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Sinopsi
L'acqua e essenziale per la vita di tutti gli organismi viventi e la sua conservazione e uso

responsabile & una delle sfide globali che I'umanita dovra affrontare nel prossimo futuro. Il
recupero dell'acqua e dei sali dal mare & la principale fonte e oggi rappresenta un'importante
opportunita all'interno della logica della gestione sostenibile. Il riutilizzo dell'acqua e l'uso delle
acque reflue trattate per scopi benefici, che aumenta I'approvvigionamento idrico disponibile di
una comunita e lo rende piu affidabile, soprattutto in tempi di siccita. L'accesso a risorse idriche
pulite, comunque richiede urgenti esigenze economiche ed ecologiche a livello globale,
sollecitando tecnologie piu efficienti. Infatti, a causa del suo consumo di energia, la
desalinizzazione dell'acqua di mare € generalmente un processo costoso. Attualmente, il
progresso tecnologico ha portato allo sviluppo di una serie di tecnologie che rendono il processo di
trattamento delle acque reflue sempre piu concreto ed efficiente. Tra di esse, i processi a
membrana, rappresentano una valida alternativa grazie ai numerosi vantaggi offerti quali il basso
impatto ambientale, I’alta efficienza e i basti costi correlati. La ricerca, nel rispetto dell'ambiente,
sempre piu focalizzata sul miglioramento di queste tecniche in termini di produzione e costi. In tal
senso sono state sviluppate due tecniche eco-sostenibili basate sull'utilizzo di membrane porose e
idrofobiche: distillazione a membrana (MD) e la cristallizzazione a membrana (MCr). Queste due
tecnologie non hanno ancora la capacita produttiva per andare a sostituire I'osmosi inversa, che
allo stato attuale e il processo leader per la dissalazione. Comunque l'integrazione di questi
processi con RO potrebbe aumentare il fattore di recupero vicino al cento per cento. Infatti, oltre
ad aumentare la produzione di acqua pulita, & possibile anche recuperare i sali disciolti nell'acqua

di mare grazie al processo MCr.

Da qui € nata l'idea di base di questo lavoro, dove si € voluto introdurre diversi materiali innovativi
nei sistemi a membrana con I'obiettivo di migliorare e ottimizzare i processi MD/MCr. Nella
fattispecie tre classi di materiali sono state prese in considerazione per la preparazione delle
membrane polimeriche. Il primo materiale ¢ il Grafene costituito da uno strato monoatomico di
atomi di carbonio. La seconda tipologia di materiale proposta fa parte della famiglia dei metalli di
transizione e sono dicalcogenuri a Monostrato. Fra i dicalcogenuri sono stati scelti il Tellurio di
Bismuto e il Selenurio di Bismuto. Mentre l'ultimo materiale proposto fa parte dei reticoli
metallorganici (MOF). Il Grafene e i metalli dicalcogenati sono stati esfoliati mediante la tecnica
WET-Jet Milling e forniti dalla BeDimensional S.P.A. mentre il MOF a base di Zirconio [MIL-140B] &

stato fornito dalla Nanjing Tech University (Cina). | materiali sono stati utilizzati per la
6



preparazione di membrane a base di PVDF, caratterizzati e testati in MD e MCr al fine di valutare

gli effetti correlati sulla produttivita e selettivita.



Abstract
Water is essential for the life of all living organisms and its conservation and responsible use is one

of the global challenges that humanity will have to face in the near future. The recovery of water
and salts from the sea represents the main source and today represents an important opportunity
within the logic of sustainable water management. Water reuse is the use of treated wastewater
for beneficial purposes, which increases a community's available water supply and makes it more
reliable, especially in times of drought. Access to clean water resources, however, requires urgent
economic and ecological needs on a global level, urging more efficient technologies. Indeed, due
to its energy consumption, seawater desalination is generally an expensive process. Currently,
technological progress has led to the development of a series of technologies that make the
wastewater treatment process increasingly concrete and efficient. Among them, membrane
processes represent a valid alternative thanks to the numerous advantages offered such as low
environmental impact, high efficiency and sufficient related costs. Research, respecting the
environment, is increasingly focused on improving these techniques in terms of production and
costs. In this sense, two eco-sustainable techniques have been developed based on the use of
porous and hydrophobic membranes: membrane distillation (MD) and membrane crystallization
(MCr). These two technologies do not yet have the production capacity to replace reverse
osmosis, which is currently the leading process for desalination. However, integrating these
processes with RO could increase the recovery factor close to one hundred percent. In fact, in
addition to increasing the production of clean water, it is also possible to recover the salts

dissolved in sea water thanks to the MCr process.

Hence the basic idea of this work where we wanted to introduce several innovative materials in
membrane systems with the aim of improving and optimizing the MD / MCr processes. In this
case, three classes of materials have been taken into consideration for the preparation of the
polymeric membranes. The first material is Graphene consisting of a monatomic layer of carbon
atoms. The second type of material proposed is part of the family of transition metals and are
Monolayer dicalcogenides. Among the dicalcogenides, Bismuth Tellurium and metal organic
frameworks (MOF) have been taken in consideration. Graphene and dicalcogenated metals have
been exfoliated by the WET-Jet Milling technique and supplied by BeDimensional S.P.A. while the
Zirconium based MOF [MIL-140B] has been provided by Nanjing Tech University (China). The
materials have been used for the preparation of PVDF-based membranes, characterized and

tested in MD and MCr in order to evaluate the correlated effects on productivity and selectivity.
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Thesis outlines

Water demand is increasing worldwide, while water availability in many regions is likely to
decrease due to climate change and socioeconomic development patterns. Due to this increased
demand, the need for RO internal brackish water will continue to increase in the future. However,
the main limitations to further application of RO inland are the cost and technical feasibility of
concentrate disposal. This clearly highlights the need for a more economic and ecological
perspective. The development of new eco-sustainable and more productive approaches is
fundamental in order to replace or integrate the more traditional ones.

Membrane distillation and membrane crystallization meet the ecological management criteria of
natural resources well, because allow us to recovery freshwater from hypersaline streams and salt
crystals from natural brine. However, these two operations are not yet competitive on a large
scale due to lower productivity and relatively high energy consumption. To this end, the
functionalization of membranes to improve performance may be a feasible and interesting way to
boost the productivity-efficiency trade-off for these eco-sustainable technologies.

Functional membranes can be designed to improve mass transfer across the membrane, thereby
improving water flux and selectivity through controlled kinetics and thermodynamics. In this logic
2D materials, including graphene and chalcogenides compounds, due to their attractive
hydrophobic and anti-wetting nature, antifouling properties and selective sorption sites, have
been used for the preparation of nanocomposite PVDF membranes and have been tested in MD
and MCr devices under different working conditions. Enhancements in productivity, selectivity,
thermal efficiency and crystallization kinetics of NaCl have been detected and examined
concerning structure-properties relationships. In the specific, the present work is organised into
eight chapters:

Chapter 1 starts with a brief introduction on water and the problematic related at this
fundamental element.

In Chapter 2 are introduced the Membrane Technologies with particular attention on the
membrane process for recovery of water from the sea. The limitations on these processes bring
the focus on particular 2D materials for enhancing membrane performance. The state of the art
for 2D materials is illustrated in Chapter 3, while Chapter 4 gives indication about materials,
equipment and instruments used to carry out the research. More specifically, methodologies and

routes used to accomplish the work are described.
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Chapter 5 focuses on the preparation of PVDF-based membranes functionalized with 2D materials
through a combination of innovative exfoliation technique (Wet-Jet Milling) and the non-solvent
phase inversion technique.

All the physic-chemical proprieties on the 2D materials and on the prepared membranes are
reported and widely discussed.

In chapter 6 focuses on the application and the performance of functionalized PVDF membranes in
membrane distillation while Chapter 7 focuses on the use of the same membranes in the
membrane-assisted crystallization process. In the specific Graphene and TMDCs flakes have been
studied in PVDF-based membranes. Moreover, pristine PVDF membrane has been also studied in
comparison with the functionalized membranes.

Chapter 8 illustrate a preliminary result about the use of MOF as nanofiller for crystallization
operations. Preparation, characterization and performance of MOF-enable membranes are
explained and analysed.

General highlights of the major results and achievement of the work are reported in the last

section of this thesis.
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Chapter 1

Water as a natural essential and vulnerable resource for life

The Increase in water sources is required in the view of demographic growth and related activities.
Waste reuse and water desalination might be necessary to satisfy the supply demand for
agriculture, industry and drinking water [1]. World Health Organization (WHO) emphasizes safe
and sustainable supply drinking water for the protection of public health to its guidelines [1]. In
addition to water scarcity, the quality of water is rapidly growing as a progressive problem. The
sustainable developments have also the objective to control of pollution levels. Recent accelerated
climate change has exacerbate existing environmental problems in the world and in particular in
the Mediterranean Basin where observed precipitation trends are characterized by high variability
in space and in time, but climate models clearly indicate a trend towards reduced rainfall in
coming decades. The combination of reduced rainfall and warming generates strong trends
towards drier conditions. A global atmospheric temperature increase of 2°C is expected to be
associated to a reduction in summer precipitation of about 10-15% in southern France, north-
western Spain and the Balkans and up to 30% reduction in Turkey. Even if the per capita
consumption is high, Italy is considered a country in conditions of water stress and one of those
with less availability of water per capita. Most of the population in Italy lives in the temperate
zone of the inland and mountainous regions (56.2% vs. 43.8% in the Mediterranean zone) [2].
Limited information is available at a spatial scale on the impacts of climate change in Italy, mainly
from the analyses performed at the European or global level with a coarse resolution for ltaly.
However, the use of high-resolution climate data is pivotal in regions, as Italy, characterized by a
significant variability of climatic, pedological, and topographic conditions. Results show that
climate change may affect Italian cereal production in the medium to long term periods. Maize is
the main affected crop, with yield reductions homogeneously distributed from North to South Italy
[3]. Scenarios with 2-4°C temperature increases in the 2080s for southern Europe would imply
stronger and more widespread decreases in precipitation of up to 30%. The coupled effect of
warming and drought is expected to lead to a general increase in aridity and subsequent
desertification of many Mediterranean land ecosystems. Deserts would expand in southern Spain

and Portugal, northern parts of Morocco, Algeria, Tunisia, Sicily, southern Turkey and parts of Syria
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[4]. Even if the per capita consumption is high, Italy is considered a country in conditions of water
stress and one of those with less availability of water per capita. Considering an average
consumption of 215 liters, a city of 500,000 inhabitants needs about 110,000 m® per day [2]. With
the aim to address water scarcity within the Union and moving EU towards a water-efficient and
water-saving economy, the EU Commission identified an initial set of policy options to be taken at
European, national and regional levels. The Mediterranean Strategy for Sustainable Development
(MSSD) 2016-2025 has been adopted as a strategic guiding document for all stakeholders and
partners in order to translate the 2030 Agenda for Sustainable Development at the regional, sub-
regional and national levels [5]. The MSSD provided an integrative policy framework for securing a
sustainable future for the Mediterranean region consistent with the Sustainable Development
Goals. One of its targets is the “Target 6.4: By 2030, substantially increase water-use efficiency
across all sectors and ensure sustainable withdrawals and supply of freshwater to address water
scarcity and substantially reduce the number of people suffering from water scarcity”. Ongoing
climate and environmental changes, increasing water scarcity and desertification affect
agriculture. Limited opportunities to expand the volume of global freshwaters allocated to
irrigation means that advanced irrigation technologies, aiming to improve efficiency of existing
systems are needed, timely, and are of paramount importance. To combine different local
conventional water sources (surface and groundwater) with alternative ones (like reused water or

harvested rainwater) is also important for addressing the seasonal scarcity.

Further, main pollution sources are produced by human settlements, industries, agriculture and
livestock. About 80% of urban wastewater is not treated before being discharged and heavy
metals, solvents and other pollutants are released from industrial activities in significant
guantities. Given the large amount of water required, the agricultural sector is one of the main
sources of pollution of water bodies. In fact, the constant use of pesticides and fertilizers
represents a serious risk for aquatic systems and production activities. Agricultural residues give
pollution for about 38% of the European water surface, while in the United States it represents the
main source of pollution of waterways. Other factors at high eco-impact are due to the large
amounts of water used for irrigation. These high volumes generate phenomena of leaching of the
mineral salts naturally contained in the soils. Moreover, different regions of the world present the
problems of excessive salinity in water, which alters geochemical cycles with significant impacts on

the biodiversity of flora and fauna.
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In the last years the agricultural productions have been intensified promoting the increase of
agrochemicals. The use of mineral fertilizers has been increased tenfold with large consumption of
herbicides and fungicides. The use of crop protection products is now essential to guarantee and
sustain the productivity. Livestock farming is a source of organic waste such as manure, pig slurry
has BOD levels between 30 and 80 g/L compared to domestic BOD values of 200-500 mg/L; many
microorganisms and parasites which survive days or weeks can contaminate water and food;
chemical residues, drugs and heavy metals are also a serious danger. Aquaculture is also a source
of serious water degradation, in fact anti-vegetative substances, antibiotics and fungicides are
commonly used in aquaculture.

European Union (EU) over the years has taken various measures to prevent pollution.
Contaminated water and poor sanitation are linked to transmission of diseases such as cholera,
diarrhoea, dysentery, hepatitis A, typhoid, and polio. Absent, inadequate, or inappropriately
managed water and sanitation services expose individuals to preventable health risks. This is
particularly the case in health care facilities where both patients and staff are placed at additional
risk of infection and disease when water, sanitation, and hygiene services are lacking. There are
many sources of water contamination, including naturally occurring chemicals and minerals (for
example, arsenic, radon, uranium, etc.), local land use practices (fertilizers, pesticides,
concentrated feeding operations, etc.), manufacturing processes, and sewer overflows or
wastewater releases. Toxic substances from farms, towns, and factories readily dissolve into and
mix with it, causing water pollution. When the rain falls and penetrates deep into the earth, filling
the cracks, crevices, and porous spaces of an aquifer (basically an underground storehouse of
water), it becomes groundwater—one of our least visible but most important natural resources.
At sea, tanker spills account for about 10 percent of the oil in waters around the world, while
regular operations of the shipping industry—through both legal and illegal discharges—contribute
about one-third. Oil is also naturally released from under the ocean floor through fractures known
as seeps.

Radioactive waste is any pollution that emits radiation beyond what is naturally released by the
environment. It’s generated by uranium mining, nuclear power plants, and the production and
testing of military weapons, as well as by universities and hospitals that use radioactive materials
for research and medicine. Accidentally released or improperly disposed of contaminants threaten
groundwater, surface water, and marine resources. In the earlies 2000s has been adopted the EU

Water Framework directive (Directive 2000/60/EC) for the protection of aquatic resources and
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promoting pollution reduction limiting the release of persistent and bio-accumulative organic toxic
substances[6]. According to the EEA report 'European Waters - Assessment of the situation and
pressures 2018', a significant improvement of water quality has been fixed by improving
wastewater treatment and reducing the runoff of pollutants from agricultural land. Measures have
been also taken to allow migratory fish to overcome reefs and restore degraded aquatic

ecosystems.

1.1 WATER Quality assessment

Although most European groundwater bodies, such as aquifers, are in good health, only 40% of
the monitored lakes, rivers, coastal waters and estuaries achieved at least 'good' ecological status
according to the report [7]. Water quality can be expressed through various parameters. The main
ones are salinity, nutrients, sediments and the level of contaminants [8]. Conceptually the salinity
is the quantity of dissolved salts content in soil or water. Salts are highly soluble in surface and
groundwater and can be transported with water movement. Sodium and chloride are the
predominant ions in seawater. The concentration of dissolved chloride ions is sometimes referred
to as chlorinity. The other main salts dispersed in seawater are composed by magnesium, calcium,
and sulphate in different concentrations. The absence of salts leads to the formation of fresh
water while when the salt concentration increase different salted water is obtained. Table 1.1

describes the degree of salinity for various salted water.

Table 1.1: Salinity for water-types.

Salinity Status Salinity (ppm) Use

Fresh water <500 Drinking and irrigation

Marginal 500-1000 Irrigation,

Brackish 1000-3000 Irrigation of certain crops; stock
Saline 3000-10.000 Livestock

Highly Saline 10.000-35.000 Limited use for certain livestock
Brine >35.000 Some mining and industrial exist

Seawater salinities vary depending on geographical location. In general, seawater, such as that of

the Mediterranean Sea, has a total salt concentration of 35g/L (Table 1.2). On contrary, the
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seawaters of other regions, as the gulf region in the Middle East, presents a higher the salinity (48

g/L).

Table 1.2: Mediterranean seawater salt concentration per Liters.

Salt Concentration [g/L]
NacCl 27.123

MgCl, 3.807

MgSO, 1.658

Ca SO, 1.26

K SO, 0.863

CaCO, 0.123

MgBr, 0.076

Table 1.3 reports the chemical composition of the Mediterranean, gulf region in the Middle East

and dead seawater. These three kinds of seawater present three different salt concentrations. In

particular Dead Sea is famous for being the lowest and saltiest catchment area in the world with a

salt concentration of 365 g/L.

Table 1.3: Comparison of chemical composition of three different seawater [9].

Gulf Region in the Middle

Mediterranean seawater Dead Sea
East

Chemical Chemical

Range (ppm)
Element symbol
Sodium Na 10700 11536.00 to 12433.00 40100
Magnesium Mg 1280 1490.00 to 1543.00 44000
Calcium Ca 405 378.00 to 404.00 17200
Potassium K 380 469.00 to 459.00 7650
Strontium St 10 n.a. n.a.
Sulfate SO, 2700 3200.0 to 3273.00 n.a.
Bromine Br 65 n.a. 5.300
Chloride Cl 19365 21933.0 to 22014.00 224000
Organic-carbon C 23 to 27 8.0t0 8.0 n.a.
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Based on the way in which the water is used by man, it is possible to classify waters into:

Drinking water, i.e. waters that has been made such as a result of a purification treatment
or spring waters, such as mineral waters. They do not have particular hygienic
characteristics and properties favourable to the healthiness of mineral waters. These
waters flow spontaneously from natural sources perennial or perforated by man and with
hygienic characteristics and original purity (as already mentioned above for the chemical
classification). According to the Italian law, which is one of the most rigorous in this regard,
"natural mineral waters are considered to be waters which, originating from an
underground aquifer or reservoir, come from one or more natural or perforated springs and
which have particular hygienic characteristics and possibly properties favourable to health
[10]". The amount of mineral salts dissolved in the water indicates the fixed residual value
of the water. This datum is calculated by bringing the water to a temperature of 180°C and
what remains after its complete evaporation represents the fixed residue. This value is
expressed in mg/L and the higher it is, the more salts are dissolved in a liter of water. Based
on the fixed residue, waters can be classified into:

minimally mineralized with fixed residue lower than or equal to 50 mg / L;

oligomineral or slightly mineralized with fixed residue lower than 500 mg / L;

medium mineral content with fixed residue between 500 and 1000 mg / L;

rich in mineral salts with a fixed residue greater than 1,000 mg / L.

This type of water is suitable for specific health therapies and can be purchased in pharmacies. In

general, those suffering from hypertension or who must favour diuresis should opt for minimally

mineralized water or low mineral content water, while sportspeople should prefer medium-

mineral water.

Industrial waters are waters which, due to their characteristics, can be used in industrial

processes. The main uses of these waters are:

- cooling and chemical processes in the chemical and petrochemical industries

- dilution in the pharmaceutical industries

- production in the agro-food industries

- cooling in the steel industries

- production of printed circuits and components in the electronic industries

- production in the paper industry
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Industrial waters are obtained from natural waters subjected to particular treatments

(desalination, degassing, etc.), which aim improving the characteristics for industrial use. Industrial

waters are usually classified according to two parameters: encrusting power and aggressiveness.

Agricultural, zoo-technical and aquaculture waters are usually surface waters, used in
large quantities, probably excessive, in all developed countries. They must be non-polluted
waters, because otherwise the pollutants would be fixed by plants or animals, with serious
risks for the health of the consumers of these foods. This constitutes the main problem of
the user, since the surface waters (rivers, lakes, etc.) are easily altered, if not appropriately
purified, by the discharges connected to industrial activities and inhabited centres.
Thermal waters, coming from the subsoil and with specific saline compositions, can be
used for therapeutic purposes (hydrotherapy). They are classified in several ways:

based on the temperature at which they flow from the source they are divided into
hypothermal (between 20 ° and 30 ° C), homeothermal (between 30 ° and 40 ° (),
hyperthermal (greater than 40 ° C) on the basis of the composition, which is linked to their
origin and to the type of rocks with which they have come into contact, they are
distinguished mainly in salty or chloride-sodium waters (mainly containing NaCl),
sulphurous (containing H,S and S in various combinations), arsenical-ferrous (containing
large quantities of Fe and As), bicarbonate (containing calcium bicarbonate), sulphates
(containing various sulphates), carbonic (containing free dissolved CO,), radioactive
(containing radioactive elements, especially radon Rn) , salt-bromine-iodine (containing
chlorides, bromides and sodium iodides, of marine origin)

Waters for bathing which must not harm the health of bathers. The quality of the natural
waters for bathing is periodically monitored by the bodies in charge (in Italy by the Regions
through the ARPA) with the count of the number of Escherichia coli bacteria and intestinal
enterococcus bacteria present in 100 ml of water, an index of faecal contamination, which

must not exceed specific limit values [11].

Pool waters must have the same values as drinking water and in addition the amount of free

chlorine used in water disinfection is determined.

In conclusion, it is important to underline that the process of natural water purification has been,

especially in the last century, seriously altered and compromised by industrialization and other

human activities, in particular agriculture, in fact the time it takes for the ecosystem to providing
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for the complete regeneration and re-accumulation of the water are very long, being linked to
very slow and fragile natural processes.

In the last part of human history, two problems concerning the planet's water resources occurred
simultaneously:

- water pollution (every year 8 million tons of plastic end up in the water, values that have
increased tenfold since 1980, and between 300 and 400 million tons of heavy metals, solvents,
toxic sludge and others)

- excessive consumption of water for human activities (global water consumption has grown by

600% in the space of a century)

1.2 Desalination as a way towards water recovery
Water desalination is a practical route to recovery clean and reusable firewater. In this field the
membrane technology counts a large number of separation processes, including nanofiltration,
reverse osmosis, membrane distillation, and membrane crystallization.
The major sources of clean waters are the oceans and the sea. However to recover clean water
from the sea is necessary apply processes to remove the salts contained them. Desalination is the
process for removing the saline fraction from waters containing salt, generally from marine
waters, in order to obtain water with a low saline content; the water is then often used for food
use, but also for industrial use, as cooling water. Drinking water must not be free of salts: both for
health reasons and because the addition of certain salts is recommended (however, this is a
practice generally carried out downstream of the distillation itself, to allow the addition of the
correct salts) and why fully deionized water would be completely tasteless, that is not palatable. A
small amount of saline entrainment is therefore left in the treated water, of the order of 25-50 mg
/L. The technologies used today in water desalination processes can be classified according to the
following main criteria:

* Phase change - in the water to be treated.

* Type of energy involved.

* Process employed.
According to these criteria, the main associated technologies can then be divided as shows in

figure 1.1.
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Figure 1.1 Schematic Processes for desalination.

As shown in figure 1.1 the first distinction that can be done is between processes based on phase
change and processes based on no phase change. A second major distinction that can be made
between processes developed for water purification is between processes based on a membrane
system and processes that do not use membrane systems. Below there is a brief explanation of
non-membrane based systems, whereas in chapter 2 a full description of membrane processes

dedicated to water desalination is given

1.2.1 Water recovery with process NO-Membrane based

Multi-effect distillation (MED)
Multi Effect Distillation (MED) is one of the most used desalination process after RO. MED plants

are designed with multiple airtight effects. In general, MED unit consists of maintained low
pressure where saline water is sprayed. The heat required to cause evaporation of the feed in the
next effect is supplied by solar energy or by combustion of fossil fuel. As the pressure and
temperature going to decrease, a sequence of evaporation/condensation occurs constantly. The
vapour generated inside the first effect is used as the energy source for the next effect and
continues in subsequent order along the series of effects. In this way when the feed water is
boiling and generating vapour in the same moment the vapour is condensing as fresh water on the

other side [12]. The MED process requires heat input and electric power of 0.9 to 1.5 kWhr/m?. In
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general, the cost for large MED systems with a daily production from 91,000 m> to
320,000 m> ranges between 0.52 $/m3and 1.01 $/m> [13]. Furthermore, one advantage of MED
systems are representing on its better compatibility with solar thermal desalination. The
combination of MED unit with solar system of area 30,000—40,000 m? might guarantee a
production of 1,00,000 tons of distilled water per year at a cost comparable to conventional

methods of desalination [13].

Multi-stage flash distillation (MSF)
Multi stage flash (MSF) is one of the most worldwide desalination techniques used , especially in

the Persian gulf and represents about 50% of the total number of large plants [14]. From the
1950s, processes such as MED and multistage flash (MSF) used in the commercial field, involved a
series of phases. Seawater or recycled brine flowing inside the tubes is heated by steam exhausted
from turbines in heat exchanger, called Brine Heater. The process is composed of a series of
elements, called stages, where condensing steam is used to preheat the seawater feed. By
splitting the overall temperature difference between the hot source and seawater into a large
number of stages, the system approaches ideal total latent heat recovery. Operation of this
system requires pressure gradients in the plant. Desalination via MSF involves brine heating
followed with flash distillation in multiple stages and subsequent heat recovery [14]. The heated
vapor is passed through tubes where the cold surface of the tubes allows condensation. The
condensed vapor is collected as freshwater while the hot brine flows to other stages. The heat
recovery process begins when the absorbed latent heat partially heats the circulating brine to a
low temperature, thus saving energy and improving system performance [15]. In the heat recovery
stages, the last few stages of MSF, the brine blowdown and distillate are cooled, and the
remaining heat is rejected in heat rejection section of MSF. The MSF process requires heat input
and electric power of 3.5-4.5 kWhr/m>. The major disadvantage of MSF plants is the high-energy
consumption. Currently, there are facilities where electrical energy generation from solar parks is

combined with drinking water production from flash type evaporation plants [16].
Mechanical vapour compression (MVC)

In the MVC process, seawater enters the preheater unit where it exchanges thermal energy with
the concentrate and effluents of the produced water. Preheated seawater is sprayed onto bundles

of heat exchange tubes, which are at a higher temperature than seawater [17]. Mechanical vapor
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compression vacuum evaporators evaporate seawater on one side of the exchange surface, and
this is compressed sufficiently to condense on the other side and thus maintain the water
distillation cycle; the water vapors are compressed by a mechanical compressor and are pumped
into the pipes of the heat exchange beams. The compressed vapor condenses inside the tube,
releasing energy, which is transferred to the seawater sprayed on the tube and causes it to
evaporate. These small devices are much more reliable and easier to use than reverse osmosis
equipment and are virtually maintenance free, making them ideal for supplying fresh water to
small towns, remote areas or islands, for example. The specific consumption of these plants is
lower than other distillation processes, with an equivalent electrical consumption normally of
about 10 kWh / m>. The major limitation of this type of technology is the maximum size of the
volumetric compressors used. Its maximum capacity does not allow a high production of

desalinated water [18].

