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Abstract

Fresh water on our planet is locked in the ocean as seawater, which has to be
desalinated for domestic, industrial, and agricultural use. Solar vapour
generation using photothermal materials to efficiently convert solar energy
into heat for water evaporation is an emerging technology for seawater
desalination. It is promising to mitigate the worldwide water scarcity problem
in a green and sustainable way. However, developing high-efficient
continuous solar evaporators for practical desalination applications still
remains challenging due to the salt accumulation issue on the photothermal
materials, the difficulties in scaling up the evaporators due to the limitation of
water supply driven by capillary force, and the insufficient understanding of
multiphase transport and salt harvesting mechanisms inside porous structures.
To address these limitations, this work aims to develop high-efficient solar
evaporators that can achieve continuous solar vapour generation and salt
harvesting concurrently from seawater, with improved salt harvesting
mechanisms understanding. For this, the thesis primarily focuses on the
following four parts: i) light-trapping photothermal material development, ii)
evaporator structure improvement for continuous concurrent solar vapour
generation and salt harvesting, iii) salt harvesting mechanism exploration, and

iv) scale-up of the evaporator for large area applications.

In this work, a light-trapping nanofiber photothermal coating was proposed by
copolymerization pyrrole with dopamine, which can be rapidly synthesized at
room temperature by ultrasonic spray coating. The highest solar absorptance
reached 97.73%. This nanoscale coating significantly improved solar
absorption at differentincident angles across the full solar spectrum, achieving
the highest solar evaporation rate of 1.385 kg-m?-h-" under 1 sun. Then an
umbrella evaporator was developed, which achieved high efficiencies of
continuous fresh water production and salt harvesting concurrently via double-
sided evaporation. The evaporation process was simulated to reveal that
better mass transfer condition of the umbrella evaporator by double-sided
evaporation greatly improves the evaporation rate, and the influence of
environmental conditions, surface height and opening angles on the

evaporation performance were also analysed by this simulation. The salt



nucleation, growth and falling mechanisms were also revealed. The salt
mobility on the evaporation surface determines if the salt accumulates at the
edge to fall, affected by water supply, salinity, and Mg?* and Ca?* contents.
The salt on the edge grows from the front by wicking the water through its
porous structures inside and falls due to the dissolution of its connecting parts.
Salt creeping behaviours on a glass slide can indicate if the pre-treated
seawater fits for salt harvesting. To address the water supply and distribution
problems of the umbrella evaporator for large area application, a double-sided
suspending evaporator with top water supply and surface water distribution
systems was developed. Top central water supply gets away from the
limitation of capillary force and allows larger area application. Its evaporation
rate achieved 1.40 kg-m2-h-! with deionized water under 1 sun (95.7% energy
efficiency), with a remarkable low surface average temperature (28.2 °C).
Then the salt distribution process on the surface was simulated to develop a
novel floriform evaporation surface with a radial arterial water distributor to
forcedly expose salts at the edge for harvesting and efficiently distribute the

water on a larger evaporation surface.

This work shows great potential of the polypyrrole-dopamine nanofiber light-
trapping coating as photothermal materials for continuous vapour generation,
provides new ideas for the structure design of the evaporators that achieve
solar vapour generation and salt harvesting concurrently, and allows us to

better understand and control the salt harvesting process.

Keywords: solar energy, solar thermal conversion, salt harvesting, solar
vapour generation, polypyrrole, umbrella evaporator, interfacial evaporator,

desalination
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Chapter 1

Introduction

1.1 Research background

Nowadays, one in three people do not have access to safe drinking water
(WHO report, 2019). By 2050, half of our population will be living in water-
stressed areas [1]. Fresh water scarcity has always been a pervasive problem
due to increasing domestic, industrial and agricultural demands and fresh
water contamination [2]. Seawater desalination technology separating salt
from seawater to produce fresh water could mitigate the water scarcity
problem. Now widely used desalination technologies, e.g. reverse osmosis
desalination, multi-stage distillation, and multiple-effect distillation, consume
too much energy for either creating high pressure environment or vaporizing
seawater. If using fossil fuels, this may also in turn cause energy shortage and

environmental problems

Water evaporation can produce highly pure fresh water, but it also requires a
large amount of energy to supply the large latent heat (2256 kJ/kg) of water
vaporization [3, 4]. Solar energy is regarded as the most abundant, clean and
renewable energy among all the available renewable energy sources [5]. By
utilizing solar energy, solar vapour generation (SVG) is a promising green
technology for seawater desalination and sewage treatment. SVG process
efficiently converts solar irradiation into heat to evaporation water by
photothermal materials, directly producing drinkable water, whose energy

efficiency can reach above 90%.

1.2 Motivation

SVG technology is potentially able to solve the water scarcity problem
worldwide in a green and sustainable way. However, there are still some
limitations preventing its widespread application. First of all, developing a
high-efficient, low-cost, and durable photothermal material with easy
availability still remains challenging for real industrial applications. Meanwhile,
the intrinsic solar absorption of a material determines the upper limit of the
solar energy capture. Hence, in addition to material itself, designing a light-

trapping surface structure with open pores and channels would break this limit



and further improve the solar absorption for better SVG performance by
enabling multiple reflections inside the material. The most common method
for creating pores and channels in the evaporation layer are based on using
prepared porous or fibrous templates as substrate and then coat a solar
absorbing layer on this substrate to obtain a light-trapping structure, which

would complicate the fabrication process [6, 7].

In addition to the photothermal material, the study of the solar evaporator
structure to improve the system energy efficiency is still insufficient. More
importantly, when the solar evaporator is applied on real seawater, salt would
accumulate on the photothermal material and gradually slow down the
evaporation rate and finally stop the whole system. The salt accumulation
problem greatly affects the continuous operation of the evaporation system.
Salt accumulation on the evaporation surface greatly affects the continuous

operation of the evaporation system.

Considering the industrial value of sea salts, harvesting fresh water and salts
from seawater at the same time is the optimal strategy. However, the salt
harvesting process study is lacking, and the salt nucleation, growth and falling
mechanisms on a porous media remains poorly understood for salt harvesting

process control.

Moreover, water transport of most current evaporators is heavily driven by
capillary force, which cannot keep up a higher evaporation rate on a larger
evaporation surface. The water supply driven by capillary force greatly limits

the scale-up of the evaporators for large area applications.

1.3 Aim and objectives

To address the limitations above, this work aims to develop high-efficient solar
evaporators that concurrently achieves continuous vapour generation and salt
harvesting from seawater, with improved salt harvesting mechanism

understanding.

The key objectives of this work are as follows:



* Developing a high-efficient light-trapping photothermal material with open
pores and channels to capture more solar energy into the evaporation
system by enabling multiple reflectance inside the pores and channels.

* Improving solar evaporator structures to provide better vapour diffusion
conditions by both experiments and evaporation simulations, and solve
the salt accumulation problems to achieve continuous solar vapour
generation and salt harvesting from seawater.

* Improving the understanding of the salt harvesting mechanisms on a
porous media, including initial salt precipitation, salt accumulation, and
salt growth and falling.

* Developing scale-up methods for the continuous solar evaporator that
achieves concurrent vapour generation and salt harvesting for large area

applications by both experiments and salt distribution simulations.

Throughout the work, it first demonstrates a facile polypyrrole-dopamine
nanofiber light-trapping coating for efficient SVG by ultrasonic spray coating.
Then, this work presents a novel umbrella evaporator that achieves high
efficiencies of fresh water production and salt harvesting concurrently via
double-sided evaporation, and shows its structural advantages by both
experiments and simulations. Benefiting from the rational design, salt will fall
down automatically from the edge by gravity. This work also explores the salt
accumulation and falling behaviours from macroscale to microscale, and
notably proposes the salt nucleation, growth, and falling mechanisms. To
address the water supply and distribution problems of the umbrella evaporator
for large area application, a double-sided suspending evaporator was further
developed with top water supply and radial arterial surface water distribution
systems for concurrent solar evaporation and salt harvesting. Top central
water supply gets away from the limitation of capillary force and allows larger

area application.



1.4 Thesis outline

This thesis is structured into eight chapters: an introduction chapter (Chapter
1), a literature review chapter (Chapter 2), a photothermal material chapter
(Chapter 3), two solar evaporator structure chapters (Chapter 4-5), a salt
harvesting from real seawater chapter (Chapter 6), a scale-up of the
evaporator chapter (Chapter 7), and a conclusion chapter (Chapter 8), as
shown in Figure 1.1. Chapter 3 demonstrates a polypyrrole-dopamine
nanofiber light-trapping photothermal material. This chapter introduces the
coating method, and characterizes the surface physical microstructures and
chemical structures, and characterization of its solar trapping performance.
Base on this light-trapping material, Chapter 3 presents a high efficient
interfacial solar evaporator with salt back diffusion pathways to achieve
continuous operation. Chapter 5 shows the advantages of an umbrella
evaporator in evaporation performance by comparison with the interfacial
evaporator, and reveals the reasons. Meanwhile, based on the evaporation
simulations, key factors affecting the energy efficiency are discussed in this
chapter. Benefiting from the rational design of the umbrella evaporator, salt
can be harvested from the evaporation surface edge, and Chapter 6 discusses
the factors affecting the salt falling from the umbrella evaporator, and
proposes the salt harvesting mechanism. Applications on real seawater and
simulated seawater are different, how different components in real seawater
affect the salt harvesting is studied, and finally a facile test for if the saline
water fits for salt harvesting is proposed in this chapter. Chapter 7 shows a
double-sided suspending evaporator with top water supply and radial arterial
surface water distribution systems for large-area high-efficient concurrent
solar evaporation and salt harvesting. Through both simulations and
experiments, a radial arterial water distribution system and a floriform
evaporation surface are designed to efficiently distribute the water on a larger
evaporation surface and accumulate the salt at the edge. Chapter 8

summarizes the main conclusions and indicates future works.
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Chapter 2

Literature review

2.1 Seawater desalination

Seawater desalination technology generally falls into two categories: thermal-
based desalination and membrane-based desalination [8]. Thermal-based
desalination utilizes thermal energy to evaporate seawater to obtain fresh
water, with multi-stage flash distillation (MSF) and multiple-effect distillation
(MED) being the most common thermal-based desalination processes.
Membrane-based desalination utilises a semi-permeable membrane through
which salt cannot pass to separate the fresh water. Reverse osmosis (RO)
and forward osmosis (FO) desalination processes are the most common
membrane-based desalination processes. Overall, the total seawater
desalination capacity is about 86.5 million m3/day, therein RO process is
dominating the desalination market in the world (65%), followed by MSF (21%)
and MED (7%) as shown in Figure 2.1.

Recently, interests in solar driven desalination are increasing, as it harvests
renewable solar energy to generate water vapour to obtain fresh water, which
is promising to solve the water crisis in a green way without consuming fossil

fuels.

7%

Il RO
21% I VISF

I MED
Il Others

Figure 2.1 Desalination capacity of membrane and thermal process in the
world (Total: 86.5 million m3/day) [9].



2.1.1 Multi-stage flash distillation (MSF)

MSF is a typical thermal-based desalination process. Thermal energy is used
to evaporate seawater in multiple stages, in which the temperature and
pressure are successively lower caused by hot brine evaporation and vapour
condensation (Figure 2.2) [10]. The feed seawater exchanges heat with water
vapour in each stage and is heated by steam to reach the required top brine
temperature (~100 °C). The heated brine flashes through stages to generate
water vapour and is finally discharged [11]. Due to its suitability to scale up,
large handling capacity, not requiring pre-treatment, and easy maintenance,
MSF is taking the second share in the desalination market after the RO
process.
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Figure 2.2 MSF system schematic [12].

2.1.2 Multiple-effect distillation (MED)

Similarly, MED process also heats the seawater to generate fresh water
vapour which is to be condensed as fresh water (Figure 2.3). The preheated
seawater sprays from the top at each stage. Steam heats the tube bundles in
the first stage to partly evaporate the seawater. The water vapour goes into
the tube bundles in the next stage to make the seawater evaporate. Apart
from the first stage, the next stage heat source comes from the latent heat of
vapour condensation from the previous stage. The condensed water goes out
as the fresh water product, and the unevaporated seawater is discharged as
waste brine. The temperature and pressure decrease gradually from each
stage. The hottest temperature in the first stage is typically below 70 °C [13].



As MED process works at a lower temperature than MSF (70 °C vs. 100 °C),
MED process consumes less heat energy and lowers the production cost. In
addition, due to lower working temperature, it is more easier to utilize waste
heat or low pressure steam, and combine with solar energy [14]. Therefore,
recent developments in the MED process help this technology to be gaining

the market share.
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Figure 2.3 MED system schematic [12].

2.1.3 Reverse osmosis desalination (RO)

Traditional thermal-based water distillation for desalination requires lots of
fossil fuels to supply the high enthalpy of water vaporization (2256 kJ/kg),
which speeds up greenhouse gases emission. This technology solves the
water scarcity problem at the expense of causing environmental problems and
energy shortage. Reversed osmosis desalination as a typical membrane-
based desalination technology, separates the water and salts by a semi-
permeable membrane, which is driven by pressure. Since 1980s, reverse
osmosis desalination develops rapidly as it avoids the energy consumption of
the enthalpy of water vaporization based on thermal desalination [8]. As
shown in Figure 2.4, a typical RO system consists of four subsystems: (i) a
pre-treatment section to reduce the scaling and fouling; (ii) a high pressure
pump to push the water through the membrane; (iii)) a membrane to separate
the fresh water from the seawater; (iv) a post-treatment section to make the
water quality up to stand [15]. Nowadays, RO process is the most commonly

used desalination method in the world.



Although RO process forbids the energy consumption of the water phase
change, RO process requires a high pressure (typically around 6 MPa), to
overcome the osmotic pressure of seawater, which still costs much electricity
energy and requires a high mechanical strength of the membrane and the
supporting systems [8]. In addition, the concentrated seawater will be

discharged back to the sea, which will harm the ecosystem around [16].
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Figure 2.4 RO system schematic [12].

2.1.4 Forward osmosis desalination (FO)

FO is also a membrane-based separation process driven by osmotic pressure
gradient to draw water across the semi-permeable membrane from feed
solution to draw solution (Figure 2.5). As this process is driven by osmotic
pressure, FO has many advantages such as low energy intensity, less
membrane fouling, very low hydraulic pressure, low membrane and
equipment requirement, and high water recovery [17-23]. In the past decade,
forward osmosis (FO) technology has been extensively studied for seawater
desalination, wastewater treatment, food processing and power generation
[20, 23].

The main problem for FO desalination is how to extract water from draw
solution and make it regenerate to keep the osmosis pressure gradient. The
draw solution regeneration process usually requires high electrical energy-

consuming processes, which restricts the development of this technique [24].
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Figure 2.5 FO system schematic [25].

2.1.5 Solar energy in desalination

With the seawater desalination market expansion, energy crisis intensification,
and environmental problems aggravation, renewable solar energy is attracting

more and more attentions to power the desalination processes.

i) Solar energy in MSF and MED: MSF and MED are both thermal-based
desalination processes. Steam powered by solar parabolic through thermal
collectors can be utilized as heat source [26]. Typically, a thermal storage
system should be connected to the desalination system to smooth the solar
energy supply variation and make it possible to continuously produce fresh

water during nights or less sunny periods.

ii) Solar energy in RO: Solar photovoltaic electricity can drive the pumps of the
RO system [27]. Battery banks are also needed to store electricity energy to
allow night running. Investment cost of the solar photovoltaic RO system is
higher than conventional RO system. The overall economic gains vary in

different areas according to the solar irradiation intensity.

iii) Solar energy in FO: Although osmotic pressure drives the water to pass
through the semi-permeable membrane. With water collecting in the draw
solution, the osmotic pressure would decrease due to its concentration

reduction. Therefore, the draw solution needs to be regenerated, which
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consumes much energy [28, 29]. Solar energy can be used to separate fresh

water from the draw solution to make it regenerated [30].

iv) Solar vapour generation: Recently, direct solar vapour generation
technology is gaining more and more attention, which directly converts solar
energy into heat to evaporate seawater. The energy conversion efficiency of
this process can achieve over 90%, which is very attractive [31]. This work
focuses on this technology and the details will be reviewed in the following

section.

2.2 Solar vapour generation

Clean and fresh water shortage causes many problems worldwide: 1.2 billion
people lack safe drinking water, 2.6 billion have little or no sanitation, and
every year millions die from preventable ilinesses relating to unsafe water or
human excreta [2]. However 96.5% of the total water on the Earth is in the
oceans and exists as saline water with a salinity of 3.5 wt% [32]. Therefore,
the technologies for desalination and sewage water treatment are heavily in
need. Among them, solar vapour generation is receiving more and more
attention because of its producing fresh water directly with nearly no other
forms of energy consumption except free sunlight. In the nature, the way
humans obtain fresh water also mainly relays on solar evaporation caused by
the transpiration of plants or sunlight heating seawater, in which process the
water vapour produced condenses as rains and snows to feed the earth fresh
water supply. Solar vapour generation technology is to supplement this vapour
generation process to supply fresh water in certain areas and it can also be

utilized to treat waste water.

2.2.1 Solar energy utilization

Solar energy is regarded as the most abundant energy among all the available
renewable energy sources [5]. The Sun emits energy at a rate of 3.8 x 1023
kW, of which the energy that can be captured by the Earth is estimated to be
1.8 x 10" kW [33]. Nearly 40% of the total energy is reflected into space,
leaving only 60% of them reaching the surface of the Earth [34]. Even so,
more energy from solar irradiation strikes the Earth per hour than all the

energy consumption by humans per year [35]. Approximately, if 0.1% of the
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solar energy that reaches the Earth can be utilized at an efficiency of 10%, it
will generate 4 times of the world’s total generating capacity of about 3000
GW [33]. Besides, solar energy is almost everywhere, which makes it to be
ubiquitous renewable energy against other renewable energy forms, e.g. tidal

and wind energy.

Nowadays, 80% of the energy humans used comes from fossil fuels, and
world demand for fossil fuels is expected to exceed annual production
probably in the next two decades [33]. Furthermore, combustion of fossil fuels
causes a serious of global environment problems by releasing carbon dioxide,
nitrogen oxide, sulphur dioxide, inhalable particles, etc. With increasing
demand for energy and decreasing storage of conventional fossil fuels,
abundant and clean solar energy peaks out among all other energy sources

and is attracting more and more attention.

The utilization of solar energy comes mainly in two categories: photovoltaic
conversion and photothermal conversion [36]. Photovoltaic (PV) conversion is
to turn sunlight into electric power by solar cells using semiconducting
materials that exhibit the photovoltaic effect. Invented 50 years ago, single-
crystalline Si solar cell remains the basis of the current PV industry due to its
abundant reserves and high reliability and high efficiency [37]. Currently
photovoltaic technology are progressing with the intense R&D efforts and
helping to improve the conversion efficiency, including water-based cells
(traditional crystalline silicon or gallium arsenide), commercial thin-film cells
(cadmium telluride, amorphous silicon, copper indium gallium diselenide) and
new thin-film technologies (perovskites, organic materials, quantum dots) [38-
40]. The improvements in research-cell efficiencies achieved over the past 40
years are shown in Figure 2.6, depicting all verified records for PV conversion
technologies, collected from solar companies, universities and national
laboratories. It can be seen that so far the energy efficiency for photovoltaic

conversation is usually below 50%.
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Figure 2.6 A timeline for reported best research-cell efficiencies from 1975 to
2017, showing the most recent 46% efficiency in multijunction cell [41].

