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Abstract

For our daily lives, freshwater is a vital resource. However, due to demographic changes,
unequal access to water sources, climate change, and lack of infrastructure, safe drinking water
is far from being accessible to all. Therefore, water represents one of the strategic issues of the

21% century.

Existing technologies, such as reverse osmosis and multi-stage flash distillation, are not so
expensive techniques, but they require intensive maintenance, large amounts of energy input,
and large-scale production plants, which are negative factors for economically-less developed

regions.

Solar-driven interfacial evaporation is one of the most studied technologies in recent years, as
it has the potential to solve the shortage and accessibility to clean water in an environmentally
sustainable way. This technology uses sunlight to evaporate contaminated water using a
photothermal evaporator. A lot of research has been done so far to find efficient photothermal
materials and optimal structures for evaporators. However, there are still many obstacles to the
widespread use of this technology. First of all, the raw materials for the preparation of the
evaporator must be very accessible and inexpensive. In addition, the preparation should not

consume much energy and should not be complex.

In this research, three evaporators were prepared by using highly-accessible raw materials and
easy synthesis processes and their vapour generation, desalination and bacterial eradication
capacities were assessed. After a general introduction (chapter 1) and materials and methods
(chapter 2), the 3™ and 4™ chapters were dedicated to the preparation, characterization and
interfacial water evaporation assessment of green moss-poly(N-phenylglycine) and green moss-
petroleum coke, respectively. Green moss (GM) is a very accessible biomass that exists almost
everywhere. Poly(N-phenylglycine), PNPG, is a polymer with a similar structure to polyaniline
with good photothermal properties, and it is applied for photothermal eradication of tumours
and bacteria. On the other hand, petroleum coke (PetCoke) is a by-product of oil refining, and
often stored in large quantities as a waste product. Due to the similarity of its structure to

graphitic-based materials, it exhibited good photothermal behavior.

In the 5™ chapter, a hybrid evaporator consisting of cigarette filter and PetCoke wastes was
prepared. A comparison between a flat 2D and a 3D evaporator with a surface composed of
orderly patterned protrusions of 2.1 cm was carried out to assess the influence of the evaporator

configuration on the evaporation performance.



All the prepared evaporators featured enhanced evaporation rates and were successfully applied
for producing safe drinking water from real seawater and water contaminated with bacteria (E.

coli).



Résumé

Pour notre vie quotidienne, I'eau douce est une ressource vitale. Cependant, en raison des
changements démographiques, de I'inégalité d'acces aux sources d'eau, du changement
climatique et du manque d'infrastructures, I'eau potable est loin d'étre accessible a tous. L'eau

représente donc I'un des enjeux stratégiques du XXI°™ sigcle.

Les technologies existantes, telles que I'osmose inverse et la distillation flash a plusieurs étages,
ne sont pas des techniques trés colteuses, mais elles nécessitent une maintenance intensive, un
apport énergétique important et des moyens de production assez élevés, ce qui constitue un

frein pour leur utilisation dans des régions économiquement peu développées.

L'évaporation interfaciale solaire est I'une des technologies les plus étudiées ces dernieres
années, car elle a le potentiel de résoudre le probléme de la pénurie et de I'accessibilité de I'eau
propre d'une maniére écologiquement durable. Cette technologie exploite la lumiére solaire
pour évaporer l'eau contaminée a l'aide d'un évaporateur photothermique. De nombreuses
recherches ont été menées jusqu'a présent pour trouver des matériaux photothermiques efficaces
et des structures optimales pour les évaporateurs. Cependant, il existe encore de nombreux
obstacles quant a l'utilisation généralisée de cette technologie. Tout d'abord, les matieres
premiéres pour la préparation de I'évaporateur doivent étre trés accessibles et peu colteuses. De

plus, la préparation doit étre simple et ne doit pas consommer beaucoup d'énergie.

Dans ce travail de these, trois évaporateurs ont été préparés en utilisant des matiéres premiéres
trés accessibles et des procédés de synthese faciles ; leurs capacités de production de vapeur,
de dessalement et d'éradication bactérienne ont été évaluées. Le manuscrit comprend cing
chapitres. Aprés une introduction générale (chapitre 1) et les matériaux et méthodes (chapitre
2), les chapitres 3 et 4 ont été consacrés a la préparation, la caractérisation et I'évaluation des
propriétés d’évaporation interfaciale de la mousse verte-poly(N-phénylglycine) et de la mousse
verte-coke de pétrole, respectivement. La mousse verte (MG) est une biomasse trés accessible
qui existe presque partout a travers le globe. La poly(N-phénylglycine), PNPG, est un polymeére
dont la structure est similaire a celle de la polyaniline et qui possede de bonnes propriétés
photothermiques. Il est utilisé pour I'éradication photothermique des tumeurs et des bactéries.
D'autre part, le coke de pétrole (PetCoke) est un sous-produit du raffinage du pétrole, souvent
stocké en grandes quantités comme déchet. En raison de la similarité de sa structure avec les

matériaux a base de graphite, il présente un bon comportement photothermique.



Dans le chapitre 5, un évaporateur hybride compose de filtres de cigarettes et de déchets de
PetCoke a été préparé. Une comparaison entre un évaporateur plan 2D et un évaporateur 3D
avec une surface composée de protubérances a motifs ordonnés de 2,1 cm a été réalisée pour

évaluer I'influence de la configuration de I'évaporateur sur les performances d'évaporation.

Tous les évaporateurs préparés présentaient des taux d'évaporation éleves et ont été utilisés avec
succes pour produire de I'eau potable a partir d'eau de mer et d'eau contaminée par des bactéries
(E. coli).
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Chapter 1: General introduction



1.1. The water problem is a major issue of our century

The water problem is a major challenge of our century. 96.5% (1.34 x 10° km?) of the existing
water on the planet (1.39 x 10° km?®) is in the form of sea water. Even among freshwater, 68.7%
of the freshwater exists as ice that persists at the poles and on mountainous regions [1]. This

means that the freshwater resource available to us is very scarce.

On the other hand, human activity is constantly increasing. The world population was 2.5 billion
in 1950, 7.7 billion in 2019, and this number will reach 9.7 billion in 2050 [2]. A larger
population requires a greater demand for food, because food supply inevitably requires water.

As a result, water withdrawal increased three-fold between 1950 and 2010 [3].

There is a considerable difference in the magnitude of the water problem depending on the
geographical and demographic situation. For example, in high-latitude countries with
stagnating populations, water stress has not changed much in recent years (Figure 1.1a). On
the other hand, in some countries with a desert climate, the situation is rapidly worsening due
to rapid population growth (Figure 1.1b).

Most of the countries that suffer from severe water stress are located at low latitude, such as
North Africa, Middle East, South Asia, Central Asia, Iberian Peninsula and Mexico. In addition
to these countries, some highly populated regions such as North-East China and South Korea

also experience significant water stress [4] [5].

In economically less developed countries, the agricultural sector requires the overwhelming
majority of freshwater consumption (Figure 1.1c,d). This fact implies two things: first,
demographic change will accelerate water stress as demand for freshwater in the agricultural
sector will inevitably increase. Secondly, these countries are at high risk of famine due to

climate change.
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Figure 1.1. Available freshwater resources per capita in several countries (a, b). Total annual

freshwater consumption and proportion in the agricultural sector (in parentheses) (c, d) [6].

In addition to demographic change, climate change is amplifying water stress. The effect of
global warming on precipitation change is not so simple to predict and generalise, but it is
possible that the trend of precipitation change will be increasingly extreme and the rapid melting
of mountain glaciers will cause water deficit (Figure 1.2) [7] [8], and some regions may be at

greater risk from climate change.
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RCP2.6 RCP8.5
(a) Change in average surface temperature (1986—2005 to 2081-2100)

Figure SPM.7 | Change in average surface temperature (a) and change in average precipitation (b) based on multi-model mean projections for
2081-2100 relative to 1986—2005 under the RCP2.6 (left) and RCPB.5 (right) scenarios. The number of models used to calculate the multi-model mean
is indicated in the upper right corner of each panel. Stippling (i.e., dots) shows regions where the projected change is large comparad to natural internal
variability and where at least 90% of models agree on the sign of change. Hatching (ie., diagonal lines) shows regions where the projected change is less
than one standard deviation of the natural internal variability. {2.2, Figure 2.2}

Figure 1.2. Impact of climate change on temperature and precipitation under different

scenarios [7].

In addition, pollution is also a serious problem. Due to the lack of industrial, agricultural, and
domestic wastewater treatment facilities, a large population in some regions faces pollution
from organic molecules (dyes, pesticides, antibiotics...), heavy metals [9], and bacteria, notably
Escherichia coli (E. coli) [10].

Water stress is not a problem of the future; it is a present threat of our era. Water is an
undeniably essential resource for human life. Water-rich territories are therefore considered
interesting from the point of view of geopolitical strategy, and this can be a great risk causing
conflict between different groups and undermining the stability of a region. For example, in
Central Asia, after the break-up of the USSR in 1991, the issue of water distribution still exists

11



as an explosive diplomatic problem between water-rich upstream countries (Kyrgyzstan and
Tajikistan) and water-poor downstream countries with large populations (notably Uzbekistan)
[11].

Population
growth

Climate Lack of
Change freatment

infrastructure
‘a

Water Stress |

Figure 1.3. Water stress factors.

1.2. Conventional techniques for seawater desalination

As mentioned above, seawater represents a high proportion of the water on Earth. For human

life, however, water containing much less salt is needed.

Salinity refers to the concentration of dissolved salt (NaCl, MgCl,, MgSQg, etc.) in water. The

salinity of seawater is 35 g kg™ compared to less than 1 g kg in fresh water.

Direct consumption of seawater would cause dehydration of the human body. Irrigation with
seawater will surely damage the land and plants. For these reasons, freshwater is a resource we
need. It is therefore a reasonable strategy to transform seawater into freshwater in order to

reconcile the high demand for freshwater and the accessibility and the abundance of seawater.
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In this context, some techniques for desalination have been developed. Reverse osmosis is one
of the best known means of desalination. This technique consists of applying pressure on the
salt water in contact with a semi-permeable membrane to reject the salt and retrieve the fresh
water after passing through the membrane. This membrane does not allow the elements

dissolved in the liquid to pass through beyond the membrane (Figure 1.4).

Osmosis Equilibrium Reverse Osmosis

Membrane Pressure

Low-salinity High-salinity
Liquid Liquid

Figure 1.4. Reverse 0smosis mechanism.

In the 1950s, as California faced water stress, seawater conversion was a priority topic. In 1949,
Hassler at UCLA in California published a report “The sea as a source of fresh water”” on steam
transfer through cellophane sheets [12]. In 1954, a prototype of reverse osmosis equipment for
seawater desalination was materialised in their laboratory [13]. Then, the Loeb-Sourirajan
membrane, which achieved an interesting efficiency was developed in 1960, and around 1961,

a patent was filed for this membrane [14].

Nowadays, reverse osmosis accounts for 69% of the world's desalination, and this means that
this technology is the most widespread among desalination technologies due to its economic
efficiency [15]. However, the major problems are membrane biofouling and filter clogging of
the system due to microscopic algae growth [16]. This is unfavourable for safe water production

and stable plant operation.

Multi-stage flash distillation (MSF) is the second most used technique (18%). This simpler
process than reverse osmosis involves evaporating seawater and condensing the collected
vapour with fresh water in several compartments (Figure 1.5). Each compartment contains a
heat exchanger and a condensate collector, and the installation of several compartments of
different temperatures helps to improve the yield of condensed water.
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This technology is not demanding on the quality of the seawater, and the quality of the product
by multi-stage flash distillation is excellent (with salinity normally less than 5 ppm). However,
this method requires a lot of energy to adjust the temperatures. For this reason, especially the
Gulf countries (Saudi Arabia, United Arab Emirates, Kuwait, and Qatar), benefiting from the
abundance of cheap fossil fuels, are using this process to meet their growing water needs
(Figure 1.6). This method is the least energy efficient (multi-stage flash distillation: 13.5-25.5
kWh m=, reverse osmosis: 3-3.5 kwWh m [17]).

Condensate output

* Steam input

Condensation

\

Vapor

110-120 °C

High pressure . . Low pressure

Freshwater output

Brine output

Figure 1.5. Multi-stage flash distillation mechanism
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Figure 1.6. Desalination in the Gulf countries [18].

14



Despite the remarkable development on desalination technologies in the 20™ century, the water
problem is far from being solved; the above-mentioned processes require a large amount of
energy, large plants, regular maintenance, etc. These requirements hinder the installation of
desalination plants in economically-depressed regions with poor infrastructure. In order to solve
the water stress in remote areas, an alternative process needs to be developed that is technically

easier, independent of the socio-economic situation, and environmentally-friendly.

1.3. Solar energy

The sun is a star whose energy we benefit from every day. The sun emits 3.8 x 102 kW, of
which 1.8 x 10 kW will be intercepted by the Earth. The Earth's surface receives 1.08 x 10
kW after the radiation passes the atmosphere around the Earth. In other words, the sun sends us

7500 times more than the world's energy needs [19].

As already mentioned in sub-chapter 1.1., many of the regions suffering from severe water
stress are located near the Tropic of Cancer. The idea of harnessing inexhaustible solar energy
is totally reasonable if we want to find a solution to supply this population with fresh water in
a sustainable way. Fortunately, a comparison of the two maps (Figures 1.7 and 1.8) shows that

the regions under threat of freshwater supply have a lot of potential for solar energy

exploitation.
SOLAR RESOURCE MAP : m
P A
GLOBAL HORIZONTAL IRRADIATION (@) worosancarove - ESMAP
- % o7 a8
S - =
Long-term average of global horizontal irradiation (GHI)
Daily totals: 22 26 3.0 3.4 38 4.2 4.6 5.0 5.4 5.8 6.2 6.6 7.0 74

[ I KWh/m'

Yearly totals: 803 949 1095 1241 1387 1534 1680 1826 1972 2118 2264 241‘6— 2556 2702

M ) I i b g ¢ 1 T f [ t http://globalsolaratlas.info

Figure 1.7. World map of sunlight irradiance per year [20].
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Niveau annuel des indicateurs
de base du stress hydrique

M Extrémement élevé (>80 %)

M Elevé (40-80%)
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B utilisation de I'eau aride et faible

B Aucune donnée

Figure 1.8. Global map of water stress levels [8].

The spectrum of sunlight we use is not identical to that emitted by the sun, because some of the
irradiation is absorbed by the atmosphere (O3, Oz, CO2) and water (H20) (Figure 1.9). Of the
total wavelength of AM 1.5, the ultraviolet part accounts for 5% of the total energy, the visible
light (A = 380-780 nm) is 43%, and the infrared (A = 780-3000 nm) is 52%.

uv
R A
Visible
Light

Infrared

N
o

— AMO
—— AM1.5 Global 7
—— AM1.5 Direct

Spectral Irradiance (W m™ nm™)

1000 1500 2000
Wavelength (nm)

500

2500 3000

Figure 1.9. Comparison between AMO and AM1.5 [21].
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AM (Air Mass) 0 means an extra-terrestrial spectrum that does not undergo any absorption by
the atmosphere. If the sun is at the zenith relative to the observer, the radiation undergoes the
minimum of absorption by the atmosphere before reaching the observer. This point corresponds
to the equator at the equinoxes. At the summer solstice, this corresponds to latitude 23.5°N, and
at the winter solstice, on the other hand, to latitude 23.5°S. In this case, this observer will see
the radiation from AML1. The observer who is 48.2° away from the zenith will observe radiation
impacted by the atmosphere 1.5 times more than AM1, and this radiation can therefore be
defined as AML1.5 (Figure 1.10). In this work, AM1.5 is used in accordance with other previous

research reports.