Vapor compression distillation (VC)
Vapor compression distillation (VC) can function independently or be used in combination with

another thermal distillation process [19,20]. VCD uses heat from the compression of vapor to
evaporate the feed water. VCD units are commonly used to produce fresh water for small- to
medium-scale purposes such as resorts, industries, and petroleum drilling sites. The vapors
separated in the evaporation chamber EC are brought to higher pressure by the compressor K,
driven by the engine M (usually electric, but it can be for example a turbine). Thanks to the
increase in pressure, the condensation temperature of the vapors rises, which can therefore
condense in the HE exchanger [21]. There are double and even triple effect desalinations of this
type, in which the vapor of the last effect, after compression, is sent to the first, doubling (or

tripling) the yield in treated water.

Solar distillation (SD)
Solar desalination is generally used for small scale operations. Although the designs of solar

distillation units vary greatly, the basic principles are the same [22]. The sun provides the energy
to evaporate the saline water. The water vapor formed from the evaporation process then
condenses on the clear glass or plastic covering and is collected as freshwater in the condensate

trough. The covering is used to both transmit radiant energy and allow water vapor to condense
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on its interior surface. The salt and un-evaporated water left behind in the still basin forms the

brine solution that must be discarded appropriately [23].

Thermal Vapor Compression (TCV)

Thermal Vapor Compression (TCV) is one of the two technologies used and consists of obtaining
distilled water by the same process as multiple effect distillation, but by using a different source of
thermal energy [24]. These are thermal compressors (or thermocompressors), which consume
medium pressure steam from electricity generation plants (if it is a dual plant, it is process vapor
obtained expressly for this purpose). They take part of the vapor produced in the last stage at very
low pressure, compress it and obtain an intermediate vapor pressure comparable with the
previous ones suitable to contribute to the 1st stage, which is the only one consuming energy in
the process [25]. The yield from this type of plant is similar to those from multiple effect
distillation (MED) plants; however, their desalination capacity can be much greater by allowing
greater adaptability for the input from steam production plants. They are often considered to be
the same process, but here they will be treated individually as the energy from the plant is

consumed by different equipment [26].

Permeation desalination (PD)
Desalination by permeation is obtained by separation on semipermeable membranes. The

characteristics of water and rejection are similar to the previous type; however, it is not possible
to achieve total recovery of the aqueous part since membranes by reverse osmosis do not allow
the treatment of solid phases, if not by providing an evaporative section [27]. A special case is
desalination by electrodialysis. The reverse osmosis type is used for small to large productions in

orders of magnitude from 1 to 10 000 m?/ h and for quality similar to evaporative desalination.

Desalination by ion exchange (IC)
Desalination by ion exchange is obtained by removing the Na* and CI” ions on resins respectively in

the H" and OH" cycle (this obviously applies to all the ions present) [28—30]. Strongly desalinated
water is obtained in a single pass; in this case residues of the regeneration of the resins constitute
the rejection. The ion exchange type is used for small and very small flow rates, of the order of 1

m?3/h maximum, or to obtain very high purities of the water produced [31].

Combined systems
The implants can obviously be combined; it is a current trend to install a relatively simple reverse

osmosis system in series, followed by an evaporated one with the aim of recovering additional
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water; a part of the water produced could be further purified by ion exchange demineralization,

for example to be able to use it to power a boiler [32].
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Chapter 2

Membrane Technology: a suitable strategy for water desalination

2.1 Membranes and membrane filtration: general concepts
Traditionally, a membrane is defined as a barrier that separates two phases and allows selective

transportation of species under the influence of a specific driving force and according to suitable

mechanisms (Figure 2.1).

Figure 2.1 Selective transportation of species under the influence of a driving force.

The driving force can be a difference of chemical or electrical potential between two sides of the
membrane. Depending on the kind of driving force it is possible to obtain different membrane
processes. Pressure-driven membrane processes such as microfiltration (MF), ultrafiltration (UF)
and nanofiltration (NF) are widely used in membrane purification applications. Because of the
driving force, solvent or water passes through the membrane together with small molecules, while
the molecules larger than the membrane nominal pore size are rejected. Going from MF to NF the
size of membrane pores becomes smaller (from 10 um in MF to 2 nm in NF) and consequently also
the dimension of the particles rejected decreases. Denser membranes are used in reverse osmosis
(RO) applications where the pore size is in the order of a few nm. RO membranes are used when
low molecular weight solutes such as inorganic salts or glucose have to be separated from the
solvent. RO membranes require high pressures to operate (ranging from 15 to 80 bar) and they are

often applied for the desalination of brackish water or seawater. In concentration-driven
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processes, on the contrary, dense membranes are used. The transport across the membrane
occurs by the dissolution and adsorption of a target molecule through the membrane material.
The affinity between the polymer and the permeating molecule is therefore of primary
importance in order to achieve the separation. The chemical gradient formed by the difference in
concentration between the two sides of the membrane represents the driving force in this type of
membrane separation. Pervaporation, gas separation and vapour permeation are among the
membrane separation processes based on the concentration difference [1].

The membranes are generally allocated in suitable supports, to which the supply and discharge
connections are also connected, so as to form modules that, in turn, can be connected according
to the requirements of the desired separation process (fig. 2.2).

At the industrial level, where hundreds or thousands of square meters of membrane are required,
membranes are assembled together in order to form modules with different configurations. There
are basically 3 types of configuration: flat, spiral, and hollow fiber membranes. Schematically they

are shown in Figure 2.3. For each configuration the properly modules are necessary.

RETENTATE

PERMEATE
FEED

MEMBRANE C >
CF ‘P

SWEEP (OPTIONAL)

Figure 2.2 Separation mechanism of a generic membrane.

Plate and frame modules were one of the first modules developed by the industry. In this
configuration, flat-sheet membranes and permeate spacers are layered with spacers forming feed
flow channels and clamped together between two end plates (Fig. 2.3). The feed is forced across
the permeate that is collected through a central permeate collection manifold. In spiral-wound
configuration, flat sheet membranes are wound like an envelope with feed spacers around a
central collection tube. The feed is pumped into the space outside the envelope and the permeate
is, then, collected inside the envelope and directed to the central tube.

Tubular membrane modules are used for hollow fibre, capillary and tubular membranes. Hollow
fiber membrane modules are made up of several tubular membranes arranged in parallel in two

types of configuration. In the shell side configuration, the feed is in contact with the external fibre
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surface. Thus, the permeate passes through membrane walls and exits through the open fibre
ends where it is collected. In the second configuration, the feed is circulated through the lumen of
the fibres and the permeate is collected on the shell side.

Processes based on the pressure driven are reverse osmosis (RO), nanofiltration (NF),
ultrafiltration (UF), microfiltration (MF), pervaporation (PV) and membrane gas separation (GS).
The concentration gradient driven membrane processes are dialysis and membrane extraction,

while an electrical potential driven membrane process is electrodialysis (ED).

Figure 2.3 Different membrane configurations. A) flat sheet, B) spiral and C) hollow fiber
configurations.

Membranes have a multitude of characteristics, but the first distinction that can be made is about
their synthetic or biological nature. The biological membranes include liposomes and phospholipid
vesicles, which, in recent years, are gaining great importance in separation processes, especially in
medicine and biomedicine. Synthetic membranes are artificially produced, and in general, can be
homogenous or heterogeneous, symmetric or asymmetric in structure, solid or liquid, can carry a

positive or negative charge, or can be neutral or bipolar [1].
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Figure 2.4 SEM Pictures from Dense to microporous membranes.

Membranes can be made of polymers, metals, inorganic compounds, carbon, ceramic and liquids
(Figure 2.5). The polymeric membranes (fig. 2.6), unlike the previous ones, have the characteristic
of having a low production cost and a relative simplicity of preparation. In principle, all polymers
can be used to form a membrane and, considering the huge variety of polymeric materials
available, polymeric membranes therefore possess an enormous variety of properties, thus finding

application in various fields.

g

CARBON

Figure 2.5 Such examples of different membrane materials: ceramic, polymer, metal and carbon.

Polymeric membranes are the most widely used on an industrial level both for their low cost and
ease of workability. Although a large number of novel polymers have been developed at a lab
scale, so far less than twenty have been used as materials for industrially established membranes.
They include cellulose, polyvinylidene fluoride, polyethersulfone, polypropylene, polyethylene,
polyacrylonitrile, polyamide, polyimide, etc. (Figure 2.6). These polymers have different properties
also dependent on the preparation method which make the corresponding membranes suitable

for different separation processes (from gas separation to filtration, etc.) [2,3].
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The commercial application of membranes started since 1960s. One of the most important

discoveries in the membranes field has been that of Loeb and Sourirajan [4]. They developed the

first asymmetric integrally skinned cellulose acetate reverse osmosis membrane. The concept of a

thin skin layer of separating barrier on the top of a highly porous polymer support is associated

with a much lower pressure drop than symmetric membranes. This development stimulated the

interest about membrane based separation techniques, either in industrial processes or in

academic field.
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Figure 2.6 Chemical structures of some polymers used for membrane production.

2.2 Membrane preparation
Mainly two categories of techniques are distinguished for the preparation of synthetic polymeric

membranes [1]. The techniques based on traditional phase inversion and the techniques that are
breakthrough for strategy and ability to control morphology and chemistry on scale. For the first
category, the polymer must be soluble in a suitable solvent or in a mixture of solvents. A polymer
is precipitated in a state-controlled manner through several different techniques:

e Evaporation of the solvent, (EIPS): it is the simplest technique for preparing membranes through
phase inversion (fig. 2.7). With this method, the polymer is dissolved in a suitable solvent and a
homogeneous solution, is spread on a support, such as a glass plate. The solvent is then left to
evaporate in an inert atmosphere at a controlled temperature and humidity, thus obtaining a

dense and homogeneous membrane.

EVAPORATION Evaporation of the solvent
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Figure 2.7: Schematic representation of the evaporation of the solvent induced phase inversion
process.
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e Thermally Induced Phase Separation (TIPS): is the technique used for those polymers that are not
soluble in common solvents at room temperature and require high temperatures to be solubilized
(fig. 2.8). In fact, it is based on the phenomenon of non-solubility at low temperatures. The
polymer is dissolved in the appropriate solvent at a high temperature and the solution is spread at
a high temperature on a special support where it is cooled in a controlled way. The thermal
gradient induces the non-solubility of the polymer with its consequent precipitation and formation
of the membrane. With this technique it is possible to prepare porous and symmetrical
membranes or porous and asymmetrical membranes if the solvent does not evaporate

completely. Finally the solvent is extracted or evaporated in an oven.

Thermally Induced Phase Separation
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Figure 2.8: Schematic representation of the thermally induced phase inversion process.
e Vapor Induced Phase Separation (VIPS): is a technique in which a spread film, consisting of a
polymer and a solvent, is put into contact with a vapor atmosphere, where the vapor phase is
represented by a non-solvent for the polymer, saturated with the solvent (fig. 2.9). The high
concentration of solvent in the vapor phase prevents the evaporation of the solvent from the film.
The formation of the membrane is given by the penetration (diffusion) of the non-solvent, usually

water, into the spread film.
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Figure 2.9: Schematic representation of the vapor induced phase inversion process.
e Non-solvent-induced phase inversion (NIPS): The polymeric solution, spread on a suitable
support, is immersed in a coagulation bath containing a non-solvent (fig.2.10). Precipitation occurs
due to the exchange between solvent and non-solvent in the coagulum bath. The formation of the

first solid states slows down the diffusion of the non-solvent inside the "bulk" of the membrane,
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resulting in the formation of porous structures. Composition and temperature of the casting
solution and of the clot bath, as well as the time of exposure to air before immersion, and time of
immersion in the clot bath decide the final morphology of the membrane. It is one of the most
commonly used techniques for the production of commercial membranes, including those

dedicated to water desalination.
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Figure 2.10: Schematic representation of the non-solvent induced phase inversion process.

Other traditional manufacturing techniques include:

* Sintering: It is a relatively simple technique and is used for the preparation of porous
membranes starting from powders. These are pressed and then brought to high
temperatures, very close to the melting temperature of the polymer. Only the outer part of
the powder becomes molten, while the central part remains solid. Under pressure, the
surfaces join together causing the particles of the powder to join together to form the
membrane. The pore size of the membrane depends on the size of the initial dust particles
and their distribution. This technique is suitable for non-soluble polymers, and for
materials with high thermal, mechanical or chemical stability.

* Extrusion: This is the fastest and simplest technique for preparing dense membranes. The
polymer or inorganic material is brought to a high temperature in an extruder, i.e. in a tank
with an orifice on the side. The polymer is made to exit from it at high pressure with the
desired shape, which depends on the geometry of the extrusion head, the rheology of the
solution and the speed of collection and stretching of the film produced.

* FEtching: A film of polymeric material is bombarded with high-energy particles from a
source. These particles damage the polymeric material in different points, and since the
source must be fixed, the number of damage depends on the speed of movement of the
film and the intensity of the radiation. Subsequently, the damaged film is immersed in an
acid or basic solution, with the aim of removing the damaged material and forming
perfectly cylindrical pores. The pore diameter is a function of the immersion time in the

corrosive bath.
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A second category of membranes is that realized according to more sophisticated featured

manufacturing strategies. These breakthrough methodologies include:

Lithographic technique that is a technique proposed especially for making polymeric
surfaces with a regular structure with a precise geometric order. The main feature of
lithography is the mechanical reproduction of certain images. At the nanometer level
(lateral size between the size of a single atom and about 100 nm), lithography can be used
in the fabrication of advanced semiconductor integrated circuits or nano electromechanical
systems (NEMS). Lithography can also be performed by using a support [5] on which the
polymer solution is placed, making the final result with certain structures and properties.
Patterns are created by mechanical deformation of the impression strength and
subsequent processes. The main disadvantage of this process is the high cost of making
molds with dimensions of the order of the nano as well as the difficulty in obtaining a large
resolution. On a larger scale, the creation of well-made surfaces turns out to be more

efficient and easer.

Phase separation micro-molding (PSuM) that is a highly specialized manufacturing process
that produces extremely small, high-precision thermoplastic parts and components with
micron tolerances [6]. The process starts in a tooling department where a mold is created
that has a cavity in the shape of the part desired. Thermoplastic or resin is rapidly injected
into the cavity, creating the component or part at high speed. The combination of micro-
molding and phase separation techniques turn out to be another approach to create
nanostructures with hierarchical ordered morphology. It can be seen as an evolution of the
traditional phase reversal. A polymer is precipitated from a solution assuming a desired
configuration similar to traditional phase inversion. The final configuration can be flat,
cylindrical or spherical. The solidification process begins with the transition from a liquid to
two liquid phases: one rich in polymer, the other rich in solvent. The first solidifies forming
a solid network; the second generates pores or voids in the matrix [7].

Colloidal templates for Membrane Preparation that uses polymeric nanocapsules as
colloidal particles composed of a shell or membrane, which is mechanically very strong and
separates the internal cavity from the outside medium thus creating a barrier for various
substances that can be encapsulated therein [8]. Scientists found that monodisperse

colloidal spheres can self-assemble into arrays of periodic spheres, called colloidal crystals,
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in a hexagonal arrangement under well-controlled experimental conditions using drop-
coating, spin-coating, dip-coating, electrophoretic deposition and self-assembly at the
interface liquid / gas. Moreover, in the large hollow spaces, substances such as drugs and
biomolecules can be encapsulated and released in a controlled manner, which makes the
polymeric nanocapsules attractive devices for drug delivery, cancer and gene therapy,
protecting enzymes, etc. [9]. The synthesis of monodisperse colloidal spheres offers the
opportunity to extend their applications. Membranes with morphological features of high
structural order at nanometric scale may be achieved according to colloidal template
method. Colloid crystalline particles are three-dimensional close-packed crystals of sub-
micrometer spheres working as imprinting agents, whose long-ranged ordered structure is
replicated in a solid matrix, thus yielding materials with ordered pores. Colloidal crystal
structures with this ordered architecture, are of great interest for the tissue engineering
wherein the availability of arrays for cellular proliferation is requested to promote the
optimum environment for a good adhesion and consequent cells proliferation [10].
Self-assembly copolymers that exploits the ability of some materials to spontaneously form
ordered aggregates [11]. This allows having nanostructures, even complex ones, depending
on the intrinsic structure and chemistry of the molecules involved. The components most
present in these types of assemblies are: lipids, proteins, carbohydrates and nucleic acids;
molecular crystals; liquid crystals; semi-crystalline and separate phase polymers. In the
case of membranes, the ability of polymers to self-assemble on a nanometric scale is
exploited. Different techniques are used in these processes. The two main strategies that
have been used by the researchers:

- Use block polymers, which give rise to a cylindrical morphology with expedients, such as
to ensure that the cylindrical domains are oriented perpendicularly to the thin dimension
of the film.

- Use a block polymer with a bi-continuous morphology (i.e. a gyroid phase), which
obviates the need for alignment [12].

Breath figure for bio-inspired high-defined membranes that has been developed in the
context of bio, innovative and bio processes in the preparation of micro-porous
membranes [13]. This technique allows obtaining membranes with ordered pore geometry.
The basic idea in the development of BF has been born from the observation of the

common phenomenon of fog formation that is formed when water vapor comes into
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contact with a cold surface. During this event, the condensation water droplets tend to
rearrange themselves into an ordered geometry that resembles honeycomb patterns. BF
allows the formation of rearranged droplets in well-defined geometries. This ability can be
exploited to model the formation of pores in polymer films with simple and inexpensive
techniques. The condensation of water droplets on the surface of dilute polymeric
solutions containing immiscible or partially miscible solvents also allows easier recovery of
the solvent at the end of the process. Furthermore, water is a widely available non-toxic
templating agent, so the general approach can be considered as an environmentally
friendly production technology. Despite the simplicity with which droplets can be formed,
the mechanism that controls the formation of BF geometry can be very complex and not
perfectly unique. This may depend on the polymeric materials and solvents used, but also
on changes in the surrounding experimental conditions, which make the management of

water droplet dynamics somewhat difficult [14].

2.3 Membrane technology for water desalination
Membrane desalination processes represent a reliable route for improving water quality at

reduced costs and low environmental impact. The results achieved to date confirm the potential
of Micro and Ultrafiltration in the removal of suspended solids and colloidal species. Nanofiltration
is used to reduce water hardness and limit fouling in subsequent distillation processes [15-17].

Among the different processes introduced in the previous paragraph the common factor present
in such of them is the Membrane-based systems. Membrane technologies represent interesting
solutions to the production of freshwater. In fact, the growing global demand for water makes
membrane processes the principal source of water with desalination and wastewater treatment.
Figure 2.11 displays the percentage of the different membrane based technologies used in
desalination processes. The technology that dominated this field is represented by Reverse
Osmosis (SWRO), able to produce more than 100 million m®/day of fresh water in 2020 from
seawater, brackish water and wastewater [18]. This process, over the last few decades, became
successful because it has the highest water recovery factor with respect to any other conventional
distillation process [19,20]. Obviously, the membrane characteristics affect the performance of the

process as well as the temperature and concentration of feed.
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Figure 2.11 Percentage of the most desalination techniques used based on the productivity of fresh

water in 2019. Reprinted with permission from [21].

Many desalination methods have been developed, some of which (not based on membrane
processes) have been briefly introduced in chapter 1. On contrary the Membrane techniques are
often evolutions or hybridizations of the main techniques. This category includes direct osmosis
(FO), nanofiltration (NF), freeze desalination (FD) and hybrid approaches.

In accordance with the "process intensification" strategy, the future will focus on greater
production capacity, energy and raw material savings, an increase in plant safety, an improvement
in automation and control devices, and a reduction in overall dimensions of equipment and costs,
to mitigate the environmental impact. Potentially, membrane operations have all the
characteristics mentioned. This potentially makes them the technologies of the future by replacing
conventional energy-intensive techniques, enabling selective transport and increasing the
efficiency of numerous processes. Furthermore, the creation of compact membrane systems,
capable of carrying out the operations of traditional process units, today represents a real
prospect.

Another challenge is membrane performance improvements in various membrane-based
applications. For example, numerous studies have been conducted to improve membrane
performance and stability in FO and PRO applications. However, progress is still not good enough
for commercialization. If a suitable membrane can be fabricated for these applications, the FO and
PRO processes will succeed RO as the next generation of the commercial desalination process. In
other words, a suitable membrane should be manufactured and developed for its commercial

applications. Furthermore, the world is also facing challenges in terms of environmental
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protection, water demand and energy regeneration. With desalination technologies, producing
freshwater and generating energy can be realized in one application within a few decades. Even
though there are some limitations at present, these issues can be addressed during the
development of the science and engineering. For the next generations of humans, it should be
accomplished to increase the total volume of freshwater supply, harvesting valuable resources,
and generating energy in simply designed desalination applications. The requirements of process
intensification are well satisfied even when membrane engineering is applied to the agro-food
industry (fruit juice treatment) and the similar concept is now also being investigated in the
petrochemical industry. In the production of ethylene via thermal cracking, membranes are
proposed for the separation of gases, the production of oxygen enriched air, the removal of
hydrocarbons and acid gases from wastewater and furnace effluents, and the elimination of coke

from the water for Microfiltration [22-24].

2.3.1 Nanofiltration (NF)
Nanofiltration is a membrane process for the removal of divalent ion. This implies that the

separation process is based on the charge of the solute and the molecular size of the unfilled
solute. The selectivity of the NF membrane for solute rejection depends on the charge and size of
the solute. This aspect differentiates NF from RO in which all solutes are rejected, also requiring a
lower working pressure than RO. However, NF is not suitable for seawater desalination, but can
preferably be used as a pre-treatment unit in a hybrid method. NF membrane devices are
specifically designed to eliminate viruses from contaminated sources. In most cases, the working
parameters such as flow rate, temperature, membrane nature, virus load and filter area are
optimized for efficient and reproducible elimination of the virus in question. Furthermore,
exclusion of the virus from contaminated water based on other existing techniques than NF
membrane techniques can be costly and time-consuming. The main applications of NF are in water
treatment for the production of drinking water, as well as in waste water treatment and also in
reuse. NF can be used to treat all types of water including groundwater, surface water and

wastewater or as a pre-treatment for desalination.

2.3.2 Electrodialysis (ED)
Electrodialysis (ED) and Electrodialysis Reversal (EDR) processes are driven by direct current (DC)

in which ions flow through ion-selective membranes to electrodes of opposite charge. Similar in
principle to electrolysis, the ED have different compartments for the positive and negative

electrodes [25]. This is the opposite compared to water in pressure-driven processes as outlined
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above. In EDR systems, the polarity of the electrodes is reversed periodically. lon-transfer (perm-
selective) anion and cation membranes separate the ions in the feed water. These systems are
used primarily in waters with low total dissolved solids (TDS). Desalination through ED occurs via a
direct current from an external source applied through the electrodes in a brine solution
containing ion-selective membranes, which are connected in parallel to form channels. When the
electrodes are charged, the negative salt ions move through the anion-permeable membrane
towards the anode and vice versa the positive salt ions move the other way through the cation-
permeable membrane to the cathode. These movements of ions create the separation of
concentrated brine, allowing the formation of fresh water. In general ED is used for desalination of
brackish water with low concentration of salt (with total dissolved solid (TDS) <5000mg/L)
operating at 85-90% recovery. The largest EDR plant is built in Barcelona, Spain, which guarantees
200,000 m>/day of drinking water.

To calculate the energy consumption for ED plant, it is fundamental to consider two components:
The energy of separation and the energy of pumping. The first can be approximated as requiring
1 kWh/1000 usg per 1000 ppm of salt removed. This energy requirement varies significantly with
temperature and is stated reflecting typical ambient conditions of 18—22°C. The energy of
pumping is approximately 2 kWh/1000 usg of water produced. The energy consumption of EDR at
75% recovery and 25 °C has been shown to vary between 0.49 kWh/m3 at 1000 mg/L TDS and
1.75 kWh/m3 at 5000 mg/L TDS [26].

2.3.3 Forward Osmosis (FO)
Forward osmosis FO is the opposite process of the Reverse Osmosis, in which the natural osmotic

pressure existing across the membrane is used to draw water from the less concentrated side of
the membrane to the more concentrated solute. Compared to RO, where saline water is pushed
through a membrane, instead, forward osmosis (FO) uses osmotic pressure generated from a
natural salt concentration gradient as the driving force through a membrane. For this work, there
is the feed water — often seawater — on one side and membrane and then a draw solution on the
other side. The diluted solution is then processed to separate the product from the reusable draw
solution. The process of desalination when using FO is complete only with the addition of a fresh-
water recovery unit. Hence FO is best used as a pre-treatment unit for other desalination methods
such as RO. At difference of RO, which is not indicated for desalting highly saline waters, a hybrid

FO system is ideal for desalination of high-salinity feed water. Moreover, an FO hybrid method
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consumes less energy than RO. Other advantages of FO over RO include high water recovery and
minimal fouling [27]. The major limitations of FO are the high energy requirement when used as

standalone method of desalination and the limited choice of draw solute.

2.3.4 Reverse Osmosis (RO)
Actually, growing global demand for water makes membrane filtration the prominent technology

in desalination and wastewater treatment; the global cumulative contracted capacity is dominated
by Reverse Osmosis (SWRO), where the Global capacity is now more than 100 million m*/day [28],
with an increase of 6.8% per year in the last decade, equivalent to an annual addition in fresh
water production of 4.6 million m®/day. Membrane desalination technologies account for more
than 90% of all desalination plants [29]. RO uses semipermeable membranes with excellent
separation performance and good chemical stability [30]. The water to be treated is pushed into
the membrane module by a pump, which exerts a pressure higher than the osmotic pressure of
the feed water so as let pure water pass through the membrane, while the remaining part comes
out with a high salt concentration, due to the retention of all the components that do not cross
the membrane. The separation takes place thanks to diffusion and dissolution mechanisms, which
intervene in varying degrees and allow action up to ionic level. The performance of the membrane
depends on the membrane structure, membrane material as well as on temperature and
concentration of feed. As a matter of fact, feed osmotic pressure increases with the growing of the
feed temperature and concentration parameters as indicated by the following Van t’Hoff’s law
(valid for dilute solution):

g = %RTi (2.1)
where 1 is the osmotic pressure, ng is the total amount of moles of solutes in solution, R the ideal
gas constant, V the volume of solvent and i Van t’"Hoff’s coefficient.

