and can be used in the next wettability investigation of mineral oil.he size of
needles for measuring surface tension and contact angle of the nanofluids must be big and clean
to avoid the blockage of the needles.Further advantages are as follow:

The preparatory conditions must be kept stable.Experience with the method performed is
important.Proper cleaning is important as the nanofluid is sticky and easily attaches to
glass.Proper cleaning is done by first cleaning with ethanol, then with distilled water and last
properly cleaning with soap and water.The cleaning is important for the burettes, separating
funnel and needles.

4.6: Remediation Factors/ Contribution Factors to the clean-up of experimental simulated crude
oil contaminated soils.These are nanofluid, time and temperature.They contributed directly to
the cleaning of the contaminated soils and restoring it to its original status. TGA has indirect
effect on the cleaning behaviour of nanofluids on crude oil contaminated soils.Contribution
factors werel statistically analysed using Path analysis and Time series analysis.

The results were presented in Tables and Figures (graphs).The data were analysed using IBM
Statistical Analysis of Regression, Correlation (path analysis) and Time series from which
model(s) were developed.Comparisons were made based on the two techniques used in the
experiments (i.e. cleaning of the crude oil contaminated soils with pure and surfacted nano
fluids (ZnO, Al203, and TiOy) [57].

4.7. Comparison of cleaning efficiency and wettability using mixture experiment technique
(3,3 Simplex Lattice Design).The statistical data analysis was done using IBM SPSS statistics,

version 20 & SAS Software.The statistical analysis is contained in the Appendice.
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5 Chapter 5.0

5.1 Experimental Results and Discussions.

This chapter is a summary of the results and main findings from the experimental work.

An evaluation of the results from the measurements and of the experimental methods

are given.

5.1.1 Characterization of the mineral oil used in the experiment.

This was done using Physical and chemical properties of the experimental mineral oil.

Table 5-1Physical and chemical properties of the experimental mineral oil

Temp(°C Density Density Specific Specific pH at 17.1°C
) (g/cm?®) (g/cm?) gravity gravity
without with with
surfactant  surfactant surfactant
10 0.9196 0.9346 0.9199 0.9349 7.01
15 0.9197 0.9324 0.9205 0.9333
20 0.9166 0.9317 0.9183 0.9334
25 0.9122 0.9289 0.9149 0.9317
30 0.8453 0.9765 0.8472 0.9805

Emf =-10.47 mV
Table 5-2 Physical and Chemical properties of the experimental mineral oil (IARC 1984)

Property Value range

Specific gravity ~ Heavy: 0.845 - 0.905, Light: 0.818 - 0.880

Boiling point 260 —330°C

Vapor pressure <0.5

Appearance Clearly oily liquid, odorless or of a pale yellow color (when not
highly distilled),

pH 7-76

Density About 0.8g/cm?, 0.976 g/cm? at 25°C
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Table 5-3 Property table for organic compounds used in the experiments [22]

Name Mineral  oil/paraffin  oil | Ethanol
(Octane)

Chemical formula CsHuis CHs; CH, OH

Molecular weight CnHoni2, N =16 -24 46.1

Density at 25°C (g/cm?®) 0.85 0.785

Boiling temp at 1atm (°C) 300 78.3

Melting temp(°C) -24 -114.1

CAS No. 8012 -95-1

Refractive index N20/D1.467

Table 5-4 Property table for water (which is an inorganic compound) [22]

Name Water (oxide)
Chemical Formular H20

Molecular weight 18.0

Density at 25°C (g/cm®) 1.0

Boiling temp at 1atm (°C) 100

Melting temp(°C) 0

Contact angle 28.05° — deionised water

Comparing the measured mineral oil values in Table 5.1 with those of literature values in Table
5.2, the measured mineral oil density ranged from 0.845 to 0.9197 g/cm® The mineral oil used
in the experiment can be identified as cyclic paraffin (petroleum jelly, otherwise known as
"white petrolatum™), in the family of Alkane hydrocarbon oils. There are many types of mineral
oils; the Chemical Abstracts Service (CAS) has assigned unique registry numbers to mineral
oil types.CAS number 8020-83-5 is used to indicate white mineral oil is being referred to liquid
paraffin or deodorized kerosene (8020-83-5).Liquid paraffin (White mineral oil) is mildly toxic
by ingestion and is a skin and eye irritant. It has a flash point of 195 degrees C (195 degrees
C), an auto ignition temperature of 338 degrees C (338 degrees C) and a density of 0.845 below

is the plot of viscosity of the mineral oil against temperature as measured using Rheometer.
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Figure5-1 Viscosity of the experimental mineral oil [57]

Figure5-1 shows the graph of the viscosity of the mineral oil used in the
experiment.Viscosity decreased with increased in temperature and remained
constant with further increased in temperature.

5.1.2 Characterization of nanofluids

The results of average particle size determined by Dynamic Light Scattering studies using
zetasizer (Nano-ZS, Malvern Instruments, and USA) are shown in Figures 5-2 to 5-7.The zeta
potential and pH of the nanofluids were measured using pH meter; results are shown in Table
4. 6.0 Results and Discussion

Graphs for nanofluids characterization (Figures5-2 to 5-7)

A Zetasizer Nano ZS (Malvern) was used for measuring the average dimension of the
nanoparticles in solution.The particles in a liquid move about randomly and their speeds of
movement are used for determining the size of the particles.The particles move by Brownian
motion in which the small / light particles move quickly and form particle size distribution
(stable solution) while large/heavy particles move slowly, to form large aggregage (cluster-
unstable solution) [57, 16]
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Figure 5-2 Particle size distribution of pure 0.3 vol% Al>Oz water nanofluid

Particle size distribution: Figure 5-2.shows the hydrodynamic particle size
distribution of 0.3 Vvol%Al:0;3 —water nanofluid at 25°C, room
temperature.The nanofluid formulated with 0.3g Al>O3 nanopowder +99.70ml
deionized water calcined at 25°C had the average aggregate size, 71.77 d.nm,
peak diameter aggregate size, total surface area of 0.0214 nm?, with
percentage intensity of 100%.The Particle size distribution is less than
100nm which revealed the powdered nature of the nanoparticles.The
zeta potential of pure 0.3vol% AIl.O3 water nanofluid was determined to
be 190mV which showed excellent stability with pH of 3.15 and
remained stable for more than 6months.The viscosity of nanofluids
increased linearly with nanoparticle concentration.The 0.3vol% Al,03 —
water nanofluid has cleaning efficiency of 82% with mean viscosity of
5.264 x 107 Pas.
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Figure 5-3 Particle Size Distribution of 0.3wt%Al>03 + 0.03wt% SDBS- deionised water
nanofluid

Particle size distribution: Figure 5-3 S hows the hydrodynamic particle size
distribution of 0.3 vol%AIl,03 + 0.03%SBDS —water nanofluid at 25°C, room
temperature.The nanofluid formulated with 0.3g Al2Os nanopowder
+0.03%SBDS +99.67ml deionized water calcined at 25°C had the average
aggregate size, 56.52 d. nm, total surface area of 0.0272nm? with percentage
intensity of 100%.The Particle size distribution is less than 100nm.The
average diameter is less than 100% which formed smaller particle size due
to sufficient agitation of the nanofluid before particle size distribution
analysis.The zeta potential of 0.3vol% Al,Osz + 0.03%SDBS water
nanofluid was determined to be 168mYV which showed excellent stability
with pH of 3.16 and remained stable for more than 6months.The
viscosity of nanofluids increased linearly with nanoparticle
concentration.The 0.3vol% Al203 + 0.03%SBDS — water nanofluid has

cleaning efficiency of 84% with mean viscosity of 3.4177 x 10* Pas.
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Figure 5-4 Particle size distribution of pure 0.7 vol%Al,Os water nanofluid

Figure 5-4 shows the hydrodynamic particle size distribution of 0.7
VOI%AI,03 —water nanofluid at 25°C, room temperature.The nanofluid
formulated with 0.7g Al,O3 nanopowder +99.30ml deionized water calcined at
25°C had the average aggregate size, 41.77 d. nm, total surface area of 0.03667
nm?, with percentage intensity of 100%.The peak Particle size
distribution is less than 100nm which revealed the powdered nature of
the nanoparticles.The zeta potential of 0.7vol% AIl>.O3 water nanofluid
was determined to be 178mV which showed excellent stability with pH
of 3.37 with stability lifespan of more than 6months.The viscosity of
nanofluids increased linearly with nanoparticle concentration.The with

cleaning efficiency of 70%
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Figure5-5 Particle Size Distribution of 0.7wt%AI203 + 0.07wt%SDBS —deionised water

nanofluid

Particle size distribution: Figure5-5 shows the hydrodynamic particle size
distribution of 0.7 vol%Al,0s + 0.03%SDBS —water nanofluid at 25°C, room
temperature.The nanofluid formulated with 0.7g Al:0Os nanopowder +
0.07%SDBS + 99.23ml deionized water calcined at 25°C had the average
aggregate size, 14.96 d. nm, total surface area of 0.1024nm?, .The peak Particle
size distribution is less than 100nm which revealed the powdered nature
of the nanoparticles.The zeta potential of 0.7vol% AIl>O3 + 0.07%SDBS
- water nanofluid was determined to be 136mV which showed excellent
stability with pH of 3.72 and remained stable for more than 6months.The
viscosity of nanofluids increased linearly with nanoparticle
concentration.The 0.7vol% AIl203 + 0.07%SDBS — water nanofluid has

oil cleaning efficiency of 76% with mean viscosity of 7057.16 Pas.
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Figure 5-6 Particle size distribution of 1vol% pureAl,Os water nanofluid

Particle size distribution: Figure 5-6 shows the hydrodynamic particle size
distribution of 1 vol%Al,03 —water nanofluid at 25°C, room temperature. The
nanofluid formulated with 1g Al,O3 nanopowder +99ml deionized water calcined
at 25°C had the average aggregate size, 30.71nm d. nm, total surface area of
0.04972nm?.Particle size distribution is less than 100nm, zetapotential of
202mV which showed excellent stability with pH of 2.94 and remained
stable for more than 6months.The 1vol% Al203 — water nanofluid has oil

cleaning efficiency of 74% with mean viscosity of 0.05923 Pas.
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Figure 5-7 Particle Size Distribution of 1wt%Al>03 + 0.1wt%SDBS —deionised water
nanofluid

Figure 5-7 shows the hydrodynamic particle size distribution of 1 vol%Al,03
+ 0.1% SDBS —water nanofluid at 25°C, room temperature.The nanofluid
formulated with 1g Al,Oz nanopowder + 0.1% SDBS +98.90ml deionized water
calcined at 25°C had the average aggregate size, 6.503 d.nm, total surface area
of 0.255nm? Particle size distribution is less than 100nm, zetapotential of
170mV which showed excellent stability with pH of 3.28 and remained
stable for more than 6months. The 1vol% AIl203 — water nanofluid has

oil cleaning efficiency of 88% with mean viscosity of 2832.76 Pas.

TiO2 and ZnO - nanofluids were characterised in the same trend as Al>Oz nanofluids.The
experimental data obtained are shown on Tables 5-5 and 5-6 with the particle size distribution

graphs on Appendix A-1.

5.2.1 Cleaning efficiency

Cleaning efficiency is the ability to clean/remediate oil from the contaminated soil with a
minimum amount of effort or no human interference.Cleaning efficiency describes the
effectiveness of the nanofluid used for the cleaning. The cleaning efficiency of each nanofluid
may be defined as the difference between the percentage of mineral oil fed to the soil before
cleanup (A) and the percentage of mineral oil recovered/removed from the soil after cleanup

(B) expressed as percentage of oil cleaning/removal.lt is calculated as follows: With the
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values of A and B, from the cleanup results, the cleaning efficiency (CE, %) was calculated by
CE% =[ [A - B)/A] x 100.

Table 5-5 Characterization of different pure nanofluids and their combinations/hybrids at

25°C [57]
Types of nanofluid Average | Total Mean pH Zetapotential | Cleaning
size surface viscosity (mV) efficiency
(d.nm) area(nm?) | (pas) (%)

0.3vol% Al203 71.77 0.0214 5264 x|3.15 190 82
107

0.7 vol% Al>03 41.77 0.03667 0.32236 | 3.37 178 70

1.0 vol% Al>O3 30.71 0.04972 0.05923 |2.94 202 74

0.3vol%TiO> 45.09 0.03114 898 x|[4.26 120 72
107

0.7 vol%TiO; 40 0.03497 0.008356 | 3.35 178 76
8

1.0 vol%TiO> 71.66 0.01946 0.4075 4.08 138 84

0.3vol% ZnO 50 0.02133 33.68 x|7.89 63.4 62
10°

0.7 vol% ZnO 82.02 0.01295 12.14 x| 8.85 -60 63
103

1.0 vol% ZnO 86.4 0.01226 13594 8.92 -86.7 78

0.7 TiO2+0.3 Al0s | 45 0.0564 62592.48 | 3.04 196 70

0.3TiO2+0.7 Al20s | 44.68 0.0539 1.4026 x | 3.62 167 68
102

0.7Zn0O +0.3 Al,03 50.58 0.03438 11.54682 | 8.89 -80 71
x 10°

0.3Zn0 +0.7Al203 86.01 0.0580 1.499 7.45 48 62

0.7 ZnO + 0.3 TiO; 16.37 0.03022 6.88 x|7.35 -44 68
10*

0.32Zn0O + 0.7 TiO2 62.23 0.05629 69715.3 |5.24 78 70
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0.3Zn0O + | 50 0.06003 777 x|5.19 73 74
0.3TiO2+0.3Al.03 10

Table 5-6 Characterization of different surfacted nanofluids and their combinations/hybrids at
25°C [414a, 123]

Nanofluid System Average | Total surface | pH Zeta Mean Cleaning

size (nm) | area (nm?) potential viscosity efficieny (!
(mV) (pas)

0.3wt% Al203 + 0.03%sDBS | 56.52 0.0272 3.16 168 3.4177 x 10* | 84

0.7wt% Al>Os3 + 0.07%sDBS | 14.96 0.1024 3.72 | 136 7057.16 76

1wt% Al203 + 0.1%SDBS | 6.503 0.255 3.28 | 170 2832.76 88

0.3wt% TiO, + 0.03%spBs | 33.32 0.04214 1.23 277 10038.27 78

0.7wt% TiO2 + 0.07%sDBs | 2.696 0.5188 131 | 294 3530.9 88

1wt% TiO2 + 0.1%SDBS | 50.9 0.02739 1.30 | 273 3467.01 99.4

0.3wt% ZnO +|24.81 0.04298 10.73 | -196 350.812 74

0.15%Naz2HPo4

0.7wt% ZnO + (20 0.0531 10.93 | -205 5101.99 90

0.35%Naz2HP04

1wt% ZnO + | 65.31 0.1621 8.98 | 140 3491.29 98

0.1%NazHPo4

0.7 TiO: ¥ 0.3 |60 0.5460 291 | 108 2.973x10° |87.4

Al>03+0.07%SDBS+0.03

%SDBS

0.3 TiO: + 0.7 | 25 0.1335 3.93 | 146 2.7x10° 80

Al>,03+0.03%SDBS+0.07

%SDBS

0.7Zn0 + 0.3Al03 | 34.73 0.08031 9.66 |-167 2.808 x 10° | 80

+0.35%NazHPo4

+0.03%SDBS
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0.3ZnO +0.7Al,03+ | 40.58 0.1454 9.31 |-156 13298.16 76
0.15%NazHPo4 +

0.07%SDBS

0.7 ZnO + 0.3 TiOx+ | 26.36 0.08424 3.85 | 121 8.84 x 10* 72
0.35%NazHP04 +0.03%SDBS

0.3 ZnO + 0.7 TiOx+ | 23.16 0.5617 524 |86 19101 78
0.15%NazHPo4 +

0.07%SDBS

0.3ZnO +19.963 0.10133 3.74 | 118 9.195x 10* | 92
0.3Ti02+0.3Al203+0.15%

NaoHPos +  0.03%SDBS+

0.03%SDBS

The above monotype nanofluids have been stabilised with excellent stability and stability life

span of more than 6 months.

5.3. Total surface area: The values are shown on figures.5-8 and 5-9.
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Figure 5-8 Total surface area of the different monotype nanofluids.
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Figure 5-9 Total surface area of the different monotype nanofluids [137].
From Figure 5-9, the total surface area of surfacted monotype nanofluids is far higher

than that of pure monotype nanofluids.
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Figure 5-10 Total surface area of the different hybrid nanofluids [137].

Fig.5-10 indicates that the total surface area with surfactants is far higher

than that without surfactants. Addition of surfactants to the nanofluids reduces
the particle size and greater surface area thereby increasing the cleaning
efficiency.le the smaller the particle sizes, the larger the total surface area of
the nanofluids and the better the nanofluids activity.The graph indicates that the total
surface area of the surfacted hybrid nanofluids increases linearly as mass fraction
decreases.Also as mass fraction increases, the total surface area is reduced dramatically at
constant rate.The total surface area of surfacted hybrid nanofluids equals to the total surface
area of pure hybrid nanofluids at 0.3Al.03 + 0.7Zn0O (0.080308 nm?) and 0.7Al,03 + 0.3Zn0O
(0.057994nm?) [137].0Other measured flow properties of the various nanofluids are contained

in the Appendice.
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Figure 5-11 Comparison of cleaning efficiency with total surface area of Monotype
nanofluids

Figure 5-11 indicates that there is a linear relationship between the total surface areas and
cleaning efficiency.As the total surface area increases, the cleaning efficiency increases also

and vice visa.

100

e:Z N /I
f \/

£ 70

160 = pure area
¢ —

56 e surf. Area

e 40 pure eff.

n 30 e surf. Cl
€20
10

| S5 = 5 9 O - 0N

0 2 4 6 8
Total surface area (10-2 nm?)

Figure 5-12 Comparison of cleaning efficiency with total surface area of hybrid nanofluids

It is observed from Figure 5-12 that addition of surfactants to the nanofluids led to increase
in total surface area, thereby increasing the cleaning fficiency of the various
hybrid nanofluids.The cleaning efficiency of pure hybrid nanofluids is lower
than the surfacted hybrid nanofluids.There is nonlinear relationship between

total surface area and cleaning efficiency of pure hybrid nanofluids.The
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surfactants breakdown the particle into smaller sizes, thereby increasing the

total surface of the nanofluids and cleaning efficiency.

5.3.2 Density
Density (g/cm3)
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Figure 5-13 Measured density of experimental mineral oil Hv1 60

The measured density of the experimental mineral oil is showed on Figure5-13.The figure

indicates that density increases with decrease in temperature, the same as viscosity.
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Figure 5-14 Experimental results of monotype nanofluids density measurements

Density: From Figure 5-14, it is can be seen that the density of the monotye nanofluids
increases linearly with Increase in particle size concentration from 0.7 to 1.0wt%.The density
decreases from mass fraction of 0.3wt% t0.0.7wt%.The density of TiO,/water equals the
density of ZnO/water at mass fraction of 0.7wt%.This is followed by the density of ZnO/water
and Al.Os/water at the same mass fraction.Figure5-14 shows the measured results of the weight
fractions of the different nanofluids with the change of density under different temperature.The
increase in added concentration of nanoparticles enhances the density of the nanofluids,
whereas temperature rise reduces the density of nanofluids.The influence of weight fractions
on density change appears to be approximately linear.Density usually increases with viscosity

which has a high impact on the fluid flow.
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Figure 5-15 Comparison of the density of the various hybrid nanofluids

Figure5-15 indicates that addition of surfactants to the pure hybrid nanofluids
decreases the density of the various surfacted hybrid nanofluids.Both are equal
at 0.3Al203 + 0.7ZnO/water and0.7Al203 + 0.3ZnO /water, 0.3% and 0.4%
particle size concentration, density of 1.018g/cm® and 1.684g/cm3,
respectively. They are symmetrical to each other as the particle size

concentration increases.

5.3.3Surface tension: The surface tension data obtained using Attention Theta
is plotted on Figs 5-17 to 5-18.The curves of pure and surfacted hybrid
nanofluids are symmetrical to each other as the particle size concentration

increases.
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Figure 5-16 Measured surface tension of the various weight fractions of the pure monotype
nanofluids.

Surface tension (interfacial properties of nanofluids) is used to study wet and spreading
mechanism of nanofluids on solid surfaces eg soil or glass slide through droplet formation. It is
found that the existence of nanoparticles near the liquid/solid contact line can improve its
spreading.

It can be seen from Fig 5-17 that surface tension of the nanofluids decreases with increase in
weight fractions of the different nanofluids.The results showed that the surface tension of
Al>Os/water, TiO2 /water and ZnO/water are significantly lower than those of the pure water. It
can be concluded that particle volume concentration does not have a major effect on the surface
tension of the nanofluds.As the volume concentration increases, the surface tension of the
nanofluids remain almost unchanged or decreases at constant rate [66] & [90] [24],[47].For
deionied water containing Al>Og, the surface tension remains almost unchanged at low particle
concentrations. This is likely because for such dilute suspensions, the distance between particles
are much larger than the particle size, thus the forces and the interactions between particles
at/near the liquid/gas interface has little impact on the surface energy.However, when the
particle concentration increases, particles are getting closer to each other, thus the van der
Waals force increases. This will increase the free energy at surface and results in higher surface
tension. When the nanofluids are surfacted, the surface tension tends to decrease at small
particle concentration, while the surface tension does not change much with pure nanofluids
[28, 30].Nanofluids are used for cleaning oil from surfaces due to their excellent wetting and

spreading behaviour [180].
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Figure 5-17 Measured surface tension of the various weight fractions of the surf acted

monotype nanofluids.

From Figure 5-18, the addition of surfactants into the nanofluids reduced the surface tension
[21] in Al2Os and TiO2 nanofluids but it increases with weight fractions in ZnO/water.We
believe that the reduction in surface tension is attributed to the adsorption of ionic surfactant
on the nanoparticle surface imparting an electrostatic repulsive force between the particles in
the nanofluid. This electrostatic repulsion between nanoparticles surrounded by the surfactant
at the liquid-gas interface results in the reduction of the surface tension of the nanofluid.This
is consistent with the conclusions of.[57] and. [49], both of which show that for low surfactant
concentrations, the surface tension remains unchanged and starts to decrease beyond a certain

concentration level.
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Figure 5-18 Surface tension of hybrid nanofluids

It can be seen from the Figure 5-19 above that surfactant reduces surface tension of
nanofluids.lt is observed from Figure 5-19 that pure 0.7TiO2 + 0.3 Al,O3 /water and 0.7Zn0O +
0.3TiO2 /water have the highest (69.09Nm/m) and lowest (31.50 Nm/m) surface tension
respectively.Whereas surfacted 0.7TiO2 + 0.3 Al2O3 /water and 0.3ZnO + 0.7TiO /water has
the highest (54.36 Nm/m and lowest (16.43Nm/m) surface tension, respectively.However, the

surface tension of both pure and surfacted hybrids nanofluids are below the pure water surface

tension of 72.80Nm/m.
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Figure 5-19 Surface tension of different hydrid nanofluids

Series 4 - pure nanofluids& series5 — surfacted nanofluids
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It can be seen from Figure5-20 that the addition of surfactants reduces dramatically the surface
tension of the different nanofluids.

5.3.4 Contact Angle

The measured contact angles of the different nanofluids are shown on Tables6-6 to 6-7 and
Figure 5-21

5.3.4.1 Measured contact angle Results

The results from the measurements are shown in Figure 5-21: where the contact angle is plotted
against wettability. The contact angle is given through the denser water phase.A decrease in
contact angle is an indication of a more water-wet condition which is taking to be 8-<or =45°. A

contact angle average of 28.05° was found for the deionsed water.

Tit: 0.0 deg

(a) (b)

e e

Til: 0.0 deg

0 (d)

Figure 5-20 .Vertically flipped frames recorded during the measurements
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Figure 5-21 Viscosities of the experimental oils

From the Figure5-22 and Table 5-7 below, PolyCambol oil has the highest viscosity followed
by High Viscosity Index oil, highly refined mineral oil (HV1 60) and white liquid mineral oil
has the least.Hence, the oil with the lower Viscosity Index (V1) uses less Viscosity Index
improvers.Therefore, the oil with the lower V1 is the "better” oil. Hence, HV1 oil is the best oil
to use in the contamination of soil before cleaning.This is followed by white liquid mineral
oil.In other word, Higher VI base oils can cover a larger spread than lower VI base oils and

therefore require less VI improver (modifier).

Table 5-7 Viscosities of Poly Cambol oil, HV1 60 oil & white liquid mineral oil
Poly Cambol | HV1 oil White liquid

oil mineral oil

Temp°C | Viscosity(pas) | Viscosity(pas) | Viscosity(pas)

20 0.818 0.03974 0.0263
30 0.4449 0.05152 0.0768
40 0.2653 0.0214 0.06805
50 0.2612 0.01578 0.0708
70 0.08096 0.009129 0.06821
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Figure 5-22 Viscosity of Poly Cambol oil
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Figure 5-23Viscosity of High Viscosity Index Qil

Viscosity of High Viscosity Index Qil (HVI1 60) decreases with increase in temperature having
the peak viscosity of 0.05152 pas at 30°C (Figure5-23).
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Figure 5-24Viscosity of Mineral oil

Viscosity of mineral oil increases linearly with increase in temperature having maximum
viscosity at 0.0768Pas (30°C) and the lowest at 0.06805Pas (40°C).
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Figure 5-25 Viscosity of 0.3wt% concentration of the various nanofluids against temperature

From the plot above, the viscosity of the 0.3 wt% concentration of the different nanofluids
gently decreases with increase in temperature but the viscosity of all of them are the same at
50°C.The viscosity of ZnO/water is very low.From 50°C, there is a sharp increase in viscosity

as temperature increases onwards to 100°C, the boiling point of water.Above 50°C, the water
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in the nanofluids start to
works of [124] and [104].

dry up leading to increase in viscosity.This is

The nanofluids exhibit newtonan behaviour

in accordance with
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Figure 5-26Viscosity of 0.7wt% concentration of the various nanofluids against temperature

It can be seen from Figure 5-27above that the viscosity of 0.7wt%TiO2/water and

0.7wt%ZnO/water are constantly very low as the temperature increases with the viscosity of

Al>;Os/water above 50°C.For all the nanofluids measured the temperature, the gradient of

viscosity is generally steeper at the temperature from 20 to 40°C. This is more pronounced as

the particle size concentration increases [124].
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Figure 5-27 Viscosity of 1.0wt% concentration of different nanofluids against temperature
[57]

From the experimental results (Figure 5-28) as the particle size increase, the effect of viscosity
decreases significantly and reaches in almost constant value at the end [164].The viscosities of
Al>Os/water and TiO2/water nanofluids are very low as the temperature increases for high level
concentration (1.0wt%) of nanoparticles, but there is an increase in viscosity of ZnO/water
nanofluid which is far higher than that of the other two nanofluids at this level (Figure5.28).In
my experiments, attempts were made to measure viscosity at the temperature higher than 50°C,
an erratic increase of nanofluid viscosity was observed.This occurrence may have resulted from
the fast evaporation of nanofluid at a relative high temperature.lt can also be that beyond the
temperature of 50°C, the surfactant might be broken down and accordingly the performance
was considerably reduced or even destroyed affecting the suspension capability [124] and
[104].
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Figure5-28 Viscosity of the various pure hybrid nanofluids

From Figure5-29, it is observed that the viscosity of the various pure hybrids decreases with
temperature but it increases sharply at 70°C.
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Figure 5-29 Viscosity of surfacted hybrid nanofluids
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Figure 5-30 Viscosities of the different 0.3 vol% nanofluids against temperature

The viscosity of the different monotype nanofluids at 0.3wt% particle size concentration
decreases with temperature for TiOz/water and it is equal to ZnO/water at 70°C.ZnO/water is
persistently lower than TiOz/water and Al.Oz/water. The viscosity of Al.Os/water increases
with temp erature from 50°c
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Figure 5-31 Zetapotential of the different monotype nanofluids vs pH for optimum
stabilization
From the Figure5-32, the point of optimum stabilization is at 169mV and pH of 3 for monotype

nanofluids.
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Figure 5-32 Zeta potential of the different hybrid nanofluids vs.pH for optimum stabilization
From the Figure5-33, the point of optimum stabilization is at 175mV and pH of 5 for hybrid
nanofluids.
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5.14 Comparison of cleaning efficiency of the different nanofluids

5.14.1 Cleaning efficiency

Cleaning efficiency is the ability to clean/remediate oil from the contaminated soil with
a minimum amount of effort or no human interference. Cleaning efficiency describes
the effectiveness of the nanofluid used for the cleaning.The cleaning efficiency of each
nanofluid may be defined as the difference between the percentage of mineral oil fed to the soil
before cleanup (A) and the percentage of mineral oil recovered/removed from the soil after
cleanup (B) expressed as percentage of oil cleaning/removal. It is calculated as follows:
With the values of A and B, from the cleanup results, the cleaning efficiency (CE, %) was
calculated by CE% = [ [A — B)/A] x 100.
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Figure 5-33 Experimental results of the cleaning efficiency of the different pure monotype

nanofluids

It can be observed from the Figure5-34, the cleaning efficiency of the different pure monotype
nanofluids increases along the three levels of concentration. It increases from 0.3 — 1.0
wt%.The cleaning efficiencies of Al,Oz and TiO> are the same at 0.7%volume fraction.While
the cleaning efficiencies of Al203 and ZnO/water is the same at 0.7%volume fraction.Each of

the nanofluid trying to outsmart one another through their strange behaviours.
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Figure 5-34 Comparison of the cleaning efficiency of different surfacted monotype

nanofluids

It can be seen on Figure 5-35 that the cleaning efficiency of the different surfacted monotype
water nanofluids increases with increase in volume fractions of nanofluids.Al2Os /water
behaving strangely with TiOz/water and ZnO/water at medium concentration (0.7wt %).This
is because Al,Oz/water is a bacterial and ceramic nanofluid while TiO2/water and ZnO /water
are antibacterial nanofluids. This is the reason why TiOz/water and ZnO /water behave the
same at medium level concentration (0.7wt %).The strange behaviours of cleaning efficiency
of TiO2 and ZnO was observed when their cleaning efficiency values were plotted, each of
them trying to outsmart each other.This strange behavior of nanofluids was also observed by
[187].TiO2 is selected as the best monotype nanofluid since it has the highest cleaning
efficiency both for pure and surfacted monotype nanofluids.
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Figure 5-35 Comparison of the cleaning efficiency different pure (series 4) and surfacted

(series 5) hybrid nanofluids

From the Figure5-36 pure 0.3Al203 + 0.3TiO2 + 0.3ZnO/water and 0.3Al>03 + 0.7Zn0O /water
gave the highest and lowest cleaning efficiency, respectively.Whereas, surfacted 0.3Al>03 +
0.3TiO2 + 0.3ZnO/water gave the highest cleaning efficiency.Therefore, 0.3Al,03 + 0.3TiO; +
0.3ZnO/water is selected as the best among the hybrid nanofluids. One will not be surprised
why 0.3Al,03 + 0.3TiO2 + 0.3ZnO/water is the best among the hybrids because the three

characteristics of the three nanoparticles are combined together.
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Figure 5-36 Comparison of cleaning efficiency with surface tension of pure monotype

nanofluids
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From Fig 5-37, comparing surface tension of pure monotype nanofluids with cleaning
efficiency, it can be seen that the cleaning efficiency is higher than surface tension but they are
close to each at 0.7wt% Particle size concentration.
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Figure 5-37 Comparison of cleaning efficiency and surface tension of surfacted monotype

nanofluids.

The figure shows the effect of surfactants on surface tension. It reduces the surface tension and
increases the cleaning efficiency as seen above.There is a wide gap between the cleaning
efficiency and surface tension.In otherwords, the smaller the surface tension, the higher the

cleaning efficiency.
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Figure 5-38 Comparison of cleaning efficiency and surface area of pure hybrid nanofluids

Figure5-39 indicates that the cleaning efficiency increases linearly with decrease in surface

tension.
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Figure 5-39 Comparison of cleaning efficiency and surface tension of surfacted hybrid

nanofluids.