AMO is the extra-terrestrial spectrum, whose total energy amounts to 1353 W m2. After the
“ideal” atmospheric absorption (except for scattering by the cloud, for example), the energy of
AML1.5 decreases to 963.8 W m™. In the experimental field, however, 1 sun is frequently used

as a unit of power of radiation to simplify the calculation, and this is equivalent to 1000 W m~2.

Figure 1.10. The notions of AM0, AM1, and AM1.5.

1.4. Appearance of solar interfacial evaporation

Solar-driven interfacial evaporation is a technique that is attracting increasing interest among
researchers trying to find solutions to the water problems of our century. This technique

involves the efficient evaporation of salty or contaminated water using photothermal materials.
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Photothermal materials are, as the name suggests, materials that are able to convert incident
light into heat. By harnessing this heat and water, these materials are able to generate water
vapour as well. When this vapour is condensed by a suitable device, condensed water, normally

freshwater, can be obtained.

Originally, photothermal materials were sought after especially in the biomedical field.
Photothermal therapy is an alternative treatment to detect and ablate cancer cells using
photothermal materials. For this technology, photothermal materials capable of converting
infrared radiation (A = 700-1100 nm) to heat is at the centre of interest. In this field, several
researches existed even before the appearance of solar interfacial evaporation [22] [23].
However, solar interfacial evaporation has only been a research topic in the 2010s.

To the best of my knowledge, the study by Zeng in 2011 was the first report concerning the
generation of vapour by solar interfacial evaporation. In this work, FesO4/C particles were
incorporated into poly(furfuryl alcohol) (PFA). They had some success in increasing the

evaporation rate by 2.3 times [24].

Then, Neumann et al. in 2012 showed that the conversion efficiency of carbon and gold
nanoparticles dispersed in water was roughly 24% [25]. At that stage, the conversion efficiency
was not very high due to the loss of heat to the bulk water. At that time, despite the report by
Zeng in 2011, interfacial evaporation as a means of minimising heat loss was not a sufficiently
widespread idea.

In 2014, Deng's team reported on a plasmonic film, loaded by gold nanoparticles [26]. They
succeeded in confining the heat generated to the film, as a result, less heat escaped to the bulk
water and most of the heat was efficiently used for water evaporation. In 2015, they improved
the evaporator by introducing a paper support between the gold film and bulk water, and the

conversion efficiency reached 77.8% with this device [27].

Since this success, the focus of photothermal evaporation has shifted to solar interfacial

evaporation.

1.5. Photothermal mechanism

Photothermal materials are, as one might guess, materials that are able to convert incident

radiation (incident photons) to heat within the materials. There are three mechanisms for this
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conversion; (1) Plasmonic nanoparticles, (1) Generation of electron-hole pairs and relaxation,
and (111) HOMO-LUMO excitation and relaxation.

1.5.1. Plasmonic nanoparticles

Plasmonic metals (typically noble metals such as Au, Ag) exhibit Localised Surface Plasmon
Resonance (LSPR). As an example, the presence of an absorption band is observed in the
wavelength range of 500 to 550 nm for gold nanoparticles. This resonance occurs when the
frequency of the incident photons is identical to that of the electrons on the surface of a metal.
As a result, there will be a collective oscillation of free electrons on the particles. A plasmon is

defined as a quantum of collective oscillation of free electrons in a metal.

Plasmons can relax either by radiative or non-radiative processes in a competitive manner. By
radiative processes, they are converted to radiation of light. By non-radiative processes, the
"hot" electrons (in this context, excited electrons whose life time is of the order of a few tens of
femto-seconds) lose their energy during the collision with the atoms. In this phase, the kinetic
energy of the electrons is transformed into heat, and thus this process increases the temperature

of the sample.

Table 1.1 summarizes some pertinent examples of research using plasmonic metals. In addition
to the evaporation rate and conversion efficiency, the structure of the evaporator is also
provided in this table. The "support” means a material that serves to support the sample
physically, and at the same time, isolate the sample thermally. The "water supply” means
through which material the water can move from the bulk water to the interface. These elements

are also important for the functioning of this method and will be discussed in subchapter 1.7.
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Table 1.1. Examples of photothermal materials with plasmonic nanoparticles.

Material Support (Thermal Evaporation | Conversion | Reference
Insulation)/Water supply rate E1 efficiency
(kgm?Zh?) | (%)
Ag-PPy EPE (Polyethylene)/Material 1.55 92.6 28
(Polypyrrole)
Nanostructured Paper/Paper (porous) 1.38 95.2 29
Ag
Nanostructured Al>03/Al203 (porous) ~55(4 >90 (4 30
Au sun) sun)
Nanostructured Aerogel/Aerogel (Polyvinyl 2.7 79.3 31
Al alcohol, PVA)
Ag Paper + Polystyrene 1.39 92.2 32
Nanoparticles- foam/Diatomite
Diatomite
(Porous and
light rock)
Pd-wood Wood/Material 11.8 85 (10 sun) 33
Ag-PPy Polymer based on 1-vinyl-3- 1.37 88.7 34
(Polypyrrole) ethylimidazolium bromide and

N,N'-
Methylenebis(acrylamide)/Polymer

1.5.2. Generation of electron-hole pairs and relaxation

This mechanism can be observed normally in a semiconductor. A semiconductor is able to

produce electron-hole pairs when it receives irradiation whose energy exceeds the gap between

the two bands, the valence and the conduction bands.

There are two types of relaxation of excited electrons, radiative and non-radiative relaxation. In

radiative relaxation, photons are released when electrons move from a higher energy state to a

lower energy state (recombination). In contrast, non-radiative relaxation refers to a situation

where phonons are produced in exchange for the decrease in energy of the electrons. The
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increase in vibrational energy within the crystal lattice can be observed as an increase of
temperature. Table 1.2 summarizes some examples of photothermal materials based on

semiconductors.

Table 1.2. Examples of photothermal materials based on semiconductor materials.

Material Support (Thermal Evaporation | Conversion Reference
Insulation)/Water rate E1 efficiency
supply (kgm?h?) | 5 (%)
Cotton-CusS- Insulating foam 1.63 94.9 35
Agarose /Cotton rod
Aerogel
MoS; Aerogel -/Material 1.27 88.0 36
(chitosan,

glutenaldehyde)

Hydroxyapatite Polystyrene/Airlaid 1.38 83.5 37
nanowires-NiO paper
-Paper
Ti203 Cellulose/Cellulose 1.32 92.1 38
Nanoparticle
CuS-Carbon Polystyrene/Scotch 1.58 95.0 39
Nanotube paper
Gauze
Ti¥*-TiO,- Polyethylene/Cellulose 1.20 77.1 40
Cellulose
CuO-CN-Fibre | Polyethylene/Material 1.14 72 41
membrane

1.5.3. HOMO-LUMO excitation and relaxation

Carbon-based materials and polymers also exhibit photothermal properties. = electrons, weakly
bound to carbon atoms, can be easily excited to the «* orbital with relatively low energy.
Typically, in 7-& conjugated systems, or n-c hyper-conjugated systems, the electrons are easily

excited (r — n* (antibonding)), and as a result, strong absorption is observed in the near
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infrared region. In this phenomenon, electrons move from the lower energy state (HOMO,
Highest Occupied Molecular Orbital) to the higher energy state (LUMO, Lowest Unoccupied
Molecular Orbital). During the relaxation of electrons, analogously to the case of
semiconductors, the energy of the electrons is converted to heat by means of changing the

vibration mode.

a Electron cloud
e e e

(-8 6. (-2
Electron cloud

heat / Q > @ },\/h\(iat

n

Lattice
relaxation / |

HOMO

Figure 1.11. (a) LSPR, (b) Generation of electron-hole pairs in a semiconductor, (c) HOMO-
LUMO excitation-relaxation [42].

Several types of polymers such as polypyrrole, polydopamine and polyaniline were investigated
(Table 1.3 and Figure 1.12). A conjugated system refers to a compound consisting of atoms
linked by delocalised n-bonds. In these polymers, several conjugated bonds align, and, as a
result, the difference between bonding and non-bonding orbitals becomes closer as a function
of the length of the conjugated bonds. In general, the energy gap between the two orbitals is
small when the conjugated bonds are long (Figure 1.13).

Absorption is synonymous of a transition of electrons between different molecular orbitals. If

the energy gap between the two orbitals is small, even absorption of low-energy light occurs.
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Figure 1.12. Polymers for photothermal conversion.
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Figure 1.13. The energy gap between LUMO and HOMO.
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Table 1.3. Examples of polymer-based photothermal materials. ((*): Biomass-based material

for water supply)

Material Support (Thermal Evaporation Conversion Reference
insulation) / Water rate efficiency
supply E: n (%)
(kg m?2h?)
Polyaniline- Polystyrene/ 1.4 88 43
Nanocellulose- Nanocellulose-
Polyvinyl Alcohol | Polyvinyl Alcohol
Polydopamine- Rubber/Material 1.36 86 44
Cellulose Aerogel
Sodium Insulating foam/ 3.86 92.4 45
polystyrene Material
sulfonate-
Polyvinyl alcohol
Hydrogel
Polypyrrole- Polystyrene/Cotton 1.38 93.04 46
polydopamine- and Paper
polyethyleneimine-
Melamine foam
Polypyrrole-Corn Insulating 1.85 96.8 47 (%)
straw foam/Material
Polydopamine- | Polystyrene/Cotton 1.39 87.8 48
Nickel foam
Polyester -/Material 0.57 48.3 49
(Black)

In addition to polymers, several carbon-based materials have been sought due to the abundance
of raw materials, biodegradability and excellent light absorption in the near infrared (Table
1.4). For instance, the most studied material is reduced graphene oxide (rGO) with a complex
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structure shown in Figure 1.14. There are highly developed intrinsic n-conjugations in this

material, which confer strong near-infrared absorption to rGO.

In addition to industrially manufactured carbon materials, biomass materials are also being
sought after in the field of photothermal evaporation. These materials exhibit several
advantages. Firstly, in most cases, the raw materials are extremely accessible. This is an
economically favourable factor. Secondly, the raw material only requires to be carbonised in
order to be used as a photothermal material, and this makes it advantageous for industrial
processes and reduce the cost of manufacture. After use, it is easy to discard the material as it

is biodegradable.

As far as the biomass material is concerned, there are two types of evaporators. In the first case,
the biomass material serves only as a passage for water. In this case, the absorption of light and
the generation of heat and vapour take place in another material. This is marked by (*) in Table
1.4

In the other case, the generation of heat and vapour occurs in carbonised biomass. This is
marked as (**) in Table 1.4. In most of these cases, the structure of the device is extremely

simple as the evaporator also serves as a water supply path.

Figure 1.14. Structure of the reduced graphene oxide (rGO).
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Table 1.4. Examples of carbon-based photothermal materials. ((*) Biomass-based material for

water supply; (**) Biomass-based material for heat generation)

Material Support (Thermal Evaporation | Conversion | Reference
insulation) / Water rate E1 efficiency
supply (kgm?h) 1 (%)
rGO-Paper Silisium-based insulating 1.778 80.6 50
layer/Material (Paper)
Graphene fibre- Polystyrene/Material 1.40 87.9 51
Cellulose (Cellulose(Paper))
Diatomite- Material/Material 1.67 91 52
Carbon
Nanotube-Agar
Carbon dots- Polystyrene/Cotton 2.29 935 53
Amidon Aerogel
(Carbonized)
Carbonized Polystyrene/Gauze 1.57 85.9 54(**)
white radish
Carbonized -/Material 1.51 100.4 55(**)
sunflower
Carbonized Polystyrene/Material 1.30 77.5 56(**)
lotus leaf-Paper (Paper)
Carbonized (Unknown, presumably 1.22 81.4 57(**)
walnut shells | put directly on the water)
Corncob-Carbon Polystyrene/Material 1.425 (Unknown) 58(*)
Black (3D) (Corncab)
Carbonized Polystyrene/Material 1.475 78 59 (**)
mushroom

1.6. Physical factors and evaporation

Good photothermal materials for an evaporator are supposed to have certain physical properties

discussed below as well as chemical characteristics presented in sub-chapter 1.5.
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1.6.1. Pore structure
One of the important elements for the evaporator is the pore structure.

Firstly, rough surfaces and abundant pores can reduce the vertical reflection of light and
promote the absorption of incident light by internal multiple reflection [60].

Secondly, the porous structure is beneficial for water transport and vapour escape. The best-
known example is aerogel. For the preparation of aerogels, freeze-drying is often used. The
solvent, often water, is removed from the aerogel precursor during this process, and generates
pores. Parameters such as the direction of freezing, freezing rate and freezing temperature
influence the structure and size of the internal pores. Low-tortuosity pores are desirable for salt

rejection, because of the shorter distance between the interface and the bulk water [61].

In nano-sized porous structures, which are smaller than the mean free path of air, thermal

insulation is increased by the abundance of porosity [62].
1.6.2. Surface morphology

The texture of the evaporator surface can alter the path of incident light as well as convection
near the surface. For hydrophobic surfaces, the surface roughness affects the hydrophobicity to

some extent.

Efficient light absorption is a crucial element for evaporation, and the ultimate goal of
morphology control is to minimise the outward reflection of incident light [63].

Some research has been inspired by the fascinating structures of animals/biomass. In general,
the “crumpled” surface morphology is favourable for light absorption and has a synergistic
effect on improving roughness and increasing surface area [64].

1.6.3. Wettability

Water is an essential material for interfacial evaporation. The wettability of the evaporator is,
therefore, a factor we need to consider. Hydrophilic materials are beneficial for the transport of
water to the surface. However, in general, the transport of water into the pores inevitably

increases the thermal conductivity. In other words, it decreases heat localisation.

On the other hand, hydrophobic structures are not able to transfer water, and thus do not

contribute to evaporation.

There are three ways to optimise the wettability of an evaporator.
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The most conventional method is to assemble the photothermal material with insulation and

water transport components to provide water transport and heat management at the same time.

The second method is the structure often referred to as the "Janus structure™. The Janus structure
refers to a material where the upper part is hydrophobic and capable of absorbing incident light,
while the lower part is hydrophilic. The advantage of this structure is that it is less affected by
salt deposition during the desalination process, as the salt diffuses back into the water without
blocking solar absorption. This also promotes heat containment. It will be mentioned in the

following subchapter.

The third method consists of mixing of hydrophobic and hydrophilic structures. This is a type
of construction derived from the classic Janus structure. For example, Zhu proved this concept
by designing an evaporator consisting of hydrophobic and hydrophilic fibres in the lower and
upper parts, respectively. The hydrophobic lower part can moderately pump water due to the
capillary effect and thus the upper part can dispose of the appropriate amount of water [65]. As

a result, their material achieved a high conversion efficiency (89.7%).

1.7. Evaporator design for solar interfacial evaporation

In addition to the photothermal property of the material, there are several factors that influence
evaporation. In other words, it is not enough to prepare a good photothermal material to achieve
a good evaporation rate. Minimisation of heat loss, water supply to the interface and evaporation

are the three important factors for an evaporator design.