By contrast, the solar thermal conversion efficiency is much higher (usually
above 70%, some are even over 90%), making it more suitable to realize
extensive application, such as solar vapour generation, solar desalination and
solar sterilization et al [30, 42, 43]. Solar thermal conversion technology is to
harness solar irradiation energy to generate thermal energy for use in industry,
in residential or commercial sectors. Solar thermal energy has been utilized
by humans for a long time, such as solar water heaters, solar cookers and
solar driers [44-49].

In recent years, concentrated solar power (CSP) systems are being widely
built [50]. CSP uses mirrors or lenses to concentrate a large area sunlight onto
a small area to collect high-quality heat, which drives a heat engine to

generate electricity, shown in Figure 2.7 [51-53].
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Figure 2.7 A molten salt power tower CSP system with a Rankine power cycle
[51].

Solar vapour generation can be widely used in the fields of domestic water
heating, sewage treatment, desalination and distillation [54-56]. This
promising technology attracts lots of researchers to search and develop
suitable materials, design reasonable structures for solar evaporators,
optimize heat transfer environment and finally improve the energy conversion
efficiency. SVG utilizes photothermal materials to convert solar energy to
thermal energy to evaporate water. The photothermal material, solar heating
forms, and solar evaporator structure all affect the overall energy conversion

efficiency.

2.2.2 Photothermal materials

The ideal materials for solar vapour generation should meet the following
properties: (1) they should have a wide sunlight absorption bandwidth
covering the full solar spectrum from 250 nm to 2500 nm; (2) they should have
excellent solar-to-heat conversion efficiency with less thermal radiation to the
environment; (3) they should be easy to get and have good high-temperature
durability [57, 58]. It has been proved that the wettability of the top absorber
surface has little influence on the evaporation rate which mainly depends on

the wettability of the bottom supporting layer [59].
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The materials for solar vapour generation can be mainly classified into three
categories: plasmon-based materials, carbon-based materials and polymers.
Plasmon-based materials utilize the surface plasmon resonance effect to
generate thermal energy under resonant illumination and have a narrow band
of sunlight resonance peak. Generally, plasmon-based materials refer to
metal, metal oxide or metal nitride nanoparticles [58]. Au, Cu, Ag and Al are
the most widely studied nanoparticles for solar steam generation because of
their stability [6, 60-62]. Some alloys were also developed for solar steam
generation such as Al-Cu and Ag-Au [63]. For metal oxides, Ti2O3, Fe3Os4,
Fe2O3 and CuO were also experimentally tested [57, 64-66]. Metal nitrides
with broad light absorption bandwidth have also been explored for solar-

thermal conversion, such as MoN and TiN [67].

Unlike plasmonic materials, carbon-based materials have higher sunlight
absorption under the whole solar spectrum with excellent stability, and they
are low-cost with easy availability, which makes them technologically
important in solar water evaporation [68-70]. It has been experimentally
proved that the crystallinity of carbon (or degree of graphitization) and BET
surface areas affect little on the solar thermal conversion efficiency [71].
Almost all the common carbon materials have been explored in different
absorber structures, for example, graphite, expanded graphite, carbon black,
carbon nanotube, carbon nanofiber, graphene, graphene oxide, reduced
graphene oxide [30, 42, 69, 70, 72-76]. Among them, carbon nanotube (CNT)
is one of the blackest materials (also known as super black material) in the
world with extremely high solar irradiation absorbance [73]. Generally, pristine
carbon material is hydrophobic, however its wettability can be tuned by

oxidation process introducing oxygen-containing hydrophilic groups.

It has been reported that, some conjugated polymers exhibited broadband
light absorption spectra, such as, polypyrrole, polydopamine, polyaniline and
other conjugated polymers [77-79]. Compared with plasmon-based or carbon-
based materials, polymers have many advantages. They are inexpensive and
suitable for mass production [77]. Among them, polypyrrole (PPy) is
outstanding with black colour and wide adsorption and can be easily coated
or deposited on all kinds of substrates, including hydrophilic, hydrophobic and

even curved structures [79]. PPy can be obtained by electrochemical
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polymerization and oxidation polymerization. Electrochemical polymerization
requires the substrate to be conductive. Oxidation polymerization is facile,
using ferric trichloride (FeClz) or ammonium persulfate (APS) as oxidizing
agent [80, 81]. Besides, polypyrrole is chemically stable which is insoluble in
water and most organic solvents and its melting point is higher than 300°C.
Huang et al coated polypyrrole on a polypropylene mesh by a dip-coating
method [79]. The polypropylene mesh was dipped into a pyrrole/water solution
with FeCls as oxidizing agent for 8 h, reaching a thickness of 300 nm of PPy
deposition. The contact angle of the PPy coating is 60° on the flat surface
indicating a hydrophilic surface and it was further tuned to hydrophobic to
make it float on the surface. The solar vapour generation efficiency was 72%
under 1 sun. Hao et al coated PPy on a cotton fabric and introduced a
polystyrene foam as the thermal insulator layer [82]. The cotton before and
after PPy coating is shown in Figure 2.8. The cotton fabric wicked the water
and PPy converted light into heat. The efficiency for this structure achieved

82.4% under one sun.

Figure 2.8 Pristine cotton and PPy/cotton [82].

Polydopamine (PDA) is the main composition of melanin and adhesive protein
of mussel [78]. It is black with strong adhesion and can be obtained by self-
polymerization of dopamine under alkaline conditions [83]. Wu et al coated
PDA on a piece of treated pine wood twice (pH = 8.5) and achieved the
efficiency of 87% under one sun and 135% under 3.5 sun, as shown in Figure
2.9 [78]. The catechol structure itself (in PDA) is responsible for the excellent
adhesion, which can be used to improve adhesive strength by adopting

catechol functionalities [84].



17

g o
H H H W owo  ow S
—
H, LT
Ky

L
r

Self-polymerization
of dopamine

L E ? E MEI
1 1 |

c)
Figure 2.9 Nature pine wood and PDA-coated wood [78].

2.2.3 Solar heating forms

There are mainly three forms of solar heating: bottom heating, bulk heating

and interfacial heating, as shown in Figure 2.10.

Solar energy
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Figure 2.10 Three forms of solar heating steam evaporation [58].

Bottom heating is a traditional solar heating method. Solar absorbers are
placed at the bottom of water to convert solar irradiation into heat to heat up
the whole water from bottom to generate steam, which inevitably causes heat

loss and pulls down the evaporation efficiency of 30~45% [85].

Bulk heating is heating the bulk fluid in a solar trough or a solar tower system,
which is usually under concentrated solar irradiation by optical lens [4].
Nanoparticles dispersed directly in the fluid usually act as solar absorbers and
their good distribution can reduce the temperature difference between the
absorbers and the fluid [86]. The advantage of bulk heating is that the whole
volume of fluid can absorb solar irradiation not only from bottom or surface but
also from side walls, which is an excellent property for concentrated solar
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power (CSP) systems. While, the robust dispersion of nanofluids is still a

challenge in long-term operation under concentrated sunlight [87, 88].

Nanoparticles with surface plasmon resonance properties can efficiently
absorb solar irradiation and generate heat around when excited by resonance
[89]. This heat generation process can be widely used in many fields, such as,
photothermal cancer therapy, laser-induced drug release and photothermal
imaging [90-92]. For bulk heating, the nanoparticles with surface plasmonic
effect would rapidly increase the particle temperature and generate steam. It
is hypothesized that the rapid heating is due to the nanobubbles round the
nanoparticles, which raise the particles to the surface and release the steam
produced [93, 94]. However, theoretical calculation of the kinetics of
nanobubbles formulation shows that about 1X10'° sun is required to form
nanobubbles, which is unlikely to occur under normal solar irradiation [95]. It
is widely believed that, nanoparticles create superheated zone because of
high non-uninform of temperature and radiation distribution along the incident
light, leaving the bulk fluid subcooled at initial stage [4]. Then they will reach
equilibrium with the surrounding fluid, and steam generation is caused by the

temperature increase of the bulk fluid [96].

Metal or metallic oxide nanoparticles, due to the resonant characteristics of
surface plasmon excitations, inherently have a narrow absorption bandwidth
of the wavelength and different materials peak at different wavelength [97].
Therefore, carbon-based nanoparticles with a broad absorption bandwidth
attract more interests, which can utilize the full spectrum of sunlight [96].
Figure 2.11 shows the absorbance spectrum of Au and carbon black
nanoparticles, indicating that carbon-based materials have a much higher
absorbance over the full wavelength [98]. Besides, the linear relationship
between fluid concentration and absorbance conforms to Beer’s law [98].
Therefore, increasing solution concentration will improve the light absorbance.
While nanoparticles with higher concentration trend to aggregate with ease
leading to an unstable fluid, which restrains further improvements of

absorbance.
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Figure 2.11 Absorbance spectrum of Au and Carbon Black with different
concentrations [98].

The solar thermal conversion efficiency of bulk heating achieved moderate
improvement, mainly in the range of 60~80% in high solar concentration.
Typically, Jin et al used gold nanoparticles to achieve the efficiency of 80.3%
with the concentration of 12.75 ppm under 220 sun [4], and under 10 sun the
efficiency of 60.3% was achieved using Fe3sOs@CNT nanoparticles of 0.5 g/L
by Shi et al [64].

Interfacial heating is a newly developed heating method for vapour
generation, as evaporation is an interfacial mass transfer process between air
and water. Solar absorbers float on the water surface and generate heat to
evaporate the water on the surface. To avoid heat loss to the bulk fluid, multi-
layers structures are designed to localize the heat on the surface [42, 99].
Heat localized on the surface is mainly used to generate steam rather than
heating up the bulk water beneath. Generally, this evaporation system should
consist of three key components: (1) a top broadband sunlight absorber to
convert solar irradiation to heat; (2) a thermal insulator to minimize heat
transfer from the surface to the bulk water and support the system float on the
surface; (3) a water transport system to pump water to the top sunlight
absorber layer [58, 75]. A rational design for the interfacial heating structure
is also helpful in trapping the irradiation. For example, a rough surface with
microstructures is usually desirable for reducing diffuse reflection resulting

higher sunlight harvest [100].
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In 2014, Ghasemi [42] and Wang [101] et al separately proposed this
interfacial heating method for solar steam generation, which are one of the
first to introduce the interfacial heating concept [58]. In Ghasemi’s work,
hydrophilic and porous exfoliated graphite acted as solar absorber, and
hydrophilic and porous carbon foam was used to insulate heat transfer to the
bulk fluid and float the structure, achieving the thermal efficiency of 64% under

1 sun (1 kW-m) and 85% under 10 sun, as shown in Figure 2.12.

Absorbing and
hydrophilic

z Insulating and
hydrophilic

Bulk water

Figure 2.12 Schematics diagram for interfacial heating with heat localization
[42].

The hydrophilic thermal insulator will be filled with water, whose thermal
conductivity (0.6 Wm™-K-! at 20°C) is much higher than the thermal insulation
materials [102]. Therefore, high content of water would increase heat
conductivity and reduce the system energy efficiency. To avoid this, Li et al
proposed a 2D water path structure, as shown in Figure 2.13 [103]. Graphene
oxide is used to absorb sunlight and polystyrene foam acts the thermal
insulator between the absorber and water. Water is pumped to the top
absorber by a 2D water path made of a layer of cellulose that wrapped over
the polystyrene foam. This structure improved the thermal efficiency to 80%
under one sun. Similarly, Shi et al directly coated polystyrene foam with
porous reduced graphene oxide which is darker and has more sunlight
absorbance than graphene oxide itself [75]. This structure was used for solar-
driven interfacial steam generation and achieved the efficiency of 83% under
one sun. Zhao et al synthesized a hierarchically nanostructured hydrogel with

internal gaps, micron channels and molecular meshes inside, which helps
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reduce vaporization enthalpy [31]. Polypyrrole particles penetrate the
polyvinyl alcohol matrix to absorb sunlight and the resulting gel was treated
by freezing-thawing process for 10 times to create the channels inside. The

thermal efficiency reached 94% under 1 sun irradiation.

________
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water path T v o _________________ 1
Figure 2.13 Schematics of 2D water supply for vapour generation [103].

Interfacial heating is most promising for natural sunlight steam generation
without optical concentration because of its high thermal efficiency, which is
usually from 80% to 90% and some are even higher than 90% [57, 69]. Even
under one sun without optical concentration, 100°C steam can also be
generated by thermal concentration structure, which collects heat rather than

sunlight into a small evaporation slot to produce high temperature steam [99].

2.2.4 Solar evaporator structures

The structure of a solar evaporator also affects the overall evaporation
performance by improving the vapour diffusion environment, reducing heat
loss to the bulk water or environment. Many solar evaporator structures have
been developed and each kind of evaporator has its own characteristics in
improving the evaporation efficiency. The most classic evaporator is a
sandwich structure. They usually consist of three key components: solar
absorbing layer, water wicking path and thermal barrier. Wang et al deposited
Ti2O3 nanoparticles on a cellulose membrane in vacuum, as shown in Figure
2.14 [57]. Ti203 nanoparticles absorb solar energy and convert it into heat,
and the cellulose substrate pumps the water to the top and insulates the upper
heat to the bulk fluid. The porous silica substrate wicks the water and acts as

thermal barrier, and CNT membrane absorbs sunlight to generate heat.



22

Huang et al synthesized C-TiO2 solar absorber and placed it on a polyvinyl
alcohol (PVA) fibre material which acts as the steam generation layer, and the
whole structure was floated by a foam (also as heat insulator), as shown in
Figure 2.15 [104]. The C-TiO2 layer converts sunlight to heat and heats the
PVA fibre below, and the PVA fibre will both wick the water to the surface and

make evaporation.
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Figure 2.14 Schematic diagram of the bilayer solar steam generator [57].
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Figure 2.15 Schematic illustration of the solar evaporator structure [104].

Some solar absorber is just a sheet floating on the surface without thermal
barrier, whose efficiency is relatively lower due to heat loss to the bulk water.
Liu et al cured carbon black on a gauze by poly (dimethylsiloxane) (PDMS)
and obtained a superhydrophobic membrane, as shown in Figure 2.16 [70].
Because of its hydrophobicity, the membrane itself can float on the water
surface and has self-cleaning ability. Lou et al dropped graphene oxide
solution onto airlaid paper and reduced it with ethanol to get a reduce

graphene oxide layer [105]. To add photocatalytic degradation capacity, they
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subsequently dropped TiO2 nanoparticle solution on the airlaid paper and
made it dry. This is an all-in-one water treatment structure which can both
evaporate water and degrade organics. Chen et al carbonized facial tissue in

Ar and used it as a self-floating solar membrane evaporator [106].

Ewvaporation

Superhydrophobic
Black Gauze

Water Container

Figure 2.16 The as-prepared gauze and surface evaporation process [70].

Floating sheet is a 2D structure, thus both heat loss to the bulk water and
diffuse reflection of the sheet will affect the efficiency. Therefore, 3D
membrane with microscopic porous structure is a solution. Zhou et al
deposited aluminium nanoparticles on an anodic aluminium oxidation
membrane (AAM) (effective thickness ~85 nm), as shown in Figure 2.17 [6].
Aluminium is the only raw source material for this 3D structure. By physical
vapour deposition, Al nanoparticles were deposited not only on the surface
but also in the vertical channels in the membrane, which efficiently prevents

sunlight diffuse reflection and achieves the efficiency of ~57% under 1 sun.
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Figure 2.17 Fabrication of the Al nanoparticle-based absorber [6].

Multilayer structure is widely adapted due to its higher efficiency, while a single
solar absorber sheet without thermal barrier usually bears lower efficiency.
However, a monolithic solar absorber can realize solar absorbing and water
wicking and heat insulating in a single unit. Mu et al carbonized conjugated

microporous polymer nanotubes to get a monolithic carbon aerogel, which
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contained hierarchically nanoporous network structure, as shown in Figure
2.18 [107]. Then it was treated by ammonium peroxydisulfate/sulphuric acid
to realize superhydrophilic wettability. For this solar evaporator, the
nanoporous structure itself plays the role of thermal barrier, and the
conversion efficiency reached 86.8% under 1 sun. Similarly, Lin et al
carbonized porous melamine foams through a one-step calcination process in
nitrogen to get an integrative solar absorber for steam generation, achieving
the efficiency of 87.3% [56].

Figure 2.18 Images of conjugated microporous polymers before and after
carbonization [107].

In order to reduce heat loss to the fluid, reducing contacting area with water
is another feasible way. Mushroom structure with 1D path water supply
efficiently hinders heat loss to the bulk water through the wicking structure. Xu
et al carbonized mushrooms and used it to harvest solar energy for steam
generation, as shown in Figure 2.19 [108]. The carbonized mushroom was
inserted through a polystyrene foam to make the stripe contacting the water
below for water supply to the pileus. The mushroom contained porous
structures inside and shrank 30% after carbonization. This carbonized
mushroom achieved the efficiency of 78% under 1 sun. Liu et al were also
inspired by water transportation plants and designed a 1D capillary-driven
pump for solar water evaporation, which is essentially a flat-top mushroom
structure [109]. This solar evaporator achieved the efficiency of 73% under 1

sun.



25

Pileus
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Figure 2.19 Schematic of a mushroom-based solar steam generator [108].

Mushroom structure will reflect light to the environment due to its round head
facing outside. Wang et al reversed the cones to trap the incident light, making
the light reflect inside the cones multiple times (Figure 2.20) [100]. By
chemical vapour deposition polymerization, polypyrrole was coated on a
hydrophilic polyvinylidene fluoride (PVDF) membrane that has interconnected
porous structure to wick water and capture light. Then the cone was inserted
into a polystyrene foam, leaving the tip contacting water. Both the inside and
outside surfaces can evaporate water for this structure. After optimization, the

solar conversion efficiency reached 93.8% under 1 sun.
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Figure 2.20 Schematic illustration for the solar thermal cone preparation [100].

Floating spheres are a simple structure for solar evaporation, which are easy
to be applied on the water surface. Furthermore, they are easy to carry and

scale up for real application. Zhou et al fabricated hollow carbon spheres for
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solar evaporation by carbonizing hollow polymer spheres (~1.2 mm in
diameter) , as shown in Figure 2.21 [110]. The polymer spheres were obtained
by a phase-inversion process. Organic drops with blowing agent ((NH4).COs3)
inside were dropped in hot water, then the blowing agent decomposed and
released gas to form hollow polymer spheres. To enhance mechanical
properties, carbon nanotubes were added, which also help to make the colour
deepened to dark. Similarly, floating hybrid magnetic particles (Fe3z04/C)
particles (500 nm in diameter) were synthesized for light absorbing [111]. They
can float on the water due to their hydrophobicity and low density. Because of

magnetism, these particles can be recycled by a magnet.