This is the same as discussed above for surfacted monotye nanofluids, both increase linearly,
after which there is a dramatic decrease in surface tension and a large increase in cleaning

efficiency due to addition of surfactants.
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5.18 Cleaning Efficiency of different nanofluids
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Figure 5-40 Cleaning efficiency (%) of different concentrations of Al2Oz monotype deionised
water nanofluid (%), Table 5-4

Cleaning efficiency of Al2Os nanofluid increases with increase in the concentration of Al,O3
nanoparticles dispersed in deionised water.Concentration of 1g is the highest, followed by 0.7g

and 0.3g is the least as shown on the Figure5-41.
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Figure 5-41 Cleaning efficiency of different concentrations of TiO2 water nanofluid (%)
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Cleaning efficiency of TiO2 nanofluid increases with increase in the concentration of TiO>
nanoparticles dispersed in deionised water.Concentration of 1g is the best, followed by 0.7g

and 0.3g is the least as shown on the Figure5-42.
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Figure 5-42 Cleaning efficiency of different concentrations of ZnO water nanofluid (%),
Table 5-4

Cleaning efficiency of ZnO nanofluid increases with increase in the concentration of ZnO
nanoparticles dispersed in deionised water.Concentration of 1g is the best, followed by 0.3g
and 0.7g is the least as shown on the Figure5-43.
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Figure 5-43 Comparison of cleaning efficiency values for different monotype -water
nanofluids
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Table 5-8 Comparison of the cleaning efficiency of the different pure and surfacted

nanofluids
Nanofluids | Cleaning efficiency (%)
without With surfactant
0.3 0.7 | 1.0 0.3 0.7 1.0
Al203 84 70 | 74 82 76 84
TiO2 72 76 | 84 62 88 99.4
ZnO 62 63 |78 74 90 98
0.3Al203 + 0.7TiO2 70 87.4
0.7Al203 + 0.3TiO2 68 80
0.3Al203+ 0.7Zn0O 71 80
0.7Al,03+ 0.3ZnO 62 76
0.3TiO2 + 0.7Zn0O 68 72
0.7TiO2 + 0.3Zn0O 70 78
Al>03+0.3TiO: + |74 92
0.3ZnO

Influence of physical properties of nanofluids (Al.Oz, TiO2 and ZnQO) on the cleaning behaviour
of nanofluids on the crude oil contaminated at optimum conditions.This is determined by
calculating the total surface area using different equations:

Surface area of nanofluids: The values of the surface area of each nanofluid and their hybrids
are shown on Table 5-9.

Table 5-9 Total surface area (nm?) of the different nanofluids calculated with equation (C1.1)

in Appendix C.
Concentraio 0.3 0.7 1.0
n (%)
Al2O3 323.64nm 73.53nm? 55.81nm
2 2
TiO; 456.17 1974.99 8507.95
nm? nm? nm?
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ZnO 39,699.76 22,7140.7 4400.62

nm? 5 nm? nm?

From the Table 5-9 above, The total surface area of ZnO — water nanofluid decreases with
increase in concentration of ZnO nanoparticles dispersed in deionised water (ie the surface area
of each concentration decreases from 39,699.76nm? to 4,400.62nm? but the cleaning efficiency
increases with increase in concentration from 60 — 78%, the same as that of surface area of
Al,03 nanofluid which decreased from 323.64 nm? to 55.81nm? with increase in cleaning
efficiency from 58 — 74%. The surface area of TiO. — water nanofluid increases with increase
in concentration of TiO2 nanoparticles dispersed in deionised water, the same as the cleaning
efficiency, from 56 — 84% without surfactant.

Comparison of total surface area wth the cleaning efficiency (%)

Table 5-10 Total surface area (nm?) with the cleaning efficiency (%).

Hybrid type (vol %) Surface area (nm?) | Cleaning efficiency (%)
0.3Zn0 + 0.7Al203 390.10 62
0.7Zn0O + 0.3Al,03 41629.12 50
0.3Zn0O + 0.7TiO2 210 78
0.7Zn0 + 0.3TiO; 30.51 66
0.3 TiO2 + 0.7Al,03 619.57 68
0.7 TiO2 + 0.3Al,03 566.07 70
0.3A1203+0.3 TiO2 +0.3ZnO | 133.52 74

5.4Thermal optical (Absorbency) Results

Absorbency is a material’s ability to soak up a liquid.(Eg nanoparticle and water). Typically,
absorbance of a dissolved substance is measured using Uv-Vis spectrophotometer.This
involves shining a light through a solution and recording how much light and what wavelengths

were transmitted onto a detector.The wavelengths that were absorbed can be determined. First,
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measurements on a "blank™ are taken using just the solvent (water) for reference purposes.The
solutions are placed in a small cuvette (Figure 3-12) and inserted into the holder (Figure 3-
11).The machine is controlled through a computer and, once it is "blank”, it automatically

display the absorbance plotted against wavelength. The absorbance at a given wavelength is
Iy
:1,\ =lo —.
gl'ﬂ' j'
Where, lo = intensity of light source, 1= intensity of the solution sample and Ax = absorbency
of the solution. The absorbance spectrum is plotted on a graph of absorbance vs.wavelength.
The significance of absorbency is for the evaluation of stability of a solution (nanofluid) and

determination of the concentration of that solution.
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Figure 5-44 Wavelength of the different pure monotype nanofluids

The results of the pure monotype nanofluids thermal optical are plotted in the Figure5-45.The
graph shows that the particle size concentration of 0.3 wt %TiO> has the highest wavelength
(1008nm) with absorbancy of 0.9897au.This is followed by 0.7 wt % TiO2 with 957nm
wavelength and absorbancy of 0.9897au, showing the stability of the TiO2 nanofluids.07wt%
TiO. /water has the lowest wavelength (260nm) with absorbancy of 0.74327au.However, the
wavelength and absorbancy of the different monotype nanofluids decreases as the particle size
increases as can be seen from the figure.The wavelength of the pure monotype nanofluids

ranges from 260 — 1008nm which is comparable with the literature values of 190 — 1100nm.

146


http://en.wikipedia.org/wiki/Cuvette

900

800

700 /\

600 - /\}\/

500 —0.3 470
\/\ —oren

400 s

w1 254

P < o S

300

200

(3 5 ) + @ 5 0 —

100

O T T 1
0 Particlé size concentratiol){wt%) 15

Figure 5-45 Wavelength of different surfacted monotype nanofluids
From the Figure 5-46, the wavelength ranges from 375 — 777nm for 0.7%2Zn0O and0.7%TiO:
OR
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Figure 5-46 Wavelength of the various surfacted monotype nanofluids Series6 - 1.0%Zn0O =
860nm

It is observed from Fig 5-47 that 1.0%ZnO/water gave the highest wavelength of 860nm,
followed by 0.7%TiO. with wavelength of 777nm and 0.3%2Zn0O gave the least wavelength of
327nm. In summary, when the pure monotype nanofluids were surfacted, their wavelengths
range from 327 — 860nm.The peak wavelength was reduced from 1008 — 860nm.
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Figure 5-47 Comparison of wave length of pure (series 3) and surfacted (series 6) hybrid
nanofluids

It can be seen from the Figure 5-48 that the wavelength of pure hybrid nanofluids range from
616 — 1065nm and that of surfacted hybrid nanofluids range from 606 — 765nm.This indicates
that surfactant reduces the wavelength of water nanofluids in general.Surfactant as a wetting

agent enhances thermophysical and thermal optical strength.
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Figure 5-48 Effect of pH on the absorbency of different surfacted monotype nanofluids.
Figure 5-49 can be compared with the Fig of pure and surfaced surface tension of the various

nanofluids.
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Figure 5-49 Effect of pH on the zetapotential and absorbency for surfacted monotype
nanofluids

Zetapotential measurement is used to study the absorption mechanisms of the surfactants on
water nanofluids.From the Figure 5-50, as pH increases the zetapotential of the surfacted
monotype increases also, so the electrostatic repulsion force between nanofluids/nanoparticles
becomes adequate to prevent attraction and collision between nanoparticles caused by brown
motion.pH, absorbancy and zetapotential are equal to each other at 1.0 wt%TiO2water which
makes TiO./water the best among all the monotype nanofluids.

The significance of zetapotential is that its value can be related to the stability of nanofluids,

so nanofluids with high negative zetapotential as on Figure 5-51 are electrically stabilized.
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Figure 5-50 Effect of pH on the zetapotential and absorbency of the surfacted hybrid
nanofluids.

The Figure 5-51 shows the optimum /peak pH of 9.66 with absorbency of 0.99356 and peak
zetapotential of 240, lowest zetapotential of -167mV.

The absorbency becomes higher with rise in pH leading to an improvement of the scattering
stability of the different nanofluids.Having pH 9.66 for surfactant the zetapotential and
absorbency become even higher.The electrostatic repulsion force between particles becomes
stronger and the coagulated nanoparticles can be re-dispersed through mechanical force, so the
scattering stability of the nanofluids is at their best.As the pH value continues to increase, the
concentration of the pH regulation reagents (Na2HPO4 and SDBS) in the system increases,
which causes the compressions of electrical double — layer, so lowering the zetapotential of the
nanofluids surface and electrostatic repulsion force and the nano- suspension illustrates a

poorer scattering.

12

10 =

T
()}

H Series3

4 Series4

2 —

e —

0 T T T !
0 2 4 6 8

Mass fraction of the different hybrids (wt%)

Figure 5-51 Effect of pH on absorbency of surfacted hybrid nanofluids.Series3 - pH and
Series4 - Absorbency.

Optimum pH = 9.66 with absorbency of 0.99356.

Figure 5-52 can be compared with the Figure of pure and surfaced surface tension of the various

nanofluids.
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Figure 5-52 Effect of mass fraction of SDBS surfactant on absorbancy of the surfacted
monotype nanofluids.

From the Figure5-53, the absorbancy of Al.Os/water increases as the mass fraction increases
until it reaches the optimum value of 0.76982, at 0.07% mass fraction, after which it decreases
with increase in mass fraction. The absorbancy of TiOz/water decreases with increase in mass
fraction of SDBS but the two surfacted monotype nanofluids are best at the medium mass
fraction of 0.07% SDBS.A simple scheme to solubilize high weight fraction nanoparticles in
water has been demonstrated.Suspension concentrations were improved by a factor of 10 — 100
with respect to the used experimentally surfactants, and the ultrasonication technique also
dramatically reduced particle fragmentation. The optimum concentration of SDBS is found
equal to 0.1wt% and Na;HPOs is 0.5wt%, at this concentration, the absolute value of

zetapotential and the absorbancy is maximal and the system is more stable.
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Figure 5-53 Absorbancy of surfacted ZnO with different mass fraction of NazHPO4

It can be observed from the Figure5-54 that the absorbancy of ZnO/water decreases sharply
with increase in mass fraction and optimum at 0.1wt%, absorbancy of 0.44.Addition of
surfactants enhanced significantly the absorption performance.Comparing the solubilising
capacities of the various surfactants, any successful method must reckon with the substantial
van der Waals attractions of bare particles.Figure5-53 & 5-54, indicate that SDBS did better
than Na,HPOa.1t is believed that SDBS disperse the nanofluids better than Na2HPO4 because
of its benzene rings which improves the surfactant energetic.The spacing between the benzene
rings on the surfactants and the particle surface is large enough to accommodate the SOz
charged groups [121].This is comparable with the cleaning efficiency of ZnO/water in which
cleaning efficiency increases with increase in particle size concentration while absorbancy

increases with decrease in surfactant concentration.
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Figure 5-54 Absorbancy of the different surfacted monotype nanofluids

From the Figure5-55, it can be observed that surfacted 0.7%Al,Os/water has absorbancy peaks
at 260nm (0.76952) and 0.3%Zn0 has absorbancy peak at 480nm (0.44597).Stability increases
as absorbancy approaches 1 and beyond that is unstability. Absorbancy increases with decrease

in particle size concentration.
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Figure 5-55 Absorbancy of the surfacted hybrid nanofluids

In general, there is a linear relationship between the absorbancy intensity and the concentration
of nanoparticles in fluid.Stability increases as absorbancy approaches 1 and beyond that is
unstability. The greater the absorbancy as tends or goes close to 1.0, the more stable is the
nanofluids.

Table 5-11 Comparison of the cleaning efficiency of the different nanofluids
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Nanofluids (monotypes)

Cleaning Efficiency (%)

Without surfactants With surfactants
Wt (g) 0.3 0.7 1.0 0.3 0.7 1.0
Al2O3 84 70 74 87 76 88
TiO> 72 76 84 78 88 99.4
Zn0O 62 63 78 74 90 98
0.3 Al203 + 0.7 TiO2 70 87.4
0.7 Al203+0.3 TiO2 68 80
0.7Zn0O +0.3 Al;,03 71 80
0.3Zn0O +0.7Al203 62 76
0.7 ZnO + 0.3 TiO2 68 72
0.3Zn0O + 0.7 TiO2 70 78
0.3ZnO + 74 92
0.3Ti02+0.3Al,03
0.6
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Figure 5-56 Comparison of the total surface area of the different monotype nanofluids

The total surface area of the surfacted nanofluids is larger than that of pure nanofluids. The total

surface area of different nanofluids is equal at the concentration of 1wt%, 4wt% and 6wt%,
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total surface area of 0.021427 nm?2, 0.0172764nm? and 0.027394nm? for 0.3Al.Os/water,

0.3TiO2 /water and 1.0TiOz/water, respectively.
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Figure 5-57 Comparison of the total surface area of the different hybrid nanofluids

Figure5-58 shows the effect of surfactants on the total surface area of the hybrid nanofluids.
Surfacted nanofluids have higher total area than the pure nanofluids but both have equal total
surface of 0.7133nm? and 0.07057 nm? at the concentrations of 0.3wt% and 0.4wt% for
0.3AI203 + 0.7ZnO/water and 0.7Al,03 + 0.3ZnO/water, respectively.
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Figure 5-58 Total surface area of the hybrid nanofluids. (Series3 — surfacted hybrids &
series5 — Pure hybrids
Total surface area of the nanofluids of surfacted hybrid nanofluids is higher than those of the

pure nanofluids.

Chapter Six
6.0 Soil preparation And Characterization

6 6.1 General soil physical and chemical properties

Soils showed high texture homogeneity, at the surface and at subsurface. The sand, silt and
clay content varied, respectively, between 41-47%, 23-29% and 22-31% in the surface horizon
(0-10 cm) and 36-46%, 24-34% and 29-34% at different depths (10-50 cm).The textural classes
varied from clay loam to sandy clay loam.Particle density (Dp) ranged between 2.58 and 2.71
Mg m within the range expected for mineral soils [179]

The capacity of soil to transport and store water depends on the proportion and functionality of
its pores, thus an adequate proportion of all sizes is important for water flow across the
profile.For example, a minimum of 12 % of coarse pores (>50 um).This high porosity was
generated by the development of roots, which are able to displace particles, generating coarse
porosity as they grow in length and diameter [62].At high tensions water retention is due mainly
to adsorption to solid surfaces, which depends on properties such as soil texture and the surface

area of the particles, and is less influenced by the structure [192].

6.2 Soil Characterization

The soil belongs to soil taxonomy series, corresponding to Fine loamy, mixed, calcareous,
thermic, Typic Haplocambid Family, according to [26].It is located in an alluvial remnant
terrace with a slight slope (1%) and is well drained. Following [105], textures are clay loam to
sandy clay loam (22 to 33% of clay content and 36 to 54% of sand content), but below 80 cm
there is a sandy substrate.

The results of the physical properties of experimental soils are shown on Table 6.1.

Table 6-1 Mean physical properties of the soils
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Properties Bulk Ks(m/s) at | Gs Porosity (%) | Particle
density(g/cm®) | depth of density
25cm (g/cm®)

Values 1.6 3.36 x10° | 2.70 44 2.65

The top/surface soil (0 — 10cm) of the experiment (Table 6-1) showed porosity >12%, which
as classified by [98] is in the range of very porous soils.However, the percentage of coarse
pores declined sharply in the depth of 10 — 30cm.Porosity decreases as you go down the soil
depth/profile.

Table 6-2 Distribution of pore sizes, porosity (%) for the treatments as a function of soil
depth.Means + standard error of the mean).Pore size (um) (>50 um)

Porosity (%) measurement.

0 —10cm 10 - 30cm
14.14+ 0.97 9.31+0.90
16.1+ 0.79 11.7 £ 0.36
145+ 0.8 11.0 £ 0.38
142 + 0.64 14.0 £ 0.67

Table 6-2 shows that porosity decreases with increase in soil depth.

Table 6-3 Result of bulk density (g/m®) measurements

0—-10cm 10 — 30cm
+ 0.03 1.62 + 0.04
+ 0.01 157 +0.02

Table6-3 indicates that bulk density increases with soil depth.

Table 6-3 Hydraulic conductivity (permeability) results

Q (cm®) L (cm) A (cm?) h (cm) Time (mins) | K (cm/sec)

33.8 18 3.5 28 3 0.0345cm/sec=
3.45x 10° m/s

33.6 18 3.5 28 3 0.032cm/sec =
3.2 x10° m/s

34.0 18 3.5 28 3 0.0347cm/sec
= 3.47 x 10°
m/s
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Mean K 3.36 x 10° m/s

6.3Wetting Analysis
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Figure 6-1 Measured oil-wet of the various pure monotype nanofluids during the cleanup

process

It can be seen from Figure6-1, that the mineral oil contaminated soil sample (strong oil wet)
after the cleanup with pure monotype nanofluids was changed to more oil - wet and slightly
water-wet state since all wettability index as shown in Fig 6-1 are all negative, indicating the
oil wetness state But as more nanofluids are imbibe into the contaminated soil and water
saturation increases about 60%, wetting becomes water wet and finally oil —wet condition after
cleaning.Then the sample was further analysed using Tga.lt shows the moderate cleaning and
wetting of the soil sample.In otherwords, the soil sample was not perfectly restored its original
water wet condition.Therefore, the necessary of tga.
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Figure 6-2 Measured water-wet of the various pure hybrid nanofluids during the cleanup

process.

It can be seen from Figure6-2 , that the mineral oil contaminated soil sample (strong oil wet)
after the cleanup with pure hybrid nanofluids was changed to more water- wet and slightly oil-
wet state since all wettability index as shown in Figure6-2 are all positive , indicating the water
wetness state of the soil sample after cleaning.It shows the perfect cleaning and wetting of the
soil sample.In otherwords, the soil sample was restored its original water wet condition.Pure
hybrid nanofluids are better than the pure monotype nanofluids in restoring the soil sample

back to its original water wetness.
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Figure 6-3 Measured oil-wet of the various surfacted monotype nanofluids during the cleanup

process.

It can be observed in Figure6-3 that the surfacted monotype nanofluids used to clean the
mineral oil contaminated soil sample altered the strongly water wet state to strongly oil —wet
state since all the wettability index are all negative describing the oil wet characteristics of the

soil sample which is now , non wettable.
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Figure 6-4 Measured oil-wet of the various surfacted hybrid nanofluids during the cleanup
process.
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It can be observed in Figure 6-4 that the surfacted nanofluids used to clean the mineral oil
contaminated soil sample altered the strongly water wet state to strongly oil —wet state since
all the wettability index are all negative describing the oil wet characteristics of the soil sample

which is now , non wettable.

0.05
wW 0 T T T /\ T 1
e ) 2 4 y \8 10
t -0.05
i
ot n o1 /\(\
i a4 // \\/ \/ = Surf lwo
b
| ; e 015 , \V e Pure lwo
1Y 02 /
i ./
t -0.25 f V
-0.3
Mass fraction (wt%)

Figure 6-5 Comparison of lwo from pure and surfacted monotype nanofluids
Figure 6-5 indicates that pure nanofluids alter wettability to more oil — wet and slightly water

wetness condition while surfacted nanofluids alter wettability to strongly oil-wet condition

because of the presence of surfactants which improve/enhance higher oil recovery.
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Figure 6-6 Comparison of lwo from pure and surfacted hybrid nanofluids

Figure6-6 indicates that the wetting condition of soil sample cleaning with pure nanofluids is
moderately water — wet and slightly oil — wet state while that cleaned with surfacted nanofluids
showed strongly oil —wet condition.It means that soil sample cleaned with surfacted nanofluids
is perfectly cleaned than that cleaned with pure nanofluids.More oil was recovered with
surfacted nanofluids.More oil is retained in the soil sample cleaned with pure nanofluids than

that cleaned with surfacted nanofluids. This can be comparable with the tga results analysis.
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Figure 6-7 Measured contact angles of the different monotype nanofluids
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Figure 6-7 shows the effect of surfactants on contact angle, just as surfactant decreases the
surface tension of the different nanofluids; it does the same on the contact angle of the
nanofluids as can be seen on Figures 6-7 & 6-8.The contact angle and surface tension
(interfacial tension) was altered by the presence of surfactants in the nanofluids (hydrophilic
nanoparticles in the deionised water).With the imaging method, it is difficult to get accurate
measurements of the contact angle on strongly water-wet surfaces.Also, nanofluids with a high
concentration of nanoparticles are less transparent than deionised water.This makes it difficult
to focus on the droplet and the glass slide edge at the same time.Based on the experimental
work performed it is concluded that mass fraction of both nanofluids (pure &hybrids) and
surfactants have an effect on the surface tension and the wettability.It is also observed that the

concentration of nanoparticles has an impact.
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Figure 6-8 Measured contact angles [] of the different hybrid nanofluids

The contact angle gives information on the wettability of a surface.It indicates the relative
wetting tendencies of the fluids in contact with the solid (soil) medium.From Fig 6-8,
comparing the contact angle of pure and surfacted nanofluids, it can be seen that surfacted
nanofluids have smaller contact angles than pure nanofluids. It shows that surfacted nanofluids
wetted the soil more than the pure nanofluids.But all their contact angles are water —wetness. It
also shows that the porosity is within 50% which is perfect wetting.When the porosity is above
50%, the wettability decreases, it becomes nonwettable state which indicates oil — wet

condition.The soil becomes more of clay, so water breakthrough is restricted.
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Figure 6-9 Measured wettability with contact angles of the best surfacted hybrid nanofluid

Fig. 6-9 shows that as contact angle increases the wettability decreases.Almost all the contact
angle is less than 90° (0 °= 1, strongly water — wet, one intermindiate (90° = 0), perfectly wetted
condition and few strongly oil-wet (>90° = -1) conditions. A decrease in contact angle is an
indication of a more water — wet condition.A contact angle average of 28.05° was measured

for the deionised water.

6.4 Effect of surfactants on contact angle

This is similar to that of effect of surfactants on stability of nanofluids.Surfactants help to
breakdown large aggregates to smaller size therefore improving stability.Likewise, surfactants
breakdown contact angle into smaller/lesser angles making it more water — wet and wetting
state.Larger contact angles indicate strong oil —wet and nonwetting state.In Fig 6-9, wettability
index of 0 to 1.0 has contact angle of 0 to 80° which is less than 90° indicating strongly water
— wetness condition.Wettability index of below zero ie from-0.5 to -1.Indicates larger contact
angle showing slightly to strongly oil —wet of nonwetting condition and clayey nature of the
soil at this depth

Table 6-4 Calculation of wettability index & contact angle 6 for pure nanofluids

& summary of wettability index compared with Amott —Harvey and USBM test.
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Nanofluid system Iw lo Iwo =| Owater | © oil | Owo

Iw-10 | (degree) | (degree) | (degree)

Water — | Water - | Oil-
Wet Wet Water

0.3Al203 0.6 084 |-0.24 53.13 32.86 103.89
0.3TiOz 0.6 072 |-0.12 |53.13 43.95 96.89
0.3ZnO 066 |0.78 |-0.11 48.70 38.74 96.32
0.7Al203 0.61 |0.70 |-0.09 52.41 45.57 95.16
0.7TiO2 0.6 0.76 | -0.16 53.13 40.54 99.21
0.7Zn0O 059 |0.64 |-0.05 53.84 50.21 92.87
1.0Al,03 0.76 |0.74 |0.02 =|40.54 42.27 90

0
1.0TiO: 0.71 10.84 |-0.13 44.77 32.86 97.47
1.0Zn0O 068 |0.78 |-0.1 47.16 38.74 95.74
0.3Al,03+0.7TiO; 0.67 |0.70 |-0.033 |47.93 45.57 91.89
0.7Al203+0.3TiO2 0.63 |0.68 |-0.053 |50.95 47.16 93.04
0.3Al203+0.7Zn0O 0.65 |0.71 |-0.057 |49.46 44,77 93.27
0.7Al203+0.3Zn0O 0.63 |0.62 |0.007 |50.95 51.68 90

=0
0.3Ti02+0.7Zn0O 0.71 |0.66 |0.047 |44.77 48.70 87.31
0.7Ti02+0.3Zn0O 0.97 |0.78 |0.19 14.07 38.74 79.05
0.3Al,03+0.3TiO2+0.3ZnO | 0.71 | 0.74 |-0.033 | 44.77 42.27 91.89

Note: The closer low is to -1, the more oil-wet the soil and the Iw & lo values are closer to +1,
the more water-wet the soil. The closer Iw is to 1, the more water-wet the soil is.Similarly, the
closer lo is to 1, the more oil-wet the soil is.The behaviour of oil for an oil-wet soil is the same
as for water in a water-wet core soil sample described above.lt can be observed from Table 6-
5 that the wettability of pure nanofluids are intermediate and slightly oil-wet.The soil pore
surfaces are all well /perfectly wetted with oil, more water is drained Almost all the
contaminated soil samples cleaned with the different pure nanofluids are altered neutral to
slightly oil-wet and water wet. As can be observed from Table 6-5 that pure 1.0%Al.Os/water
(lwo =0.02 = 0) and its hybrid, 0.7Al,03+0.3ZnO/water (Iwo = 0.007 = 0) indicating

perfectly wetted condition. The pure nanofluids indicate slightly oil-wet to strongly oil —
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wet state. The receding and advancing contact angles for pure nanofluids are 14.07 &
103.89, respectively.The contact angle hysteresis for pure nanofluids is (103.89 — 14.07) =
89.82°. The receding and advancing contact angles for surfacted nanofluids are 6.28
&105.66, respectively.The contact angle hysteresis for surfacted nanofluids is (6.28 — 105.66)
=99.38°.

Table 6-5 Calculation of wettability index & contact angle 6 for surfacted nanofluids

& summary of wettability index compared with Amott —Harvey and USBM test.

Nanofluid system Iw lo Iwo = | Owater | Ooil © wo

Iw-10 | (degree) | (degree) | (degree)

Water — | Water — | Oil -Wet

Wet Wet

0.3Al203 0.57 |0.82 -0.25 | 55.25 34.92 104.45
0.3TiO2 0.56 | 0.62 -0.06 | 55.94 51.68 93.44
0.3ZnO 0.65 |0.74 -0.087 | 49.46 42.27 94.56
0.7Al203 0.65 |0.76 -0.107 | 49.46 40.54 96.14
0.7TiO2 0.65 |0.88 -0.23 | 49.46 28.36 103.30
0.7Zn0O 0.74 |0.98 -0.24 | 42.27 11.48 103.89
1.0Al,03 0.57 |0.84 -0.27 | 55.25 32.86 105.66
1.0TiO2 0.76 |0.994 |-0.23 |40.54 6.28 103.30
1.0Zn0O 0.71 |0.90 -0.19 | 44.77 25.84 100.95
0.3Al203+0.7TiO2 0.65 |0.874 |-0.22 |49.46 29.07 102.71
0.7Al,03+0.3TiO; 0.66 |0.80 |-0.14 |48.70 36.87 98.05
0.3Al203+0.7Zn0O 0.65 |0.80 -0.15 | 49.46 36.87 98.63
0.7Al,03+0.3Zn0O 0.66 |0.76 -0.1 48.70 40.54 95.74
0.3Ti02+0.7Zn0O 0.56 |0.72 -0.16 | 55.94 43.95 99.21
0.7Ti02+0.3Zn0O 0.65 |0.78 -0.13 | 49.46 38.74 97.47
0.3Al203+0.3Ti02+0.3ZnO | 0.65 | 0.92 -0.27 | 49.46 23.07 105.66

Note: Since Iw & lo values are less than 1.0, then the values are all water —wet and all the
contact angles are less than 90°C.Where, w and o is for water and a perfectly

wetting liquid, mineral oil, respectively.In other words, the wetting angle of
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water in the investigated soil is determined from two experiments where water sorptivity and
mineralsorptivity are measured. It is assumed here that mineral oil, as a polar low-surface-
tension liquid, perfectly wets the soil, e.g.6oil = 0°. Surface tension of mineral oil is
28.21N/m.The experimental wet soil sample is described as strongly water-wet.Spontaneous
imbibition of water into the strongly oil-wet soil samples cleaned with pure and surfacted
nanofluids was in the range of 82 - 84%.The water imbibed rapidly, and approximately 84%
of the spontaneous imbibition was completed within an hour.No water could be forced into
samples after spontaneous imbibition.It is concluded that soil can be altered towards a
homogeneous neutral to slightly oil-wet state using crude oil added with 0.3,0.7 and 1.0

weight% nanoparticles dispersed in deionised water as well as addition of surfactants.

Tables 6-5&6-6 illustrate how nanofluid(s) is situated on the interface dependent on their
wettability.As discussed in Literature Review, Section 2.3.1, a contact angle of 90 degree is
considered intermediate wet and the nano fluid(s) will then ideally have 50 % surface area
covered with oil and 50 % with water.A contact angle of less than 90 degrees is water-wet and
a larger fraction of the surface area of the nanofluid(s) is then covered with water than oil.A
contact angle of more than 90 degrees is oil-wet, and a smaller fraction of the surface area of
the nanofluid(s) is then covered with water than oil.Recall that the contact angle is determined
by the densest liquid phase.It is observed that the contact angle is the function of porosity.Since
all the soil pore spaces were filled up during the oil —soil contamination and cleanup process,
the porosity is from 40 — 50% which is wettable condition, the wettability index is 1(strongly
water -wet), therefore the contact angles are less than 90°( ©<90°), this is why all the core soil
samples were fully saturated with water and oil.Porosity, above 50%, the wettability index is -
1 (strongly oil-wet) and non wettable condition with all the contact angles greater than 90°
(6>90°).
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Figure 6-10 Effect of wettability on relative permeability of surfacted nanofluids based on
Brook — Corey

Figure6-10 indicates that the relative permeability of water and oil are equal at water saturation
of 0.42(42% water, 54%oil) which is water-wet as the saturation increases, they cross each
other again at 84% water, 74%oil.Further interpretations are as follows based on the rule of
Thumb shown on Table 6.2b.The resulting relative permeability shows that the initial water
saturation (Swi = 34% > 25%, Krw = 26% < 30% and Swc., = 88% > 50% indicate water — wet

nature. However, Kro of 32.1% < 70% indicates oil — wet characteristics.
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Figure 6-11 Effect of wettability on relative permeability curves for surfacted nanofluids (oil
— wet formation) based on modified Brook-Corey method [170].

Figure6-11 shows a clear cross over of oil — wet ness based on modified Brook —Corey
equation.The interpretations are as follows based on the rule of Thumb shown on Table 6.2b.
The resulting relative permeability shows that the initial water saturation (Swi = 16.8% > 25%,
Krw = 24% < 30% and Swco = at 40%. However, Kro of 41% < 70% indicates oil — wet
characteristics.

These curves are believed to be accurate because of good agreement between results obtained

from the earlier Figure6-10.and the new method (recalculated graphs) Figure6-11/Table 6-8.

Table 6-6 Relative permeability of the best surfacted nanofluid (Recalculated values from the
former graph (Fig6-11) for surfacted nanofluids)

Sw Krw Kro
0.16 0 0.871
0.168 O 0.58
0.25 0 0.28

0.32 0.01 0.14
0.41 0.04 0.05
0.48 0.08 0.01
0.66 0.18 0
0.9 0.24 0
0.99 0 0
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Figure 6-12 Effect of wettability on relative permeability of pure nanofluids based on Brook
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Figure 6-13Effect of wettability on relative permeability of pure nanofluids (Strongly w ater
— wet soil) based on modified Brook — Corey (Caig’s rules of thumb, Table 6.2b, [170].
These curves are believed to be accurate because of good agreement between results obtained
from the Figure6-12 and the new method (recalculated graphs).

