Direct Solar Absorption Nanofluids for

Forward Osmosis Desalination

Muhammad Amjad

Submitted in accordance with the requirements for the degree of

Doctor of Philosophy

The University of Leeds

School of Chemical and Process Engineering

March 2018



i -
The candidate confirms that the work submitted is his own, except where work
which has formed part of jointly-authored publications has been included. The
contribution of the candidate and the other authors to this work has been explicitly

indicated below. The candidate confirms that appropriate credit has been given

within the thesis where reference has been made to the work of others.

This copy has been supplied on the understanding that it is copyright material and
that no quotation from the thesis may be published without proper

acknowledgement.

The right of Muhammad Amjad to be identified as Author of this work has been

asserted by him in accordance with the Copyright, Designs and Patents Act 1988.

© 2018 The University of Leeds and Muhammad Amjad



- il -
Acknowledgements

I would like to express my deepest gratitude to my supervisor Professor Dongsheng
Wen for his continued encouragement, guidance and support for the realization of this
research work. His timely and efficient feedback, suggestions and supervision helped

me shape this work into its final form.

| am grateful to the University of Engineering and Technology, Lahore Pakistan for

funding this research work.

| am thankful to Prof. Xiaoze Du, Prof. Jinaliang Xu and Prof. Leping Zhou from
North China Electric Power University, Beijing for availing their research facilities
and necessary support to do a part of the experiments. | also acknowledge the support
from Dr. Ghulam Raza, Dr. Jabbar Gardy and Mr. Shahid Pervaiz for their continued
help and support in the process of synthesis and characterization of the nanoparticles

used in this work.

I am also thankful to my technical support team Peter Dawson, Susanne Patel, Ben
Douglas, Robert Simpson and Diane Cochrane for their support during my research
work at different occasions. I am also thankful to my research group members for

their motivation, acknowledgement and appreciation of my work.

Finally, I am always indebted to my family for their understanding the importance of
this work and supporting me in all ups and downs with encouragement, love, patience
and prayers. | place on record, my sincere gratitude to my parents, wife, daughter and
son for their patience, prayers, moral support and consistent encouragement

throughout my work.



-V -

Abstract

Solar energy is the most abundant and easily accessible source of renewable energy,
however, its efficient use is not an easy task. Absorption of solar energy directly by
the working fluid is an emerging trend in solar collection, known as direct solar
absorption. On the other hand, almost one-third of the world population is living in
water stressed conditions and this figure is expected to increase to two-third in next
ten years duration. Desalination of sea and brackish water and reclamation of
wastewater is being progressively practiced worldwide to augment the limited potable
water supplies through different techniques. Forward osmosis (FO) is an emerging
desalination technology, which operates under the internal osmotic gradient across
the FO membrane. Current FO technique lacks the availability of proper draw
solutions that have high osmotic pressure, minimum reverse solute flux and easy

regeneration.

This work develops a unique and novel concept of combining the solar energy,
nanoparticles and FO to produce potable water in arid areas, far away from the grids.
Two independent functions i.e. osmotic pressure and direct solar absorption are
developed for the first time onto purposely formulated nanofluids for FO solar
desalination. The direct solar absorptive nanofluid based novel draw solutions (NDS)
are aimed at developing sufficiently high osmotic pressure for enhanced water flux
across FO membrane and, at the same time, to absorb solar energy efficiently for their

regeneration.

A number of nanofluids were formulated and characterized in terms of their
morphology, structure and elemental composition. The characterized nanofluids were

investigated experimentally for their direct solar absorption behaviour and FO



performance. A unique composite of direct absorptive nanofluid and osmotically
active matter was developed that sufficiently performed the proposed two functions

in FO solar desalination.

In direct solar absorption and steam generation experiments, nine nanofluids were
examined and an enhancement in bulk photothermal efficiency (PTE) of about 95%,
100% and 105% over the base fluid was observed with gold, silver and carbon
nanofiber (CNF) nanofluids respectively. The most absorptive carbon nanofiber based
nanofluid was surface functionalized for osmotic pressure enhancement and
experimented as NDS for FO performance in terms of osmotic pressure, water flux,
reverse solute flux and water recovery. The NDS developed sufficient osmotic
pressure and an enhancement of 80% in water flux was observed over 1M salt solution
used as reference. The reverse solute flux of the NDS was negligible and the quality

of product water was within the potable water standards.

The experimental results proved that the nanofluid based direct solar absorptive novel
draw solutions can sufficiently develop osmotic pressure to permeate water across the
FO membrane and can significantly enhance the potable water generation using solar
energy. Moreover, the absence of nanoparticles in the product water and being its
quality within the range of potable water standards, proved these novel draw solutions

a potential candidate for future FO solar desalination in arid areas.
Keywords

Direct absorption, forward osmosis, draw solution, nanoparticle, desalination, solar

energy
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Chapter 1
Introduction

1.1 Current global water scenario

Water is an essential commodity for the survival and existence of all living beings
on earth. In comparison to its importance, the proportion of potable water is very
small and becoming scarce with every passing day. The earth is about 70% as water
and about 98% of this water is salty and not drinkable. About 87% of the remaining
2% drinkable water is either frozen in icecaps and glaciers or mixed with soil as
moister. The survival of all living beings is dependent on this left over quantity of
drinkable water which is approximately 0.25% only (Fig.1.1) and is believed to be
sufficient to meet this need [1]. But unfortunately, the distribution of this water is

not even all over the planet and is not available when and where needed.

The resources of fresh drinking water are almost constant since the very first day of
life on earth but the rapidly increasing world population is causing these resources
to decline at much higher rates to fulfil water needs. In addition to this, the
industrialization and economic growth are also polluting portable water resources
[1, 2]. As a result, currently about 40% of the world population is facing drinking
water shortage severely and this figure is expected to be increased to 60% by the

year 2025.



1.2 Water desalination, solar energy and forward osmosis

In order to meet the growing demand of fresh water, a number of techniques are
being used to convert salted seawater or brackish water in arid areas of the world
into drinkable water. These techniques can broadly be categorized into two classes:
one in which water is passed through a membrane under high pressure without phase
change like reverse osmosis (RO) or osmotic pressure gradient is involved like
forward osmosis (FO) and the other in which phase change is involved. The latter
category includes; solar stills, single stage flashing (SSF), multi stage flashing
(MSF), humidification/dehumidification (HDH), multi effect distillation (MED),
membrane distillation (MD), passive vacuum desalination (PVD), freezing melting

(FM) desalination, etc. [3].

Salty Water

98%
Fresh Water
2%

Ground Water  Rivers and Lakes
12% 1%

Figure 1. 1 World water distribution

Broadly speaking, two types of energy resources can be used to run the above
mentioned water desalination processes namely; non-renewable and renewable. Oil
rich countries like Gulf countries and others use non-renewable energy sources like

oil and gas to desalinate sea water through reverse osmosis and multi effect



evaporation. About 300,000 barrels of crude oil equivalent per day is being
consumed by 30 or so water desalination plants in Saudi Arabia and the same is the
case with other Gulf countries including Algeria and Libya [4]. Though these
countries have huge gas and oil reservoirs as low-priced energy sources, fossil
energy consumption is causing a serious threat to the environment as a result of CO>
emission. Also there are some areas which are far away from the energy grid lines

or where energy is too much expensive or could not be supplied easily.

Owing to these factors, countries like Saudi Arabia and other oil rich countries have
shown great interest in using renewable energies in water desalination processes.
The drinking water needs can easily be met using local renewable energy source.
Areas with high solar irradiation intensities are usually water scarce. This solar
energy can be a major driving force for the sea or brackish water desalination
process. Hence solar energy driven water desalination plants or units are a suitable

option for meeting the potable water needs in remote and sunny areas.

Water desalination is an energy intensive process as compared to other conventional
water treatment processes. But forward osmosis (FO) is a low grade energy operated
process in which the driving force is the osmotic pressure gradient across a
semipermeable membrane. Forward osmosis has grabbed the attention of
researchers in past few years with the developments in FO membrane. Very less
chance of membrane fouling as compared to RO, high rates of salt rejection by FO
membranes and easy solution of concentrated brines produced by other desalination
processes are the benefits of FO [5] other than its low grade energy operation [6].
But a suitable draw solution with high osmotic pressure gradient as compared to feed
water and ease of its regeneration are the greatest challenges in commercialization

of FO desalination technology.



Direct absorption solar collection concept is based on the absorption of solar energy
directly by the working fluid instead of being absorbed by an absorbing surface and
then transferred to the working fluid by convection as in conventional solar thermal
collectors. The efficiency of direct absorption solar collectors can be significantly
enhanced by dispersing different nanoparticles in the working fluid (Chapter 4 and
Chapter 5). Nanofluids are engineered colloidal suspensions of nanoparticles in a
base fluid and can be used as working fluid for direct collection of solar thermal
energy and their application as draw solution in forward osmosis (Chapter 6).is a

new development.

1.3 Why nanoparticles?

The material properties are significantly different at the nanoscale than that of bulk
material. The size dependent material properties are ruled by the so called quantum
effect at the nanoscale where size of the particle ranges from 1-100 nm. The surface
area of the nanoparticles is phenomenally higher than the same mass of bulk material
and this can be explained with the help of a simple example as shown in Fig. 1.2 [7].
The surface area of a cube of solid material having 1 cm side length (volume as 1
cm?®) is 6 cm?. 10%! cubes with 1 nm side length (each with surface area as 6 nm?)
will be required to fill the same 1 cm?® volume thus generating the total surface area
equal to 6 m? and 6000 m? respectively. It can be simply said that only 1 cm® volume
of cubic nanoparticles gives a total surface area which is one-third times the area of

a football ground.

With exponentially increased surface area per mass of a material at nanoscale, a

large amount of material comes in contact with the surroundings which greatly



improves its reactivity. One of the most interesting use of quantum effect at the nano

level is to tune the material properties of interest.

Total Surface Area
6 cm?

Total Surface Area
60 cm?
(all'1 mm cubes) Total Surface Area
60,000,000 cm?

(all'tnm cubes)

Figure 1. 2 An illustration of the increased surface area in nanomaterials.
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Figure 1. 3 Spectra of absorbance of deionized water and solar irradiance in visible

to infrared wavelength.

Fig. 1.3 gives solar irradiance spectrum in visible to near infrared regions where
most of the solar energy is contained [8] and the absorbance of the most of

conventional heat transfer fluids (HTFs) like water is very poor in this range [9, 10].



Nanoparticles of different materials can be suspended in water in order to tune the
property of high solar absorptivity to capture solar energy efficiently. Also the
volumetric solar energy absorption minimizes the radiative heat loss by trapping the

solar radiations.

On the other hand, during FO process, the salts being used as conventional draw
solutions get dissociated in water and their ions are likely to pass through the FO
membrane due to their significantly smaller size as compared to membrane pore size.
The draw solution becomes less affective with increasingly salt ions leakage thereby
reducing the osmotic pressure and finally the water flux across the FO membrane.
Nanoparticles based novel draw solutions can overwhelm this leakage issue and can
sustain the osmotic pressure and water flux for longer durations with the added
advantage of minimum reverse solute flux due to their bigger size as compared to
size of salt ions. In addition to enhanced osmotic pressure and reduced solute
reversal, the nanofluid based novel draw solutions can efficiently absorb solar

energy directly for their regeneration and easy product water recover.

1.4 Research objectives

This work aims to develop nanofluid based novel draw solutions for FO desalination
applications. Properly engineered, these draw solutions could provide efficient solar
energy absorption, sufficient osmosis pressure, and enhanced water flux yet with
easy regeneration characteristics. The hypothesis of the research work can be stated

as;

“Do the nanofluid based novel draw solutions enhance direct solar absorption for
volumetric solar heating and steam generation significantly and develop sufficiently

high osmotic pressure with minimum reverse flux to produce potable water?”



The hypothesis statement can be broken down into the following distinct research

objectives;
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To synthesize and characterize various nanofluids for efficient direct solar
energy absorption and steam generation, and to develop nanoparticle-
polymer hybrids having high osmotic pressure together with high solar
absorption as novel draw solutions for FO desalination.

To investigate the performance of the characterized nanofluids based on
direct solar absorption on bulk fluid volume as well as at micro droplet level.
To analyse the capability of characterized nanofluids for direct steam
generation under a concentrated solar flux and to analyse the entrainment of
nanoparticles under vigorous boiling.

To evaluate the osmotic pressure, water flux and reverse solute flux of the
characterized nanofluids as new draw solutions by developing a laboratory
scale forward osmosis desalination test rig and use a semi permeable forward
0smosis membrane.

To investigate the regeneration and cyclic performance of polymer-nanofluid
based novel draw solutions under a simulated solar radiation flux and to

check the quality of product water.

Organization of the dissertation

This research work is focused on the formulation and use of nanofluids as novel

draw solutions for forward osmosis desalination with their regeneration using solar

energy and act as a ‘proof of concept’. To realize this proof of concept work, the

work can be divided into seven chapters.



Chapter 1 gives an overview of the research work describing the need of efficient
water desalination techniques, solar energy utilization and the role of nanoparticles
in the current water stressed scenario. Chapter 2 includes a brief snapshot of the
direct solar absorption studies using numerous nanoparticles in different base fluids
and under varying experimental conditions as well as an overview of the different
desalination techniques with a particular focus on FO desalination as appeared in the
literature and is concluded with the novel idea of combining temperature and
pressure aspects together in the form of direct solar absorptive nanofluid new draw

solutions for FO solar desalination.

Chapter 3 is based on formulation of various nanofluids and their characterization
using numerous techniques. Chapter 4 detailed the performance investigation of
different nanofluids in terms of their ability to absorb the solar flux directly at bulk
volume as well as on micro droplet level and investigate the fluid flow pattern near
the three phase contact line and the resulting deposition patterns. Chapter 5
encompasses the nanofluid based solar steam generation under concentrated solar
flux and evaluates the nanoparticle entrainment phenomenon under vigorous

boiling.

The FO performance of the novel draw solutions is given in Chapter 6. Osmotic
pressure, water permeation flux and draw solution leakage rate are investigated
using a laboratory scale FO test cell along with solar energy based regeneration of
the draw solution. Chapter 7 summarises the conclusions of the whole research
work and presents future recommendations for further exploration in this field in

different aspects.



Chapter 2
Direct Solar Absorption, Desalination and Forward
Osmosis

o)

This chapter deals with literature background addressing the direct
solar collection, different desalination techniques with special
focus on forward osmosis desalination and finally the proposed
novel concept of nanofluid based direct solar absorptive draw

solutions.
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2.1 Introduction

Nanofluids have a great potential for absorbing solar energy directly when they are
dispersed in an aqueous medium. The increased surface area to volume ratio of
nanoparticles enables them to exhibit extra ordinary characteristics. Various heat
transfer related applications have increasingly used nanoparticles due to their ability
to absorb and carry heat with them. Literature review can be divided into two main
categories; one dealing with nanofluid based direct absorption solar collection
including the solar absorption in a micro droplet of nanofluid, and the other with
water desalination techniques in general and forward osmosis desalination in

particular.

2.2 Direct absorption solar collection

With increasing concerns over global warming and environmental issues,
developing renewable energy is becoming more and more important to secure our
energy needs. Solar energy is the most abundant source of energy and is easily
accessible. However making efficient use of solar energy is not an easy task [11].
A conventional plate-type of solar collector absorbs solar energy on an absorbing
plate, and transfers the heat via a wall to a working fluid running inside [12-14]. It
is a surface-based absorption, which limits the effective utilization of solar energy
by creating a large temperature difference between the absorbing plate and the

working fluid, especially for concentrated solar energy applications [15].

The limitations of surface absorption can be mitigated by a volume based solar
absorption in which the working fluid directly absorbs energy from the sun, named

as direct absorption solar collection (DASC). The concept has its origin back in 1970
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[16] and is receiving an increasing interest and attention recently by using different

nanoparticles [17-19].

Direct absorption solar collection concept is based on the absorption of solar energy
directly by the working fluid instead of being absorbed by an absorbing plate and
then transferred to the working fluid by convection as in conventional solar thermal
collectors as shown in Fig. 2.1 and Fig 2.2 [20]. The efficiency of direct absorption
solar collectors can be significantly enhanced using nanoparticles of different
metallic materials mixed in the working fluid. Nanofluids are engineered colloidal
suspensions of nanoparticles in a base fluid and can be used as working fluid for
direct collection of solar thermal energy. Numerous studies have been conducted to
analyse the performance of direct absorption solar collectors and the effect of
introducing a small concentration of different nanomaterials. A comprehensive

summary of some of these investigations is presented in Table 2.1.

Solar Energy

:\ﬁf;:ﬁf?'?}e] ////
%/////////////////////////ﬂm;

Figure 2. 1 Schematic of a conventional solar collector
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Table 2. 1 Nanofluid based direct absorption solar collection

Ref.

Nanomaterial/
base fluid

Observations and remarks

Zhang et al.
[21]

Au/DI water

Maximum enhancement is 65% at 6 ppm particle

concentration.

Bandarra et

Silver/DI water

The SAR was decreased from 6.5 kW/g to 0.01 kW/g

at a particle concentration of 650 ppm which was

al. [22]
believed due to the increase in interaction between
particles.

vousefi et al. | AlLOs/DI water The efficiency for 0.2 wt% was greater than that of

[23] 0.4 wt% in comparison with water as radiation
absorbent.

Said et al. | TiOJ/DI water The flat solar collector efficiency was greater at

[12] lower particle concentration at a flow rate of
0.5kg/min.

Verma et al. | Al,Os/DI water Efficiency is increased by 3-4% for 0.05 wt %

[24] nanofluid as compared to water as working fluid.

said et al | ALOJDI  water Low concentrations of nanoparticles have nearly

[25] and EG negligible effect on pumping power and pressure
drop.

Otanicar et | graphite /DI water An improvement in DASC efficiency of 3% for

al. [26] 30nm graphite nanoparticles, 5% for 20nm silver
nanoparticles and only 1% for CNT was observed.

Liuetal. [15] | Graphene/[HMIM 70% efficiency achieved at a solar concentration of

1BF4 20, 5 cm receiver height and 0.0005 wt% of

graphene.

Zhang et al. | Ni, Cu and carbon The absorbed energy for Ni/C reached to 100% at 40

[27] coated  Nifionic | PPM. making it a good choice of DASC.

liquid

Zhang et al. [21] prepared gold nanoparticles by citrate reduction method and

cleaned and purified through membrane dialysis. After cleaning, the gold NPs were
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analysed on UV-Vis for impurities. Transmission Electron Microscopy (TEM) and
Dynamic Light Scattering (DLS) were used to identify the size and shape of
engineered GNPs which turned out to be around 15nm to 20nm in size and spherical

in shape.