Sunlight-to-heat

Heating at the|
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Figure 2.21 Schematic illustration for water evaporation by floating hollow
carbon spheres (HCS) [110].

Water evaporation is a natural process even in the absence of solar irradiation,
which draws the environmental energy around. The combination of natural
evaporation and solar vapour generation will greatly improve the evaporation
rate, even exceed the upper limit of the efficiency based on classical
calculation method. Li et al designed a cylindrical vapour generator (10 cm in
height), as shown in Figure 2.22 [112]. Cotton cores were coated by carbon
black nanoparticles and inserted into a polystyrene foam. When it is working,
the temperature of the side surfaces is lower than the environment, making it
possible to draw energy from the environment. Based on the calculation of
this work, an evaporation rate of 1.62 kg-m=-h-! was achieved under 1 sun
(equal to ~ 110% of the solar conversion efficiency). Song et al adopted similar
idea that takes environmental energy into the evaporation system to generate
cold vapour [113]. The temperature of the cold region is obviously lower than
the environment temperature, which makes it possible to obtain energy from

the environment. Carbon black was deposited on a piece of paper and the
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paper was folded to cover a vertical foam, which floated the whole structure
on the water. By increasing the evaporation area and decreasing parts of the
evaporator temperature, this structure realized a remarkable evaporation rate
of 2.20 kg-m2-h"" under 1 sun (equal to solar conversion efficiency of ~131%)

based on their calculation.

Figure 2.22 Image of the cylindrical solar vapour generator [112].

2.2.5 Solar thermal conversion efficiency

Solar thermal conversion efficiency reflects the evaporation performance of
solar evaporators and also indicates the upper limit of the evaporation rate
[114]. The most widely used efficiency calculation method is based on the
ratio of the energy used for evaporation to the energy of solar irradiation input
[42, 78, 82, 115, 116]:

Eeva
n=—"x100% (2-1)
input
Eevap = mhLV (2_2)
Einput = Coptqi (2_3)
hLV = prater (T_]:))_’_HLV (2_4)

Eevap denotes the energy used to evaporate water; Einput is the energy input of
solar irradiation; m is the mass flux; hrv is the total enthalpy required for liquid-

vapour transition including sensible heat and the enthalpy of vaporization; Copt
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is the optical concentration; giis normal direct solar irradiation input (1 kKW-m-
2); Cpwater means the water specific heat capacity (~4.2 kJ-kg'at 1 atm); T
and Ty are the final temperature (100°C) and initial temperature of water; Hrv

is the water enthalpy of vaporization (~2260 kJ-kg™" at 1 atm).

Based on the equations above, slight differences occurred in different works.
In some works, the sensible heat of water was directly overlooked [31, 71, 73,
79]. In some literature, T denotes the final surface temperature rather than
100°C [106, 117]. Wang et al used the enthalpy of vaporization (2380 kJ-kg)
at the measured equilibrium temperature (50°C) rather than that at 100°C
(2260 kJ-kg™) [71]. The calculation of the solar thermal conversion efficiency
is not uniform and needs to be further studied based on the evaporation

mechanism to determine the upper limit of evaporation rate.

The environment temperature, humidity and air turbulence affect the solar
conversion efficiency as well. At the same time, solar concentration has an
obvious effect on the efficiency, and generally, higher optical concentration

leads to a higher solar conversion efficiency [6, 42, 78, 109, 115].

The upper limit of an efficiency should be less than 100%, while the solar
conversion efficiency beyond 100% was reported in some works. Song and Li
et al broke through the conversion efficiency upper limit (100%) under 1 sun
by drawing environmental energy into the solar evaporation system [112, 113].
Wu et al coated wood with polydopamine and achieved the conversion
efficiency above 100% (126% under 2 sun and 135% under 3.5 sun) [78].
They observed the burst of vapour bubbles on the solar absorber surface, and
some water was directly transferred into the air without evaporation. This
greatly saved relating evaporation energy and explains the conversion
efficiency beyond 100%. Zhao et al achieved a solar conversion efficiency of
94% via hierarchically nanostructured gels, and further proved the
vaporization enthalpy was lowered in the molecular meshes by experiment
and calculation [31]. The solar evaporation mechanism and the solar

conversion efficiency calculation deserve more discussion [114, 118].
2.3 Salt management

2.3.1 Salt accumulation problems
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A typical solar evaporator floats at the water-air interface, which usually has a
thermal insulation layer to localize the heat on the evaporation surface, known
as interfacial evaporator (IE) [42, 119-121]. However, when applied on real
seawater, salt will precipitate on the photothermal materials, reducing its solar
absorption and blocking the water transport channels [122]. The accumulated

salt will gradually slow down the evaporation and finally stop the whole system.

2.3.2 Salt back to bulk water

To solve the salt accumulation problem, a series of studies have been
conducted. Designing salt back diffusion pathways back into the bulk water
can forbid salt to accumulate on the evaporation surface. Kuang et al. drilled
channels in a surface-carbonized wood [123]. With evaporation, salt
participates on the surface and diffuses back through the pits, wood channels
and drilled channels (Figure 2.23). This self-regenerating solar evaporator
exhibits a high efficiency (75%) in 20 wt% NaCl solution under 1 sun and
achieves 100 h continuous operation. Zhang et al. make the salt diffuse back
by introducing polyester pillars under the evaporation surface and
demonstrate the anti-salt-clogging performance can be changed by changing
the number of the pillars [124]. Similarly, Ni et al. design a salt-rejecting
floating solar still by adding wicks under the evaporation surface [125]. Xu et
al. decoupled solar absorbing and water pump into different layers [126]. The

absorbing layer is hydrophobic to forbid salt accumulation and the water
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Figure 2.23 Self-regenerating solar evaporator design, and multidirectional
mass transfer in the evaporator [123].



30

In addition to salt diffusion back to the bulk water, casting salt crystals back is
another solution. Kashyap et al. reported an anti-clogging graphite film with
pores inside, through which salt crystals would fall back into the bulk water to
make the evaporation surface self-clean (Figure 2.24) [122]. Xia et al.
proposed a self-rotating solar evaporator (Figure 2.25) [127]. Salt precipitates
on the top surface of the cylindrical evaporator. When the gravity balance is
upset, the cylindrical evaporator will rotate to sink the top surface with salt

crystals in the bulk water to regenerate.
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Figure 2.24 Schematic of the anti-clogging salt solar evaporator [122].
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Figure 2.25 Schematic of the self-rotating solar evaporator [127].
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2.3.3 Salt harvesting

Discarding salt back to the bulk water is an easy way to allow the solar
evaporator to work continuously. However, considering the salt value, salt
should not be treated as a waste discharging back to the sea, but a high
added-value product. A ton of seawater contains 35 kg sea salt costing $4.2
($120 per ton) and a ton of fresh water equals $2.8 on average for 30 main
cities in the US (Statista, 2021). Thus, the price of the salt in 1 ton seawater
is even higher than 1 ton fresh water. Harvesting salt with SVG is the optimal
strategy from both environmental and economic perspectives, realizing zero

liquid discharge.

Wu et al. made a three-dimensional solar evaporator by 3D printing, with salt
precipitation on the top (Figure 2.26). The crystallized salt can be easily

harvested manually.

Figure 2.26 Salt harvesting manually [128].

Shi et al. designed a 3D cup solar evaporator (Figure 2.27), which can be
operated at high salt concentration (27 wt% NaCl solution). Salt precipitates

on the walls and can be removed by a stainless steel scraper manually.

Figure 2.27 Salt harvesting by a stainless steel scraper [129].

Recently, attention is shifting to an umbrella-shaped evaporator [130-133]. It
features a central water supply and an edge salt collection (Figure 2.28). This

type of evaporator is promising as it achieves SVG and salt harvesting at the
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same time. However, very few studies have been dedicated to understand its
structural affection on the system energy efficiency in SVG, the salt
precipitation behaviours, the salt falling mechanism, and more importantly

how the real seawater affects its continuous operation.
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Figure 2.28 Continuous solar vapour generation with salt harvesting [130].

2.4 Chapter summary

The research related to seawater desalination driven by solar energy,
photothermal materials, solar evaporator structures, and salt management
have been reviewed in this chapter. Solar vapour generation is a promising
technology for obtaining fresh water from brine or sewage because of its high
efficiency in solar thermal conversion process. From the literature review, we

can conclude the following:

i) Seawater desalination technology falls into two categories: thermal-based
desalination (MSF and MED) and membrane-based desalination (RO and FO).
MSF and MED processes are easy to scale up and easy to maintenance with
easy pre-treatment procedures. However they consume much energy to
vaporize the seawater. RO and FO processes utilize semi-permeable
membranes to separate fresh water from saline water, which avoids the water
vaporization enthalpy consumption. However, RO also requires much
electricity energy to create high pressure to drive the process and FO costs
much energy in draw solution regeneration process. All the most commonly

used desalination methods above do not harvest salt, instead, they return salt
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back as brine to the sea, which would potentially harm the ecological
environment around. Solar energy is attracting more and more attentions to
power the desalination processes above. Notably, solar vapour generation
technology which directly converts solar energy into heat to evaporate water

is promising due to its high efficiency and simple equipment.

i) SVG is an integrated system, whose system energy conversion efficiency
is greatly affected by photothermal materials, solar heating forms, and solar
evaporator structures. So far, metals, metal alloys, metal oxides, metal nitrides
and carbon materials as potential photothermal materials have been
extensively explored but still show certain deficiencies. However, developing
a high-efficient, low-cost, and durable material with easy availability still
remains challenging for real industrial applications. As SVG is an interfacial
mass transfer process, interfacial heating is the optimal heating form to
achieve a higher energy efficiency. Different solar evaporators have been
proposed in different labs. However, the solar evaporator structure still lacks
adequate research to improve the system energy efficiency, especially lacks
evaporation performance comparison in the same test environment. At the
same time, the numeric simulation mechanism study linking the energy

efficiency theories and the experiments is still lacking.

iii) When applied on real seawater, salt would precipitate on the photothermal
material and gradually slow down the evaporation rate and finally stop the
whole system. To solve the salt accumulation problem, a series of studies
have been conducted, including designing salt back diffusion pathways into
the bulk solution, removing salt mechanically, and returning salt crystals back
to the bulk water. By calculation, the price of the saltin 1 ton seawater is even
higher than 1 ton fresh water. Harvesting salt with SVG is the optimal strategy.
Recently, attention is shifting to an umbrella-shaped evaporator, which can
achieve SVG and salt harvesting at the same time. However, very few studies
have been dedicated to understand its structural advantages, the salt
precipitation behaviours, the salt harvesting mechanism, and more

importantly how the real seawater affects its continuous operation.
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Based on the research gaps mentioned above, this thesis is performed as

follows:

1. Designing a light-trapping surface structure with open pores and channels
would further improve the solar absorption for better SVG performance by
locking the solar irradiation into the surface. A polypyrrole-dopamine nanofiber
light-trapping coating is proposed in Chapter 3. The surface physical
microstructure and chemical structure are characterized, and the formation

mechanism is proposed. Finally, the light-trapping performance is tested.

2. The nanofiber coating is directly coated on a polystyrene foam to be an
interfacial evaporator in Chapter 4. The evaporation performance of the
coatings with different microstructures are compared by energy efficiency.

The salt precipitation and back diffusion are also tested by salt water.

3. A double-sided evaporation umbrella evaporator is proposed in Chapter 5.
Its structural advantages in SVG over a typical IE have been proved by both
experiments and simulations. The factors in energy efficiency are analysed in

details by simulation.

4. Benefiting from the rational design, salt will fall down automatically from the
edge by gravity. The factors affecting the salt harvesting, the salt precipitation,
growth and falling behaviours at a micro level, and the salt harvesting
mechanism are studied in Chapter 6. Finally, a facile method to determine if

the pre-treated seawater can achieve salt falling is proposed.

5. To address the water supply and distribution problems of the double-sided
evaporator, a suspending evaporator with top water supply and surface water
distribution systems is developed for concurrent solar evaporation and salt
harvesting. The evaporation performance of this suspending evaporator, salt
accumulation simulation, a radial arterial water distribution system and a
floriform evaporation surface are performed in Chapter 7 to make this

evaporator applicable for large area application.
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Chapter 3

Polypyrrole-dopamine nanofiber light-trapping coating

3.1 Introduction

The photothermal material is an important factor in determining the total
energy captured into the solar vapour generation system. Developing a high-
efficient, low-cost, and durable material with easy availability still remains
challenging for real industrial applications. At the same time, the solar
absorptance of a material determines its upper limit of the solar energy
absorption. Designing a light-trapping surface structure with open pores and

channels would break this limit by locking the solar irradiation into the surface.

Polypyrrole (PPy) is well known as a black conjugated conducting polymer,
which exhibits broadband light absorption spectra, making it an excellent
photothermal material [77, 82]. PPy has excellent chemical and thermal
stability, and it is insoluble in water and other conventional solvents [134]. As
PPy is electrically conductive, it has been widely explored in battery electrodes,
supercapacitors, sensors, electrocatalysis, electromagnetic wave absorption
and other electricity relating fields [135-143]. Moreover, the morphology of
PPy particles can be tuned from globular to fibrous by introducing dopamine
(DA) in the reaction solvent as demonstrated in previous reports [83, 84, 144].
Dopamine is the main composition of adhesive proteins in mussels displaying
excellent interfacial adhesion properties on various substrates [144]. Itis worth
mentioning that, the self-polymer of dopamine, polydopamine (PDA), is black

and insoluble, also exhibiting superior solar thermal conversion efficiency [78].

In this chapter, a novel and facile ultrasonic spray coating method is proposed
to produce a nanofiber light-trapping coating by copolymerization polypyrrole
(PPy) with dopamine (DA). This coating can be rapidly (30 min reaction time)
synthesized at room temperature without using any prepared fibrous template
as the substrate, greatly simplifying production procedures. This nanofiber
coating can be directly coated on various surfaces to make them light-trapping.
The fibrous surface structure enables multiple reflections of sunlight inside the
pores and channels and significantly improves solar absorption at different

incident angles across the full solar spectrum. Due to capillary force, this
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fibrous coating has excellent water spreading for water transportation, making
it possible to integrate the water transport system into the top solar absorbing
layer. Also, this study demonstrates that, the surface structure can be easily
tuned into granular or plane-granular or plane-fibrous structures by using
ammonium persulfate (APS) as oxidant or sodium dodecyl benzene
sulphonate (SDBS) as surfactant. The corresponding formation mechanisms
of different structures are also proposed based on qualitative chemical
characterization. This nanofiber coating shows great promise for solar vapour
generation and other applications based on PPy materials, especially for

those requiring certain specific surface morphology.

The preparation method of this coating is in Section 3.2. Its surface physical
microstructure is analysed in Section 3.3 and its chemical structure is
analysed in Section 3.4. Furthermore, its formation mechanism is proposed in
Section 3.5. The light-trapping properties were tested in Section 3.6. Finally,

conclusions are given in Section 3.7.

3.2 Coating preparation

3.2.1 Raw materials

Pyrrole (Py) was purchased from Alfa Aesar. Dopamine hydrochloride was
obtained from Acros Organics. Anhydrous ethanol and Iron (lll) chloride
(FeCI3) were purchased from Fisher Chemical. Hydrochloric acid (HCI, 37
wt%) and sodium dodecyl benzene sulfonate (SDBS) were from Sigma-
Aldrich. Tween 20 was purchased from BioServ. Ammonium persulfate (APS)

was from Honewell. Deionized water (DI water) was made in the lab.

3.2.2 Coating method

Figure 3.1 shows the fabrication process of the PPy-DA nanofiber coating.
Briefly, this process needs to spray a Py—-DA solution (mixture A) onto the
substrate pre-wetted with an oxidant solution (mixture B) by ultrasonic spray
coating at room temperature (10 s of spraying time and 30 min of reaction
time). The photographs of the polystyrene (PS) foam before and after coating
with a PPy—DA nanofiber are also shown in Figure 3.1, presenting a white PS
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foam and a black PPy—DA coating appearance. The PS foam helps to reduce

the heat loss to the bulk water.
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Figure 3.1 The fabrication process of polypyrrole nanofiber light-trapping
coating by ultrasonic spray coating.

As shown in Figure 3.1, to obtain Mixture A, DA hydrochloride (0.0685 g) was
dissolved in 0.5 mL of DI water. Then, 0.5 mL of pyrrole (Py) was added to the
above mixture. The molar ratio of Py-DA was 0.05. Ethanol (0.5 mL) was
added to completely dissolve Py in the mixture. By doing so, Py and DA
monomers can be fully mixed. To obtain Mixture B, FeClz was added in 1 M
HCI solution to get a 0.5 M FeCl3 solution. To improve the wettability of the PS
foam substrate (with a thermal conductivity of 0.035 W-m™"-K"), 0.5 wt%
Tween 20 was added in Mixture B. PS foam was cut into a disc and further
abraded by a sandpaper (P120) to remove its hydrophobic surface and
improve the bonding strength between the coating and the PS substrate. The
as-prepared PS disc substrate was finally 4.8 cm in diameter and 1.5 cm in
thickness with a rough surface. Then, the substrate was washed with DI water
and dried at 40 °C for 2 h. After that, the substrate was immersed in Mixture
B for 10 min and placed in a sealed coating reactor at room temperature (~20
°C). 80 uL of Mixture A was dropped on the ultrasonic sprayer disc, and then
the ultrasonic spray coating (113 kHz vibration) process was carried out until
Mixture A was completely atomized in the sealed coating reactor (it took ~10
s). The polymerization reaction took 30 min. After that, the coated solar vapour

generator was washed with plenty of DI water and ethanol in turns and dried
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at 40 °C for 2 h. This nanofiber can be easily coated on a variety of surfaces,

such as glass, wood, plastic, and filter paper (Figure 3.2)

a glass b wood

plastic

Figure 3.2 Fibrous PPy-DA coatings on (a) glass, (b) wood, (c) plastic and (d)
filter paper.

3.3 Surface physical microstructure

The detailed surface microstructures were characterized by field emission
scanning electron microscopy (FESEM, Hitachi SU8230) with energy
dispersive X-ray spectroscopy (EDS). At the micro level, the cell walls
consisting PS foam are smooth (Figure 3.3a). After coating PPy alone, the
surface presents a rough plane structure with small bulges (Figure 3.3b), on

which the sunlight unabsorbed will be easily reflected out.

Figure 3.3 (a) Pristine abraded polystyrene foam. (b) Plane PPy coating.
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When dopamine (DA) was added into Mixture A (mole DA/Py is 0.05), the
plane structure was tuned into a fibrous PPy-DA nanofiber coating and the
resulting fibre was ~100 nm in diameter (Figure 3.4a-c). The fibres intertwine
randomly, making the coating stronger. Sunlight shooting into the gaps among
the fibres will reflect inside, allowing this fibrous structure to trap more sunlight

to further improve the solar-to-thermal conversion efficiency.