Minimising heat loss means confining heat generated by a photothermal material within the
evaporator. Since evaporation only occurs at the phase interface, the heat escaping to the bulk

water will not contribute much to evaporation.

The water supply is also necessary for efficient evaporation. If there is not sufficient water in
contact with the material, the heat generated will be lost to the outside through thermal

dissipation.

There are differences in evaporation between 2D and 3D structures. This difference is mainly
due to an evaporation of 0 sun (without light). This factor is valid until the humidity in the

evaporation chamber reaches 100%.
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Taking these factors into account, several types of evaporator structures for solar interfacial
evaporation have been proposed (Figure 1.15) [66]. The structure in Figure 1.15a consists of
a hydrophobic material coated with a hydrophilic layer. The hydrophobic material serves as a
thermal insulator due to its buoyancy and low thermal conductivity, and thus minimises the heat
escape from the photothermal material. On the other hand, the hydrophilic layer acts as a

passage for water to the photothermal material.

Intables 1.1 — 1.4 in the previous subchapter 1.5, the structures of the evaporators are presented.
The evaporators used in the largest number of investigations can be categorised by type (Figure
1.15a). Polystyrene and polyethylene are commonly applied as both physical support of the
evaporator and heat insulation near the interface. On the other hand, water supply is guaranteed
either by direct contact of the photothermal material with the bulk water at the periphery of the

support or by means of other hydrophilic material such as paper, cotton and gauze.

Figure 1.15b is an evolved structure of structure (a), referred to as Janus structure. It is based
on a porous material with low thermal conductivity. The lower part must be hydrophilic to
ensure the passage of water, while the upper part is hydrophobic and able to absorb sunlight
and generate heat. Thus, the heat will be used for evaporation in the upper part without any
significant loss. The best example is that Wen et al. who demonstrated that poly(vinyl alcohol)
partially treated with 1H,1H,2H,2H-perfluorooctyltrichlorosilane possessed this property and

achieved an evaporation rate of 1.68 kg m? h' [67].

Figure 1.15c shows a 3D structure. The 3D structure has two advantages. First, as one can
easily imagine, evaporation occurs from side face as well. This factor is favourable for
shortening the time to humidity saturation. The other advantage is the localisation of the

generated heat, and this structure allows to decrease the heat loss.
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Figure 1.15. Evaporator structures for solar interfacial evaporation [60].

1.8. Evaporation evaluation

In addition to the photothermal device and material, the evaluation of evaporation is also an

issue in this field. There are two values for evaporation, the evaporation rate and the conversion

efficiency. The method of calculation is discussed below.

Change of mass during 10 minutes (mg)
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Figure 1.16. Example of the variation of the mass of the whole device (Green moss-PNPG,
05 April 2022).
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First, the evaporation under 0 sun must be known. In each measurement, 3 h of irradiation of 1
sun were performed, and then the light was turned off, and the sample was left for 3 h under 0
sun. The mass changes during 120 and 180 min and during 300 and 360 min were adopted for
the calculation of evaporation under 1 sun and 0 sun, respectively, in order to minimise the
effect of the transient situation accompanied by heating (hamely 0-60 min) and cooling (180-
240 min) (Figure 1.16).

If the interface area s (m?) is known, the evaporation under 0 sun, Eo (kg m h'l), is estimated

using the variation of the mass Mo (kg) during 300 and 360 min (Eq. 1).
Ey = — 1)

Then the evaporation under 1 sun, E1 (kg m? h'!) can be estimated. This can be calculated if
the area of the incident light beam u (m?) and the variation of the mass M1 (kg) during 120 and
180 min are known (Eq. 2).

M- Ep(s—u)
u

E, = (2)

The evaporation rate is strongly dependent on weather conditions such as temperature,
humidity, wind speed, atmospheric pressure. These factors have a significant impact on
evaporation under 0 sun, and in some cases a simple comparison between evaporation rates
under 1 sun can lead to a totally wrong conclusion. It is, therefore, important to look at
performance using conversion efficiencies (water to vapour). This value means how many

percent of the incident light energy is used for steam generation.

The conversion efficiency 7 is calculated using Eq.3:

(El - EO) hry (3)

Pin

n =
Where Pin is the total energy input (1000 W m x 3600 s h™') and hoy (J kg™?) is the enthalpy

required for evaporation.

The enthalpy required for evaporation is composed of two factors, the sensible heat Q (J kg™)
and the latent heat Ly (J kg™b).

hyy=Q+Ly (4)
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The sensible heat Q is the energy stored within the liquid as the temperature increases under

the same phase. Since evaporation of water is assumed here (Eq. 5):
Q=42 x103(T; — T,) (5)

Where T; (K) corresponds to the interface temperature (Average temperature of the area

undergoing irradiation) and Ty, (K) is the initial temperature (Ambient temperature)
The sensible heat Ly corresponds to the energy used for the phase transition, i.e. from liquid
(water) to gas (vapour) [62] (Eq. 6):

L, = 1.91846 x 10° [T—]Z (6)

T;—33,91

In the case of this research, Ly is much larger than Q (40-60 times larger).

Thus, one can determine the evaporation under 1 sun Ei (kg m? h?) and the conversion
efficiency #. Although many publications consider E; to be an index of an evaporator's
competence, it is more reliable to determine the conversion efficiency, because the evaporation
rate is dependent on the condition of this measurement: temperature, atmospheric humidity, and
wind speed. This is because the variations of evaporation under 0 sun depend on the weather
condition. For example, in our laboratory, the air tends to be dry in winter and humid in summer
because of the heating. The inconsistency of these conditions in research can be a reason for

confusion when comparing evaporators using the E1 evaporation rate.

In other words, an evaporation value in a practical operation is marked under 100% humidity
after the humidity saturation, and this value is thus lower than a value under ambient humidity.

The evaporation under 0 sun Eo will disappear when the humidity is 100%.

On the other hand, thermodynamic data is taken into account when calculating the conversion
efficiency #. This value means a proportion of the energy used for water evaporation in relation
to the incident energy. This value is therefore independent of the meteorological situations of

the measurement.

1.9. Objectives of this work

As already mentioned in subchapters 1.1 to 1.8, solar interfacial evaporation is a promising
technology to alleviate the clean water shortage, which is undoubtedly one of the most serious

problems of our century, in a highly environmentally-friendly way. If there is a certain amount
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of sunlight with any form of water (salty, contaminated by metals or bacteria, etc.), a suitable
evaporator and an easy device for condensation of the vapour, this process can be performed
anywhere. Nevertheless, there are several factors that hinder the realisation of this technique.

Firstly, raw materials that are too expensive or not economically accessible should be avoided.
As an example of reverse osmosis in Turkey [69], the total cost of operation and investment is
at most about $0.50 m=. If we want this technique to become commonplace, the cost of
producing fresh water should be at the same level as traditional techniques. While the use of
gold or silver nanoparticles is an efficient method for the preparation of high performance

materials, this approach should be avoided for this reason.

Secondly, since this technology is intended to solve an environmental problem, it is not
desirable to use a material that may produce another environmental hazard (secondary
contamination). Thus, it is mandatory to avoid the use of materials whose raw materials require
multiple manufacturing processes, or materials that necessitate multiple chemical
modifications. From this point of view, the reuse of waste and the use of natural materials that

exist in abundance are also preferred.

Finally, a material must achieve an interesting conversion efficiency in order to efficiently
convert incident energy to condensed water. This requirement corresponds to the physico-

chemical properties of a material and the configuration of an evaporator.

In this perspective, the objective of this research is to prepare efficient photothermal materials

for vapour generation that are environmentally-friendly and cost-effective.
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2.1. Materials

N-Phenylglycine (NPG, 97%) and ammonium persulfate (APS, 98%) were purchased from
Merck (France). Sulfuric acid (H2SO4, 95%), ethanol (99.8%), hydrochloric acid (HCI, 37%)
were obtained from Fisher Scientific (France).

The raw petroleum coke was supplied by Shandong Chambroad Petrochemical Company, P.R.
China, with a sulfur content of 2~5% and a porous surface structure. Petroleum coke was
preliminarily crushed and ground with mortar, and its particle size was < 1 mm. Then, a
planetary ball mill was used for ball milling. The volume ratio between the abrasive and the
ball mill bead was 1:1. The rotational speed was 350 rpm and the grinding time was 8 h. The
abrasive in the ball mill vessel was stirred every 2 h to make it fully ground, so as to prevent its
powder from adhering to the inner wall of the ball mill vessel. The ball-milled petroleum coke
powder was sieved to maintain its particle size at < 20 um. The sieved petroleum coke powder
was washed by 15 wt.% hydrochloric acid (HCI) solution and ethanol sequentially. Finally, the
powder was suction filtrated and dried.

The green moss was collected on the CNRS campus, 50 Avenue de Halley, Villeneuve-d’Ascq,

France.

The filters (named New Filter in the 5" chapter) for analyses (SEM-EDX,
ultraviolet/visible/near-infrared spectrometry, heat profile in dried state, water contact angle,
FTIR, and TGA) were extracted from a non-used commercial product (Filter Kings, Philip
Morris International). Cigarette butts for vapor generation and purification properties tests were

collected at the CNRS campus, 50 Avenue de Halley, Villeneuve-d’Ascq, France.

Seawater for vapour generation and seawater distillation was taken from the North Sea (Ostend,
Belgium). The bacteria used in this study were derived from an E. coli K12 MG 1655 strain

(Gram negative).

2.2. Description of the characterization techniques

2.2.1. Scanning electron microscopy-Energy-dispersive X-ray spectroscopy (SEM-EDX)

Scanning electron microscopy (JEOL, JSM-7800F) was used to obtain information on the

morphology of the samples.
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This technique involves projecting an electron probe onto a sample to obtain an image of the
surface. The atoms exposed to the radiation are excited and emit secondary electrons. The
energy of these electrons is low. A clear image can be acquired by these secondary electrons
(LED, Lower Electron Detector).

The other detector (BED-C, Backscattered Electron Detector) is used to detect backscattered
electrons. These electrons are scattered by an atom in an almost elastic way. High energy
electrons are therefore detected. Atoms with a large atomic number Z emit a lot of electrons,

and are therefore seen in white on the image.

Electron gun

Conden
ser .
L]
X-ray detector
Secondary electrons Backscattered
electrons
F
e
] —_—
Detector Detector
(Backscattered (Backscattered
electrons) electrons) e hoton
Detector X-ray photo
Sample (Secondary
electrons)
Vacuum pump

Figure 2.1. Principle of the SEM-EDX

Energy dispersive X-ray (EDX) spectroscopy is a practical technique for elemental analysis.
When an atom interacts with a high-energy electron, an electron in an inner orbital is ejected.
Relaxation occurs when an electron in an outer orbital moves towards this hole. This relaxation
is accompanied by the emission of an X-ray photon. The energy of this X-ray photon is specific

to each element.

The accelerating voltage was set at 2.0-5.0 kV for SEM and 15.0 kV for EDX.
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2.2.2. Raman scattering analysis

Raman spectroscopy (LabRam HR Micro-Raman system (Horiba Jobin Yvon) equipped with
a 473 nm diode laser) is a method for identifying the structure of molecules and particularly

suited for the analysis of graphitic-based materials.

When a sample is irradiated by photons, several phenomena can be observed: part of light is
reflected, another part passes through the sample, and other is scattered. A large part of the
scattering is elastic scattering, i.e. scattering in which the photons do not lose energy. This
phenomenon is called Rayleigh scattering (Figure 2.2).

A very small part of the scattering is inelastic (1 photon of 10 M photons). In this scattering,
the photons exchange energy with the atoms to change their vibrational level. As a result,
photons with altered energy can be observed. This is called Raman scattering.

Most of the time, the energy of the observed photons is lower than the energy of the incidence.
In other words, a wavelength extension can be observed. This is called Stokes scattering. The
opposite is anti-Stokes scattering, but it is the minority process.

The wavenumber shift between the incident wavenumber and the scattering wavenumber is
commonly used to express the change in photon energy. When the vibration causes a change in
the polarizability (momentary deformation of the electron cloud around a bond) of a molecule,
the Raman shift can be observed. In combination with FTIR spectroscopy, the structure of

molecules will be clearly identified.

In this work, the visible light is focused by a 100x objective. The scattered light is collected by
this lens in backscattering, and scattered by a monochromator with a focal length of 1800 mm

and detected by a CCD camera.
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Figure 2.2. Principle of Raman scattering analysis.

2.2.3. X-ray diffraction (XRD)

X-ray diffraction (XRD) was carried out for the determination of the phases, existing in the
materials investigated in this work, by Bruker D8 Advance A25 (equipped with a LynxEye
XET detector).

This technique is generally used to study the phases of crystalline materials. It involves
bombarding a sample with X-rays and measuring the intensity of the scattered X-rays at
different angles. The X-rays diffracted by different atoms only interfere constructively with

each other at certain angles specific to the crystal structure.

In Figure 2.3, the wave reflected from one diffracting plane travels less than that reflected from
the next plane, and this difference can be calculated as 2dsing, where @ is the angle between the
reflected beam and the diffracting plane. Constructive interference only occurs when this path

difference is an integer multiple of the wavelength (Eq. 7):
Bragg’s Law: 2dsinf = nA (7)

The phases in a sample can be identified by comparing the database and the angle 26 where

strong diffractions are observed.
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Figure 2.3. Left: Bragg's Law, Right: X-ray diffraction by a sample

2.2.4. UV-Vis/NIR spectrophotometry

To acquire reflectance spectra, a UV-Vis/NIR spectrometer (PerkinEImer, LAMBDA 950) was
used. For the green moss, pellets (100 mg, @ = 13 mm, Pressure: 600 MPa) were prepared. For
the cigarette filters, 25 mg (12 mm x 6 mm x 2 mm) of the samples were placed directly into

the measurement chamber.

“Universal Reflectance Accessory” was used to acquire the reflectance spectrum, and the angle

of incidence was set at 45 degrees. The probed wavelength is 300-2000 nm in this work.
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Figure 2.4. Diagram of the Universal Reflectance Accessory (a: Measurement, b: Calibration)

2.2.5. Contact angle measurements

The wetting properties of the samples were examined by measuring the contact angle of an 8 uL

water droplet with a goniometer (Ossila, L2004A1) at 5 different locations on the sample

(Figure 2.5).
Sample ~
_ —|

Camera Lamp for illumination

Sample holder

Left Angle  Right Angle Contact Angle
\
o, Bn 6=(0.+0r)/2
L\
Sample

Figure 2.5. Measurement of the water contact angle.

The camera behind the sample captures images. The time interval between the images was 1.2
s (Chap. 3 and 4), and 0.1 s (Chap. 5). After capturing the pictures, a software automatically
detects a water droplet on the sample and measures the left and right contact angles from the

pictures.

The average contact angle was calculated for each photo using Eq. 8:
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Where 6 is the left angle and 6r is the right angle.

2.2.6. Fourier-transform infrared (FTIR) spectroscopy

Information on the chemical structure/composition of the samples was obtained by Fourier

transform infrared spectroscopy (Thermo Fisher Scientific, Nicolet 8700).

This method involves irradiating a sample with infrared radiation and recording the absorption.
The energy of the infrared radiation is relatively low, and this energy is used to change the
vibrational modes of a molecule. When the frequency of the incident radiation is at the same
frequency of an allowed vibration frequency and the vibration produces a change in the electric
charge distribution (change in the electric dipole moment of the molecule), absorption will be
observed at that frequency. There is a particular vibrational wavenumber for each bond, and it

is therefore possible to identify groups by interpreting a transmission spectrum.