The dispersion of gold nanoparticles was investigated for photothermal conversion
features under a sun simulator. It was found that with the increase in particle
concentration, the photothermal conversion efficiency increased but in non-linear
fashion and the maximum efficiency enhancement was found at 6 ppm particles
concentration within the range of experimentation. On comparing with the
nanoparticles of other materials, it was found that Au NPs have the highest SAR
which is believed to be due to the effect of surface plasmonic resonance in visible

spectrum.

Solar Energy

o

Glass Cover

Nanofluid

Bottom Insulation

Absorption spectrum

k Nanoparticle

> A\ (Wavelength)

Absorbance

Figure 2. 2 Schematic of a direct absorption solar collector in which the solar
thermal energy is absorbed directly by the working fluid containing

nanoparticles
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Bandarra et al. [22] investigated the photothermal conversion performance
characteristics of deionized water based silver nanofluid in direct sunlight
conditions. DI water based silver nanofluid was prepared by a homogenizer working
under high pressure. The experimentation was done for five particle concentration
from 0.0001625 vol% to 0.065 vol% and it was concluded that even with very low
particle concentrations, the bulk temperature was increased substantially.
Furthermore, it was concluded that at peak temperature, the thermal stored energy
increased with particle concentration. At the beginning of the radiation process, the
photothermal conversion was at its best and the specific absorption rate (SAR) was
nearly constant for particle concentrations up to 6.5 ppm. The SAR was decreased
from 6.5 kW/g to 0.01 kW/g at a particle concentration of 650ppm which was

believed due to the increase in interaction between particles.

Sokhansefat et al. [13] studied numerically the dependence of heat transfer rate on
the volume concentration of Al>Os3 synthetic oil based nanofluid in a trough collector
tube. This study showed that there is a direct relation heat transfer coefficient and
nanoparticles volumetric concentration. It was also concluded in this study that with
the increase in the absorber operational temperature, the enhancement of heat

transfer in the fluid due to nanoparticles is decreased.

Said et al. [28] used commercially available spherical shaped TiO2 with
approximately 21 nm as an average diameter with PEG 400 as surfactant and
distilled water as base fluid. 0.1 vol% and 0.3 vol% nanofluid of TiO2 were prepared

with distilled water as base fluid using a highly pressurized homogenizer.

Vermaet al. [24] studied the effect of Al.Os-water based nanofluid on DASC under
varying mass flow rates (60, 80, and 100ml/hr) and used two volume fractions

0.005% and 0.05%. Efficiency is increased by 3-4% for 0.05 wt % nanofluid as
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compared to water as working fluid. Efficiency also increases with the increase in
mass flow rate but the temperature difference decreases with increase in mass flow

rate.

Controlled morphological features of nanoparticles and their complete dispersion in
base fluid can significantly enhance thermophysical properties like specific heat
capacity, thermal conductivity and photothermal conversion performance of
working fluids of direct absorption solar collectors. To maximize solar absorption

in DANFs, different nanofluids are still to be explored.

Nanomaterials with different optical absorption peaks can be combined to cover
maximum spectrum of visible light. Similarly nanoparticles of same material but
having different shape and size can be combined for this purpose and a further
investigation is required to analyse the combined effect of size and shape on direct
absorption behaviour. Furthermore, concentration of nanoparticles in base fluid
plays an important role in their photothermal conversion performance. In most of
the studies, photothermal conversion efficiency is proportional to the concentration
of nanoparticles but not always. The feasibility of DANFs in water forward 0smosis
based desalination using solar energy has not yet been touched by any research group

and is the main novelty and scope of this work.
2.2.1Droplet evaporation

The cycle of water in nature is due to the phenomenon of evaporation of liquid
droplets and the water vapour condensation. A liquid droplet evaporates as long as
its unsaturated vapours surround it. In the presence of some insoluble particles in the
liquid droplet, the droplet evaporation results in a deposition pattern like a coffee

ring, uniform pattern, concentric rings, central congregated bump or some combined
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structures. The particle motion within the droplet and the resulting deposition pattern
are dependent on evaporation mode and the triple-phase (solid, liquid and vapour)
line dynamics. The particle organization, flow dynamics and heat transfer mode
during the evaporation of a sessile droplet under a solar or simulated radiation flux
are the key factors in understanding the role of presence of nanoparticles in a micro
droplet as well as macro evaporation of liquids. The visualization of tracer particles
in the presence of plasmonic radiation absorptive nanoparticles can be possible
through the principle of total internal reflection and total internal reflection

fluorescence microscopy.

Liquid droplet evaporation has a wide range of applications such as inkjet printing,
thin film coating, spray drying, fuel injection and optoelectronic device
manufacturing [29-32], as well as the diagnosis of diseases from drying the blood
droplet and DNA microchips [33-35]. The deposition pattern of a droplet depends
on the fluid flow within the droplet [36-41], temperature gradient [37, 42, 43],
concentration and type of the nanoparticles [44-46]. The nature of the substrate [47-
50] and type of base fluid [51, 52] also have important roles on the formation of
droplet deposition patterns. The fluid flow within a nanofluid based droplet during
evaporation can either be a capillary flow or Marangoni flow. When the peripheral
walls of the droplet are pinned on the substrate surface at solid-liquid-vapour
interface, also called three phase line or triple line, liquid flows radially outward to
refill the liquid loss due to evaporation, which is known as capillary flow [40].
Marangoni flow, on the contrary, works with a reverse direction and due to non-
uniformly distributed surface tension alongside the liquid-vapour line. This uneven
distribution of surface tension may either be due to the temperature gradient [42, 43]

or concentration gradient [40, 53].
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The effect of various types of nanoparticles on the evaporation of a droplet has been
investigated in many studies [44-46]. Gan et al. [44] studied the evaporation rate of
ethanol based Al.O3 and Al nanofluid at various radiation levels, and showed that
the evaporation rate of Al nanofluid was better than that of Al.Oz due to a higher
absorption of Al nanoparticles. The effect of adding laponite, Fe2Oz and Ag
nanoparticles to deionized water was investigated by Chen et al. [45] in terms of
nanofluid droplet evaporation rate. The evaporation rate constants for nanofluids
were found to be different from the classical d-law. While Ag enhanced the
evaporation rate, laponite and Fe>Os particles were found to suppress it, which was

ascribed to the apparent heat of vaporization.

Sefiane and Bennacer [46] found a reduction in the evaporation rate of ethanol based
aluminium nanofluid droplet on a heated PTFE (Polytetrafluoroethylene) surface as
compared to the base fluid. In addition, they observed that the droplet evaporation
followed the d2-law under higher convective temperature but not at lower or natural
convection conditions [54]. Wei et al. [55] investigated numerically the dependence
of evaporation rate on the Peclet number, particle concentration and contact angle
of the droplet containing nanoparticles. Gan and Qiao [56] observed experimentally
that adding MWCNT to ethanol enhanced the evaporation rate and droplet

temperature due to improved optical absorption.
2.2.1.1 Total internal reflection

When a light beam travelling through a medium having a refractive index n, enters
another medium having a lower refractive index n, at an angle (6,) larger than the
critical angle (6.), the beam cannot pass through the first medium and is totally
reflected. This phenomenon is known as total internal reflection (TIR). The critical

angle is the incident angle of the light wave at which its angle of refraction (8,) is
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90° as shown in Fig. 2.3 and TIR takes place when 6; > 6.. The critical angle (6,.)

can be calculated from Snell’s law [57];

nysin 6, = n, sin 90° (2.1)
Therefore,
0, = sin~1 22 (2.2)
ny
=
E
2

air n2=1.0
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Figure 2. 3 The phenomenon of total internal reflection
2.2.1.2 Total internal reflection fluorescence microscopy

The visualization of the flow of accumulating tracer particles in the vicinity of the
three phase line of a micro droplet can be obtained by fluorescent microscopic
technique. The tracer particles inside the droplet move passively under the influence
of capillary flow and Marangoni flow [58]. The tracer particle motion pattern is also
dependent on surface tension, van der Walls and drag forces [59]. The liquid
evaporation is very intensive in the thin film region and its direct observation using
traditional techniques is intrinsically difficult due to optical limitation. The total
internal reflection fluorescence microscopy (TIRFM) is a recently developed
technique for the measurement of film thickness and contact angle near the contact

line of a partially wetted droplet with a high spatial resolution [60]. The TIRFM uses
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evanescent wave illumination developed by the total internal reflection (TIRF) and
can be applied for micro flow visualization via nanoparticle image velocimetry
(nP1V) and multilayer nanoparticle image velocimetry (MnP1V) [61, 62] in the thin

film region (Fig.2.4).

An evanescent wave is a wave which is produced as a result of TIR and its intensity

decays exponentially along the distance perpendicular to the interface.

: T
n’
I

Figure 2. 4 A schematic of the multilayer nanoparticle image velocimetry

The intensity of an evanescent wave can be expressed as below in Eq. 2.3, [62];

I(z) = Ime(_%) 2:3)

Where I and I,,, are the evanescent wave intensity and the maximum intensity at the
wall (i.e. z = 0) respectively and z and z, are the distance normal to the wall and
the penetration depth respectively. The penetration depth (z,) can be expressed as

in Eq. (2.4);

2'O 2 nz 2 _l
= [ — ()] 2 2.4
= e 10 = (297 2.4)

Where A, is the wavelength of the incident light, 8 is the incident angle.

2.3 Water desalination and forward osmosis

Solar water desalination is a combination of two independent systems namely; solar

collection system and water desalination system. Solar thermal energy collection
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includes conventional solar collectors and direct absorption solar collectors which
have been briefly discussed in the previous section. Water desalination processes
include; solar stills, single stage flash (SSF) and multi stage flash (MSF) distillation,
humidification dehumidification (HDH), multi effect distillation (MED), reverse
osmosis (RO), passive vacuum desalination, membrane distillation, etc. A brief
overview of the solar based water desalination techniques is presented in the table

2.2.

Although RO (reverse osmosis) system has the largest installed capacity for water
desalination followed by MSF (multi stage flash distillation) [3], yet there are a
number of challenges and limitations of these desalination techniques. RO requires
extensive and very careful pre-treatment of seawater and high tech membrane for
water filtration. The installation and replacement of these membranes are complex
in nature and need expertise. Organic, inorganic and bio fouling of RO membrane is
the most challenging issue of RO desalination process [63-65]. Also the chemicals
and bacteria less in size than water molecules get through the RO membrane thereby

causing health problem to the user [66].

RO membrane also demineralize essential minerals from water and is known as
“dead water” in Japanese terms [66]. As far as MSF is concerned, it is not a thermal
efficient process [67]. Flashing chambers connected in series in MSF require a
precise control over pressure in the chamber and its temperature to start a normal
operation. The intermittent nature of solar energy and the fixed nature of orifice of
flashing chamber is not suited to incorporate required pressure changes in the inter

stage flashing chambers [68].



21

Table 2. 2 Solar water desalination techniques

Desalination Features Challenges
techniques
Solar stills Simplest variety of Slow process and very low production rate

designs [69-73]

Solar based multi
effect distillation
(MED)

The operating
temperature is normally
lower than 75 °C [74]

In comparison with MSF, MED has high
efficiency, less water recycling in the loop
and better heat transfer coefficient [75, 76]

Solar Powered
Reverse Osmosis
(RO)

Solar PV powered RO
system is more common
and popular than solar
thermal powered [77,
78].

RO requires extensive and very careful pre-

treatment of seawater.

Organic, inorganic and bio fouling of RO
membrane is the most challenging issue of

RO desalination process [63-65].

Solar powered

single and multi-
stage flash (SSF,
MSF) distillation

Can be integrated with
solar pond [68, 79] or
solar collector [80-82]

MSF is not a thermal efficient process and the
thermal loss is too high due its high operating

temperatures [67, 83]

Solar
humidification
dehumidification
(HDH) [84-86]

It uses the ability of air

to carry water vapours

HDH is still in developing stage and there is a
lot of room for improvement to increase
portable water production rate and make it

energy efficient.

Membrane
Distillation (MD)

Water vapours from feed
side can pass through a
membrane and are
condensed on the other

side of the membrane.

Energy consumption and cost of MD process
is more than MSF and MED due to a
resistance offered to mass flow and lowered
thermal effectiveness due to heat loss by the
membrane [87, 88]
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A large amount of seawater circulating in the condenser tubes for its preheating on
the cost of condensation heat of vapours in the flashing chamber requires a big
amount of energy or indirectly electricity. Similarly MSF powered by solar ponds
may contaminate the soil due the leakage of brine [89] and a great care is needed to
maintain the salinity level, pH and clarity of the solar ponds. The market is still in
need of a water desalination technology that is easy to install and maintain, energy

efficient, cost effect and suitable for areas away from the electricity grids.
2.3.1Forward osmosis desalination process

Forward osmosis (FO) is a process in which the driving force is the difference of
solute concentrations across a semipermeable membrane. Water from the feed side
of the membrane where solute concentration is low flows through the membrane
towards higher concentration side known as draw solution side, under osmotic
pressure difference gradient. A general mathematical relation for water flux (J,, ) in

osmotically driven processes, given by Cath et al. [5] is follows:

Jw = A(Am — AP) (2.5)
where A is constant of water permeability of the membrane (L.m2.h".atm), A is
the osmotic pressure difference (atm.) between draw solution side and feed side and
AP s the hydraulic pressure difference (atm.) applied across the membrane. In the
above relation, (Amr — AP) is the net driving force under which water permeates
through the membrane. As no or very low external hydraulic pressure is applied in

case of FO, AP is zero and the relation for water flux is reduced to;

Jw = Al = A(T’:Draw - nFeed) (2-6)
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where 1p,-4,, 1S the osmotic pressure of the draw solution and mg,.q4 is the osmotic

pressure of the feed solution.

Water flux dilutes the draw agent and water from this diluted draw agent is separated
in the recovery system. A schematic of the process is shown in Fig. 2.5, adapted
from [90]. FO is a low grade energy operated process which has been used for
desalination of brackish or seawater, food industry for concentrating the juices etc.,
reclaiming wastewater, generating electricity and for a controlled drug release

purpose in biomedical [91]

If other water desalination technologies like RO, MED, MSF, etc. are compared with
FO; FO has not been very popular in early years. The major reason why FO could
not be developed as much as other desalination techniques is the lack of suitable FO

membranes and draw solutions and the complexity of draw solution regeneration

[5].

Saline W Membrane
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Figure 2. 5 Schematic of FO desalination process
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FO has captured the attention of researchers with the development in membrane
technology and a number of investigations have been conducted in the last three to
four years as can be seen from Fig. 2.6. This is because FO has certain advantages
over the other energy hungry desalination processes like RO, MED and MSF. The
following section gives a brief description of these benefits. These benefits include
low energy operation due to zero or less hydraulic pressure[92], negligible or less
chance of membrane fouling as compared to RO [93, 94], an easy solution to brine
issue generated from other water desalting processes and high rates of rejecting

salts.
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Figure 2. 6 Number of publications (including journal articles, conference
proceedings papers and book chapters), (a) publications related to the topic “draw
solution in forward osmosis desalination” and (b) publications related to the topic
“nanoparticles in draw solutions” (the data is based on Web of Science statistics as

on November 26, 2017)
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2.3.2 Benefits of FO

2.3.2.1 Low energy consumption

As water permeates through the semipermeable membrane from the feed solution
due to the concentration difference, no or very low hydraulic pressure is required for
this operation [5, 95]. The energy consumption in FO desalination process is very
low as compared to other widespread water desalting technologies like MSF, MED
and RO for the permeation of water across the membrane. However a lot of energy

is required for regeneration of draw solution and separation of potable water in FO.

If the energy required in different rampant water desalination technologies is
converted to equivalent work which is defined as the amount of electricity generated
by the same amount of energy e.g. steam when expanded in a turbine, FO is the least
energy consuming desalting water process as can be seen in Fig. 2.7, as evaluated
by McGinnis [96] against FO with ammonia-carbon dioxide gas mixture solution as

draw agent.

The following relation (2.7) can be used for calculating the work equivalent

(kWh/md) for different desalination technologies [97];

Weq =

(Hsteam used — Hsteam at condensor) X n turbine x 1000 (ﬂ)
GOR m3
(2.7)

kWh kWh
X 0.000277 <k_]> + Welect( m3 )

where H, n, W,;..: and GOR denote the enthalpy, turbine efficiency, equivalent work

related to electrical energy and gained output ratio respectively.
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Another investigation by Ali Shoeb [98] gives another comparison of energy
consumed by various desalination technologies as shown in Table 2.3 on the basis

of electrical equivalent work.

MED-TVC

MED-LT  gq

kWh / m3

D LW s O O

Figure 2. 7 Energy consumption comparison of different water desalination
technologies (on x-axis) on the basis of 'Equivalent Work' (on y-axis) with NHz-

CO7 and 1M ammonium salt as draw solution.

FO desalination is a two stage process in which water permeates across the
membrane under the effect of osmotic pressure difference from the feed and dilutes
the draw solution in the first stage. Almost no energy is consumed in this stage as
compared to RO. In the second stage, the draw solution is to be regenerated and
potable water is to be separated from the draw solution. Most of the energy required

in FO operation is consumed in this stage.

Although the upper limit of electrical equivalent work in Table 2.3 for FO is higher

than that of RO but it can be justified by stating that RO needs electricity only and
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FO can utilize solar energy for its operation even in those areas where no electricity

is available.

Table 2. 3 Energy consumption comparison of different desalination technologies

Desalination Technique Electrical Equivalent Energy

Requirement (kWh/m?)

Forward osmosis 3-8

Reverse Osmosis 4-6
Multi Effect Distillation (MED) 15-58
Multi Stage Flash Distillation (MSF) 21-58

Such draw solutions need to be devolved which use low or minimum amount of
energy for their regeneration and product water separation. Solar thermal energy is
the best renewable energy source for the second stage draw solution regeneration in
areas which are away from the grid lines. Also unnecessary energy recovery as is
required in RO to make it energy efficient, makes FO more energy efficient than RO
and an applicable solution to drinking water needs in areas where electricity is

limited.
2.3.2.2 Minimum membrane fouling propensity

Membrane fouling is one of the major problems of membrane based processes like
RO, FO and PRO in which different types of salts, organic, inorganic contamination
and microorganisms are deposited on the active layer of membrane thereby reducing

the water permeation. Membrane fouling not only reduces water flux across the
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membrane but it also affects the lifetime of the membrane thereby increasing the
maintenance and operating cost of the process. As water is transported under the
effect of very high hydraulic pressure, membrane fouling in RO is of irreversible
nature and needs to be properly addressed or the membrane to be replaced
frequently. The driving force for water transport in FO is the osmotic pressure
difference across the membrane and very low or zero hydraulic pressure is required,

the membrane fouling propensity is very low as compared to RO and is reversible

which can be mitigated easily.
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Figure 2. 8 Membrane fouling propensity in case of RO and FO

As cake layer of foulants is loosely packed due to no external hydraulic pressure in
case of FO process, reduced water flux can be easily recovered by intermittent
cleaning through cross flow or by creating turbulence near the membrane [99-101]
as shown in Fig. 2.8. The reversible nature of membrane fouling in FO desalination

process is also confirmed by Zhang et al. [102] and Chun et al.[101] in which they
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used the actual non-chlorinated brackish lake water for studying the membrane

fouling tendency.