3110 nm

Figure 3.4 (a-b) Fibrous PPy-DA nanofiber coatings with different scales and
(c) its side view.

FeCls and ammonium persulfate (APS) are commonly used as the oxidant for
PPy oxidative polymerization. If APS is used to replace FeCls as the oxidant
for this PPy-DA coating, a granular structure would be obtained rather than a

fibrous one (Figure 3.5).

Figure 3.5 Granular PPy-DA coating by APS.

The mole ratio DA/Py also affects the surface structure, when DA/Py was
decreased to 0.01, the fibers became very short (Figure 3.6a); when DA/Py
was increased to 0.1, the gaps between the fibers became large (Figure 3.6b).
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Figure 3.6 The fibrous PPy-DA (FeCls) coatings in different DA/Py ratios. (a)
DA/Py = 0.01 mole. (b) DA/Py = 0.1 mole.

H* plays an important role in this reaction, if HCl is not added in Mixture B, the
coating would turn into a coexistence morphology of fibrous and granular
structures (Figure 3.7a). Similarly, if HCI is replaced by H.SO4 with the same

H* concentration, we could also obtain a fibrous structure (Figure 3.7b).

Figure 3.7 (a) PPy-DA coating without HCI. (b) HCI was replace by H2SOs in
the same concentration of H*.

The surface structure can be further tuned by using different surfactant and it
is easy to obtain more complex composite structures. As pyrrole is slightly
soluble in water (60 mg/mL at 20 °C), ethanol was added to help pyrrole
completely dissolve in water in Mixture A. However, during the ultrasonic
spray coating process, if Tween 20 (solubilizer) is not added in Mixture B,
aqueous solution (Mixture B) would first extract the hydrophilic components
from Mixture A (i.e. ethanol, dopamine, water), and then with reaction going
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on, pyrrole would partly dissolve into Mixture B to copolymerize with DA,
leaving part of pyrrole to self-polymerize on the surface (Figure 3.8).

Tween 20 Mone SDBD Tween 20 MNone SDBD

M " - L3
Os S5s
d

Tween 20 MNone SDBD Tween 20 MNone SDBD

T

o o

Figure 3.8 Effect of surfactants on the surface morphology of PPy-DA fibrous
coating. (a) Tween 20, SDBS and no surfactant cases at 0 s. (b) Side view at
5 s after dropping 20 uL Mixture A into the test tubes. (c) Side view at 5 min.
(d) Top view at 5 min.

5 min Top view 5 min

Therefore, we could get a fibrous coating with a pierced PPy film on the top
(Figure 3.9a). The PPy film on the top can also be reinforced by using sodium
dodecyl benzene sulphonate (SDBS) as surfactant in Mixture B to get a plane-
fibrous composite structure (Figure 3.9b). Similarly, if SDBS is used as
surfactant and APS as oxidant in Mixture B, we could get a plane-granular

structure (Figure 3.9c).

Figure 3.9 (a) PPy-DA coating without surfactant (Tween 20). (b) Plane-
fibrous structure. (c) Plane-granular structure. For b and c, the cracks were
intentionally made to reveal the structures underneath.
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The plane, granular and fibrous structures were used to conduct the following
comparative study. The BET surface area was measured by surface area and
porosity analyzer (Micromeritic TriStar 3000). After tuning structure, the
coating specific surface area significantly increased (Figure 3.10), from plane
structure (12.57 m?-g'") to granular structure (29.77 m?-g'), with fibrous
structure (34.05 m?-g™") being the highest. Larger specific surface area

indicates more light-trapping gaps and channels in the coating.

80 80 80

704 d 704 b —=—adsorption T 704 C —=— adsorption
—=a— adsorption —e— desorption ‘ —e— desorption
w0l —e— desorption .

504

@
8
L

Fibrous PPy-DA
BET Surface area = 34.05 m’/g

Granular PPy-DA

Plane PPy
20 BET Surface area = 29.77 m?/g f

204 BET Surface area = 12.57 m*/g

Volume absorbed (cm*/g)
Volume absorbed (cm®/g)

Volume absorbed (cm

4 X .
Relative pressure (P/P ) Relative pressure (P/P ) Relative pressure (P/P)

Figure 3.10 BET surface area calculated from nitrogen adsorption-desorption
isotherms. (a) Plane PPy structure. (b) Granular PPy-DA structure. (c) Fibrous
PPy-DA structure.

This fibrous light-trapping structure makes the evaporating surface highly
hydrophilic. The water spreading property on the coatings was captured by a
goniometer (KSV CAM 200). Water drop spread out and disappeared into the
surfaces of granular PPy-DA and fibrous PPy-DA coatings in less than one
second (Figure 3.11), providing a good water transport to the top evaporating
surface by capillary force. By contrast, the plane PPy took 5 seconds. The
resulting nanofiber can be directly coated on the thermal insulating layer,
integrating the water transport system in the top solar absorbing layer.
Therefore, it does not require to be coated on an extra water transport layer

(e.qg. filter paper, airlaid paper or cotton) [54, 118, 145].
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Figure 3.11 Time-lapse snapshots of a water drop (10 uL) spreading on the
plane PPy, granular PPy-DA and fibrous PPy-DA coatings on abraded PS
foams.

3.4 Surface chemical structure

The plane, granular and fibrous structures of the coatings were qualitatively
characterized by Fourier transform infrared (FTIR, Thermo Scientific Nicolet
iIS10) spectrometer with an attenuated total reflection (ATR) accessory from
4000 to 400 cm™ at room temperature (Figure 3.12). The PPy characteristic
peaks at 1543 and 1174 cm™ are respectively assigned to the C=C stretching
vibration and C-N stretch bending of the five-membered ring [146]. The
transmission band at 904 cm™' is due to =C-H in-plane vibration [118, 147].
The peaks at 1299 cm™' are due to C-O stretching, indicating PPy body was
oxidized during synthesis and the presence of catechol structure from
dopamine in granular and fibrous PPy-DA structures [148]. The peak for plane
PPy at 3437 cm™ is due to N-H stretching vibration. The broad peaks for
granular and fibrous structures at 3430 and 3433 cm™' respectively are due to
N-H and O-H stretching vibrations in catechol groups, indicating that
successful copolymerization with dopamine [149]. The peaks at 1700 and
1735 cm™ for granular and fibrous PPy-DA respectively are due to C=0
stretching vibration, indicating carbonyl group [150]. In fibrous and granular
structures the peaks at 2958 and 2924 cm™ (C-H symmetrical and C-H
asymmetrical stretching in the aromatic ring respectively) also confirm the

incorporation of dopamine into PPy [146].
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Figure 3.12 FTIR spectra of plane, granular and fibrous structures of the
coatings.

The polymer structures of plane PPy, granular PPy-DA and fibrous PPy-DA
were further verified by X-ray photoelectron spectroscopy (XPS, Specs
EnviroESCA). It was conducted in 7 mbar of argon environment, and thusly
argon peaks are presentin the survey spectra (Figure 3.13). There are oxygen
peaks in all cases, even in pure PPy sample, indicating that PPy was oxidized
during the synthesis process. Chlorine peaks in the survey spectra indicate
that HCI was successfully doped. Sulfur was also found in the granular PPy-

DA. Iron was not clear in the fibrous PPy-DA.
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Figure 3.13 XPS survey spectra and C 1s, O 1s, and N 1s spectra for plane
PPy, granular PPy-DA, and fibrous PPy-DA.
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As XPS is a surface analysis technique (typically less than 5 nm in depth),
Energy Dispersive X-ray Spectrometer (EDS) was further used to explore a
deeper range typically from 1 to 2 um. Abundant iron was observed distributed
in the whole field (Figure 3.14), indicating iron mainly distributed inside the
PPy-DA nanofibres. Fibrous PPy-DA contains up to 9.01 wt% Fe, by contrast,
plane PPy without dopamine contains only 0.94 wt% (Table 3.1). Granular
and fibrous PPy-DA have both C-OH peaks and C=0 peaks in C1s and O1s
spectra. Peaks of sp? carbons (C=C) from pyrrole or benzene rings were
detected in all cases, accompanied by sp? carbons peaks (C-C and C-H). C-
N peaks in C1s and N1s spectra were assigned to the C-N groups from both
pyrrole and dopamine. TI-Tr interaction was also observed due to pyrrole and

benzene aromatic rings [151, 152].
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Figure 3.14 (a) Fibrous PPy-DA coating EDS elemental mapping (C, N, O, CI
and Fe). (b) Fibrous PPy-DA coating EDS spectrum. (c) Plane PPy EDS
spectrum.
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Table 3.1 Element contents for fibrous PPy-DA and plane PPy coatings

from EDS.
Element Fibro?\f,t;?y—DA Pl?\:\]/?%l?Py
C 52.54 84.26
N 11.56 10.14
O 9.27 2.78
Cl 17.62 1.88
Fe 9.01 0.94
Total 100 100

3.5 Formation mechanism

As PPy and PDA are both insoluble in conventional solvents, traditional
solution-based characterization methods are unsuitable and thereby the
detailed structure of PDA alone remains unclear [153]. Therefore, obtaining
the PPy-DA composite structure is more challenging. Here in order to explain
the formation mechanism of plane PPy, fibrous PPy-DA and granular PPy-DA

different structures, a schematic illustration is given in Figure 3.15.

For plane PPy (Figure 3.15), pyrrole self-polymerizes as backbones and also
interchain links itself during the oxidation, accompanied by side chains at the

same time, which makes a plane morphology [84, 154, 155].

Plane PPy

Side chain

PDA interchain link
o

\
Coordination bond interchain link

Figure 3.15 Schematic illustration of the plane PPy, fibrous PPy-DA, and
granular PPy-DA structure formation mechanism.
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For fibrous PPy-DA (Figure 3.15), dopamine would occupy the active sites on
the PPy backbones to restrain PPy self interchain links, resulting a fibrous
structure. Meanwhile, Fe3* could also form coordination bond interchain link
with three catechol groups (from dopamine) to crosslink the PPy chains into a
stronger one, which explains the presence of Fe (9.01 wt%) inside the
nanofibers from EDS results [156, 157]. The catechol groups connected to the
PPy backbones contribute better water spreading and adhesion to the whole
structure.[144, 158] It should be noted that, HCI is important for the formation
of the fibrous structure. Synthesizing PPy by oxidation (e.g. FeCls) would also
produce HCI (Figure 3.16a). Therefore, adding HCI into the oxidant could
weaken the interchain links of PPy itself. Without HCI, the morphology would

turn into a fibrous and granular composite structure.

For granular PPy-DA (Figure 3.15) which was obtained by ammonium
persulfate (APS) oxidization. According to the standard electrode potentials,
APS is a much stronger oxidant than FeCls (Fe3*+e~—Fe?* 0.77 V, S,0s%+2¢"
—2S04% 2.01 V), hence it can both link dopamine to the PPy backbones and
create PPy and PDA interchain links at the same time. Due to the crosslinks,
when the droplets (from the ultrasonic sprayer) of pyrrole and dopamine drop
into oxidizer solution (APS), they would instantly form granular structures.
FTIR and XPS results also confirm this, as obvious C=0 peaks are detected

from 5,6-indolequinone (one of the intermediates, Figure 3.16b), which is the
precursor of PDA [159].

H
(a) 4 N
n \ / +2nFeCl; — +2n FeCl, + 2n HCI1
§ / \ /|,
Pyrrole Polypyrrole
H,N
(b)
7 “NH 7 "NH
Oxidation Oxidation
_— —_—
HO OH o o] o a
Doparnine 5.6-indolequinone Polydopamine
One of the intermediates

Figure 3.16 (a) Reaction of pyrrole oxidative polymerization into PPy by FeCls.
(b) Formation of PDA precursors 5,6-indolequinone (one of the intermediates).
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To sum up, stronger oxidant (APS) can turn the fibrous structure (by FeCls3)
into granular due to the instant crosslinks. To form the composite structures
(plane-granular/plane-fibrous), aqueous oxidant solution preferentially
extracts hydrophilic components and leaves part of the hydrophobic pyrrole
self-polymerize covering the fibrous or granular structures below. Tween 20
acts as solubilizer to dissolve the hydrophobic pyrrole monomer into the
aqueous oxidant solution, directly exposing the fibrous and granular structures.
On the contrary, SDBS would hinder the dissolution of pyrrole into the
aqueous oxidant solution, hence reinforcing the covering formation. The

interaction of these two effects leads to the above different surface structures.

3.6 Light-trapping performance

To confirm the light-trapping performance of the nanofiber coatings, the
reflectance (R) and transmittance (T) spectra were measured in the ultraviolet-
visible-near-infrared range from 250 to 2500 nm (Figure 3.17). The reflectance
and transmittance spectra were measured by ultraviolet-visible-near-infrared
(UV-Vis-NIR) spectrometer (PerkinElmer Lambda 950) with a 60 mm
integrating sphere (PerkinElmer). In comparison with pristine PS foam, all the
coatings significantly decreased the reflectance and transmittance, meaning
improvements in absorptance (A). By calculation (calculation method is shown
below and the results are summarized in Table 3.2), the plane PPy coating
can absorb 95.34% solar energy across the solar spectral irradiance from 250
to 2500 nm, which indicates that polypyrrole itself is excellent solar-thermal
material. After coating with granular PPy-DA, the solar energy absorptance
increased to 96.62%. Further, the fibrous PPy-DA reached an impressive
absorptance of 97.73%. Therefore, after tuning the surface structure, the PPy-
DA nanofiber coating obviously improved the solar energy absorption by

enabling multiple reflections within the pores and channels, trapping more light.
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Figure 3.17 (a) Diffuse reflectance spectra and (b) transmittance spectra of
PS foam, plane PPy, granular PPy-DA, and fibrous PPy-DA coatings on PS
foam. The standard solar spectral irradiance (AM 1.5 G) serves as a
background reference.

Solar energy absorptance calculations: the absorptance of the coatings is
calculated by the following equation:

A=1-R-T (3-1)
Where A is absorptance, R is reflectance and T is transmittance.

The solar energy absorption across the standard solar spectral irradiance (AM

1.5G) is calculated by the following equation:

j A1, dA
solar - J‘I dﬂ,

solar

(3-2)

Where Asolar is solar energy absorption, Isoar is solar spectral irradiance (W-m-

2.nm™) and A is the wavelength (nm).

Similarly:
.[R [m/mdﬂ‘ (3_3)
solar J‘Imlardﬂ,
J-]’.[(mlmd//L
(3-4)
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Table 3.2 Solar energy absorptance, reflectance and transmittance of
different coatings and the pristine PS foam.

Samples Asolar (%) Rsolar (%) Tsolar (%)
PS foam 5.53 92.7 1.77
Plane PPy 95.34 4.58 0.08
Granular PPy-DA 96.62 3.32 0.06
Fibrous PPy-DA 97.73 2.25 0.02

In real applications, most of the time sunlight does not irradiate on the earth
vertically. Therefore, it is critical to study the influence of sunlight incident
angles on the light-trapping structures. The solar evaporators were inclined to
generate different incident angles. The surface temperature distribution at
different light incident angles was detected by FLIR ONE infrared camera
(sensitivity of 0.1 °C). The surface average temperatures of plane, granular
and fibrous coatings were compared at different incident angles (0°, 20° and
40°). As shown in Figure 3.18, in 0° incident light (vertical), granular and
fibrous structures trapped more light, achieving 75.0 °C and 75.7 °C
respectively. The plane structure can only reach 73.5 °C. With the incident
angle increasing to 40°, the temperature of the plane and granular structures
dramatically decreased by 9.1 °C and 10.5 °C respectively. Although the
granular structure contains lots of channels, the channels mostly located
inside, leaving few open pores on the surface, which makes the granular
structure reflect out some irradiation as well. By contrast, the surface average
temperature of the fibrous structure only decreased 6.5 °C, holding the final
temperature of 69.2 °C at 40° incident angle. As a consequence, PPy-DA
nanofiber coating can trap more light and work at high efficiency at different
sunlight incident angles. At the same time, it should be noted that the possible
degradation of this polymer coating under long-term sunlight (especially the
ultraviolet radiation) may cause contamination to the environment around,

which should be further studied before real application.
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Figure 3.18 Infrared thermal images for plane, granular, and fibrous structure
coatings on PS foam substrates at different incident angles (0, 20, and 40°)
under 1 sun after reaching thermal equilibrium. AT is the surface average
temperature difference between 0 and 40° incident angles of each coating.

3.7 Chapter summary

In summary, a PPy-DA nanofiber light-trapping coating method was
developed for efficient solar vapour generation. This nanofiber coating can be
directly synthesized without using any prepared fibrous template as the
substrate, and easily coated on various substrates by ultrasonic spray coating
at room temperature rapidly (30 min reaction time). In addition, the surface
structure can be further tuned by simply using APS as oxidant to obtain a
granular structure, or using SDBS as surfactant to obtain plane-fibrous or
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plane-granular composite structures. Stronger oxidant (APS) can turn the
fibrous structure (by FeCls) into granular structure due to the instant crosslinks.
The composite structures (plane-fibrous/plane-granular) are due to that
aqueous oxidant solution preferentially extracts hydrophilic components and
leaves part of the hydrophobic pyrrole self-polymerize covering the fibrous or
granular structures below. This nanofiber coating has excellent water
spreading for water transportation, meaning this coating can act the water
transport layer as well. The special light-trapping design at the nanoscale
promotes multiple reflections and significantly improves the solar absorption
at different incidence angles across the full solar spectrum. The highest solar
absorptance achieved 97.73%. This PPy-DA nanofibrous coating shows great
potential for solar vapour generation and other applications based on PPy

materials, especially for those requiring certain surface morphology.
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Chapter 4

Interfacial evaporator with salt back diffusion

4.1 Introduction

Solar vapour generation is a mass and heat transfer process occurring at the
air-water interface, it is more efficient to localize the heat at the interface [42,
99, 103]. Based on this, a typical solar vapour generator tends to float on the
water surface and has the following features to enhance vapour generation:
an efficient solar absorbing top layer to convert solar irradiation into heat; a
thermal management design to minimize heat loss to the bulk water below;
and a well-designed water transport system to pump the water onto the top
layer [58, 73, 75, 101, 111, 128].

In this chapter, polypyrrole-dopamine light-trapping coating was coated on the
polystyrene foam and introduced a cross-shaped water transport tape,
assembling an interfacial solar evaporator, which floats at the air-water
interface (Figure 4.1). The evaporation performance of the plane PPy and
granular PPy-DA coatings were also tested for comparison with the fibrous
PPy-DA coating.

This evaporator achieves a highest solar-to-thermal conversion efficiency of
95.8% at the evaporation rate of 1.385 kg-m2-h"' under 1 sun. When applied
on salt water, salt accumulates on four separate parts of the surface, which
prevents salt from covering the central area with the highest evaporation rate

and achieves self-cleaning of salt in absence of solar irradiation.