For this analysis, approximately 1-2 mg of solid sample was ground and mixed with 250 mg of
KBr, and the mixture was pressed (approximately 600 MPa) to obtain a pellet. The wavelength
range was 4000 to 650 cm™,

Stationary Mirror

|
IR Source - / | Moving Mirror

Beam Splitter —

Sample

s Detector

Figure 2.6. Instrument for FTIR analysis.
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2.2.7. X-ray photoelectron spectroscopy (XPS)

To obtain information on elemental composition and chemical bonds, photoelectron
spectrometry (XPS, Kratos Axis ULTRA DLD, with a monochromatised Al Ka source) was
adopted.

In this technique, a sample is irradiated with X-rays to eject electrons. Once the sample receives
X-ray energy, an electron can be ejected from the sample. The energy of this electron changes

depending on the orbital to which the electron belonged (Figure 2.7).

By conservation of energy, the energy of an ejected electron can be expressed as follows (Eq.
9):

hV:EK+EB+(p (9)

Where hv is the energy of an X-ray, @ is the work function of an instrument, Eg is the binding
energy of the orbital to which the ejected electron belongs, and Ex is the Kinetic energy of a
detected (ejected) electron. @, Ek, and hv are known values, and the binding energy can

therefore be easily calculated using Eq. 10:
EK:hV_EB_(p (10)

This instrument is able to count electrons according to the kinetic energy of the electrons. This
energy is sensitive to the orbital and the bond that an electron forms. Thus, information about

the bond, the element, etc. can be collected.
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/_\ 3s — e¢o—
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2s

—
I 1s
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Figure 2.7. Instrument and principle of XPS analysis.
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2.2.8. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA, Netzsch, TG 209 F3 Tarsus) was used to measure the

variation of the mass of samples upon thermal heating.

With the TGA, the temperature of the furnace in which a sample is placed increases at a constant
rate. The balance is also equipped to record the mass of the sample as a function of time (as a
function of temperature). This provides information on the characteristics of materials at high

temperatures.

The speed was set at 10 °C min* and the temperature was increased from room temperature to

910 °C. The measurements were carried out under nitrogen (N>).

Figure 2.8. Structure of TG 209 F3 Tarsus.

2.3. Vapor generation

2.3.1. Instruments

The solar simulator (QuantumDesign, LSN150) was operated with the AM 1.5G filter for
consistency with other research. As already mentioned, 1 sun (1000 W m) is commonly used
in the field of solar interfacial water evaporation as a unit of incident light power to facilitate
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the calculations. The intensity of the incident light was calibrated to 1000 W m using the
photovoltaic panel which is previously calibrated between the output voltage and 1000 W m™
of incident light (AM 1.5G) (Figure 2.9).

Solar simulator
r'd (normalized to one sun)

Relative units

500 1000 1500 2000 2500

Wavelength (nm)
Figure 2.9. Spectrum of the light produced by the simulator.

A 0.001 g precision balance (Denver Instrument, SI-203) was used to measure the total mass

of the device (beaker and evaporator). The mass was recorded manually every 10 minutes.

Solar
Simulator

Thermal
\imaging
‘camera

Figure 2.10. Mass and temperature measurement devices.

During irradiation, the surface temperature (the interface temperature) and temperature
distribution images were measured and captured with the thermal camera (FLIR A655sc 25°,

Teledyne FLIR LLC) (Figure 2.10).
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2.3.2. Atmospheric temperature and humidity

Weather conditions are important factors. In general, in the laboratory, evaporation is high on
a sunny day in winter because of the lower humidity (the temperature inside the building is
maintained all year round by heating, so humidity tends to be low in winter). In summer,

however, evaporation is low because the humidity is relatively high.

Humidity can be measured with a normal thermometer. The wet bulb temperature (Tw) is the
temperature recorded by a thermometer with a water-soaked paper towel on the bulb. The dry
temperature (Tq), on the other hand, is the temperature recorded by a conventional bare

thermometer.

The saturation vapour pressure of water at a certain temperature (= Tq) can be calculated
according to Wagner's law [1] (Eq. 11):

P, = P.exp

(11)

(Ax+Bx1'5+cx3+Dx6)
1-x

Where x = 1 —;dTU;i, Pc = 221200 hPa, A = -7.7760, B = 1.4788, C = —-2.7877, D =

—1.2492 [2].

On the other hand, the water vapour pressure Py (hPa) can be determined by the Sprung's law
(Eq. 12):

P, = K(T,) — AP(Tq — Ty) (12)
where A =0.0006662, P (hPa) is the value of the atmospheric pressure.

Finally, the relative humidity HR (%) can be obtained from the results of Eq. 11 and 12:

HR = 2 x 100 (13)

Table 2.1 summarises some results of the humidity calculation for dry and humid conditions.
Even at abnormally low (970 hPa)/high (1050 hPa) pressures, the deviations of the humidity
from the case of 1 atm = 1013.25 hPa are less than 1%. In this work, P = 1013.25 hPa was

therefore adopted as the ambient atmospheric pressure for the calculation of relative humidity.

52



Table 2.1. Examples of relative humidity calculations under various conditions

Dry temperature Tq Humid temperature Atmospheric Relative humidity
(°C) Tw (°C) pressure P (hPa) HR (%)
20.0 15.0 970.00 59.5
20.0 15.0 1013.25 58.9
20.0 15.0 1050.00 58.4
20.0 13.0 970.00 45.2
20.0 13.0 1013.25 44 4
20.0 13.0 1050.00 43.7
22.0 15.0 970.00 47.9
22.0 15.0 1013.25 47.1
22.0 15.0 1050.00 46.5

2.4. Seawater distillation and sterilisation of contaminated water

2.4.1. Condensation

The distillation was carried out with a homemade device. A poly(methyl methacrylate) plate
(Goodfellow; thickness = 2.0 mm) was used to construct a vapour condensation device (Figure
2.11). The beaker equipped with an evaporator is positioned in the middle of this device and

this device with the lid is placed under the light source.
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Figure 2.11. Condensation device.

After several hours (normally more than 3 h) of irradiation, water droplets can be seen covering
the walls of the device (Figure 2.12).

Figure 2.12. Water droplets on the walls of the device (a) before irradiation and (b) 3 h later

2.4.2. Inductively coupled plasma - optical emission spectrometry (ICP-OES)

The element concentrations in the initial seawater and in the condensed water were measured
by ICP-OES (Agilent technologies, ICP-OES 5110).

This technique is used to determine the content of inorganic elements in a liquid. The liquid is
placed into an argon plasma as an aerosol to vaporise at extremely high temperatures. This
process causes atomisation and ionisation.
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In ICP-OES, the focus is on the emission of atomic light. Excited atoms emit photons with an
element-specific energy when they return to the initial state. The light is separated depending
on wavelength by a spectrometer and the intensity is measured. The element concentration is

calculated by comparing the result with data from a known solution (Figure 2.13).

Atom
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:@; emission)
Aerosol N—_A Induction coil
t ICP Torch
Excited I
\

Carrier gas (Ar)

Sample hv

Figure 2.13. Left: Schematic of ICP; right: Atom in ground and excited states.

2.4.3. Bacteria
(a) Culture of bacteria

The bacteria used in this study were derived from an E. coli K12 MG 1655 strain (Gram
negative). A single colony of E. coli from an agar plate (LB agar) was inoculated overnight into
LB medium at 35°C with moderate agitation (100-150 rpm). The pre-culture was diluted 10-
fold and left under agitation for another 3-4 h until the optical density at 600 nm (ODeoo) reached
0.6-1. The culture was then centrifuged at 4500 rpm for 5 min and the pellet was diluted to 1 x
108 CFU mL™ (OD ~ 0.1) in sterile 0.9% NaCl (100 mL).

(b) Biological titration (Bioassay)

Figure 2.14 describes a biological titration procedure adopted in this work. First, a sample is
diluted with a sterile physiological salt water solution (NaCl, 0.9%) by 10, 102, 10°...10° etc.
Since the concentration of a solution is not known, different dilution levels must be tested. For
this purpose, a petri dish was separated into several placements to incubate for different dilution

levels. 20 uL of solution from each dilution was taken and deposited on the agar (LB agar,
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Luria/Miller). As soon as the solutions were impregnated into the agar, the petri dish was
incubated at 37 °C for 24 h.

If there are sufficient bacteria in a diluted solution (but not too many to count manually),
colonies of bacteria can be seen visually after the incubation period. The assay can be performed

with manual counting.

For example, if 22, 24, and 23 colonies of bacteria can be counted in dilution compartment 10°
on 3 petri dishes, the initial bacterial content can be estimated with a simple calculation, and it
will be 1.15 x 108 CFU mL™,

105
-0. °o N H
2 / At aq -. (Ex. 1.15 x 103 CFU mL") Condensed
v v v v v v Water
Sample
(Ex. 1. 15x108
CFU mL-) Condensed
- Contaminated Water \
Water | 100 uL 100 pL 100 pL
20puL 20pL 20 pL
Nutrient
Agar
s e S S S S
I [ [
l Incubation : 24 h, 37 °C l J
} + !
e - T N S S e
Nutrient Agar Ex. 22 colonies 24 colonies 23 colonies No colonies ?
(Contaminated (Average : 23 colonies)
Water)
Figure 2.14. Titration of bacteria.
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Chapter 3: Green moss - poly(N-phenylglycine)
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3.1. Introduction

There is a growing awareness that water shortage is one of the most preoccupying concerns in
the 21% century. Approximately 40% of the world population suffers from water scarcity in
terms of quality or quantity, because of the excessive consumption of water and various

contaminations [1].

In that context, various desalination technologies, such as reverse osmosis and distillation [2,
3], have been conceived in order to produce freshwater out of seawater, which is omnipresent
and represents 96.5% of water resources on the globe [4]. However, these technologies require
high energy input, which has a detrimental effect on the environment. In addition, frequent
maintenance and large-scale plants are required for the stable operation of those processes.

These factors are not favorable for installation in remote regions.

These days, distillation using solar-driven interfacial evaporation has been attracting more and
more attention [5]. This technology can exploit solar energy — an inexhaustible energy source
— for desalinizing the seawater and sterilizing contaminated water with the assistance of
photothermal materials. This technology is compatible with the fact that the countries in the
Middle East and Asia, suffering from severe water stress, are mostly located in low latitude
regions [6], where they have much potential to use the sun’s energy.

Various kinds of photothermal materials have been investigated for accelerating water
evaporation, including next to semiconductors [7-9] and plasmonic metals [10-12], carbonized
biomass materials [13-15], and polymers [16-18], etc. However, more improvements are
required in terms of vapor production efficiency, fabrication cost, or accessibility of the raw
materials. Indeed, accessibility of the raw materials is one of the most important factors for the

installation of the device in many remote places over the world.

Green moss (GM), an abundant biomass, exhibits all the attributes of a good solar vapour
generation material. Indeed, we have lately demonstrated that GM, owing to its hydrophilicity,
wide absorption in the solar spectrum, enhanced ability to transform light-to-heat, and low cost

represents a highly effective photothermal material for brackish water desalination [19].

Meanwhile, poly(N-phenylglycine) (PNPG), an analogue of polyaniline, owns good
photothermal properties and has been applied for photothermal eradication of tumors [20] and

bacteria [21], but also enhanced properties for energy storage applications [22, 23].
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The aim of this chapter is to take advantage of the photothermal properties of both GM and
PNPG through the formation of a hybrid GM/PNPG material to increase the absorbance of
incident light, the vapor generation efficiency and sterilization property. PNPG was coated on
the GM surface through a simple polymerization process of N-phenylglycine monomer. The
obtained GM/PNPG displayed enhanced solar conversion efficiency of 76.5 + 3.9% under 1
sun irradiation, as compared to 64.2 + 3.0% recorded for the pristine GM under otherwise
identical conditions. In addition, the hybrid material was applied for effective desalination of

sea water and bacteria removal with high efficiency.

3.2. Experimental section

3.2.1. Preparation of green moss (GM)

Once the green moss (GM) was collected, it was washed copiously with water for removing
fine sand and mud. Then, it underwent a drying step at 60 °C for overnight. Subsequently, the
GM was soaked in ethanol for approximately 7 h in order to dissolve organic components and
finally dried at 60 °C for 2 h [19].

3.2.2. Preparation of green moss - poly(N-phenylglycine) (GM-PNPG) composite

The synthesis of the GM-PNPG composite was performed according to a precedent work [21].
First, N-phenylglycine monomer (NPG, 212 mg) and green moss (800 mg) were placed in 0.1
M H2SO4 aqueous solution (100 mL). Separately, ammonium persulfate (APS, 320 mg) was
dissolved in 0.1 M H2SO4 aqueous solution (100 mL). Then, the APS solution was poured
slowly to the NPG solution at 0 °C (ice-water bath) over one hour under magnetic stirring. The
resulting solution was left in the ice-water bath for 24 h with magnetic stirring. The modified
green moss was collected with centrifugation (4,400 rpm, 5 min) and washed several times with
water. Finally, the final product was dried overnight at 60 °C. Henceforth, the obtained samples
are denoted as GM-PNPG (Fig. 3.1).
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Figure 3.1. Photos of pristine GM (left) and GM-PMPG (right).
3.2.3. Structure of the evaporator

Vapour generation tests were performed on a home-made device consisting of a 50 mL beaker,
paper towel, and polystyrene foam (used for plastic food trays). The beaker was filled with
water or seawater (50 mL) and the green moss (380 mg) was loaded on the polystyrene foam
(Fig. 3.2). The same configuration was used also in the 4™ chapter.

Incident Light

Sample

Polystyrene

P Towel
(Food tray) APex Lo

Water
or
Seawater

Figure 3.2. lllustration of the home-made device for vapor generation tests.
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3.3. Results and discussion

3.3.1. Polymerization of N-phenylglycine on the green moss surface (GM-PNPG)

Figure 3.3 shows the SEM micrographs of the surface of green moss (GM) before and after
modification with poly(N-phenylglycine) (PNPG). The surface of the pristine GM exhibits
orderly arranged patterns (Fig. 3.3 a,b), which were not obvious after PNPG formation (Fig.
3.3 ¢,d). The disappearance of the initial orderly arranged patterns is a clear indication of PNPG

deposition on the GM surface.

Figure 3.3. SEM images of the GM samples before polymerization (a, b), and after coating
with PNPG (GM-PNPG) (c, d).

Figure 3.4 depicts the reflectance spectra in the ultraviolet/visible/near-infrared range. The
pristine GM exhibits good absorption properties throughout the UV to NIR range. This property
is beneficial for light harvesting. After the polymerization of PNPG on the surface of the green
moss, the reflectance of GM-PNPG decreased, which implies that PNPG layer promotes the

absorption of visible and infrared light.
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Figure 3.4. Reflectance spectra of pristine GM (blue) and GM-PNPG (gold).

Figure 3.5 highlights the transition of the surface temperature of the pristine GM and GM-
PNPG samples in the dried state under the irradiation of 1 sun. The temperature of both samples
began to rise rapidly as soon as the irradiation started and attained a plateau after 5 min. The
average temperature (600 — 1200 seconds) of the irradiated zone reached equilibrium values of
60.4 °C for the pristine GM and 65.2 °C for GM-PNPG. Yellow/White zone in the infrared
images, corresponding to the high temperature area (more than 65 °C), expanded for GM-PNPG
compared to the pristine GM. The temperature of the hottest spot on GM-PNPG reached 80.6
°C (indicated by Cursor 1). This difference between the two samples indicates that
polymerization of NPG on the GM surface is effective for the absorption of the incident light,
which is consistent with the aforementioned reflectance results.
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Figure 3.5. Heat profiles of the dried GM and GM-PNPG samples under irradiation of 1 sun.