Current state-of-the-art SWRO plants consume between 3 and 4 kWh/m? and emit between 1.4
and 3.6 kg CO, per cubic meter of produced water [31-34], depending strongly on the fuel used to
produce the electricity. The thermal desalination technologies, less efficient, generally emit
between 8 and 20 kg CO,/m?, with the exception of stand-alone MED at 3.4 kg CO,/m>. As small as
these numbers may appears through a global lens, they can be large in regional grids and
ecosystems. In term of costs, energy consumption is one of the main cost components in RO

desalination [35-37] even if concentration polarization and membrane fouling are the ‘Achilles’
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heel’ of this membrane process. Concentration polarization is the result of the selective transport
of some species through the membrane. Retained species accumulate in front of the membrane
and might cause the creation of a concentration gradient between the solution at the membrane
surface and the bulk. This leads to a back transport of the material accumulated at the membrane
surface by diffusion. The direct consequence of concentration polarization is the reduction of both
water flux and rejection. Membrane fouling is due to the dissolved, colloidal or biologic matter
that can accumulate at the membrane surface, building a continuous layer that reduces or inhibits
mass transfer across the membrane. For efficient RO desalination, an adequate pre-treatment,
supplying high quality feed water is essential. Notable examples of very productive and large
seawater reverse osmosis (SWRO) desalination plants are the ones in Israel (such as the Sorek
SWRO desalination plant), United States (such as the Carlsbad Desalination SWRO Plant in San
Diego County), Oman (such as the Al Ghubrah plant or the Barka IWPP expansion —both SWRO),
United Arab Emirates (for example the Al Fujairah IWPP expansion). Despite the enormous success
of membrane desalination technology, improvements are still required in terms of desalted water
cost, higher productivity (that means higher water recovery factors), better water quality and
enhanced eco-sustainability of the desalination process. The further improving of SWRO
desalination processes require high-permeability and/or antifouling membranes. Recently, the
application of nanotechnology and biotechnology to membrane fabrication has heralded a new
generation of RO membranes, whose water permeabilities potentially surpass conventional
polymeric membranes by several orders-of-magnitude. Examples can be found in the carbon
nanotube- (CNT) and other carbon-based membranes (like graphene and graphene oxide), as well
as in inorganic membrane, mixed matrix membranes and biomimetic membranes. These are
emerging as developed membranes with superior permeability, durability and selectivity in

particular for water purification.

2.3.5 Membrane distillation (MD)
Membrane distillation (MD) is a membrane contactor-based process dedicated to water

treatment, including water desalination. Freshwater can be recovered from saline streams with a
theoretical salts and non-volatile components rejection of 100%. As mentioned, This process
works at low operating temperatures with respect to conventional distillation columns, reduced

concentration polarization with respect to pressure-driven membrane processes and low
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operating pressure with respect to reverse osmosis (RO). This process involves mainly two-phase
changes of water: evaporation and condensation. The first one occurs at the liquid/vapour
interfaces (i.e., feed side); successively, the water vapour passes through no-wetted pores of
hydrophobic membrane and, then, condenses at the opposite side of the membrane (i.e.
permeate side). In the last 30 years MD received a constantly growing interest of about researcher
in the entire world. As shown in Figure 2.12, the number of publications in the early 90’ was only a
few tens, while in 2020 the publications arrived to 700, confirming the large interest in this new

eco-sustainable process for water desalination.
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Figure 2.12 Number of membrane process articles in the last 30 years through August 2022: font
ScienceDirect .

Depending on the approach used to induce water evaporation and condensation, different MD
basic configurations can be assembled (Figure 2.13). Hereafter, a short description of more
classical and recent configuration-types is given:
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Figure 2.13: MD configurations schematic setup: A) direct contact membrane distillation DCMD, B)

air gap membrane distillation AGMD, C) vacuum membrane distillation VMD and D) sweep gas

membrane distillation SGMD, E) liquid gap membrane distillation LGMD, F) permeate gap

membrane distillation PGMD, G) thermostatic sweeping gas membrane distillation TSGMD and H)

material gap membrane distillation MGMD.

Direct contact membrane Distillation (DCMD) is obtained when the saline solution faces the
feed side while a cold pure water solution is circulated tangentially to the permeate side of
the membrane. A difference of temperature or concentration across the membrane induces
the necessary vapour pressure difference to promote transport through the membrane [38].
In Air Gap Membrane Distillation (AGMD) an air gap is interposed between the membrane and
a cold condensing surface placed inside of the membrane module. The air gap helps in
increasing the conductive heat transfer resistance, thus decreasing the amount of heat lost by
conduction through the membrane [39,40]. The heat loss is indeed one of the most critical
issues of membrane distillation, as detailed hereafter.

Vacuum Membrane Distillation (VMD) required the application of vacuum or a low pressure at
the permeate side and an external condensers in order to condense the vapor water and

collect the permeate [41-43].
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4 In Sweep Gas Membrane Distillation (SGMD) a gas, such as air or nitrogen, sweeps the
permeate side of the membrane carrying the evaporated molecules outside the membrane
module for condensation in place of the vacuum used in VMD [15,42,44,45].

5 Liquid Gap Membrane Distillation (LGMD) is a merging of DCMD and AGMD configurations
(Figure 2.13). In fact, LGMD show the same aspect of AGMD with the difference of the gap
kept filled by a stagnant cold liquid solution, frequently the produced distilled water (as DCMD
[46].

6 Permeate Gap Membrane Distillation (PGMD) includes a third channel by an additional non-
permeable foil with the separation of the distillate from the coolant. In general, the coolant
can be any other liquid, such as cold feed water. One significant advantage of PGMD is the
efficient heat recovery system. The presence of the distillate channel reduces sensible heat
losses due to an additional heat transfer resistance and reduces the temperature difference
across the membrane, which slightly lowers the permeation rate.

7 Thermostatic sweeping gas membrane distillation (TSGMD) combines SGMD and AGMD to
minimize the temperature of the sweeping gas (Figure 2.13). In fact, usually, the temperature
of sweeping gas may be increased close to the membrane module due to the heat transfer
from the feed side through the membrane to the permeate side [47]. The presence of the cold
wall in the permeate side reduces the increase in the sweeping gas temperature resulting in
an enhancement of the driving force and the water production rate as a consequence [47].

8 In Material gap membrane distillation (MGMD) the gap between membrane and
condensation plate is filled with materials such as polyurethane (sponge), polypropylene
mesh, sand and deionized water [48]. In terms of heat transfer MGMD show performance
comparable to the DCMD mainly due to the high heat loss through conduction. The heat
developed in the materials at higher temperatures decreases the mass transfer during the

MGMD process, a possible reason for the reduction in the percentage flux enhancement [48].

In all cases, the success of the separation depends on the capacity of the membrane to keep stable
and durable interface between two phases and subsequently constant mass transfer. The trans-

membrane flux is measured according to the following equations:

J = B * (Pz — B,) = BAP 22)

B « (r%g)/(d7) (2.3)
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where B is a membrane distillation coefficient which depends on the membrane morphology, r is
the nominal pore size of membrane, a is the exponent of r in the range of 1 to 2 (a=1 for Knudsen
diffusion, a=2 for viscous flux), t is the pore tortuosity and 6 is the membrane thickness.

The understanding of heat and mass transfer phenomena in MD allows identifying membrane
characteristics for enhancing MD performance.

Regardless of the MD configuration used, water and solute (if the solute is volatile) evaporate
from the liquid-vapour interface on the feed side of the membrane, diffuse and/or convect across
the membrane, and are either condensed or are removed from the membrane module as vapour
on the permeate side.

For what concerns heat transfer, heat is first transferred from the heated feed solution of uniform
temperature Ts across the thermal boundary layer to the membrane surface at a rate Q = hs - ATs.
At the surface of the membrane, liquid is vaporized and heat is transferred across the membrane
at arate Qy = hy - AT, = N - AHy (where N is the rate of mass transfer and AHy is the heat of
vaporization). Additionally, heat is conducted through the membrane material and the vapour that
fills the pores at a rate Qn, = hm - ATy, where hp= ehpmg + (1- €) hps (€ is the membrane porosity,

hmg and hyys represent the heat transfer coefficients of the vapor within the membrane pores and

the solid membrane material, respectively). Conduction is considered a heat loss mechanism,
because no corresponding mass transfer takes place. Total heat transfer across the membrane is Q
= Qy + Q. Finally, as vapour condenses at the liquid-vapor interface, heat is removed from the
cold-side membrane surface through the thermal boundary layer at a rate Q=h,-AT,
Moreover, the pores play a relevant role in heat transfer as well. For a feed with a certain
temperature Ty, the heat is first transferred from the heated feed solution of transfer across the
thermal boundary layer to the membrane surface at a rate, which can been expressed as:

Q= h¢- ATy (2.4)
Where hs is the calor latent of feed and ATy is the difference of temperature existing on the two of
membrane. The surface of the membrane liquid is vaporized and heat is transferred across the
membrane at a rate Qy = hy - AT, = N - AHy (where N is the rate of mass transfer and AHy is the
heat of vaporization). Additionally, heat is conducted through the membrane material and the
vapour that fills the pores at a rate

Qn =hpy - AT, (2.5)
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where hy, represents the heat transfer coefficients of the vapor within the membrane. Conduction
is considered a heat loss mechanism, because there is no corresponding mass transfer. The total
heat transfer across the membrane is measured by the addition of the previous by following:
Q=Qv+Qn (2.6)
After the passage of vapour across the membrane, on vapor-liquid inteface will take place the
condensation, where heat is removed from the cold-side membrane surface through the thermal

boundary layer at a rate Q=h,-AT,, (Fig. 2.14).

Heat and Mass fluxes

! P,

/- .
Feed - Permeate
Boundary Boudary
layer Layer

Figure 2.14: Representative scheme of heat and mass transfer in MD process.

A MD process limit is represented on the heat transfer across the boundary layer because a large
guantity of heat must be supplied to the membrane surface to vaporize the liquid. For this reason
the properly choice of membrane materials with low resistance of mass transfer and low thermal
conductivity to prevent heat loss across the membrane are fundamental. In fact, in MD, the
polarization of the concentration does not significantly affect the driving force of the process and
therefore it is possible to reach high recovery factors and high concentrations (refs). In addition
with MD and/or RO processes it is possible to increase the recovery factor with potential zero
brine production transforming the traditional problem of disposal of the brines into a potential
new profitable market [49,50].

Another important concern is the polarization phenomenon related mainly to fluid dynamics. One
way to reduce it is the generation of mixing and turbulence in the flow, thus reducing the
thickness of the boundary layer. With the terms polarization phenomena is possible to define two

types: temperature polarization coefficient (TPC) and concentration polarization coefficient (CPC).
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These are used to quantify the heat and mass transport resistance in the boundary layer with

respect to the total transfer resistance of the system:

TPC = [~ Tom (2.7)
Tr-Tp
CPC = SBm (2.8)
Cebr

where Tiy, is the temperature of the feed at the membrane surface, Ty, is the temperature of the
permeate at the membrane surface, Ts is the temperature of the feed in the bulk, T, is the
temperature of the permeate in the bulk, Cg,, is the concentration of the non-volatile solutes at
the membrane surface whereas Cg, is the concentration of the non-volatile solutes at the bulk
feed. The increase temperature of a MD system will cause more heat to flow from the higher to
the lower temperature region, leading to high temperature difference. A decline in permeate flux
results from the resistances imposed on heat transferred from bulk feed and bulk permeate,
caused by the formation of thermal boundary layers on the feed and permeate sides of the MD
module. The increased concentration of non-volatile compounds next to the membrane surface
would have the influence of reducing the transmembrane flux due to the establishment of
concentration polarization (CP) layer at the feed side that acts as a mass transfer resistance to the
volatile molecule species (water).

Coefficient polarization phenomena might be strongly reduce the performance of membrane
operations because decrease the mass flux and/or separation performance. This is due to the
accumulation to retained material and to a depletion of permeating components in the boundary
layers adjacent to the membrane.

To reduce them, there are two options: 1) increasing the flow rates (even if this increase has not
to produce an operating pressure above the liquid entry pressure (LEP) for preventing wetting); 2)
including the spacers for promoting turbulence [51]. In fact, when the hydrostatic pressure on the
feed side of a MD membrane exceeds LEP (eq.2.9), liquid penetrates the pores and is able to pass
through the membrane (wetting). To recovery this aspect, the membrane must be completely
dried and cleaned. LEP equation is defined by the Laplace equation (eq.2.9) as the relation
between the membrane’s largest pore size (rnq) and operating conditions and geometric factor
determined by pore structure (B).

LEP = (=2 B y;, coS8)/tx (2.9)
where B is a geometric factor determined by pore structure, y, the liquid surface tension and 6 is

the liquid/solid contact angle. When the hydrostatic pressure on the feed side of a MD membrane

exceeds LEP, liquid penetrates the pores and is able to pass through the membrane. Once a pore
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has been penetrated it is said to be “wetted” and the membrane must be completely dried and
cleaned before the wetted pores can once again support a vapor-liquid interface.

Suitable membranes for MD

The choice of a membrane for a given MD application is a compromise between a low thermal
conductivity obtained from thicker membranes and/or low thermal conductive materials, a high
permeate flux obtained from membranes with low resistance to mass transfer and a high porosity,
a narrow distribution of a large number of pores to provide large interfacial area, high resistance
to wetting and high factor of separation. The physical properties of the membrane have certain
effects on both permeate flow and thermal efficiency. Materials with higher thermal conductivity
coefficients exhibit lower permeate flow and reduced thermal efficiency.

Today the membranes available on the market do not meet all MD requirements fully. The
identification of new materials for making membranes suitable for membrane distillation
separation is hence a crucial factor. Table 2.1 summarizes some of the highest measured MD
performances of some flat sheet and hollow fiber membranes made with different types of
materials and processed with NaCl solutions. For example hydrophobic membranes, PTFE
represents an ideal material for the production of MD membranes since it has one of the highest
hydrophobic characteristics among polymers and also one of the best chemical resistance and
thermal stability. The fundamental disadvantage of PTFE lies in its difficult machinability due to the
impossibility to use conventional melt processing methods making it necessary to use expensive
methods. Other polymers such as PP and PVDF have been employed in the preparation of
membranes for filtration purposes. These membranes have been also used for various MD
applications. The PP membranes preparation is however too expensive because they are prepared
by the melt extrusion technique followed by stretching or the thermal separation process of the
phase, which requires the dissolution of the polymer at a high temperature in less common
solvents. PVDF dissolves at room temperature in a variety of solvents and therefore porous
membranes can be easily produced by phase separation process (i.e. phase inversion), simply by
immersing the film of the cast solution in a coagulating bath (i.e. non-solvent, often water). In this
case, the porosity of the membrane is "controlled" by the additives (ie pore forming agents) in the

casting solution.

Table 2.1 Membrane distillation performance.
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Feed and

Feed and
Perm flow
Perm Flux. Rejectio
Membrane Feed Config. rate and Ref.
temperat [LMH] n [%]
temperatur
ure [°C]
e [ml/min]
PVDF (hollow
10g/L NaCl DCMD 450; 125 81.6;19.8 13,17 [52]
fiber)
PVDF-H (hollow
10g/L NaCl DCMD 450; 125 85.4;16.6 14,21 [52]
fiber)
PVDF-E (hollow
10g/L NaCl DCMD 450; 125 81.4;19.6 7,51 [52]
fiber)
FAS grafted
20g/L NaCl, DCMD 0.03; 0.03 80; 20 19.1 99.5 [53]
Al203
22.7-52.7;
GVHP 3g/L NaCl DCMD 480 ~3 ~100 [54]
12-42
M1 (PV‘DF_ 35g/L NacCl DCMD 60; 15 500; 100 <1 99.99 [55]
Hollow fiber)
3,5 wt%
M3 (PVDF- ' DCMD . . 99.99
Hollow fiber) Nacl 60; 15 500; 100 21,8 [55]
3.7;29
PVDF 35g/L NaCl DCMD 40-70; 20 31-38 99.99 [56]
m/s
3300;
MDO080OCO2N 35 g/L NaCl DCMD 25-70; 15 0.83 100 [57]
1620
11-58 g/L
PTFE, flat sheet DCMD 55; 20 500 7.94 99.9 58]
NacCl
11-58 g/L
PTFE, flat sheet VMD 55 500 10.08 99.9 [58]
NacCl
PDMS-PVDF 20g/L VMD 10 50 15.4 99.9 [59]
PDMS-PVDF 20g/L DCMD 73; 25 900; 225 18.9 99.8 [59]
PVDF (hollow
35 g/L NaCl VMD 85 900; 225 22,4 99.9 [60]
fiber)
CM-L (ceramic
PMSQ tubular  58g/L NaCl VMD 300 47,5 1,3 99.9 [42]
aerogel)
CM-S ceramic 58g/L NaCl VMD 140 50 20 99.9 [42]
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Alumina hollow

fiber
AD60/PVDF
36 g/L NaCl VMD 2000 70 10 99.9 [61]
hollow fiber
PVDF/AC 100g/L
VMD 0.010m/s 70 54,9 n.a. [62]
hollow fiber NaCl
Electrospun 1g/L Lead
AGMD 1500 60; 10 18.6 99 [63]
PVDF solution
1g/L Lead 84.2-
PVDF ES15-0 AGMD 850 60 19 [64]
solution 72.7
Commercial, 14.67-88
AGMD 1250 60; 20 6.5-4.3 n.a. [65]
Vladipor Ni
PP hollow fiber  25g/L NaCl AGMD 2000 80; 25 1.85 99.9 [66]
2.05- 97.22-
TF450 30g/L NaCl AGMD 2416-3416 71-30 [39]
50.25 99.98
PVDF GO-APTS
35g/L NaCl AGMD n.a. 85; 20 6.4 99.9 [67]
0.3
RO brine
PVDF/Graphen  from CSG
e mixed matrix produced AGMD n.a. 60; 20 20.5 99.9 [68]
membrane water:
14 g/L

2.3.6 Membrane crystallization
Membrane crystallization (MCr) is emerging intensive technique for the recovery raw materials

from high-concentrated brine

Membrane assisted crystallization (MCr) is an extension of MD where the continuous evaporation
of volatile components from the feed (with a high concentration of solute) generates a
supersaturation of the solute. In figure 2.15 are shown the schematic representation of membrane
crystallization set-up with the separation process. This phenomenon, with a simultaneous
separation and purification of chemical species from the solution, allows the solute to precipitate
in an orderly way, forming well-defined crystals [19,69]. The surface structure of the membrane
yields heterogeneous nucleation because it may trap solute molecules in its cavities, thus leading

to a localized supersaturation, which assists nucleation and crystals formation at supersaturation
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conditions [49,70,71]. Traditionally, crystallization is a separation process, based on the limited
solubility of a compound in a solvent at a certain temperature, pressure, etc. A change of these
conditions to a state where the solubility is lower will lead to the formation of a crystalline solid.
Although crystallization has been applied for thousands of years in the production of salt and
sugar, many phenomena that occur during crystallization are still poorly understood. Above all,
the nucleation and growth mechanisms of crystals and the complex behaviour of industrial
crystallizers remain elusive. One reason is the lack of adequate tools to measure and monitor
crystallization processes. On the other hand, the demands for constant product quality (purity,
crystal size, etc.) are continuously increasing, thus creating great interest in crystallization
research. Membrane-assisted crystallization has been evaluated to provide important advantages
against traditional crystallization due to easy scalability and good control of crystal nucleation
growth [25]. This process arises, in fact, from the need to produce substances in the solid
crystalline state required in various sectors of industry, technology and scientific research. The
solid crystalline state makes these products more stable for storage and more functional to
manage by users, where morphology is the dominant feature with a consequent safe interest in
countless applications [19].
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Figure 2.15 Schematic representation of a DCMCr unit comprising (A) membrane module, (B)
pump, (C) crystallizer tank and (D) permeate tank. [5] Open access.

The crystallization has been applied in food, pharmaceutical, chemical and environmental divisions
[49,70]. Other applications are the fabrication of organic semiconductor single-crystals based
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devices and photonic crystals, or medical advancement by rationale design of new structure-based
drugs. This is because the solid state makes these products more stable for storage and more
functional to be managed by users. In some technological fields, such as in microelectronics, in
nonlinear optics and in sensing, the solid state is the basis in the realization of single
semiconductor crystal devices; furthermore, crystalline materials experience a wide diffusion in
heterogeneous catalysis, in the controlled release of active substances and, more generally, in the
nanotechnology. As regards research in the medical field, single crystals or crystalline powders are
required through a rational strategy of drug design and the development of materials based on
the structure. Generally, the crystalline properties have a significant impact compared to their
effective use. In the case of crystalline powders, the morphology of the crystals is the dominant
feature. During production, preferred crystal forms are required, for example for more efficient
filtration of particle recovery from parent solutions by filtration for improved compressibility when
producing tablets and for optical behaviour in the case of pigments.

The technique is based on MD process where the evaporation of water from a solution in contact
with a hydrophobic membrane causes a concentration of the solution to reach super-saturated
conditions. The operational principle is based on the vapor pressure gradient created by a
different temperature or concentration across a microporous hydrophobic membrane [72-74].
Fig.2.16 shows the SEM picture of the PVDF commercial and an optical microscope picture of cubic

sodium chloride crystals formed by Membrane Crystallization.

Figure 2.16 SEM picture of PVDF commercial membrane and NaCl Crystals recovered from feed
solution. Picture from optical microscope with magnification 20X.

The principal advantages of MCr is the control of the crystallization process in order to minimize

deposition and growth of crystals on the membrane and to maximize the crystal production by
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choosing a broad set of available kinetic trajectories in the thermodynamic phase diagram. This
can be done through the choice of membranes with specific chemical-physical properties and
through the choice of the process parameters - temperature, concentration, flowrate, etc., which
enable the solvent evaporation rate to be controlled thereby leading to the production of
crystalline morphologies and structures.

In general, the different polymorphic forms of the same substance are considered different
materials, with their characteristic physical, chemical and biological properties, making each of
them a different and patentable drug. In the case of proteins, large crystals (100 mm at least in
two dimensions) are required with high order in their crystal lattice for the determination of the
structure at the atomic level by X-ray diffraction analysis [75,76,85]. Other, but not less important,
applications have been developed for the treatment of waste water for the recovery of high purity
silver [77] or sodium sulphate [78], CO, capture [24,79,80], nanotechnology, such as the synthesis
of BaSO, and CaCOs particles [81,82], or the recovery of antibiotics [83] or of polyestyrene
microparticles [84].

The solid-crystalline state is useful for its more stability for storage and more functionality to be
managed by users. For this reason the solid-crystalline phase are utilized in several field of
industry, technology and scientific research or as additives for cosmetics, hygiene and personal
care, pharmaceuticals, fine chemicals, pigments and foods [86]. In organic semiconductor field,
the crystalline phase is utilized for the preparation of single-crystals based devices and photonic
crystals due to experience a wide diffusion in heterogeneous catalysis. MCr might be applied for
the preparation of new structure-based drugs in medical devices. In fact, the crystal forms are
required to obtain the highest surface-volume ratio and greater catalytic efficiency [76,87]. The
different polymorphic forms of the same substance, in some case, are considered different
materials, with their characteristic physical, chemical and biological properties. This aspect is
fundamental in pharmaceutical industry where is possible to make different and patentable drugs
with the different polymorphic shape of a single crystal [88,89].

Different materials (such as silver [77], sodium sulphate [90], sodium chloride NaCl [91,92],
lithium chloride [70] or polyestyrene microparticles [93]) can be recovered from water treatment
with high level of purity by using MCr. In conventional crystallization methods it is more difficult to
realize an appropriate control of crystallization [94]. Based on MD concepts, heat and mass
transport through membrane can be described if the overall system is not in thermodynamic

equilibrium [95-99]. The mass transport, as has been introduced from Cui et al. [74], can be
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explained in three steps. 1) Diffusion in feed boundary layer; 2) transfer through the membrane
pores; 3) passage to permeate boundary layer. In order to analyse the mass transfer in boundary
layer the Dusty Gas Model (DGM) may be applied. This describes the mass transfer in porous
media through four possible mechanisms: a) viscous flow; b) Knudsen diffusion; c) molecular
diffusion; d) surface diffusion. Considering the simplest configuration (direct contact configuration,

DC) the molar trans-membrane flux /' can be determined as follow [74,95,100]:

z(ﬁ)l/z
o SPDl']' Pa 3 \mM; +PDU (2 10)
] ~ TSRT H(ﬁ)l/z ’
3 TIMi
Pa +PDU

where J'is the molar trans-membrane flux, ¢ is the porosity, P is the total pressure, D;; is the
diffusivity, T is membrane tortuosity, § is membrane thickness, R is ideal gas constant, T is
temperature, r is pore size, M; is molecular weight, p} and p2? are the partial pressure of air at
feed and membrane surface, respectively [96,101-103]. From, eq. 6.3.1 is possible to observe how
the trans-membrane flux is proportional to membrane porosity (¢), and inversely proportional to
membrane thickness (§). This confirms how the membrane morphology strongly influences the
membrane crystallization performance. After the crystallization, the critical size of crystals n* is

described by the following relation [104]:

3
% _ 32mvg o

= 0TS (2.11)
where v is the molecular volume, o is the interfacial energy, T is temperature, kg is Boltzmann’s
constant and S is the supersaturation. From eq. 2.11 it is possible to establish how at high
operating level of supersaturation, the crystals size tends to increase in size. Therefore, in order to
optimize the process are fundamental the proper choice of membrane chemical-physical
properties and process parameters [74].

Several authors have studied the impact of crystallization technology on crystal morphology. In
general, crystals formed through membrane crystallization result in sharper edges than
crystallization with conventional cooling. Membrane distillation-crystallization therefore appears
to be competitive in terms of crystal morphology compared to conventional technologies
[70,105,106]. There are several variables that can be tuned in membrane crystallization to control
crystal morphology. For example, evaporation rate and temperature are just some of the key

factors that influence the formation of some polymorphic forms compared to others. In table 2.2
56



different membranes used in crystallization are reported. Here is possible to observe how the

different membrane structures and the operating condition might be influence the crystallization

in terms of size, nucleation rate and other. For these reason the proper choice of membrane

materials, and the consequent their characteristics are fundamental in crystallization.

Table 2.2. Characteristics and performance of membranes used in membrane crystallization.

Lowest
Pore . Flux -
Membrane . . Porosity Coefficient .
. Config. Feed size [L/mA Crystals Pictures Ref.
materials [%] of
[km] 2*h] e
Variation
PVDF/Hyflo
n DCMCr 5N22|A 01 7406 1,78 35 [74]
AD40H_010
PVDF/Hyflo
n DCMCr 5N22|A 022 7511 2 34.41 [74]
AD40H_022
PVDF/Hyflo
n DCMCr SNz(':\f' 045 7891 2,54 3871 [74]
AD40H_045
ceramic 5.5M
PMSQ VMCr NaCl 0.333 23.3 0,22 26.7
aerogel
ceramic 55M
Alumina VMCr NaCl 0.22 55 16,5 32.28
100 g/L
PVDF DCMCr Na;l+ 0.45 n.a. 15 n.a. n.a. [107]
acid
humic
260 g/!
NaCl
PVDF DCMCr and 2M 0.22 70 20 10.1
Na2So4
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2.4 From passive to interactive membranes: new strategies to overcome current limitation of
MD and MCr
As aforementioned, membrane processes play a primary role in water separation and purification

thus guaranteeing good results in water recovery [57,111]. RO is the most process used in water
recovery by desalination but at the same time it is not free from defects or disadvantages. The
Water recovery factor (%) of RO with seawater as feed has been lower than 50% (where the
recovery factor is the ratio between the flow rate of the permeate and the flow rate of the feed
water). Moreover, the discharge of inadequately treated waste water in many developing
countries contributes negatively to pollution and to the degradation of limited water resources. As
a result, salted water desalination can be one of the ways to increase fresh water production.
Economics is one of the most important factors determining industrial decisions. Water is the

cheapest product on earth, yet sometimes the cost of water is too high for certain consumers. In
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general, it is difficult to analyse and compare the costs of the current desalination plants and

technologies because the cost of desalted water depends on many factors, such as the location of

the plant, its capacity, the salinity and quality of the feed water available at the selected site, and

the energy cost at the site under consideration. Moreover, thermal desalination is generally more

cost-intensive than RO desalination, although the cost of desalination was declining over time. In

table 2.3 are reported the capacity and the energy consumption of the main process utilized in

water recovery.