Membrane fouling mitigation due to its loose binding and reversible nature is
relatively very easy and economical as compared to RO. In addition to intermittent
rinsing, hydrodynamic forces can be induced in the flow to mitigate reversible
membrane fouling in FO. These hydrodynamic forces include; increasing the cross
velocities of feed and draw solutions [103, 104], developing pulsated flow near the
membrane surface, creating turbulence using spacer rings [104] and introduction of
air bubbles [99] for the removal of membrane foulants. Use of these hydrodynamic

forces will add to energy consumption of the process.

Loosely packed foulant layer and its reversible nature is one of the main attractions
of FO desalination process and it diverts the attention of researchers to investigate it
further. Also very low membrane fouling propensity makes FO a competitor of other
desalination technologies. Further study is still required to understand the fouling

mechanism and its mitigation in FO membranes.
2.3.2.3 Other miscellaneous benefits

FO offers high rates of salt rejection due to its membrane pore size [105], less foulant
accumulation and no external pressure . The removal of TDS (total dissolved solids)
from complex solution is done very effectively and efficiently by FO desalination
process [106]. High salt rejection rate in FO enables it for treating highly salted

streams (greater than 83 bar) which is not possible through RO [107]

Due to the absence of very high hydraulic pressure, no high strength materials are

required to withstand this pressure [108]. No pre-treatment of feed or complex feed
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solution is required in FO which is an essential and extensive activity in RO and
some other desalination technologies. It also makes FO a cost effective desalination

process.

FO is a clean and easy solution to municipal wastewater effluent [109] and other
complex industrial streams like textile industries , oil and gas [110] and even nuclear

wastewater streams [95].

Severity and intensity of brine generated through FO is very low as compared to
other water desalting techniques. FO can effectively reduce the volume of rejected
brine generated by other desalination processes like RO, MSF and MED which

makes its disposal easy and cost effective.
2.3.3FO challenges

With development in membrane technology, FO is aiming to compete with other
prevalent desalination technologies. But there are certain technical limitations of
the process and need to be further investigated and resolved. Despite of the attractive
benefits mentioned above, there are various challenges to FO process which hinder
its commercialization. Draw solute flux reversal, DS recovery and lack of proper
and suitable draw solutions are some of the main challenges which FO desalination
is facing. If these limitations are resolved and proper draw solutions are developed
which adhere to most of the necessitated characteristics, FO could be one of the best
technologies that can contribute to deal with drinking water issues particularly in

remote areas. FO limitations are discussed in the following sections.
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2.3.3.1 Reverse flux of draw solute

In addition to water permeation from the feed side to the draw solution side through
the membrane under the effect of osmotic pressure difference, the draw solute may
also permeate through the membrane towards the feed side under the effect of
concentration gradient. This phenomenon is known as reverse solute diffusion or
solute flux reversal which is again one of the major challenges faced by FO
commercialization. As a result of reverse solute diffusion, the cost of the FO process
is increased if an expensive draw solute is used because of its loss with time. The
cost may also be increased due to further treatment of the concentrate before its
disposal due to draw solute contamination if it is harmful for the environment as

stated by Phillip [111].

The solute reversal also supports and worsens membrane fouling thereby decreasing
the water flux through it. A general relation for estimating the reverse solute flux is

as follows;

Js = BAc (2.8)
where ], B and Ac are reverse solute flux, constant for solute permeability of the

membrane and concentration gradient across the FO membrane.

For higher water fluxes, normally concentration of draw solutes is increased but this
is not always favourable [112]. For example for sodium chloride salt, the solute flux
reversal is intensified with increase in the concentration. Kim et al. [113]
investigated that as the concentration of NaCl is increased which strengthens the
osmotic driving force, both water flux and reverse solute flux are increased. The

increased reverse solute permeation causes ICP in the support layer of membrane.
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Reverse solute flux can be avoided or minimized either by developing such a
membrane having a support layer which absolutely does not permit the solute
permeation or increasingly diffuses it back to draw solution, or by suitable selection
or development of solutes for the draw solution. The deciding features of the draw
solutes include size of the draw solute ions/particles and their diffusion coefficients.
Novel draw solutions need to be developed which exhibit minimum draw solute
reverse diffusion and considerably increase water permeation by increasing the

effective osmotic pressure difference.
2.3.3.2 Draw solute recovery

Under the effect of osmotic driving force, water permeates through the membrane
and dilutes draw solution. This diluted draw solution is brought to the recovery
system where clean water is separated and draw solution is concentrated,
regenerated or recovered. Draw solution recovery and clean water separation is
sometimes very complex and is another challenge for FO popularity and realization.
Draw solution recovery basically depends on the type and nature of the draw solute

being used.

A number of methods have been applied for this recovery including the use of
volatile solutes like sulphur dioxide gas [114] and mixture of carbon dioxide,
ammonia gases [96, 104, 115] and methyl ether [116] where thermal energy is used
to evaporate the gases leaving clean water, magnetic separator [117-119] where
magnetic nanoparticles were used as draw solutes and magnetic field was used for
their separation, precipitation method [120, 121] where draw solution was

precipitated to separate water and in some cases no regeneration is required [122]
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where draw solution when diluted is directly used as drinking water in emergency

situations.

Despite the increased water flux, each recovery method and draw solution has its
own drawbacks including pungent smell in product water or its spoiled taste, toxic
and harmful reaction products and decreasing osmotic pressure of the draw solution.
Easily recoverable and long lasting draw solutions with high osmotic pressure are
still needed to be developed and validated for bringing the advantages of FO in

desalination field.
2.3.3.3 Lack of suitable FO draw solutions

The osmotic pressure gradient across the membrane is the driving force of a FO
process. After a significant development in membrane technology, FO got the
potential of being applied in various applications including water desalination,
wastewater treatment, food industry and managing the brine produced by other
desalination processes. Draw solution is the source of osmotic force to move water
molecules through membrane from feed side. Various desirable properties of FO
draw solutions include;

a. high osmotic pressure to have high water flux through the membrane,

b. minimum or zero reverse solute flux through membrane towards feed side,

c. minimum internal concentration polarization of the membrane,

d. easy recovery and

e. efficient product water separation.
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Keeping these characteristics in consideration, numerous investigations have been
carried out in the development of efficient draw solutions for FO. A brief summary

of some of these investigations is presented in Table 2.4.

MNPs with three types of surface functional groups including; 2-pyrrolidone,
triethylene glycol, and polyacrylic acid (2-Pyrol-MNPs, TREGMNPs, and PAA-
MNPs respectively) were synthesized by thermal decomposition and investigated
against HTI FO membrane with DI water as feed solution by Ling et al. [118].
Various concentrations were examined and the water flux increases with
concentration in a non-linear manner. Out of these three surface capped MNPs,
PAA-MNPs showed the highest water flux of 7.7 LMH which was thought of due
to well dispersed nature of polyacrylic acid. However there was agglomeration and
unsatisfactory recovery of small sized MNPs due to increased thick layer of

polyacrylic acid.

In another study, Ling et al. [123] developed polyacrylic acid (PAA) and poly N-
ispropyleacrylamide (PNIPAM) coated MNPs with COOH functional group either
from NaOH or Ca(OH).. Water flux of PAA-MNPs was higher than that of PAA-
PNIPAM-MNPs in either case when feed water is DI water or synthetic brackish
water. The water permeation in case of brackish water as feed solution was much

lower than that of DI water.

So far above mentioned few studies which have shown a number of problems arising
from the use of MNPs as draw solutes in FO desalination. Though these
investigations are preliminary results, they are facing the problem of agglomeration,
reduced water flux after even 8 to 10 runs and recovery problem of the nanoparticles

even after using high magnetic field and nano filtration. Hence there is a strong
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prospective to develop and explore nanofluid based draw solutions using other

nanoparticles which overcome these issues and make the draw solution regeneration

and water separation easy and energy efficient.

Table 2.4 FO draw solutions with advantages and limitations.

Draw o
_ Advantages Limitations Ref.
solution/Solute
High water flux
Ammonia-carbon Pungent smell of
Moderate heat for . [115]
dioxide ammonia in output water
recovery (60°C)
. tion of Water flux is low
ic aci asy separation o
Polyacrylic acid Ds)t’) p iy MNP efficiency is
i applie
(magnetic | t>'/ :’pld decreased with time [118, 123]
i electric fie
nanoparticles) UF for recovery
Stimuli Thermal or High bacterial infection
responsive pressure stimulus | and hence cannot be [124]
hydrogels for recovery practically used
water flux as high i high
centrifuging at high rpm
Thermo a5 23LMH - |g dgf gd Y
i Is Involvea for proauct
responsive high product water P [125]
microge|3 . water recovery
separation
Draw solution is lost in
Dimethyl ether Energy effective product water separation | [116]
Low water flux
Reduced water flux with
i - time
Citrate-coated | \yter flux as high e adation of et
' egradation of membrane
magnetic as 17LMH 9_ | o [117]
nanopartides due its reaction wit cit-
MNPs
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This table summarizes numerous FO draw solutes and their limitations due to they

could not be practically implemented in the FO desalination process.

2.4 The novel concept of DANF based FO draw solutions

Despite of numerous plus points of FO over other desalination processes, there are
a number of challenges including internal concentration polarization across the
membrane, reduced water flux with the passage of time, developing draw solution
with high osmotic pressure, recovery of product water from diluted draw solution

and regeneration of draw agent as discussed in detail in above sections.

This work proposes an innovative concept: using DANFs as a novel draw solution
that can efficiently absorb solar energy for their regeneration and provide sufficient
osmosis pressure for increased water flux through the membrane and reduce reverse
flux from draw agent side to feed side. Nanoparticle and their hybrids will be
developed followed by coating with different polymers and disassociating their
surface with different functional groups for enhanced dispensability and osmotic
pressure for FO desalination. Fig. 2.9 represents a schematic of the novel concept of

draw solution based on different nanoparticles
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Figure 2. 9 Schematic of novel draw solution development process
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Chapter 3

Synthesis and Characterization of Nanofluids

o)

This chapter deals with the formulation and characterization of
numerous nanofluids for enhanced direct solar absorption and
osmotic pressure to work as novel draw solution for FO
desalination. Objectively formulated nanofluids are characterized
in terms of morphology, structure characteristics and elemental

composition using various high performance techniques.




39

3.1 Introduction

Nanofluids are engineered colloidal suspensions of nanoparticles in a base fluid and
can be prepared either by dispersing the respective nanopowders in a suitable solvent
in the presence of a dispersant or they can be synthesized by the reaction of their
precursors based on bottom up approach. The preparation of nanofluids by
dispersing the nano powders usually using a bath or probe ultra-sonication is known
as ‘two step method’ while formulation of nanofluids by the chemical reaction of

their precursors is called one step method.

Direct solar absorptive nanofluids in this work have been formulated by one-step
method using different modified methodologies including citrate reduction approach
[126, 127] for the formulation of gold nanofluids, solution impregnation route [128]
for core and shell nanoparticles. On the other hand, two-step method is followed
where a suitable stabilizing agent or dispersant is used under ultra-sonication. The
synthesized nanofluids are characterized in terms of their morphological appearance,

structural characteristics and elemental composition using various techniques.

3.2 Formulation and characterization of nanofluids

3.2.1Reagents and materials

All the reagents and materials were used as received without further purification.
Commercial nanopowders of Ag, Cu and Zn (Sigma Aldrich Co.) and Fe, Si and
Al;Os-y (Nanostructured & amorphous material Inc.) were used as received to

prepare nanofluids in deionized water. Tri-sodium citrate (Na3CsHs0O7, 99.8%,
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Fisher Scientific) and Sodium dodecyl sulphate (NaCi2H25SO4, 98%, Sigma-
Aldrich) were used as the dispersant and stabilizing agents. Hydrogen tetra
chloroauric acid (HAuUCIs. with Au > 49%, Fisher Scientific) aqueous solution was
used as precursor to synthesize gold nanoparticles by citrate reduction method.
Silver nitrate (AgNOs3, Sigma Aldrich Co.) was used as precursor for the synthesis

of core/shell silicon/silver nano composite with Si nanopowder.

Sulphuric acid (H2SO4, 95%) and nitric acid (HNOs, 69%) were purchased from
VWR Chemicals and were used as oxidizing agent for the surface functionalization
of carbon nanofiber. Carbon nanofiber (CNF) [graphitized (iron-free) compressed in
the form of conical platelets (D=100 nm, L=20-200 um) Aldrich Chemistry, USA]
and potassium hydroxide (KOH, Fisher Scientific) were used to synthesize
potassium functionalized carbon nanofiber (K/CNF). Triethylene glycol (CsH1404,
99%, Sigma Aldrich Co.) was used as solvent for K/CNF to have as novel draw
solution. Deionized (DI) water was used as the base fluid throughout the

experimental procedure.
3.2.2 Characterization techniques

The nanofluids were characterized morphologically and their structural and
compositional analysis was done by a combination of the following characterization

techniques.
3.2.2.1 Scanning electron microscopy (SEM)

The SEM measurements were performed using a high performance cold field
emission-scanning electron microscope (CFE-SEM, SU8230 Hitachi) equipped with

an energy dispersive X-ray spectroscopy (EDS, Oxford INCA) to analyse the surface
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morphologies, location of the elements and elemental compositions of the nanofluid

samples.
3.2.2.2 Transmission electron microscopy (TEM)

The TEM measurements were carried out to produce micrographs of the
nanoparticles by illuminating with an electron beam in a vacuum environment using
FEI Tecnai TF20 FEG operated at 200 kV to analyse the surface morphologies. The
TEM analysis can give a detailed information on morphological properties,
structural and compositional behaviour of nanoparticles down to a particle size of 5
nm. One drop of the nanosuspension was put on a micro-copper grid covered with a

thin layer of carbon and was dried at room temperature for TEM analysis.
3.2.2.3 UV/Visible spectrophotometry

Absorption spectroscopy technique is based on the radiation absorption as a function
of wavelength due to its interaction with the sample particles. The variation in the
absorption intensity as a function of radiation wavelength is called the absorption
spectrum. The optical absorption of the nanofluid was examined by a UV/Vis
spectrophotometers (UV-1800-Shimadzu and HITACHI, U-3900) using a high

precision cell (light path of 10 mm).
3.2.2.4 Dynamic light scattering (DLS) device

Dynamic light scattering (DLS) technique is a well-recognized method of measuring

the hydrodynamic size and zeta potential of colloids and nanofluids. DLS is based
N : : _ KgT
on the Stokes-Einstein mathematical relation (d,, = /67mD’ where d;,, K, T,

n, and D are hydrodynamic diameter, Boltzmann constant, absolute temperature,
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solvent viscosity and diffusion coefficient, respectively) which associates the size of
a nanoparticle in a dispersant to its diffusion under the effect of Brownian motion of
the particle. The hydrodynamic size was measured using Malvern zeetasizer.
Disposable cuvettes were used for the measurement of hydrodynamic size of the

nanoparticles in the dispersant.
3.2.2.5 Fourier Transform infrared (FTIR) spectroscopy

The identification of the functional groups on the prepared nanofluid samples were
examined at room temperature on a Nicolet iS10 FTIR spectrometer with a
resolution of 4 cm™, in the ranges of 500 to 4000 cm™ and the final output was in

%Transmittance.
3.2.2.6 Thermo-gravimetric analysis (TGA)

The thermal stability of nanofluid samples was performed on the TGA/DSC-2
instrument (Mettler Toledo, England) where (20£5) mg of sample was weighted in
a 70 puL alumina crucible and placed in the TGA/DSC-2 sample holder. Experiment
was conducted under a constant flow rate (50 ml/min) of nitrogen purge gas and the
sample was heated in the temperature range of 30 to 900 °C at a ramping

temperature of 10 °C/min.
3.2.2.7 X-ray diffraction (XRD)

The XRD analysis was carried out on a powder Bruker’s advanced D8
diffractometer using CuKo radiation (A=1.5418 A) to determine the crystal
structures of nanofluid samples. The operation voltage and applied current for the

XRD instrument were maintained at 40 kV and 40 mA, respectively. The samples
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were loaded onto the sample holder and scanned at 26 angle range from 5° to 80°

with step size 0.035 at 30 sec per step.
3.2.3Nanofluids from nanopowders

A number of nanoparticles dispersed in different media have been used for direct
solar energy absorption under varying experimental conditions, as described in
Section 2.2. The most commonly used nanoparticles having good solar absorptivity
are selected to investigate their photothermal performance under the same
experimental conditions. Table 3.1 enlists these nanoparticles which include silver,
copper, zinc, iron, silicon and aluminium-y. The photothermal behaviour of these six
nanoparticles are experimented with 0.01 wt% concentration and their performance

is compared in Chapter 4.

Table 3. 1 Particle size range of various nanofluids

Nanomaterial size range Supplier

Cu 35-45nm  Sigma Aldrich
Ag 50-60 nm  Sigma Aldrich
Zn 40-60 nm  Sigma Aldrich
Si 30-50 nm  Nanostructured & amorphous material Inc.
Fe 50-80 nm  Nanostructured & amorphous material Inc.
Al,O3-y 40-80 nm  Nanostructured & amorphous material Inc.

Commercial nanopowders of six materials including Ag, Cu and Zn (Sigma Aldrich
Co.) and Fe, Si and Al.Oz-y (Nanostructured & amorphous material Inc.) were used
as received to prepare the respective nanofluids by two step method. Tri-sodium
citrate (99.8%, Fisher Scientific) was used as the dispersant and stabilizing agent

and DI water was used as the base fluid throughout the experimental procedure. The
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primary particle size range of the nanopowders as supplied by the suppliers is given

in Table 3.1.

Nanofluid of the selected nano powdered materials were prepared by two-step
method. In this method, selected nanopowders were directly mixed with a 0.5 wt%
of tri-sodium citrate (TSC) solution in DI water. For instance, to prepare a nanofluid
of 0.01% weight concentration, 0.01 g nanopowder was mixed with 99.99 g of 0.5
wit% aqueous solution of tri-sodium citrate as a dispersant under vigorous stirring.
The acquired mixture was sonicated by a high energy probe (1200 W) for 5 minutes
where the temperature was controlled at 40 °C. The suspensions were then cooled
down naturally to room temperature and were sonicated for 10 min before the

photothermal conversion experiment.