For the solar-driven interfacial evaporation, the evaporator must be in contact with water.
Therefore, the contact angle of a water droplet was examined. Fig. 3.6 indicates the water
droplet behavior on GM and GM-PNPG surfaces over time. For GM, the shape of the droplet
could hardly be observed after 30 seconds. On the other hand, the water droplet deposited on
the GM-PNPG surface has spread out very quickly, and disappeared after 5 seconds. The same
tendency can be confirmed with the contact angle. The contact angle for both samples continued
to decrease after the start, and the decrease of water contact angle is accentuated for GM-PNPG.
This means that the pristine GM is already hydrophilic and this beneficial feature is well-
conserved for GM-PNPG.
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Figure 3.6. Variation of water contact angle over time on GM and GM-PNPG.

Figure 3.7 depicts the FTIR spectra of pristine GM, GM-PNPG, and PNPG. For PNPG, the
peak at 3458 cm™ can be attributed to the OH stretching of carboxylic acid. The weak band at
1654 cm™ is due to the stretching of the carbonyl groups. The peak at 1560 cm™ could be
assigned to quinone ring deformation [24], while the peak located at 1485 cm™ could be due to
the stretching of the benzene ring. The peaks at 1306 and 1244 cm™ are ascribed to C-N and
C=N stretchings, respectively. The peak at 1106 cm™ corresponds to the in-plane vibration
mode of the quinoid ring [25], whereas the band at 802 cm™ is characteristic of C—H out-of-

plane bending vibration mode of the quinoid ring.

For GM, the peak at 3405 cm™ can be attributed to the OH stretching and the C—H stretching
peak appeared at 2923 cm™ [26]. Small peaks at 2362 and 2338 cm™ are attributed to the CO;
in the chamber. Peaks at 1733 cm™ and 1652 cm™ are due to carbonyl groups [27]. Typical
aromatic skeletal vibration peak appeared at 1420 cm™. The peak at 1376 cm™ is due to the
phenolic OH and aliphatic C-H. 1316 cm™ can be attributed to the aromatic ring breathing, the
peak at 1253 cm™ is caused by C=0 stretching, and the peak at 1156 cm™ appeared by aromatic
C-H in-plane deformation [28]. C-O deformations of secondary alcohols or esters could be
detected at 1059 cm™. On the other hand, the two samples derived from the green moss (GM
and GM-PNPG) exhibit very similar spectra except for the peak at 1507 cm™ of the GM-PNPG,
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which could be caused by the C—C stretching in the benzene ring. This is presumably because
the PNPG content in the GM-PNPG composite is much smaller compared to the quantity of the
GM.
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Figure 3.7. FTIR spectra of pristine GM, GM-PNPG and PNPG.

X-ray photoelectron spectroscopy (XPS) was conducted to assess the chemical composition
and surface electronic states. Figure 3.8 displays the low-resolution XPS spectra of pristine
GM and GM-PNPG. The XPS plot of GM comprises peaks due to S 2p, C 1s, N 1s and O 1s at
respectively 164, 285, 400, 532 eV. For GM-PNPG, peaks can be seen at 170, 285, 400, 533
eV for S 2p, C 1s, N 1s and O 1s, respectively. F 1s peak at 689 eV in GM-PNPG could be due
to the contamination brought by the magnetic stirrer.
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Figure 3.8. Low-resolution XPS spectra of pristine GM and GM-PNPG.
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Table 3.1 indicates the atomic composition detected with XPS. The proportion of O depends

largely on the moisture quantity in the sample. The ratio C 1s/N 1s slightly decreased in GM-
PNPG (C 1s/N 1s = 39.7) compared to that of GM (C 1s/N 1s = 41.7) because of the surface
modification with PNPG (C:N:O = 32:4:8) (Fig. 3.9).

Table 3.1. Composition of atoms detected with XPS.
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Figure 3.9. Chemical structure of PNPG.
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C (at. %) O (at. %) N (at. %) S (at. %) C/N

GM 67.1 31.0 1.6 0.3 41.7

GM-PNPG 79.2 18.3 2.0 0.4 39.7
- o o




In Figure 3.10 are displayed the high-resolution spectra of the C 1s peak of GM and GM-
PNPG. The curves can be deconvoluted into three distinct components at binding energies of
284.8, 286.3, and 288.7 eV ascribed respectively to C—C, C-O, and COO groups. After PNPG
coating on the GM, the intensity of the peak COO increased, which indicates the presence of
PNPG, which contains more COO groups than the pristine GM (Table 3.2). The increase in the

carboxyl groups can be a reason for the aforementioned improvement of hydrophilicity.
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Figure 3.10. High-resolution XPS spectra of the C 1s of the pristine GM and GM-PNPG.

Table 3.2. Proportion of each component in the C 1s peak of GM and GM-PNPG.

CC (at. %) C-O (at. %) COO (at. %)
GM 67.3 28.0 47
GM-PNPG 66.2 25.7 8.1
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Figure 3.11 depicts the thermogravimetric (TG) and the first derivative (DTG) curves of
pristine PNPG, GM and GM-PNPG. For PNPG, three weight loss stages are evidenced at 125,
280 and 520 °C. These changes could be attributed respectively to water evaporation, the
decomposition of the carboxylic groups, and the degradation of PNPG backbones [25]. The
thermal behaviors of GM and GM-PNPG are quite similar, and three weight losses could be
recognized at 100, 270, and 300 °C. The mass decrease at 100 °C is certainly due to the
evaporation of water, while the weight losses at 270 and 300 °C are related to the degradation
of organic groups borne by the GM and PNPG. DTG curves for two samples, GM and GM-
PNPG are similar except small modifications by PNPG (The degradation of GM-PNPG start at
slightly lower temperature compared to the pristine GM) because of overwhelmingly major
proportion of green moss.
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Figure 3.11. TG curves (a) and DTG (b) curves recorded for PNPG, GM, and GM-PNPG.

3.3.2. Vapor generation performance

Figure 3.12 represents the changes of the water level before and after irradiation with a solar
simulator under 1 sun. A glass beaker was used for a better visualization of the inside of the
beaker. A decrease of the water level could be noticed after 8 h of irradiation, which means that
hydrophilicity of paper towel is capable to pump sufficient water towards the GM-PNPG

positioned on the polystyrene foam and that the configuration of this device works properly.

68



Figure 3.12. Change of water level in the beaker before and after 8 h irradiation (GM-PNPG,

Figure 3.13a exhibits the changes of the mass of the device when using untreated GM, and

GM-PNPG. It could be seen that more water was evaporated using the GM-PNPG composite

materials than the pristine GM.
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Figure 3.13. (a) Evaporation as a function of time under the irradiation of 1 sun. (b) Solar

Figure 3.13b summarizes the solar conversion efficiencies through multiple cycles of
utilization for the GM-PNPG samples. The solar conversion efficiencies of the GM-PNPG (76.5
* 3.9%) surpass the level of the untreated GM (64.2 + 3.0%) even after the sample underwent
multiple times of uses for the evaporation of seawater and following repeated drying. This
means that the modification of the GM with PNPG represents a good approach to endure the

conversion efficiency of GM-PNPG samples.

repeated practical uses (Table 3.3 for comparison with other precedent works).
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Table 3.3. Comparison of this work and precedent works (Biomass-based materials)

Material Evaporation rate (1 | Solar Conversion Efficiency (1 | Reference
sun, kg m?h?) sun, %)
Green moss-poly(N- 1.31£0.05 76.5+3.9 This work
phenylglycine) (GM-
PNPG)
Sweet limes peels- 1.386 90.88 29
Polyvinyl alcohol
sponge
Lotus leaf-based 1.30 775 13
carbon film
Polypyrrole- 1.22 76.61 30
functionalized pomelo
peel
Wood-polypyrrole 1.014 72.5 31
Carbonized Radish- 1.18 72 32

Titanium nitride

Evaporation under 0 sun (in absence of light irradiation) varies largely according to the
meteorological conditions, such as temperature, and especially humidity, when there is almost
no wind like in the laboratory room. For better understanding of the difference among the
samples, the evaporation under 0 sun was analyzed. For both samples, there is a strong
correlation between the evaporation rate and the humidity of the room (Figure 3.14). It is
presumably observed that the evaporation is accelerated in a drier meteorological condition. On
the other hand, a strong correlation could not be recognized between the evaporation rate and
the room temperature within the temperature range of this work (from 19.9 °C to 24.0 °C) (Fig.
3.15). This proves that the humidity of the ambient air has a significant effect on the evaporation
rate and that the solar conversion efficiency has always to be examined. The evaporation rate
for the GM-PNPG composite by 0 sun is the same level compared to that of pristine GM
samples. It is inferred from this tendency that PNPG coating on the GM does not affect
negatively the hydrophilicity of the sample. This tendency is consistent with the water contact

angle measurements.
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Figure 3.15. Correlation between the evaporation rate (0 sun) and the room temperature.

3.3.3. Purification properties

ICP-OES was employed to determine the concentration of mineral elements of condensed
water. Figure 3.16 presents the concentrations of 5 types of elements (Na, K, Ca, Mg, B) in the
initial sea water and in the condensed water collected after 3 h of irradiation under 1 sun. The
mineral elements were eliminated by vapor condensation by more than 99%, and the

concentrations of those all elements in the condensed water are below the level required or
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recommended by the guideline of the World Health Organization (WHO) for drinking water
[33].
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Figure 3.16. Concentration of minerals in the seawater before and after condensation.

The bacterial contamination of drinking water is still a major problem in various countries,
because some kinds of bacteria have pathologically harmful effects on human bodies [34-36].
From this perspective, the solar-driven distillation of an Escherichia coli (E. coli) solution was
conducted. After the distillation of the contaminated water (1.3 x 108 CFU E. coli / mL), no
colonies could be observed on the agar plate which was inoculated by the condensed water
(Figure 3.17). This means that the condensed water is visibly free from bacterial contamination
and that this method is effective under practical conditions for ensuring the security of drinking

water.

Figure 3.17. Colonies of E. coli before (a) and after (b) the condensation of the contaminated

water by E. coli.

72



Taking these results into consideration, it can be concluded that the polymerization of NPG on
GM could be an effective method for not only increasing the evaporation rate, but also for
producing secured drinking water.

3.4. Conclusion

Polymerization of N-phenylglycine (NPG) on the surface of green moss (GM) was investigated
with the aim of improving the vapour generation rate for producing safe drinkable freshwater.
Thanks to the excellent absorbance and the good adhesion of PNPG on the surface of the GM,
the GM-PNPG hybrid material turned out to be a good candidate for solar-driven interfacial
evaporation under practical conditions. The GM-PNPG samples showed enhanced evaporation
rate by 0.16 kg m ht and the solar conversion efficiency was improved to 76.5% as compared
to 64.2% of the pristine GM. Moreover, the excellent accessibility of the GM, the low toxicity
of the synthesized material, and the simplicity of fabrication are all beneficial for the design of

efficient and low-cost water evaporator systems.

Water desalination using the GM-PNPG allowed to decrease the concentrations of five common
elements (Na, K, Ca, Mg, B) in the distilled water to values much lower than those
recommended by the WHO for safe drinking water. In addition, the GM-PNPG was effective
in bacteria removal from water contaminated with E. coli. Taken together, all these attributes
are favorable factors for practical prospects in the fields of wastewater treatment and seawater

desalination.
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4.1. Introduction

The accessibility of raw materials, the cost and the complexity of the synthesis are major
obstacles for spreading the solar-driven interfacial evaporation, because this technique is
desirable especially in geographically remote, and infrastructure-poor areas. Therefore, it is
necessary to utilize photothermal materials which are very accessible or derived from cheap

and available raw materials.

On the one hand, green moss (GM) is a plant found in almost all climatic conditions thanks to
its very simple structure, and it has already been reported that GM is a good candidate for solar

interfacial evaporation, because of its hydrophilicity and excellent photothermal conversion [1].

On the other hand, petroleum coke is a by-product of the oil refining processes. In petroleum
refining processes, crude oil undergoes cracking (decomposition of large hydrocarbons) to
extract valuable products composed of short-chain hydrocarbons. As a result, petroleum coke
is produced as a by-product and a large amount of petroleum coke is stockpiled [2]. Some
researchers suggest that petroleum coke consists mainly of a large number of aromatic rings,
just like graphite, as well as some impurities (O, N, S and metals) [3][4]. Therefore, one could
expect that the petroleum coke features photothermal properties comparable to that of
commercial carbon-based materials such as reduced graphene oxide (rGO) [5-7].

In this chapter, we combined the good hydrophilic and photothermal properties of natural and
abundant green moss with good photothermal behavior of petroleum coke to generate a
composite material with improved vapor generation. The synthesis technique is straightforward
and consists in a simple immersion of washed green moss in the petroleum coke suspension

and subsequent drying.

4.2. Experimental section

4.2.1. Processing of the green moss (GM)

Once the green moss (GM) was collected, it was washed with water to remove fine sand, mud,
and plastic. Then, it was dried in an oven at 60 °C overnight. Subsequently, the GM was soaked
in ethanol for approximately 7 h in order to dissolve organic components and finally dried at
60 °C for 2 h.
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4.2.2. Preparation of green moss - petroleum coke (GM-PetCoke) composite

As a first step, the petroleum coke suspension was prepared by adding the petroleum coke (250
mg) into a mixture of 15 mL of water and 6 mL of ethanol. This suspension was placed in an
ultrasonic bath for 5 min to homogenize the suspension. Then, the washed green moss (600 mg)
was added to this suspension, and this mixture was left on a tube revolver rotator (10 rpm) for
16 h for sufficient impregnation. Finally, the green moss was retrieved for 16 h of drying at 60
°C, and this product is called GM-PetCoke here. Figure 4.1 shows photos of pristine GM and
GM-PetCoke; a color change from dark brown to black was observed after the addition of the

petroleum coke.

Figure 4.1. Photos of pristine GM and GM-PetCoke.

4.3. Results and discussion

4.3.1. Characterization of the petroleum coke

Figure 4.2a and c are the SEM (lower electron detector (LED), which is a secondary electron
detector) images of the petroleum coke powder. In this mode, the secondary electrons were
captured, which helps to understand the morphology. Figure 4.2b and d are the SEM
(backscattered electron detector (BED-C)) images of the petroleum coke powder for the same
spot as Figure 4.2a and c, respectively. Using the BED-C mode, back-scattered electrons were

observed and heavy elements can be seen as white spots.

The size of the petroleum coke particles ranges from 1 to 20 um. White spots could be seen

randomly, which implies that heavier elements than carbon exist in the petroleum coke sample.
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Figure 4.2. SEM images of the petroleum coke powder ((a) and (c): LED mode, (b) and (d):
BED-C mode).

Elemental analysis of the petroleum coke powder by energy dispersive X-ray (EDX)
spectroscopy showed that the petroleum coke consists essentially of C along with minor
contributions of non-carbon impurities, such as O, Pb and S (Fig. 4.3).