In Fig6.13, water and oil relative permeability are equal at Krw =64% and Kro at 60% (Sw -

0)-
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6.5 General discussion on relative permeability:

Soil saturation is governed by fluid densities, wettability, surface tension, pore size (porosity)
and geometry.Generally, irreducible water saturation increases as the pore size decreases,
which is not a simple linear function.Water becomes movable or is displaced in the soil when
water saturation is higher than water retain in the soil known as irreducible water saturation.The
movable water is the difference between water saturation and irreducible water saturation
timing pore volume However, the increase in water saturation is higher than the irreducible

water saturation, which causes the water to be movable/displaced.

6.5.1 Effect of surfactants on wettability

Surfactants are used primarily to lower oil-water interfacial tension (IFT) and thus improve
production. However, surfactants possess the ability to alter soil wettability and hence increase
oil cleaning /recovery/production.

The use of Sdbs surfactant at different concentrations with crude oil in corefloods experiments
showed significantly higher oil recoveries indicating that the surfactant has altered wettability.
The optimum surfactant concentration has been established at 0.1% and 0.5% for SDBS and
Na2HPOs, respectively. Other experiments conducted using NaxHPO4 surfactant has also
shown a favorable wettability alteration as soil sample core cleaned with Na,HPO4 surfacted
nanofluid s was altered from strongly water-wet to strongly oil wet consequently higher oil
recoveries.Surfactants can be used to alter soil wettability from oil-wet to water-wet hence
increase Spontaneous water imbibition and improve recovery [86b].

Increase in surface tension is measures of surfactant instability. They concluded that oil
recovery can be improved with low concentration of surfactant for both spontaneous and forced
imbibition of water and that reduction in soil surface adsorption is achievable by reducing
surfactant concentration.It is observed that the core’s wettability was moderately altered to
water-wet at ambient/room temperatures.[108b] demonstrated that an increase in temperature
in soil always resulted in increased water wetness, which improves spontaneous imbibition of
water and hence increased oil recovery.The wettability of the soil is altered from oil-wet to
water-wet to improve the displace ment of oil by nanofluids (spontaneous imbibitions) and
hence higher oil recovery [138].
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6.6 Effect of Wettability on relative permeability.

In an oil contaminated soil sample (strongly oil - wet) as shown by relative permeability and
USBM wettability measurements. Craig’s rules of thumb (Table 6-4) show that the
contaminated soil shown in Fig 4-1 is strongly oil — wet. The cross over point for the oil and
water relative permeabilities occurs at a water saturation of 44.0%, while the water relative
permeability at floodout is about 88%. In general, the cleaned soil samples were strongly water
— Wet.

Some soil samples were cleaned only to neutral (contact angles = 90° or approximately = 90°)
wettability, possibly because of the presence of surfactants or because both the pure and
surfacted nanofluids were stabilized before the cleanup process as can be seen on Tables 6-5
and 6.6, which is naturally neutrally wet.Finally, the restored — state soil samples were neutrally
wet, with relative permeability characteristics intermediate between measurements in the

contaminated, strongly oil — wet state and the cleaned, strongly water — wet state.

At any saturation, the relative oil permeabilities were lower and the relative water
permeabilities were higher for restored — state soil sample when compared with the more water
— wet cleaned soil sample. Relative permeabilities were determined on the cleaned soil sample
using surfacted nanofluids and mineral oil.Based on Craig’s rules of thumb for wettability
(Table 6-4), the cleaned soil sample is significantly more water — wet than the native —state
one.This is confirmed by contact — angle measurements. The water contact angles © were less
than 90° and >90° for oil — wet (Tables 6-5 & 6-6 as contained in Appendix I. 2) [114], [148]
and [173].By evaluating the contact angle and surfacel tension, it was found that wettability
alteration plays a more dominant role in the oil displacement mechanism through nano-
EOR.These results reveal a potential way to use Al203,ZnO and TiO2-based nanofluids for
enhanced oil recovery purposes for a wide range of soil reservoir wettabilities at a given soil

temperature.

In summary, soil sample was oilflooded followed by waternanofluid flooding, the water /oil
relative permeability ratio increased for given water determined. Imbibition tests showed that
the cleaned soil sample was more water — wet than the native- state sample because it imbibed
water more rapidly. When oil is the wettingfluid, that soil sample is treated as oil-wet.In both
cases, the non wetting fluid (eg nanofluid) displaces the wetting fluid (drainage) during the

experiment.
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Unsteady — state relative permeability will appear more oil —wet when measurements are
made on strongly water — wet systems initially 100% saturated with oil [98, 96).

According to [123], which is similar to my own findings, waternanofluid flooded water — wet
sandpacks initially saturated with refined mineraloil and obtained significant amounts of
simultaneous oil and water production after breakthrough.Generally, there is little or no
production after water breakthrough in a strongly water — wet soil sample with a low oil/water
v iscosity ratio, so this soil sample behaved as if it were somewhat oil- wet [39], [139],[
128],[49] and [96].

CHAPTER 7.0
7.0: GENERAL DISCUSSION &SUMMARY
The thermal conductivity, viscosity, and surface tension of the various water-based nanofluids
were measured. It is found the thermal conductivity increases significantly with the decrease in
nanoparticle volume fraction.This is contrary to existing classical models which reported that
thermal conductivity increases with increase in mass fraction.Models are for large aggregates
(cluster) or large diameter greater than 100nm.With an increase of temperature, the thermal
conductivity increases for a certain volume concentration of nanofluids, but the viscosity
decreases.The size of nanoparticle also influences the thermal conductivity of nanofluids.It is
indicated that existing classical models cannot explain the observed enhanced thermal
conductivity
in the nanofluids.Similarly, the viscosity increases as the concentration increases at room
temperature.At the volume concentrations of 5%, the viscosity has an increment of 60%.The
effect of particle sizes on the viscosity is limited. The addition of surfactant is believed to
be the reason behind the decrease in surface tension in comparison with the base fluid.
Surface tension measurements of nanofluids
Figure 5-18 shows the surface tension as a function of the volume concentration.The results

demonstrate that the surface tensions of the different water-based nanofluids are significantly
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lower than those of the base fluid, pure water.However, as the volume concentration increases,
the surface tension remains almost unchanged in the Al>O3 nanofluids.Hence we can deduce
that particle volume concentration does not have a major effect on the surface tension of the
nanofluids.The experimental results of [66] and [90] have shown that the surface tension of all
the nanofluids without surfactant is independent on concentration and has the close values as
that of pure water.The addition of a small amount of surfactant into the liquid reduced the
surface tension [28], [30].

7.1 Effect of particle size on viscosity

From Fig.5-27, our experimental results show that as the particle sizes increase, the effective
viscosity decreases significantly and reaches an almost constant value at the end.This trend is
similar to the results of other researchers shown in Fig.5-29 except for particle size greater than
100 nm.[165] suggested the big particle size can form larger aggregates.

7.2 Effect of volume concentrations on viscosity.The naofluids exhibits a Newtonian
behavior.Figure 5-26 shows that the effective viscosity ratio increases as the volume
concentrations increase [106] and [124].

7.3 Effect of temperature on viscosity

The viscosities were measured for the nanofluids as a function of temperature. The viscosity
under the particle volume fraction ranging at 0.3%, 0.7%, and 1.0% from 20 to 70 -C is shown
in Fig.5-28, the nanofluid viscosity decreases with an increase in temperature.The increasing
temperature would weaken the inter-particle and inter-molecular adhesion forces.For all the
nanofluids measured, the temperature gradient of viscosity is generally steeper at the
temperature from 20 to 40 -C.Such the viscosity gradient is particularly more pronouncedas
the particle volume concentration increases.With an increase of temperature, the measured
viscosity data have shown a gentle decrease with an increase of temperature. n

our experiments, we have attempted to measure viscosity at the temperature higher than

55 C, but a critical temperature has been observed, above the temperature of 50°C (specifically
at 70°C), an ‘erratic’increase of nanofluid viscosity was observed. The phenomenon may be
resulted from the fast evaporation of nanofluids in the related small volume at a relative high
temperature.Another possibility is that beyond the critical temperature, the surfactant might be
broken down and accordingly the performance was considerably reduced or even destroyed,
affecting the suspension capabilities. Thus, the particles have a tendency to form aggregation,

resulting in the observed unpredictable increase of the nanofluid viscosity.As known, the water
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viscosity decreases with an increase of temperature. The viscosity values of the different
concentration nanofluids measured from 20 to70 -C are compared with a reference of the
viscosity of water at these temperatures.This observations can be substantiated by [124] and
[106].

7.4 General discussion on wettability.

A review of the literature shows that the wettability is a very complex parameter which is
dependent on many variables in the reservoir (soil).These include properties of the soil and
properties of the oil, nanofluids, surfactants and the soil conditions, suggesting that the
wettability is a result of the equilibrium between the forces acting on the solid and the fluids (
adhesive and cohesive) present in the system.Wettability affects the fluid saturation distribution
in the soil.Different wettability characteristics of a reservoir soil leads to different oil
displacement mechanisms on a pore-scale level. The wettability also affects the residual oil (ie
oil retained in the soil after cleaning) saturations. The experimental results/ current view is that
wettabilities close to neutral gives the lowest residual oil and therefore the highest
recovery.Hence, the knowledge of the wettability state of a given reservoir (soil) and how it
can be altered to lower the residual oil is crucial in enhanced oil recovery projects.Because of
its complexity, the wettability is still a variable that is not fully understood, and research is

continuously ongoing.

CHAPTER 8.0
8.0 CONCLUSIONS AND RECOMMENDATION/Future work
8.1 conclusions

The strange behaviour of nanofluids as reported in the literature (Xiang et. al., 2008) which
was observed between the three monotypes - nanofluids used in the experiments during the
plotting of cleaning efficiency. Al2Os and ZnO nanofluids showed their strange behaviour at
the concentration of 0.7vol%. At this concentration the cleaning efficiency of these two
nanofluids are lower than that of 0.3vol% nanofluid. At 0.7wt% nanoparticles dispersed in
deionised water, the cleaning efficiency decreased but increased at both 0.3 and 1.0 vol%. This
is because the surface area of the AloOs and ZnO nanofluids decreased with increased in
concentration of nanoparticles dispersed in deionised water (ie increased in volume fraction of
Al>03 and ZnO nanofluids).ZnO and TiO2 nanofluid behaved strangely at concentration of 0.3

volume fraction.This is because the two monotype water nanofluids are antibacterial
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nanofluids. ZnO nanofluid is also anticorrosive agent.In case of TiO2, the cleaning efficiency
increased with increased in surface area of TiO. as well as concentration of nanoparticles
dispersed in deionised water.The three monotypes - nanofluids behaviour strangely at the
concentration of 0.7vol% as shown on the Fig.above.From the cleaning efficiency without
surfactants, TiO2 nanofluid is the best.

The three monotype nanofluids behaviour strangely at the 0.7vol% concentration with
each other, but their hybrids of 0.3Al>0z3 + 0.3TiO2 + 0.3ZnOvol% agreed together at this
0.7vol% concentration with cleaning efficiency of 74% the same as that of Al.O3 nanofluid.
Nanofluid being a smart fluid, the three experimental nanofluids behaved strangely to each
other.Al>,03 nanofluid is a ceramic and bacterial nanofluid.Al.Oz nanofluid is recommended
for cleaning oil refineries and oil spillage (in the literature) but TiO2 and ZnO nanofluids are
better than Al>Oz nanofluid in cleaning crude oil polluted soils. They outsmarted Al.O3
nanofluid even the same with their hybrids.TiO2 and ZnO nanofluids are both antibacterial
nanofluids, ZnO nanofluid is also anticorrosive nanofluid. TiO2 is used as coolant in engines.
Investigation on the stability is a key issue that influences the properties of nanofluids for
applications.Zetapotential, pH, and absorbancy are used to evaluate the stability of the different
nanofluids.Although, addition of surfactants leads to enhancement of thermophysical
properties of the nanofluids but the improvement is still well comparable to the expected
value.These observations suggest that the efficiency of property improvement depends on the
particle size, concentration of nanoparticles, type of surfactants as wetting agent, preparation
technique/sonication procedure.The excellent thermal conductivity of the surfacted nanofluids
significantly improve the thermal transport and optical properties/strength of the different
nanofluids which lead to their usage as cleaning agent for crude oil.

The biggest challenge in realizing the full potential of nanofluids is to achieve homogeneous
dispersion (stability) of nanofluids so that maximum total surface area will be available for
efficient recovery of oil. This can be seen in the plot of total surface area and cleaning efficiency
with surfacted nanofluids Fig 5-39 Although, hybrid nanofluids (new technique/improved
method of preparing nanofluid) produce high cleaning efficiency but monotype nanofluids are
much simpler and provide option for large scale production.Further comparison of monotype
and hybrid nanofluids was based on their on wettability study which showed that the pure
hybrids nanofluids cleaned the contaminated soil better than the pure monotype nanofluids on

comparing their relative permeabilities.Improvement in both monotype and hybrid nanofluids
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enhances their properties and processing conditions.So finally we can conclude that nanofluid
is an ideal agent /solution for cleaning crude oil polluted soils/sites.

Based on the work performed in this study, the following overall conclusions can be presented:
When the Al,O3 /water, TiO2 /water and ZnO/water as well as their hybrid —water nanofluids
were synthesized by two-steps method, the observed particle size analysis showed better
scattering.It can be concluded that since the particle size distribution of Al.Oz/water are less
than 100nm. It shows that the Al.O3 nanoparticles /powder used for the study is gamma alumina
(<100nm) not Alpha alumina which is greater than 100nm (>100nm).To select appropriate
conditions for scattering nanoparticles, absorbency and zeta potential are essential basis.In
addition, there is an excellent relationship between absorbency and zeta potential. The efficacy
of pH on the stability of the Al>O3, TiO2 and ZnO nano-suspension was investigated.At pH
values of <4, are excellent dispersion of Al2Ozand TiO2/nanoparticles, while pH values >8 are
excellent dispersion of ZnO nanoparticles were obtained.The smaller the particle size
concentration, the higher the catalylic activities of the nanofluids.Most of the activities
occurred at compatible medium.In otherwords, stable suspension of water nanofluids is
achieved in physiological compatible medium.

The stability comportment of the 0.3 — 1.0%wt Al203, TiO2 and ZnO as well as their hybrids
nano-suspensions with SDBS and Na,HPO, surfactants and particle size concentrations was
investigated at different pH values by making use of zeta potential, absorbency techniques.
The optimum process variables for tga soil analysis after cleaning with the different nanofluids
are: During the tga analysis, water evaporates by 15mins or less depending on the amount of
water retained in the soil after cleaning the contaminated soil with nanofluid at 100°C.The oil
burnt off at the solubility temperature (338°C) of the mineral oil.In summary, the optimum
process variables to restore the contaminated soil after cleaning with nanofluids during tga
analysis are 40mins, 400°C and 150 bars.

In this work also, we present results of Al,O3, TiO2and ZnO - Nanofluids’ impact on enhanced
oil recovery during soil sample /core flood experiments on oil-wet soil contaminated samples.
Based on the results obtained the following conclusions can be drawn:

1. AlxOg, TiO2, and ZnO nanofluids are wettability modifiers for soil porous medium systems,
and they can change the wettability of soils from strongly oil-wet to strongly water-wet

condition.
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2. Wettability change by adsorption of Nanoparticles on the soil surface is a fast process,
requiring a period of at least 1 hr.

3. Use of these Nanofluids in flooding tests revealed the strong capability of these new agents
for oil recovery from crude oil soil reservoirs. The mechanism of oil recovery by the selected
Nanofluids during Nanofluid flooding and after aging of Nanofluid/crude oil attributed to
wettability alteration.

4. The originally strongly water-wet cores are altered to be intermediate-wet or oil-wet by the
surfactants, depending on the type and their concentrations.

5. The wettability indices (either water index, oil index, or combined index) correlate well with
the traditional Amott—Harvey indices, suggesting that quantitative information about soil
wettability can be gained from surface tension measurements.(4) After surfacted nanofluids
imbibition, residual oil saturation decreases from water-wet to intermediate-wet region, while

it increases from the intermediate wet to oil-wet region.

Based on the experimental work performed it is concluded that surfactants have an effect on
the surface tension, contact angle and the wettability.lt is also observed that the concentration
has an impact.Though, a deviation in the expected behavior when comparing the results was
observed.

Relative permeabilities are a function of wettability, pore geometry, fluid distribution,
saturation and saturation history. Wettability affects relative permeability by controlling the
flow and spatial distribution of fluids in a soil medium.In a uniformly wetted soil sample, the
effective oil permeability at a given initial water saturation decreases as the wettability is varied
from water — wet to oil —wet. In addition, the water relative permeability decreases as the soil
sample becomes more oil — wet.

In fractionally wetted soil samples, where the size of the individual water and oil — wet surfaces
are on the order of a single pore, relative permeabilties appear to be similar to those in
uniformly wetted systems.The water relative permeability increases and the oil relative
permeability decreases as the fraction oil —wetted surfaces increases.Increasing the sulphate
concentration which has a catalytic effect on the wettability alteration, improved both the

imbibition rate and ultimate recovery.

Finally, In a nutshell, nanofluid is all about nanoparticle diameter of less 100 nm dispersed in

water, the fewer diameters are from 100nm, the more stability it is. So also is the contact angle
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of wettability, <90°. The smaller the contact angle, the more/strongly water -wet condition (ie
wetting state) and porosity from 40 - 50% for efficient oil recovery/cleaning.Larger contact
angle indicates non-wet table condition and strongly oil - wet state, porosity of above 50%
describing the clayey nature of the soil in that soil depth. Therefore, nanofluid can be
propagated through a porous soil medium (wettability).Pure nanofluid enhances oil recovery
but surf acted nanofluid super enhances oil recovery.

The experiments were an extensive test of nanofluid as an oil spill cleaner.Thus it is confirmed
that nanofluid is an effective solvent for spilled oil and that greater volumes of nanofluid
relative to the amount of oil spilled lead to a greater cleaning effectiveness.Based on the
performance in laboratory settings, nanofluid should be considered a potential oil spill
remediation agent but the results obtained in the laboratory settings do not always translate to
the field, hence, nanofluid needs to be trialled on a full-scale in a marine and land settings.

8.2: Future Work / Recommendations

One of the strongest recommendations that can be made regarding subsequent research into the
efficacy of nanofluid as an oil spill cleaning agent is that studies need to move out of laboratory
into the field.Laboratory studies in controlled conditions limit confounding factors but also fail
to indicate how real world performance might be affected by which confounding conditions.
Of key concern to developing a practical field work trial are the following:

Determine realistic application rates,

Develop, optimise and evaluate field work protocol,

Develop field work protocol into oil spill response protocol,

Effects of nanofluid application on a large and over the long term.

Enhancement of oil cleaning efficiency of Al,Os/water nanofluids using Staphylococcus
Aureus /E.Coil bacteria surfactants, since Aluminum Oxide is a bacterial nanoparticle.The
Staphylococcus Aureus bacterial will help to eat up the crude oil thereby improving the
cleaning efficiency.Investigation on the Inhibitory effect of E.coli on cleaning crude oil
contaminated soils using ZnO /water and TiO> /water as well, knowing that both are
antibacterial nanoparticles ZnO /water is anticorrosive nanofluid also.More experimental work

is needed on crude oil contamination and cleanup process.
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Appendices

A Properties of experimental materials
A-1Nanoparticles

Table A- 1 Properties of Alumina Nanopowder.

Alpha Al;O3 Gamma Al203
Appearance White powder White powder
Purity 99.9+ 99.9+
Grain size >100nm 5nm, <100nm
Specific surface area (m?/g) | < 25m?/g 500 — 600m?/g

Table A- 2 Properties of Titanium Oxide Nanopowder

Anatase — TiO2 Rutile — TiO:
Appearance White powder White powder
Purity 99.5"% 99"%
Grain size (nm) 20nm 80nm
Specific surface area (m?/g) | >120 >30
Apparent density (g/cm?) 0.3 0.85
pH value of aqueous 7-8

Table A- 3 Properties of Zinc Oxide Nanopowder, ZnO

Zn0O -20nm
Appearance White or pale yellow powder.
Purity 99%
Grain size (hm) 20nm
Specific surface area (m?/g) >90

Table A- 4 Properties of Disodium Phosphate NaHPO4 (inorganic compound)

Name

Sodium hydrogen phosphate

Appearance

Hygroscopic, anhydrous salt,white

crystalline odorless solid.

Molecular formular

Na,HPO4

Molar mass

141.96 g/mol
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Melting point 250°C

Density 1.7g/cm?®

pH Between 8 and 11, moderately basic.
CAS No. 7558 -79—-4

Table A- 5 Properties of Sodium dodecyl Sulphate (Organic compound)

Molecular formular C12H25CeH4SO3Na
Molar mass 348.48g/mol
CAS No. 25155-30-0

A.2 Organic and Inorganic Compounds

Table A- 6 Property table for water (which is an inorganic compound) [19].

Name Water (oxide)
Chemical Formular H20
Molecular weight 18.0

Density at 25°C (g/cm?®) 1.0

Boiling temp at 1 atm (°C) 100

Melting temp (°C) 0

Table A- 7 Property table for organic compounds used in the experiments [19]

Chemical formular Mineral oil/paraffin (wax) | Ethanol
oil/Octane

Chemical formular CsHais CH3CH0H

Molecular weight CnH2n+2,n=16-24 46.1

Density at 25°C (g/cm?®) 0.85 0.785

Boiling temp at 1 atm (°C) 300 78.3

Melting temp (°C) -24 -114.1

CAS Number 8012 -95-1

Refractive index N20/D1.467
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A.3 Characterization of experimental nanofluids [57]

A.3.1 Particle size distribution

Particle size distribution: The particle size of the various nanofluids are shown
on Appendix A.3

A Zetasizer Nano ZS (Malvern) was used for measuring the average dimension of the
nanoparticles in solution. The particles in a liquid move about randomly and their speeds of
movement are used for determining the size of the particles. The particles move by Brownian
motion in which the small / light particles move quickly and form particle size distribution
(stable solution) while large/heavy particles move slowly, to form large aggregage (cluster-
unstable solution)[57, 161].

Intensity PSD

[[Right-dlick to change chart type=J]

Intensiy (%]
!

Figure A- 1 Particle size distribution of pure (without surfactant) 0.3 vol% Al.Oz water

nanofluid
Particle size distribution: Figure A-1.shows the hydrodynamic particle
size distribution of 0.3 vol%Al,03 —water nanofluid at 25°C, room
temperature.The nanofluid formulated with 0.3g Al.O3; nanopowder
+99.70ml deionized water calcined at 25°C had the average aggregate size,
71.77 d.nm, peak diameter aggregate size, total surface area of 0.0214 nm?,
with percentage intensity of 100%.The Particle size distribution is
less than 100nm which revealed the powdered nature of the
nanoparticles. The zeta potential of pure 0.3vol% AIl>O3 water
nanofluid was determined to be 190mV which showed excellent
stability with pH of 3.15 and remained stable for more than
6months.The viscosity of nanofluids increased linearly with

nanoparticle concentration.The 0.3vol% AIl.03 — water nanofluid has
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cleaning efficiency of 82% with mean viscosity of 5.264 x 10’ Pas.

Figure A- 2 Particle Size Distribution of 0.3wt%Al.O0z3 + 0.03wt% SDBS- deionised water
nanofluid

Particle size distribution: Figure A-2 Shows the hydrodynamic particle
size distribution of 0.3 vol%AlI.0z + 0.03%SBDS —water nanofluid at 25°C,
room temperature.The nanofluid formulated with 0.3g Al,Oz nanopowder
+0.03%SBDS +99.67ml deionized water calcined at 25°C had the average
aggregate size, 56.52 d. nm, total surface area of 0.0272nm? with percentage
intensity of 100%.The Particle size distribution is less than 100nm.The
average diameter is less than 100% which formed smaller particle size due
to sufficient agitation of the nanofluid before particle size distribution
analysis.The zeta potential of 0.3vol% Al.Oz + 0.03%SDBS water
nanofluid was determined to be 168mYV which showed excellent
stability with pH of 3.16 and remained stable for more than
6months.The viscosity of nanofluids increased linearly with
nanoparticle concentration.The 0.3vol% Al203 + 0.03%SBDS — water
nanofluid has cleaning efficiency of 84% with mean viscosity of
3.4177 x 10* Pas.
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Figure A- 3 Particle size distribution of pure 0.7 vol%Al,03 water nanofluid
Figure A-3 shows the hydrodynamic particle size distribution of 0.7
vol%Al,03 —water nanofluid at 25°C, room temperature. The nanofluid
formulated with 0.7g Al,Os nanopowder +99.30ml deionized water calcined
at 25°C had the average aggregate size, 41.77 d.nm, total surface area of
0.03667 nm?, with percentage intensity of 100%.The peak Particle
size distribution is less than 100nm which revealed the powdered
nature of the nanoparticles.The zeta potential of 0.7vol% Al203
water nanofluid was determined to be 178mYV which showed

excellent stability with pH of 3.37 with stability lifespan of more
than 6months.The viscosity of nanofluids increased linearly with
nanoparticle concentration.The 0.7vol% Al203 — water nanofluid

has oil cleaning efficiency of 70% with mean viscosity 0.32236 Pas

Figure A- 4 Particle Size Distribution of 0.7wt%Al>03 + 0.07wt%SDBS —deionised water
nanofluid

Figure A-4 shows the hydrodynamic particle size distribution of 0.7
Vvol%AIl,03 + 0.03%SDBS —water nanofluid at 25°C, room temperature. The
nanofluid formulated with 0.7g Al.O3 nanopowder + 0.07%SDBS + 99.23ml

deionized water calcined at 25°C had the average aggregate size, 14.96 d. nm,
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total surface area of 0.1024nm? . The peak Particle size distribution is less than
100nm which revealed the powdered nature of the nanoparticles. The
zeta potential of 0.7vol% Al203 + 0.07%SDBS - water nanofluid was
determined to be 136mV which showed excellent stability with pH of
3.72 and remained stable for more than 6months. The viscosity of

nanofluids increased linearly with nanoparticle concentration. The

0.7vol% AIl203 + 0.07%SDBS — water nanofluid has oil cleaning
efficiency of 76% with mean viscosity of 7057.16 Pas.

me: %)
_—

1000 1m0

)
o1 1 0 100
Size (d.nml

Figure A- 5 Particle size distribution of 1vol% Al>O3z water nanofluid without surfactant

Figure A-5 shows the hydrodynamic particle size distribution of 1 vol%Al,03
—water nanofluid at 25°C, room temperature.The nanofluid formulated with 1g
Al,03 nanopowder +99ml deionized water calcined at 25°C had the average
aggregate size, 30.71nm d.nm, total surface area of 0.04972nm?2.Particle size
distribution is less than 100nm, zetapotential of 202mV which showed
excellent stability with pH of 2.94 and remained stable for more than

6months.The 1vol% AIl203 — water nanofluid has oil cleaning efficiency

of 74% with mean viscosity of 0.05923 Pas.

Figure A- 6 Particle Size Distribution of 1wt%Al>03 + 0.1wt%SDBS —deionised water

nanofluid.
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Figure A-6 shows the hydrodynamic particle size distribution of 1 vol%AIl,03
+ 0.1% SDBS —water nanofluid at 25°C, room temperature.The nanofluid
formulated with 1g Al.Oz nanopowder + 0.1% SDBS +98.90ml deionized water
calcined at 25°C had the average aggregate size, 6.503 d. nm, total surface area
of 0.255nm? Particle size distribution is less than 100nm, zetapotential of
170mV which showed excellent stability with pH of 3.28 and remained
stable for more than 6months.The 1vol% Al.03 — water nanofluid has oil

cleaning efficiency of 88% with mean viscosity of 2832.76 Pas.

Figure A- 7 Particle size distribution of 0.3vol% TiO2 water nanofluid without surfactant

Figure A-7 shows the hydrodynamic particle size distribution of 0.3 vol%
TiO, —water nanofluid at 25°C, room temperature. The nanofluid formulated
with 0.3g TiO2 nanopowder +99.70ml deionised water calcined at 25°C had the
average aggregate size, 45.09 d. nm,total surface area of 0.03114nm? Particle
size distribution is less than 100nm, zetapotential of 120mV which
showed excellent stability with pH of 4.26 and remained stable for more
than 6months. The 0.3 vol% TiO2, — water nanofluid has oil cleaning

efficiency of 72% with mean viscosity of 8.98 x 10’ Pas.

Figure A- 8 Particle Size Distribution of 0.3wt%TiO2 + 0.03wt%SDBS — deionised water

nanofluid.
Figure A-8 shows the hydrodynamic particle size distribution of 0.3 vol%



TiO2 + 0.03% SDBS —water nanofluid at 25°C, room temperature. The
nanofluid formulated with 0.3g TiO2 nanopowder + 0.03%SDBS + 99 .67ml
deionized water calcined at 25°C had the average aggregate size, 33.32 d.
nm, total surface area of 0.04214nm?. Particle size distribution is less
than 100nm, zetapotential of 277mV which showed excellent
stability with pH of 1.23 and remained stable for more than 6months.
The 0.3vol% 0.3wt%TiO2 + 0.03wt%SDBS — water nanofluid has oil
cleaning efficiency of 78% with mean viscosity of 10038.27 Pas.

Figure A- 9 Particle size distribution of pure 0.7vol% TiO> water nanofluid
Figure A-9 shows the hydrodynamic particle size distribution of 0.7
vol%TiO2 —water nanofluid at 25°C, room temperature. The nanofluid
formulated with 0.7g TiO2 nanopowder +99.30ml deionized water calcined at
room temperature had the average aggregate size, 40 d. nm, total surface area of
0.03497nm?2.With excellent stability of 178mV zetapotential and pH of 3.35,
remained stable for more than 6months. The 0.7 vol% TiO, — water
nanofluid has oil cleaning efficiency of 76% with mean viscosity of

0.0083568 Pas.

Figure A- 10 Particle Size Distribution of 0.7wt%TiO> + 0.07wt%SDBS — deionised water
nanofluid.
Figure A-10 shows the hydrodynamic particle size distribution of 0.7 vol%

TiO, +0.07%SDBS —water nanofluid at 25°C, room temperature.The nanofluid

204



formulated with 0.7g TiO2 nanopowder +0.07%SDBS + 99.23ml deionized water
calcined at 25°C had the average aggregate size, 2.696 d.nm, total surface area of
0.5188nm? .Particle size distribution is less than 100nm, zetapotential of
294mV which showed excellent stability with pH of 1.31 and remained
stable for more than 6months.The 0.7vol% 0.7wt%TiO2 + 0.07%SDBS —
water nanofluid has oil cleaning efficiency of 88% with mean viscosity
of 3530.9 Pas.

Figure A- 11 Particle size distribution of pure 1.0 vol% TiO2 water nanofluid
Figure A-11 shows the hydrodynamic particle size distribution of 1
vol%TiO2 —water nanofluid at 25°C, room temperature. The nanofluid
formulated with 1g TiO2 nanopowder +99ml deionized water calcined at room
temperature had the average aggregate size, 71.66 d. nm, total surface area of
0.01946.nm?. Particle size distribution is less than 100nm, with excellent
stability of 138mYV zetapotential and pH of 4.08, remained stable for more
than 6months. The 1 vol% TiO, — water nanofluid has oil cleaning

efficiency of 84% with mean viscosity of 0.4075 Pas.

Figure A- 12 Particle Size Distribution of 1wt%TiO> + 0.1wt%SDBS — deionised water

nanofluid.

Figure A-12 shows the hydrodynamic particle size distribution of 1
vol%TiO2 + 0.1%SDBS —water nanofluid at 25°C, room temperature. The
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nanofluid formulated with 1g TiO2 nanopowder + 0.1%SDBS +98.90ml
deionized water calcined at 25°C had the average aggregate size, 50.9 d. nm,
total surface area of 0.02739nm?2. Particle size distribution is less than
100nm, zetapotential of 273mV which showed excellent stability with
pH of 1.30 and remained stable for more than 6months. The 1vol% TiO;
+ 0.1%SDBS — water nanofluid has oil cleaning efficiency of 99.4% with

mean viscosity of 3467.01 Pas.