Morphological characterization of the nanopowders is given in Fig. 3.1 where Fig
3.1 (1) (a through f) shows SEM (scanning electron microscopy) images of the
nanopowders and Fig. 3.1 (I1) gives TEM (transmission electron microscopy)
micrograph of silver nanopowder dispersed in 0.5% aqueous solution of TSC. The
nanopowders were mostly clustered before the dispersion but became completely
dispersed in DI water in the presence of stabilizing agent after sonication. The
experimental results of photothermal behaviour of these nanofluids are presented

and explained in sections from 4.3.1 to 4.3.4 in Chapter 4.
3.2.4Si/Ag hybrid nanofluid

The synthesis of Si/Ag core/shell hybrid nanoparticles was completed in two phases.

The first phase included the dispersion of Si nanopowder with a particle size between
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40 nm and 100 nm. The second step in the core-shell fabrication process was to coat

the Si nanoparticles with Ag through solution impregnation technique.

(n

50 nm

Figure 3. 1 Morphological appearance of nanopowders (I) SEM images of
nanopowders of (a) Copper, (b) Silver, (c) Iron, (d) Zinc, (e) Aluminium oxide-y
and (f) Silicon and (11) TEM micrograph of silver nanoparticles dispersed in

deionized water.
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This is a modified methodology developed by Kumar et al. [128] where 1 g of Si
powder was dispersed with 100 ml of 0.25 M AgNO:s (as a source of Ag NPs) under
vigorous stirring. To complete the solution impregnation process, the mixture was
allowed for at least 36 hours stirring at room temperature. The solution was then
calcined in a muffle furnace at 700 °C for 2 hours. A light grey powder was obtained

which was re-dispersed in de-ionized water to get a desired concentration.

Si core

Figure 3. 2 TEM micrographs of the core/shell Si/Ag nanoparticles at different

magnifications

For morphological analysis on TEM, holey Au grids were used where a drop of the
core/shell Si/Ag hybrid nanofluid was dried on shiny side of grid before further
analysis. TEM micrograph Fig. 3.2 clearly shows that Si nanoparticles are coated
with Ag. The inner dark round area in red circle in Fig. 3.2 (right side) is the Si core
while the light cloud in blue circle around the dark core is coating of silver. The
presence of Si and Ag is also confirmed by EDX spectrum as shown in Fig. 3.3. The
droplet evaporation rate of the sessile droplet on a glass substrate and their resulting

deposition patterns are given in section 4.3.5 of Chapter 4.



47

1] Map Sum Spectrum

|||||||||x‘|||||"|llll

keV

Figure 3. 3 Elemental analysis using Energy Dispersive X-ray (EDX) spectroscopy
3.2.5Gold nanofluid by citrate reduction method

Gold nanoparticles (GNPs) were synthesized by one-step based on a modified
thermal citrate reduction method as reported by Zhang at el. [21] and Chen et al.
[129]. In the synthesis process as shown in Fig. 3.4, 100 ml of 5mM HAuClI4 solution
was mixed with 100 ml of 10 mM tri-sodium citrate solution. The resultant mixture
was heated to the boiling point until the mixture turned to wine red colour. The
resultant solution was continuously heated at 80 °C in a sonication bath for further 3
hours. Synthesized GNPs were aged at room temperature for 24 hours for stability
and cleaned by dialysis from 8 kDa membrane. The membrane allows the excessive
ions to diffuse smoothly from the suspension and blocks the GNPs. DI water was
changed twice a day for a period of 10 days, leading to pure GNPs dispersions. The
concentration of the resulting nanofluid was measured by Atomic Absorption

Spectrometry (AAS, VARIAN, AA240FS).
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» Citrate reduction method
HAU—C14 +TSC (mixture was heated to boiling point until the
mixture turned to wine red color)

» Bath sonication for 3 hours at 80 °C

*Purification
(cleaned through membrane
dialysis using 8kda membrane)

Figure 3.4 Synthesis methodology of Au nanofluid

The morphology of the synthesized nanoparticles was analysed by a transmission
electron microscopy (TEM) (TECNAI, TF20) equipped with EDX (Energy
Dispersive X-ray spectroscope) and the hydrodynamic size was measured by the
DLS device. Fig 3.5 (a) shows the TEM image of the nanoparticles and the inset
shows a closer view. It can be seen that the gold nanoparticles are mostly spherical
with particle size in the range of 20~ 30 nm. The hydrodynamic size distribution of
the gold particles (Fig. 3.5 (b)) is slightly larger size than that from TEM size, which

is due to the hydrodynamic nature of size measurement by DLS.

The experimental results on gold nanofluid based direct solar steam generation are
discussed in chapter 5 and an improved technique to calculate the photothermal
efficiency is proposed in addition to the effect of the number and position of

thermocouples.
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Figure 3.5 Characterization of the synthesized gold nanoparticles, (a) TEM image
of the gold nanoparticles showing a good suspension and size variation and (b)

hydrodynamic size distribution of the gold nanoparticles measured by DLS.
3.2.6 K-functionalized carbon nanofibers (K/CNF)

Surface functionalization of carbon nanofiber (CNF) is an effective route to
introducing some crucial functional groups on the internal or external surface to
increase the hydrophilicity. 5 g of CNF [graphitized (iron-free) compressed of
conical platelets with diameter and length of 100 nm and 20-200 pum respectively]
was immersed in a 80 ml of nitric acid:sulfuric acid (1:3, v/v) at 70 °C for 6 hour
under stirring at 250 revolution per minute. The obtained solution was then filtrated
and washed several times with DI water followed by drying in a vacuum-oven at 80
°C overnight. The resulting of treated-CNF powder was suspended in a 50 ml of 0.05
M aqueous sodium dodecyl sulphate (SDS) solution and sonicated for 30 min.
Subsequently, 250 ml of 0.5 M KOH aqueous solution was added drop wise to the
dispersed treated-CNF solution and the reaction mixture was then refluxed for 16 h.

The synthesis route is also presented schematically in Fig. 3.6.
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HNO3/H,SO4

TEG

Figure 3. 6 Schematic synthesis route of TEG-K/CNF novel draw solution

After normalizing to room temperature, a black solution was obtained. The as-
obtained particles were separated from the solution using Megafuge at 11000 RPM
and extensively washed with 1:1 methanol to DI water until the pH of the filtrate
reached a value of 7. The separated grey-black gel then oven-dried at 80 °C for 24

hr and upon normalizing to room temperature it was crushed to have K/CNF powder.

The measured weight of K/CNF powder was dispersed in different volume
concentrations of TEG ranging from 0.05 to 0.2 wt% concentrations. The resultant
mixture was probe sonicated for 5 min to completely disperse the K/ICNF in TEG
aqueous solution. The TEG-K/CNF mixture was very stable even over a period of

three months.

Fig. 3.7 shows the FTIR spectra of CNF, K/CNF and TEG-K/CNF samples. CNF

sample had almost not much bands because the CNF acted as a very effective black
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body absorber [130]. In case of K/CNF and TEG-K/CNF, there were several extra
characteristic peaks related to generate functional groups on the surface as well as
K-species doping into the structure of CNF as shown in Fig. 3.7. The strong broad
bands at ~3150 cm™ were associated to the —OH and -COOH groups on the surface
of CNF structure as well as the free —OH end group of TEG structure attached to the
surface of acid treated CNF [130-132]. The bands at ~2950 and ~2850 cm could
attribute to the asymmetric and symmetric stretching of —C-H groups, respectively,
in TEG molecules functionalised CNF [133]. There were few weak peaks at ~2090
to 2390 cm that could be assigned to the asymmetric stretching of CO2 molecules.
An additional new peak appears at ~1735 to 1750 cm™ and could be related to the
C=0 stretching in carboxylic and carbonyl groups [130] The band at ~1650 cm™
was ascribed to the C=C stretching in the main CNF structures. The band at ~1600
cm™ was related to the H-O-H symmetric vibration of water molecules absorbed on
the surface of K/CNF and TEG-K/CNF structures. The band at ~1440 cm™ was
assigned to the C-H bending of TEG groups in TEG-K/CNF. The new peak at 1350
cm! was related to the C-O stretching but the band at around 1200 cm™ was assigned
to the C-C stretching [133]. The sharp peak at 1060 to 1010 cm™ was corresponded
to the C-O bending in ether whilst the one at 840 cm™ could be attributed to the —
OH in carboxylic groups [130]. The intensity of this peak (at 840 cm™) in TEG-
K/CNF reduced after surface functionalization with TEG [133]. This confirmed the
formation of ester bond between —COOH on the surface of CNF and —OH groups of

TEG molecules.
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Figure 3. 7 FTIR spectra for CNF, K/CNF and TEG-K/CNF samples

The several bands at about 765, 685, 650 and 600 cm™ were attributed to the
aliphatic C-H bending [134]. This result clearly indicates that the surface of K/ICNF
was successfully functionalised with TEG molecules. The attachment of -COOH, -
OH and K groups onto the surface of CNF has a strong effect on the stability of
synthesised sample in aqueous medium and are the major reason for the

enhancement of osmotic pressure.

The morphologies of CNF, K/CNF and TEG-K/CNF samples at different
magnifications are shown in Fig. 3.8. The SEM images of unmodified CNF as
shown in Fig. 3.8 (a) at different magnifications demonstrated that the surface of
CNFs was smooth and confirming the used CNF sample had short and long filled
cylindrical chains of fibre covalently bonded carbon atoms which possess

hydrophobic properties. The formation of the short and long filled cylindrical chains
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with observed channels can be attributed to the nature of the synthesis of nanofibers

from different polymers.

Whereas, the morphology of potassium functionalized carbon nanofiber (K/CNF)
was different (roughness of the side cylindrical chains) and the carbon fibres were
thicker than unmodified CNF sample. This phenomenon may be related to the
surface treatment of CNF with strong acidic mixture (H.SO4 and HNO3) to form
carboxylic/hydroxyl groups on the surface as well as K-species embedded in the
CNF as shown in Fig. 3.8 (b). Having K-species doped, -COOH and —OH on the
structure of CNF lead to increase the hydrophilicity of synthesised material which
caused an increase in the osmotic pressure. In case of TEG-K/CNF, it can be clearly
seen that there was a complete surface coverage of K/CNF with TEG to form spongy
morphology as shown in Fig. 3.8 (c). This is further confirmation that the surface of
K/CNF were successfully functionalised with TEG molecules. Addition of TEG
molecules to the surface of K/CNF leads to increase —O— and —OH groups which

would further increase hydrophilicity of TEG-K/CNF surface.
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Figure 3. 8 SEM micrograms for (a) CNF, (b) K/CNF and (c) TEG.K/CNF at

different magnifications

The elemental analysis of K/CNF using SEM-energy dispersive X-ray spectroscopy
(EDX) revealed that the synthesised K/CNF consisted of carbon, oxygen and

potassium elements as shown in EDX spectrum in Fig. 3.9. The K-species were
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evenly distributed throughout the elemental mapping (Fig. 3.10). This confirms the

successful decoration of CNF with potassium in the synthesised K/CNF.
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Figure 3. 9 SEM-EDX for K/CNF sample
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Figure 3. 10 EDX-mapping for K/CNF sample

Fig. 3.11 presents the XRD pattern of CNF, K/CNF and TEG-K/CNF samples. It
can be seen that the two broad diffraction peaks at 20 of 25° and 44° corresponding
to [002] and [101] in the structure of CNF, respectively [135]. It can be clearly seen

that were massive changes in the crystal structure of synthesised K/CNF and TEG-
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K/CNF materials in comparison with unmodified CNF. In addition, there was no
difference between the XRD pattern of K/CNF and TEG-K/CNF samples. However,
the peak intensities reduced after modification with TEG as a results of surface

coverage of K/CNF with TEG.
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Figure 3. 11 XRD patterns for CNF, K/CNF and TEG-K/CNF at room temperature

The thermal behaviours of the synthesised TEG-K/CNF sample and that of their
precursors were investigated and the corresponding TGA curves are given in Fig
3.12. It can be seen that the unmodified CNF sample was very stable and did not
show any dramatic decomposition in the range of 30 to 800 °C and then a slight
weight loss could be observed. In case of K/CNF, three step of weight loss were
observed. The first step began at 90-140 °C due to possibly desorption of water

molecules and the second one at 140-175 °C associated with the decomposition of
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carboxylic and hydroxyl groups on the surface of K/CNF as well as the remained

sodium dodecyl sulphate.
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Figure 3. 12 TGA curves for CNF, K/CNF and TEG-K/CNF
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Figure 3. 13 Transmission and backscattering spectra from Turbiscan over a period

of 24 hours showing a very good stability of the K/CNF sample
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The final step started at 800 °C due to the partial decomposition of CNF structure.
It is evident that the degree of acidic functionalization of CNF from the mass loss
suggests that the CNF has been functionalised around 14 wt% with -COOH and —
OH groups. In contrast, the characteristic TGA curve of TEG-K/CNF exhibits a four
step weight loss. The TGA curve of TEG-K/CNF were exactly similar to that of
K/CNF apart of rapid weight loss (~28 wt%) at 175 to 450 °C assigned to the
decomposition or detachment of TEG functional groups [133] on the surface of

K/CNF.

The stability of the K/CNF sample was checked using Turbiscan (Formulaction,
France) which measures the sedimentation rate by using turbidity measurements of
backscatter and transmission to assess the stability of the sample. The transmission
and backscattering spectra as given in Fig. 3.13 shows no sedimentation over a
period of 24 hours with scanning after every 40 minute interval. All the scans are
overlapped both in transmission and backscattering spectrum showing a high

stability of the sample.

The FO performance including osmolality and osmotic pressure, water permeation
flux, reverse solute flux and the photothermal behaviour of these novel draw

solutions are presented in chapter 6.

3.3 Chapter summary

Various nanofluids to be used for the evaluation of photothermal characteristics,
steam generation and FO performance were synthesized and characterized by

various techniques. Nanofluids prepared from nano powders include silver, iron,
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zinc, silicon, copper and alumina while gold nanofluid was synthesized by one step
method using citrate reduction approach. Si/Ag hybrid nanofluids were formulated
by solution impregnation process and graphene nano platelets were synthesized by
modified Hummer’s synthesis route. All of the formulated nanofluids were
completely synthesized in terms of morphology, structure, stability and elemental
composition using SEM, TEM, EDX, XRD, FTIR, TGA and DLS before using them

in further experiments.



Chapter 4
Nanofluid based Direct Solar Absorption and
Droplet Evaporation

@

This chapter deals with the experimental performance of direct

o)

solar absorptive nanofluids at bulk volume as well as on micro
droplet scale. Various plasmonic and non plasmonic nanofluids
and their hybrids are investigated in terms of direct solar absorption

under various solar flux conditions.
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41 Introduction

The phenomenon of direct solar absorption is based on the absorption of solar energy
directly by the working fluid instead of being absorbed by an absorbing plate and
then transferred to the working fluid by convection as in conventional solar thermal
collectors. As the commonly used heat transfer working fluids are poor absorbers of
solar energy in the visible and near infrared range of solar spectrum, their efficiency
can be significantly enhanced by suspending various nanoparticles and tuning their

absorption properties.

Properly tuned nanofluid in terms of their photothermal properties can significantly
enhance the solar energy absorption and a number of studies have been conducted
in this context under different experimental conditions and various concentrations
as outlines in Table 4.1 and briefly explained in Chapter 2. Moreover, Vakili et al.
[136] used deionized water based graphene nanofluid with concentration up to 0.005
wt% for solar energy harness and concluded that the percentage absorption and
conductivity are directly dependent on the volume concentration of graphene nano
platelets. Similarly Chen et al. [137] deployed water based reduced graphene oxide
nanofluid with a 0.02% mass fraction for the analysis of their photothermal
performance for low temperature direct absorption solar collector. It was concluded
that the reduced graphene oxide nanofluid was better in photothermal performance
than that of graphene oxide nanofluids. Chen et al. [138] prepared bimetallic
nanoparticles composed of plasmonic Au and Ag for enhanced photothermal
conversion and could only achieve 31.41% photothermal efficiency over the

basefluid.
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Table 4. 1 Various nanofluids used with different concentrations in photothermal

experiments under varying experimental conditions

Concentration

Authors [Ref] Nanoparticle
From To units
Zhang et al. [21] Au 0.00028 0.0112 wt%
Bandarra et al. [22] Ag 0.0001625 0.065 vol%
Gupta et al. [11] Al2O3 0.001 0.05 vol%
Menbari et al. [139] CuO 0.002 0.008 vol%
Yousefi et al. [23] Al2O3 0.2 0.4 wit%
Qenbo et al. [140] Cu 0.001 0.02 vol%
Said et al. [25] Al,O3 0.05 0.1 vol%
Saidur et al. [141] Al 1.0 vol%
Yousefi et al. [142] MWCNT 0.2 wt%

Each of the above mentioned studies was based on only one particular type of
particle. A comparative assessment of the performance of commonly used
nanomaterials for solar energy harness is much needed. The effect of these
nanomaterials must be investigated at the same concentration and under similar

operating conditions to reveal their photothermal conversion performance.

On the other hand, how the presence of nanoparticles in a liquid droplet having
fluorescent particles, affect the flow and evaporation dynamics under a week
radiation flux was also investigated. The hybrid nanoparticles in the form of core
and shell have been used to investigate the evaporation rate, flow dynamics and
resulting deposition patterns in a sessile micro droplet under a weak radiation flux.
The micro droplet evaporation is experimentally investigated to understand the

effect of nanoparticle presence on the flow dynamics, contact line movement and
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resulting disposition patterns and to relate this micro droplet evaporation to the

surface or pool evaporation case as in chapter 5.

Experiments were performed to investigate the photothermal performance of a
number of deionized water based nanofluids as well as core/shell Si/Ag hybrid
nanoparticles in the presence of fluorescent tracers in a micro droplet under a
simulated solar flux. The photothermal performance of nanofluids was studied in
terms of their sensible heating, evaporating capability, specific absorption rate and
enhancement in photothermal efficiency over the base fluid while the effect of
adding nanoparticles in a micro droplet was investigated to reveal their influence on
the photo absorption, fluid flow, and resulting deposition patterns using a novel
experimental study. The deposition patterns of the nanofluid droplet after the
evaporation are obtained with the help of tracer particles using a unique total internal

reflection fluorescence microscopy (TIRFM) setup.

4.2 Experimental setup

The photothermal conversion characteristics of the prepared nanofluids were
investigated using a solar simulator (Newport Co.). It has a class AAA certification
to JIS C 8912, and ASTM E 927-05 standards, which has a 450W xenon lamp as
the light source and spectral correction filters (known as Air Mass filters) to correct
the light output to closely match the solar spectrum. An air mass filter AM1.5G was
used to simulate the direct solar spectrum with the Sun at a zenith angle of 48.20
(ASTM EB891). The sun simulator has a spectral match 0.75-1.25% fraction of ideal

percentage, 2% non-uniformity of irradiance and + 2% spectral instability according
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to ASTM Class AAA standard. A schematic view of the experimental setup is

presented in Fig.4.1.