. Map Sum Spectrum
o

Pb 104
g 4

Powered by Tru-Q®

Figure 4.3. EDX spectrum of the petroleum coke powder.
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The existence of Pb was confirmed by X-ray diffraction (XRD) analysis: Pb (PDF 65-2873),
PbO (PDF 78-1666) and Pb3B30g(OH)3.H20 (Lead borate hydroxide hydrate, PDF 52-1259)
were detected as crystalline phases (Fig. 4.4).
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Figure 4.4. XRD pattern of the petroleum coke powder.

Figure 4.5 depicts the X-ray photoelectron spectroscopy (XPS) plots of the petroleum coke. In
the XPS large scan in Fig. 4.5a, several peaks are evidenced at 138 eV (Pb 4f), 164 eV (S 2p),
284 eV (C 1s), 399 eV (N 1s), and 532 eV (O 1s). Three other lead peaks can be confirmed at
413 eV (Pb 4ds/2), 435 eV (Pb 4ds) and 645 eV (Pb 4ps12). The atomic concentrations of C, O,
S, Pb, and N were respectively 90.0, 4.9, 2.6, 1.6 and 0.9 at.% (Table 4.1). The results
corroborate the EDX data, indicating that C is the major component of the petroleum coke.

Figure 4.5b displays the high-resolution of the C 1s XPS spectrum of the petroleum coke. It
can be deconvoluted into three components, C-C/C=C (284.7 eV), C-N/C-S (285.3 eV), C-O
(286.1 eV).
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Figure 4.5. (a) Low-resolution, and (b) C 1s high-resolution XPS spectra of the petroleum

coke powder.

Table 4.1. Atomic percentages of the different elements of the petroleum coke.

Element

C

)

S

Pb

N

Atomic %

90.0

4.9

2.6

1.6

0.9

High-resolution XPS spectra of other elements are shown in Figure 4.6. O 1s peak can be
deconvoluted into C=0 (532.1 eV) and C-O (534.1 eV). N 1s peak can be separated according
to the two different nitrogen positions, pyridinic (398.5 eV) and graphitic (400.3 V). S 2p peak
can be interpreted as the sum of 6 components (S—Pb (160.2 and 162.5 eV), S-C (164.0 and
165.2 eV), and SO3? (166.2 and 168.4 eV)). Pb 4f peak is the sum of 4 components (Pb° (137.6

and 142.4 eV) and Pb?* (138.9 and 143.7 eV)).
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Figure 4.6. High-resolution XPS spectra of the (a) O 1s, (b) N 1s, (c) S 2p, (d) Pb 4f of the
petroleum coke powder.

Figure 4.7 shows the Raman spectrum of petroleum coke, consisting of two main peaks at 1367
and 1600 cm* assigned to the D- and G-bands, respectively, typically found in graphitic-based

materials. The G-band at 1600 cm™ is commonly ascribed to the C=C stretching peak in

S, O heteroatoms, and lead-derived compounds (Pb and PbO, etc.).

84

graphite-like sp? aromatic ring, while the D band at 1367 cm™ is due to defects in the graphite-
like structures. From these analyses and the results of the literature [3][4], it could be assumed

that petroleum coke is mainly composed of carbon (especially aromatic components) along with
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Figure 4.7. Raman spectrum of the petroleum coke powder.

4.3.2. Characterization of the green moss - petroleum coke (GM-PetCoke) composite

Figure 4.8 is the low-resolution XPS spectra of the green moss (GM) and GM-PetCoke
samples. In GM, C 1s (285 eV), N 1s (400 eV) and O 1s (532 eV) were evidenced. After the
addition of the petroleum coke, Pb 4f (139 and 144 eV) peak could be seen as well as C 1s (285
eV), N 1s (400 eV) and O 1s (533 eV) peaks. Table 4.2 summarizes the atomic percentages of
different elements in GM and GM-PetCoke, as determined from the low-resolution XPS
spectra. Pb and S were detected on GM-PetCoke as well as C, O, N, and these elements are
derived from the petroleum coke. Figure 4.9 displays the high-resolution XPS C 1s spectra of
GM and GM-PetCoke, and a slight increase of COO peak was observed in GM-PetCoke, whose

reason is unknown (Table 4.3).
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Figure 4.8. Low-resolution XPS spectra of GM and GM-PetCoke.

Table 4.2. Atomic percentages of the different elements of GM and GM-PetCoke.

Element C @] S Pb N
GM (at. %) 81.6 17.2 - - 1.2
GM-PetCoke (at. %) 79.1 18.5 0.9 0.3 1.1
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Figure 4.9. High-resolution C 1s XPS spectre of (a) GM and (b) GM-PetCoke.
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Table 4.3. Contribution of different components in C 1s peak of GM and GM-PetCoke.

Element c-C c-O COO
GM (at. %) 65.3 275 7.2
GM-PetCoke (at. %) 63.3 25.4 11.3

Figure 4.10a-c are the scanning electron microscopy (SEM) images of GM, petroleum coke
powder and GM-PetCoke samples. Figure 4.10a is an image of the pristine GM, revealing a
smooth surface with an inherent ordered pattern. In Figure 4.10b, the morphology of the
petroleum coke powder obviously revealed particles with non-uniform size distribution; their
particle size ranges from 1 to 10 um. The SEM image of GM-PetCoke indicates that petroleum
coke particles are homogeneously coated and distributed on the GM surface, and the surface
pattern was no longer observed (Fig. 4.10c).

Figure 4.10d is a back-scattered electron detector SEM image of the GM-PetCoke. With this
detector, heavy elements can be seen as white spots. Therefore, this photo implies that heavy
elements exist on the surface of GM-PetCoke. Figure 4.10e and f are chemical mappings of Pb
and S on the GM-PetCoke surface, respectively. Pb and S were detected all over the surface,
indicating that the petroleum coke coated homogeneously the GM surface, because XPS
unveiled that pristine GM contains only C, O and N.
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Figure 4.10. SEM images (secondary electron image) of the (a) pristine GM, (b) petroleum

coke and (c) GM-PetCoke, (d) Area of chemical mapping analysis of (e) Pb and (f) S
distribution of GM-PetCoke.

Figure 4.11 presents the reflectance spectra of the GM and GM-PetCoke samples. The pristine
GM exhibits a low reflectance (< 4%) throughout the wavelength range (300-2000 nm)
investigated. Interestingly, the GM-PetCoke shows slightly lower reflectance than GM for the
whole wavelength range studied (300-2000 nm). This demonstrates that the addition of the
petroleum coke is effective in absorbing solar radiation.

To assess whether the increased absorption of sunlight causes the sample to generate heat, the
dry temperature was measured under an irradiation of 1 sun (Fig. 4.11b). Regarding the
temperature, the GM-PetCoke composite recorded higher value (average temperature of
irradiated area between 600 and 1200 s = 68 °C) while the irradiated area temperature of pristine
GM reached only to 60 °C. The temperature of the petroleum coke reached 67 °C, which is
nearly the same value of GM-PetCoke. The inset of the Fig. 4.11b displays thermal camera
images of dried-state GM and GM-PetCoke under 1-sun irradiation. The yellow/white colors
correspond to the area where the temperature is above 65 °C, and this area has expanded in
GM-PetCoke compared to the pristine GM. This difference proves that the petroleum coke
loaded onto the surface of the GM is able to generate heat when irradiated by sunlight.
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Figure 4.11. (a) UV-vis/NIR reflectance spectra of GM and GM-PetCoke, (b) Average
temperature of 1-sun irradiated area and thermal camera images of dried-state GM and GM-

PetCoke.

Figure 4.12 shows the contact angle transitions for GM and GM-PetCoke samples. For GM,

the contact angle decreases as a function of time, and reached 30° after 30 s. However, the

addition of the petroleum coke had a negative effect on the wetting behavior. Although the

contact angle decreases with time, it remains around 70° even after 200 s. This is almost the
same value as the petroleum coke (65° after 200 s, Fig. 4.13)
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Figure 4.12. Contact angle transition for GM and GM-PetCoke samples.
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Figure 4.13. Water contact angle of the petroleum coke.

The FTIR spectra of the GM and GM-PetCoke samples are presented in Figure 4.14. For the
petroleum coke powder, 4 peaks can be observed at 1635, 1437, 876, and 749 cm™. The band
at 1635 cm™ is attributed to the stretching of the C=C bond, while the peak at 1437 cm™ is
caused by the shear motion of CH. [8]. An out-of-plane C—H vibration in aromatic moieties
appears at 876 and 749 cm™ [9]. Lack of hydrophilic functional groups (-COO—, —OH) in the

petroleum coke could lead to the decrease of wettability on the GM-PetCoke.

Between GM and GM-PetCoke FTIR spectra, there is not much difference in peak position.
This may be due to a small amount of petroleum coke loaded on the GM or to overlapping
peaks between the two. And the addition of the petroleum coke does not bring about any
chemical change of the GM.

Transmittance (a. u.)

" " 1 L " 1 " " 1 "
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
Figure 4.14. Transmission FTIR spectra of GM, petroleum coke and GM-PetCoke.
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Figure 4.15 are the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves
of the petroleum coke, GM and GM-PetCoke. In Figure 4.15a, 87.4% of the mass persisted
even at 910 °C for the petroleum coke, indicating its good stability even at high temperatures.
This contrasts with the low thermal stability of GM-PetCoke (38.3% at 910 °C) and GM alone
(23.1% at 910 °C).

In Figure 4.15b, by comparing the DTG plots of GM and GM-PetCoke, there is not much
difference in the position (temperature) of the peaks before and after the addition of petroleum
coke. For the petroleum coke powder, three peaks are obvious at 320, 490 and 620 °C in the
DTG curve. The first peak at 320 °C is due to volatile substances, while the second peak at 490
°C and the third peak at 620 °C are ascribed to carbon and hydrogen losses during pyrolysis
[10].
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Figure 4.15. (a) TG and (b) DTG curves of the petroleum coke, GM and GM-PetCoke.

4.3.3. Vapor generation performance

Figure 4.16a depicts the evaporation under 1 sun of the GM and GM-PetCoke composite.
When the average values of 3 measurements (pure water) are compared between these two
samples, we can see the tendency that the evaporation is higher for the GM-PetCoke composite
than the pristine GM. To reinforce this conclusion, the conversion efficiency was calculated.
The conversion efficiency of the GM-PetCoke composite was 77.7 + 1.2%, while that of the
GM was 64.2 + 3.0%. This difference in conversion efficiency reflects the importance of the

addition of the petroleum coke in improving evaporation.
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In order to ensure the durability of the sample, the evaporation process was carried out several

times (Fig. 4.16b). Even after repeated use of the sample in contact with seawater and drying,

no strong decrease in evaporation was observed. Furthermore, the evaporation of the GM-

PetCoke composite exceeded that of the GM for all seven measurements.
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Figure 4.16. (a) Evaporation under 1 sun irradiation of GM and GM-PetCoke. (b) Solar

For evaporation without irradiation (under O sun), there is a relatively strong correlation

between atmospheric relative humidity and evaporation under 0 sun (GM-PetCoke/Pure water:
R? = 0.93, GM-PetCoke/Seawater: R? = 0.72) (Fig. 4.17a). In contrast, there is no correlation

between room temperature and evaporation under 0 sun (Fig. 4.17Db).
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Figure 4.17. (a) Correlation between the atmospheric relative humidity and the evaporation

under 0 sun, (b) Correlation between the room temperature and the 0 sun evaporation rate.
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4.3.4. Purification properties

Figure 4.18 shows the concentrations of elements (Na, Mg, K, Ca, B) found in seawater and in
condensed water. After condensation, more than 99% of these elements have been removed
and, moreover, these concentrations are well below the thresholds advised by the world health
organization (WHO) guideline for drinking water criteria [11]. This means that the GM-

PetCoke composite can provide high quality drinking water.

Images of agar plates inoculated with bacteria-contaminated water and condensed water are
displayed in Figure 4.18b and Figure 4.18c, respectively. The concentration of E. coli in the
contaminated water was 1.03 + 0.13 x 108 CFU/mL, and E. coli colonies can be confirmed in
Figure 4.18b. In contrast, no colonies were visible on the plate in Figure 4.18c, which proves

that the condensed water is free of bacterial contamination.
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Figure 4.18. (a) Concentrations of five elements in the seawater and condensed water, (b)
Agar plate inoculated with bacteria contaminated water, (c) Agar plate inoculated with

condensed water.
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4.4. Conclusion

In this chapter, the addition of petroleum coke to green moss (GM) was demonstrated by using
an extremely facile process in order to examine the improvement of vapor generation by GM.
GM is a highly accessible biomass and possesses a good hydrophilicity. Petroleum coke is a
by-product of petroleum refining processes and rich in graphitic carbon. Both GM and
petroleum coke were able to absorb sunlight and generate heat. With regard to evaporation, the
conversion efficiency of the GM-PetCoke composite was 77.7% (evaporation rate: 1.34 kg
m~2h1). This value is better than that achieved by the pristine GM (64.2%). This evaporation
can be attributed to the excellent photothermal property of petroleum coke. The composite GM-

PetCoke is resistant to repeated evaporation and drying cycles.

In addition, this composite is capable of desalting seawater and disinfecting water contaminated
with E. coli bacteria to produce safe drinking water. Given the facility of preparation of the
composite, the accessibility of the raw materials and the excellent heat generation, petroleum
coke is a promising additive for the preparation of photothermal materials for solar interfacial
evaporation. In addition, the hybrid GM-PetCoke material could be used as a good

photothermal evaporator for solar interfacial evaporation.
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Chapter 5: Cigarette filter - Petroleum coke
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5.1. Introduction

A cigarette filter, made of cellulose acetate, owing to its excellent hydrophilicity could fulfil
some of the requirements of a base material for an evaporator. On the other hand, a great amount
of cigarette butts is discharged into the environment, which constitutes an environmental
hazard. Indeed, cigarette butts cause significant harm to the natural environment by being
carried, as runoff, to drains and from there to rivers, beaches and oceans. The filters of cigarettes
are mostly not bio-degradable, and contain toxic compounds [1], so it would be necessary to
collect them and revaluate this waste. The use of cigarette filters for solar-driven interfacial
evaporation has been already reported in a few examples. For instance, Sun et al. [2] elaborated
a 2D evaporator of cigarette filters embedded with reduced graphene oxide (rGO), reaching a
water evaporation rate of 1.62 kg m? h and a conversion efficiency of 94%. Yu et al. [3]
prepared a 3D evaporator with cigarette filters combined with rGO, exhibiting a water
evaporation rate of 2.81 kg m h'* and an energy conversion efficiency of 130.2%. Li et al. [4]
reported a 3D evaporator of cigarette filters decorated with MXene sheets, whose water
evaporation rate was 3.38 kg m h'* and a conversion efficiency of 132.9%. However, several
problems remain. First, the shape of the evaporators in some of these researches is different
from that intended for real operation. For practical operation, the presence of a great number of
3D channels juxtaposed with each other is of high importance. In this case, the lateral side of
most of the protrusions is surrounded by other humid protrusions. Therefore, there will be an
increase of humidity between the protrusions, which can be a great factor for a decrease of
evaporation. Moreover, the conversion efficiency must be evaluated precisely, because the

evaporation under 0 sun changes significantly depending on the meteorological conditions.

Petroleum coke is a residual by-product of crude oil refining processes. This product is partially
recycled in the field of metallurgy and cement industry. However, it is discarded in large
quantities [5]. Major element of the petroleum coke is carbon consisting of multiple aromatic
rings [6]. In spite of a relatively high concentration of impurities (O, S, N, metal elements),
because of the structural similarity with other carbon-based materials, such as graphene oxide
(GO) and rGO, a good photothermal property could be expected for the petroleum coke even

though this has not been assessed nor reported.