Light-trapping structure ‘ Salt back diffusion

Figure 4.1 Schematic view of solar vapour generation in the sun and salt back
diffusion in the dark of the interfacial evaporator coated by polypyrrole-
dopamine nanofiber.
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4.2 Solar evaporator assembly

Based on the PPy-DA nanofiber photothermal material in the previous chapter,
a solar interfacial evaporator was made by coating on a polystyrene (PS) foam
(4.8 cm in diameter and 1.5 cm in thickness). Although the fibrous PPy-DA
coating has good water spreading due to its porous structure, this thin coating
cannot supply enough water to keep up with the solar evaporation rate on a
large surface. Hence, a cross-shaped water transport tape was applied, which
consists of two separate stripe tapes vertically stacking together on the
evaporation surface. Each type (7 cm x 3 mm) was made from airlaid paper,
which has excellent water absorption, coated by fibrous PPy-DA in the same

way (Figure 4.2).

Figure 4.2 Solar evaporator assembly.

By introducing the tapes, the evaporation surface coated by fibrous PPy-DA
could be wetted completely in 40 s, presenting excellent water supply (Figure
4.3).

Figure 4.3 Wettability performance of the solar evaporator.

4.3 Energy efficiency calculation

To evaluate the evaporation performance, the solar thermal conversion

efficiency in this work was calculated by the following equation [160]:
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Where m is the evaporation rate (kg:-m=2-h""); Einput denotes the normal direct
solar irradiation input (1000 W-m2); Cpwater is water specific heat capacity (4.2
kd-kg'-K" at 1 atm); T and To are the surface average temperature and initial
temperature of water respectively; Hrv is the water enthalpy of vaporization at
the surface equilibrium average temperature (The Engineering ToolBox 2020
Water — Heat of Vaporization: https://www.engineeringtoolbox.com/water-
properties-d_1573.html).

4.4 Evaporation of DI water

The evaporation performance of DI water of the evaporator was tested under
a solar simulator. The simulated solar light was provided by a xenon arc lamp
from a solar simulator (ORIEL® Sol3ATM CLASS AAA SOLAR SIMULATOR)
with an optical filter for air mass 1.5 global (AM 1.5 G) standard spectrum
(Figure 4.4). The lab environmental temperature was around 20 °C and
humidity was around 35%. The mass change was recorded every second by
an analytical balance (Discovery DV144C Ohaus Corporation with a
sensitivity of 0.1 mg) connecting to a computer for real-time monitoring. In the
experiment, the solar steam generator floated on the water surface in a
polypropylene beaker. A PS foam was placed between the beaker and the

tray of the balance to insulate heat from the bottom.

Figure 4.4 Solar evaporation performance test system.
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For comparison, the evaporation performance was tested for all the three solar
thermal coatings as prepared in the previous chapter in both dark and
simulated solar environment with DI water first. In dark evaporation (no light),
the evaporation rate of water was only 0.072 kg-m2-h"' (Figure 4.5). In
comparison, the solar evaporators promoted the evaporation performance
even in dark. Among them, due to larger specific surface area, the fibrous
PPy-DA reached 0.162 kg-m2-h-', followed by granular PPy-DA (0.157 kg-m-
2-h") and plane PPy (0.144 kg-m2-h").
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Figure 4.5 Dark evaporation of DI water.

In solar evaporation (Figure 4.6), water evaporation rate reached 0.252 kg-m-
2-h-!. The evaporators notably improved the evaporation rate. Plane PPy itself
has good solar evaporation performance, achieving 1.223 kg-m=2-h"', and the
corresponding solar thermal conversion efficiency reached 84.6%. After
tuning the surface structure, the efficiency was further improved. Fibrous PPy-
DA has the best performance, achieving 1.385 kg-m2-h' with the
corresponding efficiency of 95.8%, followed by granular PPy-DA (1.326 kg-m-
2-h1,91.7%).
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Figure 4.6 Simulated solar evaporation of DI water under 1 sun (1 kW-m?).

For the fibrous PPy-DA light-trapping coating, with no solar irradiation, the
evaporation surface temperature (15.7 °C) was lower than the ambient
temperature (Figure 4.7). This temperature difference drives the heat from the
environment to transfer to the evaporator to continue the evaporation. When
the light was on, the surface temperature soared to ~45 °C in 100 seconds
(not surface average temperature, it is a single point temperature at central
part by a thermocouple). The temperatures below the evaporating surface
1.5/3.0/4.5 cm slowly increased, and with the depth increasing the
temperature increase was slower. This shows the thermal insulating layer well
localized the heat on the surface for evaporation. When the light was off, the
surface temperature rapidly decreased below ambient temperature again, and
the bulk water temperatures below were gradually levelling off. From the
thermal image (Figure 4.7), the evaporating surface temperature was not
uniform and the central part was hotter. The average surface temperature was
40.3 °C. The highest temperature point reached 47.9 °C and the lowest was
28.0 °C at the edge. From the side view, the temperature decreased from the
top (39.7 °C) to the bottom (24.8 °C).
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Figure 4.7 Temperature variation at different position through the solar
evaporation process under 1 sun (T1.5, 3.0 and 45cm Mean the temperature at a
certain distance below the surface). The thermal images (just before light off)
of top and side views were inserted.

The comparison of solar vapour generation performance between recently
reported materials and this work is listed in Table 4.1. It should be noted that
the solar-to-thermal conversion efficiency depends on not only the solar
absorbing material but also the whole evaporation structure and the test
environment. Notably, many factors could potentially influence the
repeatability of the evaporation results. First of all, the environmental
conditions would affect the evaporation rate, including the ambient
temperature, ambient humidity, and the flow of the surrounding air. Then the
uniformity and stability of the light source, the thermal conductivity of the
thermal insulation layer and the bulk water temperature could also affect the
results. In addition, the uniformity of photothermal coating would also affect
the results by affecting the solar absorptance and water transportation on the

evaporation surface.
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Table 4.1 Solar vapour generation performance under 1 sun (1 kW/m?) of
reported materials and this work.

Materials Efficiency Date
Porous graphene [69] 80% 06.2015
I[?;lgl]ayered reduced graphene oxide 83% 08.2017
Graphene oxide foam [161] 89% 10.2019
Reduced graphene oxide [54] 89.2% 08.2017
Graphene membranes [76] 90% 07.2018
Polypyrrole-Reinforced N,S-Doping o

Graphene Foam [162] 90.5% 05.2021
Graphene Oxide—Reduced

Graphene Oxide Janus Membrane 91.4% 01.2021
[163]

Graphene oxide-functionalized

electrospun nanofibrous membrane 94.2% 08.2020
[164]

Tailoring polypyrrole-based Janus 94 7% 07.2021
aerogel [165]

Qraphene/MoOB-x coated porous 95% 06.2021
nickel [166]

This work 95.8% -
Structured graphene [167] 96.2% 03.2020
3D Graphene/Cellulose o

Nanocrystals [168] 97.5% 06.2021
Reduced graphene oxide 08.4% 03.2021

composite aerogels [169]

The quality of the desalinated water was further tested by using simulated
seawater (3.5 wt% NaCl). After solar evaporation, the salt concentrations
dramatically decreased and were much lower than both WHO and EPA

drinking water standards for all three samples (Figure 4.8).
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Figure 4.8 Measured salinities before and after solar evaporation.

The solar evaporation of the fibrous PPy-DA coating was repeatedly tested
ten times (Figure 4.9), and the evaporation rate was found almost constant,
indicating this nanofiber light-trapping coating is satisfactory for long-term

solar evaporation.
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Figure 4.9 Solar evaporation performance over multiple recycles.

To further evaluate the solar evaporation performance under the sunlight in
real field environment. The field solar evaporation test was on a sunny day in
October in Leeds, UK. As the evaporator is floating on the water surface, it is
parallel to the ground. Therefore, the solar power density is tested based on
a flat ground, not facing the sunlight, making it lower than vertical irradiation,
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as illustrated in the insert in Figure 4.10. During the test, the average solar
power density is 361 W/m? and the average temperature is 9 °C, humidity is
~70% and wind speed is 4-9 km/h. An easy-to-implement solar evaporation
and fresh water collection system was presented, and 4.62 g of fresh water
was collected during the test (corresponding to 0.285 kg-m=2-h"') by a 4.8 cm
(diameter) solar evaporator. Lower power density, lower field temperature and
the fresh water collection system all slow down the evaporation rate, which
makes the evaporation rate much lower than that in a simulated sunlight in the
lab.
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Figure 4.10 Solar power density and temperature variation with time in the
field solar evaporation test environment. The insert is a solar evaporation and
fresh water collection system. The solar power density test direction
illustration is also inserted.

4.5 Evaporation of saline water

In seawater desalination, salt accumulation on the evaporation surface will
reflect solar irradiation and cover effective evaporation area, which slows
down the evaporation rate. Here, the salt accumulation process was first
studied with this interfacial evaporator with simulated salt water (3.5 wt% NaCl)
under one sun (1 kW-m) for 6 h, and then salt back dissolution process was
further tested in dark for 18 h (Figure 4.11). The total irradiation is 6 kW-h-m"
2, which is much greater than the US annual average daily solar irradiation

(~4.5 kW-h-m?) [170]. Due to the cross-shaped water transport tapes, salt
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accumulates on four separate parts of the surface, which prevents salt from

covering the hottest area in the centre (i.e. the highest evaporation rate area).
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Figure 4.11 Mass change rate on salt water (3.5 wt% NaCl) over 6 h
irradiation under one sun. Inserts are the salt accumulation process under one
sun over 6 h and salt dissolution process in dark over 18 h (24 h in total).

The evaporation performance was further tested to take the first derivative to
evaluate the evaporation rate of salt water (Figure 4.12). The mass change
curve is not smooth, and in order to take the first derivative of the mass change
curve to obtain the mass change rate curve, a fifth-order polynomial fitted
curve was used (R-square: 0.9999), which was then used to take the first
derivative. To eliminate the liquid level impact, the salt water level was kept
constant by connecting a U-tube salt water supply system to the bottom of the
beaker to supply salt water manually by adjusting the salt water level on the

other side.

The evaporation rate decreased from the beginning and then fluctuated
around 1.238 kg-m2-h"! in 6 hours (Figure 4.11). It should be noted that, the
reason why the evaporation rate of salt water is lower than that of DI water is
due to not only the influence of salt accumulation but also the decrease of salt
water vapour pressure (Raoult’'s Law). The salt dissolution process also

benefits from the separated salt accumulation, because salt back diffusion to
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the bulk water can utilize the whole evaporation surface, realizing self-

cleaning of salt in absence of solar irradiation.
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Figure 4.12 Mass change on salt water (3.5 wt% NaCl) over 6 h under one
sun and its fifth order polynomial fitted curve.

4.6 Chapter summary

Here, an interfacial solar evaporator was developed that is coated by
polypyrrole-dopamine light-trapping nanofibres. The water transport layer is
integrated into the solar absorbing layer due to its excellent water
transportation. A cross-shaped water transport tape is introduced to ensure
enough water supply to keep up with solar evaporation on a large surface.
This evaporator achieves the highest solar-to-thermal conversion efficiency of
95.8% at the evaporation rate of 1.385 kg-m-h-' under 1 sun, and achieves
0.162 kg'm2-h' in dark evaporation. When applied on salt water, salt
accumulates on four separate parts of the surface, which prevents salt from
covering the central area with the highest evaporation rate and achieves self-
cleaning of salt in absence of solar irradiation. The evaporated water quality
over satisfies the WHO and EPA drinking standards.
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Chapter 5

Double-sided evaporation umbrella evaporator

5.1 Introduction

A typical interfacial evaporator (IE) floats at the air-water interface with a
thermal insulation layer below to localize the heat on the evaporation surface,
which makes it single-sided evaporation (Figure 5.1). At the same time, the
water is usually supplied from the edge on the IE, which would accumulate

salts at the centre part. The salts would hinder the evaporation.

In this chapter, a novel umbrella evaporator (UE) is demonstrated, which
double-sided evaporation by discarding the thermal insulation layer beneath,
and improve the efficiencies of both vapour production and salt collection
concurrently (Figure 5.1). And benefiting from the central seawater supply,
salts could precipitate at the edge and falls down for harvesting (in Chapter 6).
In this chapter, the evaporation performance of the IE and the UE was
compared by experiments in the same test environment using deionized water,
and the structural advantages of the UE over the IE was analysed by numeric
simulations. And finally, based on the simulations, the factors affecting the

energy efficiency are discussed.

Figure 5.1 Schematic illustration of the IE and UE.
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5.2 Experiment comparison of evaporation

5.2.1 Solar evaporators assembly

Based on the coating method in Chapter 3, plane polypyrrole was coated on
a filter paper by ultrasonic spray coating to make the black evaporation
surfaces. And the coated filter paper was further made into an IE and a UE
(Figure 5.2).

Figure 5.2 Assembly of the IE and UE. (a) Assembly of the IE. (b) Assembly
of the UE.

The final evaporators for the comparison test are shown in Figure 5.3. To
minimize the solar absorption of other parts except for the solar evaporation
surface, the main body was surrounded by foils. The solar evaporation surface
diameter for both IE and UE is 3 cm. For the IE, a polystyrene foam (1.5 cm
in thickness and 5 cm in diameter) was applied to act as the thermal insulation
layer. For the UE, a polyester pillar (0.8 cm in diameter) was applied for water
transportation. The evaporation surface was directly placed on the top of the

pillar and attached by the surface tension of water.

Figure 5.3 The IE and UE used for the evaporation test.
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The water supply in the polyester pillar is driven by capillary force of the fibers
(Figure 5.4).

Cross section §

Lateral view

Figure 5.4 Cross section and the lateral view of the polyester pillar.

The capillary pressure in the porous surface was calculated as below:

c

P :Z—O-cosﬁ (5-1)
RC

Here P is the capillary pressure, o is the water surface tension (0.072 N/m at

room temperature), R is the capillary radius (25 uym), 6 is the contact angle

(can be roughly regarded as 0°) [171]. Based on the above, the capillary

pressure is roughly estimated to be 5.76 kPa.

5.2.2 Solar evaporation comparison

In solar evaporation, the UE has a much lower surface average temperature
(33.8 °C) than IE (40.5 °C) (Figure 5.5), which is caused by a higher
evaporation rate (1.25 vs 1.10 kg:m-h"", a 13.6% increase). Lower surface
temperature would also help reduce heat loss by decreasing the temperature
difference from the environment, making a higher energy efficiency of the UE
(85.8%) than the IE (75.8%).
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Figure 5.5 Solar evaporation of the IE and UE.

As the UE has a lower surface temperature and a smaller heat transfer area
by the pillar to the bulk water, its surface water temperature increased only
0.95 °C in 2000 s, by contrast, IE increased more rapidly (1.75 °C), indicating
more heat loss to the bulk water (Figure 5.6).
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Figure 5.6 Surface water temperature in solar evaporation.

The evaporation performance comparison of different reported evaporators is
listed in Table 5.1. It shall be noted that the evaporation rate in this work only

comes from the surface evaporation without any side wall evaporation. At the
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same time, the theoretical maximum evaporation rate should be around 1.47
kg-m2-h"' under 1 sun based on the law of conservation of energy.[112]
Evaporation rate comparison of different evaporators in Table 5.1 requires
great care especially for those values beyond this upper limit. A range of
parameters including heat source, light source distance, sample size, water
gap, aperture, light intensity calibration, as well as the evaporation conditions
(e.g. temperature, humidity and wind speed), will influence the evaporators’
performance. Considering all these factors, both the evaporation rate and
energy conversion efficiency obtained in this work are highly impressive. More
importantly, the comparisons of the two designs under the same conditions
provide convincing evidence for the advantages of umbrella structure over the
IEs.
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Table 5.1 Evaporation performance under 1 sun (1 kW/m?) of different
reported evaporators.

Evaporators Photothermal Solar Evaporation rate Efficienc
P material absorptance (kg'm2-h") y
E[42] Exfoliated 97% 1.2 64%
graphite
P
IE[69] orous 98% 15 80%
graphene
Reduced
IE[75] graphene - 1.31 83%
oxide
Carbon black
IE[172] graphene 99% 1.27 87.5%
oxide
IE[31] Polypyrrole . 3.2 94%
gel
Multil
IE[145] ultilayer 95.33% 1.38 92%
polypyrrole
IE[173] Carbon black 95% 1.68 91.5%
polypyrrole
IE[174] Polypyrrole 92.6% 1.35 86.6%
3D Carbon o
evaporator[128] nanotubes i 2.63 96%
3D IE[167] Structure 95% 1.5 96.2%
graphene
3D
o -
evaporator[175] Carbon foam 93% 10.9
Single-sided Carbon o o
UE[130] nanotube 96.5% 1.42 81.2%
Alring Carbon black 97% - 87%
evaporator[176]
Synthetic 0 o
tree[132] Polypyrrole 97% 2.03 75%
Non-contact
on-contac Almeco 95% 0.62 43%
evaporator[177]
Single-sided 0 o
UE[178] MoS: 98.4% 1.38 84.5%
This work Polypyrrole 96.2% 1.25 85.8%
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5.2.3 Dark evaporation comparison

In dark evaporation (no light), the average temperature of both surfaces (IE
20.4 °C and UE 19.5 °C) is lower than the environment (21.8 °C), indicating
that the surfaces could obtain energy from the environment, which drives the
evaporation (Figure 5.7). By contrast, in solar evaporation, a hotter surface
cannot gain energy from the environment by heat transfer. Due to double-
sided heat gaining from the environment, UE has a higher surface average
temperature than IE. Combining with the double-sided vapour diffusion, the
UE has an remarkable 72% higher evaporation rate (0.31 kg:-m2-h-") than the
IE (0.18 kg'm-h""). Therefore, UE has a better SVG performance in both solar

and dark evaporation.

0.00 -
Dark evaporation
-0.05 A
O
£ 010
(@]
4 .
E’ Interfacial evaporator
o) —— Umbrella evaporator
S -0.15- :
=1}
e
[&]
[2)
3
= -0.20
-0.25

T T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Figure 5.7 Dark evaporation of the IE and UE.

5.3 Evaporation simulation setup

To better understand the UE structural advantages in solar evaporation, the
evaporation process was simulated by a commercial finite element software
COMSOL Multiphysics 5.3. The model includes the solar evaporator and the
air above. Here a 2 dimensional axial symmetry (2D AS) steady state model

was used to simulate the evaporation process.

5.3.1 Model description and parameters
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The model consists of three domains: air, porous media and polystyrene (PS)
foam solid (Figure 5.8). The water supply to the evaporating surface is
assumed adequate in the porous media by capillary force, as a result, the
channels inside are filled with water. Therefore, water evaporation in the
porous media can be regarded as happening at the surface for simplification.
In consequence, the vapour concentration in the porous media was set
uniform at saturation to simulate surface evaporation. The heat capacity and
thermal conductivity of the porous media are calculated by the mixed

percentage of filter paper and water.

IE UE
a b

Open boundary Open boundary
- Air domain > - Airdomain  __
= © =i ©
g E g E
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< o < ) Q.
< o < Porous media O

Porcy media 1l .~ Porous media
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Figure 5.8 Schematic diagram of the computed domains and boundary
conditions. (a) IE domains and boundary conditions. (b) UE domains and
boundary conditions.