Figure A- 13 Particle Size Distribution of pure 0.3wt% ZnO -water nanofluid.
Figure A-13 shows the hydrodynamic particle size distribution of 0.3
vol%ZnO —water nanofluid at 25°C, room temperature. The nanofluid
formulated with 0.3g ZnO nanopowder +99ml deionized water calcined at 25°C
had the average aggregate size, 50 d. nm, total surface area of 0.02133nm?.
Particle size distribution is less than 100nm, zetapotential of 63.4mV
which showed excellent stability with pH of 7.89 and remained stable
for more than 6months. The 0.3vol% ZnO — water nanofluid has oil

cleaning efficiency of 62% with mean viscosity of 33.68 x 10*Pas.
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Figure A- 14 Particle Size Distribution of 0.3wt%Zn0O + 0.15wt%Na2HPO4 — deionised water

nanofluid.

Figure A-14 shows the hydrodynamic particle size distribution of 0.3
vol%ZnO+ 0.15%Na,HPO4 —water nanofluid at 25°C, room temperature. The
nanofluid formulated with 0.3g ZnO nanopowder + 0.15%Na;HPO; + 99.55ml
deionized water calcined at 25°C had the average aggregate size, 24.81, total
surface area of 0.04298nm?. Particle size distribution is less than 100nm,
zetapotential of -196mV which showed excellent stability with pH of
10.73 and remained stable for more than 6months. The 0.3vol% ZnO+
0.15%Na;HPOs — water nanofluid has oil cleaning efficiency of 74% with

mean viscosity of 350.812 Pas.

Figure A- 15 Particle Size Distribution of 0.7wt% pure ZnO water nanofluid.
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Figure A-15 shows the hydrodynamic particle size distribution of 0.7
vol%ZnO —water nanofluid at 25°C, room temperature.The nanofluid
formulated with 0.7g ZnO nanopowder +99ml deionised water calcined at 25°C
had the average aggregate size, 82.02 d. nm, total surface area of 0.01295nm?
Particle size distribution is less than 100nm, zetapotential of -60mV
which showed excellent stability with pH of 8.85 and remained stable
for more than 6months.The 0.7vol% ZnO — water nanofluid has oil

cleaning efficiency of 63% with mean viscosity of 12.14 x 10-3Pas.
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Figure A- 16 Particle Size Distribution of 0.7wt% surfactedZnO + 0.35wt%Na;HPO4 —
deionised water nanofluid.
Figure A-16 shows the hydrodynamic particle size distribution of 0.7

vol%ZnO + 0.35%NaHPOs —water nanofluid at 25°C, room temperature.The
nanofluid formulated with 0.7g ZnO nanopowder + 0.35%Na;HPOs +98.95ml
deionised water calcined at 25°C had the average aggregate size, 20d.nm, total
surface area of 0.0531nm?2.Particle size distribution is less than 100nm,
zetapotential of -205mV which showed excellent stability with pH of
10.93 and remained stable for more than 6months. The 0.7vol% ZnO+
0.35% Na;HPOs — water nanofluid has oil cleaning efficiency of 90% with

mean viscosity of 5101.99 Pas.
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Figure A- 17 Particle Size Distribution of 1wt% pure ZnO -water nanofluid
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Figure A-17 shows the hydrodynamic particle size distribution of 1.0
vol%ZnO —water nanofluid at 25°C, room temperature.The nanofluid
formulated with 1.0g ZnO nanopowder +99ml deionized water calcined at 25°C
had the average aggregate size, 86.4 d. nm, total surface area of
0.01226nm?.Particle size distribution is less than 100nm, zetapotential of
-86.7mV which showed excellent stability with pH of 8.92 with stability
lifespan of more than 6months.The 1.0vol% ZnO — water nanofluid has

oil cleaning efficiency of 78% with mean viscosity of 13594 Pas.

Figure A- 18 Particle Size Distribution of 1wt%ZnO + 0.5wt%Na2HPO4 —deionised water
nanofluid.

Figure A-18 shows the hydrodynamic particle size distribution of 1.0
vol%ZnO + 0.5%Na>HPO4 —water nanofluid at 25°C, room temperature.
The nanofluid formulated with 1.0g ZnO nanopowder + 0.5%Na>HPO4
+98.50ml deionized water calcined at 25°C had the average aggregate size,
65.31 d.nm, total surface area of 0.1621 nm? Particle size distribution is less
than 100nm, zetapotential of -140mV which showed excellent stability
with pH of 8.98 and remained stable for more than 6months.The 1.0vol%
ZnO+ 0.5wt%Na>HPO4 — water nanofluid has oil cleaning efficiency of
98% with mean viscosity of 3491.29 Pas.

Figure A- 19 Particle size distribution of pure 0.3wt%Al,03 + 0.7wt%TiO, - deionised water

nanofluid

209



Figure A-19 shows the hydrodynamic particle size distribution of 0.7TiO; +
0.3Al203 vol% deionised water nanofluid at 25°C, room temperature.The nanofluid
formulated with 0.7TiO; + 0.3Al>03 nanopowder +99ml deionized water calcined
at 25°C had the average aggregate size, 45 d. nm, and total surface area of
0.0564nm?.Particle size distribution is less than 100nm, zetapotential of
196mV which showed good stability with pH of 3.04 and remained
stable for more than 6months.The 0.7 TiO, + 0.3Al203 vol% deionised water
nanofluid has oil cleaning efficiency of 70% with mean viscosity of
62592.48 Pas.

Figure A- 20 Particle size distribution of 0.3wt%Al,03 + 0.7wt%TiO> + 0.1wt% SDBS -
deionised water nanofluid

Figure A-20 shows the hydrodynamic particle size distribution of 0.3wt%Al,0;
+0.7wt%TiO2 + 0.1wt% SDBS vol% deionised water nanofluid at 25°C, room temperature.
The nanofluid formulated with 0.3wt%Al,0s + 0.7wt%TiO> nanopowder +99ml
deionized water calcined at 25°C had the average size diameter of 60 d. nm and
total surface area of 0.5460nm?. Particle size distribution is less than 100nm,
zetapotential of 108mV which showed good stability with pH of 2.91
and stability lifespan of more than 6months. The 0.3wt%Al,03 + 0.7wt%TiO>
+ 0.1wt% SDBS vol% deionised water nanofluid has oil cleaning efficiency of
87.4% with mean viscosity of 2.973 x 1072 Pas.

Figure A- 21 Particle size distribution of 0.7 pureAl,Oz + 0.3 TiO2deionised water nanofluid
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Figure A-21 shows the hydrodynamic particle size distribution of 0.7Al,03 +
0.3TiO2 vol% deionised water nanofluid at 25°C, room temperature. The nanofluid
formulated with 0.7 Al,03 + 0.3 TiO2 nanopowder +99ml deionized water calcined
at 25°C had the average aggregate size, 44.68 d. nm and total surface area of
0.0539nm?2. Particle size distribution is less than 100nm, zetapotential of
167mV which showed good stability with pH of 3.62 and remained
stable for more than 6months. The 0.7 Al,O3 + 0.3 TiO, vol% deionised water
nanofluid has oil cleaning efficiency of 68% with mean viscosity of 1.4026
X 1072 Pas.

Figure A- 22 Particle size distribution of 0.3wt%TiO> + 0.7wt%Al,03 + 0.03wt%SDBS +
0.07wt%SDBS — deionised water nanofluid.

Figure A-22 shows the hydrodynamic particle size distribution of 0.7 Al.O3 +
0.3 TiO2 + 0.03wt%SDBS + 0.07wt%SDBS vol% deionised water nanofluid at
25°C, room temperature.The nanofluid formulated with 0.3wt%TiO> +
0.7wt%AIl.03 + 0.03wt%SDBS + 0.07wt%SDBS — deionised water
nanofluid +98.99ml deionized water calcined at 25°C had the average
aggregate size, 25 d. nm and total surface area of 0.1335nm?2.Particle size
distribution is less than 100nm, zetapotential of 146mV which showed
excellent stability with pH of 3.93 and stability lifespan of more than
6months. The 0.3wt%TiO> + 0.7wt%AIl.03 + 0.03wt%SDBS +
0.07wt%SDBS — deionised water nanofluid has oil cleaning efficiency

of 80% with mean viscosity of 2.7 x 10°3 Pas.
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Figure A- 23 Particle size distribution of pure 0.3Al,03 + 0.7Zn0O vol% deionised water
nanofluid

FigureA-23 shows the hydrodynamic particle size distribution of 0.3 AlOs+
0.7ZnO vol% —water nanofluid at 25°C, room temperature.The nanofluid
formulated with 0.7gZn0O + 0.3gAl>.03 nanopowder +99ml deionized water calcined
at room temperature had the average aggregate size, 8.184 d.nm, and total
surface area of 0.03438nm2.With excellent stability of 88mV zetapotential
and pH of 8.89, remained stable for more than 6months.The 0.3Al,03+ 0.7
ZnO vol% — water nanofluid has oil cleaning efficiency of 71% with mean
viscosity of 11.54682 x 103

pas.

Figure A- 24 Particle size distribution of 0.7wt%ZnO + 0.3wt% Al>03 + 0.35wt%NaHPO4 +
0.03wt%SDBS
Figure A-24 shows the hydrodynamic particle size distribution of 0.7ZnO +
0.3Al2,03 vol% deionised water nanofluid at 25°C, room temperature.The nanofluid
formulated with 0.7ZnO + 0.3Al,03 nanopowder + 0.35wt%Na;HPO4 + 0.03wt%SDBS
- +98.62ml deionized water calcined at 25°C had the average aggregate size,
34.73 d. nm and total surface area of 0.08031nm?.Particle size distribution is
less than 100nm, zetapotential of -167mV which showed excellent stability

with pH of 9.66 and remained stable for more than 6months.
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The 0.7ZnO + 0.3Al;03 + 0.35wt%Na;HPO4 + 0.03wt%SDBS vol% deionised water
nanofluid has oil cleaning efficiency of 80%, mean viscosity of 2.808 x 1073

Pas.
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Figure A- 25 Particle size distribution of pure 0.3ZnO + 0.7Al203 vol% deionised water

o

nanofluid
Figure A-25 shows the hydrodynamic particle size distribution of 0.3ZnO +
0.7Al;03 vol% deionised The nanofluid formulated with 0.3ZnO + 0.7Al;03
nanopowder +99ml deionized water calcined at 25°C had the average aggregate
size, 86.01 d. nm, total surface area of 0.0580nm?2.Particle size distribution is
less than 100nm, zetapotential of 48mV which showed good stability with pH
of 7.45 and remained stable for more than 6months.The 0.3ZnO + 0.7Al>03 vol%
deionised water nanofluid has oil cleaning efficiency 62%, mean viscosity of 1.499

Pas.
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Figure A- 26 Particle size distribution of 0.3wt% ZnO + 0.7wt% Al.O3 + 0.15wt%
Na,HPO4 + 0.07wt% SDBS — deionised water.

Figure A-26 shows the hydrodynamic particle size distribution of 0.3wt% ZnO

+ 0.7wt% Al203 + 0.15wt% Na;HPO4 + 0.07wt% SDBS — deionised water nanofluid at

25°C, room temperature.The nanofluid formulated with 0.3wt% ZnO + 0.7wt%

Al;03 + 0.15wt% NaxHPOs; + 0.07wt% SDBS nanopowder and surfactants +99ml

deionized water calcined at room temperature had the average aggregate size,
40.58d.nm, total surface area of 0.1454.nm2.With stability of -156mV
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zetapotential and pH of 9.31, stability lifespan of more than 6months.The
0.3wt% ZnO + 0.7wt% Al203 + 0.15wt% NaHPO4 + 0.07wt% SDBS vol% — water
nanofluid has oil cleaning efficiency of 76% with mean viscosity of 13298.16

Figure A- 27 Particle size distribution of pure 0.3TiO2 + 0.7 ZnO vol% deionised water
nanofluid.

Figure A-27 shows the hydrodynamic particle size distribution of 0.7ZnO +
0.3TiO2 vol% —water nanofluid at 25°C, room temperature.The nanofluid
formulated with 0.7gZn0O + 0.3gTiO2 nanopowder +99ml deionized water calcined
at room temperature had the average aggregate size, 16.37 d. nm, and total
surface area of 0.03022nm?.With stability of -44mV zetapotential and pH of
7.35, stability lifespan of more than 3months. The 0.3TiO2+ 0.7 ZnO vol% —
water nanofluid has oil cleaning efficiency of 68% with mean viscosity of
6.88 x 10* pas.

Figure A- 28 Particle size distribution of 0.7Zn0O + 0.3TiO> +
0.35wt%Na>HPO4 + 0.03wt%SDBS — deionised water
Figure A-28 shows the hydrodynamic particle size distribution of 0.7ZnO +
0.3TiO2 + 0.35wt%Na>HPO4 + 0.03wt%SDBS vol% deionised water nanofluid
at 25°C, room temperature.The nanofluid formulated with 0.7ZnO + 0.3TiO>
+ 0.35wt%Na>HPO4 + 0.03wt%SDBS nanopowder +98.62ml deionized water
calcined at 25°C had the average aggregate size, 26.36d.nm and total surface area

of 0.08424nm?.The particle size distribution is less than 100nm,
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zetapotential of 121mV which showed excellent stability with pH of 3.85 and
remained stable for more than 6months.The 0.7ZnO + 0.3TiO2> +
0.35wt%Na>HPO4 + 0.03wt%SDBS — deionised water nanofluid has oil cleaning
efficiency of 72% with mean viscosity of 8.84 x 10* Pas.
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Figure A- 29 Particle size distribution of 0.3ZnO + 0.7TiO2 vol% —water
nanofluid

Figure A-29 shows the hydrodynamic particle size distribution of 0.3ZnO
+0.7TiO2 vol% —water nanofluid at 25°C, room temperature.The
nanofluidformulated with 0.3gZn0O + 0.7gTiO2 nanopowder +99ml deionized
water calcined at room temperature had the average aggregate size, 62.23 d.
m, and total surface area of 0.05629nm?, with excellent stability of 78mV
zetapotential and pH of 5.24, remained stable for more than
3months.The 0.3ZnO + 0.7TiO2 vol% — water nanofluid has oil cleaning

efficiency of 70% with mean viscosity of 69715.3 pas.

Figure A- 30 Particle size distribution of 0.3wt%ZnO + 0.7wt%TiO2 + 0.15wt%Na,HPO4 +
0.07wt%SDBS -deionised water nanofluid
Figure.A-30 shows the hydrodynamic particle size distribution of 0.3ZnO + 0.7
TiO2 + 0.15wt%Na,HPO4 + 0.07wt%SDBS vol% —water nanofluid at 25°C, room
temperature.The nanofluid formulated with 0.3gZnO + 0.7g TiO2, +
0.15wt%NaHPO4 + 0.07wt%SDBS nanopowder +99ml deionized water calcined at
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room temperature had the average aggregate size, 23.16d.nm, total surface area
of 0.5617 nm?.With excellent stability of 86mYV zetapotential and pH of 5.24,
remained stable for more than 3months.The 0.3ZnO + 0.7TiO2 + 0.15Na;HPO4
+0.07SDBS vol% — water nanofluid has oil cleaning efficiency of 78% with

mean viscosity of 19101 pas.

Figure A- 31 Particle size distribution of pure 0.3Al,03 + 0.3TiO, + 0.3Zn0O vol% deionised
water nanofluid.
Figure A-31 shows the hydrodynamic particle size distribution of 0.3Al.03 +
0.3TiO2 + 0.3ZnO vol% —water nanofluid at 25°C, room temperature.The
nanofluid formulated with 0.3gAl;O3 + 0.3gTiO2 + 0.3gZnO nanopowder +99ml
deionized water calcined at room temperature had the average aggregate size,
50 d. nm,.total surface area of 0.06003nm? with excellent stability of 73mV
zetapotential and pH of 5.19, remained stable for more than
6months.The 0.3Al;03 + 0.3TiO2 + 0.3ZnO vol% — water nanofluid has oil

cleaning efficiency of 74% with mean viscosity of 7.77 x 10 * pas.
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Figure A- 32 Particle size distribution of surfacted 0.3Al,03 + 0.3TiO2 + 0.3Zn0O vol%
deionised water nanofluid
Figure A-32 shows the hydrodynamic particle size distribution of 0.3Al;03 +
0.3TiO2 + 0.3ZnO vol% —water nanofluid at 25°C, room temperature.The
nanofluid formulated with 0.3gAl20s + 0.3gTiO2 + 0.3gZnO nanopowder
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+0.03gSDBS +0.03gSDBS + 0.15gNa2HPO4+99ml deionized water calcined
at room temperature had the average aggregate size, 9.963.0 d.nm, total surface
area of 0.10133nm? with excellent stability of 118mV zetapotential and pH
of 3.74, remained stable for more than 6months.The 0.3Al,03 + 0.3TiO; +
0.3ZnO vol% — water nanofluidhas oil cleaning efficiency of 92% with
mean viscosity of 9.195 x 107 pas

B.Results from the measurements of soil sample and fluid properties

B.1 Permeability measurements

B.1 is the measurement of porosity results.

Table A- 8 Porosity (%) measurement

0—10cm 10 — 30cm
14.1+ 0.97 9.3+£0.90
16.1+0.79 11.7 £ 0.36
145+ 0.8 11.0+£0.38
14.2 + 0.64 14.0 £ 0.67

Table A-8 shows that porosity decreases with increase in soil depth.
Table A- 9 Result of bulk density (g/m®) measurements

0—-10cm 10 — 30cm
+ 0.03 1.62 + 0.04
+ 0.01 1.57 +0.02

TableA-9 indicates that bulk density increases with soil depth.
B.2 Results from the mean permeability.

Table A- 10 Hydraulic conductivity (permeability) results

Q (cm®) L (cm) A (cm?) h (cm) Time (mins) | K (cm/sec)
33.8 18 3.5 28 3 0.0345cm/sec=
3.45x 10° m/s
33.6 18 3.5 28 3 0.032cm/sec =
3.2 x10° m/s
34.0 18 3.5 28 3 0.0347cm/sec
= 3.47 x 10°
m/s
Mean K 3.36 x 10° m/s
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Table A- 11 The density of mineral oil, nanofluids and distilled water was measured with a

picnometer of 25ml at room temperature of 25°C.

Fluid Wt (g) Picnometer (cm?) Density (g/cm®)

Mineral oil 22.38 25 0.895

Distilled water 24.979 25 0.99956

Pure nanofluid 0.3% | 19.741 25 0.78964

0.7% 19.751 25 0.79004

1.0% 19.79 25 0.7916

Surfacted nanofluid | 24.979 25 0.99916

0.3%

0.7% 25.003 25 1.00012

1.0% 23.47 25 1.0188

Table A- 12 Viscosity of different nanofluids without surfactants
Nanofl.syst. | 0.3Al203 0.7Al,03 | 1.0Al203 | 0.3TiO2 | 0.7TiO2 1.0TiO2 0.3ZnO | 0.7Zn0O 1.0
Temp(°C) | Viscosity(mPas) | Viscosity | Viscosity | Viscosity | Viscosity | Viscosity | Viscosity | Viscosity | Visc
20 2.15E8 0.8581 0.1627 1.687E8 | 0.0001929 | 2.035 8800 0.01275 | 4.07
30 4.255E7 0.5721 0.06084 | 1.008E8 | 0.005271 | 0.000784 7054 0.01805 | 2.71
40 2.372E6 0.1327 0.04056 | 8.91E7 | 0.00796 0.0006636 | 4438 0.0087 1.71
50 2.021E6 0.02717 | 0.01780 |8.956E7 | 0.00462 0.000608 3151 0.004121 | 1.51
70 1.178E6 0.02174 | 0.01424 | 7.274E5 | 0.02374 0.00040533 | 1193 0.01707 | 1.21
Mean p 5.264E7 0.32236 | 0.05923 |8.98E7 | 0.0083568 | 0.4075 33.68E4 | 0.012138 | 135

Table A- 13 Viscosity of different hybrid - water nanofluids without surfactants

Nanof
.
Syst.

0.3Al,03
+ 0.7TiO2

0.7Al,03

+

0.3TiO2

0.3Zn0 +

0.7TiO>

0.3TiOy

0.7 ZnO +

0.3 ZnO | 0.7 ZnO +
+ 0.3Al,03
0.7Al,03

0.3Al,03

+

0.3TiO2
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+ 0.3
ZnO
Temp | Viscosity( | Viscosit | Viscosity( | Viscosity( | Viscosit | Viscosity( | Viscosit
(°C) | mPas) y(Pas) mPas) mPas) y(Pas) mPas) y(Pas)
20 62267.5 | 0.00142 |73939.6 | 108702 1.58863 | 12721.7 | 0.00121
3 6
30 54539.8 | 0.00139 | 66757.9 |84128.7 1.47598 | 11239.2 | 0.00095
15 01
40 50162 0.00135 | 62857.6 | 69140.6 1.38687 |9729.99 | 0.00071
92 26
50 46812.1 | 0.00124 | 60532.8 | 16378.7 1.26754 | 5164.69 | 0.00068
0 77
70 99181 0.00159 |84488.6 | 163628 1.77456 | 18878.5 | 0.00103
95 1
Mean | 62592.48 | 0.01402 | 69715.3 | 88395.6 1.49872 | 11546.82 | 0.00077
M 6 7
Table A- 14 Viscosity of different monotype nanofluids with surfactants
Nanofl.syst. | 0.3Al203 0.7Al03 | 1.0Al03 | 0.3ZnO | 0.7ZnO | 1.0ZnO | 0.3TiO2 |0.7TiO2 | 1.0TiO-
Temp(°C) | Viscosity(Pas) | Viscosity | Viscosity | Viscosity | Viscosity | Viscosity | Viscosity | Viscosity | Viscosity
20 75510 18500 4530 561 6164 4229 13820 2734.37 | 1876
30 30340 12333.33 | 3020 374 4109.33 | 2819.33 |9213.33 | 1822.91 | 1250.67
40 16470 2070 2265 280.5 3082 21145 6910 2430.55 | 938
50 13176 992.7 1812 224.4 2465.6 1691.6 5528 1944.44 | 750.4
70 35390 1389.78 | 2536.8 314.16 9689 6602 14720 5177.67 | 12520
Mean 34177.2 7057.162 | 2832.76 | 350.812 |5101.99 | 3491.29 |10038.27 | 3530.9 3467.01
Table A- 15 V iscosity of different hybrid nanofluids with surfactants
Nanofl. 0.3AIL0z +|0.7A03 +|03 zZnO + |07 ZnO +|03 zZnO + /0.7 ZnO
Syst. 0.7TiO2 0.3TiO; 0.7TiO; 0.3TiO; 0.7A1,03 0.3Al,03
Temp(°C) | Viscosity(Pas) | Viscosity(Pas) | Viscosity(Pas) | Viscosity(Pas) | Viscosity(Pas) | Viscosity(F
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20 0.003349 0.002926 16400 108702 9507 0.002655
30 0.003035 0.002743 10933 84128.7 9138 0.002616
40 0.002811 0.002341 5340 69140.6 8916 0.002428
50 0.001874 0.002743 4272 16378.7 7132.8 0.002358
70 0.003794 0.002743 58560 163628 31800 0.003983
Mean p | 0.0029726 0.002700 19101 88395.6 13298.76 0.002808
Table A- 16 Viscosity of pure hybrid nanofluids
0.3Al,03 + 0.7TiO; 62267.5 54539.8 5016:
0.7Al203 + 0.3TiO> 0.001423 0.001392 0.001
0.3Al03 + 0.7ZnO 12721.7 11239.2 9729.
0.7Al,03+ 0.3ZnO 1.58863 1.47598 1.386
0.3TiO2 +0.7Zn0O 108702 84128.7 6914(
0.7TiO2+ 0.3Zn0O 73939.6 66757.9 6285’
0.3Al203 + 0.3TiO2 + 0.3Zn0O 0.001216 0.00095 0.000

Table A- 17 Measured density of experimental mineral oil Hv160

Temp

(oC)
10
15
20
25
30
35
40

Density (g/cm3)

0.886
0.8827
0.8792
0.8761
0.8728
0.8697
0.8665
0.8633

Table A- 18 Measured density of different monotype nanofluids

Nanofluids

0.3A1203
0.7A1203
1.0AI203
0.3TiO2
0.7Ti02
1.0TiO2

Density (g/cm3)
Pure

0.9971
0.9962
0.9998
0.9968
0.9955
0.9986
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Surfacted

1.028
1.0598
1.0012
1.0642
1.0188
1.0456



0.3Z2n0O 0.9977 1.0023
0.7Zn0O 0.996 1.0356

1.0ZnO 0.9975 1.0432

Table A- 19 Measured density of different hybrid nanofluids

Nanofluids Density (g/cm3)
Pure Surfacted

0.3A1,03 +0.7TiO2 1.032 1.02

0.7Al1,03 +

0.3TiO 1.777 1.018

0.3Al,03 +0.7Zn0O 0.997 1.018

0.7A1,03 +0.3Zn0O 1.684 1.701

0.3TiO2 + 0.7Zn0O 1.694 1.027

0.7TiO2 + 0.3ZnO 1.773 1.034

0.3Al,03 +0.3TiO; + 0.3Zn0O 1.76 1.657
C. Results from the total surface area of the different nanofluids is calculated using three
equations:
1. At =npAp........ (Ci), Where, np = total no. of nanoparticles which can be obtained from

the peak of the particle size distribution graph of mass fraction of each of the experimental
nanofluid.
Ap is the area of each nanofluid = nd%/4, d = average diameter of the particle size distribution
graph of mass fraction of each of the experimental nanofluid.The results are shown on Table
C-1

_6mx 106

2. As ==~ (unit—m%g) ......... (Cii)

Where, m = mass fraction /concentration of nanoparticles (%).
P = density of nanoparticle (g/cm®).
D = diameter of nanofluid from the graph of particle size distribution (nm).

The results obtained from equation are shown on Table C.1.2

3. Ar =S (unit - nm?) .......(Ciii)

Where, 100 — W = m.W = weight or mass fraction of nanoparticles (%)
PD as defined in equation (Cii).The results obtained from equation are shown on Table A-20

Table A- 20 Total surface area of the different nanofluids calculated using equation (C1.1)

Nanofluid system Total surface | Surfacted Cleaning Cleaning
area  (nm?). | nanofluids efficiency (%) | efficiency
(nm?). PureNanofluids | (%)
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pure Surfacted

nanofluids Nanofluids
0.3Al,03 323.64 75.269 84 87
0.3TiO2 518.87 150.099 72 78
0.3ZnO 30.94 19.63 62 74
0.7A1,03 112.37 11.425 70 76
0.7TiO2 105.56 0.57 76 88
0.7Zn0O 105.67 46.50 63 90
1.0Al203 33.13 33.21 74 84
1.0TiO2 177.46 162.79 84 99.4
1.0ZnO 586.30 335.0 78 98
0.3Al203+0.7TiO2 146.00 127.23 70 87.4
0.7Al203+0.3TiO2 136.41 36.82 68 80
0.3Al203+0.7Zn0O 113.10 30.51 71 80
0.7Al203+0.3Zn0O 116.20 31.04 62 76
0.3Ti02+0.7Zn0O 272.87 74.14 68 72
0.7Ti02+0.3Zn0O 273.74 49.28 70 78
0.3Al203+0.3Ti02+0.3ZnO | 133.52 7.64 74 92

Table A- 21 Total surface area of the different nanofluids calculated using equation (C1.2)

Nanofluid system Total  surface | Surfacted Cleaning Cleaning
area (m?/g).pure | nanofluids efficiency | efficiency
nanofluids (%) (%)

Pure Surfacted
Nanofluids | Nanofluids

0.3Al203 6447.33 8186.92 84 87

0.3TiO: 25848.49 72171.89 72 78

0.3Zn0O 46291.01 237185.37 62 74

0.7Al,03 5198.51 9370.93 70 76

0.7TiOz 24647.89 365695.66 76 88

0.7Zn0O 19654.63 27670.94 63 90

1.0Al203 6417.11 12932.51 74 84
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1.0TiO2 9127.81 37433.16 84 99.4
1.0Zn0O 12378.69 16376.03 78 98
0.3Al1,03+0.7TiO> 31095.22 373882.58 70 87.4
0.7Al203+0.3TiO> 31047 81542.82 68 80
0.3Al203+0.7Zn0O 15575.14 45620.08 71 80
0.7Al203+0.3Zn0O 32265.6 85104.4 62 76
0.3TiO2+0.7Zn0O 14326.32 46804.09 68 72
0.7TiO2+0.3Zn0O 31065 378628.17 70 78
0.3Al203+0.3Ti0,+0.3ZnO | 18062.95 30490.36 74 92

Table A- 22 Total surface area of the different nanofluids

calculated using equation

(C.1.3)[106]
Nanofluid system Total surface | Surfacted Cleaning Cleaning
area (nm?). | nanofluids(nm?) | efficiency efficiency
Pure (%) (%)
nanofluids Pure Surfacted
Nanofluids | Nanofluids
0.3Al203 0.021427 0.027208 84 87
0.3TiO2 0.0172764 0.031143 72 78
0.3ZnO 0.021326 0.042979 62 74
0.7Al203 0.036668 0.102381 70 76
0.7TiO 0.034965 0.51877 76 88
0.7Zn0O 0.012948 0.05310 63 90
1.0Al,03 0.0458281 0.254814 74 84
1.0TiO2 0.019458 0.027394 84 99.4
1.0Zn0O 0.012255 0.162122 78 98
0.3Al,03+0.7TIO2 0.056392 0.545978 70 87.4
0.7Al,03+0.3TiO; 0.0539444 | 0.133524 68 80
0.3Al,03+0.7Zn0O 0.034375 0.080308 71 80
0.7Al,03+0.3Zn0O 0.057994 0.145336 62 76
0.3Ti02+0.7Zn0O 0.0302244 0.084243 68 72
0.7Ti02+0.3Zn0O 0.056291 0.561749 70 78
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0.3A1,03+0.3Ti02+0.3ZnO | 0.0600294 0.10133 74 92
D. Results from the surface tension of both pure and surfacted nanofluids.
Table A- 23 Surface tension results
Nanofluid Volume Area (mm?) | Surface Density Density, pw
system (uL) tension (g/cm?)
(Nm/m)
1 vol% AlO3 | 4.5330 12.87 39.76 0.9986 g/cm?®
1vol% TiO, | 7.2528 18.08 52.46 Density of air
= 0.0013g/
cm?®
1vol% znO | 8.6725 20.27 46.74 Surface

tension for
water =
72.80Nm/m

Table A- 24 Surface tension of the different nanofluids

Nanofluid Surface
system tenson

Pure Surfacted

nanofluids nanofluds
0.3Al203 33.95 26.711
0.3TiO2 43.2036 29.0322
0.3ZnO 44.87 30.152
0.7Al,03 44.27 29.7488
O.7TiO2 39.4482 26.2265
0.7Zn0O 60.953 41.3855
1.0Al203 39.76 26.4338
1.0TiO2 52.46 17.1678
1.0ZnO 46.74 25.3023
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0.7TiO: +

0.3Al203 69.0923 54.36
0.72n0O +

0.3Al203 42.0545 28.26
0.3ZnO

+0.7Al,03 47.6593 25.8
0.3ZnO

+0.7TiO2 50.2056 16.43
0.3TiO2 +

0.7Al03 65.5253 44.49
0.7Zn0O +

0.3TiO: 31.4966 20.94
0.3Al203 +

0.3TiO2

+0.3Zn0O 45.3651 36.6

E Thermal Conductivity enhancement (%)

Table A- 25 Thermal Conductivity enhancement (%)
Nanofluid | K (%)
system
0.3A03 | 2.34

0.7 Al203 | 0.51

1.0 Al203 | 0.52

0.3TiO2 |0.57

0.7TiO2 |0.72

1.0TiO2 |0.32

0.3zZn0O |0.93

0.7ZnO | 1.05

1.0zn0 |0.3

0.3Al203 | Enhancement(%
+.7Ti0; | )17.62

0.7A1,03
+0.3TiO2 | 71.34
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0.3Al203
+0.7Zn0O | 44.41
0.7Al,03
+0.3Zn0O | 63.05
0.3TiOz +
0.7Zn0O 59.95
0.7TiOz +
0.3ZnO 90.82
0.3Al203