A petri dish of 5.8 cm diameter was used to contain the sample. The bulk temperature
change was measured by three K-type (Omega 5TC-TT-K-36-36) thermocouples
(TC), which were positioned at three representative depths: just under the top surface
of the fluid (TC1), at the middle (TC2) and close to the bottom of the petri dish
(TC3). A fourth thermocouple was used to measure the variation of room
temperature. The data were registered by a data acquisition device (NI SCXI1-1303)
under the LabVIEW environment at a sampling rate of 1 Hz. The uncertainty in
temperature measurement was calibrated as +0.5 °C. The sample container was

rinsed with DI water before each experiment to avoid inter-sample contamination.

A Fresnel lens of 5.5 x 5.5 inch? with a focal length of 10 inch was used to focus the
output light onto the nanofluid sample. The focused intensity of light was measured

as 12 suns (one sun being ~970 W/m?) with the help of a solar intensity meter.

The fluorescent particles in hybrid with Si/Ag nanoparticles were illuminated by an
evanescent wave having exponentially decaying intensity along the distance normal
to the wall using an inverted microscope (Olympus, IX71), total internal reflection
fluorescence microscopy (TIRFM) and MnPIV technique. The concept of

evanescent wave, TIRFM and MnPI1V is already discussed in chapter 2.

The tracers in this work are used as florescent particles i.e. to make the flow
visualization possible and to capture the deposition patterns because they glow when
irradiated with laser light. The radiation absorptive nanoparticle (Si/Ag) size is too

small to be visualized in the TIRFM setup.
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Figure 4. 1 Schematic view of the experimental setup showing the position of

thermocouples and arrangement of Fresnel lens under a solar simulator

The glass coverslips used as substrate were cleaned with deionized water followed
by a 30 min sonication in ethanol solution. To make it highly hydrophilic, the glass
substrate was treated with piranha solution (3:1 volume ratio of 98% H>SO4 and 30%
H20>) in a sonication bath for 30 min at 80 °C. For the case of near wall motion
analysis of the tracer particles in the nanoparticle hybrid droplet and their subsequent
dry patterns, the ambient temperature and relative humidity were maintained at 22 +

1 °C and 40 + 1% respectively.

The evanescent illumination was obtained from a continuous wave solid laser

(Coherent, FV5-LA-AR) coupled with an optical fibre at a wavelength of 488 nm.
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A penetration depth (as detailed in chapter 2) of 86 nm was achieved by a total
internal reflection fluorescence (TIRF) objective lens having magnification of 60x.
The optical fibre had a coupling efficiency of about 65% and the laser output power
was >5 mW. An epifluorescent bandpass filter cube (Chroma Tech, HQ550/40 m)
isolates the polystyrene emissions. The bandpass filter transmits light at 512 nm
wavelength and reflects the 488 nm radiance which is imaged by the TIRF objective

at 15 mS exposure time on to EMCCD (Electron multiplying charge coupled device,

Andor, IXON 3 Ultra). The EMCCD recorded 16 bit 256 x 256 pixels images at an
electronic gain of 8 and framing rate of about 62 Hz. The imaging system with 60x
magnification has field view of 68.26 x 68.26 um?. The excitation light with a very
small intensity (5mW) has a negligible influence on the droplet evaporation which
was also confirmed by recording the total drying time with and without excitation
light under the same ambient conditions. A schematic of the TIFRM setup is given

in Fig. 4.2 and a photo of the inverted microscope is shown in Fig. 4.3.

The experimental procedure includes the following steps:
i.  lubricating the TIRFM objective lens with appropriate volume of immersion
oil,
ii.  placing the prepared glass coverslip (substrate) on the TIRFM objective,
iii.  dripping a drop 0.5 pL of nanofluid with a precise micropipette (Fisher
Scientific) on the substrate,
Iv.  adjusting the objective lens to bring the bottom most part of the droplet in

focus,
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v. adjusting the incident angle of the excitation light for the generation of an
evanescent wave at the lowermost part of the substrate for total internal
reflection and bringing the objective lens in perfect focus,

vi.  recording the particle motion information through EMCCD with an interval

of 10 second till the complete evaporation of the droplet,

vii.  image processing using standard algorithm of particle velocimetry, and
viii.  changing the nanofluid concentration by following the steps (ii) through
(vii).
1
C ] 2
3 1 nanofluid sessile droplet

2 glass substrate
3 TIRF objective
*, 4 dichroic mirror
e 5 beam splitter
: 6 band pass filter
= 4 7 continuous wave solid laser
8 EMCCD camera
9 computer

IL-

Figure 4. 2 Schematic of the TIRFM (total internal reflection fluorescence

microscopy) setup
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Figure 4. 3 A photograph of the inverted microscope
A schematic of the experimental procedure for flow analysis is also shown in Fig.
4.4. In one measurement, the EMCCD recorded a series 100 images with 50 sets of

in-plane intensity data which were averaged to minimize the chance of random error.

The tracer particle position with respect to the wall and thus the movement of the
tracer particles in the liquid film close to the three phase line can be quantified by
processing the images using standard algorithm of particle velocimetry. The
technique and its accuracy had already been validated by various researchers [49,
62, 143, 144] using different methods including micro scale Poiseuille flow, near

wall flow, nanoscale near wall contact line visualization and electro osmotic flow.

The evaporation of the nanofluid droplet containing Si/Ag nanoparticles and
fluorescent tracer particles was carried out on a pendant drop setup under different
irradiance levels as schematically shown in Fig. 4.5. The droplet drying process was

imaged with a high speed CCD camera at the rate of 25 frames per second. The
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spatial resolution of the imaging system was about 3 um per pixel. The distance
between the imaging system and the droplet was kept constant to have comparable
results. A micro syringe pump was used to drip the droplet on the glass substrate.
The droplet was evaporated three times under each radiation condition to confirm
the consistency in the drying time recording. Images were taken from the time of

dripping the droplet onto the glass substrate till it vanished completely.

A self-developed MATLAB code was used to process all the images which counts
the number of pixels in the droplet zone. The pixels could be converted to droplet
nominal diameter, droplet height and volume at different time intervals during the
evaporation by scaling the pixels to an object of known size. The deposition patterns
of the dried droplet in each case were recorded on TIRFM setup using laser light and

10x magnification objective with EMCCD.
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Figure 4. 5 A schematic of the nanofluid droplet drying setup
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4.3 Results and analysis

4.3.1 Optical absorbance

Water is a poor absorber of the solar energy in the visible light spectrum where most
of the solar energy is contained as can be seen from Fig. 4.6. Solar absorption of
water can be significantly enhanced by adding nanoparticles that have good
absorptivity in the visible region. In this study, the optical absorptivity of the
prepared nanofluids was checked by a UV-Vis spectrometer using a high precision
quartz cell with light path of 10 mm. The optical absorbance spectra and spectral

solar irradiance are shown in Fig. 4.6.

The absorbance is defined as the logarithm (10 as base) of reciprocal of
transmittance whereas the transmittance is the ratio of the transmitted light by the
nanofluid sample to the incident light. According to the Beer-Lambert’s Law [145],
absorbance is log(1,/I) = €lc, where I, is the incident light on the sample, I is the
light transmitted, € is the extinction coefficient, [ is the length of the sample through

which light passed, and c is the concentration of the nanofluid.

Different metallic nanofluids have different optical absorption peaks over the visible
spectrum. The absorption peak of silver nanoparticles is the strongest amongst all

the nanofluids compared at the same particle concentration of 0.01 wt. % (Fig. 4.6).

This is due to the strong localized surface plasmonic effect in silver nanoparticle that
makes it different from the others. The plasmonic resonance frequency of silver
nanofluid can be seen around 430 nm from Fig. 4.6, which is almost the beginning

of the visible band of the solar spectrum.
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Figure 4. 6 Optical absorbance spectra of DI water based nanofluids (0.01 wt%)

Compared with silver, the optical absorbance of other nanofluids in this study has
mostly their absorption peaks in the UV to visible region. Though the absorption
peaks of Fe, Si, Cu nanofluids are not very strong in the UV region, the flat
absorption curve in the visible region shows that their absorption is far much better

than water at such a low weight concentration.
4.3.2 Volumetric heating of nanofluid samples

The temperature of the nanoparticles in the nanofluid can be assumed as the
temperature of the bulk fluid due to very small nanoparticle concentration i.e. only
0.01% by weight. Deionized water and sample of each fluid was heated for a

minimum period of 30 min under the solar flux of 12 suns. Fig.4.7 (a) represents the
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temperature variation of three thermocouples for a silver nanofluid sample, and
Fig.4.7 (b) shows the average temperature profiles of various nanofluid samples

under consideration.

As it can be clearly seen from Fig.4.7 (a) that all three thermocouples show almost
linear increase in bulk fluid temperature at the start of the experiment, and this
linearity is lost as the experiment is continued. Such a linearity at the start of the
experiment is because almost all of the energy is absorbed by the nanofluid and there
is negligible heat leak to the surroundings. But as the temperature of the nanofluid
increases, the temperature difference between the sample and the surrounding
increases, which results in increased heat loss that deviation from the linearity. As
the temperature difference goes to the maximum value within the experimental
settings, further increase in temperature is small, as can be seen at the later stage of

the experiment in Fig.4.7.

The rate of temperature rise for TC1 is higher than that of other two thermocouples
i.e. TC2 and TC3 because most of the solar energy is absorbed by the top surface of
the nanofluid and lower rate of temperature rise under the top surface is due to the
decay in the solar intensity along the optical length. The maximum temperature
difference between TC1 and TC3 reached about 5 °C, indicating a large temperature
non-uniformity inside the fluid. The room temperature remained almost the same

during the experimental run as can be seen in Fig.4.7 (a).
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Figure 4. 7 (a) Temperature distribution in silver nanofluid where RT is room
temperature, (b) Average transient temperature profiles of various nanofluid
samples with 0.01% weight concentration under a solar intensity of 12 Suns

and comparison to that of deionized water.
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The average temperature of the three thermocouple values (AT = (T, + T, + T3) /3,
where T;, T, and T5 are temperatures measured by thermocouples TC1, TC2 and
TC3 respectively) is plotted against time for all the nanofluids under consideration
in Fig. 4.7 (b) at the same concentration of 0.01% by weight. In comparison with
deionized water, all of the nanofluids have higher temperature gradients except
Al>Oz-y, which is only slightly higher. In the order of the nanofluids with respect to
their peak temperature, silver nanofluid is at the highest position, followed by Fe,

Zn, Cu and Si.

The mass loss of the sample due to vaporization was measured by an electronic scale
over a 30 min time period, and is given in Fig. 4.8. The mass loss of the sample of
DI water and nanofluid is proportional to the fluid bulk temperature rise shown in
Fig. 4.7. Under the effect of a low solar flux from the solar simulator, most of the
energy was consumed in heating the bulk fluid at the initial stage of the experiment,
as can be seen by the contribution of sensible heat and latent heat in Fig. 4.9 for the
case of silver nanofluid. But as the experiment proceeds, more absorbed energy is
used to evaporate the fluid, instead of heating the bulk fluid. The heat loss to the

ambient increases with the increase in overall temperature of the sample volume.
4.3.3 Photothermal efficiency

As the overall temperature of the nanofluid sample is small, it can be assumed that
temperature of the nanoparticles and the surrounding fluid is same. For smaller fluid
depths and overall homogeneous temperature distribution in a fluid volume, the light
to heat conversion transient efficiency nprgz can be calculated by the relation in Eq.

(4.2);
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t t
Jo Cewmy + cump). AT dt + [ Ly, mypg,. dt

(4.1
Jy 1A dt

Npre =

where ¢ and m represent the specific heat capacity (J/kgK) and mass (kg) and the
subscripts w and n represent water and nanofluid respectively, AT is the average
((AT = (T, + T, + T3)/3) change in temperature of three thermocouples in time ¢,
I is the solar irradiance, which is equal to 11.6 KW/m? in this work and 4; is the
illumination area of the nanofluid sample, L,, is the latent heat of vaporization of

water at latm and m, . iS mass loss of the sample in time t.

Time (min)
0 5 10 15 20 25 30
1 N 1 N 1 N 1 N 1 N 1 N 1
0.0 4 —
T— \
\\
\\ \
-0.5 4 \
C) NN
c
© -1.0-
0
=)
D —m— A
= 15 9
% —e— Fe
‘25 —h—7n
-2.0 —v— Cu
—— Si
-2.5 Al,O5y
—»— DI Water

Figure 4. 8 Mass loss over a period of 30 min for various nanofluids under a solar

intensity of 12 Suns.
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As the overall particle concentration is very small so the ¢, m,/c,m, = 0,and

the EqQ. (4.1) can be modified to Eq. (4.2);

fot Cwmw . AT dt + fot L-‘;- mloss- dt
Ji 1A dt

(4.2)

Npre =

Light to heat conversion efficiency including sensible heating and vapour generation
efficiencies of various nano suspensions with 0.01 wt.% concentration for initial
stage of heating for 6 min is shown in Fig. 4.10 (a) and for total experiment duration
in Fig. 4.10 (b). Comparing with the base fluid, the photothermal conversion
efficiencies of nanofluids are significantly higher. The average fluid temperature
from three thermocouples was used. Amongst all the nanofluids used in this study,
Ag has the highest efficiency as compared to the base fluid. The enhancement in
efficiency over the experimental domain is shown in Fig. 4.11, while the inset shows

the efficiency enhancement in the first 6 min duration over the base fluid.

The heat utilization and its distribution to sensible heat, latent heat and ambient loss
for the case of silver nanofluid is shown in Fig. 4.9. The sensible heat and latent heat
of vaporization of the silver nanosuspension as shown in Fig. 4.9 (a) are almost
equal at the very beginning of the experiment while the latent heat of vaporization
part of the utilized energy keeps on increasing over the sensible heat part with time.
This increasing trend of latent heat continues until the end of the experiment while
the increase rate of sensible heat of the sample is very low especially at the last phase
of the experiment. The corresponding efficiency of the sensible heating and vapour
generation are shown Fig 4.9 (b), which shows a gradual decrease in overall

photothermal performance of the silver suspension over the time.
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Figure 4. 9 Photothermal performance of silver nanofluid over a period of 30
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respectively) and overall photothermal efficiency (nprg).
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A comparison of heating efficiency and vapour generation efficiency of various
nanofluids investigated based on initial phase (6 min) and over the domain of the
experiment (30 min) is presented in Fig 4.10. The ascending order of different
nanofluids in terms of their overall experimental photothermal performance is
Al>0s3-y, Si, Cu, Zn, Fe and Ag based on 6 min and 30 min data shown in Fig. 4.10
(a) and Fig. 4.10 (b) respectively. It can be concluded from Fig. 4.10 (b) that the
efficiency of sensible heating for all the nanofluids is almost the same with little
variation over 30 min duration of exposure to solar flux and the major difference in
between lies on the evaporation effect. As revealed from Jin et al. [146, 147], there
was large temperature difference inside nanofluids under solar radiation, and the
major effect for nanofluids lies on the trapping of solar energy, especially at the
surface layer. Under strong solar radiation (i.e. a few hundred of Suns), the surface
layer could become superheated and vigorous boiling could occur, albeit the bulk
fluid is still under subcooled condition. The current study revealed a similar trend.
Although the temperature was not high enough to cause vigorous boiling, the major
difference among different nanofluids lies on the surface trapping and evaporation
effect. The difference in heating the bulk fluids, as shown by the sensible heating
efficiency, is small among different nanofluids. Most of the extra heat converted by
nanoparticles is used to evaporate the fluid, which mainly occurs at the surface. The

higher the surface temperature, the higher the evaporation rate.

After 6 min of the experiment, the efficiency of the sensible heating and that of
vapour generation are 29.4% and 22.8% respectively, which are 9.4% and 25.7%

after 30 min.
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Figure 4. 11 Overall enhancement in photothermal conversion efficiency over the
base fluid for full experimental duration (i.e. 30 min). The enhancement for

first 6 min of the experiment is even higher, which is also shown as the inset.

A dramatic change in the heating efficiency over time shows a rapid loss of heat to
the ambient while a slight variation in the vapour generation efficiency signifies that
the strong localized heat by silver nanoparticles sustained vapour generation

irrespective of the bulk fluid temperature within the experimental domain.
4.3.4 Specific absorption rate

Other than photothermal efficiency, specific absorption rate (SAR) is an important
quantitative tool to evaluate the ability of the nanoparticles to absorb energy. The
energy absorbed per unit mass of the nanoparticles is known as SAR, used to

describe the photothermal performance of nanofluids. The ability of plasmonic
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nanoparticles to absorb solar energy is much better than that of many magnetic

nanoparticles under such a low light heat flux as described by [148]
SAR (kW/qg) of nanofluids can be calculated using Eq. (4.3)

SAR = [(Cwmw + Cn mn)AT - CwmwATw] + Lv-mloss (4 3)
1000 m, At '

where c,, and m,, represent the specific heat capacity (J/kgK) and mass (kg) of base
fluid and ¢,, and m,, represent specific heat capacity and mass of nanoparticles. AT,
and AT,, show the change in temperature of nanofluid and water in time At
respectively. Within the scope of this work ((c,, AT,, /(1000.4t))~0 and hence the

SAR can be approximated as in Eq. (4.4)

AR ~ cwmy (AT, — ATy) + Lymygss (4.4)
1000.m,, At

Fig. 4.12 shows the SAR of the nanofluids compared with the base fluid for a 0.01%
concentration by weight. Clearly from Fig. 4.12, the SAR of silver nanoparticles is
higher than any other nanoparticles due its plasmonic nature and the results are
consistent with that of Bandarra et al. [22]. However, the silver nanofluid was not
stable at high temperature and also due its sticky nature, it could not be used in a
closed loop process. Hence nanofluids of gold and carbon nanofibers are
experimented for solar steam generation and are presented in chapter 5 and 6

respectively.
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Figure 4. 12 Specific absorption rate of nanofluids over the period of 30min.
4.3.5 Droplet evaporation and deposition patterns

The hybrids of the tracer particle solution as base fluid and Si/Ag nanofluid were
made by mixing the known concentration of each and presented in Table 4.1 in
which B and H stand for base fluid and hybrid fluid respectively. The evaporation
profiles of the droplets for various concentrations of the fluorescent particles and
core/shell Si/Ag nanoparticles under varying irradiance levels are given in Fig. 4.14

and Fig. 4.15.