Table 2.3: Operating conditions, capacity and energy consumption of the main process for water

recovery.
Process Energy Operating Feed Separation Membrane  Capacity
Consumpti condition process type Ref
on
(kWh/m?)
MSF 14-25 90-110 °C seawater Thermal - < 20 milion
process (m*/day) [112,11
(cumulative 3]
in the world)
MED 7-25 60-75 °C Seawater Thermal - < 10 milion
(limit 70g/L) process (m3/day) [112,11
(cumulative 4]
in the world)
BWRO 0.5-3 17-20 bar brackish water Pressure Poliamide, > 40 milion
SWRO  3-6 52-69 bar  seawater(limit driven Cellulose (m3/day) (112,11
70g/L) acetate (cumulative 5,116]
in the world)
MD 671-699 Feed Seawater; difference of Hydrophibic 120 (kg/day)
temperatur  Brackish vapour porous
e=40-80°C; water, pressure membranes
Possibility reclamation made of
to work of wastewater Polymeric or [117]
with Solar and the Ceramic
energy (of treatment of materials,
about various
7 kWh/m?) industrial
wastewaters
ED 0.49- 18-22°C Brackish water Non-Pressure  electricity 350 (kg/day)
1.75 (bracki with a salinity  driven and
sh) of 1000- specialized
10-25 5000 mg/L; membranes [25,118]
(seawater) Seawater to separate
ionic
substances
NF feed River water; pressure- Hydrophilic 10 (kg/day)
pH > 1-3, Brackish water driven porous [119]
feed or inland separation membrane
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pH < 9-11, water; processes to made in
and a Seawater,; remove most Polymeric or
maximum Brine or of the Ceramic
operating concentrated  suspended or  Materials
temperatur  seawater un-dissolved
e commonly ingredients
between like suspended
40° and solid,
50 °C. inorganic and
organic
compounds
0.11 No MBR and Difference in Dense n.a.

necessary conventional chemical Polymeric
high activated slud  potential of Membranes
temperatur  ge (CAS) water
e effluent, between two [69]

sewage, solutions

seawater and  separated by

landfill a semipermea

leachate ble

membrane.

The merging of RO with other membrane process as MD and MCr might be increase the recovery
factor near the 90%, but in the future this might be not enough. In addition to these problems,
desalination, and similar process, involves serious concerns about the potential environmental
impact. In fact, although desalination plants produce large volumes of clean water, they also
produce almost the same amount of concentrate (i.e. brine) and consume energy. The costs of
disposal of this brine represent a cost that varies from 5% to 33% of the total cost of desalination
[114], depending on the type of treatment of disposal and concentration of brine. Moreover, the
brine disposal costs of the internal plants are higher than those of coastal plants [120]. However,
these additional problems do nothing more than encourage the research of this sector with the
development of innovative technologies for the exploitation and re-use of the brine. Thanks to
these technologies it is able to produce renewable energy, produce salts and chemicals for the
industry [12]. For these reason some aspects of the research need to be well addresses [120],

including:

1. Development of novel membrane materials and polymer chemistry for the development of

membranes that are highly resistant to chemicals low resistance to mass transfer, energetically

efficient and reducing the overall cost of processes.
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2. Development of water treatment systems coupled with renewable energy sources in order to
allow significant reduction in energy consumption.

3. Recourse to membrane pre-treatment in order to (i) decrease costs associated with plant
footprint, RO membrane replacement costs, and chemical costs, and (ii) increase recovery and
permeate flux related to lower fouling rates.

4. Enhancement of transport mechanisms and improvement of module design (e.g., further
research in the transport properties of polymer, carbon- and carbon-nanotube based, zeolite, and

mixed-matrix membranes).

Efficient separation and purification techniques for membrane processes are indicated to replace
those traditional energy-consuming techniques. Polymeric membranes can perform this by
differentiating molecules and with high permeability. Moreover, the polymeric materials could
guarantee further improvements also through modifications or functionalization of the polymer
already widely used in the preparation of the membranes [19,121]. Membrane technologies
require improvements in terms of operation cost, higher productivity (that means higher water
recovery factors), better water quality and enhanced eco-sustainability of the desalination
process. In literature, new research has been developed, including composite porous
hydrophobic/hydrophilic membrane prepared using fluorinated surface modifying macromolecule
(SMM) and polyethermide [123]; CF4 plasma surface modification of hydrophilic membranes into
hydrophobic ones [124]; preparation of nanotube-structured TiO2 surfaces with superomniphobic
characteristics [125]; fabrication of hybrid graphene/PVDF membranes [126]. Graphene has
attracted considerable attention in recent years for water treatment and purification processes as
it improves the membrane properties and adds functionalities such as anti-fouling properties [126,
127]. Graphene possesses many interesting properties for MD application such as high
hydrophobicity, ion selectivity and water vapor transport, good thermal stability and mechanical
properties [128,129]. The possibility of cheaper synthesis of large area of graphene as recently
reported makes it more interesting for modern use [70]. Graphene shows great potential as filler
material and is ought to be explored. In addition to graphene, two dimensional (2D) materials of
atomic thickness represent the next generation membrane materials with extraordinarily high
permeability. 2D membranes with well-defined transport channels and ultra-low thicknesses have
demonstrated exceptional performance for liquid and gas separation applications. The unique

atomic thickness of the membrane offers ultra-low resistance to mass transport. The potential

61



materials for 2D membranes include zeolites, mixed-organic frameworks, graphene, molybdenum
disulfide etc. The current main challenges for the commercial scale implementation of these
membranes include limited available techniques for exfoliating the high aspect ratio and intact
nanoporous monolayers from bulk crystals, drilling of the pores with required characteristics
(uniform, high-density, large-area, subnanosized) in membrane matrix and scaling up of these
atomic scale membranes into real scale separation devices [71]. The potential of membrane
crystallization is addressed from an intensification and integration point of view, with particular
attention to present and future applications, i.e. green economy and value-added production.
However, the development and application on an industrial scale of membrane crystallization
technology requires facing and overcoming the following problems:

» Development of proper membranes for MCr application: as for MD, development of new
material/membrane preparation methods with extended life, with stable hydrophobic
character, with properties tailored for this technology (in terms of pore size, porosity,
thickness, thermal conductivity, surface roughness, etc.).

» Technology transfer to industry: application and testing of the technology on industrial-
scale and valuation of benefits/advantages/drawback with respect to conventional

process.
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Chapter 3:

Exfoliation of 2D materials and related functionalization of PVDF

membranes
Polymeric membranes used in desalination processes often have the disadvantage of low chemical
resistance, limited lifetime, and membrane fouling. These issues have forced researchers to
pursue new several materials, including polymeric and ceramic, as well as functionalize the
membranes with innovative procedures. Several inorganic materials such as zeolites [1] and
carbon nanotubes [2] have been employed for water desalination due to their subnanometer
pores/channels (fig. 3.1). However, the high cost- and time-consuming process in preparing
perfectly ordered subnanometer arrays of zeolites and carbon nanotubes has hindered their

commercialization for water desalination [1].
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Figure 3.12 SEM image of a) NaY zeolite nanoparticles and b) carbon nanotube. Reprinted with
permission from [1,2].

Graphene-based membranes [3,4], thermally rearranged polymers [5], two dimensional (2D)
membranes based on zeolites, mixed-organic frameworks, bismuth chalcogenides [6,7], and
others have been proposed and tested in Membrane Distillation systems. 2D materials are actively
researched as they can achieve ion sieving via in-plane pores or stacked nanosheet channels. The
hyper-thinness of 2D monolayers makes it possible to fabricate ultra-thin membranes with
excellent mass transport and high water flow due to reduced resistance to mass transfer [8].
Several methods have been proposed for the production of exfoliated materials. Figure 3.2 shows
the most common procedures providing in table 3.1 an overview about advantages and
disadvantages of each single technique [9,10].

2D materials are already widely used in membrane processes such as nanofiltration (ie sieving of

molecular and divalent ions with dimensions greater than 1 nm) [11], whilst their use in
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membrane distillation has been still somewhat limited. Only in the recent years, a major focus has
been given to the use of 2D materials-based membranes in MD applications.
In this chapter, a description of some manufacturing techniques to prepare polymeric membranes

functionalized with 2D materials is proposed.
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Figure 3.2 Main exfoliation methods used for the graphene production. Modified from [9].

Herein, the recent advances on 2D material-based membranes for water desalination are
examined with particular emphasis for membrane technologies such as membrane distillation and
membrane crystallization. A particular focus is on graphene and the dichalcogenic materials,
examining aspects related to manufacturing cost and efficiency of the processes of interest

Table 3.1 Main exfoliation methods with an overall production process in terms of quality, cost
aspect (a low value corresponds to high cost of production), scalability, purity and yield, modified
from [9].

Reduction of Bottom-Up Chemical Liquid-Phase Mechanical
Graphene Synthesis Vapor Exfoliation Exfoliation
Oxide Deposition

Quality Low High High High High

Cost aspect Average None None Average Average
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Scalability High Low Average High None
Purity Low Average Average Average Average

Yield High Low Low Low Low

3.1 Exfoliation procedures to get 2D materials
In the literature there are different liquid phase exfoliation techniques such as wet-jet milling,

ultra-sonication, ball-milling and shear-exfoliation [12]. Hereafter, a brief description is given.

3.1.1 The wet-jet milling (WJM)

The wet-jet milling (WJM) is a high pressure hydraulic mechanism provided by a piston to push the
sample into a series of 5 different perforated and interconnected discs, called the processor,
where the jets are generated (fig.3.3) [12,13]. A pressure up to 250 MPa is usually operated. On an
industrial level this technique is commonly used in the pulverization of drugs or paints. The
pulverization is obtained from the shocks generated by the pressurized flows of the liquid
dispersions of the particles [14]. Conversely, for the exfoliation of layered crystals, the shear force
generated by the solvent as the sample passes through the disc is the main phenomenon

promoting exfoliation.

Sample tank

B

Check valve

1a8uBY9Xa 1B3H

High-pressure pump

o o=

Pressurization Micronized

Figure 3.3 Scheme of the wet-jet mill system. Reproduced from [13].

An important factor that must be considered for the exfoliation of layered crystals is the selection

of the solvent. Indeed, in order to exfoliate the layered crystals, it is necessary to minimize the
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Gibbs free energy of the solvent / layered material mixture [15]. This condition can be achieved if
the surface tension (y) of the solvent is equivalent to the surface free energy of the material. For
high-quality flakes with defined lateral dimension and thickness, a post-processing procedure is
required to purify / separate the one-layer and fewer-layered 2D crystals from the thicker ones (>
10 layers) [12,16]. For this purpose, sedimentation-based separation (SBS) is used. Sedimentation
occurs through the application of the centrifugal force proportional to the friction coefficient
between the solvent and the particle itself, to the mass of the particle itself, the distance from the
rotation axes, the square of the angular velocity, the buoyancy force, which is equal to the mass of
the displaced solvent for the centrifugal acceleration, and the frictional force. Frictional force is
the force acting on particles as they move with a sedimentation rate in a fluid. SBS is usually
applied to particles or flakes dispersed in a solvent in a force field. Thick and large flakes settle
faster than thin and small flakes due to higher sedimentation coefficients than small flakes.
Therefore, by adjusting the experimental centrifugation parameters, it is possible to retain the
flakes with desired lateral dimensions in dispersion. Among the various approaches to liquid phase
exfoliation, micro fluidization is the most similar to WJM, as the whole fluid is forced through a
spatial region where the flow becomes turbulent. In the case of microfluidization this region is a
microchannel, while in the WJM it corresponds to the junctions of the channel before and after
the nozzle. In this region, turbulent flow results in a high shear velocity, i.e. a velocity gradient
orthogonal to the direction of the flow. The resulting shear stress applied to the scattered flakes
induces the sliding of the 2D crystalline planes and initiates the exfoliation process. A more salient
difference between the exfoliation process in the WJM and other liquid phase exfoliation (LPE)
methods mentioned above is the large pressure drop over time experienced by the crystallites as
the dispersion flows through the nozzle. In figure 3.4 the comparison between graphene flakes
exfoliated with ultra-wave (fig.3.4a) and WJM (fig.3.4b). The WJM flakes show a higher lateral size
and lower thickness (visible with the lighter colour of the flakes) than ultra-wave flakes. In chapter

5 a more details comparison between these two techniques will be illustrated and examined.

a) b)
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100 nm

Figure 3.4: Graphene flakes exfoliated a) with ultrawave and b) with WIM.

The WJM process is currently exploited in the energy and (opto)electronics fields are extensive,
covering a wide range of energy storage and energy production devices [17-19], sensors [20,21],
high speed transistors [22], photodetectors [23,24], modulators and mode locking lasers [25,26],
ceramic [27], pharmaceutical and food [28], industry to pulverise and homogenise the processed
materials [29-31]. The WIM have been used for the exfoliation of layered materials, e.g.,

graphite, boron nitride and transition metal dichalcogenides [11,12,29,32,33].

3.1.2 Ultra-sonication
Ultrasound exfoliation (UW) is the most used LPE technique due to the ease and simplicity of the

process. The creation of cavitation during ultra-sonication induces the exfoliation of layered
crystals [34]. An ultrasonic wave is commonly used as an auxiliary method for liquid phase
exfoliation. In the case of graphene exfoliation, UW is one of the most used methods (fig. 3.5).
There are two main factors that play an important role in preparing graphene by ultrasound-
assisted liquid phase exfoliation. The first is the phenomenon of cavitation [35]. In the ultrasonic

treatment process, there will be microbubble formation, growth and cracks.
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Figure 3.5 Schematics of the exfoliation methods based on Bath ultra-sonication. Modified from
[36].

The bubbles in the liquid contract at high pressure and expand at low pressure. The bubbles burst
violently as the pressure on the graphene surface changes, which causes the graphite dispersed in
the solvent to shatter. The second is the pure force produced when the micro bubbles burst near
the graphite (not in contact with the graphite) [37]. The solvent forms a microjet and pierces the
graphite surface, thus forming a shear force to aid in the separation of the graphite layers. The
ultrasonic wave will affect the size and thickness of the graphene layers. The size of lamellar

graphene is an important parameter in the ultrasound-assisted liquid phase exfoliation process.

There are, however, significant drawbacks to currently used UW methods which typically rely on
the following [37]:

(1) Chemical treatment processing (involving the use of harmful and polluting high-cost solvents or
surfactants) to increase the gap between the graphite layers.

(2) Applying external fields such as cutting or ultrasound to exfoliate and diffuse the flakes in the
solution;

(3) Purification of exfoliated materials from chemical residues.

Some of these aspects have been recently remedied by using green and non-toxic solvents in the
production of graphene. In this respect, water is ideal and attractive, especially after graphene has
been recently shown to be hydrophilic, as an environmentally friendly and low-cost dispersion
medium [14,28]. Some studies reported on water-based UW still used surfactants, polymer
stabilizers or some specialized ingredients as an exfoliating medium, which are considered

necessary for the dispersion of flakes in water.
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3.1.3 Ball-milling (BM)
A ball mill is a type of grinder used to grind and mix bulk material into QD / nanosize using

different sized balls [15,38]. Reduction in impact size and friction occur when the ball falls near the
top of a rotating hollow cylindrical shell. The size of the nanostructure can be varied by varying the
number and size of the spheres, the material used for the spheres, the material used for the
cylinder surface, the rotation speed and the choice of material to be milled (fig.3.6). Ball mills are
commonly used to crush and grind materials into an extremely fine shape. The ball mill contains a

hollow cylindrical shell that rotates around its own axis [39].

Direction of Rotation

= Materials
® Grindings Medium

-

Figure 3.6 Schematic diagram of a ball mill. Modified from [40].

This cylinder is filled with balls made of stainless steel or rubber for the material it contains. Ball
mills are classified as attritor, horizontal, planetary, high energy or agitator. During grinding,
solvent is added to the planetary-rotary mill. The zirconia or metal container (vase) is filled with
spheres of the same material. During the rotation of the vessel, the crash and friction between the
spheres create shear forces that favour the exfoliation of the graphite. The scalability and
repeatability of this method has been not yet demonstrated. The use of ball mills for organic
synthesis is a strongly emerging research field [41]. As for the wide range of applications in organic
chemistry, the highlights will only be presented in this tutorial review, which covers the past five
years. In addition to classical organic synthesis, the ball grinding method is also applied in research
areas on the border between inorganic and organic chemistry such as the synthesis of metal
complexes, the formation of organic-metal frameworks and the synthesis of catalysts. From a
pharmaceutical point of view, the assembly of co-crystals between pharmacologically active
compounds initiated by grinding or grinding is a real field of research [38]. Contrary to the

examples cited above and the reactions discussed here, the formation of co-crystals it rather
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depends on the coordinative interactions between molecular dipoles than on the formation of

covalent bonds.

3.1.4 Shear-exfoliation (SE)
In high shear exfoliation a shear force is applied to separate the sheets of the material to be

exfoliated (e.g. graphene). The shear mixer has emerged as a new tool for the exfoliation of
layered crystals [42]. The turbulence and shear forces produced by the reciprocal rotor / stator
movement exfoliate the dispersed stratified crystals. To date, shear exfoliation appears to be a
technique that still needs to be improved to meet demand on an industrial scale. The scalable
method of high shear exfoliation has been not yet fully explored and there are only a few reports
focused on shear mixing in environmentally friendly aqueous media to produce low-layer
graphene dispersions. The highest concentrations recorded to date are approximately 1 mg / mL
using processing times of up to 4 hours. Therefore, high shear exfoliation is still quite new
techniques and, despite the apparent simplicity, many aspects are possible that influence the

outcome of exfoliation in terms of quantity and quality [43,44].

Graphene

Figure 3.7 Shear exfoliation of graphene. Adapted from [45] open access.

These aspects include the properties of the graphite source material such as flake size, type of
surfactant and its concentration, as well as mixing parameters (such as rotor speed and mixing
time). Some of these aspects, such as the mixing parameters, have been studied more thoroughly,
while other parameters have received less attention. In particular, the effect of flake size on the
outcome of exfoliation has not gotten much attention and its effect is unclear. It is interesting to
study it, as large graphite flakes with high crystallinity are typically used to obtain high quality,

low-layer graphene. Furthermore, it is of great interest to reduce the amount of solvent and
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surfactant residues since they limit the applicability of the material produced by decreasing for

example the conductivity of the subsequent films.

3.1.5 Micro fluidization
A promising technique recently reported is micro-fluidization which consists in subjecting the

layered crystals dispersion to high shear rate [46,47]. Microfluidization is used for production of
micro and nanoscale size materials especially in pharmaceutical industry to make liposomal
products, emulsion and in food industry to produce dairy products [48]. Processing time is limited
to piston passages (70 passes) [49]. This technique uses only water / surfactant and the exfoliated
flakes show structural defects, which increase proportionally with the piston passages. In
particular, microfluidization has been used for boron nitride (h-BN) hexagonal flakes, high shear
mixing to exfoliate bulk black phosphorus, MoS,, h-BN, WS,, MoSe,, and MoTe,, ball grinding for h
-BN, and MoS; [47-51]. In pharmaceutical applications, Microfluidization has been also used to
prepare unilamellar vesicles of defined size distribution, such as liposome (fig. 3.8).
Microfluidization has been also used for the production of polymer nanosuspensions, in
pharmaceutical applications to produce liposome nanoparticles for use in eye drops, to produce
aspirin nanoemulsions, as well as in food applications for oil-in-water nanoemulsions. Another use
has been for the de-agglomeration and dispersion of carbon nanotubes. However, the scale up for
this technique from the laboratory scale to the market, to enable large-scale production of quality

2D crystals, still appears to be necessary.

A fluidized bed has been used for long time to improve mixing and transfer of heat and mass on a
macro scale. Despite this, they have seen virtually no application in the context of microfluidics.
However, experimental work has shown the potential that microfluidized beds (uFBs) could offer
not only to overcome transport limits but also to provide a greater surface area per unit of volume
that derives from the use of microparticles. Flows involving microparticles are typically
characterized by non-negligible surface forces. A second major problem in uFBs is the possibility
that particle-to-bed diameter ratios are greater than 0.1, leading to a significant influence of bed

walls on particle packaging in the bed [49].
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Figure 3.8 Micro fluidization of liposome suspension. Modified from [52] open access.

A major advantage of microfluidization over high-pressure homogenization is that it is less prone
to clogging as it operates at a constant cutting speed. In addition, this method provides better

reproducibility due to the fixed geometry.

3.1.6 Electrochemical exfoliation

Based on the different exfoliation electrode (EE), there are two types of electrochemical
exfoliation: anodic and cathodic exfoliation. Anodic exfoliation utilizes platinum wire or foil as the
cathode in a dilute solution of H,SO4 [18] or Na,SO, [28] while the material to be exfoliated is
positioned as an anode. Through this technique, materials such as graphene and MoS, are often
exfoliated [53]. By applying a voltage to the working electrode material, oxidation of the
electrolyzed water produces oxygen-containing radicals (OH and O) that collect around large

crystals of the anode (fig. 3.9).
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Figure 3.9 Electrochemical exfoliation of the graphene. Reprinted with permission from [54].

Oxygen radicals attack the edges of the loose crystals weakening the Van der Waals force between
the two layers. In contrast to anodic exfoliation, cathodic exfoliation uses bulk MoS, crystals as
cathodes and platinum strands or sheets as anodes in an organic solution of long-chain
ammonium salts or an aqueous solution of inorganic salts (K,SO4 or KCl). As in the previous case,
by applying a voltage, the expansion of the distance between the layers takes place at 0.89 nm.
Subsequently, the migration and reduction of H* produces hydrogen bubbles according to the

following equation:

H,S0, & SO?~ + H* + 2¢e~ - H,

which further expand the space between adjacent layers. Finally, the nanosheets are isolated and
suspended in the electrolyte under the force of the gas eruption. Therefore, the selection of a
suitable electrolyte to achieve cathode ion intercalation and gas generation are the main factors

to achieve cathode exfoliation.

3.1.7 Top-down and Bottom-up method Mechanical Exfoliation
Mechanical exfoliation (ME) can be implemented according to top-down and bottom up

approaches [55]. Top-down method allows the exfoliation of a single-layer from spout crystals
VDW (van der Waals heterostructures). The top-down method can be achieved through different
techniques between which: tape exfoliation, metal exfoliation, intercalation and exfoliation

mediated by liquids [56,57]. The VDW link among the layers in the loose crystal is exceeded by

83



external mechanical forces. Tape exfoliation or thin metal movie mechanically scarps the loose
crystals and produces single crystal flakes [12]. Single crystal flakes from the tape or metal
exfoliation are often high purity and cleaning, which are mainly suitable for the manufacture of
fundamental devices and characterizations of new 2D systems. For intercalation strategies, the
ionic species are interspersed in the spaces between the layers. The intercalation creates
expansion forces through the reaction and allows the separation of the layers in the liquid.
Ultrasonic, or exfoliation mediated by liquids, uses a hard cavitation process to produce a high
local temperature and extreme pressure, which breaks the flakes stacked in bulk crystal and tears
layers [58]. Liquid phase preparations are superior in obtaining number of grams of
nanophography. However, small submicrometric scales are often obtained with high defects and
sometimes with modified chemical or physical properties. The monolayers prepared by fluid-

mediated exhibitions are particularly useful for catalysis or other chemical applications [59].

Bottom-up method uses molecular precursors to form 2D crystal networks. During deposition,
nucleation in different local positions leads to the continuous growth of the individual triangular
domains, which later merge into a continuous monolayer thin film. The continuous thin film is
usually polycrystalline and can cover a large area up to the wafer scale [60]. With tuned growth
conditions, isolated triangular monocrystalline flakes up to a few hundred um in the lateral
dimension can be obtained. Controlling the number of strata through direct growth is particularly

difficult due to the high barrier to nucleation [61].

3.1.8 Reduction of Graphene Oxide
Reduced graphene oxide (rGO) is an alternative form of graphene oxide (GO) that has been

processed by various methods, which include chemical, thermal, etc. In order to minimize the
amount of oxygen as the oxygen content makes GO more unstable [62]. In its usual oxidized state,
GO exhibits reduced sensitivity due to oxygen functional groups, making it electrically insulating
and not ideal for fabricating a conductance-based sensor. Typically the reduction process can be
achieved by electrochemical reduction, chemical reduction and thermal reduction. Reduced GO
prepared by chemical or thermal methods typically uses compounds such as hydrazine hydrate
vapor, hydrogen sulfide, hydroquinone, dimethylhydrazine, NaBH; and aluminum powder [16,63-
65]. The latter can restore conductivity by repeatedly removing oxygen and restoring the double
bond aromatic carbon atoms. RGO does not convert GO to graphene in its pure form as at least

few oxygen groups are present even after chemical and thermal exposure. Therefore, rGO exhibits
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high conductivity, stability and the presence of defective sites that are chemically active making it
a potential candidate for application as an active material in biosensors [66]. Reduced Graphene
Oxide (rGO) has been commonly used to prepare composites with various materials, such as metal

and metal oxides, using different techniques to improve the performance of the supercapacitor.

3.2 Functionalization of PVDF-based membranes with 2D materials
Factors of interest to improve membrane contactors research are the reduction of energy

consumption, the difficulties faced with long-term operations, the simultaneous risk of wetting,
scaling and fouling. Different methodologies have been developed to improve membrane
performance such as the preparation of new types of membranes or of special coating on
commercial membranes. This has been done to the improvement of the characteristics in terms of
pore size, overall porosity, thickness and hydrophobic. In literature, new research in these fields
have been developed such as the preparation of composite porous hydrophobic/hydrophilic
membrane by using fluorinated surface modifying macromolecule (SMM) and polyethermide [67
nanoparticles (e.g., SiO2/AlI203/Zn0) as fillers[68—70], zeolites, MoS2, CF4 plasma surface
modification for enhance hydrophobicity [71,72] and preparation of nanotube-structured TiO2
surfaces with superomniphobic characteristics [73]. Another interesting way to enhance the
membrane performance in the sector dedicated to the desalination of water is the
functionalization of the membrane with the potential of 2D material [12,74,75]. A large variety of
materials may be used for the preparation of advanced nanocomposite membranes such as
graphene [76], transition metal dichalcogenides (TMDs) [77,78], metal organic frameworks (MOF)
[79,80], Mxenes [81], Layered double hydroxides [82], layers silicates [83,84], etc.