+ 0.3TiO2
+0.3Zn0O | 92.08

Table A- 26 Thermal conductivity (W/m-k) of the various hybrid nanofluids
Thermal Conductivity (W/m-

Nanofluids k)

Without With

surfactants surfactants
0.3Al203 +
0.7TiOz 3.914008 4.751408
0.7A1,03 +
0.3TiO; 0.370131 1.291271
0.3Al203 +
0.7ZnO 8.54148 15.36629
0.7A1,03 +
0.3ZnO 0.245358 0.664058
0.3TiO2 +
0.7Zn0O 0.139846 0.349196
0.7TiOz +
0.3Zn0O 0.190509 2.074659
0.3Al03 + 0.3TiO, +
0.3ZnO 0.169155 2.137045

Table A- 27 Thermal conductivity of the various Monotype nanofluids
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Nanofluids

without
surfactants
0.3Al03 3.785 9.9399
0.7Al03 0.09714 1.4788
1.0Al,03 0.11096 1.5764
0.3TiO> 0.1122 15777
0.7TiO2  0.129 2.0131
1.0TiO2  1.1765 2.0139
0.3Zn0O  3.425 5.8116
0.7ZnO0  0.134 2.8555
1.0ZnO  0.0896 0.8852
Table A- 28 Specific heat capacity and thermal capacity of the various nanofluids
0.3Al,03 + 0.7TiO> 10.867 12.8041
0.7Al,03 + 0.3TiO> 15.328 13.196
0.3Al203 + 0.7ZnO 9.147 13.422
0.7Al203 + 0.3Zn0O 15.829 13.53
0.3TiO2 + 0.7Zn0O 5.099 17.254
0.7TiO2 + 0.3Zn0O 2.741 13.589
0.3Al,03 + 0.3TiO2 + 0.3ZnO 12.115 12.646
Table A- 29 Specific heat capacity of the different nanofluids concentration (%)
Nanofluids 0.3 0.7 1
Al;0O3 2.1158 1.1488 0.791
TiO2 1.9335 1.0271 0.7118
ZnO 2.1687 1.54 1.34

Table A- 30 Summary of thermal capacity of the different pure hybrid nanofluids

0.3Al,03 + 0.7TiO2
0.7Al203 + 0.3TiO2
0.3Al203 + 0.7Zn0O
0.7AI203 + 0.3Zn0O
0.3TiO2 + 0.7Zn0O

Thermal capacity (KJ/Kg)

Pure
10.867
15.328
9.147
15.829
5.099
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surfacted
12.8041
13.196
13.422
13.53
17.254



0.7TiO2 + 0.3Zn0O 2.741 13.589
0.3Al203 + 0.3TiO2 + 0.3ZnO 12.115 12.646

Table A- 31 Thermal capacity of pure monotype nanofluids

Concentration (%)

Nanofluids 0.3 0.7 1
Al;03 13.69 15.613 10.307
TiO2 1411  13.167 6.288
Zn0O 13.78 6.8113 5.453

Table A- 32 Thermal capacity of pure monotype nanofluids
Concentration (%)

Nanofluids 0.3 0.7 1
Alz03 13.69 15.613  10.307
TiO2 14.11  13.167 6.288
ZnO 13.78 6.8113  5.453

G.Thermal optical/Absorbancy Results for the different nanofluids
Table A- 33 Pure nanofluids thermal optical results
Wave length(nm) Absorbancy (AU) Wave length(nm)
Without

surfactants

0.3 0.7 1

620 0.262 381 1.506 619 0.50885
Al203 623 0.27581 618 0.69873 627 0.49296

642 0.25943 616 0.6963 624 0.49164

645 0.27581 480 0.97838 617 0.50735

TiO2 730 1.7669 260 0.74327 615 0.76767
1008  1.7577 280 0.45528 624 0.39296
653 1.7485 957 1.7455 615 0.40437

Zn0O 675 2.7729 619 1.3524 620 0.56045
756 2.09708 641 1.3284 624 0.54711

Table A- 34 Results of thermaloptical measurement for surfacted monotype nanofluids.
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Wave length(nm)
With surfactants

AlLO3

TiO2

Zn0O

Zn0O

Absorbancy (AU)

0.3

470
462
492
656
624
615
647
642
675
486
656
582
375
356
327
656
639
625

582
375
356
327
656
639
625

Wave

length(nm)
0.7
1.2555 470
1.2516 490
1.2303 584
0.86801 656
0.99557 653
1.0073 582
0.54777 777
0.54727 705
0.54701 621
0.49721 486
0.50445 656
0.51814 582
0.93875 374
0.77595 653
0.75344 657
0.20323 374
0.23494 590
0.24025 625
0.51814
0.93875
0.77595
0.75344
0.20323
0.23494
0.24025

Table A- 35 Thermal optical of the different nanofluids

229

1.779
1.1415
0.9246
0.75129
0.82896
0.90468
0.43582
0.43034
0.41941
0.38608
0.40133
0.40342
1.1807
0.13704
0.88816
1.1422
0.19493
0.17788

1

254
432
462
657
621
582
551
558
647
657
401
583
654
338
656
858
860
657

2.5523
1.4734
1.43796
0.91399
1.0851
1.126
0.37082
0.37038
0.36842
0.3395
0.35882
0.36051
0.13644
0.91544
0.84841
0.10159
0.10192
0.13275

582
374
653
657
374
590
625



Nanoflui Y:r?gt?\(nm Absorbanc Yg/r?g\;/ti(nm Absorbanc Y(;lr?g;/'[?](nm Absorbanc

d system ) y (AU) ) y (AU) ) y (AU)
0.3 0.7 1.506 1 0.50885

Al;03 620 0.262 381 0.69873 619 0.49296
623 0.27581 618 0.6963 627 0.49164
642 0.25943 616 0.97838 624 0.50735

TiO2 645 0.27581 480 0.74327 617 0.76767
730 1.7669 260 0.45528 615 0.39296
1008 1.7577 280 1.7455 624 0.40437

ZnO 653 1.7485 957 1.3524 615 0.56045
675 2.7729 619 1.3284 620 0.54711
756 2.09708 641 624

H.Summary of the wettability of the different nanofluids

Table A- 36 Wettability index of pure nanofluids

Nanofluid system

0.3Al,03
0.3TiO2
0.3Z2n0
0.7A1,03
0.7TiO2

0.7Zn0O
1.0A1203
1.0TiO2
1.0ZnO

0.3A1,03+0.7TiO;

0.7A1,03+0.3TiO;

0.3Al,03+0.7Zn0O

0.7Al;03+0.3Zn0O

Iw
0.6
0.6
0.66
0.61
0.6

0.59

0.76

0.71

0.68

0.67

0.63

0.65
0.63

lo

0.84
0.72
0.78

0.7
0.76

0.64

0.74

0.84

0.78

0.7

0.68

0.71
0.62

Iwo
-0.23
-0.12
-0.11

-0.087
-0.16

0.0467

0.02

-0.127

-0.1

0.0334

0.0533

0.0567
0.0067
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0.3Ti02+0.7Zn0O 0.71 0.66 0.047

0.7Ti02+0.3Zn0O 0.97 0.78 0.19

0.3Al;03+0.3Ti0,+0.3Zn0O 0.71 0.74 -0.033
Note the Iwo for 1.0Al,03 is 0.02 which is approximated as zero and cos0 = 90° which is neutral
wetting condition.All Iwo values are within the values recommended by Amott —Harvey index

for completely oil-wet condition.
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H.2 Surfacted nanofluids

Table A- 37 Wettability index of Surfacted nanofluids

Nanofluid system

0.3Al203
0.3TiO2

0.3Zn0

0.7A1,03

0.7TiOy
0.7Z2n0O

1.0Al,03

1.0TiO2

1.0ZnO

0.3Al,03+0.7TiO2
0.7A1,03+0.3TiO;

0.3Al,03+0.7Zn0O
0.7Al;03+0.3Zn0O
0.3Ti02+0.7Zn0
0.7Ti02+0.3Zn0

0.3Al;03+0.3Ti02+0.3Zn0O

Iw

0.5667
0.56

0.6533

0.6533

0.6467
0.74

0.5667

0.7593

0.7133

0.6533
0.66

0.6533
0.66
0.56

0.6533

0.6467

lo lwo

0.82 0.2533
0.62 -0.06

0.74 0.0867

0.76 0.1067

0.88 0.2333
0.98 -0.24

0.84 0.2733

0.994 0.2347

0.9 0.1867

0.874 0.2207
0.8 -0.14

0.8 0.1467

0.76 -0.1

0.72 -0.16

0.78 -0.13

0.92 0.2733
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Table A- 38 Comparison of Iwo from pure and surfacted nanofluids

Surf Pure

Nanofluid system lwo Iwo

0.3Al,03 0.2533 | -0.23
0.3TiO2 -0.06 | -0.12
0.3Zn0 0.0867 | -0.11
0.7Al1,03 0.1067 | -0.087
0.7TiO2 0.2333| -0.16
0.7Zn0O -0.24 | 0.0467
1.0Al,03 0.2733 0.02
1.0TiO; 0.2347 | -0.127
1.0ZnO 0.1867 -0.1
0.3A1203+0.7TiO> 0.2207 | 0.0334
0.7Al203+0.3TiO> -0.14 | 0.0533
0.3Al1203+0.7Zn0O 0.1467 | 0.0567
0.7A1,03+0.3ZnO -0.1 | 0.0067
0.3Ti0»,+0.7Zn0O -0.16 | 0.047
0.7Ti0»+0.3Zn0O -0.13 0.19
0.3Al,03+0.3Ti0»+0.3Zn0O | 0.2733 | -0.033
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Table A- 39 Comparison of

pure and surfacted

nanofluids

Nanofluid system Surf lwo Pure lwo

0.3Al203 -0.2533 -0.23

0.3TiO2 -0.06 -0.12

0.3Zn0O -0.0867 -0.11

0.7Al203 -0.1067 -0.087

0.7TiO2 -0.2333 -0.16

0.7Zn0O -0.24 -0.0467

1.0Al,03 -0.2733 0.02

1.0TiO2 -0.2347 -0.127

1.0Zn0O -0.1867 -0.1

0.3A1203+0.7TiO> -0.2207 -0.0334

0.7A1203+0.3TiO2 -0.14 -0.0533

0.3Al203+0.7Zn0O -0.1467 -0.0567

0.7A12,03+0.3Zn0O -0.1 0.0067

0.3TiO2+0.7Zn0O -0.16 0.047

0.7Ti02+0.3Zn0O -0.13 0.19

0.3Al,03+0.3Ti02+0.3Zn0O -0.2733 -0.033
Table A- 40 Measured contact angles of the different nanofluids

Nanofluid system Pure Surfacted

0.3Al,03 25.03 19.97

0.3TiO; 23.59 15.85

0.3Zn0O 26.47 17.79

0.7Al,03 23.38 15.71

0.7TiO; 20.98 15.28

0.7Zn0O 22.28 15.13

1.0Al203 17.38 11.68

1.0TiO2 16.87 5.52

1.0Zn0O 18.4 9.96

0.3A1,03+0.7TiO2 52.57 37.84
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0.7Al,03+0.3TiO>
0.3A1203+0.7Zn0O
0.7Al1;03+0.3Zn0O
0.3Ti0,+0.7Zn0
0.7Ti02+0.3Zn0O
0.3Al203+0.3Ti02+0.3Zn0O

Table A- 41 Comparison of wettability with contact angle.

Contact angle
0
20
40
60
80
100
120
140
160
180

41.17
45.87
33.78

49.1
30.29
43.05

Wettability
1
0.94
0.77
0.5
0.17
-0.17
-0.5
-077
-0.93
-1

29.67
21.85
11.05
33.32
20.14
34.73

Table A- 42 Wettability parameters for pure nanofluids

Nanofluid system
0.3Al203

0.3TiO2

0.3Zn0O

0.7A1,03

0.7TiOz

0.7Zn0O

1.0Al>,03

1.0TiO:

1.0ZnO
0.3Al1,03+0.7TiO>
0.7Al,03+0.3TiO>
0.3Al203+0.7Zn0O

Sor
0.16
0.28
0.22
0.1
0.24
0.36
0.26
0.16
0.22
0.1
0.11
0.097

Sw

0.39
0.4

0.33
0.38
0.4

0.41
0.24
0.29
0.32
0.33
0.37
0.35
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Kro
0.12
0.057
0.22
0.16
0.071
0.082
0.63
0.403
0.25
0.29
0.18
0.24

Krw
0.67
0.67
0.7

0.67
0.67
0.66
0.74
0.72
0.71
0.7

0.68
0.69

0.23
0.12
0.11
0.28
0.16
0.05
-0.02
0.13
0.1
0.23
0.26
0.25



0.7Al203+0.3Zn0O 0.13 0.37 0.17 0.68 0.24

0.3TiO2+0.7Zn0O 0.07 0.29 0.45 0.72 0.22
0.7Ti02+0.3Zn0O 0.22 0.027 0.21 0.79 -0.19
0.3Al203+0.3Ti02+0.3ZnO  0.26 0.29 0.33 0.72 0.03

Table A- 43 Wettability parameters for surfacted nanofluids

Surfacted nanofluids

Nanofluid system Sw Sor Kro Krw Swro(Sw - Sor)
0.3Al203 0.26 0.18 0.4 0.1
0.3TiOz 0.34 0.38 0.184 0.321
0.3Zn0 0.44 0.26 0.29 0.5
0.7Al203 0.567 0.24 04 0.6
0.7TiO; 0.66 0.12 0.51 0.631
0.7Zn0O 0.713 0.02 0.521 0.636
1.0Al203 0.74 0.16 0.536 0.674
1.0TiO; 0.759 0.006 0557 0.684
1.0Zn0O 0.78 0.1 0.563 0.7
0.3Al203+0.7TiO2 0.82 0.13 0.62 0.719
0.7Al2,03+0.3TiO2 0.874 0.2 0.684 0.801
0.3Al203+0.7Zn0O 0.88 0.2 0.759  0.815
0.7Al,03+0.3Zn0O 0.9 0.24 0.852  0.859
0.3Ti02+0.7Zn0O 0.92 0.28 0.859 0.867
0.7Ti02+0.3Zn0O 0.98 0.22 0.88 0.973

0.3Al,03+0.3Ti02+0.3Zn0O 0.994 0.08 0.9 0.992
Table A- 44 Effect of pH on the zetapotential and absorbency of the different surfacted

nanofluids.
Zetapotential
Nanofluids pH (mV)
0.3Al,03 3.16 168 0.22112
0.7Al203 3.72 136 0.76952
1.0AI203 3.28 170 0.54387
0.3TiO2 1.23 277 0.42823
0.7TiO2 1.31 294 0.35057
1.0TiO: 1.3 273 0.29688
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0.3Zn0O
0.7 ZnO
1.0Zn0O

0.3Al,03 + 0.7TiO>
0.7Al,03 + 0.3TiO>
0.3Al203 + 0.7ZnO
0.7Al,03 + 0.3Zn0O
0.3TiO2 + 0.7Zn0O

0.7TiO2 + 0.3Zn0O

0.3Al203 + 0.3TiO2 + 0.3ZnO  3.74

L.Soil contamination with mineral oil and cleanup process with the different nanofluids

10.73
10.93

8.98
291
3.93
9.66
9.31
3.85
1.66

-196
-205
-140
108
146
-167
-156
121
240
118

0.44597
0.32738
0.32282
0.99267
0.78332
0.99356
0.8388

0.64627
0.68126
0.94487

Table A- 45 Soil contamination & cleanup process with pure and surfacted nanofluids.

Soil Contamination

Cleanup Process

Amount of | Amount | Amount | Nanofluid Amount | Amount | Cleaning | Amoun | Amount | Amt of oil
soil used | of oil | of excess | type & | of of oil | efficienc |t of | of H20
for used for | oil concentratio | nanoflui | removed |y (%) H20 retained
contamina | contamin | drained | n d used in | after remove | inthe soil
tion(g) ation(g) | before the cleaning d after | after
cleaning cleaning | (Q) cleanin | cleaning(
(9) (9) 9(9) 9)
10 10(HVy1) |45 0.3vol%Zn 10 3.3 3.3/55 = |55 4.47 2.2
0] 60
10 10(HV1) |45 0.3vol%TiO 10 3.1 3.1/55 = |55 4.47 2.4
2 56
10 10(HVy) |44 0.3vol%Al; 10 3.4 3.4/5.6x1 | 5.57 4.43 2.2
O3 00
=60.71%
10 10(HV1) |4.61 0.7 ZnO 10 2.8 2.8/5.39x | 5.4 4.6 2.2
100
=52.0%
10 5(HV1) |- 0.7Al203 10 2.9 2.9/5x10 |5.0 4.0 2.1
0 =58%
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10 5(HV1) 0.7TiO: 10 3.2 with | 3.2/5x10 | 5.4 4.6
5 was | 2™ 0 =64% 1.8
used for | cleaning
2nd
cleaning
10 5(HV31) 1.0 ZnO 10 3.9 with | 3.9/5x10 | 5.2 4.8 1.1
5 was | 2™ 0=78%
used for | cleaning
2nd
cleaning
10 5(HV1) 1.0 TiO2 10 3.4+0.8=14.2/5 x |51+ 4.3 1.6-0.8 =
5 was |42 with|100 =1]0.6
used for | 2" 84% 5.7
2nd cleaning
cleaning
10 5(HV1) 1.0Al,03 10 (no2™ | 3.7 3.7/5 x|6.4 3.6 1.3
cleaning) 100 =
74%
10 5(HV1) 0.3Zn0+0.3 | 10 2.4 2.4+0.5= 6.6 3.4 2.1
TiOx+ 5(2" 2.9/5x10
0.3A1203 cleaning) 0 =58%
10 5(HV1) 0.3ZnO + |10 2.1 21+1.0 |44 5.6 1.9
0.7A1,03 5(2" =3.1/5
cleaning) x100 =
62%
10 5(HV1) 0.7ZnO + |10 1.7 1.7+0.8= | 4.2 2.2 2.5
0.3Al203 5(2"d 25/5 x| +3.6
cleaning) 100 7.8
=50%
10 5(HV1) 0.7 Al203 + | 10 3.1 3.1+0.3=| No 1.5 3.7
0.3TiO2 3.4/5 x| water
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5(2"d 100 =
cleaning) 68%
10 5(HV1) 0.7 TiO2 + |10 3.2 32+03[44 1.6 5.6
0.3 Al203 | 5(2™ = 3.5/5 x
cleaning) 100 =
70%
10 5(HV1) 0.7 TiO2+ | 10 1.8 18+21]66 +8|11 04
0.3Zn0 5(2"d =3.9/5x%x|=14.6
cleaning) 100
=78%
10 5(HV1) 0.3 TiO2+ | 10 2.1 21+12(64 +|29-12=|3.6-26=1
0.7 ZnO | 5(2M =335 x[26=9 |17
(repeated) cleaning) 100
=66%
10 5(HV1) 1.0%AI203 | 10 2.1 21+ 14|66 +|29-14|3
+ 5(2"d = 35528 =|=15
0.1%SDBS | cleaning) x100 9.4
=70%
10 5(HV1) 1%TiO02 + |10 2.6 26+15(6 +24|24-15|6.6
0.1%SDBS | 5(2" = 41/5|=84 =0.9
cleaning) x100
=82%
10 5(HV1) 1%ZnO + |10 3.5 35+09]45 4.3 0.5
0.5%NazHP | 5(2" = 45/5|+3.0 =
O4 cleaning) x100 =75
90%
10 5(HV1) 0.7%Zn0O + | 10 2.4 2.4 +]6.1 3.9 0.1
0.35%NaH | 5(2" 2.5= +3.3 =
PO4 cleaning) 49/5 x |94
100=98

%
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10 5(HV1) 0.7%AI203 | 10 3.1 31+07|51 +|52 1.2
+ 5(2"d = 37 =
0.07%SDB | cleaning) 3.8/5 9.8
S x100 =
76%
10 5(HV1) 0.7%TiO2 + | 10 35 35+09(66 +|53 0.6
0.07%SDB | 5(2" =44/5x |31 =
S cleaning) 100 =197
88%
10 5(HV1) 0.3%AI203 | 10 2.8 28+ 13|52 +|65 0.9
+ 5(2" =41/5x%x|33 =
0.03%SDB | cleaning) 100 =185
S 82%
10 5(HV1) 0.3%TiO2 + | 10 2.5 25+06 |5+ 34|66 1.9
0.03%SDB | 5(2™ =3.1/5x%x|=84
S cleaning) 100 =
62%
10 5(HV1) 0.3%Zn0 + | 10 2.7 27+1=[5+3=]7 1.3
0.15%NaH | 5(2" 375 x|8
PO4 cleaning) 100 =
74%
10 5(HV1) 1.0%Al.03 | 10 3 3+12=|51 +|65 0.8
+ 5(2"d 42/5 x|35 =
0.1%SDBS | cleaning) 100 =186
Repeated 84%
10 5(HV1) 1%TiO2 + |10 2.8+2.17 | 4.1+7.2 | 3.61 0.03
0.1%SDBS | 5(2™ =4.97/5x | 9=11.3
Repeated cleaning) 100 =19
99.4%
10 5(HV1) 0.3Zn0O- 10
+0.3TiO, + | 5(2"
cleaning)
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0.3AIL03 +
surfactants
10 5(HV1) |- 0.3Zn0O +| 10 1.9+0.8+ | 8.7 1.2 5.1
0.7Al,03+ | 5(2™ 07 =
surfactants | cleaning) 3.8/5 X
100
=76%
10 5(HV1) |- 0.7ZnO + |10 2.5+1.5= | 0.3+1.6 | 1.0 5.2
0.3Al,03 5(2" 4/5x 100 | = 1.9
+ cleaning) =80%
surfactants
10 5(HV1) |- 0.7 AlLOs+ |10 2.7+1.3= [ 4.6+33 [ 1.0 5.1
0.3TiO2+ 5(2"d 4/5 x100 | =7.9
surfactants | cleaning) =80%
10 5(HV1) |- 0.7 TiO2 + |10 1.6+1.3+ | 2.6+2.2 | 0.63 5.2
0.3 Al,03+ | 5(2™ 1.47= +4=8.8
surfactants | cleaning) 4.37/5
x100=87.
4%
10 5(HV1) |- 0.7 TiOx+ | 10 23+ 16|61+ 1.1 5.2
0.3 ZnO+ 5(2"d = 3.9/5|35=9.6
surfactants | cleaning) x100 =
78%
10 5(HV1) |- 0.3 TiO2 + |10 18+1.8=]59+25 | 6.6 14
0.7ZnO+ | 5(2™ 3.6/5 =8.4
surfactants | cleaning) x100
(repeated) =72%

9.4(20g0il was used

for contamination)

3.6

33.1
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2.1 16.1
2.2 16.4
11 15.9
0.8 151
1.3 (after 4 day of cleaning) 14.9
2.1 15.5
1.9 15.3
2.6 14.8
1.5 15.2
1.6 13.6
11 11.6
1.7 12.7
1.5 145
0.9 15.1
0.5 14.8
0.1 14.0
0.6 15.9
1.2 16

1.9 15.9
0.9 16

1.3 16.5
0.8 17.3

M. Thermal Analysis of soil after cleanup process

M.1 Soil Analysis

The results of Tga soil analysis [38, 57] are shown on Figures presented in original graphs as
Fig.A...for mass loss against time (minutes) and heatflow against temperature.The combined
original graphs of weight loss and heat flows are separated by plotting them against time and
temperature represented in figs as FigsA-35,A-37,A-43,A-47,A-50,A-53,A-55,A-58, A-61,A-
64,A-79, A-80,A-85,A-90,A-93,A-98 and A-108.to FigureA-118 for better understanding of

the analysis as follows:
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i. monotype pure and surfacted nanofluids, ii.Hybrid pure and surfacted nanofluids.
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Figure A- 33 10g Soil contaminated with 5g Oil HV1 and cleaned in Tga without nanofluid
[57].
The weight loss increases with increase in temp until it reaches 338°C and becomes constant
at 400°C without further weight loss.At this temperature all the oil has been burnt off leaving

only clean soil at controlled temperature.
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Figure A- 34 Tga heat flow of 21.33mgoil contaminated soil sample analysis cleaned without
nanofluid.

FigureA-34 shows heat flow of oil contaminated soil sample weighing 21.33mg.The sample

was analysis in tga cleaned without nanofluid. After the analysis, 13.90mg (65.17%) soil sample

was recovered.The quantity of oil in the contaminated soil is 21.33 — 13.90 = 7.43mg (34.83%)

[41a].

Below is the Tga analysis of 10g soil contaminated with 5g HV1 60 oil and cleaned with 15g

of the pure and surfacted monotype as well their hybrid nanofluids.
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Figure A- 35 Weight loss and heatflow of 0.3 Al,Oz/water —nanofluid

This graph is reported by replotting the generated tga data into weight loss and heatflow

considering the temperature and time as shown on FigureA-36
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Figure A- 36 10g Soil contaminated with 5g Oil HV1 and cleaned with pure 0.3vol%Al20s.
The FigureA-36 shows the heatflow of contaminated soil after cleaning with 15g pure 0.3Al203

/water in which 26.9585mg was taken from the bulk soil for tga analysis at controlled

temperature.As heat flows through the soil sample, with onset temperature of 30.3369 °C and

12mins into the start of the analysis, water (3.6975mg) boils off with weight of sample equals
to 23.261mg at 100.436°C.More weight (4.2054mg) loss occurs at 150.019 °C, burning off all
the oil (0.2407mg) with weight of hot clean soil, 19.0556mg, at 338.152°C.The weight of
cleaned s0il(18.8149mg) remains constant even after the end temperature 400°C without

further weight loss, cooling down at 397.27°C.It takes 37.3mins to restore the contaminated

soil after cleaning with pure 0.3wt%Al.Os/water to its original status with total weight loss of

30.21%.

Figure A- 37 Mass loss per min and heatflow per min of surfacted 0.3wt%Al.Os/water

This graph is reported by replotting the generated tga data into weight loss and heatflow

considering the temperature and time as shown on Figures A-38&A-39
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Figure A- 38 Heatflow for surfacted 0.3Al,Oz/water
Tga analysis of contaminated soil after cleaning with surfacted 0.3Al.Oz/water as shown in
FiguresA-38 &A-39.Weight loss started at 2mins with weight of 65.1523mg and weight loss
increase downwards at the interval of -20mg until it gets to weight loss of
19.4561mg/29.8625% (12mins), where most of the water retained in the soil after cleaning
with surfacted 0.3Al>Os/water is lost.As the analysis progresses, the weight loss increases
upward until it gets to 16mins, here much oil is lost (0.489mg/0.75055%).Weight loss
decreases again, until it reaches 42.1mins (45.2072mg/69.3870%) as all the oil is burnt off
leading to constant weight of soil (45.2072mg/69.3870% ) , no further change in weight loss.
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Figure A- 39 Heatflow for surfacted 0.3Al>Os/water
The FigureA-39 shows the heatflow of contaminated soil after cleaning with surfacted
0.3Al203 /water in which 65.1523mg was taken from the bulk soil for tga analysis.As heat
flows through the soil sample by 12mins into the start of the analysis, water boils off with
weight of water lost equals to 19.4561mg at 100°C.More weight loss occurs at 150.019 °C,
burning off all the oil (0.489mg) with weight of hot clean soil, 45.2072mg, at 338.152°C.The
weight of cleaned soil remains constant even after the end temperature 400°C without further
weight loss, cooling down to 36.8561°C with total weight loss of 30.61%, out of which water
is 23.11% and oil is 7.5%.
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Figure A-39 shows the change in weight of the oil contaminated soil +
0.3Al03 — water nanofluid + 0.03g SDBS subjected to the controlled
temperature rise. The onset of a rapid decrease in weight was observed at
30.9171°C (the decomposition temperature of the 0.3Al> (OH) 2) which

progressed up to 320°C.The percentage loss in weight from 0 to 400°C is
30.61%.At 338°C (boiling point of the mineral oil), the mineral oil in contaminated
soil started to evaporate at constant rate to 400°C at the point where 100% soil
cleaning was achieved and the soil was restored to its original status. Comparing
the FiguresA-38 and A-39, the total percentage weight loss of oil contaminated
sample cleaned with nanofluid without surfactant (30.21%.) was less than the total
percentage weight loss of contaminated sample cleaned with 0.3Al,0z — water
nanofluid + 0.03g SDBS (30.61%).
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Figure A- 40 Weight loss per second of the contaminated soil cleaned with

pure0.7Al>Oz/water

After the cleaning with pure 0.7Al,03 /water, 21.2949mg soil sample (which comprises of
oil and water retained in the soil after cleaning) was taken into a crucible for tga analysis at
onset temperature of 30°C.As heatflow through the soil sample progressively, at 10.93 minutes
into the start off the experiment, 6.5259mg (30.6454%) water in the sample boiled off, leaving
only the oil in the soil.Further progression of the heatflow led to the removal of oil by weight,
0.1406mg (0.6603%) at 12.05mins.Finally, all the oil was removed at constant rate leaving the
soil (14.6753mg /68.6944%) to its original status.
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Figure A- 41 Heatflow for pure 0.7Al,Oz/water

FigureA-41 shows the heatflow of 21.2949mg soil sample cleaned with pure
0.7Al>Os/water which started at onset temperature of 30°C.As the temperature
increases at 100.184°C, 5.7595mg (27.0464%) water evaporated from the
soil.Further advanced of heatflow at 338.598°C, 0.8952mg (4.2038%) of oil burnt
off, leaving only 14.6753mg (68.9132%) cleaned soil at the end temperature of
400°C.The percentage loss in weight from 0 ©400°C is 31.0854%.
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Figure A- 42 Heatflow for 0.7Al>Os/water
FigureA-42 shows the weight loss of 21.2949mg soil sample cleaned with pure
0.7Al>Oz/water which started at onset temperature of 30°C.As the temperature
increases at 100.184°C, 5.7595mg (27.0464%) water evaporated from the soil.
Further advanced of heatflow at 338.598°C, 0.8952mg (4.2038%) of oil burnt off,
leaving only 14.6753mg (68.9132%) cleaned soil at the end temperature of 400°C.
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Figure A- 43 Mass loss per min and heatflow per min of surfacted 0.7Al.0s/Water
This graph is reported by replotting the generated tga data into weight loss and heatflow

considering the temperature and time as shown on Figures A-44 &A-45.
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Figure A- 44 Heatflow for surfacted 0.7Al>Oz/water

After the cleaning with surfacted 0.7Al>Os/water, 41.3897mg soil sample (which comprises of
oil and water retained in the soil after cleaning) was taken into a crucible for tga analysis at
onset temperature of 30°C.As heatflow through the soil sample progressively, at 12.1 minutes
into the start off the experiment, 6.5694mg (15.8721%) water in the sample boiled off, leaving
only the oil in the soil. Further progression of the heatflow led to the removal of oil by weight,
0.0227mg (0.0548%) at 39.0mins.Finally, all the oil was removed at constant rate leaving the
soil (34.7976mg/84.0731%) to its original status
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Figure A- 45 Heatflow for surfacted 0.7AlOz/water
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After the cleaning with surfacted 0.7Al>Os/water, 41.3897mg soil sample (which comprises of
oil and water retained in the soil after cleaning) was taken into a crucible for tga analysis at
onset temperature of 30°C. As heatflow through the soil sample progressively, at 12.1 minutes
into the start off the experiment, 6.5694mg (15.8721%) water in the sample boiled off, leaving
only the oil in the soil.Further progression of the heatflow led to the removal of oil by weight,
0.0227mg (0.0548%) at 39.0mins.Finally, all the oil was removed at constant rate leaving the
soil (34.7976mg/84.0731%) to its original status.
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Figure A- 46 Heatflow for surfacted 0.7Al,Os/water

The Figure 46 shows the heatflow of contaminated soil after cleaning with surfacted 0.7Al,03
/water in which 41.3897mg was taken from the bulk soil for tga analysis. As heat flows through
the soil sample by 11 97mins into the start of the analysis, water boils off with weight of water
lost equals to 4.7646mg at 100.091°C. More weight loss occurs, burning off all the oil
(0.0227mg) at 338.481°C with weight of hot clean soil, 25.6528mg.The weight of cleaned soil
remains constant after 338.481°C to the end temperature of 400°C without further weight loss,
cooling down to 30°C

Figure A-46shows the change in weight of the oil contaminated soil +
0.7AI,03 — water nanofluid + 0.1g SDBS subjected to the controlled
temperature rise.The onset of a rapid decrease in weight was observed at

30.33°C (the decomposition temperature of the 0.7Al (OH) 2) which progressed
up to 320°C.The percentage loss in weight from 0 © 400°C is 38.02%.At 338°C

(boiling point of the mineral oil), the mineral oil in contaminated soil started to

evaporate at constant rate to 400°C at the point where 100% soil cleaning was

achieved and the soil was restored to its original status.Comparing the Figures A-

41 and A-46, the total percentage weight loss of oil contaminated sample cleaned
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with nanofluid without surfactant (4.2038%) was more than the total percentage
weight loss of contaminated sample cleaned with 0.7Al.O3 — water nanofluid +
0.19g surfactant ((0.0548%)
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Figure A- 47 Mass Ioss per min and heatflow per min of pure 1. 0Wt%A|203/W&teI’
This graph is reported by replotting the generated tga data into weight loss and heatflow

considering the temperature and time as shown on Figures A-48 & A-49
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Figure A- 48 Heatflow for pure 1.0Al>Os/water.
Tga analysis of contaminated soil after cleaning with 1.0Al.Oz/water as shown in FigureA-48
Weight loss started at 2mins with weight of 44.7318mg and weight loss increase downwards
at the interval of -20mg until it gets to weight loss of 9.071mg (13.08mins), where most of
the water retained in the soil after cleaning with 1.0Al>Os /water is lost.As the analysis
progresses, the weight loss increases upward until it gets to 16mins, here much oil is lost
(0.1258mg).Weight loss decreases again, until it reaches 42.1mins(35.5350mg) as all the oil
is burnt off leading to constant weight of soil (35.5350mg) , no further change in weight loss.
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Figure A- 49 Heatflow for pure 1.0Al>Os/water.