There was a slight variation in the initial droplet volume in each experiment,
normalized volume (V},) during the droplet evaporation time are compared which can

be calculated from Eq. (4.5% as given below;
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Vo = Vo (4.5)

Here V, is the droplet volume at any time t during the evaporation and V,, is the
initial droplet volume. As the normalized volume is a ratio of the volumes, it does
not have any unit. Figure 4.13 shows the evaporation of the droplet containing tracer
particles only (B1 and B2) and act as a baseline for the hybrid droplet evaporation.
Figure 4.13 (a) shows that the tracer particles have negligible influence on the
evaporation of the droplet. As the tracer particles are the fluorescent particles only
(i.e. with very weak light absorptivity), the change in the intensity of light as a heat
source has almost no influence on the droplet evaporation behaviour. Figure 4.13
(b) shows that evaporation curves for the three irradiance levels almost overlap each
other at the initial stage of the evaporation. The final stage of the droplet evaporation
experiences a very negligible effect of incoming light intensity. It can be assumed
that any significant change in the evaporation behaviour of the droplet is due to the

core/shell Si/Ag nanoparticles.

Table 4. 2 Concentration of tracer particles and Si/Ag nanoparticles in the hybrids

and their initial average contact angle measurements

Hybrid Tracer part_lcle Nanopartlt_:le Initial contact angle
o concentration concentration (degree)
' (% wiv) (Yowt)
Bl 0.00025 30.4
B2 0.00050 317
H1 0.00025 0.003 28.8
H2 0.00050 0.003 27.6
H3 0.00025 0.006 29.5

H4 0.00050 0.006 29.8
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Figure 4. 13 Normalized evaporated volume as a function of time; (a) effect of

concentration of the tracer particles on the evaporated volume and (b) the

effect of irradiance on the evaporation of droplet from base fluid B2

1
160

The normalized evaporated volume over the evaporation time for the droplet from

hybrid H1 under the varied incoming heat fluxes is given in Fig. 4.14. The presence

of Si/Ag core/shell nanoparticles in the droplet changed the evaporation time of the

droplet dramatically under different irradiance levels. The light absorbing Si/Ag

nanoparticles decreased the evaporation time of the droplet as the intensity of the

incoming light is increased thereby increasing the evaporation rate as shown in the

inset of Fig. 4.14. The evaporation rate is increased from 5.8 pL/s to 10.6 pL/s as

the irradiance is increased from ambient to 75 W for the same amount of tracer
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particles and nanoparticles. This increase in the droplet evaporation rate can be

associated with the localized heating around the highly absorbing nanoparticles.
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Figure 4. 14 Evaporation of the droplet containing hybrid H1 under different
irradiance levels. The inset shows a relation between the droplet evaporation rate

and irradiance
Figure 4.15 (a) shows the influence of Si/Ag nanoparticle concentration in hybrids
H1 and H3 compared with B1 at 75 W irradiance while the effect of core/shell
nanoparticles in hybrids H2 and H4 compared with their respective base fluid B2
under 25 W is presented in Fig. 4.15 (b). The droplet evaporation rate is increased
from 9 pL/s to 14 pL/s with the addition of only 0.006 w% Si/Ag nanoparticles, i.e.,

an enhancement of 55.5% over the base fluid.

The evaporation of the sessile droplet may follow the constant contact radius (CCR)

mode or the constant contact angle (CCA) mode or combination of them. In CCR



87

mode, the contact line of the droplet is pinned to the substrate and the contact angle
keeps on decreasing while the contact angle remains fixed and the droplet contact
area keeps decreasing during the evaporation in CCA mode [149]. The evaporation
of the droplets in the current study followed the CCR mode during the initial
evaporation phase while the CCA mode was followed at the dry out phase of the
droplet, which is consisted with the observation from a few other researchers [55,
150-152]. The transition of the contact line of the droplet from ‘pinning’ to
‘depinning’ is an important dimension for the analysis of the droplet evaporation and
disposition pattern. The duration of the pinning which is the time before the contact
of the droplet starts receding can be affected by many factors including the size of
the droplet, the size and concentration of the nanoparticles in the droplet, the nature
of the nanoparticle materials, the substrate and the intensity of thermal influx or

irradiance.

The fluid flow dynamics and the effect of nanoparticle addition on the three phase
contact line pinning during the droplet evaporation can also be observed from the
deposition patterns. The particles in the droplets having different particle
concentrations and evaporated under varied irradiance levels exhibited different

deposition patterns as can be seen in Fig. 4.16 and Fig. 4.17.

Similar to the non-irradiation case, a non-uniform evaporation caused by the
capillary flow takes most of the particles in the droplet to the contact line and
deposited there. Consequently a bright ring is developed as shown in Fig. 4.16. It
can be stated that the very first pinning-depinning-pinning cycle of the droplet
contact line during almost half of the droplet evaporation time is wider for the lower

particle concentrations than that of higher concentrations of the tracers as well as
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Si/Ag nanoparticles. Then the recurring process of pinning and depinning of the
droplet contact line which is also known as ‘stick-slip behaviour’ starts till the
complete evaporation of the droplet thereby giving a multi-ring like pattern of the

dried droplet.
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Figure 4. 15 Droplet evaporation having different concentrations of Si/Ag
nanoparticles in hybrid with tracer particles concentration of (a) 0.00025 w/v%
(B1) at 75 W irradiance and (b) 0.00050 w/v% (B2) at 25 W irradiance

In some cases, the contact line is pinned and the residual fluid at the centre of the

droplet is moved to the pinned edge under thermocapillary flow at the final
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evaporation stage of the droplet, leaving a relatively empty space at the centre of the
droplet as shown in Fig 4.16 (c) and Fig. 4.17 (b and c). The recurring rate of stick-
slip of the contact line of droplet having higher particle loading and under the higher
thermal intensity is so fast that the overlapping or in some cases very tightly packed

asymmetric rings pattern is developed during the droplet evaporation as can be seen

in Fig. 17.

Figure 4. 16 Deposition patterns of the droplet of (a) B1, (b) H1 and (c) H3

evaporated at 25 W irradiance

Figure 4. 17 Deposition patterns of the droplet of (a) B2, (b) H2 and (c) H4

evaporated at 75 W irradiance



91

The evaporation rate and deposition patterns of the droplet are significantly
influenced by the concentration of the Si/Ag core/shell nanoparticles and radiation
intensity. The concentration of the nanoparticles greatly enhanced the droplet
evaporation rate due to the higher absorptivity of Si/Ag nanoparticle, which also
influence the deposition patterns. However the mechanism of asymmetrically
deposited particles duration the evaporation of the droplets containing tracer particle

and Si/Ag nanoparticle hybrids is a complex phenomenon.

4.4 Chapter summary

Direct solar absorption based performance of different nanofluids was checked
under a simulated solar flux up to 12 suns in bulk nanofluid volume as well as under
a very week radiation flux on a micro droplet level. Six most commonly used
nanomaterials were identified and investigated for their direct volumetric solar
absorption performance in bulk fluid volume. It was found quantitatively that the
addition of small fraction of nanoparticle in the base fluid can significantly enhance
its photothermal conversion performance, not only at micro droplet level but also on
bulk fluid scale. Comparing with the base fluid, the silver nanofluid enhanced the
photothermal efficiency by 99.7% followed by iron nanofluid which gave an
enhancement of 70.3% over the base fluid at bulk fluid scale. On the other hand,
silicon/silver hybrid nanofluid was investigated for direct radiation absorption in a
micro droplet having fluorescent tracer particles. The tracers were used to visualize
the flow dynamics and the consequent deposition patterns using a unique
experimental setup based on total internal reflection (TIR) principle. A detailed

experimental insight into the effect of Si/Ag nanoparticles in an evaporating
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nanofluid micro droplet and their influence on the consequential deposition pattern
was conducted. Only 0.006 wt% concentration of Si/Ag nanoparticles resulted in an
enhancement of about 55.5% in the droplet evaporation rate. The results of the direct
solar absorption by nanofluids on a bulk fluid volume as well as at micro droplet
level proved that the addition of even a very small concentration of nanoparticles in

the base fluid can significantly enhance its photothermal performance.



Chapter 5

Solar Steam Generation and its Characterization

D

This chapter deals with the solar steam generation capability of

o)

nanofluid under a concentrated simulated solar flux. An
integrating method of calculating the sensible heat along the
optical depth of nanofluid sample is proposed. It also gives the
analysis of product water in relation to the presence of
nanoparticles and characterization of nanofluid after the steam

generation experiments.
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5.1 Introduction

In addition to the volumetric heating and micro droplet evaporation based on
nanofluids, direct vapour generation due to localized heating of nanoparticles [147,
153-155] is a recent development in this area. For example, Neumann et al. [156]
showed that by using very dilute gold nanoparticles under a focused solar light via
a typical Fresnel lens, steam was produced instantly while the measured bulk
temperature was still 6 °C approximately. The calculated steam generation efficiency
reached 80%, meaning only 20% of the solar radiation was used to increase the bulk

fluid temperature.

Later simulation work [156-158] showed the possibility of nanobubble formation
based on a non-equilibrium phase change assumption. However these results are
quite different compared to the recent results from Jin et al. [159]. Still using a
Fresnel lens (i.e. solar flux ~220 Suns), it revealed that steam generation was mainly
caused by localized boiling and evaporation in superheated regimes due to a highly
non-uniform temperature distribution, albeit the bulk fluid was still subcooled. They
hypothesized that nanobubble, i.e., steam produced around heated particles, was

unlikely to occur under normal solar radiations.

It shall be noted that all these experiments [146, 156, 159] were performed outdoor,
where the solar flux varied from time to time, and the focus by Fresnel lens limited
the heating to a small area, leading to a non-uniform solar energy input. This
arrangement would lead to a very high solar flux in localized areas, producing spot

heating and high evaporation rate locally.



95

As far as the steam generation mechanism is concerned, it has been shown
analytically that a minimum radiation flux of 3x10® W/m? is required to produce
nanobubbles on heated nanoparticles [158, 160, 161], which can only be reached by
powerful laser beams. In a separated study, Julien et al. [162] showed that 1x10°
W/m? was required to generate a nanobubble on a plasmonic gold nanoparticle.
However quite differently, Hogan et al. [163] reported that ~1 MW/m? solar flux
was sufficient for efficient steam production due to a collective effect of
nanoparticles that both scattered and absorbed light, hence localizing light energy

into mesoscale volumes.

It can be noted that most of the experiments performed so far [146, 156, 159, 164]
were not under well-controlled conditions. Besides the problem of varying solar flux
and spot heating mentioned above, most of the experiments were performed by a
single-point temperature measurement, ignoring the temperature distribution in the
bulk fluid [21, 145, 156]. Though Jin et al. [147] and Ni et al. [155] used multipoint
temperature measurement, only the average temperature was used for the evaluation
of the photothermal efficiency. In Jin’s work [147], the spot heating and small fluid
volume minimized the temperature stratification phenomenon, and the fluid reached
saturated boiling rapidly , where the most interesting phenomenon under subcooled

condition was insufficiently captured.

Furthermore, the possible escaping phenomenon of nanoparticles with the steam
under saturated boiling has not been investigated, which is critical for any potential
desalination or clean water production applications. Clearly a better understanding

of the solar steam generation by nanoparticles is much needed.
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A novel one-dimension test section was designed, and multiple thermocouples were
used to reveal the temperature distribution along the heating path under a highly
concentrated solar flux of around 280 Suns. A novel integration method was
proposed to calculate the sensible heating contribution and to aid the analysis of

steam production mechanism.

The novel one-dimensional test section was used to investigate that whether the
phenomenon of direct steam generation was the same or different under uniform
heating rather spot heating and well controlled conditions. Furthermore, the
underneath mechanism for direct steam generation was explained and the
phenomenon of escaping nanoparticles with the produced steam was investigated by

performing the steam generation experiments under concentrated solar flux.

5.2 Experimental setup

Steam generation capability of the characterized gold nanofluids were investigated
using a solar simulator having seven xenon short-arc lamps aligned on the reflector
ellipsoidal axis. The solar simulator is capable of producing a concentrated solar flux
of about 4 MW/m? when all of seven lamps are in operation. The seven lamps are

fixed in the form a hexagonal shape shown in Fig. 5.1 (a).

The value of maximum flux at 25%, 50% and 75% of power capacity are 1.92, 3.16
and 3.91 MW/m? [165]. Only one lamp was put in operation for the current
experiments to deliver a solar flux equivalent to 280 Suns (280 kW/ m?). The flux
was characterized by a manufacturer calibrated high radiative flux meter (Gardon

type, Medthermo). There was a fluctuation in the radiation flux when the lamp was
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started but the flux stabilized after 10 to 12 minute time as shown in Fig. 5.1 (b). A
door was used to block the radiation flux during the sample change over time instead

of switching the lamp off.

The solar radiation had a focal area of 28.27 cm?, which was passed through a
custom-made aperture (30 mm diameter) of aerogel sheet wrapped in aluminium
foil. The test section was made of high temperature quartz glass with the inner and
outer diameter of 30 mm and 34 mm respectively. The test section was put accurately
under the solar radiator to enable a uniform heating. A sample fluid of 25 ml (~35.4
mm depth) was filled into and covered with a transparent quartz cover. Holes of 1
mm diameter were fabricated in the vessel to insert the thermocouples equidistant to
each other at 10 mm. The vessel was covered with a tightly packed aerogel blanket
with thermal conductivity of 0.015 W/m?K to minimize the heat loss to the
surroundings. A square glass box was used to contain the aerogel with the vessel

fitted in a hole in the aerogel sheets.
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Figure 5. 1 Seven xenon lamps arranged to form a hexagonal shape, (b) Stability of

the radiation flux after 12 min.
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11 Computer
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Figure 5. 2 Schematic of the experimental setup highlighting the major components.
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Three K-type (Omega 5TC-TT-K-36-36) thermocouples (TC) were used to measure
the bulk fluid temperature, positioned evenly along the optical depth in top, middle
and bottom sections of the sample fluid at a distance of 10 mm from each other. This
was to ensure that neither the top TC was exposed to the air during the experiment nor
the bottom TC touched the bottom of the vessel. The temperature of the vapour
generated was measured through an additional K-type thermocouple. The steam
temperature was measured at the middle of a 20 mm long exit channel, as shown in
Fig. 5.2. The temperature was registered by a data logger (Agilent 34970A) linked to
a computer. The uncertainty in temperature measurement was validated as £0.25 K.
The generated steam was condensed in a glass condenser with cooling water
circulating around the condensing tube. A sensitive digital balance (Setra, BL-500S)

with uncertainty of £0.001g was used to measure the mass of the condensed vapour.

5.3 Results and discussion

5.3.1 Optical absorption of the nanofluid samples

The optical absorbance of Au nanofluids was checked by UV/Vis spectrophotometer
(U-3900, HITACHI) using a high precision cell with light path of 10 mm. The
absorbance of Au nanofluid is shown in Fig.5.3, whereas the inset shows a linear
relationship of the absorbance peak with the concentration. The absorbance peak of
the Au nanofluid appears at a wavelength of 525 nm and is identical for various
concentrations. The absorbance peak can be engineered and shifted towards longer
wavelength by controlling the size and shape of the nanoparticles during the synthesis

process.



100

9.0 - .
80 1 154.5 -
7.0 S
60 ] R o:o 001 002 003 004
8 - Concentration (wt %)
c 5.0+
< ] — DI water
o 4.04 — 0.008 wt% Au
2 1 —— 0.016 wWt% Au
< 309 —— 0.024 wit% Au
20 — 0.032 wt% Au
] — 0.040 wt% Au
1.0
0.0 4~ =

T T T T T T T T T T T T T 1

T
200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5. 3 Optical absorbance spectra of the gold nanofluids at various weight
concentrations with absorbance peak at plasmonic resonance wavelength of
525nm. The inset shows a linear relationship of the absorbance peak with the

concentration.
5.3.2 Fluid heating and steam characterization

The bulk fluid temperature was measured by three thermocouples TC1, TC2 and TC3
as the nanofluid sample was heated under a solar flux of 280 Suns. The top TC1
showed a rapid change in fluid temperature as the sample is illuminated. Depending
upon the variation of bulk fluid temperature as given in Fig. 5.4, the fluid heating can
be divided into three phases. The first phase is the heating of surface fluid with the

underneath fluid in subcooled condition. The surface fluid reaches boiling temperature
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rapidly and the temperature of the underneath layers of the fluid volume is slightly
changed (Fig. 5.4 and Fig. 5.6 (a)). The second phase is the heating of bulk fluid
volume in which the heat flux penetrates and brings the temperature of the whole fluid

volume to the boiling.
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Figure 5. 4 Temperature distribution during the 5 min illumination of 0.016 wt% Au
nanofluid sample where phase 1 shows the surface heating, phase 2 is the bulk
fluid heating and phase 3 shows the saturated boiling of the sample. Here TC1,
TC2 and TC3 are the temperatures of the thermocouples 1, 2 and 3 and TC4 is

the temperature of the steam.

The third phase is the saturated boiling phase in which the sample volume temperature
reaches the boiling point. Due to superheating, the steam temperature continues to

increase above the boiling temperature until the radiation flux is switched off. The
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temperature distribution in the first two heating phases can be clearly seen in Fig. 5.6

(a), in which the concentration of gold nanoparticles is 0.04 wt%. The non-uniformity

of temperature along the heating path is increased with the increase of nanoparticle

concentration. This is associated with the increased radiation absorption at the surface

due to more solar energy trapping at the surface at a higher concentration.

The temperature distribution for deionized water sample is shown in Fig. 5.5 (a) and

the temperatures of the surface fluids in case of deionized water and 0.008 wt% Au

nanofluid is given in Fig. 5.5 (b) as a comparison. It is evident from Fig. 5.5 that for

DI water, there is not much temperature variation along the heating path during the

initial volumetric heating phase and the rate of rise in surface temperature is also much

slower than that of 0.008 wt% gold nanofluid.
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Figure 5. 5 (a) Temperature distribution in deionized water sample and (b)
comparison of the surface temperatures (TC1) of 0.008 wt% gold nanofluid

and deionized water
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Figure 5. 6 (a) Variation of temperature along the depth of the 0.040 wt% Au
nanofluid sample where T1, T2 and Tz show the reading of thermocouples TC1,
TC2 and TC3 respectively and (b) division of fluid volume into different levels

as per the temperature distribution during fluid heating.