3.2.1 Preparation of 2D Membranes
Several kinds of manufacturing techniques are proposed for the development of nanostructured

membranes. Some of these (Lithographic techniques [85], Phase separation micro-molding
combined technique [86,87], Techniques based on colloidal templates [88,89], Self-assembly
copolymers [90] Breath figures [91], etc.) are mentioned in the Chapter 2 dedicated on the
Membrane technology. Here particular attention has been done on the preparation techniques
with a high degree of geometric order through two-dimensional (2D) and tridimensional (3D)

space. Each approach brings advantages and limitations, with certain characteristics to the
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membranes produced. Over the years, researchers have been tried to improve each technique in

order to obtain increasingly efficient membranes [92].

a) Deposition for filtration: Pressure / vacuum filtration is one of the most common and effective
deposition methods. The vertical downtown force, supplied by pressure / vacuum filtration, drives
the 2D Nanosheets group in a layered interlocking structure on the substrate. The thickness is
given by the thickness of the membrane that is supported, even if it can slightly vary with
deposition. Furthermore, other ions, molecules or nanoparticles can be easily mixed and
interspersed in the strikers, providing additional flexibility on the tuning of the membrane

structure [93].

b) Coating: The coating is the creation of a thin layer on the surface of the membrane. Various
coating methods have been reported to assemble 2D Nanosheets on membranes, including drop
coating, sterile coating, spin coating and casting, etc. The success of a uniform coating is based on
the smoothness of the substrate, the surface tension of the coating solutions, as well as the
process of evaporation applied. Among the methods, spin-coating could provide centrifugal and
cutting forces to control the assembly of Nanosheets, producing a well-intertoped ordered
laminated structure. At present, this technique is also applied to prepare highly ordered labeled

membranes [66,94].

c) The level-by-layer self-assembly (LBL): LBL refers to the deposit process alternately of different
materials on the surface of the substrate. This approach is mainly based on the interactions
between adjacent layers, including electrostatic bonding, hydrogen or even covalent interactions.
The LBL method can accurately check the thickness of the selective layer by varying the number of
deposition cycles and is useful for introducing the intercalay stabilization forces. Therefore, the
resulting membranes can remain stable in aqueous or organic media. However, the
implementation of this method requires the presence of material interactions and the preparation

process takes time [95,96].

d) Honeycomb membranes: The honeycomb membranes possess a specific distribution of the
pores on the surface of the partition walls and an enlarged porosity in addition to subtle dividing
walls of a prescribed value. For the preparation of these particular structures it is based on the
preparation of lithographic precision membranes according to a bf biospirated process [97]. The

condensation water drops act as the imprinting agents on the polymer surface and with the
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balance between solvent evaporation and humid air condensation in a 3D construction, bee nest
membranes can be obtained in a single pass. After condensation, the dripping water drills grow
and self-assemble in ordered arrays, producing a highly defined hexagonal geometry as a result of
their imprinting action, different from what is observed for the separation techniques of
conventional phases. The main limitation to produce commercially large-scale films is the lack of
control over the long-range structural order through the surface of the films made: for this reason,

a study of the behaviour of the dynamics of water droplets during self-assembly [98].

The scalability of membrane preparation methods is essential to implement practical applications.
Coating and casting methods are scalable and industrially adaptable methods for thin lamellar flat
sheet membranes. In addition, attaching 2D nanosheets to hollow fibers by filtration methods
could facilitate the translation from the laboratory scale to the industrial scale. Note that all these
methods are fundamentally based on a uniform suspension of nanosheets; accordingly, selecting
appropriate solvents to match the hydrophilicity of the nanosheets and implementing necessary
modifications to improve the dispersion are important pre-steps. Phase inversion techniques have
various advantages such as low formation of defects, possibility to use green solvents, high
possibility to control the final morphology (pore size, thickness, etc.) and symmetric structure. At
industrial level, Phase inversion techniques are the most processes used for the membrane

preparations [99-101].

3.2.2 Graphene
In the recent years, Graphene is became one of the materials most studied and used in different

research fields. This is due to its unique proprieties such as excellent electronic conductivity,
hydrophobic and anti-wetting nature, anti-fouling properties, great mechanical strength, low
density and selective sorption of water vapours [102,103]. Graphene consists of single-atom-thick
sheets of sp? bonded carbon. The combination of high-performance graphene with economical
and relatively durable polymer membranes is a promising approach to support sustainable growth
in industrial and research development [104]. The membrane with graphene few-layers presents
ideal propriety for Membrane contactors process, such as narrow pore size, for great performance
in terms of permeability and selectivity. Graphene is, in general, produced from exfoliation of
graphite. The technique of exfoliation is fundamental for the quality of graphene in terms of
number of layer, lateral size and thickness of the graphene flakes. In literature are reported

different techniques for the graphene exfoliation such as Mechanical Exfoliation [105], Epitaxial
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graphene out of SiC [106], direct graphene growth onto thin nickel [107], chemical vapor
deposition (CVD) [108], etc. The most used is the LPE, which, in a liquid environment, allow the
exfoliation of graphite by ultrasound or shear forces to break the van der Waals bond among the
layers of graphite [15,109,110]. In the recent years, an innovative and advanced technique for
high-quality graphene exfoliation has been developed. The mentioned technique is the wet-jet
milling (MJW) that allows to prepare graphene with well-controlled thickness and lateral size in
easy and scalable way [12,57]. Rouff et al. [111] prepared GO paper by filtering a GO solution
through a microfiltration membrane. The obtained graphene layers has been studied by X-ray
diffraction (XRD) pattern showing the layer-to-layer distance (d-spacing) of the GO paper has been
about 0.83 nm. The d-spacing of a GO paper depends on the degree of oxidation. Moreover the
study shows how increasing the degree of oxidation, the d-spacing could be increased to up to
about 1nm. Li et al. [112] prepared graphene membranes in order to investigate the corrugation
of GO nanosheets and found that GO nanosheets could be used with great result nanofiltration
process with rejection rate of 67% for direct yellow. A direct transfer of graphene pattern has
been investigated by Kim et al. [113] using plasma surface modification of polydimethylsiloxane
(PDMS) with inductively coupled C4Fg/O,/Ar gas mixture plasma. Graphene has been coated on the
modified PDMS and then directly transferred to the PET substrate. This technology allows

obtaining a uniformity of the graphene on the membrane surface of about 85%.

Graphene in Membrane distillation Process
Graphene represent one of the most materials used in Membrane contactors process, especially in

Membrane distillation (MD). An example of graphene-based membranes has been done from
Gontarek et al. [70] in which powder of Graphene platelet has been dispersed in Solvent and
confined in membrane matrix at different concentrations. The prepared membrane has been
experimentally tested in MD and MCr. The results indicate that composite membranes are good in
terms of trans-membrane fluxs with high rejection rate (of about 100%) and without wetting,
fouling and thermal polarization phenomena. A different approach of functionalization of PVDF
membrane with graphene layers has be proposed recently [114]. In figure 3.10 are shown trans-
membrane flux of different kind of Graphene based membranes tested in direct contact
membrane distillation. All the membrane with graphene and graphene oxide present a rejection

rate over the 99.9%.
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Figure 3.10 Trans-membrane flux of graphene based membrane in DCMD; thickness of the
membranes in micron.

In this case Graphene is chemically anchored on membrane surface exploiting the n- rtinteractions
created with PVDF surface. A recent study of graphene oxide functionalization for Membrane
distillation was made by Zahirifar et al. [76]. In the specific, graphene oxide has been
functionalized chemically with octadecylamine (ODA) in order to exploit the long hydrocarbon
chain of ODA for reduces the surface energy and increases membrane hydrophobicity. The ODA-
functionalized has been done by coating of Graphene oxide on PVDF membrane surface. The
prepared membrane has been therefore applied for desalination in air gap membrane distillation
in terms of water permeability and salt rejection. The results shows how the suitable amount of
GO-ODA coated on PVDF membrane enhance significantly MD performance. This improvement
has been attributed at the increase of hydrophobicity and roughness, reduced pore wetting and as
well as low thermal conductivity of GO-ODA contribute. Moreover is present a decline of
temperature polarization and heat diffusion across the membrane. Other example of Graphene
application in MDD process has been done by Bhadra et al. [115] that investigated desalination in
DCMD. The membrane has been prepared by immobilization of graphene oxide on a PTFE
membrane with an improvement in trans-membrane flux and high salt rejection. They argued that
this improvement occurred because of selective sorption, non-capillary effects, reduced
temperature polarization, and the introduction of functional groups by the graphene oxide. The
potential of novel graphene quantum dots (GQDs)/polyvinylidene fluoride (PVDF) nanofibrous
membranes for air gap membrane distillation (AGMD) have been studied by Jafari et al. [116]. In
this work, AGMD experiments has been conducted with 3.5wt% NacCl solution for 8h, showing how
the graphene may prevent the wetting and fouling in long time experiment. Moreover, the test
indicate the high water flux of 17.6 kg/mzh and salt rejection of about 99.7% membrane
containing 0.25 wt% GQDs compared to neat PVDF nanofibrous were partial wetting occurred

after 4 h. A study on reduced Graphene oxide (rGO) on hydrophobic polyvinylidene fluoride (PVDF)
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membranes has been successfully performed from Abdel-Karim et al. [117] in membrane
distillation (MD). In  this  work, different  degrees of reduction of graphene
oxide (rGO) nanoplatelets have been incorporated as fillers in PVDF matrices in order to evaluate
the effect of the oxygen content of the fillers in the MD performance. The term reduced Graphene
oxide is utilized when the oxidized functional groups are removed, to obtain a graphene material.
The MD results show how 0.5 wt% rGO in the mixed matrix membrane can enhance of about
169% the performance of PVDF membranes. Furthermore, continuous testing for up to 96 h
showed a stable performance of the developed MMMs, without compromising the MD
performance. Hongbin li et al. [118] proposed hydrophobic nanofibrous composites membrane for
vacuum membrane distillation (VMD). This composite membrane are made of a hydrophobic
polyvinylidene fluoride (PVDF) nanofibrous layer and a hydrophobic polypropylene (PP) nonwoven
fabric (NWF) substrate. The PVDF layers have been directly fabricated on the surface of PP
substrate by electrospinning technique and functionalized with GO. The GO functionalization allow
to enhance the hydrophobicity and permeation water flux for VMD and add at the membrane the
anti-wetting properties. A similar work where GO are used to functionalize the surface of a PVDF
membrane has been developed by Qiu et al. [119] for improve the anti-fouling proprieties of the
membrane. The surface modification has been done by dispersing graphene oxide (GO) on the
channel surface forming a functional layer with the possibility of blockage of bulk pores. This may
increase the mass transfer resistance and reduce the permeability. Respect to the membrane
surface functionalized by nanoparticles such as SiO,, GO has been mainly located on the pore
surface of the membrane bulk. The membrane has been evaluated in direct-contact membrane
distillation with anionic and cationic surfactants as the foulants, showing an improved antifouling
behaviour and distillated flux compared to the pristine PVDF membrane. Qiu et al. attribute the
enhanced results to the oxygen containing functional groups in GO and the healing of the
membrane pore defects. This method guarantees an effective way to functionalize the membrane

pore surface properties for anti-fouling separation without increasing mass transfer resistance.

3.2.3 MOF and Dichalcogenide Metals
Recently, given the growing scarcity of water, the research in order to improve the performance of

water treatment focused on incorporating the two-dimensional (2D) nanomaterials into the
membranes. This kind of material can add their property at the membranes such as atomic

thickness, antibacterial property uniform pore diameter and surface charge characteristics. Other
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to the most known Graphene oxide (GO), researchers found that the new 2D materials such as
hexagonal boron nitride (h-BN) or Novel molybdenum disulfide (MoS,). The first shows good
mechanical stability, and is expected to improve the permeability of the membrane [120]. A
modified interfacial polymerization (IP) reaction has been done to fabricate fouling-resistant
membranes with few-layered amine functionalized-boron nitride BN(NH;) nanosheets [121].
Membranes with BN(NH;) nanosheets tested in nanofiltration to separate NOM from water
revealed 59% enhancement in flux and 50% improvement in total fouling resistance, long-term
operational stability and enhanced recoverability with no-leaching during filtration. Molybdenum
disulfide (MoS;) has been found promising in the field of membrane technology for displaying
smooth surface without any oxygenated functional groups, reducing the resistance of water
molecules to transport [78]. The pore structure of MoS, allow to achieve superior separation
performance with a flux 3-5 times more compared to GO when prepared under the same
conditions [122]. The exfoliated few-layers MoS, incorporated into PA membrane with negative
charged show a good hydrophilicity that improve the permeability and selectivity of the NF and RO
membranes. Similar to the oxidization of graphene nanosheets, the oxidation and exfoliation of
molybdenum disulfide (O—MoS;) allow to improve its proprieties and so to enhance the NF
performance [123]. Compared to the MoS,- TFN membrane, the O—MoS, TFN membrane has an
unprecedented enhancement in permeability and selectivity with an excellent antifouling
performance. The successful application of 2D O—MoS, nanosheets materials in NF membranes
has opened up a new way for water desalination.

Novel thin layer of mesoporous silica nanoparticles (mMMSN) is another simple way to optimize the
membrane performance in water treatment. Wu et al. [124] introduce the mesoporous silica
nanoparticles into polyamide membranes via interfacial polymerization of trimesoyl chloride
(TMC) and piperazine (PIP) in the presence of mMSN. To prevent the reaction of amino groups
with the acid chloride group of TMC during the polymerization, silica nanoparticles has been be
chemically incorporated into the nanocomposite membranein situ. This can improve the
compatibility and the loading of silica nanoparticles with the polymer. The influence of the mMSN
amount on the membrane performance allows to improve anti-fouling proprieties and a good
long-term stability with an enhanced water flux. A novel two-dimensional material applied in
order to optimize the membrane performance is the Mxene [125]. This material (with the formula
of Mn+1XnTx), are usually produced by selectively etching the mainly group IlIA or IVA elements

layers from Mn+1AXn phases (n =1, 2, or 3), where M is a transition metal and X is carbon and/or
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nitrogen. Each MXene layer prepared has been combined each other by hydrogen bonding and
van der Waals force producing a two-dimensional lamellar membrane. The morphologies of the
membranes present a narrow nanochannel between the neighboring MXene nanosheets, which
makes MXene an ideal and promising material for water treatment and more. In general MXene
membranes exhibit good removal rates maintaining exceptional water permeance. This is due to
the water-transport pathways proprieties and the intercalated nanoparticles separate the slit
pores between the MXene nanosheets, which provide greater interlayer distance and generate
abundant nanochannels [125]. The mxenes have aroused the interest of the scientific community
due to their particular characteristics, such as the high electronic conductivity, hydrophilicity, high
surface area, active sites on the surface, metallic and antibacterial properties, and processability.
These characteristics make them materials that can be used in the biomedical, energy, biosensor
and catalysis fields. Some peculiar qualities such as low toxicity of degradation products,
antibacterial properties and chemical functions have made it an interesting material in membrane
processes of water purification [56.58-60]. Several studies have shown their effectiveness in
removing metal ions, salts, dyes and radionuclides, killing E. coli and B. subtilis [62,63].
Furthermore, surface chemistry makes them able to be variously functionalized to impart further
capacities. A study conducted by Tan et al 2018 in DCMD configuration on a PDVF coated
membrane with TisC,;Tx Mxene conferred a 56—64% reduction in flux decline compared to the
uncoated membrane after 21 hours showing strong antifouling properties, however the Mxene
membrane showed a more flow low non-modification. The mixene membrane showed interesting
photothermal properties, showed a temperature rise of 43 ° C compared to pristine membranes
after 1 min of sun exposure and a 12% saving of the energy input heater per unit of distilled
volume [126].

Chaudhary et al. [127] has been developed a synthesis of 2D/2D interfaces between nickel/nickel
oxide (Ni/NiO) hexagonal nanosheets with graphitic-carbon nitride (g-CsN4) by using an in-situ
solid-state heat treatment. This new material might be enhancing the electrochemical activity for
photo-electrochemical (PEC) water splitting. In particular has been studied the activity for oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER) with an enhancement in current
density that facilitates the transfer of charge over their interfaces. Kaolin 2D nanosheets
incorporated into membrane for ultrafiltration treatment has been developed and studied by Liu
et al. [128]. The membranes has been prepared by stacking layer-by-layer the nanosheets with a

cationic polyacrylamide cross-linking agent, assembled on a cellulose acetate supporting layer. The
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kaolin membrane exhibited an ultrahigh flux of about 4000 L.m2.h™.bar" which has been almost
ten times greater than that of a commercial polyether sulfone (PES) ultrafiltration (UF) membrane.
The membrane has been stable in terms of its pore size distribution (peak distribution at 20—
35 nm) with a substantially reduced rate of fouling, and present an advantageous low cost making
the 2D-kaolin membrane a potentially important development for water treatment.

Other interesting materials utilized for water treatment are represented by the metal organic
frameworks. Exploiting the MOFs proprieties, such as with high porosity and surface area,
incorporated into the polymeric membranes is possible to entrap the contaminants present in
drinking water though the appropriate process. In literature is possible to find MOFs-base
membrane utilized to remove arsenic, fluoride, and iron from drinking water [129]. MOF based
membrane include continuous growth process where the membranes are formed in layer-by-layer
deposition of MOF, electro-deposition, thin-film nano-composite and solvothermal [79]. The
applications of MOFs allow good stabilities under various conditions, large scale production and
cost-effective synthesis route. It is observed that, the stability of the MOFs can be enhanced by
using carbon nano-tubes (CNT) for water purification from arsenic and fluoride [130].

Recently, as an alternative to the most used graphene, among the new few-layer materials, TMC
(transition metals chalcogenide) have been emerged for their unique chemical-physical properties,
such as the different electronic properties (metals, semi-metals, insulators and semi-conductors).
Chalcogenide family are made of binary compounds consisting of a transition metal (M) and a
chalcogenide element (X) of general formula MnXm, over 60 compounds are known, metals of
group IV, V, VI, X and others have been reported [59]. MX, stoichiometries are common to have a
sheet configuration stacked one above the other in sheets having thicknesses of three atoms with
the metal in the center and above and below the chalcogenides [10]. The MX bond is covalent
while the sheets are held together by weak interactions, which makes exfoliation feasible. TMD
can have four crystalline polytypes, 2H, 1T, 1T ', in which the metal has trigonal or octahedral
prismatic geometry [131].

The individually exfoliated TMCs have a flat honeycomb structure in the case of light
chalcogenides or slightly wavy in the case of heavy ones. Similarly to TMD, there is a family of
semimetal chalcogenides (SMC) with the difference that the transition metal is replaced by a
semimetal. Their most common stoichiometry is M,X; in layers of four atoms thickness, in X - M -
M - X configuration [132]. Gugliuzza et al [133] successfully tested a Bi,Se; / PVDF membrane in a

distillation / crystallization experiment, obtaining a constant transmembrane flux over time with
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improved salt rejection in both tests. Moreover the crystallization of NaCl shows an improved
crystallization growth rate respect to the pristine PVDF membrane with a narrower crystal size

distribution.
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Chapter 4:

Dry-wet phase inversion as porous membrane manufacturing procedure and
membrane characterization methods.

4.1 Membrane preparation
As introduced briefly in Chapter 2, the membranes preparation might be done by different

techniques depending on the final process. For membrane distillation/crystallization processes the
using of hydrophobic porous membrane are necessary. The simplest method to produce
membrane with the properly proprieties is the traditional phase inversion technique [1]. In the
specific non-solvent phase inversion has been choose for the membrane preparation in this work.
The 2D materials (such as graphene and bismuth telluride) were choice for the enhancement of
the performance in MD/MCr. The 2D flakes have been incorporated in PVDF-based membranes
during the membrane preparation. Before that, the 2D flakes have been exfoliated via the
innovative Wet jet mill technique at high pressure by the colleagues from BeDImensional and
dispersed in solvent (NMP).

Starting from the exfoliated solution, the membranes have been prepared by dry-wet phase
inversion according to the procedure detailed in refs. Briefly, a fluorinated polymer (PVDF) in
powder (PVDF powder (Solef 6020, Solvay Specialty Polymers S.p.A) has been slowly added at the
exfoliated solution under mechanical stirring and controlled thermal conditions to prevent
accumulations of polymer.

The 2D flakes concentration in the solvent establishes the final concentration of fillers in the
membrane.

When all the polymer are well dissolved in solvent, the solutions have been casted on a glass with a
casting knife and immersed in a coagulation bath in order to promote solid-liquid demixing and
dried in oven with the same temperature used during the preparation. The membrane thickness
depends on the thickness of the casting knife (Elcometer Instruments Inc. Manchester, England)
and the time of immersion in the coagulation bath.

In this way membrane with Graphene and/or Bismuth Telluride with two different concentrations
are prepared. In order to study the effect and the quality of 2D materials exfoliated via wet jet

mill as filler, pristine PVDF membrane has been prepared with the same procedure.
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In order to evaluate the quality of the flakes, they have been studied with TEM, Raman and AFM
analysis establishing the thickness and the lateral size of 2D flakes exfoliated via Wet jet mill. The
composite PVDF membranes have been characterized in order to analyse their physico-chemical
properties in terms of morphology, and to measure their porosity, pore size distribution,
mechanical proprieties, hydrophobic character and thickness. Moreover, the prepared
membranes have been tested in Membrane distillation and Membrane Crystallization analysing the
effective enhancement of the performance due to the functionalization.

The preparation of a polymeric membrane by phase inversion can be explained through the
schematic phase diagram of a ternary system. Ternary systems for the preparation of polymer
membranes comprise a mixture of three components: a polymer, a solvent and a non-solvent. This
ternary system is completely miscible over a certain composition range but shows a miscibility gap
over another composition range, which shows an isothermal phase diagram of the ternary
components. This, as shown in Fig. 1, includes two main regions in the diagram, the homogeneous
phase region, or a phase region, (which is outside the binodal line) and the two-phase liquid-liquid
region (which is found within the binodal line) [2]. The pure components are represented at the
corners of the triangle, while the boundary lines between any two corners of the triangle
represent mixtures of two components, and any point within the triangle diagram represents a
mixture of all three components. The main elements of the ternary phase diagram are binodal and
spinodal curves, a critical point, connecting lines and a glassy region shown in Fig. 4.1. If a non-
solvent (such as water) is added to a homogeneous solution consisting of a binary mixture of
polymer and solvent, a ternary system will be created whose composition of the final solution will
be calculated according to the ternary diagram. Thus, if the solvent is removed from the polymer
solution (this occurs by precipitation by immersion), the composition of the mixture of the casting
solution will change. The composition of the yield system will reach the demix gap, and then two
produced phases will begin to form a polymer rich phase at the upper limit of the demix gap and a
low polymer phase at the lower limit of the demix gap. The concentration of the polymer in the
polymer-rich phase will be sufficiently high to be considered solid; this occurs at a certain
composition of the ternary mixtures. At this point the membrane structure is more or less formed.
A further exchange of solvent and non-solvent will lead to the final composition of the membrane,
the porosity of which is determined by the concentration of the polymer in the mixture of the
solid phase and the liquid phase rich in solvent. The region between the binodal line and the

spinodal line is a metastable region. There are believed to be two types of typical mechanisms in
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the membrane formation process by the immersion precipitation method, which results in two
different types of membrane morphology. One is instant liquid-liquid demixing, which means that
the membrane forms immediately upon immersion in the non-solvent bath. The other is the
delayed start of liquid-liquid demixing, in which case it takes some time for the membrane to
form. The composition path may change as shown in line 3 depending on the time elapsed after
the dive. Under conditions of rapid demixing, membranes with a very thin top layer and a
substrate with many macro voids can be expected. This is due to the rapidity with which the
polymeric macromolecules will tend to reorganize during demixing. Conversely, for membranes
obtained by delayed demixing, the macromolecules will tend to rearrange themselves in a more
orderly way, creating a very dense and thick top layer, and the substrate will have an open or
closed cell structure.
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Figure 4.1 Typical schematic phase diagram of a ternary system.
The main important step for membrane formation from such ternary systems is always to prepare
a homogeneous (thermodynamically stable) polymer solution. This will often represent a point on
the polymer / solvent axis. However, it is also possible to add non-solvent to a binary mixture such
that all components of the polymer solution are still miscible (homogeneous region) before the
binodal curve is reached. In a ternary system consisting of a polymer / solvent / non-solvent, the

types of demixing that can occur are as follows:

Liquid-liquid phase separation
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The addition of a certain amount of non-solvent can induce the demixing process when the
polymer solution becomes thermodynamically unstable. When the binodal is reached, liquid-liquid
demixing will take place. The free enthalpy of the polymer solution decreases by separating into
two equilibrium liquid phases. De-mixing can occur in two ways: (1) nucleation and growth of
second-phase droplets and (2) instant spinodal de-mixing. The composition area surrounds the

spinodal demixing gap where phase separation (inversion) occurs by nucleation and growth.
Crystallization or gelation

Many polymers, in fact, are partially crystalline. Crystallization can occur if the solution
temperature is below the melting point of the polymer. Gelling is a phenomenon of considerable
importance during the preparation of the membrane to form the skin layer (upper layer). When
gelation occurs, a dilute or more viscous polymer solution transforms into a system of infinite
viscosity, that is, a gel. At the start of demixing, the free enthalpy of the solution is reduced by the
polymer molecules to form ordered structures. On the one hand, single crystals can be formed at
low polymer concentrations. On the other hand, at higher polymer concentrations, very small
crystalline regions could function as a physical crosslinking between polymer molecules and the

result is a thermoreversible gel.

4.2 Membrane Characterization

4.2.1 TEM (Transmission electron microscopy)

Transmission electron microscopy (TEM) is an imaging technique in which an electron beam is
focused on a sample causing an enlarged version to appear on a fluorescent screen or a layer of
photographic film placed beyond the sample. It is based on the Louis-Victor de Broglie equivalence
principle to convert an electron beam into an electron wave, whose wavelength is enormously
shorter than that of a light wave, in order to examine much finer details than those visible
optically, i.e. at much higher magnifications (a normal optical microscope only reaches 1000
magnifications). As shown in fig. 4.2, TEM essentially consists of a high vacuum column in which
are housed: a source of electrons (usually a tungsten filament heated to a very high temperature);
a series of magnetic lenses that focus the electron beam making it fall on the sample (an ultra-thin

preparation housed on a conductive metal grid); a detection system that transforms into images
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the phenomena of deflection undergone by the electrons as they pass through the sample.
Samples must always be ultra-thin (thicknesses less than 1 um) due to the high absorption that
electrons undergo when they pass through any material and are prepared either as foils, if of
metallic consistency, or as thin wedge edges of a larger grain etched by acids or an ion beam, if
solid non-conductive, or as deposits on the grid hardened by liquid nitrogen, if organic substances.
The TEM examination highlights the single elementary cells, their repetition on a plane, the
presence of extensive structural defects (growth steps and spirals, dislocations and faults, etc.)
and also, in particular light conditions, point defects.