The Figure A-49 shows the heatflow of contaminated soil after cleaning with 1.0Al>O3 /water
in which 47.1532mg was taken from the bulk soil for tga analysis.As heat flows through the
soil sample by 11 .97mins into the start of the analysis, water boils off with weight of water
lost equals to 8.9089mg at 100.011°C. More weight loss occurs at 136.147°C, burning off all
the oil (4.2156mg, 8.9402%) with weight of hot clean soil, 34.0287mg, at 338.218°C.The
weight of cleaned soil remains constant after the 400°C without further weight loss, cooling
down at 388.743°C.The percentage loss in weight from 0 ©400°C is 27.83%.
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Figure A- 50 Mass loss per min and heatflow per min of surfacted 1.0Al>Os/water
This graph is reported by replotting the generated tga data into weight loss and heatflow
considering the temperature and time as shown on Figures A-51& A-52

251



20

I 0 T T T A T 1
W o 0— 1000 2000 3000 /ggo §mo 6000
e -20
; S \ /

"'s a0
h — -60
m
t
g -80 \[
-100

Time (second)

Figure A- 51 Heatflow for surfacted1.0Al.Oz/water.

After the cleaning with purel.0 Al>Os /water, 47.1532mg soil sample (which comprises of oil
and water retained in the soil after cleaning) was taken into a crucible for tga analysis at onset
temperature of 30°C. As heatflow through the soil sample progressively, at 12.47 minutes into
the start off the experiment, 5.1812mg (11%) water in the sample boiled off, leaving only the
oil in the soil.Further progression of the heatflow led to the removal of oil by weight,
0.08716mg (0.18%) at 39.0mins.Finally, all the oil was removed at constant rate leaving the
soil (41.8848mg) to its original status.
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Figure A- 52 Heatflow for surfacted 1.0Al,Os/water.

The Figure A-52 shows the heatflow of contaminated soil after cleaning with surfacted
1.0Al203 /water in which 53.916mg was taken from the bulk soil for tga analysis onset
temperature of 30.3369°C.As heat flows through the soil sample 100.038°C, water boils off
with weight of water lost equals to 14.0656mg.More weight loss occurs at 338.819 °C, burning
off all the oil (2.5277mg) with weight of hot clean soil, 37.3227mg.The weight of cleaned soil
remains constant after 388.11°C to end temperature of 400°C without further
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weight loss, cooling down to 30°C. The percentage loss in weight from 0 t© 400°C is
30.78%.

Figure A-52 shows the change in weight of the oil contaminated soil +
1.0A1,03 — water nanofluid + 0.1g SDBS subjected to the controlled
temperature rise.The onset of a rapid decrease in weight was observed at

30.33°C (the decomposition temperature of the Al (OH) 2) which progressed up
to 320°C.The percentage loss in weight from 0 t 400°C is 30.78%.At 338°C

(boiling point of the mineral oil), the mineral oil in contaminated soil started to
evaporate at constant rate to 400°C at the point where 100% soil cleaning was
achieved and the soil was restored to its original status.Comparing the Figures A-
49 and A-52, the total percentage weight loss of oil contaminated sample cleaned
with nanofluid without surfactant (27.83%) was less than the total percentage
weight loss of contaminated sample cleaned with 1.0AIl,O3 — water nanofluid +
0.1g SDBS (30.78%).Considering the amount of oil removed, 4.6882% was
cleaned with surfacted 1.0Al>Oz/water while 8.9402% was cleaned with pure
1.0AI1203, which is more than that of surfacted 1.0Al.Os/water.In
otherwords, more oil was removed initially with surfacted
1.0Al12,03/water than pure 1.0Al>O3z/water.

Figure A- ‘53 Wéight I“oss ahd heaffldw bf pufé 1.0 TiOz -Water
This graph is reported by replotting the generated tga data into weight loss and heatflow

considering the temperature and time as shown on Figure A-54
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Figure A- 54 0.3vol% TiO: at controlled temperature in Thermal Analyzer.

The Figure A-54 shows the

heatflow of contaminated soil after cleaning with pure 0.3vol%

TiO» /water in which 25.9612mg was taken from the bulk soil for tga analysis.As heat flows

through the soil sample, water boils off with weight of water lost equals to 7.9334 mg at
100.731°C.More weight loss occurs at 136.876°C, burning off all the oil (0.3084mg) with
weight of hot clean soil, 25.6528mg, at 338.893°C.The weight of cleaned soil (17.7194)
remains constant after the 400°C without further weight loss, cooling down at 398.907°C. The

percentage loss in weight from 0 ©400°C is 31.75%.

o min

Figure A- 55 Mass loss per min and heatflow per min of Surfacted 0 3TiO2/water

This graph is reported by replotting the generated tga data into weight loss and heatflow

considering the temperature and time as shown on FiguresA-56&A-57
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Figure A- 56 Heatflow for surfacted 0.3TiO2/water.
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After the cleaning with surfacted 0.3 TiO /water, 53.8148mg soil sample (which comprises of
oil and water retained in the soil after cleaning) was taken into a crucible for tga analysis at
onset temperature of 30°C.As heatflow through the soil sample progressively, at 12 minutes
into the start off the experiment, 11.8392mg (22%) water in the sample boiled off, leaving only
the oil in the soil.Further progression of the heatflow led to the removal of oil by weight,
0.0916mg (0.1702%) at 39.0mins.Finally, all the oil was removed at constant rate leaving the
soil (41.8848mg) to its original status.
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Figure A- 57 Heatflow for surfacted 0.3TiO./water

The Figure A-57 shows the heatflow of contaminated soil after cleaning with surfacted 0.3TiO>
/water in which 62.7606mg was taken from the bulk soil for tga analysis.As heat flows through
the soil sample with rapid rise in temperature, water boils off with weight of water lost of
12.0812mg at 99.9282°C. Further rise in temperature led to, burning off all the oil (0.2989mg)
with weight of hot clean soil, 50.3805mg, at 338.338°C. The weight of cleaned soil remains
constant after 338.338°C till the end temperature of 400°C without further weight loss, cooling
down to 30°C. The percentage loss in weight from 0 ©400°C is 19.73%.

Figure A-57 shows the change in weight of the oil contaminated soil +
0.3TiO2 — water nanofluid + 0.1g SDBS subjected to the controlled temperature
rise.The onset of a rapid decrease in weight was observed at 30°C (the
decomposition temperature of the 0.3Ti (OH) 2) which progressed up to
320°C.The percentage loss in weight from 0 ©400°C is 19.73%.At 338°C (boiling
point of the mineral oil), the mineral oil in contaminated soil started to evaporate
at constant rate to 400°C at the point where 100% soil cleaning was achieved and
the soil was restored to its original status.Comparing the Figures A-54 and A-57,
the total percentage weight loss of oil contaminated sample cleaned with nanofluid
without surfactant (31.75%.%) was more than the total percentage weight loss of
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contaminated sample cleaned with 0.3TiO2 — water nanofluid + 0.1g surfactant
(19.73%). More oil was cleaned with surfacted 0.3TiO2 — water nanofluid than

pure 0.3TiO2 — water nanofluid.
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Figure A- 58 Mass loss per min and heatflow per min of pure 0.7TiOz/water

This graph is reported by replotting the generated tga data into weight loss and heatflow
considering the temperature and time as shown on Figures A-59& A-60
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Figure A- 59 Weight loss per second of the contaminated soil cleaned with pure
0.7TiO2/water

The weight loss of this sample 69.0254mg started at 2.53 mins with weight reduced to
57.0254mg.It progressed downwards until it gets to 14.6mins (weight loss of 16.3956mg), at
this point all the water hydrated and the sample continued losing oil weight at the interval of -
20mg/min until it reaches the lowest point(40.33min, 51.9274mg ).Here all the oil (0.7024mg)
is burnt off, leaving only the clean soil of weight 51.9274mg.After which the hot soil was
cooled down at the constant rate to 84mins.
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Figure A- 60 Comparison of weight loss with temperature for heatflow of 0.7TiO2/water.
The weight loss of contaminated soil cleaned with pure 0.7TiO2/water started at onset temp of
31.9145°C for water and oil retained in the soil with weight 69.0254mg and progresses
downwards at interval of -20mg.Water boils off finally at 100.194°C (weight of 10.9788mg/
15.91%) and oil burnt off at the temp of 338.945°C, weight 6.1192mg (8.8651%), leaving the
hot cleaned soil cooling at constant weight to the temp of 401.046°C (and cleaned soil weight
of 51.9274mg/75.2294%).The total percentage loss in weight from 0 t© 400°C is

24.77%.
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Figure A- 61 Mass loss per min and heatflow per min of surfacted 0.7TiO>

This graph is reported using tga generated data into weight loss per second and heatflow

considering the temperature as shown on FiguresA-62&A-63
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Figure A- 62 Heatflow for surfacted 0.7TiO2/water.

After the cleaning with surfacted 0.7 TiOz /water, 55.3995mg soil sample (which comprises of
oil and water retained in the soil after cleaning) was taken into a crucible for tga analysis at
onset temperature of 30°C.As heatflow through the soil sample progressively, at 13.2mins,
99.9697°C temperature rise, 10.2031mg (18.4173%) water in the sample boiled off, leaving
only the oil in the soil. Further progression of the heatflow led to the removal of oil by weight,
0.2864mg (0.5170%) at 39.0mins. Finally, all the oil was removed at constant rate leaving the
soil (44.91mg) to its original status.
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Figure A- 63 Heatflow for surfacted 0.7TiOz/water.

The Figure A-63 shows the heatflow of contaminated soil after cleaning with surfacted 0.7TiO>
/water in which 55.8148mg was taken from the bulk soil for tga analysis.As heat flows through
the soil sample at 100 °C, water boils off with weight of water lost equals to 10.4366mg.As the
More weight loss progresses, all the oil (0.4682mg) burnt off leaving the hot clean soil
(44.91mg) at 357.024°C.The weight of cleaned soil remains constant without further weight
loss, cooling down to 30°C.The percentage loss in weight from 0 ©©400°C is 19.54%.
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Figure A- 64 Mass loss per min and heatflow per min of pure 1.0TiOz/water
This graph is reported using tga generated data into weight loss per second and heatflow

considering the temperature as shown on FiguresA-65 & A-66.
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Figure A- 65 Weight loss per second of the contaminated soil cleaned with pure
1.0TiOz/water.
Soil sample (36mg) consisting of oil and water retained in the soil after cleaning with
1.0TiOz/water.Water (4.4319mg) in the soil evaporated at 3.42mins leaving only 0.2844mg oil
which burnt off at 14.55mins.The contaminated soil is finally cleaned at 22.9mins with the
constant soil weight of 31.5385mg without further weight loss. The percentage loss in
weight from 0 ©400°C is 12.39%.
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Figure A- 66 Heatflow for purel.0TiO..nanofluid

The heatflow of contaminated soil after cleaning with 1.0TiO2/water started at 1.48mins with
weight of 35.9681mg, constantly losing water at the rate of -10mg/min until it gets to
12.28mins, all the water (4.3948mg /12.2186%) boils off.As tga analysis progresses further
at13.83mins (0.0348mg /0.09675%), the soil loses all the oil weight constantly until it gets to
23.92mins and final weight loss of 31.5385mg (87.6846%).FigureA-66 shows that the amount
of oil retained in the soil after cleaning with 1.0TiO2/water was small; this is the reason why
the time taken to restore the soil to its original status took shorter time (23.92mins than the
designed experimental time of 40mins.
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Figure A- 67 Heatflow for pure 1.0TiO2/water.
From the graph, it is observed that the soil was restored to its original status at temp of
224.43°C.Sample (35.9681mg) started losing weight after the onset temp of 30 °C.As the
experiment progresses, water evaporates finally at 100.082°C (4.3948mg/12.2186%) after
which all the 0il(0.0348mg/0.09675%) was cleaned at end temperature of 224.428°C ( leaving
cleaned soil weight of 31.5385mg/87.6846%) earlier than 400°C due to little quantity of oil
retained in the soil after the contaminated soil with 1.0wt%TiO2/water, this is the best pure
monotype nanofluids. The total percentage loss in weight from 0 ©400°C is 12.32%.
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Figure A- 68 Heatflow for surfacted1.0 TiO2/water

After the cleaning with surfacted1.0 TiO. /water, 53.8148mg soil sample (which comprises of
oil and water retained in the soil after cleaning) was taken into a crucible for tga analysis at
onset temperature of 30°C. As heatflow through the soil sample progressively, at 12 minutes
into the start off the experiment, 11.8392mg (22%) water in the sample boiled off, leaving only
the oil in the soil.Further progression of the heatflow led to the removal of oil by weight,
0.0916mg (0.1702%) at 39.0mins.Finally, all the oil was removed at constant rate leaving the
soil (41.8848mag) to its original status. The percentage loss in weight from 0 ©400°C is
22.17% of which oil is only 0.17%.This result is very good as the cleaning
efficiency is 99.4%, so only 0.6% was retained in the soil before tga analysis.

Comparing FigureA-66 and FigureA-68, more oil (0.17%) was removed with surfacted

TiOz/water than pure TiOz/water; oil removed was 0.097% and difference of 0.073%.
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Figure A- 69 Heatflow for surfacted 1.0 TiO2/water

The Figure A-69 shows the heatflow of contaminated soil after cleaning with surfacted 1.0
TiO: /water in which 53.8148mg was taken from the bulk soil for tga analysis.As heat flows

through the soil sample by 100.784°C into the start of the analysis, water boils off with weight
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of water lost equals to 11.8384mg.More weight loss occurs at 338.578 °C, burning off all the
oil (0.0916mg) with weight of hot clean soil, 41.8848mg, at 400°C.The weight of cleaned soil

remains constant after 400°C without further weight loss, cooling down at 36.8055 °C.
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Figure A- 70 Weight loss per second of contaminated soil cleaned with pure0.3wt%ZnO/water
From FigureA-70, shows the graph of 10g soil contaminated with 5g High viscosity oil and
cleaned with 15g of pure 0.3wt%ZnO/water. After the cleaning, 60.5409mg soil sample (which
comprises of oil and water retained in the soil after cleaning) was taken into a crucible for tga
analysis at onset temperature of 30°C. As heatflow through the soil sample progressively, at
100°C (the boiling point of water) and 6.8 minutes, 15.5101mg (25.62%) water in the sample
boiled off, leaving only the oil in the soil.Further progression of the heatflow led to the removal
of oil by weight 7.7mg (12.72%) at 17.25mins, 338°C (solubility temperature of the
experimental mineral oil).Finally, all the oil was removed at 40.68mins, 400°C, constantly
leaving the soil to its original status. The percentage loss in weight from 0 © 400°C is
34.08 %.
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Figure A- 71 Weight loss per second of the contaminated soil cleaned with surfacted
0.3ZnO/water.

Figure A-71 shows the weight loss of 45.1878mg soil sample cleaned with 0.3ZnO
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deionised water nanofluid.During the tga analysis at 0.3ZnO deionised water nanofluid
100.054°C , 6.5363water boils off .As the temperature increases further 1.6055mg oil was
burnt off , leaving dried 37.0486mg soil constantly at the end temperature of 400°C.The
total percentage loss in weight from 0 t 400°C is 18.02%.Comparing the
Figures A-69 and A-70 , the total percentage weight loss of oil contaminated
sample cleaned with nanofluid without surfactant (34.08 %) was more than the
total percentage weight loss of contaminated sample cleaned with 0.3ZnO —
water nanofluid + 1g surfactant (18.02%).
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Figure A- 72 10g Soil contaminated with 5g oil HV1 and cleaned with 159 pure 0.7ZnO
deionised water nanofluid
Figure A-72 shows the weight loss of 45.1878mg soil sample cleaned with pure 0.7ZnO
deionised water nanofluid.During the tga analysis, 0.7ZnO deionised water nanofluid at
100.054°C, 7.5363mg water boils off As the temperature increases further 0.6055mg oil was
burnt off, leaving dried 37.0486mg soil constantly at the end temperature of 400°C.The total
percentage loss in weight from 0 ©400°C is 18.02%.
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Figure A- 73 Heatflow for pure 0.7ZnO/water.
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The Figure A-73 shows the heatflow of contaminated soil after cleaning with pure
0.7ZnO/water in which 45.1878mg was taken from the bulk soil for tga analysis.As heat flows
through the soil sample by 12mins into the start of the analysis, water boils off with weight of
water lost equals to 8.7068mg.More weight loss occurs at 21.083mins, burning off all the oil
(0.69mg) with weight of hot clean soil, 35.3350mg, cooling down at 41.92mins.The weight of
cleaned soil remains constant without further weight loss.

20
| 0 P
W / T T T T 1
. ° 200 4 00 el 300 400 500
S
i s -40 - \v \\\
: 00 \
h " 80 l
t
& -100

Temperature (oC)

Figure A- 74 Heatflow for contaminated soil cleaned with pure 0.7ZnO/water nanofluid.
The soil sample with onset temperature of 30.398°C and weight 45.1878mg lost its water
(7.5337mg/16.6720%) as the analysis progresses at 100.054°C.under at controlled temperature
in Thermal Analyzer The weight loss increases with increase in temp until it reaches 338°C
where all the oil (0.6055mg/1.340%) burnt off and the weight becomes constant at 400°C
without further weight loss. At this temperature all the oil has been burnt off leaving only clean
soil by weight 37.0486mg.The percentage loss in weight from O © 400°C is
18.0119%.
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Figure A- 75 Heatflow for contaminated soil cleaned with pure 1.0ZnO/water.
The Figure A-75 shows the heatflow of contaminated soil after cleaning with 1.0ZnO /water
in which 47.4719mg was taken from the bulk soil for tga analysis.As heat flows through the

soil sample by 12 37mins into the start of the analysis, water boils off with weight of water lost
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equals to 9.3027mg.More weight loss occurs at 36.8667mins, burning off all the oil
(3.0714mg/6.47%) with weight of hot clean soil, 35.0978mg, at 40.93mins.The weight of
cleaned soil remains constant without further weight loss, cooling down at 83.83mins.The

percentage loss in weight from 0 ©400°C is 26.07% [57].
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Figure A- 76 Heatflow for contaminated soil cleaned with surfacted 1g ZnO nanofluid
The Figure A-76 shows the change in weight of the oil contaminated soil +
ZnO — water nanofluid + 0.5g hexametaphosphate subjected to the controlled
temperature rise.The onset of a rapid decrease in weight was observed at
30.74°C (the decomposition temperature of the Zn (OH) 2) which progressed

up to 319°C.The percentage loss in weight from 0 t© 400°C is 15.93%.At 338°C
(boiling point of the mineral oil), the mineral oil in contaminated soil started to
evaporate at constant rate to 400°C at the point where 100% soil cleaning was
achieved and the soil was restored to its original status.Comparing the FigureA-75
and FigureA-76 , the total percentage weight loss of oil contaminated sample
cleaned with nanofluid without surfactant (26.07%.) was more than the total
percentage weight loss of contaminated sample cleaned with ZnO — water
nanofluid + 0.5g surfactant (22.17%).
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Figure A- 77 Further result on heatflow for soil cleaned with surfacted 1.0%ZnO/water.
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Figure A-77 10g Soil contaminated with 5g Oil HV1 and cleaned with 159 1.0ZnO/water
deionised water nanofluid at controlled temperature in Thermal Analyzer.

Figure A-76 shows soil sample consisting of water and oil retained in the soil (wt —47.4719mg)
after clean-up process, energy/heatflow used to evaporate 12.2657mg/25.8378% of water to its
boiling point (100.099°C) in the Tga as shown in Figure A-75.

While the oil retained in the soil (0.1084mg/0.2283%) burnt off at solubility point of 338°C
leaving the soil to its original status. This oil vaporises completely at 364.388°C leaving the
clean soil (35.0978mg) with constant weight, cooling down to 384.497°C.

Comparing Figure A-75 and FigureA-77, oil (0.2283%)) removed using
surfacted1.0%ZnO/water during the tga analysis is smaller than that of pure 1.0%ZnO/water
(6.47%).This shows that more oil was retained in the soil after cleaning with pure
1.0%2Zn0O/water.Therefore, surfacted1.0ZnO%/water is more effective in removing oil from

the contaminated soil.
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Figure A- 78 Heatflow for containated soil cleaned with surfacted 1.0ZnO/water per second.
Figure A-78 shows the change in weight of the oil contaminated soil + ZnO
— water nanofluid + 0.5g hexametaphosphate subjected to the controlled
temperature rise.The onset of a rapid decrease in weight was observed at
30.33°C (the decomposition temperature of the Zn (OH) 2) which progressed
up to 320°C.At 338°C (boiling point of the mineral oil), the mineral oil in
contaminated soil started to evaporate at constant rate to 400°C at the point where
100% soil cleaning was achieved and the soil was restored to its original
status.Comparing the Figures A-78 and A-79, the total percentage weight loss of
oil contaminated sample cleaned with nanofluid without surfactant (26.07%) was
more than the total percentage weight loss of contaminated sample cleaned with
ZnO — water nanofluid + 0.5g surfactant (22.17%) [41a].
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Figure A- 79 Mass loss per min and heat flow of pure0.3Al203 + 0.7TiOz/water
This graph is reported using tga generated data into weight loss per second and heatflow

considering the temperature as shown on Figures A-80 to A-81.
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Figure A- 80 Weight loss per second of surfacted 0.3Al,03 + 0.7TiO2/water
The sample (17.3588mg) started losing water at 6.47mins until it gets to 13.067mins with
weight loss of 3.7661mg, when all the water dried up.As the weight loss increases downwards
on reaching 32.83mins, the oil burnt off with the weight loss of 0.0393mg leaving the clean
soil at constant weight of 13.5534mg at 84mins.The total percentage loss from 0 to 400°C is
28.08%.
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Figure A- 81 Comparison of temperature with weight loss of soil sample cleaned

267



with pure 0.3Al203 + 0.7TiO2/water

The sample (17.3588mg) started losing water at temp of 33.0189°C until it gets to 100.094°C
with weight loss of 3.7661mg, when all the water dried up.As the weight loss increases
downwards on reaching the temperature of 388.521°C, the oil burnt off with the weight loss of
0.0393mg leaving the clean soil at constant weight of 13.5534mg at 400.05°C.The total
percentage loss from 0 to 400°C is 28.08%.
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Figure A- 82 Heatflow for sample cleaned with surfacted 0.3Al>03 + 0.7TiO2/water.
Figure A-82 shows the heatflow of contaminated soil after cleaning with surfacted 0.3Al,03
+ 0.7TiO2/water in which 57.9348mg was taken from the bulk soil for tga analysis.As heat
flows through the soil sample by 11 97mins into the start of the analysis, water boils off with
weight of water lost equals to 9.5352mg.More weight loss occurs at 32.4667mins, burning off
all the oil (0.2271mg) with weight of hot clean soil, 48.1725mg, at 40.43mins.The weight of
cleaned soil remains constant after 41.40mins without further weight loss, cooling down at
81.03mins.The total percentage weight loss of oil contaminated sample cleaned
with nanofluid from 0 — 400°C is 16.85%.
Comparing the Figures A-81 and A-82, the total percentage
weight loss of oil contaminated sample cleaned with nanofluid without surfactant
(28.08%) was more than the total percentage weight loss of contaminated sample
cleaned with 0.3Al203 + 0.7TiO2 — water nanofluid + 0.1g surfactant (16.85%).
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Figure A- 83 Heatflow for 0.3Al,03 + 0.7TiO2/water per second.

Soil sample weighing 57.9348mg obtained from the 10g soil contaminated with 5g oil cleaned
with 15g 0.3Al203 + 0.7TiO2/water was used for tga analysis. The result is shown on the Figure
A-82.As heatflow through the soil sample progressively, at 14.53 minutes into the start off the
experiment, 9.5352mg (16.4585%) water in the sample boiled off, leaving only the oil in the
soil.Further progression of the heatflow led to the removal of oil by weight, 0.2271mg
(0.3920%) at 39.1mins.Finally, all the oil was removed at constant rate leaving the soil
(48.1725m@/83.1495%) to its original status.
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Figure A- 84 Further result on Heatflow for sample cleaned with pure 0.3Al>03 +
0.7TiOz/water.

The Figure A-84 above shows the heatflow of contaminated soil after cleaning with 0.3Al203
+ 0.7TiO2/water in which 57.9348mg was taken from the bulk soil for tga analysis.As heat
flows through the soil sample by 11 97mins into the start of the analysis, water boils off with
weight of water lost equals to 9.5352mg at 100.067°C.More weight loss occurs at 32.4667mins,
burning off all the oil (0.2271mg) with weight of hot clean soil, 48.1725mg, at 338.092°C.The
weight of cleaned soil remains constant after 41.40mins without further weight loss, cooling
down at 36.7988°C.
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Figure A- 85 Weight loss of soil cleaned with pure0.7Al>03 + 0.3TiO2/water

This graph is reported using tga generated data into weight loss per second and heatflow

considering the temperature as shown on FiguresA-86 to A-89.
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Figure A- 86 Weight loss per second of heatflow for pure 0 7Al,03 + 0.3TiO>
From the Figure A-86 weight loss of the 10g soil contaminated with 5g oil after cleaning with
pure 0 7Al203 + 0.3TiOz/water (17.5795mg) started at Omins until it gets to 11.93mins, weight
loss of 3mg (water boils off at this time leaving only 0.6279mg oil) and progresses downwards
linearly at interval of -10mg until it gets to the lowest point of 13.9516mg (42.17mins) where
all the oil burns off leaving only clean soil and cooling upwards at constant rate.The hot clean

soil cools down to 13.9516mg at 84mins.
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Figure A- 87 Weight loss per second for soil sample cleaned with 0.7Al,03 +0.3TiO; /water
From the Figure A-87 weight loss of the 10g soil contaminated with 5g oil cleaned with pure
0.7Al,03+ 0.3TiO2/water (17.5795mg) started at Omins until it gets to 11.93mins, weight loss
of 3mg (water boils off at this time leaving only 0.6279mg oil) and progresses downwards
linearly at interval of -10mg until it gets to the lowest point of 13.9516mg (42.17mins) where
all the oil burns off leaving only clean soil and cooling upwards at constant rate. The hot clean

soil cools down to 13.9516mg at 84mins.
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Figure A- 88 Comparison of weight loss with temperature for heatflow of 0.7Al>03 +

0.3TiOz/water.
Soil sample weighing 17.7475mg obtained from the 10g soil contaminated with 5g oil cleaned
with 159 0.7Al203 + 0.3TiO2/water was used for tga analysis.The result is shown on the Figure
above.As heatflow through the soil sample progressively, at 100.18°C into the start off the
experiment, 3.7008mg (20.8525%) water in the sample boiled off, leaving only the oil in the
soil.Further progression of the heatflow led to the removal of oil by weight, 0.1566mg
(0.8824%) at 39.1mins.Finally, all the oil was removed at constant rate leaving the soil
(13.8901mg/78.27%) to its original status at 37.5434°C.Total percentage loss from 0 to 400°C
is 21.73%.
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Figure A- 89 Comparison of weight loss with temperature for sample cleaned surfacted
0.7Al,03 + 0.3TiOz/water.

The sample (17.5795mg) started losing water at temp of 33.2509°C until it gets to 100.047°C
with weight loss of 3.6583mg, when all the water dried up. As the weight loss increases
downwards on reaching the temperature of 388.558°C, the oil burnt off with the weight loss of
0.0693mg leaving the clean soil at constant weight of 13.9516mg at 410.188°C. Weight loss
from 0 —400% is 20.64%.Comparing the Figures A-87 and A-88, the total percentage
weight loss of oil contaminated sample cleaned with nanofluid without surfactant
(21.73%) was more than the total percentage weight loss of contaminated sample
cleaned with 0.7Al>03 + 0.3TiO2/water nanofluid + 0.1g surfactant (20.64%).
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Figure A- 90 Massloss per second of contaminated soil cleaned with pure 0.3ZnO +
0.7AlOs/water.

This graph is reported using tga generated data into weight loss per second and heatflow

considering the temperature as shown on Figure A-91.
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Figure A- 91 Weight loss per second of soil cleaned with pure 0.3ZnO + 0.7Al.0s/water.

The soil sample (43.5438mg) started losing water at temp of 33.2509°C until it gets to 13mins
with weight loss of 9.8609mg, when all the water dried up.As the weight loss increases further,
the oil burnt off with the weight loss of 0.0994mg leaving the clean soil at constant weight of
33.5835mg at 84mins.The total percentage loss from 0 — 400°C is 22.87%.
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Figure A- 92 Comparison of weight loss with temperature rise for soil sample cleaned

surfacted 0.3Zn0O + 0.7Al,Os/water.