Three physical processes in the model were used: laminar flow, heat transfer
and vapour diffusion. In which domains each process applies are listed in
Table 5.2.

Table 5.2 The matching relation between physical processes and
computed domains.

Air domain Porous media PS foam solid

Laminar flow Yes No No
Vapour diffusion Yes Yes No
Heat transfer Yes Yes Yes

Laminar flow, heat transfer and vapour diffusion process are coupled mutually

(Figure 5.9). Heat transfer provides temperature (T) to laminar flow and



72

vapour diffusion to calculate viscosity, density and diffusion coefficient
respectively, which are functions of temperature. Laminar flow provides
velocity magnitude to heat transfer and vapour diffusion. Vapour diffusion
provides heat source Q (enthalpy of vaporization) to heat transfer in the

porous media.

Heat source Q

- — -

Diffusion coefficient (T)

Viscosity (T)
Density (T)

Figure 5.9 Coupling relation of heat transfer, laminar flow and vapour diffusion.

Velocity magnitude Velocity magnitude

The major assumptions in the modelling are summarized as below. As the
temperature change was less than 20 °C in the system, the heat capacity,
thermal conductivity, density, heat transfer coefficient and specific heat
capacity of the solid porous media was regarded constant. The ambient
temperature and humidity was set uniform and constant. The vapour
concentration was always assumed saturated at the interface between the
evaporation surface and the air domain. The water supply was always

sufficient for evaporation.

These assumptions would not affect the results much but greatly simply the
simulation. Higher ambient temperature and lower humidity would promote
the evaporation by increasing the saturated vapour pressure and increasing
the vapour concentration difference between the sample surface and the
environment respectively. The constant thermophysical properties adopted in
the modelling would slightly affect the heat transfer process as the sample
temperature changed less than 20 °C. In addition, the potential heat sources
would also pump additional energy into the system to promote the evaporation,
such as the heat dissipation from the computer and the solar simulator, and

the heat from unabsorbed solar irradiation, which should be minimized.
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The key parameters in this simulation are listed in Table 5.3.

Table 5.3 Key parameters in the simulation.

IE UE
Ambient temperature 21.8°C
Ambient relative humidity 0.5
Air domain height 16 cm
Air domain radius 6 cm
Surface emissivity (surface absorptance) 0.962*
Evaporation surface porosity 0.806*
Bulk water surface temperature 22.7 °C 22.3°C
PS foam height 1.5cm -
PS foam radius 2.5cm -
Polyester pillar porosity - 0.885*
Polyester pillar radius - 0.4 cm
Polyester pillar length - 2cm

The data (marked *) in Table 5.3 is obtained by the following methods.

The surface emissivity (surface absorptance) is calculated by the following

equations:
solar = 1_ Rsolar " Lsolar (5 -2)
_[R Iso/ardﬁ“ (5 3)
solar - J‘Isolardﬂ,
J- T ’ [mlai d/l
I;olar =77 . (5_4)
J-]sulard/l

Where Asolar is solar energy absorption across the standard solar spectral
irradiance (AM 1.5G), R is reflectance and T is transmittance of the coating
(Figure 5.10). Isoar is solar spectral irradiance (W-m?-nm™) and A is the

wavelength (nm). By calculation, the surface absorptance is 0.962.
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Figure 5.10 Diffuse reflectance spectra and transmittance spectra of the
pristine filter and PPy coating on filter paper. (a) Diffuse reflectance spectra.
(b) Transmittance spectra. The standard solar spectral irradiance (AM 1.5 G)
serves as a background reference.

Evaporation surface porosity is determined by the following method. The
evaporation surface (3 cm in diameter and 0.016 cm in thickness) was first
soaked in DI water for 1 h and then placed on the polyester pillar inserted in
water. The whole structure was held for 12 h to make the evaporation and
capillary-driven water supply by the pillar balanced. The pores inside would

be filled with water. The porosity is calculated by the following equations.

-M

1% — paper-+water paper ( 5. 5)
water
pWa[@r
2
Vpaper =7 paperh ‘paper (5 _6)
Porosity = VW“% (5-7)
paper

Where Vwater is the water volume, Mpaper+water is the weight of the filter paper
saturated with water after holding for 12 h, Mpaper is the weight of the dry filter
paper, and pwater is the water density (1 kg/m?3). Vpaper is the filter paper volume,
roaper IS the radius of the filter paper (1.5 cm), hpaper is the thickness of the filter

paper (0.016 cm). By calculation, the evaporation surface porosity is 0.806.

Polyester pillar porosity is calculated in a similar way and equals 0.885.
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The material properties of water and air derive from COMSOL 5.3 built-in
material library. The properties of the filter paper cellulose fibre, PS foam and

polyester pillar fibre are listed in Table 5.4.

Table 5.4 Material properties.

Filter paper PS Polyester pillar
fiber foam fiber
Density (kg-m3) 1500 20 1380
Heat transfer coefficient
(W-mr-K-1) 0.04 0.035 0.05
Specific heat capacity
(Jkg K 1107 1450 987

5.3.2 Model equations

The evaporation system simulation was calculated by solving the following

equations.

For laminar flow:

paa—l;+pu-V(u):—Vp+V-(,u(Vu+VuT))+pg (5-8)

V-(u)=0 (5-9)

Where u is the velocity of fluid, p is density which is a function of temperature
and pressure (the built-in functions in the software were used), u is viscosity
(function of temperature and the built-in functions were used), g is the

gravitational acceleration constant (9.81 m/s?).
For vapour diffusion:

%—szc+u-Vc=R (5-10)
4

Where c is the water vapour concentration, D is the corrected diffusion

coefficient of vapour. R the reaction rate (i.e. evaporation rate).

D=D _cfxD, (5-11)

T1.9
D, =4.7931x107° x| — (5-12)
L

p
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R:K_evapx(c_sat—c) (5-13)
c_sat= L(T) (5-14)
RT

Where D _cf is the diffusion coefficient correction factor, D. is water vapour
diffusion coefficientin the air [179]. K_evap (1/s) is evaporation rate coefficient.
To simulate the saturation state of the vapour in the porous media, a large
enough value (1000 1/s) was given to K evap, making the vapour
concentration in the porous media is uniform at saturation. c¢_sat is the
saturation concentration, psa(T) is the saturation pressure at certain 7. R is
ideal gas constant (8.314 J-mol-'-K-"). The relative humidity (RH) is calculated

as below:

RH = — (5-15)

For heat transfer:
oT 5
pCp5+pCpu-VT—kV T=0 (5-16)

Where T is temperature, Cp is heat capacity at constant pressure, k is heat

conductivity coefficient. Q is a heat source as below:

O=-RxH evap (5-17)
H _evap =45000-42.95x(T —273) (5-18)

Where H_evap (J/mol) is the enthalpy of vaporization for water [180].

For heat radiation:

q=cA(G-J) (5-19)
J=o(T*-1,,) (5-20)

Where q is the radiation heat, ¢ is the surface emissivity (surface absorptance),
A is the radiation surface area, G is the solar irradiation input (1000 W-m2). J
is the surface radiation, o is the Stefan-Boltzmann constant (5.6704x108

W-m2-K#), Tams is the ambient temperature.
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5.3.3 Boundary and initial conditions

The boundary conditions are also shown in Figure 5.8. Top and right sides are
open boundaries (ambient temperature and ambient relative humidity),
meaning heat, air and vapour can freely flow in and out. In heat transfer
process, the bottom boundary is constant at 20 °C to simulate water surface
below. For laminar flow and vapour diffusions processes, the bottom
boundaries in their own calculating domains are set as walls, meaning no flow

and no vapour flux can go through the bottoms walls.

As for initial conditions, the whole model was at ambient temperature and
under ambient pressure. In air domain, ambient relative humidity was used.
In porous media domain, relative humidity was 1 (vapour concentration
reached saturation). The initial velocity field was zero for laminar flow, and the

following flow was caused by air density difference.

5.3.4 Mesh conditions

The mesh conditions of the IE and UE are shown in Figure 5.11. For the |IE
case, there are 30503 cells and 1106 boundaries in the mesh. For the UE
case, there are 31023 cells and 1073 boundaries. Mesh is refined at the
corners and boundaries. The dependence of model mesh size is also
examined by evaporator surface temperature distribution using the original
and refined mesh cases (Figure 5.12). As the original and refined curves
overlaps together, the influence of mesh size is negligible. There is slight

difference observed when the mesh is further largely roughened.

IE mesh UE mesh

Figure 5.11 Mesh conditions of the models.
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Figure 5.12 Dependence of mesh size by surface temperature distribution
using three mesh cases.

5.3.5 Simulation validation

Laminar flow was applied to simulate the moist air. However, laminar flow
cannot exactly reproduce the air turbulence flow in real experiments due to
the air disturbance under real experimental conditions. The effect of this
turbulence flow mainly reflects in diffusion coefficient increase of the water
vapour in air. For simplification, a diffusion coefficient correction factor (D_cf)
was introduced to simulate the effect of air turbulence flow. The D _cf was set
as 1.9 and 1.8 respectively for the IE and UE to make the surface average
temperature equal to the experiment values (Table 5.5). Then the evaporation
rate was used to evaluate the model accuracy. The simulation evaporation
rates are very close to the experiment rates for both IE and UE, leading to a
very high accuracy (93.5% for IE and 91.1% for UE).
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Table 5.5 Simulation and experiment results comparisons.

IE UE
Diffusion coefficient correction factor (D_cf) 1.9 1.8
Simulation surface average temperature (°C) 40.5 33.8
Experiment surface average temperature (°C) 40.5 33.8
Simulation evaporation rate (g/s) 2.02x10* 2.24x104
Experiment evaporation rate (g/s) 2.16x10* 2.46x10*
Accuracy (Simulation/Experiment) 93.5% 91.1%

5.4 Results of evaporation simulation comparison

The velocity fields of the IE and the UE are similar, air converges from the
periphery over the evaporation surface and then flows up carrying vapour,
caused by the density decrease by the solar evaporator heating (Figure 5.13a,
b). The temperature of the IE is obviously higher than UE, with the surface
central part being the highest for both cases (Figure 5.13c, d). The surface
temperature is far from the boiling point. That is the reason why it is supported
to name this process “solar vapour generation” instead of “solar steam
generation” [58]. Most of all, the UE vapour concentration and relative
humidity fields differ a lot from the IE (Figure 5.13e-h). Both sides of the UE
surface can evaporate, doubling the mass transfer area. Better mass transfer

condition leads to a higher evaporation rate and a lower surface temperature,

which increases the energy efficiency.
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Figure 5.13 Solar evaporation velocity, temperature and relative humidity
fields by simulation. (a,b) IE and UE velocity fields. (c,d) IE and UE
temperature fields. (e,f) IE and UE vapor concentration fields. (g,h) IE and UE
relative humidity fields.

A thermal insulation layer under the UE surface would localize the heat on the
surface but hinder the back evaporation, decreasing the overall evaporation
rate, which is verified by the following simulation. Figure 5.14 shows the
single-sided UE with a thermal insulation layer beneath. There is no essential
difference between the single-sided evaporation UE and the IE. Due to the
thermal insulation layer, its surface average temperature reaches 38.6 °C,
which is much higher than the double-sided evaporation UE. Its evaporation
rate is 2.02x10 g/s, which is almost equal to the IE and much lower than the
double-sided UE (2.24x10“ g/s in Table 5.5). Therefore, double-sided
evaporation of the UE is the key factor to surpass the single-sided IE in

evaporation performance.
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Figure 5.14 Single-side evaporation UE with a thermal insulation layer. (a)
Velocity field. (b) Temperature field. (c) Vapor concentration field. (d) Relative
humidity field.




81

5.5 Energy efficiency improvement

Based on the simulation, the key factors affecting the energy efficiency
improving were further analysed. Higher ambient temperature decreases the
temperature difference between the sample and the environment, which
increases the energy efficiency for both UE and IE (Figure 5.15a). Higher
ambient humidity deteriorates the vapour diffusion conditions, which
decreases the efficiency (Figure 5.15b). Higher bulk water temperature
increases the energy efficiency due to less heat loss to the bulk water (Figure
5.15c¢). Higher surface solar absorptance also increases the energy efficiency

due to more solar energy captured into the system (Figure 5.15d).
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Figure 5. 15 Key factors affecting the energy conversion efficiency. (a)
Ambient temperature versus the efficiency. (b) Ambient humidity versus the
efficiency. (c) Bulk water temperature versus the efficiency. (d) Solar
absorptance of the evaporation surface versus the efficiency.

In addition, the evaporation surface diameter also affects the efficiency. Larger
evaporation surface diameter deteriorates the mass transfer conditions to
make the vapour in the central part reach saturation, which decreases the
evaporation rate and the efficiency for both UE and IE (Figure 5.16). With the
evaporation surface diameter increasing, the heat loss to bulk water
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percentage decreases for the UE (Figure 5.17). By contrast, the |IE heat loss

percentage increases due to the increasing heat transfer area.
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Figure 5.16 Evaporation surface diameter versus the efficiency.
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Figure 5.17 Evaporation surface diameter versus heat loss to bulk water
percentage.

Specially, for the EU, there are another two factors: surface height and
opening angle. If the surface is too low (for 3 cm diameter case, height less
than 3 cm), the ground surface would affect the back vapour diffusion (Figure
5.18).
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Figure 5.18 Surface height of the UE versus the efficiency.

Opening angle of the evaporation surface also affects the vapour diffusion
(Figure 5.19). At the same vertical projection area, a larger opening angle

enhances the back diffusion especially when the opening angle is above 105°

(Figure 5.20).

Figure 5.19 Schematic illustration of the opening angle and the vertical

Same vertical projection area

- — — — — — ———

projection area of the UE.
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Figure 5.20 Influence of the opening angle of the UE on the relative humidity
field.

Meanwhile, smaller or larger opening angles leads to larger surface area. A
flat evaporation surface (opening angle = 90°) reaches the highest
evaporation rate per unit surface area (Figure 5.21). It should be noted, the
UE with any opening angle has a higher evaporation rate than the IE. As
demonstrated, the energy conversion efficiency depends on the whole
evaporation system. Li et al. have well described the attention points in the
efficiency measuring process [160]. Here, some test environment and
evaporator structure factors were quantitatively supplemented for a better

evaluation of the efficiency.
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Figure 5.21 Influence of the opening angle of the UE on the evaporation rate
in the same projection area and the evaporation rate per unit evaporation
surface area.

5.6 Chapter summary

Here, a UE was demonstrated and its structural advantages in solar vapour
generation over a typical IE was proved by both experiments and simulations,
which owns to its double-sided evaporation feature, leading to a lower surface
temperature and a higher energy efficiency. In solar evaporation, the UE has
a much lower surface average temperature (33.8 °C) than IE (40.5 °C), which
is caused by a higher evaporation rate (1.25 vs 1.10 kg'm2-h"', a 13.6%
increase). In dark evaporation, due to double-sided heat gaining from the
environment and double-sided vapour diffusion, the UE has an remarkable 72%
higher evaporation rate (0.31 kg-m2-h"") than the IE (0.18 kg-m2-h"").

Lower ambient temperature, lower humidity, lower bulk water temperature,
lower evaporation surface solar absorptance, and larger evaporation surface
diameter all decrease the energy conversion efficiency of the system.
Specially for the UE, lower evaporation surface height would affect the back
vapour diffusion. At the same vertical projection area, a larger opening angle
enhances the back diffusion especially when the opening angle is above 105°.
Smaller or larger opening angles leads to larger surface area. A flat
evaporation surface (opening angle = 90°) reaches the highest evaporation

rate per unit surface area.
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Chapter 6

Salt harvesting from an umbrella evaporator

6.1 Introduction

When a solar evaporator is applied on real seawater, with evaporation going
salt would accumulate on the photothermal material and gradually slow down
the evaporation, which would affect the continuous operation of the solar
evaporation. At the same time, salt can be treated as a high added-value
product. Therefore, harvesting salt while producing fresh water is the optimal
strategy to achieve continuous operation and the economic maximization.
Benefiting from the central water supply design of the umbrella evaporator,
salt can be harvested from the evaporation surface edge. In this chapter, the
salt accumulation behaviours on the edge are demonstrated in Section 6.2.
The salt harvesting mechanism from the umbrella evaporator is proposed in
Section 6.3. The salt falling behaviours of real seawater are different from the
simple simulated seawater (3.5 wt% NaCl solution) because of its containing
Ca?* , Mg?*, etc. The application situations on real seawater are analysed in
Section 6.4. To quickly test if the pre-treated real seawater is satisfied for salt
harvesting, a facile test method is proposed in Section 6.5. Conclusions are

drawn in Section 6.6.
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6.2 Salt accumulation and collection

The most attractive feature of the UE is the salt harvesting feature from the
edge. Saltis washed to the edge and accumulates there, and then falls down.
A UE with a saline water supply system was designed to adjust the water level
using a communicating vessel (Figure 6.1). Water level is fixed at -2 cm below
the evaporation surface by adjusting the water tank hight. The evaporaiton
surface diameter is 3 cm. Simulated seawater (3.5 wt% NaCl solution) is used
for this test. The pre-wetting method is to soak the evaporation surface into

the corresponding solution for 1 min.

Solar simulator

Communicating vessel

/
/

Water tank

Computer

1<

Figure 6.1 Solar evaporation salt harvesting test system under 1 sun (1
kW/m?). The communicating vessel is used to adjust the saline water level of
the sample.

As the water absorption of the filter paper decreases with time (Figure 6.2), to
minimize its influence, a number of evaporation surfaces (polypyrrole coating
on filter paper) were prepared and a new one was used for every test. The
evaporation surface was first dipped in the saline water (3.5 wt% NaCl solution)
for 1 min to make it pre-wetted and then placed on the polyester stick. The
evaporation surface will be attached to the top of the polyester stick by water

surface tension.
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Figure 6.2 Water absorption of filter paper with time.

Water level determines the water supply to the surface, without water supply
system, water level creases with evaporation (from -2 to -7.4 cm to the
evaporation surface in 24 h), salt accumulates on the edge and does not easily
fall (Figure 6.3). The salt falling at the edge is determined by the competition
between the evaporation rate and the water supply rate at the edge due to
capillarity, which can be simply controlled by adjusting the solar intensity.
When the light was turned off (less evaporation to improve water supply), the
accumulated salt began to fall piece by piece, and most of the salt fell down
in 30 min. When fixed at -6 cm, there are still large salt block hanging at the
edge, turning off the light also helped the salt falling; when fixed at -8 cm, salt

ring tend to shrink.

Level back to -2 cm
30 min

Figure 6.3 Salt accumulation and harvesting performance with different water
levels.
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The surface diameter is similar, which determines the water supply to the edge.
When the water level is fixed at -2 cm, the UE with 3 cm diameter works well,
and larger diameter accumulates more salt at the edge (Figure 6.4). Improving

the water supply by turning the light off, most salt fell in 30 min.

Figure 6.4 Salt accumulation and harvesting performance with different
evaporation surface diameters.