Although the thermophysical properties of water like thermal conductivity and
specific heat capacity would be changed with the addition of nanoparticles. However
with such a small nanoparticle concentration (0.040 wt%), the change in these
properties was found to be negligible. The mass of the condensed vapor generated
over a 5-min duration is given in Fig. 5.7, which shows a significanlty higher value
for nanofluid samples . Comparing with DI water, an enhancement of 80% and 157%
in the vapor generation efficiency are observed for gold nanofluids at 0.008 wt% and
0.040 wt% concentrations respectively. The amount of condensed vapor is increased
nearly linearly with the increase of nanoparticle concentration, as presented in Fig.
5.7 (inset). The variation in the mass of condensate at the initital volumetric heating
of the samples with varying concentration is small, which might be due to the
recondensation of the vapors. The vapors generated under subcooled conditions have

greater tendency of recondensation due to the presence of cold vessel walls. A
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constant evaporation rate after the phase two of the volumetric heating confirms the

saturated boiling in the nanofluid sample. The uncertainty in the mass measurement

for the sample with 0.008 wt% nanoparticle concentration was estimated to be

+0.592% for the first 60 seconds of illumination. The relative uncertainty in the

calculated photothermal efficiency was estimated to be +2%.
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Figure 5. 7 Mass variation of the condensed vapours at different nanoparticle

concentrations as the sample is illuminated with a radiation flux of 280 Suns

for a period of 5 min.

Zhang et al. [21, 145] and Neumann [156] calculated the energy absorbed by the

nanofluid during the sensible heating period using the following relation in Eq. (5.1)

where only one temperature sensor was used to represent the bulk fluid temperature;
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Q = ¢c,mAT (5.1)
where c,,, m and AT are the specific heat capacity, mass of the sample taken and
temperature change of the fluid volume over the specified time. The change in
temperature AT was replaced by AT, i.e., the average temperature difference by Jin et
al. [146, 147], in which more than one thermocouple were used. As clearly seen from
Fig. 5.6 (a) that the fluid temperature is highly non-uniform, the temperature
measured by only one thermocouple is clearly not representative of the fluid
temperature. The calculated absorbed energy may be overestimated or under-
estimated depending upon the position of the thermocouple. Even the average value
of the temperature may also be misleading depending upon several factors, including
the type of nanoparticles, their concentrations, colour of the nanofluid and intensity

of radiation flux.

Here we use a more realistic method to calculate the energy absorbed by the nanofluid
volume. The fluid volume is divided into various temperature dependent sections as
shown in Fig. 5.6 (b). The absorbed energy of each section is calculated independently

and the overall absorbed energy is evaluated using the relation given in Eq. 5.2;

Q = ¢, ) (miT) (52)
i=1

The overall photothermal conversion efficiency (npr¢) including sensible heating and
latent heat is subsequently calculated from Eqg. 5.3, which is a modified version of the
equation used by Jin et al. [147];

t
Cp ?zl(miATi) + fO Lvmvdt
f 1A,dt

Nprec = (5.3)
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where [ is the solar irradiance, A, is the area of the aperture, L, is the latent heat of

vaporization of water and m,, is mass of the condensed vapours in time dt.

Fig 5.8 (a) shows the photothermal conversion efficiency during the first phase, i.e.
surface heating which is typically less than 30 seconds after the heating. The
efficiency includes the sensible and latent heat contributions. The position of the
thermocouple has a great influence in determining the photothermal efficiency. If only
one thermocouple is used for the measurement of temperature change as in [21, 145,
156] and the optical length of the fluid volume is significant, the obtained
photothermal efficiency would be underestimated if the thermocouple is away from
the surface (as TC3 here in this study) and overestimated if it is close to the surface
(as TC1 in this study). This underestimation or overestimation is because the
temperature of the respective thermocouple is used to represent the temperature of the

whole fluid volume at any instant, but actually it is not as already shown in Fig. 5.6
(a).

Using the proposed method of calculating the photothermal efficiency, i.e. taking the
temperature distribution into account, gives more realiable results and is necessitated
particulary when the temperature remains below the boiling temperaure of the

nanofluid.
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Figure 5. 8 (a) Efficiency (including latent heat) based on individual thermocouple
and modified method at various nanoparticle concentrations during the phase 1
only and (b) Efficiency of sensible heating and steam generation during the
three heating phases of 0.040% gold nanofluid sample where nyeating IS based

on modified method.
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Fig. 5.8 (b) shows the variation in the efficiency of sensible heating and steam
generation in the proposed three phases during the irradiance time of 5 min for a
nanoparticle concentration of 0.040 wt%. During the surface heating, most of the
absorbed energy is used in the sensible heating of the nanofluid, together with some
vapor generated.while in case of DI water, no vapours were observed on the surface
of heated phase. Hence the presence of nanoparticles enhances the steam generation
efficiency even under subcooled conditions as also observed by Jin et al. [147]. The
steam generation efficiency of about 95% in the saturated boiling is very attractive

and gives an enhancement of 117.5% over the base fluid.

Fig. 5.9 shows the overall efficiency of the plasmonic gold nanofluid at various
concentrations compared to the base fluid. The photothermal efficiency is
dramatically enhanced by gold nanoparticles. At a concentration of 0.040 wt%, the
overall photothermal efficiency or in a broader term the energy efficiency is enhanced
by 95% over the base fluid in the experimental domain. This enhancement increases
almost linearly with the nanoparticle concentration. It can also be noticed that the
efficiency difference among the three modes of its evaluation is negligibly small when
there are no nanoparticles in the base fluid. But with the addition and increase in the
concentation of the nanoparticles, this difference is magnified. This is due to the non-
uniform temperature distribution caused by the presence of the nanoparticles. This
non-uniform temperature distribution is very supportive in evaporating the fluid from
the surface while keeping the bulk volume under subcooled conditions. This
phenomenon can be used to produce clean water by evaporating the water from the
surface and keep circulating the underneath volume like in forward osmosis

desalination.
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Figure 5. 9 Photothermal conversion efficiency (nprc) based on three methods at

various nanoparticle concentrations over an irradiation time of 5 min.
5.3.3 Analysis of nanoparticles after experiments

The remaining concentrated nanosuspension after the photothermal experiments was
examined in terms of stability, nanoparticle size distribution and morphological
appearance it had undergone. Fig. 5.10 (a) and (b) represent the TEM micrograph
and hydrodynamic size distribution of the particles after boiling, repectively.
Compared with the characterization results before the experiment, the size and shape
of the gold nanoparticles is almost the same after the experiment. The hydrodynamic
size distribution of the nanoparticle is slightly changed and has a maximum intensity

at 44 nm, which was at 49 nm before the experiments.
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Figure 5. 10 Characterization of nanoparticles after the steam generation experiment.

(a) TEM micrograph, (b) particle size distribution, and (d) zeta potential graph.

The size inensity distribution is more compact and peaked after the photothermal
coversion experiments. An additional smaller peak is observed in the DLS size
distribution. This might be due to the collapse of the surfactant layer on the surface of
the nanoparticles. The zeta potential of the nanofluid after the steam generation
experiement is about -37 mV as shown in in Fig. 5.10 (c), which indicates a good

stability of the suspension.
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Figure 5. 11 (a) Optical absorbance spectrums of the condensate and that of deionized
water showing the absence of gold nanoparticles and (b) Gold nanofluid (on left

side) and the clear condensed vapours as water (on right side)

As to the possible nanoparticle entrainment phenomenon, Fig. 5.11(b) shows that the
remaining concentrated gold nanofluid in dark red wine color and the condensate is
transparent i.e. there is no gold nanoparticles in the condensate. This was further
confirmed by the UV/Vis spectrum of the condensate presented in Fig 5.11 (a) which
shows an almost overlapping otical absorbance spectrum of the condensate and
deionized water and the absensce of any absorbance peak at 533 nm wavelength
indicates that no particles were blown out with the steam even under strong boiling

conditions.
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5.4 Chapter summary

A well-controlled steam generation experiment was performed by using gold
nanofluids under a concentrated solar flux of 280 Suns. The temperature distribution
was highly non-uniform and three phases were identified as surface heating,
subcooled boiling and saturated boiling during the nanofluid exposure to concentrated
solar radiation flux. The photothermal performance and steam generation efficiency
was directly dependant on the concentration of the Au nanoparticles. An enhancement
of about 95% in the photothermal performance over the base fluid was observed with
a nanoparticle concentration of 0.04 wt% only. The analysis of condensed steam
proved that no nanoparticles were entrained even under vigorous boiling. These
results confirmed that nanoparticle assisted solar steam generation can be realistically

used to produce potable water using solar energy in arid areas.



Chapter 6

FO Performance of Nanofluid based Draw Solutions

9

This chapter deals with the experimental results regarding FO

o)

performance of the direct absorptive nanofluid based novel draw
solutions in terms of osmotic pressure, water flux, reverse solute
flux. It also includes the solar energy based regeneration of the
novel draw solutions and recovery of product water. The quality
of product water is analysed and compared with potable water

standards.
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6.1 Introduction

Osmotically driven forward osmosis (FO) process has numerous advantages over the
pressure-driven reverse osmosis (RO) such as low energy intensity, less membrane
fouling, minimum environmental impact of the salt concentrate, reversibility of
membrane fouling, low reverse solute flux [5, 92-95] and high water recovery [106,
166]. However, appropriate draw solutions (DS) having high osmosis pressure, low
revers flux of solute particles, easy regeneration and causing minimum membrane
propensity are still to be developed to make FO a viable solution for potable water

issues.

Various types of media have been experimented as FO draw solutions which can be
broadly categorized as conventional DS including gas or volatile compounds [115,
116, 166, 167], inorganic [168-171] and organic solutes [172-174], and organic
coated-nanoparticles dispersed in different solvents [175-180]. Organic coated
magnetic nanoparticles (MNPSs) are a recent addition to FO draw solutions which can
be regenerated using a strong electric or magnetic field followed by ultrafiltration
process as discussed in detail in section 2.3.3.3 of chapter 2. Nanoparticles have the
advantage of high surface area to volume ratio and larger size in comparison with ions

and molecules of organic and inorganic draw solutions.

The studies discussed in chapter 2 have shown a number of problems arising from the
use of MNPs as draw solutes in FO desalination. Though these investigations are
preliminary results, they are facing the problems of agglomeration, reduced water flux

after several runs and recovery problem of the nanoparticles even after using strong
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magnetic field and nano filtration. Hence there is a strong prospective to develop and
explore nanofluid based draw solutions using other nanoparticles and renewable

energy based regeneration.

Dual function potassium doped carbon nanofibers (K/CNF) in tri ethylene glycol
(TEG) aqueous solution are evaluated as novel draw solution (NDS) for producing
potable water. The NDS not only have high osmotic pressure to develop a high water
flux across the FO membrane but also a high solar absorption capability to separate
product water and regenerate draw solution. This is a unique work of its kind and
utilizes the solar energy for water desalination using osmotically driven forward
osmosis process. Several surface treatments were implemented to make the TEG-
K/CNF composite osmotically active and a laboratory scale cross flow FO cell was
used to evaluate the performance of the NDS experimentally. The photothermal
performance in water recovery phase was evaluated using a simulated solar flux and
the quality of water was examined though several water quality tests and were

compared with water standards.

6.2 Experimental settings

The performance of K/CNF as a novel draw solution (NDS) was investigated using a
laboratory scale cross flow forward osmosis cell (CF042 FO, Sterlitech, USA) as
shown schematically in Fig. 6.1.The FO cell has active membrane area of 42 cm?2. A
pre-wetted forward osmosis flat sheet membrane (Aquaorin Inside) was used to
measure the water flux of NDS against deionized water and synthetic brackish water
as feed solution. The FO membrane was used in FO mode i.e active layer facing the

feed solution (AL-FS). NDS with various concentrations of K/CNF and TEG was
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used to experiment the water permeation rate across the FO membrane. The water
permeation was measured over a period of two hours after giving a first 15 minute
time to settle the flow fluctuations. A crossflow velocity of 8.50 cm/s was used on
both the draw side and the feed side. A digital balance (AND, EK-30001) was used to

measure the weight change of the feed solution over the experiment time.

FO Membrane

Feed solution Draw solution

Conductivity meter

Digital balance

Figure 6. 1 A Schematic of the experimental laboratory scale FO setup for the

investigation of water flux and reverse solute flux

The water permeation flux (J,,) in Lm2h? (known as LMH) was calculated by
measuring the weight change of the feed solution over predetermined time using

relation [181] given in Eq. (6.1);
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Am AV

Jw= AN Ane 61)

where Am is the weight change of feed solution over predetermined time (At), AV is
change in volume (L) of the feed solution in time At (h) and A is active membrane

area (m2).

The reverse solute flux was calculated by measuring the conductivity of the feed
solution at an interval of every 5 min with a calibrated conductivity meter (VWR,

SB70C) using the following relation (6.2);

_ GV = Gl

6.2
$ AAt (62)

where J, is the reverse solute flux in gm2h (also known as GMH), C, and C, are the
concentrations of the feed solution at start of the experiment and at time At
respectively, V, and V; are the volumes of the feed solution (L) at start and at At

respectively.

The regeneration of the nanofluid based NDS and the product water separation was
achieved through simulated solar radiation flux. The same solar simulator was used
as a source of solar flux, already explained in Section 4.2 of Chapter 4. A vessel made
of high temperature quartz glass with the inner and outer diameter of 30 mm and 34
mm respectively was used as sample container. The vessel was put accurately under
the solar radiation flux to enable a uniform heating as shown schematically in Fig.
6.2. A sample fluid of 27 ml (~38.2 mm depth) was irradiated for a time of 20 min. A
transparent quartz cover and a condenser was integrated with the vessel to collect

water vapours for a prolonged irradiation time to analyse the quality of product water.
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Holes of 1 mm diameter were fabricated in the vessel to insert the thermocouples at

8, 16, 24 and 32 mm depths from the top.

Sun Simulator

Fresnel lens [

Waterr out  \waterin

: J
'\—i‘:@%ﬁﬂ
- —

Digital balance ‘

DAQ

Condensate

Figure 6. 2 Schematic of the draw solution regeneration setup

Four K-type (Omega 5TC-TT-K-36-36) thermocouples (TC) were used to measure
the bulk fluid temperature, positioned evenly along the optical depth of the sample.
The data were registered by a data acquisition device (NI SCXI-1303) using
LabVIEW software at a sampling rate of 1 Hz. The uncertainty in temperature
measurement was +0.5 °C. A digital balance (Ohaus, Mettler Toledo) with uncertainty
of £0.001 g was used to measure the mass change over time as the sample was radiated
with solar flux. Various weight concentrations of K/CNF were used to investigate the

solar absorption for draw solution re-concentration.
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6.3 Results and discussion

6.3.1 Osmotic pressure analysis

The driving force for osmotically driven FO process is the osmotic pressure. The
osmotic pressure of the NDS was measured in terms of osmolality using an osmometer
(Advance Instruments, 3900) based on the principle of freezing point depression. The
osmolality of samples containing various concentrations of K/CNF and TEG is

presented in Fig. 6.3.
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Figure 6. 3 Osmotic pressure in terms of osmolality of the novel DS at various

concentrations

The osmolality of DS is almost linearly dependent on the concentration of novel draw

solute (K/CNF) from 0.05 to 0.20 wt% as well as TEG. The osmaotic pressure () can
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be calculated from the osmolality value using the relation (m = 19.3 X Osmolality)
given by [182] where osmolality is in mosmol/kg and osmotic pressure in mm of Hg
which can be converted into bar by multiplying by 1.32 x 1073, The osmolality of NDS
with TEG concentration from 10 to 20 vol% ranges from 1104 to 2754 mosmol/kg

which corresponds to osmotic pressure from 28 to 70.3 bar, respectively.

The NDS in the present work are osmotically more active as compared with the other
nanomaterial based FO draw solutions, yet with an innovative solar energy based easy
regeneration. For example Guo et al. [183] used Na-functionalized carbon quantum
dots (Na-CQDs) with a 50 wt% concentration of Na-CQDs which could develop
osmotic pressure of 54.3 bar only and regeneration was carried out by complex
membrane distillation. Similarly, Zhao et al. [184] used up to 30 wt% of citrate coated
MNPs as FO draw solution which could only develop 58.4 bar osmotic pressure to be
used for protein enrichment. The NDS fabricated in this work exhibited an osmotic
pressure of 70.3 bar with a much smaller concentration of the draw solute compared

to above mentioned draw solutions.

Compared with osmotic pressure of seawater which is around 26 bar [184], the
osmotic pressure of the DS with K/CNF and TEG concentration of 0.2 wt% and 20
vol% respectively was about 70.3 bar and has the potential to desalinate seawater. The
structure of TEG-K/CNF composite enriched with hydroxyl (-OH), carboxylic (-
COOH) groups and K-species which could result in easy and increased intermolecular
hydrogen bonding. The hydrogen bonding in the presence of these rich ionic species
resulted in higher osmolality values [185] and thus higher water permeation flux in

FO experiments.
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6.3.2 FO performance of novel draw solution

The performance of NDS was investigated in terms of water permeation flux (LMH)
and reverse solute flux (gMH) through a laboratory scale cross flow FO cell against
deionised water and synthetic brackish water as feed solutions. The FO experiments
were performed in FO mode i.e. the active layer of the membrane facing the feed
solution. The water permeation flux and reverse solute flux of NDS having various
concentrations of K/CNF and TEG against deionized water as feed solution are
presented in Fig. 6.4. The water flux increased linearly with the increase in
concentration of K/CNF at a given TEG volume concentration. For example, with 20
vol% of TEG, the water permeation flux increased from 10. 5 LMH to 13.3 LMH as
the concentration of K/CNF was increased from 0.05 wt% to 0.2 wt% respectively.
This is because the increasing concentration of K/CNF causes an increase in the net

osmotic driving force.

The concentration of TEG also enhances the water flux for a given concentration of
K/CNF because of its hydrophilic nature. For a concentration of 0.2 wt% of K/CNF,
the water flux was increased from 7.5 LMH to 13.3 LMH when the volume
concentration of TEG was increased from 10 vol% to 20 vol% respectively. The
presence of hydroxyl and carboxylic functional groups in TEG-K/CNF hybrid made

them highly hydrophilic and thus increased water flux across the membrane.

Several investigations used magnetic nanoparticles (MNPs) with different coating
agents to evaluate their performance in FO process. For example, Bai et al. [186]
investigated dextran coated magnetic nanoparticle based draw solution where they

used about 78 wt% dextran in the solution and could only achieved a water flux of
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about 4 LMH with deionized water as feedstock, Na et al. [117] experimented citrate
coated MNP with 48.5 wt% concentration of sodium citrate and observed a water flux

of 6.2 LMH in the first 5min of FO operation which was exponentially declined with

time.
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Figure 6. 4 Water flux and reverse solute flux against various concentrations of

K/CNF and TEG with deionized water as feed solution

Similarly, Ge et al. [119] observed a water flux of 9 LMH in first 30 min using PEG
coated MNPs and Ling et al. [118] achieved 7.7 LMH with PAA acid coated MNPs
with deionized water as feed solution. Compared with the above mentioned coated
MNPs in FO process and their complexity and deteriorating performance during

regeneration under strong magnetic field, the novel draw solution in the present work
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only contained maximum of 20 vol% TEG and developed a water flux of 13.3 LMH

yet with an easy regeneration using solar energy.