The Figure A-92 shows the heatflow of contaminated soil after cleaning with surfacted 0.3ZnO

+ 0.7Al,03/water in which 18.6109mg was taken from the bulk soil for tga analysis. As heat

flows through the soil sample at 100.24°C into the start of the analysis, water boils off with

weight of water lost equals to 2.6675mg.More weight loss occurs at at 337.506°C, burning off

all the oil (0.98154mg) with weight of hot clean soil, 14.9619mg.The weight of cleaned soil

remains constant even after 400.208°C without further weight loss, cooling down at

37.4203°C.Total percentage loss from 0 to 400.208°C is 19.61%

Comparing FiguresA-91 &A-92, the total percentage weight loss of oil contaminated

sample cleaned with nanofluid without surfactant (22.87%) was more than the total
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percentage weight loss of contaminated sample cleaned with 0.7AI0; +
0.3ZnO/water nanofluid + 0.1g surfactant (19.61%).
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Figure A- 93 Mass loss per min and heat flow of soil cleaned withpure0.7ZnO + 0.3Al>Os/water
This graph is reported using tga generated data into weight loss per second and heatflow

considering the temperature as shown on Figures A-94 &A-95.
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Figure A- 94 Weight loss per second for pure 0.7Zn0O + 0.3Al20s/water

After the cleaning with pure 0.7ZnO + 0.3Al>Os/water, 33.1108mg soil sample (which
comprises of oil and water retained in the soil after cleaning) was taken into a crucible for tga
analysis at onset temperature of 30°C.As heatflow through the soil sample progressively, at 12
minutes into the start off the experiment, 10.3957mg (31.3967%) water in the sample boiled
off, leaving only the oil in the soil.Further progression of the heatflow led to the removal of oil
by weight, 0.035mg (0.1057%) at 38.1mins. Finally, all the oil was removed at constant rate
leaving the soil (22.6801mg) to its original status. Total percentage loss from 0 — 400°C is
31.47%.
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Figure A- 95 Heatflow for pure 0.7ZnO + 0.3Al>Os/water.
The soil sample with onset temperature of 30.°C and weight 33.1108mg lost its water
(10.3857mg/31.37%) as the analysis progresses at 100.3°C.The weight loss increases with
increase in temp until it reaches 338°C where all the oil (0.035mg) burnt off and the weight
becomes constant at 400°C without further weight loss.At this temperature all the oil has been

burnt off leaving only clean soil, with weight 22.6901mg. Total percentage loss from 0 —400°C
is 31.47%.
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Figure A- 96 Weight loss per second of surfacted 0.3Al,03 + 0.7ZnO/water

The Figure A-96 shows the heatflow of contaminated soil after cleaning with surfacted 0.3ZnO
+ 0.7Al,03/water in which 13.8721mg was taken from the bulk soil for tga analysis. As heat
flows through the soil sample at 100.285°C into the start of the analysis, water boils off with
weight of water lost equals to 3.0829mg. More weight loss occurs at at 337.506°C, burning off
all the oil (0.0507mg) with weight of hot clean soil, (10.7385mg).The weight of cleaned soil
remains constant even after 400.208°C without further weight loss, cooling down at
84mins.Total percentage loss from 0 to 400.208°C is 22.59%
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Figure A- 97 Comparison of weight loss with temperature for soil cleaned with surfacted
0.3Al,03 + 0.7ZnO/water.
The Figure A-97 shows the weight loss of contaminated soil after cleaning with surfacted
0.3Zn0O + 0.7Al,0s/water in which 13.8732mg was taken from the bulk soil for tga analysis.As
weight loss progresses through the soil sample at 99.9931°C, water boils off with weight of
water lost equals to 3.0829mg.More weight loss occurs at at 337.506°C, burning off all the oil
(0.0507mg mg) with weight of hot clean soil, 10.7385mg.The weight of cleaned soil remains
constant even after 400.208°C without further weight loss, cooling down at 36.7655°C.Total
percentage loss from 0 to 400.208°C is 22.59%.Comparing Figures A-95 and A-96, the total
percentage weight loss of oil contaminated sample cleaned with pure 0.3Al;03 +
0.7ZnO/water nanofluid (31.47%.) is more than the total percentage weight loss of

contaminated sample cleaned with surfacted 0.3Al>03 + 0.7ZnO/water (22.59%).
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Figure A- 98 Mass loss per min and heat flow of soil cleaned with pure 0.3TiO2 + 7ZnO/water

This graph is reported using tga generated data into weight loss per second and heatflow
considering the temperature as shown on Figures A-99 & A-100.
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Figure A- 99 Weight loss per second for soil cleaned with pure 0.3ZnO+0.7TiO2/water
Weight loss started at 2mins with weight of 60.5409mg and weight loss increase downwards
at the interval of -20mg until it gets to weight loss of 9.3315mg (13.08mins), where most of
the water retained in the soil after cleaning with 0.3Zn+0.7TiO./water is lost.As the analysis
progresses, the weight loss increases upward until it gets to 16mins, here much oil is lost
(0.5428mg).Weight loss decreases again, until it reaches 42.1mins(50.6666mg) as all the oil is

burnt off leading to constant weight of soil (50.6666mg) , no further change in weight loss.

Temperature (°C)

Figure A- 100 Comparison of weight loss with temperature for heatflow of 0.3ZnO +

0.7TiO2/water
Weight loss of sample of contaminated soil after cleaning with 15g of 0.3ZnO + 0.7TiOz/water
started with both the water at onset temp of 30°C, weight of 60.5409mg).The weight loss
increase downwards at the interval of -20mg until it gets to 100.084°C, water boils off with
total weight loss of 9.3315mg.0.5428mg Qil burnt off at the temp of 338.66°C and weight of
50.6666mg.The cleaned soil cools down at end temperature of 36.9593°C, constant weight of
50.6666mg.
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Figure A- 101 Weight loss of soil sample cleaned with pure 0.3ZnO+0.7TiO2/water
Figure A-101 heatflow of contaminated soil after cleaning with pure 0.3ZnO + 0.7TiO,/water
in which 21.7385mg was taken from the bulk soil for tga analysis.As heat flows through the
soil sample with rapid rise in temperature, water boils off with weight of water lost of 5.3546mg
at 100.051°C.Further rise in temperature led to, burning off all the oil (0.1595mg) with weight
of hot clean soil, 16.2244mg, at 338.338°C.The weight of cleaned soil remains constant after
338.338°C till the end temperature of 400°C without further weight loss, cooling down to
37.4564°C.The percentage loss in weight from 0 © 400°C is 25.37%.Weight loss
started at 2mins with weight of 60.5409mg and weight loss increase downwards at the interval
of -20mg until it gets to weight loss of 9.3743mg (13.08mins), where most of the water retained
in the soil after cleaning with 0.3Zn0.7TiOz/water is lost.As the analysis progresses, the weight
loss increases upward until it gets to 16mins, here much oil is lost (0.5mg).Weight loss
decreases again, until it reaches 2.1mins(50.6666mg) as all the oil is burnt off leading to
constant weight of soil (50.6666mg) , no further change in weightloss.The percentage weight
loss from 0 - 400°C is 16.31%
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Figure A- 102 Comparison of weight loss with temperature for heatflow of pure 0.3ZnO +
0.7TiO2/water
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Figure A-102 shows the heatflow of contaminated soil after cleaning with pure 0.3ZnO +
0.7TiOz/water in which 21.7385mg was taken from the bulk soil for tga analysis.As heat flows
through the soil sample with rapid rise in temperature, water boils off with weight of water lost
of 5.3546mg at 100.051°C. Further rise in temperature led to, burning off all the oil (0.1595mg)
with weight of hot clean soil, 16.2244mg, at 338.338°C.The weight of cleaned soil remains
constant after 338.338°C till the end temperature of 400°C without further weight loss, cooling
down to 37.4564°C.The percentage loss in weight from 0 ©©400°C is 25.37%.
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Figure A- 103 Weight loss per second for soil cleaned with pure 0.3TiO2 + 0.7ZnO/water
In FigureA-103 Weight loss started at 2mins with weight of 44.7318mg and weight loss
increase downwards at the interval of -20mg until it gets to weight loss of 9.056mg
(13.08mins), where most of the water retained in the soil after cleaning with 0.3Zn0+
0.7TiOz/water is lost.As the analysis progresses, the weight loss increases upward until it gets
to 16mins, here much oil is lost (0.1258mg).Weight loss decreases again, until it reaches
42.1mins(35.54mgq) as all the oil is burnt off leading to constant weight of soil (35.54mg) ,no
further change in weight loss.The percentage total weight loss from 0 to 400°C is 20.53%.
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Figure A- 104 Comparison of weight loss with temperature for soil sample cleaned with
surfacted 0.3TiO2 + 0.7ZnO/water.
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Weight loss of sample of contaminated soil after cleaning with 15g of 0.3ZnO + 0.7TiO2/water
started with both the water at onset temp of 30°C, weight of 60.5409mg).The weight loss
increase downwards at the interval of -20mg until it gets to 100.084°C, water boils off with
total weight loss of 9.3315mg.0.5428mg Oil burnt off at the temp of 338 66°C and weight of
50.67mg.The cleaned soil cools down at end temperature of 36.9593°C, constant weight of

50.67mg.The total percentage weightloss from 0 to 400°C is 16.31%.
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Figure A- 105 Comparison of weight loss of contaminated soil cleaned with surfacted
0.3TiO2 + 0.7ZnO/water
After the cleaning, 29.6658mg pure soil sample (which comprises of oil and water retained in
the soil after cleaning) was taken into a crucible for tga analysis at onset temperature of 30°C.As
heatflow through the soil sample progressively, at 100.013°C (the boiling point of water) and
11.97 minutes, 6.4961mg (21.8976%) water in the sample boiled off, leaving only the oil in
the soil.Further progression of the heatflow led to the removal of oil by weight, 1.4260mg
(4.8067%) at 338°C (solubility temperature of the experimental mineral oil).Finally, all the oil

was removed at 374.332°C, constantly leaving the soil (21.7437mg, 73.2957%) to its original
status.
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Figure A- 106 Comparison of weight loss of contaminated soil cleaned with surfacted

0.3Zn0O + 0.7TiOz/water.
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After the cleaning, 29.6658mg pure soil sample (which comprises of oil and water retained in
the soil after cleaning) was taken into a crucible for tga analysis at onset temperature of 30°C.
As heatflow through the soil sample progressively, at 100.013°C (the boiling point of water)
and 11.97 minutes, 6.4961mg (21.8976%) water in the sample boiled off, leaving only the oil
in the soil.Further progression of the heatflow led to the removal of oil by weight, 1.4260mg
(4.8067%) at 338°C (solubility temperature of the experimental mineral oil).Finally, all the oil
was removed at 374.332°C, constantly leaving the soil (21.7437mg, 73.2957%) to its original
status.
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Figure A- 107 Comparison of weight loss with time for soil sample cleaned with surfacted
0.3Zn0O + 0.7TiO/water
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Figure A- 108 Mass loss per min of soil cleaned with pure0.3Al>03 + 0.3Zn0O +
0.3TiO2/water
This graph is reported using tga generated data into weight loss per second and heatflow

considering the temperature as shown on Figure A-109.
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Figure A- 109 Heatflow for soil cleaned with pure 0.3Al203 + 0.3TiO2 + 0.3Zn0O
After the cleaning, 29.6658mg pure soil sample (which comprises of oil and water retained in
the soil after cleaning) was taken into a crucible for tga analysis at onset temperature of 30°C
(Figure A-108 ).As heatflow through the soil sample progressively, at 100.013°C (the boiling
point of water) and 11.97 minutes, 7.9087mg (26.66%) water in the sample boiled off, leaving
only the oil in the soil.Further progression of the heatflow led to the removal of oil by weight,
0.0126mg (0.0425%) at 338°C (solubility temperature of the experimental mineral oil).Finally,
all the oil was removed at 374.332°C, constantly leaving the soil (21.7437mg, 73.2957%) to its

original status at endtemperature of 36.883°C.Percentage weight loss from 0 to 400°C is
26.70%
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Figure A- 110 Weight loss per second of surfacted 0.3Al>03 + 0.3TiO2 + 0.3ZnO/water

FigureA-110 indicated that weight loss started at 2mins with weight of 30.1150mg and weight

loss increase downwards at the interval of -20mg until it gets to weight loss of 8.55631mg
(13.08mins), where most of the water retained in the soil after cleaning with
0.3ZnO+0.7TiO2/water is lost.As the analysis progresses, the weight loss increases upward
until it gets to 16mins, here much oil is lost, (0.0346mg).Weight loss decreases again, until it
reaches 2.1mins as all the oil is burnt off leading to constant weight of soil (23.5241mg), no
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further change in weight loss at endtemperature of 37.4483°C.Percentage weight loss from 0 —
400°C is 21.89%
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Figure A- 111 Comparison of temperature with weight loss of surfacted 0.3Al>03 + 0.3TiO>
+ 0.3ZnO/water.

After the cleaning, 30.1150mg pure soil sample (which comprises of oil and water retained in
the soil after cleaning) was taken into a crucible for tga analysis at onset temperature of 30°C.As
heatflow through the soil sample progressively, at 100.001°C °C (the boiling point of water)
and 11.97 minutes, 8.55631mg (28.41%) water in the sample boiled off, leaving only the oil in
the soil.Further progression of the heatflow led to the removal of oil by weight, 0.0346mg
(0.1149%) at 338°C (solubility temperature of the experimental mineral oil).Finally, all the oil
was removed at 374.332°C, constantly leaving the soil (23.5241mg, 78.11%) to its original
status. The total percentage loss from 0 to 400°C is 21.89%%.
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Figure A- 112 Comparison of weight loss with temperature for soil sample cleaned with
surfacted 0.3Al,03 +0.3TiO2 + 0.3ZnO/water
After the cleaning, 30.1150mg pure soil sample (which comprises of oil and water retained in
the soil after cleaning) was taken into a crucible for tga analysis at onset temperature of 30°C.
As heatflow through the soil sample progressively, at 100.001°C (the boiling point of water)
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and 11.97 minutes, 8.55631mg (28.41%) water in the sample boiled off, leaving only the oil in
the soil. Further progression of the heatflow led to the removal of oil by weight, 0.0346mg
(0.1149%) at 338°C (solubility temperature of the experimental mineral oil).Finally, all the
oil was removed at 374.332°C, constantly leaving the soil (23.5241mg, 78.11%) to its original
status. The total percentage loss from 0 to 400°C is 21.89%.

Comparing Figures A-109 and A-112, the total percentage weight loss of oil
contaminated sample cleaned with pure 0.3Al>03 + 0.7ZnO/water nanofluid (26.70%)
Is greater than the total percentage weight loss of contaminated sample cleaned
with surfacted 0.3Al,03 + 0.7ZnO/water (21.89%).This shows that more oil was
recovered by surfacted 0.3Al.03 + 0.7ZnO/water during the cleaning than pure 0.3Al,03 +
0.7ZnO/water nanofluid. Tga contaminated and cleanup soil figures
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Figure A- 113 10g Soil contaminated with 4.4g Oil HV1 and cleaned with 10g 0.3vol%Al.03
Considering the water and oil retained in the soil after clean-up process, energy required to
evaporate 45.5g of water to its boiling point (100°C) in the Tga as shown in FigureA-112 is
calculated as below:

Q=mHv (m =mass of water retained in the soil, Hv = Heat of evaporation of water = 2260J/q)
Q =45.5g x 2260J/g = 102830J = 102.830KJ. While the oil retained in the soil (3.5g) burnt off
at solubility point of 338°C leaving the soil to its original status.This oil vaporises completely
at 338°C at specific heat capacity of (eg amt of retained in the soil after cleaning x heat capacity
of mineral oil (1670) = ....J/kg°C).

Thermal analysis: Thermal analysis of samples was done using Mettler, TG 50 under controlled

temperature rise from room temperature to 400°C at the rate of 10°C min-!
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Figure A- 114 Tga heatflow curve of 27.89mg 0il-0.3vol% Al>O3 nanofluid soil after cleanup

27.89mg 0il-0.3 vol% Al>O3 water nanofluid soil sample was taken to Tga for analysis after

which 15.26mg dried cleaned soil sample was restored to its original status.
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Figure A- 115 Tga heatflow curve of 27.78mg 0il-0.3vol% TiO nanofluid soil after cleanup

27.78mg mineral 0il-0.3 vol% TiO> water nanofluid soil sample was taken to Tga for analysis

after which 15.90mg dried cleaned soil sample was restored to its original status. Amount of

oil + water loss = 11.88mg.
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Figure A- 116 Heat flow curve of 26.01mg o0il-0.7vol% ZnO nanofluid soil after cleanup [41a].

26.01mg mineral 0il-0.7 vol% ZnO water nanofluid soil sample was taken to Tga for analysis

after which 17.29mg dried cleaned soil sample was restored to its original status.Amount of
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oil + water loss = 8.72mg.
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Figure A- 117 Heat flow curve of 28.24mg 0il-0.3vol% ZnO nanofluid soil after cleanup.

28.24mg mineral 0il-0.3 vol% ZnO water nanofluid soil sample was taken to Tga for analysis

after which 17.05mg dried cleaned soil sample was restored to its original status. Amount of

oil + water loss = 10.19mg
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Figure A- 118 Tga heat flow of 21.33 mgoil contaminated soil sample analysis

FigureA-117 show the thermal analysis of 21.33 mg mineral oil contaminated soil sample

cleaned without nanofluid. The weight of dried soil sample after Tga was 13.90mg.
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Figure A- 119 Heat flow of 37.13mg oil contaminated soil sample after cleanup
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Figure A-118 shows the heat flow of 37.13mg oil contaminated soil which was taken from
the bulk sample of 5g Soil contaminated with 2.5g mineral oil and cleaned using 2.5g
1vol%Al;0s- water nanofluid.

N- 1 Properties of nanofluids
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Figure A- 120 Experimental results of Thermal Capacity of the different monotype
nanofluids
From the Figure A-120, the thermal capacity of the different nanofluids decreases with increase

in weight fractions.

Calculations

N- 2 .Equipment Design

-

Figure A- 121 The DSC machine and Crucible sealing press (Mettler Toledo)
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Figure A- 122 Mettler Toledo Tga helical test Coil Heat Exchanger

TestColl
Helical coil 3.175cm
Diameter
Helical coil Radius 1.5875cm
Rmax 1.5875cm

Table 6-7 Helical Test Coil Heat Exchanger Specifications

First to observe the behaviours of nanofluids in regards to the heat transfer rate, an empty
crucible was placed on top of helical coils (Figure3-19& Table2-17) inside the heat exchanger
of Mettler Toledo Thermal gravical Analysis during the heat flow experiment.Thermocouples
were used to monitor the onset and endset temperatures of the samples to help determine the
heat transfer rate of the nanofluids during the experiment.

Abbreviations/ Nomenclature 2

Cp — Specific Heat (J / g*K)

d — Inside Tube Diameter (cm)

m — Mass Flow Rate (g/s)

Rmax— Maximum Radius of Coil (cm)

Re — Renolds Number

AT — Change in Temperature (K)

v — Velocity of Fluid (m/s)

u- Dynamic Viscosity (kg/m*s)

ms — Nanoparticle Mass in Nanofluid Suspension (g)
v— Nanoparticle Volume Fraction

Vs- Nanoparticle Volume in Nanofluid Suspension (cm®)
Vt- Total Volume of Nanofluid (cm®)

pnt— Nanofluid Density (g/m°)

ps— Nanoparticle Density (g/m?)

pw— Density of Water (g/m?)

Cpnt- Specific Heat of Nanofluid (J / g*K)

Cps— Specific Heat of Nanoparticle (J / g*K)

Cpw- Specific Heat of Water (J / g*K)

Cprio2- Specific Heat of Titania Oxide (J / g*K)

Cp anos- Specific Heat of Aluminum Oxide (J / g*K)
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Cpzno- Specific Heat of Zinc Oxide (J / g*K)
DI De-lonized

DLS Dynamic Light Scattering

DSC Differential Scanning Calorimetry

N- 3 Specific heat capacity

The following equations were utilized to determine the flow design and heat transfer
- In order to determine the Reynolds number, the following equation was used:

Critical Re = 2100 [1+ 12{d/2(Rmax)} %3] [3.2]

The mass flow rate was calculated to determine the desired flow rate for testing and the following
equation was used:

Re = gd/u [3.3]

The heat transfer rate was calculated for each trial run and the following equation was used:
q=m.Cp.At [3.4]

The nanoparticle volume in nanofluid suspension was calculated for each trial run and the
following equation was used:

VS = ps/ms [35]

The nanoparticle volume fraction was calculated for each trial run and the following equation was
used:

V = s/t [3.6]

The nanofluid density was calculated for each trial run and the following equation was used:

pnf =V X ps +(1-V) pw [3.7]
The specific heat of Aluminum Oxide (Al203) was calculated for each trial run and the following
equation was used:

Cp 2oz = 22.18 + 0.008971T — (522500/T2) ....ovvveeee ... (3.8)

The specific heat of the nanofluid being tested was calculated for each trial run and the following
equation was used:

_v(pCps) +(1 — v)pwCpw

Cpnf e e e [3.9]

pnf

N- 4 Differential scanning calorimetry

Differential scanning calorimetry (DSC) tests were performed on a Mettler-Toledo DSC
822E/400 (FigureA-121).The soil samples obtained after cleaning the oil contaminated soil
with different nanofluids were introduced in standard aluminum pans with lids and subjected
to the following thermal cycle in nitrogen atmosphere: held at 30°C for 5 min (to remove any
absorbed water in the sample), heating from 30°C to 400°C at 10°C/min, held at 400°C for 5
min, cooling from 400°C to 30°C at 10°C/min.Six consecutive cycles were run on each sample
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without opening the DSC furnace to ensure good mixing of the sample and reproducibility of
the results. In this way, the effect of the initial granulometry was also lost after the first
cycles.The DSC thermograms were analyzed and the phase-change heat and melting
temperatures were obtained using the software STARe. Moreover, the calorimetric data were
used to calculate the specific heat (Cp) of the samples. Same scanning tests were performed on
the contaminated soil samples cleaned with surfacted nanofluids which were compared with
those obtained with pure nanofluids [41a].In this way, the effect of the different nanofluids
could be evaluated.In particular, the DSC procedure followed to estimate specific heat values
was the three-step procedure [35].

Heat transfer rate: DSC analysis: The thermal properties including the oil volability temperature
and latent heat capacity of both the pure water and TiO2/Water composites were measured
using a differential scanning calorimetric (DSC) instrument (Diamond DSC, Perkin
Elmer,USA).Indium was used as a reference for temperature calibration.Sample with mass of
10 to 70mg was placed and pressed into crucibles at room temperature.A lid was placed on the
sample to make excellent thermal contact between the sample and the crucible.Then the
crucible containing the sample was put into the DSC instrument in shielding nitrogen gas flow
of 20 ml/min.After 1 min remaining at the initial temperature, the DSC measurements were
performed at a linear heating rate of 5 °C min-1 in a temperature range from 30 °C to 400 °C
[57].The temperature was maintained at 400 °C to remove thermal history, and then cooled
down to 30 °C.

First of all, a thermal cycle was fixed. In the first step, a measurement was taken with two
empty sample pans.During this measurement, the baseline heat flux (Q0) was obtained.The
results of this measurement indicate the bias in the DSC.In the second step, a pan containing
the reference sample with a known specific heat and an empty pan were loaded into the
calorimeter.The heat flux recorded was Qref.In the third step, a pan containing the sample and
an empty pan were loaded into the calorimeter.The heat flux into the sample (Qsample) was
recorded.The specific heat of the sample was obtained as follows: Cp, sample =
[(Qsample—Q0)/(Qref—Q0)] x (mref—msample) x Cp,ref, where mref and msample indicate
the masses of the reference and sample, respectively.

This procedure was validated with our base fluid whose specific heat is well known. The DSC
thermograms were analyzed and the phase-change heat and melting temperatures were
obtained using the software STARe [35] obtained using the software STARe.Moreover, the

calorimetric data were used to calculate the specific heat (Cp) of the samples.
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_pnpdnpCpnp +pfdfCpf
Cpnf = onponp T pfof PN (< 3 [0)

where Cp is specific heat, ¢ is the volume fraction, p is the density, and the subscripts np, nf,
and f refer to nanoparticle, nanofluid, and base fluid, respectively,where Cp is specific heat, ¢
is the volume fraction, p is the density, and the subscripts np, nf, and f refer to nanoparticle,
nanofluid, and base fluid, respectively.

N-5 Specific heat capacity
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Figure A- 123 Specific heat capacity of the various monotype nanofluids

seriesl - 0.3% particle size concentration,

Series2 - 0.7% particle size concentration

Series3 - 1.0% particle size concentration

The Fig A-123 indicates that the specific heat capacity decreases with increase
in particle size concentration of the various monotype nanofluids, the specific
heat capacity of Al>Oz and Tio2 are nearly equal to each other at particle size
concentration of 0.7wt%. It can be observed from the Figure also that the
specific heat capacity of the monotype nanofluids is best at particle size
concentration of 0.3wt%. The results have showed that the heat transfer
performance of nanofluids is significantly enhanced at low particle size
concentrations. The experimental results shown on Fig.A-123 indicates that the specific heat
capacity, Cp of the nanofluids decreases gradually as the nanoparticle volume fraction v
increases from 0.3 to1.0wt% [201]. In otherwords, it increases with decrease in particle size
concentration. The lesser the %weight fractions the more stable the nanofluids will be, due to
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Brownian motion of particles (particle to particle movement is much easier with less particle
size concentration. Particles have more freedom to move randomly in the solution). It can easy
be concluded from the results of particle size distribution and zetapotential.

N- 5 Specific heat capacity J/g°C of the different nanofluids.
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Figure A- 124 Specific heat capacity of the different hybrid nanofluids[57].

It is observed from the Fig A-124 that 0.3Al>03 + 0,3TiO2 + 0.3Zn0O gave the highest value of
specific heat capacity. It is followed by 0.3Al,03 + 0.7Zn0 and the least is 0.7Al,03 + 0.3TiO-
/water of nanofluids. Specific heat capacity increases with increase in particle size
concentration.

N-6 Thermal capacity
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Figure A- 125 Thermal capacity of the different monotype nanofluids[57].

From the Fig.A-125 it is observed that the thermal capacity of the monotype nanofluids
decreases with increase in particle size concentration but the thermal capacity of Al.Oz and

TiO2 water nanofluids are equal at the particle size concentration of 0.7 wt%.
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Figure A- 126 Comparison of thermal capacity of different hybrid nanofluids[57]

It is observed from the Fig.A-126 that the surfacted 0.3TiO2 + 0.7ZnO nanofluid has the
highest thermal capacity of 17.254KJ/Kg while the pure 0.3TiO2 + 0.7ZnO nanofluid has the
lowest thermal capacity of 2.741KJ/Kg.Generally, the addition of surfactants to the nanofluids
increased/improved the heat flow (heat removed) restoring the contaminated soil to its original
status.

N- 6 Heat transfer rate
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Figure A- 127 Heat transfer rate of monotype nanofluids.
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The result indicates that the specific heat Cp of nanofluids decreases gradually as the particle
size concentration increases from 0.3 — 1.0wt% [153]. ZnO/water has the highest specific heat
capacity, follows by Al.Oz/water and TiO2/water has the least.
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Figure A- 128 Heat transfer rate of the various hybrid nanofluids

The heat transfer rate of the various hybrid nanofluids increases with increase in particle size
concentration (Fig.5.2.8b) 0.3Al,03+0.3TiO2 + 0.3ZnO/water has the highest heat transfer rate
of 139.8949J/S and 0.7Al.03 + 0.3TiO2/water has the lowest of 69.3464J/S.

N- 7 Thermal conductivity measurement

The thermal conductivity of the different nanofluids was measured using KD2 Pro thermal
property analyzer (Decagon Devices, InC., USA) Fig 3-20.

o

Figure A- 129 Photographic view of KD2 Pro thermal property analyzer

The KS -1 Sensor needle was used to measure the thermal conductivity of the various
nanofluids.This was done by dipping the needle inside the nanofluids.The measurement
procedure is just like that of portable pH meter.Each measurement cycle consists of 90 seconds
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or at 1 second intervals.During the first 30 second, the instrument equilibrates which is then
followedby heating and cooling of sensor needle for 30 second each.At the end of the reading,
the controller computes the thermal conductivity internally using the change in temperature
(AT) — time data from below Equation 3.11.

_ q(Int2 - Int1)

T ATZ S ATL) e e e e e e .(3.11)

The result was displayed; the data was plotted as shown on Figure5-20 The result showed that
the smaller needle gave better results.

N- 8 Thermal conductivity
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Figure A- 130 Thermal Conductivity of different pure monotype nanofluids.

Seriesl -0.3% particle size concentration (wt%), 0.7% concentration (wt%), series 2 - 0.7%
particle size concentration (wt%) and series 3- 1.0% particle size concentration.

From the Fig.A-130, it is observed that thermal conductivity of the different nanofluids
increases linearly with decreasing particle size. Some researchers in contrast, have shown that
the thermal conductivity of nanofluids increases with increasing particle size. The study shows

that the nanofluids can extraordinarily improve the thermal conductivity and enhance the heat
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transfer. Moreover, nanofluid has shown its excellent performance in strengthening mass
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transfer [186].
Figure A- 131 Comparison of thermal conductivity of surfacted monotype nanofluids
Seriesl — 0.3% particle size concentration, Series 2 — 0.7% particle size concentration

and series3 — 1.0% particle size concentration

As shown in Fig.A-131, the thermal conductivity of the monotype nanofluids decreases as the
nanoparticles concentration increases. The best possible explanation for the effect is that the
distance between nanoparticles decreases as the nanoparticles concentration increases.
Experimental results have shown that the thermal conductivity of the nanofluids increases as
the particle size decreases. This is because of the Brownian motion of the particles which is
comparable with the findings of [84] . Generally it decreases with high volume concentration
of nanoparticle due to low brown motion of dispersed nanoparticles [175]. The experiments
showed that, on addition of surfactants to the nanofluids, an enhancement in thermal
conductivity occurred [134]. This effect is shown in Fig. A-134. In this plot, the effect of
nanoparticles concentration on the thermal conductivity is shown. Thermal conduct ivity
decreases as the concentration of particle size increases [45], it is important to give attention to

the particle concentration expressed in a volume fraction of nanoparticles in the base fluids.
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Figure A- 132 Comparison of the thermal conductivity of the different hybrid nanofluids
It can be observed from Fig.A-132 that surfactants enhance /improve the thermal conductivity
of the different hybrid nanofluids.
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Figure A- 133 Effect of volume fraction on thermal conductivity of surfacted monotype
nanofluids.

From the Fig A-133, it can be seen that surfactant decreases the thermal conductivity of the
various Monotype nanofluids.
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Figure A- 134 Effect of volume fraction on thermal conductivity of surfacted hybrid nanofluids
As shown in Fig.A-134, with addition of surfactants to the different nanofluids, the thermal
conductivity enhancement increases with increase in volume fraction. That is the thermal
conductivities of nanofluids improve as the concentration of particles increases (at 25°C).
Notably, pH is 8 for ZnO-water with Na,HPO4 surfactant. In addition, weight percent of the
surfactant is 0.5. Even at a very low concentration of 1% (volume fraction), about 0.9 %
increase is observed which is appropriate compared to the volume fraction of nanoparticles and

also the maximum enhancement in thermal conductivity is 17% at 25°C.

O- 1 Statistical Analysis using IBM SPSS Statistics, version 20 Software

From the cleaning efficiency of the different pure and surfacted nanofluids, TiOz/water is
chosen as the best among the monotype nanofluids while 0.3Al>03 + 0.3TiO2 + 0.3Zn0O is
chosen as the best among the hybrid nanofluids, according their efficiency.Therefore, the
statistical analysis was done based on these two nanofluids including the process variables.
O- 2 Comparison of means of pure and surfacted TiO>/water: This is done using compare paired
sample T-Test means between pure and surfacted TiO/water as well as their hybrids.

Table A- 46 Statistical analysis of the experimental results

Parameter Time Temp Weight loss Weight loss of
(second) (°C) of contaminated
contaminated soil cleaned
soil cleaned with surfacted
with pure TiO:
TiO:
Mean 2520 199.2123 28.3344 46.6742
(42mins)
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Standard 28.99425 2.34150 0.04823 0.10493
Error

Standard 1455.78868 117.56544 2.42136 5.26872
deviation

R Square 0.940 0.997
Std. Error of the 625.95800

Estimate

From Table A-46, it observed that addition of nanofluid to the contaminated soils

increased the percentage mass loss and other properties.When comparing the

means using t — test as shown on Table A-46

Comparing the two means, it is observed that the soil sample cleaned with nanofluid had higher

percentage of mass loss than the other sample, but the two means were highly correlated.

Table A- 47 Comparison of pure TiOz/water with surfacted TiOz/water

1

VARO00002

Mean N
Pair 1 Surfacted 46.6742 N
TiO2
pure Tio2 28.3344 2521
Correlation
N R Sig.
Pair VARO00001 | 2521 | 0.997 0

The Tables A-46& A-47 indicates that there is strong relationship between pure and surfacted

TiOz/water with coefficient of correlation R = 0.997.When their means were compared, the

analysis shows that surfacted TiO> cleaned more oil and has higher standard error mean than

pure TiOz/water.Both have strong relationship because their stability before cleaning.

Std.
Mean Deviation | Upper
Pair 1 surfacted | 18.33975 | 2.86163 | 18.45151 321.785
TiO2
pure
Tio
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When the tga result for pure & surfacted TiOz/water means are compared using paired samples
Test. The paired weight loss of pure & surfacted TiO2/mean is 18.34mg with standard deviation
of 2.8616mg and standard error mean of 0.0570mg.