Many physical techniques rely on the interaction between high-energy electrons and atoms in a
solid, resulting in many types of possible interactions. In TEM a thin sample is illuminated with
electrons, the primary electrons. Any electron microscope, of any type, must have a source of

high-energy primary electrons: an electron gun. Figure 4.2 shows the scheme of a TEM.
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Figure 4.2 Schematic diagram of transmission electron microscope.

The gun's function is to produce a thin beam of precisely controlled energy (i.e. velocity) electrons
all from a small source region. A thermionic electron gun works as follows: Select the acceleration
potential (kV). Increase the current flowing through the filament until it reaches the knee of the
emission curve (saturation), obtaining the best compromise between the beam current emitted
(as high as possible) and the useful life of the filament (as long as possible). The filament current
controls the temperature of the filament and thus the number of electrons emitted or "beam

current". We generally want a large number of electrons emitted from a small region of the
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filament. After an inner shell excitation, an atom has energy higher than its ground state. He can
relax and lose some of this energy in several ways. The bias potential controls the size of the
electron-emitting region of the filament and thus affects both the size of the source and the
current of the beam. If the polarization is too high, no region of the filament will emit and the
beam is said to be squashed. The main reason for altering the bias is to change the brightness of
the beam. Diffraction at an aperture limits the resolution of many optical systems. Use simulation
to show that the size of the central illumination disc varies inversely with the size of the aperture
(W). TEM allows to observe the intimate structure of materials at magnifications up to 50 million
times, with a spatial resolution of 0.05 + 0.1 nm.

Theoretically, the maximum resolution, d, that one can obtain with a light microscope has been
limited by the wavelength of the photons (A) that are being used to probe the sample and the

numerical aperture NA of the system.

d=—2 (4.1)

2nsina

where n is the index of refraction of the medium in which the lens is working and «a is the
maximum half-angle of the cone of light that can enter the lens (see numerical aperture). Like all
matter, electrons have both wave and particle properties (as theorized by Louis-Victor de Broglie),
and their wave-like properties mean that a beam of electrons can be focused and diffracted much
like light can. The wavelength of electrons is related to their kinetic energy via the de Broglie
equation, which says that the wavelength is inversely proportional to the momentum. Taking into
account relativistic effects (as in a TEM an electron's velocity is a substantial fraction of the speed

of light, c) the wavelength is

do= ——t— (4.2)

E
2moE(14+5=)

where, h is Planck's constant, mQ is the rest mass of an electron and E is the kinetic energy of the
accelerated electron.

Transmission electron microscopy (TEM) analysis has been performed by drop-casting the 2D
material dispersion onto ultrathin C-film on holey carbon 400 mesh Cu grids, from Ted Pella Inc
(Redding, CA, USA). TEM images have been captured by a JEOL JEM-1011 transmission electron

microscope (Peabody, MA, USA), operated at an acceleration voltage of 100 kV.
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4.2.2 Raman Spectroscopy
The Raman effect concerns Anelastic Light Scattering. Scattering is a general expression to indicate

a class of two-photon processes between electro-magnetic radiation and condensed matter. The
scattering of light arises through the modulation of the dielectric constant of the system by
internal excitations (in a molecular approach, the polarizability). The dielectric constant is sensitive
to any change of the electronic state of the matter and this permits coupling with essentially all
types of excitations: rotational and vibrational excitations for the molecules, phonons in solids, but
also plasmons, excitons, magnons. Hereafter we shall deal with mainly with Raman scattering by
molecular vibrational excitations and phonons. Raman has been able to observe the weak Raman
Effect by using the most intense light source available at the time, the sun. He focused a large
telescope on the sun and placed a green filter in the intense beams of sunlight. When he used a
yellow filter to observe this beam of green light passing through a solution of chloroform, he could
see a weak yellow light. The origin of the yellow light has been the Raman Effect. A small amount
of the green light from the sun had inelastically scattered from the chloroform molecules and
shifted its energy so that the photons fell within the yellow part of the spectrum. A photon with
energy

Eo=hvy

collides with a molecule. h is known as the Planck constant. If the collision is perfectly elastic, the
photon will be deflected but its frequency will remain unchanged (Rayleigh). If a fraction of the
energy of the incident radiation is exchanged during the impact (inelastic), the molecule uses part
of the energy (AE) acquired by the photon to make a vibrational transition and / or rotational.

e If the molecule gains the energy AE, the photon diffuse will have a frequency:

v = vo- AE/h (Stokes radiation)

e If the molecule loses the AE energy, the scattered photon will have a frequency:

Vv = Vo + AE/h (anti-Stokes radiation)

For Raman spectroscopy, the as-prepared dispersions are diluted 1:30 in NMP and drop-cast onto
a Si wafer (LDB Technologies Ltd.) covered with 300 nm thermally grown SiO2. Raman
measurements are carried out by a Renishaw via spectrometer using a 50x objective (numerical
aperture 0.75), a laser with a wavelength of 514.5 nm with an incident power of ~5 mW. A total of

ca. 30 points per sample are measured to perform the statistical analysis.
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4.2.3 XPS (X-ray photoelectron spectroscopy)
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic technique

based on the photoelectric effect that can identify the elements that exist within a material
(elemental composition) or are covering its surface, as well as their chemical state, and the overall
electronic structure and density of the electronic states in the material. XPS is a powerful
measurement technique because it not only shows what elements are present, but also what
other elements they are bonded to. The technique can be used in line profiling of the elemental
composition across the surface, or in depth profiling when paired with ion-beam etching. It is
often applied to study chemical processes in the materials in their as-received state or after
cleavage, scraping, exposure to heat, reactive gasses or solutions, ultraviolet light, or during ion
implantation.

XPS belongs to the family of photoemission spectroscopies in which electron population spectra
are obtained by irradiating a material with a beam of X-rays. Chemical states are inferred from the
measurement of the kinetic energy and the number of the ejected electrons. XPS requires high
vacuum (residual gas pressure p ~ 10-6 Pa) or ultra-high vacuum (p < 10-7 Pa) conditions,
although a current area of development is ambient-pressure XPS, in which samples are analysed at
pressures of a few tens of millibar.

When laboratory X-ray sources are used, XPS easily detects all elements except hydrogen and
helium. The detection limit is in the parts per thousand range, but parts per million (ppm) are
achievable with long collection times and concentration at top surface.

XPS is routinely used to analyse inorganic compounds, metal alloys [1], semiconductors [2],
polymers, elements, catalysts [3,4,5,6], glasses, ceramics, paints, papers, inks, woods, plant parts,
make-up, teeth, bones, medical implants, bio-materials [7], coatings [8], viscous oils, glues, ion-
modified materials [9] and many others. Somewhat less routinely XPS is used to analyse the
hydrated forms of materials such as hydrogels and biological samples by freezing them in their
hydrated state in an ultrapure environment, and allowing multilayers of ice to sublime away prior
to analysis.

XPS involves the detection of photoelectrons emitted from a sample as a result of irradiation of
the sample by single-energy X-ray photons. XPS or electron spectroscopy for chemical analysis
(ESCA) has become a relatively simple and increasingly routine technique for the compositional
and chemical state analysis of surfaces. The basic principle of XPS is the photoelectric effect

discovered by Hertz in 1887 [7, 8] and extended to surface analysis by K. Siegbahn and his research
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group at Uppsala University, Sweden, during the mid-1960s. Siegbahn won the Nobel Prize in
Physics in 1981 for his work in XPS and coined the acronym ESCA [9]. Both XPS and ESCA are
commonly used to describe this technique.

XPS is useful for quantitative analysis of surface composition and can detect all elements with the
exception of hydrogen and helium through the detection of the binding energies of the
photoelectrons. Small variations in binding energies of the photoelectron lines as well as Auger
lines, satellite peaks, and multiple splitting can be used to identify chemical states. XPS is initiated
by irradiating a sample with monoenergetic soft X-rays, most commonly Mg Ka (1253.6 eV with a
line width = 0.7 eV) or Al Ka (1486.6 eV with a line width = 0.85 eV). In many modern instruments
the Al Ka X-ray line is further narrowed (to = 0.35 eV) using a monchrometer.

X-ray photoelectron spectroscopy analysis has been accomplished using a Kratos Axis UltraDLD
spectrometer (Manchester, UK) on samples drop-cast onto gold-coated silicon wafers. The X-ray
photoelectron spectroscopy (XPS) spectra have been acquired using a monochromatic Al Ko source

operating at 20 mA and 15 kV.

4.2.4 XRD (X-ray Diffraction)
X-ray diffraction (XRD) is a method used for studying the structure, composition, and physical

properties of materials by analysing their crystal structures. With XRD, it is also possible to identify
crystalline materials.

XRD is commonly applied in materials science but it also benefits many fields of industry in
product development and improvement of production processes of different materials.

X-ray diffraction (XRD) is used for determining the properties of the crystallographic structure (i.e.
crystal structure) of crystalline materials. Crystal structure means the order of the particles
(atoms, ions or molecules) in a crystalline matter, where they are arranged into regular arrays of
repeating unit cells. Sodium chloride and diamond are examples of crystalline matter, but all solid
materials have some kind of a crystal structure. The components of this structure are usually
crystal planes that are atoms which have settled as planes on top of each other with certain
distances. These distances can be measured with XRD. Diffraction phenomenon

XRD is based on a phenomenon called diffraction. In diffraction, a regular array of scatterers
produces a regular array of spherical waves of radiation when the radiation hits them and is
reflected from them. This is called elastic scattering. In almost all directions, the reflected waves
cancel each other out, which are called destructive interference. However, in a few specific
directions the waves add constructively and therefore amplify each other, which are called
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constructive interference. These specific directions appear as bright spots called reflections on the
formed diffraction pattern. This phenomenon can be represented with Bragg’s law: 2dsin® = nA,
where d is the distance between diffracting (wave reflecting) planes or objects, 6 is the angle of
the reflected radiation, n is an integer representing the amount of scatterers, and A is the
wavelength of the radiation used. In conclusion, the diffraction patterns result from waves of
electromagnetic radiation reflecting from a regular array of scatterers.

Diffraction can be applied to the atomic level of different materials, when X-rays are used as the
electromagnetic radiation to produce the diffraction pattern. X-rays are a good tool in determining
crystal structures because the wavelength (A) of X-rays is often the same order of magnitude as
the distance of the spaces (d) between the crystal planes in the material. In XRD, the X-rays scatter
from the atoms in the crystal structure primarily because they interact with the electrons in the
atoms. The diffraction pattern produced by the diffracted X-rays is different for every substance
because of the unique order of the atoms or molecules in them. The intensities and scattering
angles of the X-rays diffracted from the material are measured with an X-ray analyzer. The final
result of the measurement is a diffractogram, which is a plot having the X-ray intensity on the y-
axis and the angle between the incident and the diffracted X-ray beam on the x-axis. When the
angles where the constructive interference happens and the reflections occur are measured and
the wavelength of the used X-rays (A) is known, the distances between the crystal planes or atoms
in the material (d) can be calculated using the mathematical formula of Bragg’s law.

Many kinds of information can be obtained from the diffractogram. Because every crystalline
matter produces its own kind of diffraction pattern and thus diffractogram, different materials can
be identified by comparing the obtained diffractogram with commonly used databases of
diffractograms of different materials. It is also possible to determine the individual components
and their relative amounts in a material which consists of several different phases or substances.
The lattice parameters of particles in a crystalline structure can be determined with XRD, because
it is possible to measure the dimensions, shapes and geometries of the particles in the material.
Additionally, the crystallite size and strain can be measured with XRD, because the width of the
bright spots in the diffraction pattern depends on the crystallite size of the matter and microstrain
in the sample. Thus, information about the size and strain of the crystallites can be obtained from
the broadening of the peaks in the diffractogram. Single crystals can also be investigated to

determine the three-dimensional structure of their molecules with the help of single crystal
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diffraction (SCD). This analysis requires a single crystal from the sample which can be produced by
varying conditions like solvent or evaporation rate.
XRD measurements have been acquired with a PANalytical Empyrean using Cu K radiation. The

samples for XRD have been prepared by depositing the samples onto Si/SiO2 substrates.

4.2.5 AFM (Atomic Force Microscopy)
AFM is an instrument that allows you to obtain very high resolution images of the surface of a

sample, and whose operation is based on a microscopic probe placed near the sample under
examination. The first AFM has been invented by Gerd Binnig, Calvin Quate and Christoph Gerber
in 1986. This type of microscope gives the possibility to directly observe even single molecules
with the great advantage of understanding how they behave, perform their functions, interact
with other molecules and respond to external stimuli. Obviously, for this, the AFM must be able to
work on very small scales, therefore we speak of micrometric and nanometric scales (from 10-6 to
10-9 meters approximately). The operating principle, unlike optical or electronic microscopes,
does not use lenses to form the image, but uses a very thin tip located on the end of a flexible
lever (cantilever), which scans the surface of the sample. During the scan, weak interaction forces
between tip and sample are established known as van der Waals forces, which determine a
deflection of the lever from which it is possible to trace the surface topography Furthermore, the
AFM is a very versatile instrument, being able to work in air, in vacuum or in liquid allowing to
obtain the topography of both hard samples such as crystals and metal alloys and soft samples
such as polymers or biological materials. In addition to the tip already mentioned, the AFM
consists of a piezoelectric scanner, a computer and an optical lever system, as shown in Figure 4.3.
The optical lever consists of a laser and a photodiode which allows to detect lever deflections up

to 0.01. The operating mode of an optical lever is as follows:
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Figure 4.3 Components of an AFM.

The laser is reflected from the rear of the lever towards the photodiode which converts light
energy into electrical energy and amplifies the incoming signal by means of a photomultiplier. The
photodiode consists of two quadrants between which the difference in output current is
measured. This difference is proportional to the deflection of the lever. In conditions of zero
deflection, this difference is taken as a reference and set equal to zero.

Thanks to this system, the movements of the lever are amplified several times; for a lever of
length | and a photodetector placed at a distance of 2L, the "gain of the optical lever" is equal to
2L/I. Using the piezoelectric scanner, the tip-sample distance is checked and the sample is moved
under the tip to obtain an image of the surface.

The AFM is able to work in three different ways with reference to the interaction forces between
tip and sample:

Contact mode

In this mode the lever is kept a few A from the sample surface and the interatomic force between
the latter and the tip will be of the repulsive type; tip and sample are in close contact so that the
distance between them can be imagined as virtually incompressible. This mode is used in the case
of slightly rough and hard samples.

No contact mode

In this mode the lever is held a few tens of A from the surface, in the zone of attractive
interactions, and is made to vibrate close to its resonant frequency with amplitude ranging from a

few tens to hundreds of A. Since the force is of an attractive type, the lever must be more rigid to
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avoid any contact between the tip and the surface. This mode provides information on long range
forces and is used for delicate samples such as polymers.

Tapping mode

Also referred to as intermittent contact, it is a resonant mode like No Contact, but the lever is
vibrated at frequencies higher than the resonant frequency (~ 100 kHz) so that the tip makes
intermittent contact with the surface. In this mode, the tip-sample interaction cyclically passes
from repulsive to attractive. This mode allows to obtain high resolution topographic images of the
sample without damaging it, overcoming problems related to friction, adhesion and electrostatic
forces between tip and sample. The continuous lifting of the tip allows in fact not to drag material
along the sample making it ideal for studying biological samples. Due to its characteristics, the
tapping mode has been chosen in this thesis to acquire the images of the prepared membranes.
For atomic force microscopy analysis, the graphene dispersion is diluted 1:30 in NMP. 100 pL of
the dilutions are drop-cast onto Si/SiO2 wafers and dried at 50°C overnight. AFM images are
acquired with a Bruker Innova® AFM in tapping mode using silicon probes (frequency = 300 kHz,
spring constant = 40 Nm™). Thickness statistics is performed by measuring ~100 flakes from the
AFM images. Statistical analyses are fitted with log-normal distributions. Statistical analyses are

performed in WSxM Beta 4.0 software.

4.2.6 SEM (Scanning electron microscopy)
The scanning electron microscope, indicated by the abbreviation SEM (Scanning Electron

Microscope), provides information on the appearance, nature and properties of surfaces and
underlying layers of usually solid samples, presenting an important advantage, namely a high
depth of field, which allows you to focus on a large area of the sample, with an average resolution
of 2,5 nanometers (referred to the signal "generated" by the secondary electrons). However, since
normal optical devices do not deflect electrons, electrostatic or magnetic lenses are used which,
by acting on the electrical charge of the electrons, cause them to deflect. The electron microscope
is essentially composed of an electronic source of convenient intensity (generally an incandescent
filament that emits electrons due to the thermoelectronic effect) and a device that gives strong
accelerations to the emitted electron beam, subjecting them to a high voltage in a range that goes
from 20 to 100 thousand volts. The accelerated electron beam passes through a capacitor
(electrostatic or magnetic), affects the sample, which is in turn re-emitted by the sample. The

secondary electron beam emitted from the sample is collected by a detector and analysed through
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the use of a computer, as shown in Figure 4.4. Naturally, what described takes place in the ultra-

high vacuum ensured by a system of pumps.
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Figure 4.4 Operation scheme of a SEM.

Under these conditions, the wavelength of the electrons ranges from 0.1 to 0.005 A (1 angstrém =
10" meters) so as to be a few tens of thousands of times smaller than visible light.

While not reaching the theoretical limits, the electron microscope provides up to 150,000 -
200,000 magnifications, with a resolving power of the order of one millionth of a millimeter
(millimicron).

Membrane morphology has been inspected using scanning electron microscope (SEM, Zeiss-EVO
MA10, Oberkochen, Germany). Small samples specimens have been broken in liquid nitrogen and
placed in a sample holder. An ultra-thin coating of electrically-conducting gold (Au) has been
deposited by using a sputter coating for SEM and the morphology of the membranes has been

analysed in high vacuum.

4.2.7 Contact angle
By contact angle we mean the angle between the free surface of a liquid and the surface on which

it has been deposited. By means of it, it is therefore possible to measure the wettability, that is,

the relationship between the interfacial tensions of the separation surfaces. The three-phase
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equilibrium configuration can occur in two different forms: it can take place through a contact line
(a drop suspended on a liquid surface) or one of the three phases can spread completely between
the other two, as shown in figure 4.5.

An empirical estimation of hydrophobicity is performed by contact angle value measurements.
This value depends mainly on the material used for fabrication of the membrane and membrane
topography, as mentioned. The resistance of the membrane to wetting stands as long as the
pressure feed does not exceed the breakthrough pressure, well-known as bubble point pressure as
well. This pressure corresponds to the required force to let water enter in the pore and wet the

membrane. It can be calculated according to the following Laplace equation [3]:

40cos0

AP =

(4.3)

r

where o is the surface tension of water in N/m, 0 is the contact angle and r is the pore size of the
membrane.

As evident, the pore of the membrane is a critical parameter in the regulation mass transfer and
prevent wetting phenomena. Herafter, a discussion of some aspects concerning the role of pore
size in reduced resistance to transport and controlled mutual liquid-membrane interaction is
proposed. It is regarded as a boundary condition of the liquid/pore wall interface and as the result
of balanced cohesive attraction of the liquid phase with the solid surface. The ideal case is a totally
smooth membrane of the same solid material. In this case the contact angle depends only on the
kind of material of the membrane and type of liquid in contact with them. t would on an ideal, flat
surface of the same solid material (the intrinsic contact angle, Fig 4.5 A). The real case (fig. 4.5 B)
can exist in two states: the Cassie—Baxter state, in which the liquid phase bridges the peaks of a
surface and rests on top of air gaps, and the Wenzel state, in which the liquid is in full contact with

the uneven surface [4].

A)

Figure 4.5 A) The ideal case of membrane surface, B) the real case with a rough surface of the
membrane.

According to Wenzel’s theory, is possible to calculate the roughness r as the ratio between the

intrinsic contact angle, i, and the apparent contact angle, Ja, as:
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__cosf,
r= w056, (4.4)
Where the intrinsic contact angle is the contact angle which a liquid would make with an ideal (i.e.
rigid, flat, chemically homogeneous, insoluble and non-reactive) solid surface:

cost; = a55 — 05015 (4.5)
with oy, 0g, and oy are the liquid-fluid, solid-liquid, and solid-fluid interfacial tensions, respectively.

The apparent contact angle is the angle between the apparent solid surface and the tangent to the
liquid-fluid interface.

In the case of a rough surface, so r>1, the apparent contact angle will be larger than the intrinsic
contact angle if 8i>90°, and smaller if $i<90°.

In the case of increase surface roughness, vapor may be trapped underneath the liquid producing
a composite interface. This case of heterogeneous wetting can be described by Cassie—Baxter
equation, studied in 1944 to measure equilibrium contact angle, 9. Considering the interface

components 1 and 2, 9 can be measured as:

cosB°E = f,cos0, + f,cos0, = f;cos0; + (1 — f;)cosh, (4.6)
where fis the liquid/solid contact area fractions of solid and & is the equilibrium contact angles of

the same liquid on each of the flat surfaces of these components. Fig.4.6 A) show the special case
when vapor air remains trapped under the drop while the Fig.4.6 B) shows the case of absence of
air trapped under the drop (Wenzel mode). It is suggested that the contact line model is a better

approach to predict the superhydrophobicity of surfaces.

A)

Cassie-Baxter Model B)

Wenzel Model

Figure 4.6 A) Membrane roughness substrate with air trapped under the drop, described by Cassie-
Baxter model; Membrane Roughness with water fill the pore described by Wenzel model.

The pore volume for hollows fibers is determined by the following:
Vf =nyme(di — d*)L (4.7)

where n, is the number of pore in the membrane, L is fiber length, diis inner diameter of fiber

and d, is fiber outer diameter.
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The wetting can be one of the main limits of membrane contactors application because it can
cause loss of separation capacity of the membrane [5]. The wetting of the membrane pores
involves a complex of physical and chemical interactions related to topography and chemistry
aspects of the membrane. Anti-wetting can be the result of high degree of surface roughness and
high surface tension at liquid-membrane interface [6].

The hydrophobicity of the composite membranes has been characterized by measuring water

contact angle using CAM 200-KSV instrument LTD (Helsinki, Finland).

4.2.8 Mechanical Proprieties
The mechanical properties of a membrane aim to study the behaviour of the material under

external stress. The analysis of the material will be at a macroscopic level. The mechanical
properties of a material can be classified into static and dynamic properties. Strain-strain
measurements are the most widely used mechanical tests for the mechanical characterization of a

material. A typical measurement is shown in Figure 4.7.
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Figure 4.7 Classical stress-strain measurement, x indicates the breaking point of the material.

Stress-strain experiments give indications on how fragile or soft a sample can be, by means of
Young's modulus, i.e. the slope of the initial part of the curve, information on the toughness and
weakness of a material can be obtained respectively from the maximum elongation and from
tension to break. Figure 4.7 shows guidelines on how to read a stress-strain curve, and what
differences between the curves indicate. It must be emphasized that the mechanical properties of

polymers with a glass transition temperature close to room temperature can be greatly influenced

120



by the variation of temperature. For example, a material with high modulus and small maximum
elongation, that is hard and brittle, if the temperature is increased it could have low modulus and
great elongation, becoming soft and tenacious. Obviously different structures will have different
forms of elongation, and it will therefore be possible to recognize if a polymer is crystalline,
elastomeric or amorphous. The line that joins the words rigid and ductile in Figure 4.7 marks the
threshold between two types of deformations, the elastic and the plastic. The elastic deformation

Ill

depends on internal “movements” in the same polymer chain; in fact there is a change in the bond
angles and their stretching. This type of deformation is reversible, and the polymer that is
deformed in this area returns to its original length as soon as the application of the effort is
suspended. The plastic zone is attributed to the sliding of the polymer chains between them.
Contrary to what happens in the elastic zone, a deformation of this type is irreversible [7,8]. The
mechanical properties of the membranes, during the normal conditions of application of the
membranes, are not directly relevant, but they can provide important details on the normal
properties of the materials used. The main parameters to set concern three aspects: preload,
Young's modulus and complete experiment. The preload phase is used to reduce the error on the
position of the sample. When it is positioned between the clamps, in fact, it is not sure to have the
sample perfectly stretched: in the central part it may have a slight hump. The preload, force and
speed parameters mean that the actual measurement begins only after the transducer has
measured a force greater than the limit imposed by us. This value should usually be less than 5% -
10% of the sample's breaking strength. At this stage, the speed must also be set based on the
selected preload force. With reference to Young's modulus, the speed with which the terminals
must be separated in the period in which it is determined must be set. The extremes of the
voltage range in which to consider the tangent to the curve to calculate (graphically) the Young's
modulus must also be identified. This setting is very delicate since it will significantly affect each
value obtained, and it is not uncommon for the software, if not carefully instructed, to consider
instead of the tangent to the curve a line that intersects the graph in several points, thus losing the
physical meaning of the measurement. In these cases, action is taken at the end of the
measurement to set the correct interval. The other parameters to be set are the distance between
the clamps, the speed with which they return to the initial position and the speed with which the
machine must measure the breaking force.

Mechanical properties (i.e., tensile stress and elongation at break) have been investigated through

the tensile elongation testing. The membranes have been cut to a predetermined length of 5 cm
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and clamped to a tensile stress-strain meter Roell/Zwick universal testing machine, single-column

model Z2.5 (Genova, Italy).

4.2.9 Pore size and Pore size distribution
The porometer is an instrument capable of determining the size of the pores present in the

analysed sample. The technique used by this instrument is capillary flow porometer, also known as
the liquid ejection technique, which uses the pressure of a gas to force a liquid out of the
interconnected pores in a sample. By means of the pressure exerted it is thus possible to ascertain
the size of the pores. In fact, the pressure at which the pores empty is inversely proportional to
their size, where large pores need less pressure, while small pores need a greater pushing force.
The largest pore to be emptied defines the so-called "bubble point". The measurement will end
when all the pores are emptied of the liquid. This measurement is carried out in a first test where
the sample, wetted by the liquid, will define the "wetting" measurement, a second measurement
instead provides for the dry sample from the liquid thus having a "dry" measurement on the same
sample. From the complete data set various parameters such as flow-related pore size, pore size
distribution and gas permeability can be calculated. The Capillary Flow Porometer-CFP 1500 AXEL
model has been used in this work.