When water supply is sufficient (-2 cm water level and 3 cm diameter),
prewetting condition (no prewetting, by DI water, or by saturated NaCl solution)

does not affect the salt collection (Figure 6.5).
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Figure 6.5 Salt accumulation and harvesting performance with different pre-
wetting conditions.

The UE is able to deal with up to 7 wt% NaCl solution (2 times seawater
concentration), which is the upper limitation of the reversed osmosis waste
brine concentration due to hydraulic-pressure limitations [181], indicating UE
even has the potential to deal with the reverse osmosis desalination waste
brine (Figure 6.6).

AV N
h

Figure 6.6 Salt accumulation and harvesting performance with different NaCl
solution concentrations.
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6.3 Salt harvesting mechanism

A UE under a microscope was set up to study the salt harvesting mechanism
(Figure 6.7).

Mirror

%/, W/J‘% %Fresnel lens

SN 4

Water tank

Computer

Microscope

Solar simulator ..
Communicating vessel

Figure 6.7 Salt precipitation on a UE under a microscope. A water tank is
connected to the sample by a communicating vessel to keep the salt water
level constant. The light intensity at the sample was calibrated to 1 kW/m? by
introducing a Fresnel lens and adjusting the incident light intensity from the
solar simulator.

NaCl crystallizes from the edge to the centre in a flat manner, and then some
parts hump (Figure 6.8). These humps accelerate the dissolution of the small
crystals around to make them precipitate on the humps forming 3D structures,
which can be explained by Ostwald ripening [182]. Salt crystallization on the
evaporation surface is a dynamic equilibrium of crystallization and dissolution,
in which way salt moves to the edge. When the salt at the connecting points
is dissolved, salt falls, leaving some tiny seed crystals for the following
crystallization. The mobility of the salt determines if the salt can precipitate at
the edge and fall. As above, insufficient water supply and high salt
concentration will reduce the salt mobility to make the salt gradually precipitate

to the centre.
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Figure 6.8 Salt precipitation and falling microscopic behaviours at microscale.

Water supply plays an important role in the dynamic equilibrium to harvest salt.
It should be noted, salt does not grow from the root pushing forward on the
edge, but from the front by wicking the salt water. Therefore, the front shape

is changing all the time due to new precipitation (Figure 6.9).

Figure 6.9 The front shape development of the salt precipitation.
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The porous structures inside the salt clusters supply the water by capillary
force, see the surface and cross section of a fallen salt cluster (Figure 6.10).

Figure 6.10 Porous surface and cross section of a fallen salt cluster.

Even the fallen salt still retains water, see the salt stains (Figure 6.11).

Figure 6.11 The fallen salts on the glass and the salt stains.

To sum up, salt water is wicked to the front by the channels in the salt clusters,
during which the connecting salt is dissolved, leading to the salt falling (Figure
6.12).
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Evaporation surface edge

Figure 6.12 Salt falling from the edge mechanism schematic.

6.4 Application on real seawater

The UE works well in both SVG and salt harvesting in the simulated seawater
(NaCl 3.5 wt%) above. However when applied on real seawater, the
evaporation rate significantly decreases in the first 6 h and keep almost stable
in the fallowing time (Figure 6.13). The salt gradually also covers the surface
to the centre in the first 6 h and decreases clean evaporation area, after which
the salt covering area stops increasing and the salt accumulation become

thicker, which explains the change of evaporation rate during this time.
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Figure 6.13 Application on pristine seawater.
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To find out the reason why the salt does not accumulate at the edge from real
seawater, fully simulated seawater was used by adding NaCl, KCI, Na>S0Oa,
CaCl2-2H20, and MgCl2-6H20 gradually to find out which ions affect the salt
falling the most (Table 6.1).

Table 6.1 Simulated seawater ionic concentration [183].

Component Concentration (g/kg seawater)
Cr 19.4
Na* 10.8
S04 2.71
Mg?* 1.29
Ca? 0.41
K* 0.39
Total 35.0

First, salt harvesting was achieved from the basic simulated seawater (NaCl,
NaSQ4, and KCI) (Figure 6.14a). The system still works well when Ca?* is
added, however, when Mg?* is added (even if its 1%), the salt does not fall
until Mg?* is decreased to its 0.1% (Figure 6.14b-f). Notably, higher Ca?*
concentration would also stop the system (Figure 6.14g). As a result, Ca®* and
Mg?* both affect the salt harvesting, especially Mg?*, which should be
decreased to its 0.1% (0.0129 g/L). Based on the above findings, Mg?* was
removed by adjusting the seawater pH to 12 by NaOH to precipitate Mg(OH)2
(Ksp=1.5x10"""), the solution was filtered, then pH was adjusted back to 7 by
HCI, and the salt harvesting was achieved from the fully simulated seawater
(Figure 6.14h). However, when applied on real seawater, salt hangs at the

edge due to other ions interferences (Figure 6.14i).
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Figure 6.14 Salt harvesting of simulated seawater with different compositions.
1% MgCl> means Mg?* concentration is decreased to its 1% (0.129 g/L).

Based on the analysis above, for real seawater, Mg?* was first removed by
adjusting pH to 12 by adding NaOH (~ 4.64 g per liter seawater), and then
further 50% Ca?* by adding Na>COs to precipitate CaCO3 (Ksp=4.8x107)
(Figure 6.15). Then a centrifuge was used to separate the sediments out, and
the solution pH was adjusted back to 7 by adding HCI. It should be noted, due
to the solubility equilibrium of Mg(OH)2 and CaCOs in water, Mg?* and Ca?*
cannot be removed completely. After the pretreatment, continuous operation
of SVG and salt harvesting for 100 h was achieved (Figure 6.16). The above

concentration of these two ions is the system working higher limit.

Add NaOH and Na,CO,

Pristine Seawater

Figure 6.15 Seawater pretreating. (a) Pristine seawater. (b) Seawater after
adding NaOH and Na>COj3 containing precipitates.
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Figure 6.16 Application on pre-treated seawater.

After solar desalination, the ionic concentration (1.91 mg/L total dissolved
solids) decreased far below the WHO drinking water standard (less than 1000
mg/L) (Figure 6.17).
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Figure 6.17 lonic concentrations of pristine, pre-treated, and desalinated
seawater.

Concentration (mg/L)

Ca?* and Mg?* can also reduce the mobility of the salt on the evaporation
surface due to their higher ionic potential, which indicates the surface charge
density of an ion (Table 6.2).
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Table 6.2 The change number, radius and ionic potential of the main ions
[184, 185].

Na*  K* Mg Ca®* CI SO

Charge number (z,e) 1+ 1+ 2+ 2+ 1- 2-
lonic radius (r, nm) 0.116 0.152 0.086 0.114 0.167 0.258

lonic potential (z/r, 862 6.58 2326 17.54 - -
e/nm)

lons with higher ionic potential more strongly attract opposite ions around. At
the same time, Ca?* and Mg?* (especially Mg?*) have the smallest diameters
in the system (Table 6.2), making them easier to insert into the NaCl
precipitations, and link the precipitations to make them bond stronger, which
reduces the liquidity of the salt and make the salt cover the surface gradually
to the centre (Figure 6.18). Lower Ca?* and Mg?* concentration make it
possible to precipitate at the edge, however, their existence also affects the
salt falling. Due to the linking of these two ions, the salts hanging on the edge
become bigger and harder, and even bind with their neighbours, making it

more difficult to fall (Figure 6.18).
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Figure 6.18 Salt covering and falling mechanism schematic for real seawater.
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6.5 Facile test for salt harvesting

The pre-treated seawater quality (Mg?* and Ca?* content) determines if salts
can be harvested from the edge. Knowing the ion contents usually requires
professional equipment (e.g. ICP-MS or AAS). Here, a facile method is
proposed to test if the pre-treated seawater is satisfied for salt harvesting by
simply dipping a drop on a glass slide. When the drop is naturally dry, the salt
creeping that can be seen by naked eyes indicates the possibility of salt falling.
Salt creeping is a common phenomenon that salt precipitate far from the
evaporation boundary [186]. NaCl solution has the typical salt creeping

behaviour, with fine crystals spreads out from the boundary (Figure 6.19).

Figure 6.19 Salt creeping of NaCl solution (3.5 wt%). The salt stain was
created by dipping 20 uym salt water on a glass slide and making it naturally
dry. (a) Salt creeping image by microscope. (b) Salt creeping image by SEM.

The pre-treated seawater has a similar behaviour by naked eyes, however, at
the micro level, the crystals are closer with a top covering (Figure 6.20a, b).

There is no such salt creeping behaviour for pristine seawater (Figure 6.20c).

Figure 6.20 Salt creeping of the pre-treated seawater. (a) Salt creeping image
by microscope. (b) Salt creeping image by SEM. (c) Pristine seawater.
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To verify the correlation of the salt creeping phenomenon and salt falling,
different solutions were tested (Figure 6.21). The concentrations of the salts
derive from the simulated seawater content above. The pretreating method
for the fully simulated seawater and real seawater is to adjust the solution pH
to 12 by adding NaOH and separate the sediments, and then adjust the
solution pH back to 7 by adding HCI. To sum up, salt falling happens when

the salt creeping phenomenon appears.

NaCl+Na,SO+KCl

KCI 3.5 wt% Na,S0, 3.5 wt% MgCl, 3.5 wt% CaCl, 3.5 wt% (Basic)

Basic+CaCl, Basic+MgCl, Basic+1% MgCl, Basic+0.1% MgCl, Basic+CaCl,+1% MgCl,

N N Fully simulated seawater Fully simulated seawater Real seawater
Basic+CaCl,+0.1% MgCl, Fully simulated seawater pH 117 pH 1257 pH 1217

Figure 6.21 Different salt creeping images and whether their falling happens.
(a-d) Pure 3.5 wt% KCI, Na>SO4, MgCl> and CaCl2 respectively. (e) NaCl,
Na2S04, and KCI as basic solution. (f) Basic and CaCl». (g) Basic and MgClo.
(h) Basic and 1% MgCl.. (i) Basic and 0.1% MgCl>. (j) Basic, CaCl2 and 1%
MgCls. (k) Basic, CaCl2 and 0.1% MgCl.. (1) Fully simulated seawater. (m)
Fully simulated seawater after adjusting pH to 11 and back to 7 to remove
Mg?*. (n) Fully simulated seawater after adjusting pH to 12 and back to 7 to
remove Mg?*. (0) Real seawater after adjusting pH to 12 and back to 7 to
remove Mg?*.

For salt creeping behaviour, at the end of drying, salt at the boundary forms
many scattered crystals in a planar way, leaving channels between them to
transport water to the frontline by capillary force (Figure 6.22).



Figure 6.22 Salt creeping mechanism schematic.

When Ca?* and Mg?* content is high, due to their higher ionic potential
(stronger ability to attract particles with opposite charge), they link the water
with salts to hold the water from flowing forward, and there will be no salt
creeping (Figure 6.23). Therefore, it can be determined if Ca%* and Mg?*
contentis low enough for the UE salt harvesting by observing the salt creeping.
Overall, the more obvious the salt creeping phenomenon, the easier it is for

the salt to fall for harvesting.

Figure 6.23 Schematic of the restraining salt creeping by Ca?* and Mg?*.
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6.6 Chapter summary

This chapter showed the salt harvesting performance of the umbrella
evaporator. In addition, the salt falling mechanism was proposed and how the
components in real seawater affect the salt falling was also analysed. Water
level determines the water supply to the surface, and similarly the surface
diameter determines the water supply to the edge. A lower water level or
larger surface diameter makes more salt accumulate on the edge and not fall
easily. When water supply is sufficient, prewetting condition (no prewetting,
by DI water, or by saturated NaCl solution) does not affect the salt collection.
The umbrella evaporator is capable of harvesting salt from saline water
containing up to 7 wt%. Salt accumulation on the evaporation surface is a
dynamic equilibrium of crystallization and dissolution, in which way salt moves
to the edge. The mobility of the salt determines if the salt can precipitate at
the edge and fall. Insufficient water supply, high salinity, and the presentation
of Mg?* (especially) and Ca?* will all reduce the salt mobility to make the salt
gradually precipitate to the centre. The salt on the edge grows from the front
by wicking the water through its porous structures inside and falls due to the
dissolution of its connecting parts. By removing Mg?* and Ca?* through
sedimentations, continuous solar vapour generation with salt harvesting from
real seawater for 100 h was achieved. Finally, a facile method was proposed
to determine the water quality for salt harvesting by simply dipping a drop on
a glass slide to observe the salt creeping behaviours. The more obvious the

salt creeping phenomenon, the easier it is for the salt to fall for harvesting.
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Chapter 7

Suspending evaporator with top water supply

7.1 Introduction

Solar evaporation utilizes photothermal materials to convert solar energy into
heat for water evaporation and generates high-quality drinkable fresh water
[68, 118, 145]. It is a promising desalination technology to mitigate fresh water
scarcity problem in a green and sustainable way [56, 187, 188]. In recent
years, the exploration of photothermal materials has received extensive
interest [3, 189, 190]. It is clear that the energy conversion efficiency for the
evaporation system is determined by two major factors: solar absorptance of
the photothermal materials (from solar energy to heat) and vapour generation
efficiency (VGE) of the evaporator (from heat to vapour). Compared to the
intensive study of photothermal materials, the investigation of the structural
improvement of evaporators is still insufficient. Proper structural optimization
could improve the VGE by reducing heat loss, supplying sufficient water for

evaporation and improving the vapour transport conditions.

A typical IE floats at the water-air interface, with a top solar absorbing layer,
and a thermal insulation layer below to localize the heat on the evaporation
surface [58, 119, 191]. Water supply is typically driven by capillary force
originated from the middle porous layer. One of the key design considerations
of IE is to reduce heat leak into the bulk fluid, which relies on the insulation
layer. Either waterproof insulation layer or porous insulation layer has been
used. Employing waterproof thermal insulation layers reduces heat leak but
forces water go through the side walls to the evaporation surface centre [75,
103], which can hardly satisfy the evaporation rate on a larger evaporation
surface. Using porous thermal insulation layer allows the below water to be
directly transported to the evaporation surface, which solves the water supply
issue for large evaporation surfaces [69, 192], but suffers greatly the heat loss
problem through water channels. More importantly, when applied on seawater,
salt would accumulate on the photothermal materials and gradually slow down

the evaporation rate [193, 194].
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The umbrella evaporator in Chapter 5 and 6 uses a central archive structure
to supply water to the evaporation surface and accumulates salts at the edge,
where salts can automatically fall down by gravity. The structure improvement
leads to impressive results for continuous water production and salt harvesting
concurrently. However, its water transport rate is still limited by the capillary
force, which is difficult for higher evaporation rate. For example, the
evaporator used had a maximum evaporation surface diameter of 3 cm and
surface height of 8 cm, which greatly limits the larger area applications of the

umbrella evaporator.

To address this limitation, a double-sided suspending evaporator was further
developed with top water supply and surface water distribution systems for
high-efficient concurrent solar evaporation and salt harvesting. The water
supply for this evaporator is from the top and is dripped onto the evaporation
surface centre, which gets away from the capillary limitation while completely
cuts off the heat loss to the bulk fluid below. Owning to the central top water
supply, salt accumulates at the evaporation surface edge and falls down due
to gravity for harvesting. The evaporation rate (3 cm in diameter case) reached
1.40 kg-m?-h™" with DI water under 1 sun (1 kW/m?), whose corresponding
energy conversion efficiency is 95.7%, with a remarkable low surface average
temperature of 28.2 °C. Through both simulations and experiments, a radial
arterial water distribution system was further designed to efficiently distribute
the water to a larger evaporation surface, and 70 h continuous solar
evaporation and salt harvesting at 1.04 kg:-m2-h"' (based on the complete
circle area with 11 cm in diameter) was achieved with 3.5 wt% NaCl solution
on the floriform evaporation surface. This work reveals the water supply and
salt accumulation problems in scaling up the solar evaporators and advances
new ideas for the structural design of the evaporators for high-efficient large

area applications.

7.2 Suspending evaporator conception

The most widely studied IEs float at the water-air interface, relying on only
single-sided evaporation (Figure 7.1). Generally, a thermal insulation layer

floats the whole structure and reduces the heat loss to the bulk water by the
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bottom surface. Recently, an umbrella-shaped evaporator is drawing more
and more attention. It utilizes a pillar to support the evaporation surface and
supply water to the top by capillary force. This umbrella evaporator achieves
double-sided evaporation, which has been proved more efficient than single-
sided evaporation in the previous section. The suspending evaporator
proposed in this work adopts top water supply to achieve double-sided
evaporation and completely cuts off the heat loss to the bulk water (Figure
7.1). In addition, the water supply rate should meet the evaporation rate to
keep the system working at a high efficiency. The water supply of interfacial
and umbrella evaporators heavily relays on the capillary force of the water
transport system, which limits their scale-up. The proposed top water supply

system is able to provide sufficient water for evaporation.

Sufficient top water supply

Heat loss Heat loss No heat loss
to the bulk water to the bulk water to the bulk water

Figure 7.1 Interfacial evaporation, umbrella evaporator and suspending
evaporator comparison in evaporation and heat loss.

7.3 Evaporation performance

Figure 7.2a show the schematic view of the application of the suspending
solar evaporator. Polypyrrole was coated on a filter paper to obtain the black
evaporation surface (0.16 mm in thickness), whose solar absorptance is 96.2%
and porosity is 0.806. To examine its solar evaporation performance, a syringe
pump than can control the flow rate was used to supply water to the

evaporation surface under a solar simulator (1 kW/m?) (Figure 7.2b).
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Figure 7.2 Schematic illustration of the application and experiment systems.
(a) Schematic illustration of the suspending solar evaporator with salt
harvesting system. (b) Solar evaporation experiment system under 1 kW/m?.

The ambient temperature is around 21 °C and the humidity is around 50%
during the test. The water supply rate is determined by following two
requirements: no dry part on the top evaporation surface and no water
accumulation on the back surface by observation. The suspending evaporator
(3 cm in diameter) works steady with DI water at the top water supply rate of
0.0165 mL/min, corresponding to 1.40 kg-m=2-h"', and the corresponding
energy conversion efficiency is 95.7% (Figure 7.3a). The surface average
temperature is 28.2 °C, which is much lower than a typical IE (40.3 °C) under
the same test environment in our previous work [195]. For this suspending
evaporator, lower surface average temperature indicates higher energy
conversion efficiency. The energy loss for the suspending evaporator only
comes from the heat loss to the environment, mainly due to natural convection.
Therefore, lower surface average temperature decreases the temperate
difference with the surrounding environment, leading to a higher efficiency.
Notably, the evaporator achieves salt harvesting from the evaporation surface
edge at the same salt water supply rate (0.0165 mL/min) with a surface
average temperature of 29.3 °C (Figure 7.3b). The suspending evaporator can
work at a wide range of water supply. Lower water supply (0.0132 mL/min, i.e.
80% of the steady rate) makes the surface dry, and the salt accumulates to
the center instead of at the edge (Figure 7.3c), while the system works well
again when itis set back at the steady rate. Insufficient water supply increases
the surface average temperature to 33.2 °C, indicating a lower efficient. By

contrast, higher water supply (0.0215 mL/min, i.e. 130% of the steady rate)
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makes the surface wet and salt-free. Excess water takes the salt down by
drops, leaving few salt precipitates at the edge (Figure 7.3d). Excess water
supply decreases the surface average temperature to 28.3 °C, which is almost

equal to the DI water case.