Table A- 48 Comparison of pure TiOz/water with process variables

Correlations

VARO00001 | VAR00002

Time(sec) Pearson 1 .024

Correlation

Sig.  (1- 114

tailed)

N 2521 2521
Temp Pearson 024 1

Correlation

Sig.  (1-].114

tailed)

N 2521 2521

Comparison of process variables with weight loss using compare means that as temp increases,
the weight loss increases also.lt can be compared with the coefficient of correlation (R)
between weight loss and temp which is highly positively correlated with R = 0.903. Comparing
the temp and time for weight loss of contaminated soil cleaned with pure TiO2/water are +vely
correlated at non significant level.It means then, as the temp increases, the weight loss increases
at less time.

Table A- 49 Comparison of effects of temperature and time on weight loss
Using paired T- paired samples analysis for pure TiOz/water.
Paired Samples Statistics

Std.
Std. Error
Mean N Deviation Mean

Pair VARO00002 | 199.2123 | 2521 117.56544 | 2.34150
1 VARO00003 | 28.3344 2521 2.42136 .04823
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Pair VAR00001 | 2520.0000 | 2521 1455.78868 | 28.99425

2 VARO00003 | 28.3344 2521 2.42136 .04823

Var00003 = weight loss

The results on Table A-49: shows that contaminated soil cleaned with pure TiO2/water, during
the Tga analysis (heating and cooling process), the temperature has the mean of 199.21°C, with
standard deviation of 117.57 from the mean and standard error mean of 2.34°C on weight
loss. The length of time for the process has the mean time of 2520seconds( 42minutes), standard
deviation of 1455.79 seconds (24.26mins) with standard Error mean of 28.99 seconds
(0.48mins) at mean weight loss of 28.33mg, standard deviation of 2.42mg from the mean,
standard error mean of 0.048mg.

Table A- 50 Comparison of weight loss with temp and time for the contaminated soil cleaned
with pure TiOz/water.

Paired Samples Correlations

N Correlation | Sig.
Pair VARO00002 | 2521 -.285 .000
1 &
VAR00003
Pair VARO00001 | 2521 -.903 0.000
2 &
VAR00003

The Table A-50, the —ve values of correlation between weight loss, temperature and time
indicates that as the temperature increases the weight loss decreases at little amount that it is
not significant.It indicates also as the time increases, the weight loss decreases significantly.In
summary, as the temperature increases, the weight loss increases at dramatically reduced time
period.

Table A- 51 Statistical Analysis of time and temp on weight loss using T-Test (Paired Samples
Test)

Paired Samples Test

Paired Differences

Std. 95% Confidence Interval

Mean Deviation of the Difference t

df
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Std.
Error

Mean Lower Upper

1 -
VARO00003

2 -
VARO00003

Pair VAR00002 | 170.87790 | 118.27809 | 2.35569 | 166.25861 | 175.49718 | 72.538

Pair VARO00001 | 2491.66559 | 1457.97525 | 29.03780 | 2434.72519 | 2548.60598 | 85.808

2520

2520

From the Table A-51, comparing the deviation of temperature from mean temperature as well
as standard error means of temperature and time on weight loss, it is observed that temperature
has more effect on weight loss. le as the temp increases, the weight loss increases also.paired
Samples Test was used to compare the effect of temp on weight loss of mineral oil simulated
soil sample. Comparing temp and weight loss using T — Test, it can be observed that t —value
(85.81) for time and weight loss is greater than t-value (72.54) for temp and weight loss.The
statistical analysis revealed that the interaction between temp and weight loss has mean
temperature of 170.88°C, standard deviation from the mean of 118.28 °C and standard error
mean of 2.36 °C. Comparing also the interaction of time and weight loss, the two paired
parameters have mean, Standard.Deviation and Standard Error Mean values of 2491.67,
1457.97525 and 29.04, respectively.Also comparing the two process variables with weight loss
using t values, t value (72.538) for temperature and weight loss is small the t value (85.808)
for time and weight loss which means for weight loss of contaminated soil sample cleaned with
pure TiOo, it takes longer time to restore the contaminated soil to its original status inspite the
high temperature.

Surfacted TiO2/water

Table A- 52 Model Summary

Std.
Adjusted | Error of
R the
Model R R Square Square Estimate
1 .9402 .885 .884 .82310

a. Predictors: (Constant), VAR00002, VAR00001
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Table A- 53 ANOVA for Surfacted TiO2 nanofluids

ANOVA

time

Sum of Squares | df Mean Square | F Sig.
Between | 5337074512.308 | 2349 2272062.372 | 107.518 | .000
Groups
Within | 3613567.692 171 21131.975
Groups
Total 5340688080.000 | 2520

The effect of temperature and time change on heatflow during the tga analysis of contaminated
soil sample cleaned with surfacted TiO2/water is shown on Table A-53.The interaction between
weight loss, time and temperature is highly significant, F =107.518, F = 92.632, respectively.

T-Test

Paired Samples Statistics

Mean N Std. Deviation Std. Error Mean
time 2520.0000 2521 1455.78868 28.99425
Temp 46.6742 2521 5.26872 .10493

Table A- 54 Oneway ANOVA for Time by temp(effect of temperature and time on weight loss)

Sig. (2-
t df tailed)
Std.
Std. Error
Mean deevDeviation | Mean Upper
Pair Time — 2473.32584 | 1460.57000 29.08946 | 2530.36754 85.025 | 2520
1 Temp
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The effect of temperature and time on weight loss was analysis using paired
samples Test. The process variables have mean value of time =
2473.33seconds, standard deviation of 1460.57seconds and standard Error

mean of 29.0895seconds.

Paired Samples Correlations

N Correlation | Sig.
Pair time |[2521 |-.907 0.000
1 &
Temp

As the temp increases, the time for the cleaning decreases significantly, because of the presence
of surfactant. The weight loss depends so much on the temperature.
Table A- 55 Oneway ANOVA for weight loss by Temperature for surfacted TiO>

time

Sum of Squares Df Mean Square
Between Groups 5337074512.308 2349 2272062.372
Within Groups 3613567.692 171 21131.975
Total 5340688080.000 2520

Oneway Correlations between time and temp on weight loss

time Temp

time Pearson 1 -.907"

Correlation

Sig. (2-tailed) 0.000

N 2521 2521
Temp Pearson -.907™ 1

Correlation

Sig. (2-tailed) 0.000
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N | 2521 ‘ 2521

Table A- 56 Paired Samples Test

Paired Differences

2 -
VARO00003

Std. 95% Confidence Interval
Std. Error of the Difference
Mean Deviation | Mean Lower Upper t df
Pair VAR00002 | 170.87790 | 118.27809 | 2.35569 | 166.25861 | 175.49718 | 72.538 | 2520
1 -
VAR00003
Pair VARO00001 | 2491.66559 | 1457.97525 | 29.03780 | 2434.72519 | 2548.60598 | 85.808 | 2520

From the Table A-56, comparing the deviation of temperature from mean temperature as well
as standard error means of temperature and time on weight loss, it is observed that temperature
has more effect on weight loss. le as the temp increases, the weight loss increases also.paired
Samples Test was used to compare the effect of temp on weight loss of mineral oil simulated
soil sample. Comparing temp and weight loss using T — Test, it can be observed that t —value
(85.81) for time and weight loss is greater than t-value (72.54) for temp and weight loss.The
statistical analysis revealed that the interaction between temp and weight loss has mean
temperature of 170.88°C, standard deviation from the mean of 118.28 °C and standard error
mean of 2.36 °C. Comparing also the interaction of time and weight loss, the two paired
parameters have mean, Standard.Deviation and Standard Error Mean values of 2491.67,
1457.97525 and 29.04, respectively.Also comparing the two process variables with weight loss
using t values, t value (72.538) for temperature and weight loss is small the t value (85.808)
for time and weight loss which means for weight loss of contaminated soil sample cleaned with
pure TiOg, it takes longer time to restore the contaminated soil to its original status inspite the
high temperature.

Surfacted TiO2/water

Table A- 57 Model Summary
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Std.
Adjusted | Error of
R the
Model R R Square Square | Estimate
1 .940? .885 .884 .82310

a. Predictors: (Constant), VAR00002, VAR00001

Table A- 58 ANOVA for Surfacted TiO» nanofluids

ANOVA

time

Sum of Squares | df Mean Square | F Sig.
Between | 5337074512.308 | 2349 2272062.372 | 107.518 | .000
Groups
Within 3613567.692 171 21131.975
Groups
Total 5340688080.000 | 2520

The effect of temperature and time change on heatflow during the tga analysis of contaminated

soil sample cleaned with surfacted TiO2/water is shown on Table A-58.The interaction between

weight loss, time and temperature is highly significant, F =107.518, F = 92.632, respectively.

Sum of
**_ Model Squares df Mean Square F
1 Regression | 14970718.784 | 2 7485359.392 947.610
Residual | 19890179.817 | 2518 7899.198
Total 34860898.602 | 2520

Correlation is significant at the 0.01 level (2-tailed)

When weight loss was correlated with the procress variable, it is observed that the process

variables have —ve effect on weight loss (R = -0.907). As the process variables increases, the

weight loss reduces significantly.

Satistical analysis for surfacted TiO-

Descriptive Statistics
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N Minimum | Maximum | Mean Std. Deviation
time 2521 0.00 5040.00 2520.0000 | 1455.78868
Temp 2521 41.86 53.94 46.6742 5.26872
Weight 2521 31.45 410.40 199.1714 117.61671
loss
Valid N | 2521
(listwise)

T-Test

Paired Samples Statistics

Mean
time

Temp

N
2520.0000
46.6742

Std. Deviation

2521
2521

Std. Error Mean
1455.78868
5.26872

28.99425
.10493

Table A- 59 Oneway ANOVA for Time by temp(effect of temperature and time on weight loss)

Sig. (2-
t df tailed)
Std.
Std. Error
Mean deevDeviation | Mean Upper
Pair Time — 2473.32584 | 1460.57000 29.08946 | 2530.36754 85.025 | 2520
1 Temp

The effect of temperature and time on weight loss was analysis using paired

samples Test.
2473.33seconds, standard deviation of 1460.57seconds and standard Error

mean of 29.0895seconds.
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Paired Samples Correlations

N Correlation | Sig.
Pair time |[2521 |-.907 0.000
1 &
Temp

As the temp increases, the time for the cleaning decreases significantly, because of the presence
of surfactant. The weight loss depends so much on the temperature.
Table A- 60 Oneway ANOVA for weight loss by Temperature for surfacted TiO>

time

Sum of Squares Df Mean Squaré
Between Groups 5337074512.308 2349 2272062.372
Within Groups 3613567.692 171 21131.975
Total 5340688080.000 2520

Oneway Correlations between time and temp on weight loss

time Temp

time Pearson 1 -.907"

Correlation

Sig. (2-tailed) 0.000

N 2521 2521
Temp Pearson -.907" 1

Correlation

Sig. (2-tailed) 0.000

N 2521 2521

**_Correlation is significant at the 0.01 level (2-tailed)

When weight loss was correlated with the procress variable, it is observed that the process
variables have —ve effect on weight loss (R = -0.907). As the process variables increases, the
weight loss reduces significantly.

Descriptive Statistics

Table A- 61 Satistical analysis for surfacted TiO-
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N Minimum | Maximum | Mean Std. Deviation

time 2521 | 0.00 5040.00 2520.0000 | 1455.78868
Temp 2521 | 41.86 53.94 46.6742 5.26872
Weight | 2521 31.45 410.40 199.1714 | 117.61671

loss
Valid N | 2521

(listwise)

Comparing the statistical analysis of contaminated soil sample cleaned with surfacted TiO,
the result shown on Table A-61.The result shows that the time for the analysis has minimum
period of 0 second, maximum of 5040 seconds(84mins), mean experimental period of 2520
second (42mins) and standard deviation of 1455.79sec(24mins).Considering the temperature,
The minimum temperature is 31.45 °C which represents the onset temperature of the
experiment, maximumtemperature of 4100C which represent of end temperature of the
experiment with mean temperature of 199.17°C and standard deviation 0f117.62 oC. weight
loss of 41.86mg, maximum weight loss of 53.94, mean weight loss of 46.67mg and standard
deviation of 5.227g.

Sum of Mean

Model Squares df | Square F
Regressi | 14970718.7 | 2 7485359.3 | 947.610
on 84 92
Residual |19890179.8 | 251 | 7899.198

17 8
Total 34860898.6 | 252

02 0

When surfacted TiO/water was statistically analysed, it was observed that temperature and
time have significant effect on weight loss with F value = 107.52, F=92.63, at 0.001level,
respectively.Comparing the weight loss of surfacted TiO2/water further, reveals that weight
loss significantly increase with temperature and time, both are highly significantly correlated
with R= 0.655 and F = 947.6.The higher the temperature, the lesser length of time, the faster
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the weightloss restoring the contaminated soil to its original status. Alternatively, if the
temperature decreases dramatically, the heating time period will increase and vice versa. It can
be concluded that the more temperature increases, the less time to restore the oil contaminated
soil to its original conditions.Otherwords, the less the temperature, the more time needed for

the restoration of the contaminated soil to its original status.

Table A- 62 Pure 0.3Al203+0.3TiO2+0.3ZnO/water
Descriptive Statistics

Std.

N Minimum Maximum | Mean Deviation
time 2521 0.00 5040.00 | 2520.0000 1455.78868
Temp 2521 30.60 409.95 199.2214 117.51005
Weight | 2521 21.73 29.79 25.0536 3.55086
loss
Valid N | 2521
(listwise)

It can be observed from Table A-62 that weight loss starts minimum time of 0 sec(min),
maximum period of 5040 seconds(84mins) and mean time of 2520 (42mins) with standard
deviation of 1455.789seconds(24.26mins) for contaminated soil sample cleaned with pure
0.3Al,03+0.3Ti02+0.3ZnO/water.The minimum temperature (30.60°C) which is the onset
temperature for the weight loss, maximum temperature of 409°C with mean temperature of
199.22 °C and standard deviation of 117.51 °C.The minimum weight loss is 21.73mg,
maximum of 29.79mg, mean weight loss of 25.0536mg with standard deviation of 3.5509mg.
It means then that the tga analysis for contaminated soil sample cleaned with pure
0.3Al,03+0.3Ti02+0.3ZnO/water started at 0 minutes, 30.60°C with weight of 29.79mg.The
cleaning finished at 42mins, 409 °C into the analysis after which the hot soil sample cooled
down to 30.60°C , 84mins, leaving only the cleaned soil.

Comparison of time with weight loss

Paired Samples Statistics

Std.
Std. Error
Mean N Deviation Mean
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Pair 1

time

Temp

2520.0000

25.0536

2521

2521

1455.78868

3.55086

.07072

28.99425

—time, weight loss

Comparing the weight loss with time, at mean time of 2520seconds (42mins), the mean weight

loss is 25.0536mg. The standard deviation and standard error mean for time and weight loss is
1455.79sec (24.26mins), 28.9943sec (0.48mins), respectively. The standard deviation and
standard error mean for weight loss is 3.5509mg, 0.07072mg respectively.

Table A- 63 Paired Samples Test

Paired Differences t |d
Std. | 95% Confidence Interval |
Error | of the Difference
Mean Std. Deviation Mean | Lower Upper
Pair time —|2494.94636 | 1459.00406 | 29.05829 2437.96579 | 2551.92693 | 85.860 | 2520
1 Weight
loss

TableA-63 shows the effect of time on weight loss of pure 3Al1,03+0.3TiO2+0.3ZnO/water, the

interaction is significant since t value (85.860) is greater than literature value at 95%

Confidence Interval of the Difference.The mean time is 2494.9464 seconds (41.58mins),

standard deviation of 1459.0041seconds (24.32 mins) and standard error mean of
29.05829seconds (0.484mins).

Table A- 64 Correlations process variables and weight loss.

Time Temp Weight loss
time Pearson 1 .025 -.905™
Correlation
Sig.  (2- 209 0.000
tailed)
N 2521 2521 2521
Temp  Pearson .025 1 =275
Correlation
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Sig.  (2-].209

tailed)

N 2521
Weight Pearson -.905™
loss Correlation

Sig.  (2-]0.000

tailed)

N 2521

2521
=275

.000

2521

.000

2521

2521

**_Correlation is significant at the 0.01 level (2-tailed).

TableA-64 shows the correlation of process variables with weight loss of oil contaminated soil
sample cleaned with pure 0.3Al203+0.3TiO2+0.3ZnO/water. The statistical analysis indicates
that the temperature is positively non significantly correlated with weight loss but weight loss
is negatively correlated with time.In otherwords, as temperature increases, the weight loss also
increases in small amount.Likewise, as the length of time increases, the weight loss of the soil

sample decreases significantly. The time has more effect (R = 0.905 & F = 11442.71) on the

weight loss than the temperature (TablesA-65 & A-66).
Table A- 65 Model Summary And Regression of time on weight loss (ANOVAa)

Change Statistics

a. Dependent Variable: time

b. Predictors: (Constant), Weight loss

Table A- 66 Effect of process variables on Surfacted 0.3Al,03+0.3Ti02+0.3ZnO/water
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Correlations Time Temp Weight loss
time Pearson 1 .025 -.905™
Correlation

Adjusted | Std. Error of | R Square
Model | R R Square R Square | the Estimate Change F Change | dfl df2
1 .9052 820 820 618.48519 .820 11442.710 | 1 251!
Model Sum of Squares | df Mean Square F Sig. |
1 Regression | 4377110292591 | 1 4377110292.591 | 11442.710 | .000°
Residual 963577787.409 | 2519 382523.933
Total 5340688080.000 | 2520



Sig.  (2- .209 0.000

tailed)

N 2521 2521 2521
Temp  Pearson .025 1 -.275"

Correlation

Sig.  (2-].209 .000

tailed)

N 2521 2521 2521
Weight Pearson -.905™ -2757 |1
loss Correlation

Sig.  (2-]0.000 .000

tailed)

N 2521 2521 2521

**_Correlation is significant at the 0.01 level (2-tailed).

From the Table A-66 of correlation between the weight loss of contaminated soil cleaned with
surfacted 0.3Al20s+ 0.3TiO2+0.3ZnO/water with process variables.Time is significantly
correlated with temperature. The relationship is +ve, which indicates that as temperature
increases the time, also increases on weight loss of surfacted 0.3Al.03+
0.3Ti02+0.3Zn0O/water.The correlation of weight loss with time and temperature is -ve, which
indicates that as time and temp increases, the weight loss decreases significantly with time and
non significantly with temperature.

Table A- 67 Comparison of surfacted best nanofluids - TiO2 and0.3A1203+0.3Ti02+0.3Zn0O
Table A- 68 Descriptive Statisticsfor surfacted best nanofluids - TiO, and

0.3Al203+0.3Ti02+0.3Zn0O

N Minimum Maximum

VAR00002 | 2521 26.06 31.58

Valid N | 2521

(listwise)

Table A- 69 T-Test for surfacted best nanofluids - TiO, and 0.3Al,03+0.3Ti02+0.3Zn0O

Paired Samples Statistics
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Std.  Error
Mean N Std. Deviation | Mean
Pair 1 time 46.6742 2521 5.26872 .10493
Temp 28.3344 2521 2.42136 .04823

From the Tables A-68 to A-69 above, comparing the surfTiO2 (time) and surf0.3Al.Oz+
0.3Ti02+0.3Zn0 (Temp), the contaminated soil sample cleaned with surfacted TiO2/water has
the weight loss of 46.6742mg, standard deviation of 5.26872mg and standard mean error of
0.1049mg which are higher than those of surfacted 0.3Al>03+ 0.3TiO2+0.3ZnO/water whose
mean value is 28.3344mg, standard deviation of 2.4214mg and 0.04823mg, respectively.This
available information shows that surfacted 0.3Al.03+ 0.3TiO2+0.3ZnO/water is better than
surfactedTiO2 /water statistically.

Table A- 70 Comparing the two means using Paired Samples Correlations.

Paired Samples Test

Paired Differences Si

95% Confidence g.

Interval  of the (2

Difference -

ta

Std. il

Std. Error e

Mean Deviation | Mean | Lower Upper T Df d)

Pair time-|18.33975 | 2.86163 | .05699 | 18.22799 | 18.45151 | 321.785 | 2520 0.
1 Temp 0
0

0

Comparing the means of the two weight loss using paired samples Test, the two means paired
together gives the new mean of 18.33975mg, standard deviation of 2.8616mg and standard
321.785 > table t value. Surfacted 0.3Al,03+

error mean of 0.0570 with t value =
0.3Ti02+0.3Zn0O/water and surfacted TiO,/water are highly correlated, R =0.997 (Table A-70).
Table A- 71 Correlation of surfacted TiO2 and surfacted 0.3Al203+ 0.3TiO2+0.3ZnO/water.
Correlations
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time Temp

Kk

time Pearson 1 997
Correlation
Sig. (2- 0.000
tailed)
N 2521 2521
Temp Pearson 997" 1
Correlation
Sig. (2- 1 0.000
tailed)
N 2521 2521

**_Correlation is significant at the 0.01 level (2-tailed).

TableA-71 shows the correlation of surfacted TiO2> with surfacted 0.3Al,03+
0.3Ti02+0.3Zn0O/water.The result indicates that the two nanofluids are highly correlated with
the coefficient of correlation, R =0.997.surfacted 0.3Al.Oz+ 0.3TiO2+0.3ZnO/water has
standard deviation of 2.169mg standard error of 0.003mg with t-value = 626.458 which is
greater than that of surfacted TiO2/water whose standard error is 0.098mg.
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Table A- 72 Model Coefficients? for the best nanofluid

Unstandardized Standardized
Coefficients Coefficients
Std.
Model B Error Beta t Sig.
1 (Constant) -14.783 | .098 - 0.000
150.140
surf0.3Al,03+ 2.169 .003 997 626.458 | 0.000
0.3Ti0,+0.3Zn0O

Dependent Variable: surfTiO,

std error of estimate = 0.42085 for surfTiO>
N- 9 Comparison of surfacted TiO2 and surfacted 0.3Al,03 +0.3TiO2+0.3ZnO with process

variables

Table A- 73 Paired Samples Statistics for surfacted TiO2 and surfacted 0.3Al203

+0.3Ti02+0.3Zn0O with process variables

Std. Error
Mean N Std. Deviation Mean

Pair VARO00001 | 2519.0000 | 2520 1455.21132 | 28.98850
1 VARO00002 | 203.0120 | 2520 119.98793 | 2.39022
Pair VARO00003 | 23.4799 2520 2.75858 .05495
2 VAR00004 | 2519.0000 | 2520 1455.21132 | 28.98850
Pair VARO00005 | 46.6761 2520 5.26890 .10496
3

VARO00006 | 199.2358 | 2520 117.59554 | 2.34256
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TableA-73 shows the comparison of surfacted TiOz/water and surfacted
0.3Al,03+0.3Ti02+0.3ZnO/water using paired samples test. The mean lengthing time is 2519
seconds (41.98mins), standard deviation 1455.21seconds (24.25mins) and standard error mean
of 28.98850seconds (0.48mins). Effect of temperature of weight loss is as follows, the mean
temperature is 199.2358°C with standard deviation of 117.5955°C and standard error mean of
2.3426 °C.The weight loss of surfacted 0.3Al>03+0.3TiO2+0.3ZnO/water and surfacted
TiO2/water are mean = 23.4799mg, 46.6761mg,standard deviation 2.786mg, 5.2689mg and
standard error of 0.05495, 0.10496, respectively.

Table A- 74 Final Comparison of the best nanofluids with process variables

Paired Samples Statistics

Std.
Std. Error
Mean N Deviation Mean
Pair Time 2520.0000 | 2521 1455.78868 | 28.99425
1
temp 202.9461 | 2521 120.00974 | 2.39018

Pair 0.3aL203+0.3Ti02+0.3Zn0O | 23.4792 2521 2.75825 .05493

2 surfTiO2 25.0536 2521 3.55086 .07072

Finally, in a summary, comparing the the best two nanofluids with the process variables, from
Tables A-73 & A-74, it can be concluded that the surfacted 0.3Al,03+0.3TiO2+0.3Zn0O,
statistically is the best hybrid/water as well as the overall best of 32 experimental nanofluids
with the mean temperature of 202.95°C and mean time of 2520 seconds (42 mins), standard
deviation of 2.758mg as well as standard error mean of 0.0549mg.Surfacted TiO: is the best
monotype nanofluid and the second among the overall 32 experimental nanofluids with the

mean temperature of 199.2358°C and mean time of 2520 seconds (42 mins).

Effect of wettability on the cleaning efficiency of the different nanofluids.This is done by
statistical comparison of cleaning efficiency with water saturation (water index, Iw), oil
saturation (oil index, 10), water and oil permeabilities. Their minimum, maximum, mean and

standard deviation from the mean values is shown on Table A-75.
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Table A- 75 Summary of statistical parameters of wettability and cleaning efficiency

Descriptive Statistics

Standard
Error
N Minimum | Maximum | Mean Std. Deviation | mean
Cleaning 16 | 72.00 99.40 83.9875 8.41315 2.10329
efficiency
Water index | 16 | .56 .76 .6466 .06000 0.01500
Oil index 16 | .62 .99 .8243 .09829 0.02457
Water 16 | .00 .35 .0629 .08783 02196
permeability
Oil 16 | .10 .69 .3975 .15185 0.03796
permeability
Valid N | 16
(listwise)

It can be observed from Table 6.10a that cleaning efficiency has the minimum value

of 72%, maximum value of 99.4% with mean value of 83.99 + 2.10329%.Water

saturation has the minimum water saturation of 56%,maximum value of 76% with mean
value of 64.7 % +1.5%.0il saturation has the minimum of 62%, maximum value of 99%
with mean Value of 82.43 + 2.457%. Water and oil permeabilities have minimum values

of 0.0%,10%, maximum values of 35%,69% with mean values of 6.29% 8.8% and 39.75 +
15.2%, respectively. The small values of the standard error mean shows how accuracy

the experimental results is.
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Table A- 76 Comparison of wettability, cleaning efficiency with process variables

Correlations
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Qil
Cleaning Water | ind
Krw Kro Time Temp efficiency(%) | index ex
Krw Pearson 1 -.249 381 378 -359 |- -.269
Correlatio 220
n
Sig.  (2- 351 146 149 A72 | .413 | 313
tailed)
N 16 16 16 16 16 16 16
Kro Pearson | -.249 1 .013 .029 715" | .940 |.900™
Correlatio : -
n
Sig.  (2-|.351 961 915 .002 | .000 |.000
tailed)
N 16 16 16 16 16 16 16
time Pearson | .381 013 1 999" -130 | .057 |-.052
Correlatio -
n
Sig.  (2-|.146 961 .000 631 |.833 |.849
tailed)
N 16 16 16 16 16 16 16
Temp Pearson 378 .029 .999™ 1 -115 | .072 | -.039
Correlatio
n
Sig.  (2-|.149 915 .000 670 |.790 |.885
tailed)
N 16 16 16 16 16 16 16
Cleaning Pearson | -.359 7157 -.130 -.115 1 516 | .857"
efficienc  Correlatio :
y n




Water

index

Oil index

Sig.
tailed)
N

(2-

Pearson
Correlatio
n

Sig.
tailed)
N

(2-

Pearson
Correlatio
n

Sig.
tailed)
N

(2-

172

16

-.220

413

16
-.269

313

16

.002

16

*%

.940

.000

16
.900™

.000

16

631

16

.057

.833

16
-.052

.849

16

670

16

072

790

16
-.039

.885

16

16
516

041

16
857"

.000

16

.041

16

16
7104

*k

.002

16

.000

16

*%k

.704

.002

16

16

**_Correlation is significant at the 0.01 level (2-tailed).

*, Correlation is significant at the 0.05 level (2-tailed).

Table A- 77 Summary of the Table A-76 for better understanding of the effects of wettability

on the cleaning efficiency with process variables of the different nanofluids

Correlations

Krw Kro time Temp Cleaning Water Oil
efficiency index(lw) | index
(%) (o)
Krw 1 -0.249 |0.381 |0.378 -0.359 -0.220 -0.269
Sig 0.351 |[0.146 |0.149 0.172 0.413 0.313
Kro -0.249 |1 0.013 | 0.029 0.715 0.940 0.900
Sig 0.351 0.961 |0.915 0.002 0.000 0.000
time 0381 |0.013 |1 0.999 -0.130 0.057 -0.052
Sig 0.146 | 0.961 0.000 0.631 0.833 0.849
Temp 0378 |0.029 [0999 |1 -0.115 0.72 -0.039
Sig 0.149 |0.915 |0.000 0.67 0.790 0.885
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Cleaning -0.359 |0.715 |-0.130 |-0.115 |1 0.516 0.857
efficiency

(%)

Sig 0.172 | 0.002 |0.631 |0.072 0.041 0.000
Water -0.220 | 0.940 |0.057 |0.072 0.516 1 0.704
index(lw)

Sig 0.413 |0.000 |0.833 |0.790 0.41 0.002
Qil index | -0.269 | 0.900 |-0.052 |-0.039 |0.857 0.704 1

(o)

Sig 0.313 | 0.00 0.849 |0.885 0.000 0.002

N- 10 Effect of water permeability on cleaning efficiency, wettability and process variables.

It can be observed from Table7 that the water relative permeability (Krw) increases with a
decrease in the oil relative permeability as it was observed in Tables 6.5 &6.6 and also in the
literature. Water relative permeability increases with time and temperature (this is so because
wettability depends so much on the viscosity of the fluids and porosity/permeability of the soil,
hence, the reason for the use of mineral oil instead of crude oil which requires high temp in the
lab.). It decreases with increase in amount of oil (1o) and water (Iw) imbibed into the soil during
the oilflooding (soil contamination) and nanofluid flooding (cleanup process) also. In
otherwords, it decreases with strongly oil — wet condition. It decreases also with the cleaning
efficiency. That is as cleaning efficiency increases, it decreases. It shows that during the
cleaning, more water and oil is recovered and less water and oil is retained in the soil, the

change is positively significant.

N- 11 Comparison of time, cleaning efficiency and wettability.

Table A-77 indicates that time has direct effect on water and oil relative permeabilities,
temperature, water index and inversely with the cleaning efficiency and oil index (oil
saturation). The oil and water relative permeabilities increase with time and temperature.
Cleaning efficiency increases with oil saturation at less time. Further more, as more oil is
imbibed into the soil during oilflooding (strongly oil-wet), the more oil is recovered during

cleanup process (strongly water —wet.) as the soil is fully saturated.
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From the Table, it can be seen that temperature has a positively significant effect on water and
oil relative permeabilities, time and water saturation/index. These factors increase as the same
with temperature. Cleaning efficiency and oil saturation increase with decrease in temperature
significantly.

Cleaning efficiency decreases nonsignificantly with incease in water relative permeability,
time and temperature but increases significantly with oil relative permeability, water and oil
saturation. That is to say, as more oil and water is flooded during the soil contamination and
cleanup process, the higher the cleaning efficiency with oil relative permeability at low
temperature and time

Water saturation has a negative effect on the water relative permeability. In otherwords, as
water saturation increases, oil relative permeability increases significantly with time,
temperature, cleaning efficiency and oil saturation but decreases with water relative
permeability.

There is a strong interaction between oil saturation with oil relative permeability, water
saturation and cleaning efficiency. It indicates that as oil index increases these factors increase
also but it decreases significantly with water relative permeability, time and temperature.

Table A- 78 The values of % oil removed in the contaminated soils.

Initial mass of Mass of Amount of Oil Amount Amount of

contaminated  cleaned soils oil removed remove of water nanoparticles +

soils into after TGA test (mg) d (%) removed surfactant
TGA(mQ) (mg) (mg) removed (mg)
37.125 21.41 15.72 42.33
32.88 20.87 12.01 36.53
39 22.50 16.5(oil 52(31.5 10.1(61.2 1.2 (7.27%)
+nanofluid+ 2%) 1%)
surfactant)

The contaminated soil samples cleaned with ZnO surfacted nanofluids in  which 39 mg was
analysed in TGA were restored to their original status with oil removed percentage of 30.90%,
36.53% and 31.52%, respectively.
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