A large number of small sized pores are preferable to control wetting phenomena without adding
resistance to transport through membrane. Small pore size can induce capillary forces that
prevent direct contact of two phases in contact with membrane [7]. A larger pore size suffers
severe absorption causing flux decline with pressure due to wetting, whereas smaller pores can
leave the membrane in completely dry state under higher pressure. Therefore wetting membrane
with a large pore size is extremely sensitive to variations in the supply pressure, with consequent
serious deterioration in performance. It is interesting to observe the relation between the
transmembrane pressure difference and the pore size according to the Laplace equation (eq. 4.8).
It is evident how the mass transfer resistance of the membrane decreases with increasing pore
size, even if the risk of wetting is increased. Mass transfer resistance represent a key issue for the
membrane contactor technology due to a lower driving force in the process. To limit this
inconvenient a simple solution is to make thin membrane thickness without affecting the
mechanical resistance and, hence, the durability of the membrane. So, a suitable pore size should
be provided preventing insufficient mechanical stability and wetting. In an ideal case with a pore
with a narrow size and a high surface tension, the capillary forces raise the liquid with a height
given by:
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h = 4acosOpgr (4.8)

where h is the height of the liquid lifted in the capillary, p is the density of the liquid and g is the
acceleration of gravity. In case of hydrophobic propriety (i.e. contact angle 8 > 90°) the liquid will
be depressed below the surface of the surrounding liquid do not wet the tube.

Another important aspect is related to the uniformity of the pore distribution, which is
determinant to reproduce the same event throughout the entire membrane surface. The pore size
distribution of the membrane is well described by the most common form of the two-parameter

log-normal distribution function (f(d))[8]:

r o\ 2
fd) = NEAL dg;r 5= €exp [— % (1:111((50))) ] (4.9)

where D, d, are the geometric mean diameter and the geometric standard deviation that can

explain the uniformity of pore size, respectively. A low value of o, indicates pore size almost close
to the average pore size (narrow pore size), whereas with high value of g, the pore sizes vary
widely from the average value. Moreover a high o, indicate generally a more easier partial
wetting than the membrane with narrower pore distribution [9].

These two parameters can be measured from the Levenberg—Marquardt algorithm, which
correlates them with the rejection coefficient of a solute R(a) and the pore size distribution

parameters [10]:

Iiv=1{R(ai)|Exp. — R(a)lcar}2lmnv = (D7, 0y) (4.10)

Where R(a;) is usually calculated with concentrations of solute molecule in the Crand in the

permeate C, by the following:

R(a) = L% (4.11)
Cr
The pore distribution depends on many factors including manufacturing, materials and fabrication
conditions [11,12].
In general, two shapes of pore size distribution exist as shown in fig. 4.8. The first case (fig. 4.8A) is
an asymmetric pore size distribution while the second (fig. 4.8B) is a normal distribution where the

shape of pore size is symmetric, and the distribution has a Gaussian shape distribution.
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Figure 4.8 Pore size distribution for A) asymmetric porous and B) symmetric porous distribution.

In literature is possible to find various physical methods for pore size and pore size distribution

determination, such as:

Microscopic method: Through microscopy observation and, consequently, image
processing is possible to obtain directly a visual information on the membrane
morphology, such as surface pore shape and size, their distributions, pore density, surface
porosity, cross-sectional structure, and so on. However, it has been not possible to obtain
an indication of pore length or tortuosity and the quality of information is directly
proportional to the quality of microscopy [13].

Bubble pressure and gas transport method: Bubble and gas pressure transport method:
the combination of the bubble pressure and solvent permeability method can evaluate the
pore size and distribution by measuring the pressure needed to force a liquid through a
swollen solvent membrane. First, the flow of gas through a dry membrane is measured as
a function of pressure. This measurement leads to a straight curve that clarifies the linear
relationship between pressure and gas flow. Then, the gas flow is then measured again
through a solvent-wetted membrane. Usually, two immiscible liquids with different
surface tension are selected. The difference of surface tension allows one liquid to better
wet the membrane than the other liquid. The interfacial tension between the two liquids
is low and this allows to measure very small pores without need to apply high pressure
[14].

Mercury porosimetry: the intrusion of mercury under controlled pressure into the porous
structure of the material [15]. Intrusion pressure values are directly converted into the

corresponding pore radius by using the Washburn equation, while intruded mercury
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volume corresponds to the pore volume. The Washburn equation for a liquid that will
penetrate a distance L into the capillary pore can be calculated by:

ortcos6
2u
Where u is the dynamic viscosity. Higher pressure corresponded to a small pore size.

L= (4.12)

Liquid-vapor equilibrium method (BJH): The method of Barrett, Joyner, and Halenda is a
procedure for calculating pore size distributions from experimental isotherms using the
Kelvin model of pore filling. It applies only to the mesopore and small macropore size
range. When the dimension of pore size tends to decrease, a decrease in the pressure tend
is also observed, so increasing the condensation of the vapors within pores. This

phenomenon can be related to capillary condensation.

RT, (P 6
pvln (E) = —ZO'COS(;) (4.13)

where p is the condensate density and Po is the vapor saturation pressure at a planar surface

Liquid-solid equilibrium method (thermoporometry): This method is based on the liquid—
solid phase transformations in porous materials providing the relationships between the
size of the pores. The solidification takes place in the membrane pores. The relationship

between the solid = liquid interphase extension energy o a and the temperature is given
by:

(To—Ts) = ATs = 2= (4.14)
where A4S is the fusion volumic entropy of a liquid film adhering to the solid matrix of the
porous material which does not undergo a change of state.

Permporometry (Gas-liquid equilibrium method): The method is based on the well-known
phenomenon of capillary condensation of liquids in micropores. It is known that the vapor

pressure of a liquid is dependent on the radius of curvature of its sur face, as mentioned

by the Kelvin equation (eq.4.13).

Gas Permeability method: This method is based on the gas permeability of porous media
in @ membrane structure. In this way is possible to obtain only the average pore size,
rather the pore size distribution. The gas permeability coefficient K for porous membrane

can be given generally by
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K=K, + %AP (4.15)
Where K, is the Knudsen permeability coefficient, u is the viscosity of the permeant gas, B is the
geometric factor of a membrane, and AP is the mean pressure of the gas on both sides of a
membrane.
Pore size and pore size distribution have been determined through porometer (Capillary Flow

Porometer-CFP 1500 AXEL, Porous Materials Inc., Ithaca, NY, USA).
4.2.10 Porosity

Number and pore size contribute to form the overall volume of void spaces per total membrane
volume. Well expressed as overall porosity (€). This parameter describes the open space, which
permeating component can pass through [9]. A larger void space should allow to a better mass
transfer due to a less resistance to transport. One possibility to estimate porosity is to measure
the pressure loss across the membrane at a given air flow rate [16]. Porosity is high when the

slope of pressure loss versus increasing air flow is flat (Fig. 4.9).
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Figure 4.9 Pressure drop in function of porosity.
. It can be calculated in different way such as:
£ = (1 - M) £100 = (V—”) 100 (4.16)
Pparticle Vp

Where ppui is the density of the bulk, pyarice is the density of the particle which is equal to the
mass of the sample divided by volume of the sample, V,is the pore volume and V, is the bulk
volume of sample.

A correlation of porosity with mass transfer coefficient can be expressed by following [16,17]:

De
k=— (4.17)
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Where K is the mass transfer coefficient and D is the diffusion coefficient.

Membrane porosity is another factor significantly affects system performance. In fact, the wetting
ration x* of membranes have been influenced by porosities (€).

The degree of wetting is generally expressed with the term of wetting ratio (x*). It is defined as the
ratio of the volume of liquid in the pore (V,,) and pore volume of membrane (V4). The wetting ratio

can be expressed as the following:

« _Vw

=7 (4.18)

When the membrane present a high porosity, x* of the membrane is more significant compared to
the lower porosity membrane under the same operating conditions. When the porosity increases
will enhance the membrane mass transfer coefficient.

The overall porosity has been measured by filling them with FC-40.

4.2.11 Energy Dispersive X-ray Analysis (EDX)
Energy Dispersive X-ray Analysis or EDX spectroscopy indicates a type of analytical instrumentation

that exploits the emission of X-rays generated by an accelerated electron beam, incident on the
sample (fig. 4.10). For this type of spectroscopy a common SEM-EDX scanning electron microscope
(SEM) has been used. The operating principle is based on an emitter consisting of a tungsten or
lanthanum hexaboride filament, brought over 1000 ° C by electric heating, which acts as a source
of electrons for the thermionic effect. This electron beam thus generated is first accelerated by a
potential difference of 0.3-30 KV and then subsequently passed through an electromagnetic
collimator to be deflected, so as to generate the scan, and finally collimated towards the sample. .
All this is carried out under vacuum by an ion pump, at about 10*-10® mbar, to increase the
average free path of the electrons and avoid secondary diffusion phenomena caused by the
interactions that electrons can have with air. Finally, through the use of a computer and a screen,

the classic image generated by the SEM is provided. A JEOL JXA-8230 SEM has been used.
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Figure 4.10 EDX instrument.

4.3 Membrane Distillation
Thermally-driven MD experiments have been executed accordingly with the Direct Contact (DC)

configuration using salt solutions 0.6 M (35 g/L NaCl and 35 g/L with mixture salts). In the first
moment only NaCl has been used as salt in the 0.6M solutions while in the second moment
different salts has been introduced in the 35 g/L NaCl solutions. In this way we tried to reproduce
in the laboratory a solution more and more similar to sea water. Moreover, different
concentration of NaCl solutions (2 and 4 M) and different flow rates have been also utilized to
prove durability and stability of the novel membranes with high concentrated NaCl solutions. On
the permeate side, distillated water has been used in counter-current respect the feed side.
Retentate and distillate streams have been converged toward the membrane module containing

the membrane, where the liquid water has been evaporated (Fig. 4.11).
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Figure 4.11 Schematic drawing of a membrane distillation/crystallization (MD/MCr) plant.

On the retentate side, a pump has been taking and sending the heated feed to the membrane
module. Also on the distillate side, a second pump ensured the counter-current recycle of the cold
stream in order to remove from the solution the vapour diffusing through the membrane pores.
The transmembrane fluxes J (L*m2h™) have been estimated by evaluating the weight variations in

the distillate tanks according to the relation:

J =25 = B(Prm — Bym) (4.19)
Where Q is the permeate volume (L) collected during time t (h), A is the effective area of the
membrane (m?), Pfm and Ppy are vapor pressures of feed and permeate, respectively, at the
corresponding membrane surface temperatures T, and T,n. The salt conductivity of the feed and
permeate streams have been measured by using a conductive meter at the beginning and the
ending of each tests (Eutech Instruments PC 2700). The temperature polarization has been
measured with the t coefficient and expressed as the ratio between the difference of Ty, and Tpy,
which are the temperatures at the hot and cold membrane surfaces, respectively, and the
difference between Ty, and Ty, which are the temperatures in the feed and permeate bulk
solutions, respectively.

3ty (nRT)L | ton Po RT] ™

(4.20)
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Where ¢ is the porosity, §,, is the membrane Thickness, tis the tortuosity, P,is a conversion
factor, R is the Universal gas constant, M is the molecular weight, r is the average pore size, P is
the vapor pressure and D is the module diameter.
The thermal conductivity of the materials is calculated assuming the thermal conductivity of single
type of few layers and related percentage in the nanocomposite membranes.

Thermal conduction has been considered as a heat loss mechanism through the membrane

material and the vapor that fills the pore and has been expressed as
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Qm = hpnATy, (4.21)

where

hmzs*hmg+(1—e)hms=%m(l_£)

(4.22)
Here, hmsand hmg represent the heat transfer coefficients of the vapor within the membrane pores
and the solid membrane material, respectively; kg and kn, the thermal conductivity of vapor and
membrane.
Total heat transfer across the membrane has been estimated as

Q=0Qy+0n (4.23)
Where

Q, = h, * AT,, = ] * AH,, (4.24)
is the heat of vaporization. On the other hand, the heat transfer by convection in the feed f and
permeate p boundary layers can be expressed as:

Q = hy x ATy = he(Tf — Trpy) (4.25)

Q = hy, x AT, = hy(Ty, — Tp) (4.26)

Therefore, the overall heat transfer coefficient of the MD process is given by:

1 1 1 1 1 1 )
U hy | hmthy | hp hf+kg*s+km(1—s)l oA, +E (4.27)

8 T fm-Tpm

Where each h and each T represent the corresponding heat transfer coefficients and temperatures
either at feed (f) side or permeate (p) side or at membrane surface (m).
Finally, the total heat transferred across the membrane is expressed as:

Q =U=*AT (4.28)
while the thermal efficiency in MD can be specified as the ratio of latent heat of vaporization to
the total - latent and conduction - heat.

For DCMD, the thermal efficiency is, hence, expressed as:

Thermal ef ficiency = {]**ng, * 100 (4.29)
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4.4 Membrane Crystallization
Membrane crystallization experiments have been executed, as MD tests, in Direct Contact (DC)

configuration using a higher concentrated NaCl solution (5 M) respect the MD as feed and
distillate water as permeate.

The procedure for MCr tests is almost the same of MD tests. Feed and permeate have been
recirculated in the plant with a flowrate of 250 and 100mL*min™ respectively; and with a
temperature of 34+0.2 °C at the feed side and 1110.2°C at the permeate side, respectively.
Samples of the feed solution of almost 5 mL have been accurately extracted from the retentate
side and observed using an optical microscope (Nikon Eclipse LV100ND, Nikon Eclipse LV100ND,
Firenze, Italy) in order to determine crystal size distribution and growth rate at different stages of
experimentation for all the analysed conditions. In particular, samples containing NaCl crystals
have been removed from the retentate solution after regular intervals of 30 min from onset of
crystallization and each experiment has been continued for 60 min to follow the growth of the
crystals. Therefore, each crystallization experiment required a time equal to the sum (1) of the
time necessary to reach supersaturation and the first clearly visible crystals, plus (2) the 60 min
required to observe the growth of the crystals. The evolution of the particle size distribution as a
function of time allowed the evaluation of the quality (in terms of coefficient of variation (CV) and
length to width ratio). Coefficient of variation (CV) is a parameter indicating the dispersion of a
distribution around the average crystal size. CV has been calculated using the following equation:

cv = PP8a%—PD16g,
2+PDs,

Where CV is expressed as percentage and PD is the crystal length at the indicated percentage.

* 100 (4.30)

Growth and nucleation rate (Gcand BO) have been estimated on the basis of the Randolph-Larson

model [18] as follows:

In(n) = _—CL + In(n?) (4.31)
Gt

Where n is the crystal population density, L is the crystal size, t is retention time and n’ is
population density at L equal to zero. A plot of In(n) versus L is a straight line whose intercept is
In(n°) and whose slope is -1/Gt. Thus, from a given product sample of known slurry density and
retention time, it is possible to obtain the nucleation rate and growth rate for the conditions
tested when the sample satisfies the assumptions of the derivation and yields a straight line. The
evolution of particle size distribution as a function of time allows for the evaluation of the

nucleation rate according to the following equation:
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B? =n%G¢ (4.32)
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Chapter 5:

Preparation of nanocomposite PVDF membranes using 2D materials dispersant
liquid phases
The design of breakthrough membranes is one of the most important challenges for the
development of advanced membrane distillation (MD) and crystallization (MCr) operations, which
are mainly dedicated to the production of clean water and recovery of salts contained in saline
streams. In this chapter the preparation and characterization of polymeric membranes
functionalized with 2D materials will be discussed concerning the request of intrinsic features

materials suitable for MD and MCr.

An advanced procedure to exfoliate 2D materials along with a combined membranes fabrication
methodology will be examined. Structural, morphological and chemical properties will be

screened and structure-properties relationships will be explained.

5.1 Wet-jet milling exfoliation of 2D materials and their confinement in polymeric matrix
In the following sections a combined procedure, including exfoliation of 2D materials via wet-jet

milling techniques and confinement of few layer materials in porous hydrophobic polymeric

network, will be discussed

5.1.1 Preparation of 2D materials dispersant liquid phases
Wet Jet Milling is an exfoliation technique for producing few layers with an improved lateral

dimension and a high surface-to-area ratio. 2D materials (Bi,Tes (BT), Bi,Ses (BS) and graphene (G))
exfoliated in dispersant NMP at a concentration of 0.65 and 10 g/L for Bi,Tes and graphene, and 1
g/L Bi,Ses, respectively [1,2]. The procedure has been described in details in Chapter 3. Briefly,
graphite or bismuth telluride powder is dispersed in NMP, in a mass ratio of 1:100, and placed in
the container with a mechanical stirrer. The successive exfoliation step of the dispersed flakes
occurred when the mixtures are exposed to hydrodynamic forces, i.e., high shear rates (10% s™)
and cavitation, produced through high-pressure (250 MPa) compression of the dispersant fluid
phase [3-5]. The resulting shear stress applied to the dispersed flakes induces sliding of the 2D
crystal planes and initiates the exfoliation process. For graphite, it has been shown that shear

rates in excess of 104 s are sufficient for the exfoliation process to occur [4].
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5.1.2 Membranes preparation
Nanostructured membranes have been prepared by from dispersing high-exfoliated materials at a

predefined stoichiometric ratio through a combination of WIM e dry-wet phase inversion (Table

5.1).

Table 5.1. List of functional membranes prepared in this work.

Name of Membrane Acronym filler Filler Dispersed in NMP
PVDF - No Filler

PVDF-BT (7%) BT Bi,Te;

PVDF-BT (0.5%) BT Bi,Tes

PVDF-G (7%) G Graphene

PVDF-G (0.5%) G Graphene

PVDF-BT-G 1-1 BT-G Bi,Te; and Graphene (1:1)

In particular, PVDF powder has been added at 12 wt.% under mechanical stirring at 30 °C to 2D
materials dispersant liquid phases. After removing bubble air, each mixture has been uniformly

casted on a glass plate by using a casting knife regulated on 250um.

Casting solution on glass

[ ) )
Immersion on Ceoagulation bath
promoting solid-liquid demixing

Coagulation Bath MEMBRANE

Figure 5.1 Schematic representation of membrane preparation methodology.

The casting solutions have been successively coagulated in a soft bath containing IPA in order to
promote the precipitation of the polymer through soli-liquid demixing and the formation of flat

porous membranes with particulate-like morphology. The latter have been washed in milli-Q
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water, air-dried at room temperature overnight and annealed at 30°C for 1 h before using. The
final concentration of each nanofiller with respect to the polymer was 0.5 % and 7.0 %. Moreover,
a membrane with graphene and bismuth telluride in a ratio of 1:1 have been prepared in order to
evaluate the effects of the mixed materials on the membrane performance. The final

concentration for each filler was 0.5% with respect to the polymer.

5.2 Characterization of 2D exfoliated materials
TEM images for selected graphene and bismuth telluride flakes exfoliated via WJM are shown in

Figure 5.2a, b, respectively. The graphene and bismuth telluride samples have been taken from
liquid dispersant (0.65g/L) and diluted 1:50. The grids have been stored under vacuum at room
temperature to remove the solvent residues so TEM analyses have been performed. They
confirmed the presence of few layers of Bi,Te; and graphene in the solvent residues. Graphene
flakes appear to be larger and more regular than Bi,Te; flakes, which show instead irregular and
wrinkled geometries. In particular, graphene and Bi,Tes flakes have a lateral size of about 490 and
200 nm, respectively. Moreover, the darkest contrast of Bi2Te3 flakes with respect to graphene

flakes is characteristics of a thicker structure-

100 nm

Figure 5.2 TEM micrographs collected onto (a) graphene (0.65 g/L) flakes and (b) bismuth telluride
(0.65g/L) crystals after WIM exfoliation.

The topographic image of exfoliated graphene by WJM have been also examined by AFM and
compared to that obtained by graphene flakes exfoliated via Ultra Wave (UW), Figure 5.3 a and b.

The homogeneous surface shows some flakes dispersed on the membrane surfaces. Moreover is
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clearly evident how the flakes exfoliated via WJM present a higher lateral size than the flakes

exfoliated via UW, confirming how observed from TEM analysis.

500 nm

Figure 5.3 AFM image of graphene exfoliated via WIM (a) and UW (b).

The Raman spectrum of exfoliated graphene shows enhanced (I(D)/I(G)) ratio, while the
deconvolution of the band 2D bands evidences a predominant 2D;/2D, ratio, confirming an
enrichment in few layers graphene (Figure 5.4a). The Raman spectra of Bi,Tes in bulk and
exfoliated state exhibit typical Raman-active modes of the chalcogenide compound (Allg, Ezg, Azlg)

(Figure 5.4b).
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Figure 5.4 Raman spectra related to graphene (a) and bismuth telluride (b) at the bulk and
exfoliated state (0.65 g/L).

5.3 Characterization of 2D materials-based PVDF membranes

The presences of 2D flakes in membranes have been confirmed by X-ray diffraction analysis (XRD)
where the typical peaks corresponding to 2D fillers have been observed (Figure 5.5e, c). In
particular, Figure 5.5 shows the comparison between XRD patterns of the pristine PVDF
membrane (without filler), few layer materials and PVDF membrane with 2D materials. Due to
large contribution of PVDF peaks, XRD patterns of membranes uploading the highest content of
few layer materials have been examined. When the concentration of 2D materials inside the
membrane is low (0.5%), XRD analysis is no able to relieve the presence of 2D materials in PVDF
matrix due to the weak signals.

X-ray diffraction pattern (XRD) confirms further the presence of few layers BT and G in membranes
(Figure 5.5 e, c). In spite of predominant signals of PVDF (peaks depicted in blue), all of the
detected peaks are indexed to the standard diffraction pattern of Bi,Te; (JCPDS 15-0863) with
main peaks (depicted in red) originated from the (015), (1010), and (0015) planes [6] while the
graphene is identified with a detectable peak at (C002, depicted in green) [7].
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Figure 5.5 XRD patterns for (a) pristine PVDF, (b) Bi2Ti3 flakes and (c) PVDF-BT (7%) membrane, (d)
Graphene flakes, (e) PVDF-G (7%) membrane.
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X-ray photoelectron spectroscopy (XPS) measurements have been also carried in order to check
the presence of 2D materials in PVDF membranes (Fig. 5.6). In PVDF membranes containing few
layers graphene higher contribution of C 1s have been detected around 290 eV. Contributions of
bismuth (~200 eV) and telluride (~600 eV) have been detected for the PVYDF membrane filled with
bismuth telluride. Weak contributions of oxygen have been also detected for both the

nanocomposite membranes.
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Figure 5.6 XPS spectra collected on pristine PVDF, PVDF-G (0.5%) and PVDF-BT (7%) membranes.

AFM topographic images show the polymeric structure of pristine PVDF, PVDF-G (0.5%), PVDF-BT
(0.5%) and PVDF-BT-G 1: 1 membranes respectively (Fig. 5.7). The typical spherulitic structure of
the semicristalline PVDF can be appreciated for all membranes. The pores are clearly free gaps

frozen in polymer matrices.

PVDF-G-BT 1:1

P TN
:

PVDF-G (0.5%)

PVDF-BT (0.5%)
E 3 3t -

> ¥

Figure 5.7 AFM images of pristine PVDF, PVDF-G (0.5%), PVDF-BT(0.5%) and PVDF - BT-G 1: 1
membranes, respectively.

Due to the fact that few layer materials are randomly and in a discrete way entrapped in the

polymer matrix, they are not intercepted easily by AFM. Differently, SEM micrographs reveal their
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presence in entangled polymer chains, characterized by a particulate-like morphology visibly

(Figure 5.8)

Pristine

PVDF

10.0kV SEI

PVDF-BT
(0.5%)

PVDF-BT
(7%)
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Figure 5.8 SEM images collected on the top surface of the pristine PVDF at two different
magnitudes (enlargements at 5.000 and 20.000X).

SEM micrographs display also few layers bismuth telluride and graphene entrapped in the PVDF
polymeric networks. Figure 5.8 shows the graphene flakes entrapped in the PVDF network at two
different magnitudes.

Except for membrane containing 0.5 % of graphene (0.24um), comparable mean pore size are
have been measured for all membranes with bubble point values ranging from 0.5 to 0.8 um. Low
concentration of filler tends to limit the presence of larger pore size, whereas higher
concentrations of filler generate bigger free gaps. Generally, graphene flakes reduce pore size and
porosity of the membrane respect to PVDF membrane [7]. In figure 5.9 are shown the comparison
between the pore size distribution achieved with pristine PVDF and PVDF-G(0.5%) membranes.
Both membranes show a narrow pore size distribution. All the prepared membranes with 2D
materials present a narrow pore size distribution. The overall of voids distributed through the
membrane gives raise the overall porosity, which results in larger values for membranes filled with
BT. In the case of Bi,Tes (7%), the membrane displays porosity around 77+1% while PVDF-BT
(0.5%) shows a porosity of 75%. The membranes with graphene show the lowest porosity with

values of 56 + 7 and 58 + 3, respectively for PVDF-G(0.5%) and PVDF-G(7%)).
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Figure 5.9 Pore size distribution of pristine PVDF and PVDF-G(0.5%).

This aspect is more evident in the pristine PVDF membrane have been a larger pore is shown,

confirming how obtained on pore size measurement (bubble point diameter of 0.73um).

Table 5.2 Main characteristics of PVDF-based membranes.

Membrane Pore size Bubble point (um) Porosity Thickness

(um) (%) (um)
PVDF 0.48+0.09 0.73 £0.05 6315 5712
PVDF-G (0.5%) 0.24+0.05 0.43+0.01 567 62+3
PVDF-G(7%) 0.50+0.08 0.83 +£0.08 58+3 63+3
PVDF-BT(0.5%) 0.5+0.2 0.66+0.03 75+1 68+1
PVDF-BT(7%) 0.40£0.06 0.71£0.02 7711 10045
PVDF-(G:BT) 1:1 0.38+0.05 0.48+0.01 5543 6515

Values of contact angle with pure water of 139 £+ 3 ° have been estimated for the pristine PVDF

while values of 128 + 8° have been measured on PVDF-BTO0.5; PVDF-BTO07 membrane and PVDF-

(BT-G) membranes have also revealed good wetting resistance with contact angle values of 130 +

2° and 136 + 4 °, respectively. PVDF-G(0.5%) exhibits also a good wetting resistance with a contact

angle of 136+1 [8] (Fig. 5.10).
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Figure 5.10 Contact angles for the PVDF-based prepared membranes.

The wetting resistance of the prepared membranes have been also evaluated with sodium
chloride solution at different concentration. For these tests the concentration of salt in seawater
(0.6M) and the concentration close to supersaturation level (5M) have been considered in order to
simulate the composition of the streams used in MD and MCr tests. The figure 5.11 shows the
trend of contact angles with increasing NaCl concentration for pristine PVDF, PVDF-G (0.5%) and
PVDF-BT(0.5%). Pristine PVDF membrane shows the highest value with pure water (139°), whereas
a decrease down to 122° is observed with 5M NaCl droplets. The highest decrease has been
detected for PVDF-BT(0.5%) with a reduction of the contact angle value of 14%. On contrary PVDF-
G(0.5%) shows an reduction only of 5% with a contact angle of 129°. In the overall, the

membranes filled with G exhibit a better resistance to wetting events.
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Figure 5.11 Contact angles trend with the increase of sodium chloride concentration.

The wetting resistance has been also evaluated with time by the first 30 minutes of contact. Each
droplet has been covered with a clear cup so that effects of evaporation have been limited. Figure
5.12 shows the contact angle trends with 0.6M NaCl for the three tested membranes. In tables 5.3
are summarized the values achieved at the beginning and the end of the contact angle test with

pure water and 0.6M NaCl solution.
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Figure 5.12 Contact angles trend with 0.6M NaCl droplet.