In this chapter, we combined petroleum coke with cigarette butts to prepare an evaporator to
absorb efficiently the sunlight using an extremely simple method. Cigarette filters were

immersed in the petroleum coke suspension and subsequently dried. By controlling the
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evaporator architecture, it was possible to reach a high evaporation rate and solar conversion

efficiency.

5.2. Experimental section

5.2.1. Preparation of cigarette filter/petroleum coke (Filter-PetCoke) evaporators

The evaporators were prepared from used filters from cigarette butts. Firstly, the filters were
extracted from the cigarette butts. Then, 40 filters were put in ethanol (500 mL) under magnetic
stirring to extract the toxic compounds. Ethanol was repeatedly replaced by a new one every 45
min until the colour of the ethanol was no longer brown [2]. Afterwards, the washed filters were

dried in an oven at 60 °C overnight.

The petroleum coke (500 mg) was dispersed in a mixture of ethanol (12 mL) and water (30 mL)
by ultrasonication for 5 min. Then, 13 filters were added to this suspension placed in a
centrifugation tube, and the tube was put in a tube revolver rotator at a speed of 10 rpm for 18
h. After retrieving the filters from the suspension, the filters were dried in the oven at 60 °C

overnight. This product is henceforward called as Filter-PetCoke.

For the characterisation experiments except the evaporation test (SEM-EDX,
ultraviolet/visible/near-infrared spectrometry, heat profile in dried state, water contact angle,
FTIR, XPS and TGA), the Filter-PetCoke was prepared from the pristine filter (New Filter) in
the same way without preliminary washing by ethanol. Figure 5.1 shows photographs of the
New Filter (white) and Filter-PetCoke (black).

-

Figure 5.1. Photographs of the New Filter (upper) and the Filter-PetCoke composite (lower).
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5.2.2. Preparation of 2D and 3D evaporators

For the vapor generation (Sub-chapter 5.3.2.) and the purification (Sub-chapter 5.3.3.) tests, the
evaporator was made by assembling multiple filters derived from used cigarette butts. The
diameter of each filter is approximately 7 mm, and the length is at maximum 24 mm. Figure
5.2a is a scheme of the 3D evaporator, which is composed of 41 filters. The height difference
between the upper and the lower filter was set to 2.1 cm. On the other hand, for the 2D structure,
the evaporator is composed of 28 filters, i.e. without the 13 upper filters A2, A5, A8, All, Al4,
Al7, A20, A23, B1, B4, B7, B10, and B13, and with no height difference.

Figure 5.2b depicts a photo of the 3D evaporator consisting of Filter-PetCoke composite. For
the evaporation, the aforementioned evaporator was directly put on a 50 mL PTFE beaker filled
with either pure water or seawater. In that way, the bottom of the evaporator was in contact
with the water, and thanks to the hydrophilicity of the cigarette filter, the water was lifted up

by capillarity to the interface between the evaporator and the outer atmosphere (Fig. 5.2c).
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Figure 5.2. (a) Scheme of the evaporator composed of the cigarette filters (A is the most

Seawater

outside layer, and C is the most inside layer), (b) Photo of the 3D evaporator, (c) Scheme of

the whole device.
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5.3. Results and discussion

5.3.1. Characterization of the filter - petroleum coke composite

Figure 5.3 shows the EDX spectra of the New Filter and Filter-PetCoke composite. Before
addition of the petroleum coke, the filter consists only of C and O (and H, which cannot be
detected by EDX). The presence of S and Pb elements, which originated from the petroleum
coke, in addition to C and O, obviously indicated the successful loading of the petroleum coke

powder into the cigarette filter.

Figure 5.3. EDX spectra of (a) New Filter and (b) Filter-PetCoke.

Figure 5.4 displays the FTIR spectra of the cigarette filter before and after loading with
petroleum coke and that of the initial petroleum coke powder. In the FTIR plot of the petroleum

coke, four pics could be observed at 1635, 1437, 876, and 749 cm™. The peak at 1635 cm™ is
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due to the stretching of the C=C bond. The peak at 1437 cm™ is likely to be caused by methylene
H—C—H scissoring motion [7]. The latter two features are ascribed to C—H bonds out-of-plane

vibrations in aromatic moieties [8].

The FTIR spectrum of the New Filter comprises several bands. The broad band at 3489 cm™
could be unambiguously assigned to the stretching of OH groups [9]. The peak at 2960 cm™
corresponds to the stretching of C—H [10]. The 1760 cm™ band is due to the carbonyl C=0
stretching, while the 1636 cm™ peak can be assigned to H-O—H bending of the water. The peaks
at 1382, 1237, 1160, 1033 and 901 cm™ are ascribed respectively to C—H stretching in —
O(C=0)-CHs, C-O-C antisymmetric stretching of ester group, antisymmetric C—O stretching,
C—O-C pyranose ring vibration [11], and C-O stretching in the glycosidic bond. The peaks
appeared in the New Filter can be found in the cellulose acetate [9][10], therefore we could

confirm that the New Filter is composed of the cellulose acetate.

The FTIR plot of the composite Filter-PetCoke showed a very similar spectral pattern as that
of the New Filter. This implies that the loading of petroleum coke into the cigarette filter did

not bring any chemical changes to the cigarette filter.
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Figure 5.4. FTIR spectra of the petroleum coke powder, New Filter and Filter-PetCoke

materials.

The chemical composition and electronic state of different elements in the parent cigarette filter
before and after loading with petroleum coke powder are displayed in Figure 5.5. The full XPS
spectrum of the New Filter (Fig. 5.5a) consists only of O 1s (532 eV) and C 1s (285 eV), in full
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accordance with a sample devoid of any contamination. After loading of petroleum coke
powder onto the New Filter, additional peaks due to S 2p (163 eV), and Pb 4f (144 and 139 eV)
were clearly observed, inferring the successful integration of the petroleum coke powder within
the cigarette filter. Figure 5.5b is the high-resolution plots of the C 1s of these samples. Before
the addition of the petroleum coke, fours peaks derived from the acetate cellulose, O=C-O
(288.7 eV), O-C-0 (287.7 V), C-0O (286.0 eV), and C-C (284.5 eV), were clearly evidenced.
After the addition of the petroleum coke, the intensity of the C—C peak increased significantly

(Table 5.1), in accordance with the insertion of graphite-like carbon brought by the petroleum

coke.
Table 5.1. Atomic percentage of each component of the C 1s peak (at.%).
0=C-O 0-C-O C-O C=C/C-C

New Filter 8.2 25.7 32.0 34.1
Filter-PetCoke 14.5 5.6 18.2 61.3

(a) ]

Filter-PetCoke Pb 4d Pb4f ]

Pb 4 52p
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Figure 5.5. (a) Low- and high-resolution XPS spectra of the C 1s of (b) New Filter and (c)

Filter-Petcoke samples.

The thermal behaviour of the different samples investigated in this study were probed by
thermal gravimetric analyses (TGA). Figure 5.6 presents the thermogravimetry (TG) and
derivative thermogravimetry (DTG) curves of the petroleum coke and the filter samples. From
the graph in Figure 5.6a, it could be inferred that the petroleum coke was thermally stable with
a total weight loss of about 13% over the whole temperature range (room temperature to 920
°C). This contrasts with the thermal behaviour of the New Filter which experienced almost a
full degradation under otherwise identical operating conditions (about 94% weight loss at 920
°C). The Filter-PetCoke composite exhibited a thermal decomposition pattern comprised
between those of the initial petroleum coke powder and the New Filter with a total weight loss
of 77% at 920 °C.
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Figure 5.6b depicts the DTG curves. The DTG curve of the petroleum coke powder comprised
three peaks at 320, 490 and 620 °C. The first peak at 320 °C is due to volatile substances. The
second peak at 490 °C and the third peak at 620 °C are due to carbon and hydrogen losses
during pyrolysis [12]. The sharp peaks at 365 and 350 °C, recorded respectively for the New
Filter and Filter-PetCoke, were assigned to the cellulose acetate chain degradation because of

the breakdown of glycosidic bonds [13]. This result also implies that the New Filter is made of

the cellulose acetate.
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Figure 5.6. (a) TG and (b) DTG curves of the different samples. The inset is the enlarged
DTG curve of the petroleum coke.

Figure 5.7 displays the scanning electron microscopy (SEM) images of the New Filter and
Filter-PetCoke composite. Figure 5.7a indicates that the New Filter owns a smooth surface and
is composed of cellulose acetate fibres whose diameter is about 30-40 pum. From the BED-C
mode image (Fig. 5.7b), no white spots were evidenced. However, the surface of the composite
sample becomes rough (Fig. 5.7c), and from the BED-C image (Fig. 5.7d), one clearly sees that

the fibre surface is homogeneously covered by white spots, suggesting that the petroleum coke

is distributed evenly on the surface.
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(d) BED-C modes of Filter-PetCoke composite.

Figure 5.8a exhibits the reflectance spectra of the New Filter and Filter-PetCoke samples.
Interestingly, the New Filter exhibits low reflectance (<1.5%) all over the wavelength surveyed
(300-2000 nm), and the reflectance decreased to <1% upon loading the filter with petroleum
coke powder. It implies that the petroleum coke on the prepared Filter-PetCoke is capable of

absorbing the incident visible/NIR light.

Figure 5.8b shows the change of the surface temperature of the three samples, New Filter,
Filter-PetCoke and filter derived from a real cigarette butt under the irradiation of 1 sun. While
the New Filter could absorb efficiently the incident visible/NIR light, it failed to generate heat;
its surface temperature remained at about 25 °C throughout the irradiation period (900 s). This
contrasts with the surface temperature of the Filter-PetCoke composite which reached about 62
°C (average value between 300 and 900 s) under otherwise identical irradiation conditions. This
difference can be also verified in the thermal imaging picture (Fig. 5.8b inset). For the New
Filter, the colour by the thermal imaging is purple (the same colour as other objects without the
irradiation), while the composite Filter-PetCoke is shown in yellow/white. This difference
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means that the petroleum coke is helpful for the improvement of the absorption of the incident

light and heat generation.

The temperature of the filter from the real cigarette butt reached 34 °C. The difference between
the New Filter and the filter from the real cigarette butt can be ascribed to impurities existing
in the used filter. The efficient light to heat conversion of the Filter-PetCoke holds great promise

for its application as an evaporator in interfacial water evaporation processes.
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Figure 5.8. (a) Reflectance spectra and (b) heat profiles in dry state under irradiation of 1 sun

of cigarette filter-derived samples.

For an effective evaporation process, the water in the reserve should be lifted up to the interface
by the material through capillarity. This requires the entire surface (internal and external) of the
filters to be hydrophilic. Therefore, the wetting behaviour of the filters was assessed through
water contact angle measurements (Fig. 5.9). The New Filter exhibited an excellent
hydrophilicity with full adsorption of a water droplet within 1 s, while after incorporation of
the petroleum coke within the filter, the water droplet was fully adsorbed within 5 s. We can
thus conclude that the composite, despite a lower hydrophilicity compared to the non-treated
state in the same way as the GM-PetCoke in the previous chapter, remained hydrophilic, which

is a prerequisite for an effective evaporation under light irradiation.
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Figure 5.9. Wetting properties of New Filter and Filter-PetCoke samples.

5.3.2. Vapor Generation

Figure 5.10a shows the evolution of the evaporation rate of four different Filter-Petcoke
evaporators with various configurations under 1 sun irradiation. The evaporation rate of the 3D
Filter-Petcoke device reached 1.97 + 0.08 kg m? hl. This value is much higher than other
evaporators i.e. cigarette filter evaporators without the petroleum coke (3D: 1.62 + 0.07 kg m
h, 2D: 0.84 + 0.07 kg m? h), and 2D device structure counterpart of the Filter-Petcoke (1.14
+0.02 kg m? ht). However, the evaporation rate is highly dependent upon the meteorological
condition. Moreover, though a high value of 0 sun evaporation has a significance between the
start and the humidity saturation in the chamber, it is the conversion efficiency that is important
for the operation after the humidity saturation, because the 0 sun evaporation will vanish under
100% humidity.

In addition, the 3D Filter-PetCoke evaporator was by far the most effective sample with a
conversion efficiency of 93.2 £ 5.4% among the 4 evaporators (3D Filter: 73.3 £ 7.9%, 2D
Filter-PetCoke: 64.0 £ 3.1%, 2D Filter: 41.9 + 3.8%). This result means that both the enhanced
photothermal properties of the petroleum coke and the 3D structure of the evaporator improved
the efficient capture and conversion of the incident light for vapour generation. These values of
the conversion efficiency and evaporation rate are the highest ones among the recent scientific
data (Table 5.2). However, it is slightly lower than the rate of previous research [3][4] using
the cigarette filters because this research takes into account the increase in the humidity between
the juxtaposed wet filters. The relatively high evaporation scores by Filter (without PetCoke)

evaporators could be due to the impurities contained in the used cigarette butts (Fig. 5.8b).
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The durability of an evaporator is also an important requirement for a practical operation.
Figure 5.10b shows the solar conversion efficiencies when the 3D Filter-PetCoke evaporator
underwent 4 times of evaporation of pure water, followed by 4 subsequent evaporation cycles
of real seawater. Even after 8 utilisations, the solar conversion efficiency remained much better
than that recorded for the other evaporators, which means this evaporator is well-resistant to

repetitive uses.
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Figure 5.10. (a) Evaporation under 1 sun, (b) Conversion efficiency of the 3D Filter-PetCoke

evaporator.

Table 5.2. Comparison of the performance of the 3D filter-petroleum coke with literature

data.
Evaporation rate Conversion Reference
(kg m2? h?) efficiency (%0)

Filter-PetCoke (3D) 1.97 £0.08 93.2+54 This work
Filter-rGO 1.623 94 2
Polyester-PPy-PFDTS 1.49 91.68 14
PDMS sponge-carbon 1.36 77.8 15

nanoparticles
Hydrophobic and porous 1.43 87.5 16
carbon nanofiber

Figure 5.11 presents the 0 sun evaporation of the four previously tested evaporators. Firstly,

the 0-sun evaporation is greatly dependent on the humidity. Especially for the 3D structure
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(Filter-PetCoke, Pure water), the 0-sun evaporation varies from 0.74 kg m? h' at 46% humidity
to 0.38 kg m2 h! at 71% humidity, which is a strong evidence that one should consider the
conversion efficiency rather than the crude value of the evaporation. The 0-sun evaporation of
the 3D structure is about 2.5 times greater than that of the 2D structure under the same humidity.
On the other hand, the surface area of the 3D structure (approximately 71 cm?) is about 6- to 7-
times greater than that of the 2D structure (11.34 cm?). This implies that the evaporation on the
lower and lateral sides of the evaporator can be hindered due to the local increase of the
humidity between the wet filters. On the other hand, there was no evident correlation between

the atmospheric temperature and the 0-sun evaporation rate in the analysed temperature range.
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Figure 5.11. Upper; Correlation between the atmospheric relative humidity and the 0 sun
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In absence of incident light (Figure 5.12a,c), the temperature of the bottom of the evaporator
is higher than that of the top part. This means that the top part undergoes more evaporation,
while there is less evaporation from the bottom part because of the locally increased humidity
between the wet filters. If the atmospheric humidity is relatively low (Figure 5.12b), this
tendency is maintained under 1 sun irradiation. This is likely to be due to the great evaporation
from the top part of the evaporator. On the contrary, under 1 sun irradiation, if the atmospheric
humidity is high (Figure 5.12d), the top part of the evaporator is warmer than the bottom. This
can be ascribed to heat accumulation, due to weaker evaporation. Indeed, the bottom part is
closer to the bulk water and the lower part of the adjacent filters, so the bottom part has more

chance to be cooled down.