Figure 7.3 Solar evaporation performance of the suspending evaporator (3
cm in diameter) with top water supply. (a) Evaporation with DI water at 0.0165
mL/min. (b) Evaporation with 3.5 wt% NaCl solution at 0.0165 mL/min (100%).
(c) Dry evaporation with 3.5 wt% NaCl solution at 0.0132 mL/min (80%). (d)
Wet evaporation with 3.5 wt% NaCl solution at 0.0215 mL/min (130%).

7.4 Simulation of salt distribution

To better understand the salt accumulation behaviours on the evaporation
surface, the saltwater flow and salt accumulation process was simulated by a
2-dimensional plane model using the commercial software COMSOL
Multiphysics. The salt transport is achieved by both fluid flow and diffusion in
water. The fluid flow (Darcy’s law) and salt transport processes are used in
the model. The fluid flow is a steady-state process, which is simulated first.
The velocity magnitude results obtained is provided to the salt transport
process for its dynamic process calculation. The evaporation surface was set
as a porous media that can transport water by capillary force. The water
supply was continuous from a centre part circle (3 mm in diameter). The
diameter of the evaporation surface was 3 cm, and its temperature was set
uniform at 29.3 °C. For simplification, each part of the surface was set to

evaporate at a uniform rate of 1.40 kg:m2-h".

Model equations. Darcy’s law is applied to simulate the water flow in the

porous media, and the NaCl diffusion coefficient in water is modified by
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Bruggeman model to fit in the porous media. Water properties derive from the

software built-in database. For fluid flow:

%(5ﬁp)+V~(pu)=Qm (7-1)
__m_evap -

O = h_disc (7-2)

u=-§Vp (7-3)

here ¢p is the porosity of the porous media (0.806), p is fluid density, u is the
fluid velocity. Qm is the mass source which relates to the evaporation rate
(m_evap: 1.40 kg'm2-h""), h_disc is the thickness of the evaporating layer
(0.16 mm), K is the permeability of the porous media (1x10"* m?), u is the fluid

viscosity, and p is the fluid pressure. For salt diffusion:

@—Dv2c+u~vc=o (7-4)
ot
&
D = — Dinwater (7-5)
T

here ¢ is NaCl concentration, D is NaCl diffusion coefficient in the porous
media, Dinwater is NaCl diffusion coefficient in water (1.5x10° m?/s), 1 is the
tortuosity of the porous media which can be got by Bruggeman model as

below:
=g ? (7-6)

Boundary and initial conditions. The pressure at the inlet boundary is set
zero, thus water can flow in when evaporation decreases the internal pressure.
The flow rate is controlled by pressure to reach mass balance. The inlet
concentration of salt water is 0.6 mol/L (containing 3.5 wt% NaCl) to simulate
seawater. The initial NaCl concentration on the surface equals to the inlet
concentration (0.6 mol/L), meaning the surface is pre-wetted by salt water.
The initial pressure is zero. Extremely fine mesh of the evaporation surface
was automatically generated by COMSOL. The dependence of the mesh size

has been tested and its influence is negligible. The simulation results agree
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well with the experiment results, which can be directly validated by the salt

distribution results in the following sections.

Simulation results. The salt water flows from the centre of to the edge
accompanied with evaporation, and along the flow the velocity rapidly
decreases at first and then decreases steadily to the minimum at the edge,
whose maximum velocity is 0.2063 mm/s (Figure 7.4a). The saltwater flow
carries NaCl to the edge and its concentration increases with evaporation. At
700 s, the edge reached saturation (27 wt% at 29.3 °C). Although salt
accumulation will block the saltwater flow, which affects salt transportation on
the evaporating surface, salt precipitation process takes time and trends to
firstly occur on the surface instead of inside the channels [196]. Hence the
simulation was calculated a little further (1300 s) to show the saturated area
variation trend in the near future after reaching saturation. With evaporation,
NaCl concentration increases rapidly only at the edge, leaving most parts of
the surface unsaturated (Figure 7.4b). This edge accumulation behaviour
makes it possible to harvest salts from the edge and leaves the remaining
surface work normally. After a certain salt accumulation time, the saturated
area percentage soars from 0 in a short time and its growth is slowing down
in the near following time (Figure 7.4c). Salt distribution on the evaporating
surface is determined by both convective mass transfer to the edge and
diffusive mass transfer to the centre. At the beginning of saturation (700 s),
the average convective flux is 0.0215 mol-m2-s' and the average diffusive
flux is 3.192x104 mol-m?-s™'. The convective flux is over 67 times larger than
the diffusive flux, thus the convective flux dominates the salt distribution.
Therefore, the total NaCl flux field is similar to the velocity field, with slight

difference at the edge due to back diffusive flux (Figure 7.4d).
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Figure 7.4 Simulation results of the salt distribution on the evaporation surface.
(a) Velocity distribution along the radius. Insert is the velocity magnitude. (b)
Salt concentration distribution along the radius from 300 s to 1300 s. Insert is
NaCl concentration magnitude at initial saturation time (700 s). (c) Saturated
area percentage with time. Insert is the saturated area (red ring) at initial
saturation time (700 s). (d) Total NaCl flux at initial saturation time (700 s).
Inserts are the convective and diffusive flux magnitudes at 700 s.

7.5 Water distribution for larger area evaporation

In theory, if the saltwater supply is sufficient, central saltwater supply would
accumulate the salt at the edge of the evaporation surface in regardless of the
surface diameter. However, it is not easy to uniformly distribute the saltwater
on the whole surface. Larger evaporation surface requires faster water supply
rate to keep up the evaporation rate, e.g. the average flow rate on the 3 cm
surface is 0.0229 mm/s and that of the 11 cm case reaches 0.0937 mm/s from
the simulation. Water cannot be easily transported to the surface edge in time
by capillary force. Increasing the top central water supply can only make the
water flow to one side edge in a path of least resistance, leaving the other side
covered by salt gradually (11 cm in diameter, Figure 7.5a). The average

surface temperature reached 36.7 °C with the hottest point of 53.1 °C at 4 h.
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To solve the water non-uniform distribution and inefficient water transport to
the edge, a radial arterial water distribution system was designed. It consists
of 6 radial branches, which are made of airlaid paper and also coated by
polypyrrole. Due to the additional better water transport of the airlaid paper
and the water flow between the evaporation surface and the airlaid paper
driven by capillary force, water first quickly runs to the edge through the
branches and then wets all the remaining surface at the saltwater supply rate
of 0.1650 ml/min (i.e. 1.04 kg-m2-h-', Figure 7.5b). The radial arterial water
distribution system solves the water inefficient distribution problem, while it
accumulates the salt on the surface in parts instead of at the edge (Figure
7.5¢c, d). Salt accumulated on the surface cannot fall down automatically for
harvesting. At the same time, the surface average temperature also increased
from 32.1 to 35.9 °C, and the hottest point increased more obviously from 36.9

to 51.8 °C, indicating that the efficiency is decreasing.

Figure 7.5 Saltwater (3.5 wt% NaCl solution) evaporation and salt distribution
on larger evaporation surfaces (11 cm in diameter). (a) Saltwater evaporation.
(b-d) Saltwater evaporation and salt distribution with a radial arterial water
distribution system at the saltwater supply rate of 0.1650 mil/min (i.e. 1.04
kg-m2-h') at 0 h, 3 h and 8 h respectively.

To solve the salt accumulation on the surface problem, the salt distribution on
the evaporation surface with the radial arterial water distribution system was
simulated. To ensure a sufficient water supply in the distribution system, the
permeability (k) of the distribution system was set 100 times that of the

evaporation surface. The water transport system changed the original water
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supply way and the water supply in the radial branches is obviously faster than
the remaining surface (Figure 7.6a). The parts far from the center and the
radial branches have the slowest water supply rate. It only takes 70 s to reach
initial saturation for this larger evaporation surface (11cm in diameter and 700
s for the 3 cm case above, Figure 7.6b). The saturated area is the same area
with the slowest water supply rate (Figure 7.6c), and the simulation result
agrees well with the experiment result in Figure 7.5d. To make the salt
accumulate at the edge for automatic falling, the saturated area (16.4%) was
cut out to create a floriform evaporation surface (Figure 7.6d). The salt only
accumulates at the edge, leaving the main surface at a low concentration for
evaporation (Figure 7.6e). The saturated area at the edge makes it possible

for the accumulated salt to fall down (Figure 7.6f).
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Figure 7.6 Simulations of salt distribution on the evaporation surfaces (11 cm
in diameter) with radical water transport artery system. (a) Velocity magnitude.
(b) NaCl concentration at initial saturation time (70 s). (c) Saturated area at
initial saturation time. (d) Velocity magnitude of the floriform surface. (e) NaCl
concentration at initial saturation time (70 s) of the floriform surface. (f)
Saturated area at initial saturation time of the floriform surface.

Based on the simulation, a floriform evaporator was designed and the salt

water (3.5 wt% NaCl solution) evaporation experiments (11 cm in diameter)
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were performed. The experiment results agree well with the simulation results
(Figure 7.7a-e). Salts only accumulate at the edge and fall automatically for
harvesting. The evaporation continuously ran for 70 h at the evaporation rate
of 0.1650 ml/min (i.e. 1.04 kg-m2-h-! based on the complete circle area, and
1.24 kg-m2-h"" based on the actual surface area), which is the same as the
uncut surface. This is due to both the robustness of the evaporator and the
influence of the salt accumulation on the uncut surface. The harvested salts

in 70 h are shown in Figure 7.7f.

Figure 7.7 Saltwater evaporation and salt harvesting from the floriform
evaporation surface (11 cm in diameter). (a-e) Saltwater evaporation at
0.1650 ml/min and salt harvesting at 0, 10, 30, 50 and 70 h respectively. (f)
Harvested salt at 70 h.
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7.6 Chapter summary

Here, a double-sided suspending evaporator with top water supply and
surface water distribution systems was demonstrated for solar evaporation
and salt harvesting concurrently. This design discards the thermal insulation
layer and the water transport pillar, and achieves efficient vapour generation
via double-sided evaporation with no heat loss to the bulk water. Top water
supply is able to supply sufficient water to the evaporation surface for its larger
area application. The evaporation rate (3 cm in diameter case) reached 1.40
kg-m2-h" under 1 sun (1 kW/m?), whose corresponding energy conversion
efficiency is 95.7%, with a remarkable low surface average temperature of
28.2 °C. By both simulations and experiments, a radial arterial water
distribution system on the evaporation surface was designed to efficiently
distribute the water on the larger evaporation surface (11 cm in diameter). By
cutting out the salt accumulation area (16.4%) on the surface with the radial
arterial water distribution system, salt accumulates at the edge again. 70 h
continuous solar evaporation was achieved with salt harvesting at 1.04 kg-m-
2-h! (based on the complete circle area with 11 cm in diameter) on the
floriform evaporation surface. This work provides new ideas for the structural
design of solar evaporators and advances a step closer to the large area

application of the efficient double-sided evaporator.
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Chapter 8

Conclusions and suggestions for future work

8.1 Conclusions

This work demonstrated high-efficient solar evaporators that achieve
continuous solar vapour generation and salt harvesting from seawater
concurrently, with improved salt harvesting mechanism understanding.
Primarily four parts were focused: i) light-trapping photothermal material
development, ii) evaporator structure improvement for continuous concurrent
solar vapour generation and salt harvesting, iii) salt harvesting mechanism
understanding improvement, and iv) scale-up of the evaporator for large

evaporation surface area applications. The conclusions are reached as below.

First, a high efficient fibrous polypyrrole-dopamine photothermal material with
light-trapping properties was developed. This nanofiber coating can be directly
synthesized without using any prepared template as the substrate by
ultrasonic spray coating and can be easily coated on various substrates at
room temperature rapidly. The surface structure can be tuned by simply using
APS as oxidant to obtain a granular structure, or using SDBS as surfactant to
obtain plane-fibrous or plane-granular composite structures. This nanofiber
coating has excellent water spreading for water transportation. The special
light-trapping design at the nanoscale promotes multiple reflections and
significantly improves the solar absorption at different incidence angles across
the full solar spectrum. The highest solar absorptance reached 97.73%. It was
then coated on a polystyrene foam to make an interfacial evaporator. The
water transport layer was integrated into the solar absorbing layer due to its
excellent water transportation. To ensure enough water supply to keep up with
solar evaporation on a large surface, a cross-shaped water transport tape was
applied on the evaporation surface. This evaporator achieved a highest solar-
to-thermal conversion efficiency of 95.8% at the evaporation rate of 1.385
kg-m2-h' under 1 sun. When applied on salt water, this solar evaporator

achieved self-cleaning by salt back diffusion in absence of solar irradiation.

Then a central water supply umbrella evaporator (UE) was proposed, which

achieves high efficiencies of continuous fresh water production and salt
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harvesting concurrently. Its structural advantages over a typical interfacial
evaporator (IE) were proved by both experiments and simulations, which owns
to its double-sided evaporation feature, leading to a higher evaporation rate,
i.e. 13.6% increase under 1 sun, and a higher energy efficiency. In dark
evaporation, due to double-sided heat gaining from the environment and
double-sided vapour diffusion, the UE has a remarkable 72% higher
evaporation rate (0.31 kg-m2-h-") than the |IE (0.18 kg-m-h""). Lower ambient
temperature, lower humidity, lower bulk water temperature, lower evaporation
surface solar absorptance, and larger evaporation surface diameter all
decrease the energy conversion efficiency of the system. Specially for UE,
lower evaporation surface height would affect the back vapour diffusion. At
the same vertical projection area, a larger opening angle enhances the back
diffusion especially when the opening angle is above 105°. Smaller or larger
opening angles leads to a larger surface area. A flat evaporation surface

reaches the highest evaporation rate per unit surface area.

Benefiting from the rational design, salt will fall down automatically from the
edge by gravity. The salt accumulation and falling behaviours were explored
from macroscale to microscale, and notably the salt nucleation, growth, and
falling mechanisms were also proposed. The UE is capable of harvesting salt
from saline water containing up to 7 wt%. Salt precipitation on the evaporation
surface is a dynamic equilibrium of crystallization and dissolution, in which
way salt moves to the edge. The mobility of the salt determines if the salt can
accumulate at the edge to fall. Insufficient water supply, high salinity, and the
presentation of Mg?* (especially) and Ca?* will all reduce the salt mobility to
make the salt gradually precipitate to the centre. The salt on the edge grows
from the front by wicking the water through its porous structures inside and
falls due to the dissolution of its connecting parts. By removing Mg?* and Ca?*
through sedimentations, continuous solar vapour generation was achieved
with salt harvesting from real seawater for 100 h. Finally, a facile method was
further proposed to determine the water quality for salt harvesting by simply
dipping a drop on a glass slide to observe the salt creeping behaviours. The
more obvious the salt creeping phenomenon, the easier it is for the salt to fall

for harvesting.
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To address the water supply and distribution problems of the evaporators, a
suspending evaporator with top water supply and surface water distribution
systems was developed. This design discards the thermal insulation layer and
the water transport pillar, and achieves efficient vapour generation via double-
sided evaporation with no heat loss to the bulk water. Top water supply is able
to supply sufficient water to the evaporation surface for its larger area
application. The evaporation rate (3 cm in diameter case) reached 1.40 kg-m-
2-h" under 1 sun (energy efficiency 95.7%) with a remarkable low surface
average temperature of 28.2 °C. By both simulations and experiments, a radial
arterial water distribution system on the evaporation surface was designed to
efficiently distribute the water on the larger evaporation surface (11 cm in
diameter). By cutting out the salt accumulation area (16.4%) on the surface
with the radial arterial water distribution system, salt accumulates at the edge
again. 70 h continuous solar evaporation with salt harvesting was achieved at

1.04 kg-m2-h-1 on the floriform evaporation surface.

This work shows great potential of the fibrous polypyrrole-dopamine light-
trapping coating as photothermal materials for solar vapour generation,
provides new ideas for the structure design of the continuous evaporators that
achieve solar vapour generation and salt harvesting concurrently, and allows

us to better understand and control the salt harvesting process.
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8.2 Suggestions for future work

In this work, fibrous polypyrrole-dopamine photothermal material was

explored and applied on an interfacial evaporator. An umbrella evaporator was

proposed to achieve high-efficient continuous solar vapour generation and

salt harvesting concurrently. To solve the water supply problem for large area

application, top water supply and water distribution systems were designed

for a suspending evaporator. All the evaporators work well at the laboratory

scale. However, for real applications, some future works are suggested as

follows:

The material degradation problem should be analysed in real seawater
and under natural sunlight irradiation in a long-term test for real application,
as pure DI water and simulated sunlight environment is relatively stable.
Real seawater containing all kinds of inorganic salts and even organics is
more corrosive. The life cycle of the material should also be further
analysed to evaluate its application possibilities.

Low-cost, durable and sustainable photothermal materials with light-
trapping and salt-resisting microstructures should be further developed.
Light-trapping structures would help further improve the solar absorptance
of the materials itself and salt-resisting structures would reduce the salt
load on the evaporators.

The water supply rate should match the evaporation rate. The water
transport properties of the material limit the scale-up of the evaporators.
Developing more hydrophilic materials with faster water transport porous
structures would help supply more water for larger evaporators.

At present, most research mainly focus on the solar evaporation part.
However, the water vapour condensing and collecting process is equally
important for solar fresh water production. The vapour condensing and
collecting process should be studied from system structure design to
efficiency improvement methods.

High-efficient solar evaporation mainly produces low-temperature vapour,
which is slightly higher than the environment temperature and difficult to
condense. Efficient cold vapour collection method should be developed

for higher efficiency, e.g. vapour absorption by porous materials.
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Alternatively, the evaporation temperature should be optimized for the
whole process from evaporation to condensation.

At present, even adopting top water supply with water distribution system,
the evaporation surface size is still limited due to the water transport by
capillary force of the surface. Therefore, a larger solar evaporator which
gets rid of capillary force should be considered for large scale solar
desalination and salt harvesting system.

Water evaporation consumes much energy known as enthalpy of
vaporization, however, when the vapour is condensed, it gives the energy
back. Collecting the condensation latent heat back for the evaporation
would break the theoretical energy efficiency limit (100%) of the
evaporation process.

In real seawater, Ca?* and Mg?* affect the continuous operation of the
umbrella evaporator, which should be removed during the pre-treating
procedure. Developing economical and sustainable methods to remove
these ions or developing some additives to eliminate their affections would
lower the pre-treating fees or simplify the pre-treating procedures to make
the whole process more economical.

For the continuous solar evaporation and salt harvesting from seawater,
current separation method requires pre-treatment of seawater to remove
Ca?* and Mg?* ions. Developing a continuous solar water and salt
separator which does not require pre-treatment procedures would simplify
the whole process and make this solar desalination and salt harvesting

technology more competitive.
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