The water flux of NDS was compared with that of a widely used model FO draw
solute, sodium chloride with 1M concentration. As shown in Fig. 6.4, the water flux
for 1.0 M NaCl draw solution was around 7.4 LMH which is almost equal to that of
0.05 wt% K/CNF in 15 vol% TEG. With this much of water flux, if the solute leakage
(Js) across the membrane is considered, it can be seen from Fig. 6.4 that the reverse
solute flux for 1M NaCl as DS was 4.2 gMH while it is only 0.25 gMH for the TEG-
K/CNF draw solution. The maximum experimental reverse solute flux for the NDS
was even less than 0.5 gMH. A very lower value of J in case of TEG-K/CNF draw
solution shows a strong binding between the K, CNF and TEG which suppressed
solute diffusion across the membrane. The reverse solute flux results in membrane
fouling and a decline in water flux in long term operations as well as loss of draw

solution [187].

The ratio of reverse solute flux to water flux (J5/J,,) is known as specific solute flux
and is one of the important parameters to judge the performance of FO process. The
specific solute flux (gL™?) is the amount of solute leakage from the draw side to the
feed side for one litre of water permeation. The specific solute flux in case of 1M
NaCl as DS was 0.56 g/L while it is only 0.031 g/L for the maximum concentration
of TEG-K/CNF draw solution within the domain of this work which is negligibly
small. Very small value of specific solute flux for the novel DS implies its long term

operation in the FO process.
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The FO performance of the novel draw solution was also checked against synthetic
brackish water containing 3 wt% NaCl solution as feed water. Fig. 6.5 shows the water
flux at different TEG-K/CNF concentrations against synthetic water as feed solution.
Though, the water permeation flux is reduced with NaCl solution as feed water but
still the novel DS have enough osmotic force to produce a water flux of 5.7 LMH at
a K/CNF concentration of only 0.05 wt% in 20 vol% TEG aqueous solution. A water
flux of 8.6 LMH was observed with 0.2 wt% K/CNF concentration when TEG was
20 vol% in the draw solution and 3 wt% NaCl solution as feed water indicating that
the NDS was still osmotically strong enough in the domain of this work to desalinate

brackish water with even higher salinity level.

9

N I 10 vol% TEG
] 15 vol% TEG

- [ ]20vol% TEG

Water Flux (LMH)

0.05 0.1 0.15
Concentration of K/CNF (wt%)

Figure 6. 5 Performance of novel draw solution at various concentration with

synthetic brackish water (3 wt% NaCl solution) as feed solution
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Fig. 6.6 shows the FO performance of the novel DS with concentrations of 0.2 wt%
and 20 vol% of K/CNF and TEG respectively over 5 runs with DI water as feed
solution. The diluted DS after every cycle was concentrated by evaporating the water
to bring it back to the original concentration. The water flux of 13.3 LMH was
observed in first run and then though, there was a slight decline but still it was 12.9
LMH for the fifth run. A very small decline in water flux over the five runs shows the

suitability for long term performance of the novel DS.

Water Flux (LMH)

1 2 3 4 5

No. of runs

Figure 6. 6 Cyclic FO performance of novel draw solution having 0.2 wt% K/CNF

in 20 vol% TEG
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6.3.3Solar energy based regeneration of draw solutions

Draw solution regeneration and product water recovery is the second phase in FO
desalination. The NDS did not only developed high osmotic pressure and thus
enhanced water flux across the FO membrane but was also highly absorptive to the
solar radiation influx. The optical absorbance spectra of the TEG-K/CNF solutions
given in Fig. 6.7 shows that with a given TEG volume concentration, the absorbance

was directly dependant on the concentration of K/CNF in the solution.
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Figure 6. 7 Optical absorbance of novel draw solution samples at different

concentrations of K/CNF suspended in 20 vol% TEG aqueous solution

While the optical absorbance was slightly decreased with the TEG increased

concentration for a given K/CNF concentration as shown in Fig. 6.8 where with 0.05
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wt% of K/CNF, the optical absorbance was decreased when the concentration of TEG

increased from 10 to 20 vol%.

The photothermal performance of NDS was evaluated by the experimental setup as
described in Section 6.2. A sample volume of 27 ml was used to evaluate the
temperature rise by means of four K-type thermocouples installed at 8, 16, 24 and 32
mm along the optical depths of the sample volume. A digital balance was used to
measure the change in mass as the sample was exposed to the simulated radiation flux
of 10 suns (one sun being equal to 937 W/m?) over 20 min duration. The change in
temperature as well as in mass was measured when the NDS sample was exposed to

radiation flux.
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Wavelength (nm)

Figure 6. 8 Optical absorbance spectra of novel draw solutions samples having

various TEG volume concentrations with only 0.05 wt% K/CNF concentration
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Fig. 6.9 shows the temperature variation in 1M NaCl solution sample and Fig. 6.10
shows the temperature change in NDS sample containing only 0.2 wt% solar
absorptive K/CNF and 10 vol% TEG, when exposed to radiation flux for 20 min. It
could be seen that the temperature distribution was almost uniform along the optical
depth of the salt solution sample (Fig. 6.9). Most of the radiation flux passed through

the sample volume due to its very poor solar absorption and transparent nature.
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Figure 6. 9 Change in temperature of 1M NaCl solution sample along the optical

depth when radiated under a flux of 10 suns
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Figure 6. 10 Temperature distribution along the optical depth of NDS with 0.2 wt%

in 10 vol% TEG when irradiated for 20 min under 10 suns

Whereas, there was a clear non-uniform temperature distribution in case of NDS
sample and the rate of rise in temperature at a depth 8 mm (surface temperature) was
much higher than that of lower depths (Fig. 6.10). The clear non-uniform temperature
distribution along the optical depth of NDS sample showed that most of the radiation

energy was absorbed at the surface due to highly absorptive nature of the sample.

The water flux based on the change in mass of the samples over the irradiation time,
calculated using Eq. 6.1 is given in Fig. 6.11. With salt solution sample, a water flux
of even less than 1.0 LMH was achieved because water and salt contents had poor

solar absorption capability and the radiations passed through the sample volume due
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to their transparent nature, thereby increasing the temperature very slowly from the
bottom. On the other hand, the water flux ranges in three to four folds in case of NDS
with concentrations in the experimental domain of this work as compared to 1M NaCl

solution as presented in Fig. 6.11.
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Figure 6. 11 Water flux of NDS with various concentrations of K/CNF and TEG in

the regeneration phase of FO process

The water flux increases linearly with the concentration of K/CNF for a given volume
concentration of TEG. For example, for 20 vol% of TEG, water flux increased from
3.02 to 3.84 LMH when the K/CNF concentration was increased from 0.05 to 0.2 wt%
respectively. This enhancement was associated with increased photo absorptivity of

the NDS sample with K/CNF concentration. The radiations were absorbed at the
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surface layer thereby increasing the temperature (Fig. 6.10) and resulting in more and
more evaporation from the surface liquid layer. With the increase in K/CNF
concentration, the ability to absorb radiation flux was increased which resulted in
higher evaporation of the liquid from the top surface for a given TEG volume

concentration.

However, the vapour generation and thus the water flux was slightly reduced when
TEG concentration was increased from 10 vol% to 20 vol% for a given K/CNF
concentration. For 0.05 wt% concentration of K/CNF, the water flux was slightly
decreased from 3.40 to 3.02 LMH when TEG concentration was increased from 10 to
20 vol% respectively. This slight decline in water flux was associated with a relatively

lowered water potential with increased TEG concentration in the solution.

In addition to temperature distribution and water flux, photothermal performance was
also analysed in terms of photothermal conversion efficiency (PTE) and its
enhancement over 1 M NaCl solution. Fig. 6.12 shows the photothermal efficiency
and Fig. 6.13 presents the PTE enhancement. PTE was calculated using the same

modified method (Eq. 5.3) as given in Section 5.3.2 of Chapter 5.
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Figure 6. 12 Photothermal efficiency of NDS at various concentrations of K/ICNF

and TEG as a result of exposure to radiation flux of 10 suns for 20 min

PTE includes both the components of heat i.e. sensible heat as well as latent heat
absorbed by the sample during the irradiation time. PTE for 1 M NaCl sample was
observed to be 39% while it was related almost linearly with the K/CNF concentration
for a given volume concentration of TEG in case of NDS. PTE was increased from
65% to 77% when the K/CNF concentration was increased from 0.05 to 0.20 wt%

with 20 vol% TEG concentration.
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Figure 6. 13 Enhancement in photothermal efficiency of NDS

This increase in PTE was associated with enhanced solar absorption capability of the
sample with increased K/CNF concentration. In addition, the extinction effect of the
sample was also increased meaning the colour became darker with increased K/CNF
concentration and thus most of the radiations were absorbed instead of passing

through the sample as in case of salt solution.

However, PTE was slightly decreased with an increase in the concentration of TEG
for a given K/CNF concentration. Photothermal efficiency was decreased from 69 to
65% when the TEG concentration was increased from 10 to 20 vol% respectively with
0.05 wt% K/CNF concentration. Similarly with 0.20 wt% K/CNF, PTE decreased

from 80 to 76% when TEG concentration was increased from 10 to 20 vol% as given
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in Fig. 6.12. The reason of a slight decrease in PTE with increasing TEG concentration
was thought of the decrease in water contents and also the coverage of K/CNF surface
in the presence of TEG which can also be verified from the optical absorbance spectra
of samples having different TEG concentrations with same K/CNF concentration as
given in Fig. 6.8. Furthermore, the boiling temperature of TEG is almost three times
higher that of water, so more energy is required to detach water molecules from TEG
molecules. The increasing concentration of TEG in the mixture definitely increased
water flux in FO phase but it had a little negative effect in the regeneration phase of

FO process.

The enhancement in PTE is given in Fig. 6.13 which is a further and easy elaboration
of the effect of K/CNF and TEG concentrations on the photothermal performance of
NDS in regeneration phase of FO process. Compared with 1M salt solution, an
enhancement of 105% was observed with 0.20 wt% K/CNF in 10 vol% TEG. The
osmotic pressure and thus water permeation flux was amplified with increased
concentration of both K/CNF and TEG in the first phase of FO process. However, the
higher concentration of TEG slightly suppressed the photothermal performance of

NDS in the second phase i.e. regeneration.
6.3.4 Quality analysis of product water

The quality of the product water was analysed by measuring the pH, total dissolved
solids (TDS) and turbidity. The absorbance and transmittance spectra from UV-Vis
spectrometer and FTIR respectively were also compared to see any difference
between DI water and product water and to examine the presence of TEG and/or

K/CNF traces. The pH and TDS [188] of the product water were 6.2 and 22 mg/L
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which were within the acceptable range prescribed by WHO [189]. The Turbiscan
spectra for transmission and backscattering of the product water sample and DI water
were overlapping as shown in Fig. 6.14, showing the same turbidity.

Fig. 6.15 (a) shows the FTIR spectra of the product water sample and DI water which
were overlapping showing the absence of any TEG in the product water. Similarly
Fig. 6.15 (b) shows the UV-Vis spectra of the product water and DI water samples

which were again the same showing that the product was not containing any of K/CNF

or TEG traces.
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Figure 6. 14 Transmission and backscattering spectra of deionized water and the

product water from Turbiscan
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6.4 Chapter summary

Novel draw solutions with very good stability, high osmotic pressure, negligible
reverse solute flux and high photo absorption were used to evaluate their FO
performance and product water separation based on direct solar absorption.
Osmolality, water flux and reverse solute flux of the NDS with K/CNF and TEG
concentration range from 0.05 to 0.20 wt% and 10 to 20 vol%, respectively were
evaluated using a laboratory scale FO test cell. The FO performance of the NDS was
directly related with the concentrations of K/CNF and TEG. An osmotic pressure of
70.3 bar was developed with a concentration of 0.20 wt% and 20 vol% of K/CNF and
TEG, respectively thereby developing water flux of 13.3 LMH which was 80% higher
than that of 1M salt solution. The specific solute flux of 1M salt solution was 0.56 g/L
while it was only 0.031 g/L for the maximum concentration of TEG-K/CNF in the
NDS which was negligibly small. There was a clear non-uniform temperature
distribution along the optical depth of the NDS sample due to its high photo
absorptivity and an enhancement of 105% was observed in the photothermal
efficiency as compared to salt solution. The quality of the product water was analysed
using different water tests and the results were in the acceptable range of potable water
as prescribed in guidelines for drinking water quality.oy WHO. The consistent FO
performance, enhanced direct solar absorption and quality analysis of product water
proved the nanofluid based novel draw solutions a potential candidate for solar

desalination based on forward osmosis process.



Chapter 7

Conclusions and Future Work
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7.1 Conclusions

The ever increasing world population and industrialization causing the sources of
drinking water polluted and scarce and a number water treatment technologies have
been developed to augment the supply of potable water and are being modified to use
renewable energy. Forward osmosis (FO) is an emerging technique for water
treatment and has many advantages over the existing technologies including minimum
and reversible membrane fouling, high salt rejection rate, low energy intensity, no
hydraulic pressure, etc. With a significant advancement on membrane side, one of the
major limitations of FO to its commercialization is the availability of proper draw
solutions which provide sufficient osmotic pressure to transport water across the

membrane and their easy and efficient regeneration.

This work presents a novel concept of purposely synthesized novel nanofluids having
two unique functions i.e. to absorb the solar energy efficiently and directly and to
enhance the osmotic pressure for FO water desalination. Photothermal performance
of various nanofluids was investigated experimentally in terms of direct absorption
and direct steam generation and the most absorptive one was examined for FO
performance. The capability of nanofluids to directly absorb solar energy efficiently
for volumetric heating and to produce steam was investigated in terms of optical
absorbance, change in bulk fluid temperature, photothermal efficiency and specific
absorption rate. The FO performance of direct absorptive nanofluid based novel draw
solutions was checked in terms of osmotic pressure, water permeation flux and reverse
solute flux. The quality of product water was analysed in terms of presence of any

nanoparticle entrained through various water quality tests and the results were
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compared with potable water quality guidelines prescribed by WHO. The conclusions

can be summarized as follows;

1. Several direct absorption nanofluids were formulated and characterized in
terms of their morphological appearance, structural behaviour and elemental
composition. These characterized nanofluids were experimented to analyse
their performance in terms of direct volumetric bulk fluid heating, absorption
at micro droplet level and ability to generate steam efficiently.

2. At bulk scale, the direct absorptive nanofluids of gold, silver and carbon
nanofibers exhibited a photothermal efficiency enhancement of about 95%,
100% and 105% respectively over the basefluid due their high absorptivity
while silicon/silver hybrid nanofluid enhanced the evaporation rate by 55.5%
at micro droplet scale.

3. A highly non-uniform temperature distribution was observed along the optical
depth of the gold and carbon nanofiber nanofluid samples. A novel integration
method was proposed to calculate the sensible heating contribution in the
photothermal efficiency calculation.

4. Steam generation based photothermal efficiency was increased almost linearly
with the nanoparticle concentration. The analysis of the condensed vapour
proved the absence of any nanoparticle, suggesting that the nanoparticles were
not entrained by the vapour even under vigorous boiling, thus proving a safe
method to produce potable water in arid areas with abundant solar energy.

7. The potential of direct solar absorptive nanofluids as novel draw solutions for
forward osmosis desalination was investigated experimentally for the first

time of its kind and evaluated in terms of enhanced osmotic pressure, water



141

flux, reverse solute flux and solar absorption for the regeneration of draw
solution.

8. The highly absorptive carbon nanofibers based nanofluid was surface
functionalized with potassium and mixed with triethylene glycol to augment
the osmotic pressure by enhancing its hydrophilicity. The novel draw solution
being rich in osmotically active species, exhibited an osmotic pressure of 70.3
bar and water flux of 13.3 LMH (almost 80% higher than that of 1M NaCl
solution) when deionized water was used as feed solution. The specific solute
flux was 0.031 g/L only which was negligibly small as compared to 1M NaCl
as draw solution. Moreover, the performance of novel DS was consistent over
multiple runs which showed its potential for long term FO operation.

9. The regeneration of novel draw solution was accomplished by irradiating it
with a simulated solar flux and condensing the vapours as potable water. The
quality of the product water was analysed and the values of pH and TDS were
within the acceptable range of potable water guidelines given by WHO and
the exactly overlapping spectra of turbidity, FTIR and UV/Vis for the product
water and deionized water proved the absence of any nanoparticle or polymer

traces in the product water.

The experimental results stated above proved that direct solar absorptive nanofluids
as novel draw solutions not only enhanced the photothermal performance significantly
but also developed osmotic pressure sufficiently to permeate water across the FO
membrane. Moreover, the quality of product water being within the permissible range

of potable water guidelines and the absence of nanoparticles in the product water
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proved these direct absorptive nanofluid based novel draw solutions a potential

candidate for future FO solar water desalination in arid areas.

7.2 Recommendations for future work

Direct solar absorptive nanofluids were first time coupled with FO desalination as
novel draw solutions for enhanced osmotic pressure and renewable energy based
regeneration. Photothermal conversion performance of the various nanofluids was
investigated experimentally and their potential as a novel draw solution was evaluated
in terms of high osmotic pressure. The results of this experimental work proved that
nanofluid based direct solar absorptive draw solutions are a viable potential alternative
to the conventional FO draw solution whose regeneration and product water recovery
is very complex and difficult. However, to explore this field further, following are the

recommendations for possible future work;

1. Photothermal performance and FO performance of the novel draw solutions
was evaluated separately. In future work, these two separate phases should be
integrated together and water flux in FO phase and that in regeneration phase
can be balanced by process intensification.

2. Osmotic pressure and photo absorption capabilities of the nanofluids being
used as draw solutions must be augmented for high performance in FO
desalination. Two or more than two types of nanoparticles, one having high
osmotic activity like iron nanoparticles and the others having high solar
absorptivity e.g K/CNF, CNT, graphene oxide, plasmonic nanoparticles, etc.

can be composited with polymers for this augmented performance.



143

3. In draw solution regeneration phase, the solar energy should be absorbed by
the surface liquid layer and the heat leakage to the downstream liquid layers
should be minimum to have high photothermal efficiency. For this purpose, a
nanofluid based membrane can be developed which is highly solar absorptive
and allows minimum heat leakage to the bulk liquid for an increased surface
evaporation and thus water flux at the second phase of the FO desalination
process.

4. A simulation model can be developed to evaluate the osmotic pressure, water
permeation flux and reverse solute flux of the draw solutions based on
nanofluids in future work which will be very helpful in evaluating different

nanofluids already proved to be highly photo absorptive.
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