This tendency can be confirmed when the difference between the surface temperature and the
ambient temperature is plotted against the relative humidity (Fig. 5.13). There is less heat loss

for the top part of the 3D structure, which could be the reason for the excellent conversion

efficiency.
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Figure 5.12. Infrared camera images for the wet state of the 3D Filter-PetCoke evaporator: (a,
c): 0-sun, (b, d): 1-sun.
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5.3.3. Purification properties

There are two major risks for water intake: chemical [17] and bacterial [18] risks. Therefore,
the concentrations of six selected elements (Na, Mg, K, Ca, B, Pb) in the seawater and
condensed water were estimated using ICP-OES. After the condensation process, more than
99% of these elements were eliminated and the concentrations of all these elements can satisfy
the recommended/required value by the World Health Organisation (WHO) (Figure 5.14) [19].
This means that the device is capable to produce safe drinking water and there would be no
concerns about the contamination of Pb in the condensed water. This result also supports the

absence of Pb leaching from the petroleum coke during the evaporation process.
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Figure 5.14. Concentration of selected elements in the seawater and the condensed water.

111



Another risk to the human being is an intake of bacteria-contaminated water. The simulated
contaminated water (E. coli, 0.7 + 0.05 x 10 CFU mL*) was used for the water supply to verify
the effectiveness of the device for bacteria elimination. In contrast to the agar plate inoculated
with bacteria-contaminated water, no colony of bacteria was observed in the agar plate
inoculated with the condensed water, which means that the condensed water is free of bacterial
contamination (Figure 5.15). The findings of these two experiences infer that this device is able

to produce drinking water free of metal and bacterial contamination.

Figure 5.15. Bacteria inoculated onto the agar plates (a) bacteria contaminated water (serial
dilution from 107 to 108), and (b) condensed water.

5.4. Conclusion

In this chapter, we have demonstrated that the easily accessible petroleum coke and cigarette
butt wastes could be used for the development of an efficient evaporator for the solar-driven
interfacial evaporation using an extremely facile process. Beside its simplicity, the strength of
this approach is the ability to construct 2D and 3D structures to assess the influence of the
evaporator architecture on the evaporation efficiency.

112



Thanks to the synergy between the enhanced photothermal properties of the petroleum coke,
heat management and hydrophilicity of the 3D structure, the 3D evaporator consisting of Filter-
PetCoke achieved excellent evaporation performance (evaporation rate: 1.97 + 0.08 kg m2 h?,
solar conversion efficiency: 93.2 + 5.4%). This value takes into consideration the condition of
real operation, such as the increased humidity between the filters or the patterned geometry.
Moreover, this easy evaporation device is capable to remove metal ions from seawater and
eliminate E. coli bacteria from contaminated water, which are essential requirements for reliable

freshwater production device.
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Conclusion and Perspectives

Conclusion

In this work, the evaporation of water on three different photothermal materials, namely green
moss-poly(N-phenylglycine) (GM-PNPG), green moss-petroleum coke (GM-PetCoke) and

cigarette filter-petroleum coke (Cigratte Filter-PetCoke) was examined.

In Chapters 3 and 4, materials from green moss were prepared. Compared to the raw green
moss, which displayed a conversion efficiency of 64.2%, its hybridization with poly(N-
phenylglycine) and petroleum coke resulted in improved evaporation (Conversion efficiency:
76.5% and 77.7%, respectively). This is a consequence of the excellent photothermal properties

of PNPG and petroleum coke.

In Chapter 5, the preparation of a 3D evaporator consisting of cigarette filters combined with
petroleum coke was discussed. This evaporator exhibited excellent performance (Conversion
efficiency: 93.2%) due to a synergistic effect of the heat confinement in the 3D structure and
the excellent photothermal property of petroleum coke. In addition, this device holds great
promise for real operation, owing to its scalable geometry. This evaporator featured better
performance than that reported in many published researches in 2022 (Table 6.1).

With regard to the quality of the water produced by these evaporators, all three evaporators
were found to be capable of producing drinking water safe enough for the human body from
seawater taken from the North Sea using a simple Plexiglas device. In addition, the device
equipped with these evaporators was able to remove bacteria from the water by means of

condensation.

In summary, in this work, photothermal materials for interfacial solar evaporators were
prepared using very accessible and inexpensive raw materials through very simple and
environmentally-friendly processes. PNPG and petroleum coke are very promising
photothermal materials. These approaches are effective in improving evaporation of a naturally

abundant green moss raw material.
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Table 6.1. Comparison with other recent scientific publications

Material Conversion Evaporation rate Reference
Efficiency (%) (kg m2hl
Cigarette filter - 93.2+54 1.97 £ 0.07 Chapter 5
petroleum coke
(3D)
Polyester-PPy- 91.68 1.49 1 (2022)

PFDTS

Cellulose/carbon 89 1.6 2 (2022)
nanotube

membrane

Hydrophobic and 87.5 1.43 3(2022)
porous carbon
nanofibre
NizS2@Ni, 3D 84.7 1.53 4 (2022)
Polypropylene / 83.5 1.633 5 (2022)
polyacrylonitrile
nanofibres
Corncob-Carbon - 1.425 6 (2022)
black
Carbonised walnut 81.4 1.22 7 (2022)
shells
PDMS sponge / 77.8 1.36 8 (2022)
carbon
nanoparticle
Green moss - 17.7+12 1.34 +0.02 Chapter 4
petroleum coke
Green moss - 76.5+3.9 1.31+0.05 Chapter 3
PNPG
Cigarette filter 73.3+£7.9 1.62 +0.07 Chapter 5
(3D)

Green moss 64.2 £ 3.0 1.15+0.02 Chapters 3, 4
Cigarette filter - 64.0+3.1 1.14 +0.02 Chapter 5
petroleum coke

(2D)
Cigarette filter 419+38 0.84 + 0.07 Chapter 5
(2D)
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Perspectives

From my point of view, the current problems of solar interfacial evaporation concern mainly
two points: (1) Lack of consistency in the evaluation method, and (11) absence of research on

performance under more real conditions.

Regarding point (1), it seems to me that too much importance is given to the "crude" evaporation
rate under 1 sun in this field. As mentioned several times in this work, evaporation changes
enormously depending on the weather conditions, because the evaporation rate depends on the
difference between the vapour pressure at the evaporator and that of the atmosphere. From this

point of view, weather conditions cannot be neglected.

In reality, however, a considerable amount of research assumes a "fixed" value of evaporation
under 0 sun by making either a single measurement or no measurement at all. For example, in
Chapter 3, evaporation under 0 sun was reduced from 0.28 (kg m? h) to 0.18 (kg m? h't)
between 35% and 65% relative humidity. This shows that an error of 0.1-0.15 (kg m?2 h'l) is
possible for the same device and material in the case of a 2D structure. The worst case is that a
fixed value of evaporation under 0 sun is likely to be used for the calculation of the conversion
efficiency. If the 0 sun evaporation measurement has been carried out at a higher humidity than

the other irradiation measurements, the evaporation will easily be overestimated.

Problem (11) is more complex than problem (1). Until now, much research has focused on the
material only. But in order to apply this technology for real world use, evaporation must be

examined under real conditions.

For vapour condensation, the evaporator is supposed to be placed in a closed chamber. As soon
as irradiation starts, the relative humidity will increase from the initial value to saturation
(100%). Before saturation, the contribution of evaporation under O sun is effective. But as time
passes, this component becomes negligible. In other words, the 3D structure with normally
better evaporation under 0 sun would be favourable for shortening the time to reach saturation,
but it is the conversion efficiency that would be important after saturation. From this point of

view, the 3D structure with good efficiency is more desirable.

An increase in temperature in the chamber undergoing irradiation could easily be anticipated.
Moreover, this technology would be more in demand in low latitude areas. In this work, the

temperature examined was always below 25 °C. However, the practical operating temperature
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(in the chamber) will easily exceed 40 °C. It would therefore be very useful to examine

operation at higher temperatures.

With the help of computer tools and modelling of the water flow and heat distribution/thermal
conduction, new horizons would be opened for the optimisation of the device and the shape of

the evaporator.

| would like to conclude by hoping that this research has provided other researchers with tips

on the preparation of a solar evaporator and the appropriate evaluation method.
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Annexes

Annex 1. Evaporation rates and conversion efficiencies of GM-PNPG and GM-PetCoke (Pure

Water) under different conditions.

GM- | Temperature | Humidity | Evaporation | Temperature | Evaporation | Conversion
PNPG (°C) (%) 0 sun of the 1sun Efficiency
interf %
(kg m2 ™) interface (kg m2 ™) (%)
(°C)
1 20.0 59 0.210 33.2 1.24 70.7
2 21.2 55 0.204 329 1.32 76.6
3 24.0 69 0.168 34.5 1.37 82.1
1-3 ** ** foled foled 1.31+0.05 | 76.5+£3.9
GM- | Temperature | Humidity | Evaporation | Temperature | Evaporation | Conversion
PetCoke (°C) (%) 0 sun of the 1 sun Efficiency
interf %
(kg m? hY) interface (kg m? hY) (%)
(°C)
1 22.8 59 0.204 33.9 1.36 79.4
2 21.7 53 0.228 33.0 1.33 75.9
3 22.0 61 0.186 32.6 1.32 77.8
1-3 fal ** foled faled 1.34+£0.02 | 77.7+1.2
GM Temperature | Humidity | Evaporation | Temperature | Evaporation | Conversion
(°C) (%) 0 sun of the 1 sun Efficiency
interf %
(kg m? hY) interface (kg m2 hY) (%)
(°C)
1 21.5 54 0.228 30.4 1.14 62.5
2 21.2 41 0.252 29.8 1.15 61.3
3 22.0 60 0.186 315 1.19 68.7
1-3 bl *x fale fale 1.15+0.02 | 64.2+3.0
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Annex 2. Peak positions and assignments of the XPS spectra of each element (PetCoke)

Element Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
C1s(90.0% | C-C/C=C | C-N/C-S C-O
i 0, 0
atomique) (64.7 %) (28.1 %) (7.2%)
(284.7eV) | (285.3eV) (286.1
eV)
O 1s (4.9 %) C=0 C-O
(86.1 %) (13.9 %)
(532.1eV) | (534.1¢eV)
N 1s (0.9 %) | Pyridinique | Graphitique
(24.8 %) (75.2 %)
(398.5eV) | (400.3eV)
S2p(2.6%) | SPb2ps2 | S—Pb2pw2 | S-C2ps2 | S-C 2pwe SO3* SOz*
(17.0 %) (10.1 %) (22.8%) | (8.3%) 2p3s2 2p1s2
(160.2eV) | (162.5¢eV) (164.0 (165.2 (24.4%) | (17.4 %)
ev) ev) (166.2 | (168.4
eV) eV)
Pb4f (1.6 | Pb(0) 4f72 | Pb (I1) 4f72 | Pb (0) Pb (1)
%) (8.7 %) (47.9%) | 4fs2 (5.1 | 4f5, (38.3
%) %)
(137.6eV) | (138.9¢eV)
(142.4 (143.7
eV) eV)
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Annex 3. Evaporation rates and conversion efficiencies of Filter-PetCoke and Filter (Pure

Water) under different conditions.

Filtre- | Temperature | Humidity | Evaporation | Temperatu | Evaporation | Conversion
PetCo (°C) (%) 0 sun re of the 1sun Efficiency
(:I;g ) (kg m2 ) interface (kg m2hY) (%)
(°C)
1 21.0 46 0.74 25.5 2.11 93.3
2 21.1 52 0.64 27.4 1.97 90.6
3 214 54 0.64 27.5 1.89 84.9
4 22.0 71 0.38 29.1 1.90 103.8
1-4 ** *x foled ** 197+0.07 | 93.2+£5.4
Filtre- | Temperature | Humidity | Evaporation | Temperatu | Evaporation | Conversion
PetCo (°C) (%) 0 sun re of the 1 sun Efficiency
(;g | (kg m? hY) interface (kg m2 hY) (%)
(°C)
1 20.9 68 0.17 33.2 1.15 67.6
2 21.9 63 0.19 32.2 1.16 66.7
3 21.7 51 0.25 31.7 1.10 58.9
4 22.0 58 0.23 32.3 1.15 63.0
1-4 kol x kel kel 1.14+0.02 | 64.0£3.1
Filtre | Temperature | Humidity | Evaporation | Temperatu | Evaporation | Conversion
(3D) (°C) (%) 0 sun re of the 1 sun Efficiency
(kg m? bl interface (kg m? h) (%)
(°C)
1 21.8 49 0.79 22.4 1.64 57.5
2 22.0 66 0.48 24.5 1.58 74.7
3 22.0 68 0.48 23.9 1.72 84.6
4 22.1 75 0.40 24.8 1.52 76.4
1-4 ** *x il il 1.62+0.07 | 73.3+£7.9
Filtre | Temperature | Humidity | Evaporation | Temperatu | Evaporation | Conversion
(2D) (°C) (%) 0 sun re of the 1 sun Efficiency
(kg m? hY) interface (kg m2 hY) (%)
(°C)
1 21.7 55 0.26 27.8 0.95 47.2
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22.0 59 0.21 28.5 0.86 44.3

21.9 55 0.22 28.1 0.77 38.1

21.9 55 0.21 27.8 0.77 38.1
1-4 ** e e e 0.84+0.07 | 41.9+3.8
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Annex 4. Variation of the mass of the whole device under an irradiation of 1 sun and 0 sun

Filter-PetCoke (3D) | 1 sun (120-180 min) | 0 sun (300-360 min) 1 sun—0sun
(mg/ 10 min) (mg/ 10 min) (mg/ 10 min)
1 -233.1 -140.4 -92.7
2 -212.7 -122.1 -90.6
3 -205.0 -121.3 -83.7
4 -174.3 -71.5 -102.8
1-4 ** *x -92.5+5.3
Filter-PetCoke (2D) | 1 sun (120-180 min) | 0 sun (300-360 min) 1 sun—0sun
(mg/10 min) (mg/10 min) (mg /10 min)
1 -99.2 -32.4 -66.8
2 -103.0 -36.3 -66.7
3 -104.3 -46.7 -57.6
4 -106.7 -43.2 -63.5
1-4 *x *k -63.7£3.1
Filter (3D) 1 sun (120-180 min) | 0 sun (300-360 min) 1 sun—0sun
(mg /10 min) (mg /10 min) (mg /10 min)
1 -207.7 -149.7 -58.0
2 -165.3 -90.8 -74.5
3 -175.7 -91.3 -84.4
4 -152.0 -75.3 -76.7
1-4 *x *k -713.4 7.7
Filter (2D) 1 sun (120-180 min) | 0 sun (300-360 min) 1 sun—0sun
(mg/10 min) (mg/10 min) (mg /10 min)
1 -95.8 -48.3 -47.5
2 -84.0 -40.3 -43.7
3 -79.0 -41.3 -37.7
4 S17.7 -39.8 -37.9
1-4 *x *k -41.7+3.9
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