PVDF-G (0.5%) showed the highest wetting resistance when 0.6M NaCl has been used for the test

with the contact angle decreased from 130° to 124°. On contrary PVDF-BT(0.5%) showed the
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higher wetting resistance when only pure water has been used for the test with a decrease from

135° to 131°.

Table 5.3. Contact angle after 30minutes for pristine PVDF, PVDF-G(0.5%) and PVDF-BT(0.5%).

Contact angle with Pure Water Contact angle with 0.6 M NaCl
T=0 T=30 min T=0 T=30 min
pristine PVDF 139+3 127+2 129+4 12143
PVDF-G (0.5%) 136+1 12543 13045 12416
PVDF-BT (0.5%) 13548 13146 13445 12246

Histograms reported in Figure 5.13a shows that the inclusion of 2D materials exfoliated via WJM
into the PVDF matrix improves the resistance at break in comparison to the pristine PVDF
membrane (elongation at break of 32.616%). A low elongation at break indicates low ductility so
the material will be less likely to warp and break. Instead High ductility indicates that a material
will be more likely to deform and not break. This property is a fundamental requisite for
membrane durability and processing because is mayor the possibility to resist at external stress
during the processes. The highest resistance at break has been estimated for PVDF-G (0.5%) and
PVDF-BT (7%) membranes with values of 8815 and 84.3+8 %, respectively. An increase of 170 and
159% has been measured with respect to pristine PVDF. The enhanced mechanical resistance
obtained with WIM exfoliated few layers has been further confirmed by the Young modulus,
which appears to be more contained when the 2D fillers are embedded in the polymer matrix,
especially for the membrane PVDF-BT (7%) with a value of 59.33N/mm? (Figure 5.13b). In the
literature, contradictory results can be found - worsening or enhancing of elastic moduli -
depending on the effect of the average lateral size, directional alignment, degree of dispersion in
polymer matrix, and the thickness of the 2D nanofillers on the final properties of polymeric
matrices [9,10]. The 2D nature of the nanoflakes is the major reason for enhancement of
mechanical proprieties due to major specific surface area of 2D flakes and improved mechanical

interlocking/adhesion at the filler-matrix interface [11,12].
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Figure5.13 Elongation at break (a) and tensile stress (b) estimated for pristine PVDF, PVDF-G
(0.5%), PVDF-BT (0.5%) and PVDF-BT (7%) membranes.

The mechanical performance of PVDF membranes functionalized with graphene has been also
evaluated in comparison to that of membranes functionalised with graphene exfoliated via
traditional UW [3] at a comparable concentration of nanofiller (0.5 and 7 %, respectively). This has
been done to evaluate the quality of the exfoliated materials via WJM with respect to a more
traditional method (i.e. UW). Figures 5.14a and b show the results obtained with pristine PVDF
membrane, PVDF with graphene exfoliated via WIM and UW (denominated PVDF-GUW) at two
concentrations.

It has been proved that the inclusion of graphene (0.5%) exfoliated via WJM into the PVDF matrix
improves the resistance at break by up to 175% compared to the pristine membrane (PVDF),
whereas the resistance at the break increases by 166% for the composite membranes with
graphene exfoliated via UW at the same concentration (0.5%), when compared to the pristine
PVDF membrane. Moreover, when the graphene percentage in the WIM membranes has
increased up to 7.0% an improvement of 38% can be obtained while a drastic reduction in the
elongation at break (-73%) is estimated for PVDF-GUW at 10% nanofiller. Therefore, the largest
size of graphene flakes improved the elastic behaviour of the composite membranes with respect

to both the pristine PVDF membrane and composite membranes prepared with PVDF-GUW.
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Figure 5.14 Young module and elongation at break estimated for the pristine PVDF membranes
and graphene-WJM (0.5 and 7.0 wt.% derived from dispersions at 0.65 and 10 g/L, in red) and
graphene-UW membranes (0.5 and 5 wt.%, in blue) [3].

5.4 Summary

For the first time, ultrathin porous PVDF-based membranes have been successfully prepared with
the combination of no-solvent phase inversion and high-exfoliation Wet Jet Mill techniques. The
aims of the prepared membranes were to enhance the productivity and the efficiency for
membrane distillation/crystallization processes. Graphene and bismuth telluride flakes exfoliated
via WJM have been utilized in this challenge. As explained in this Chapter, the PVDF-based
membranes with 2D flakes, compared with pristine PVDF, have a good resistance to wetting and
improved mechanical resistance. The internal morphological structures (pore size and porosity) of
the prepared membranes changes based on the type of flakes and its concentration. The flakes
exfoliated via WIM respect the same flakes exfoliated via traditional technique (UW) present a

higher lateral size and lower thickness, thus resulting in a higher surface area.
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Chapter 6:

PVDF membranes functionalized with wet-jet milling exfoliated 2D materials for

enhanced Membrane Distillation

Water desalination is considered a reliable and sustainable path for managing natural resources
and providing solutions to water scarcity [1,2]. As a greener technology, membrane distillation
(MD) allows eco-sustainable recovery of fresh water from saline streams [3—7] as well as being
suitable for the conservation of ecosystems and biodiversity [8]. Herein, we propose new
membranes functionalized with 2D materials, whose preparation has been described in Chapter 5,
for equipping Membrane Distillation devices. The intrinsic characteristics of the membranes -
porosity, pore size, hydrophobicity, mechanical resistance, etc. make them ideal for MD processes
[9-18]. The focus of the present research is the evaluation of the effects of confined few layers
graphene (G) and bismuth telluride (BT), exfoliated by WJM, on the productivity of membrane
distillation through an optimized use of the thermal energy. In particular, bismuth telluride has
been exploited for the first time in frontier processes for water desalination.

This work demonstrates as an adequate combination of cooperative functions allocated in a single
membrane allows producing fruitful water desalination through the realization of a renewed ultra-
fast and energy-efficient membrane distillation. In this regard, comparative analyses are also
proposed to examine the real progress beyond the state of the art in the field of mass and thermal

energy trade-offs.

6.1 Membrane Distillation Tests

6.1.1 Effects of few layers graphene on mass transfer through PVDF membranes

All membranes resumed in table 6.1 have been tested in membrane distillation operations by
using a direct contact configuration and choosing NaCl 0.6M stream as a model solution.

For each kind of membranes, circular sample specimens have been allocated in a circular module
with a diameter of 3.8 cm. as displayed in Figure 6.1. Details of working conditions used for each

process are reported in the chapter 5
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Table 6.1 Membranes tested in MD with related morphological characteristics.

M“::;::e Filler Dispersed in NMP Po(r;:;ze Po;‘;s)ity Th:t:::;ess
PVDF No Filler 0.48+0.09 6315 57+2
PVDF-G (0.5%) Graphene 0.2440.05 56+7 62+3
PVDF-G (7%) Graphene 0.50+0.08 58+3 63+3
PVDF-BT (0.5%) Bi,Te, 0.5+0.2 75+1 68+1
PVDF-BT (7%) Bi,Te, 0.40£0.06 7741 10045
PVDF-BT-G 1-1  Bi2Tesand Graphene (ratio ¢ 38+0.05 5543 6545

1:1)

Figure 6.1 Picture of three prepared membrane and membrane module for flat sheet membrane:
A) PVDF-G(7%), B) PVDF-G(0.5%), C) pristine PVDF) and D) membrane module.

Figure 6.2 shows the flux measured through PVDF-G (0.5 and 7 %) and pristine PVDF membranes
as a function of the temperature. In this case NaCl is used as feed solution — at a concentration of
0.6 M corresponding to TDS 35 g/L of seawater. As expected, a general increase in the flux is
observed with temperature; however, higher mass transfer is detected for membranes filled with
Graphene flakes (FLG) according to the sequence PVDF-G (0.5%) > PVDF-G (7%) > pristine PVDF.
Considering that the membranes exhibit more or less comparable porosity and thickness but a
smaller mean pore size for PVDF-G (0.5%) membrane, it is reasonable to suppose an involvement
of the nanofiller in the diffusion of water through the membranes [4,7,19].
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When an inert gas, (i.e. nitrogen), has been used through the membranes, a transport dependence
on the pore size has been detected as a consequence of the different resistance opposed to the
mass transfer. In fact, Fig. 6.2a shows how the pristine PVYDF membranes permeated similarly to
the PVDF-G(7%) but much more than the PVDF-G(0.5%) ones. On contrary when only water vapor
is present (as in MD process) PVDF-G(0.5%) allow the passage of more water vapor molecules. In
fact the flux reported in fig. 6.2 shows a higher flux for PVDF-G(0.5%) than PVDF-G(7%) and
pristine PVDF. For the latter, the lowering in the flux has been also ascribed to the effect of a
minor driving force; that is, a lower difference in the vapour partial pressure (AP) across the

membrane (table 6.2).

a) b)
5 d :
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Figure 6.2 (a) N2 Flux vs pressure at 20°C and water flux at 40 °C; (B)Flux vs Tfeed estimated at 100
mLmin™ for pristine PVDF and PVDF-G membranes in NaCl 0.6 M solutions.

Table 6.2 shows the MD transport coefficients (B) (defined in Chapter 4 eq. 4.20) calculated for the
two PVDF-G membranes [20]. For PVDF-G(0.5%), the transport coefficient decrease linearly with
increasing driving force (AP). As expected, the reduction of resistance to mass transfer promotes a
higher flux. On contrary, when the graphene concentration in the membrane network increases
the trend is fluctuating independently of the difference of partial pressure applied across the
membranes. This behaviour suggests there is no inertia of graphene towards water vapour but

rather an involvement of the flakes in the water diffusion process.

The literature refers to the aptitude of graphene to interact with water molecules [21] through

adsorption of water on the edge of graphene. Raman spectroscopy (Chapter 5) yields indication of
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the presence of defects due to the edges of the WIM few layers (Fig. 5.4), while XPS analysis

indicates the state of oxidation of around 1.2% for WJM few layer graphene (Fig. 5.6).

Table 6.2. MID mass transport coefficient estimated for PVDF-G(0.5%) and PVDF-G(7%) at different

difference of partial pressure (AP).

PVDF-G (0.5%) PVDF-G (7%)

AP Bx 10-4 AP Bx 10-4
(Pa) (Lm?ZhPa™) (Pa) (Lm?h*Pa™)
3628 8.5 3044 5.9

5683 8.0 5008 4.5

10040 6.8 6750 5.7

14296 6.5 11517 4.6

Total salt rejection (100%) has been achieved in all the cases, providing clear evidence about the
good membrane waterproofness. Total rejection can be generally observed for membranes filled
with WM few layer graphene, independently of relatively low liquid entry pressure (LEP), which is
around 1 bar for all membranes. Really, functionalised graphene PVDF membranes show contact
angle values higher than 130°. More specifically, PVDF-G (0.5%) and PVDF-G (7%) membrane
surfaces show contact angle values of 136+1° and 129+2° against a value of 144+2 ° measured for
the pristine PVDF membrane. This results in a very good resistance to undesired wetting and
efficient stop to ion diffusion through the membranes (Table 6.2).

Experiments have been carried out with time, yielding indication about constant and stable fluxes
and confirming a good resistance to fouling phenomena [22] (Figure 6.3). Figure 6.3 shows an
increase in productivity of 180% for PVDF-G (0.5%) in contact with NaCl 0.6 M as the temperature
raises from 40 to 55 °C, leading to an increase in the flux up to 99.7% as compared to the pristine

PVDF.
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Figure 6.3 Flux with time estimated at different Tfeed and 100 mLmin™ for PVDF-G(0.5%)
membrane when NaCl 0.6 M is used.

Summarizing, the confinement of low amounts of exfoliated graphene in membranes appears to
be a good compromise for enhancing the MD productivity without undergoing all in all important
thermal polarization effects due to the high thermal conductivity of graphene

The relative flux (F/Fp) indicated a decline in water transfer of around 30% over the last 13 h of
operation for the PVDF-G(0.5%) membrane (fig.6.4). This undesired event was due of the feed

concentration [23].
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Figure 6.4 Relative flux (F/Fo) estimated with time for PVDF-G(0.65) at Tfeeq = 40 °C and 100 mL
. -1
min~".
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To establish the capability of PVDF-G(0.5%) of productivity, experiments at four different flow
rates have been carried out as well (from 100 to 400mL/min, NaCl 0.6M solution, Treeq= 58 °C,
Toermeate= 14°C). As expected, a further increase in the flux up to 28.4 Lm™h™ is achievable when
working at 55°C under a flow rate of 400 mLmin™, as shown in figure 6.4. Amplifying flow rate in
MD test, a better fluid-dynamics aspect is promoted in the boundary layers on membrane surface.
In this way a reduction of thermal polarization phenomena can be achieved, detecting a flux
increase from 18.4 Lm~2h™* when working at ~ 60 °C and a flow rate of 100 mLmin™ to 28.4 Lm~h™
when working at ~ 55 °C and a flow rate of 400 mLmin™. In this case, a further increase of ~ 80 %

of the flux can be obtained

oo PVDF-G(0.5%)

cn * FR=100mLmin R=100% ® FR=200mLmin R=99.999%
FR=300mLmin R=99.999% ® FR=400mLmin R=100%

0 10 2000 300 400 200

Flow rate, mL/min

Figure 6.5 Flux dependence of feed Flow Rate.

These membranes have been tested under harsher conditions as well. The mass transfer has been
evaluated with time by using hypersaline NaCl solutions at 2 M and 4 M (Figure 6.5). These values
have been chosen to study the behaviour of membranes prepared and the wetting resistance with
solutions having a concentration higher than the concentration of sea water (0.6 M). The higher
salinity might be favours the wetting phenomena due to its nature tend to decrease the surface
tensions.

The fluxes continue to increase with temperature, even if higher viscosity of the solutions together
with reduced water activity cause a loss in the mass transfer. With this regard, it is instructive to
compare the performance of PVDF-G membranes with that of other perfluorinated membranes
discussed in literature. PVDF-GO0.5 exhibits at 48.8°C and with a NaCl solution 4 M a flux of 7 Lm’
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hlanda rejection value of 99.999 % (Figure 4.3) against a flux of 5 Lm?h tand a rejection of 99.0

% estimated at 50 °C for polypropylene membranes layered with a PTFE (Thickness = 35 um; mean

pore size = 0.22 um porosity = 82 %) [24]. At 65.8 °C and with a NaCl solution of 4 M, PVDF-G0.5

membrane permeates water vapour with a flux of 15.7 Lm™h™*! and a rejection of 99.994 % (Figure

4.3 c) against a flux of 12 Lm™?h™ ' and a rejection of 99.90 % estimated at 60 °C for a porous

superhydrophobic PVDF membrane micro-pillared with CF4 (Thickness = 264 um; mean pore size=

0.124 um porosity = 79 %) [25].
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Figure 6.6 Permeation capacity of PVDF-G(0.5%) membrane under different working conditions: (a)
effect of NaCl concentration (0.6, 2 and 4 M) on the flux at 40 °C (a); effect of the temperature on
the flux when NaCl 2M (b) and 4 M (c) are used. (Tseeq Of ~ 55 °C and Tperm 0f 20 °C and a flow rate

of 100 and 83 mL min™ at feed and permeate side).

Despite the higher NaCl concentration, the waterproofness continues to be preserved with
rejection values always around 99.999 %. However, as expected, a gradual reduction of the mass
transfer is detected with the increase of NaCl concentration (2M and 4M) as shown in figure 6.5. It
has been chosen to perform MD tests 6 hours long, at different operative conditions (such as
different feed temperature and feed concentrations) to understand the behaviour of the prepared
membranes. The experimental data reported in figure 6.6 have been done utilizing the same
membrane for a total of 72 hours. The testing of the membrane for a so long period proved the
stability of the hydrophobic character of the prepared membrane. As can be observed from figure
6.6, in each test steady state conditions have been achieved after 2-2.5 hours, thus justifying the
choice to have test 6 hours long. For what concern fouling issue in the prepared and tested
membranes, this has been also evaluated and results are reported in figure 6.4 that refers to a test
20 hours long. More specifically, when 2 M solutions are used a reduction of the flux of 31% is
appreciated against the flux estimated with NaCl 0.6 M at 40°. With concentration of 4 M the
reduction of the flux is of 43%. The higher salt concentration decreases the water activity and so
decreases the water vapour pressure. This is expected to cause lower driving force for evaporation
with respect to the NaCl 0.6 M solution. However, the increase in temperature results in a
proportional increase in the driving force despite the high salt concentrations as shown in Figures
6.6b and 6.6¢ for concentrations of 2M and 4M respectively. To evaluate the effect of the lateral
size of few layers WIM graphene, flux-rejection trade-offs have been compared taking in account

the results obtained with PVDF-G and membranes prepared with graphene exfoliated via
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ultrasonication (UW) at the same concentration [19]. A plot of rejection versus flux has been
generated considering membranes worked in plants having a Direct Contact Membrane
Distillation (DCMD) configuration and coming in contact with NaCl 0.6 M (35 g/L) (Figure 6.6).
PVDF-G (0.5%) membranes - with an effective graphene concentration in membrane of 0.5 % -
exhibit an increase in the flux of 38 % and a rejection value of 100 % as compared to membranes
containing graphene nanoplatelts (GNPs) exfoliated via UW (GNPs: a thickness of ~1.8 nm but a
lateral size of 120 nm)[19]. Also, PVDF-G (7%) membranes exhibit higher flux and salt rejection (F =
9.05 Lm?h™ and R = 99.996 %) as compared to GNPs- UW membranes containing GPNs at 10 % (F
=0.3Lm>h" and R = 99.984 %) [26]. These results are not unexpected because a larger lateral size
of few-layers provides a greater surface area and subsequently higher contact points between
water molecules and nanofiller. A more accessible interface between penetrant and defective
flakes supports water diffusion in full agreement with indication provided by the MD mass
transport coefficients (B) (Table 6.2). To concern the performance of PVDF-G with respect to other
tailor-made membranes operated under similar conditions [27-29], further assessment have been
done (Figure 6.7). Compared to electrospun membranes based on clay and having an average
thickness of 300 um and an overall porosity of ~ 82 %, PVDF-G membranes show a better flux-
rejection ratio with a flux increase of 217 % and a salt rejection of 100 %. Also, an increase in flux
of 6 % and a rejection of 100 % against 99.99 % is estimated with respect to supported nonwoven
fabric flat-sheet membranes with a thickness of 200 to 215 um and an overall porosity of ~ 48 to
55 %. A better performance is further appreciated for PVDF-G (0.5%) membranes when compared
to the ones functionalized with nanoparticles (NPs, thickness = ~70 um and overall porosity = ~ 68
%) and processed at 70 °C. Membranes filled with PVDF-G show an increase in flux higher than

13.3 % and a salt rejection of 100 % (Figure 6.6).
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Figure 6.7 Comparative productivity-efficiency trade-off of membranes based on PVDF enhanced
with different fillers, i.e., graphene (obtained by WJM, red circles and UW in blue diamond’s [19]),
clay (orange triangles) [30], nonwoven fabric (dark brown squares) [31], nanoparticles (NPs) at
70°C (brown triangles) [29]. Working conditions: feed: NaCl solution 35 g/L (0.6 M); Tfeed: ~ 55 °C
(except for the nanoparticles Tfeed = 70 °C).

6.1.2 Bismuth Telluride (Bi,Tes) enabled PVDF membranes
After graphene flakes, analysed in the previous paragraph, the effect of Bismuth Telluride (Bi,Tes,

BT) few layers on water vapor transfer has been also evaluated. In the same way of PVDF-G, the
membranes functionalized with BT have been put in contact with synthetic seawater (0.6 M NaCl).
A Comparative study between graphene and bismuth telluride in membrane process have been
also done. A binary mixture with graphene and bismuth telluride has been further prepared to
study the behaviour of both materials in the same membrane network.

Figure 6.7 shows a comparison of fluxes measured through PVDF-BT(0.5%), pristine PVDF and
PVDF-BT-G(1:1) at different temperature and under a flow rate of 100 mL/min with 0.6M NaCl
solution. All the membranes show a salt rejection ranging from 99.99 to 100 %. It is interesting to
observe how the PVDF-BT (0.5%) membrane presents a higher ability to transfer water vapor than
the pristine PVDF membrane at the same operating conditions. Moreover, the membrane enabled
with Bismuth telluride shows a trans-membrane flux higher than the membrane enabled with
graphene and with the binary mixture. The first reason of this result could be justified by the
highest porosity of PVDF-BT(0.5%) (75%+1) respect PVDF-G(0.5%) (56%%+7) as reported in table 6.1.

Although the morphological parameter of the membranes is important, it should be noted that
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PVDF-BT (0.5%) shows greater sensitivity to temperature increase, allowing higher flows than
PVDF-G (0.5%). This implies more passages and space for water vapor to pass through. Considering
the results obtained at feed temperature of about 50°C, PVDF-BT(0.5%) increase the flux of about
200% than pristine PVDF membrane. The membrane containing BT in mixture with G (1:1)
continues to exhibit a constant increase in the mass transfer when compared to the pristine PVDF
membrane (e= 65 %, 6 = 58 um), even if it exhibits a lower porosity (e= 55 %) and a bit higher
thickness (6= 65 um). It is also quite interesting to observe how the difference between the two
nanocomposite membranes —PVDF-BT(0.5%) and PVDF-(BT-G) (0.5%) - becomes larger at high
temperature, leading to an increase in the flux of 93 % at 48 °C and 137 % at 55 °C for membranes

wherein only the chalcogenide compound is confined.
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Figure 6.8 Flux and rejection values estimated at different AT for PVDF, PVDF-(BT-G 0.5%) (1:1) and
PVDF-BT(0.5%) membranes: Tfeed, 32-55 °C.

Figure 6.8 yields indication about the stability of the flux with time at different temperatures

through PVDF-BT(0.5%).
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Figure 6.9 Flux in function of time (h) at different feed Temperature for PVDF-BT(0.5%)
membranes: Flow rate at the feed side, 100 mLmin™; Conc: 35g/L NacCl.

When a larger content of Bi,Tes (7.0 %) is confined in the polymeric matrix, the flux tends to
increase slightly than PVDF-BT(0.5%) at high feed temperature. In fact, At 55 °C PVDF-BT(7%)
allow to reaching values of 31.8 Lm™h™ at ~ and under a flow rate of 100 mLmin™, slightly higher
than the flux of about 27 Lm2h™* achieved with PVDF-BT(5%), as shown in figure 6.9.

The relative flux (Fi/FO) confirms stability and durability of Bi,Tes-enabled PVDF membrane at
longer operational time as well (Fig.6.10). No decline is observed but rather the flux is kept
constant with rejection factors higher than 99.99%. This yields clear indication about a good
resistance of these novel membranes to wetting and fouling events. When a larger content of
BiyTes (7.0%) is confined in the polymeric matrix, the flux tends to increase slightly reaching values
of 31.8 Lm ?h ™ at ~ 55 C and under a flow rate of 100 mL min . Moreover, PVDF-BT(7%) has
been tested in continuous for 1400minutes showing a stable trans-membrane flux over time

without show wetting phenomena. In fact, the rejection values ranging from 99.993 to 99.996 %
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Figure 6.10 Relative flux (Fi/FO) with time estimated for PVDF-BT (7%) membrane at Tfeed = 58 °C;
FR= 100 mL min \; Conc: NaCl, 35 g/L.

Under harsh fluid dynamics, the membrane exhibits a great thermal stability and mechanical

robustness reaching fluxes of 74 Lm™?h™. Also, a good resistance to wetting continues to be

appreciated with rejection values ranging from 99.92 to 99.99 %.
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Figure 6.11 Flux measured through PVDF-BT(7%) membrane as a function of the difference of the
volume of fluid per unit time (Flow rate) at Tfeed 58.8 °C and with synthetic seawater (NaCl 35
g/L). Each experiment has been carried out for 6 h.

Undoubtedly, higher flow rates reduce the residence time of dirtying agents that could deposit on
the membrane, i.e. salts contained in the feed). Improved mixing of the feed solution is achieved
along with a reduced thermal boundary layer and temperature polarization.

To better appreciate the influence of bismuth telluride in MD process, a comparative analysis has
been done with PVDF-based membranes tested under similar working conditions. The gain in
productivity is interestingly higher than that estimated for other kinds of nanocomposite

membranes, as shown in Table 6.3.

Table 6.3. Comparative flux estimated for nanocomposite PVDF membranes in DCMD
configuration at different temperature and flow rate using NaCl = 35 g/L.

Membrane Tfeed Flow rate Flux Reference
[°C] [mLmin'l] [Lm'zh'lj

PVDF/MWC 60 150 30.8 [32]
PVDF-HFP/G 60 200 23 [33]
PVDF-BT (7%) 58. 200 69 In this work
PVDF/ZnO 60 250 9.68 [18]
PVDF-BT (7%) 58.8 300 74 In this work
PVDF/rGO 90 350 7 [34]
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PVDF/PS/Zn0O 70 400 15.79 [12]

PVDF/CF4 plasma 62.4 600 38 [35]
PVDF/TiO2 80 720 42 [36]
PVDF/SiO2 60 750 34.2 [37]
PVDF/GNP 80 833 8.27 [16]
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Figure 6.12 Flux vs Rejection estimated for nanocomposite PVDF membranes in DCMD
configuration at different temperature and flow rate using NaCl = 35 g/L.

Multiwalled carbon nanotubes immobilized in PP-PVDF membranes yielded about a flux of 30.8
Lmh™ when worked at 60 °C and with a flow rate of 150 mLmin™ [38]. Electro-spinned PVDF HFP
membranes filled with graphene has been demonstrated to exhibit a flux close to 23 Lm™h™ at 60
°C and with a flow rate of 200 mLmin™ (Woo et al., 2016) as well as hollow fiber PVDF/ZnO
membranes worked at 60 ° at a flow rate of 250 mLmin™ have produced a flux of 9.68 Lm2h™ [18]
against 69 Lm?h™ estimated for PVDF-BT(7%) around 58 °C at 200 mLmin™. PVDF membranes
functionalized with polystyrene/ZnO nanoparticles have vyielded flux of 17.79 Lm?h™ at a
temperature and flow rate of 70 °C and 400 mLmin™ [12].

Moreover, membranes functionalized with rGO have showed flux of 7 Lm?h™ when contacting
NaCl solutions (0.6 M) at 90 °C and with a flow rate of 350 mLmin™ [34]. Also, PVDF/membrane
filled with graphene nanoplatelets has yielded a flux of 8.27 Lm?h™ when operated at 80 °C under
a flow rate of 833 mLmin™ [16]. Flux of 38 Lm>2h™ has been obtained with CF, plasma-modified
superhydrophobic PVDF membranes at 62.4 °C and flow rate of 600 mLmin™ [35]. Depositions of
TiO2 particles on PVDF have rendered a flux of 42 Lm~2h™ at 80 °C and 720 mLmin™ [36]. Flux of

34.2 Lm~h™ has been obtained at 60 °C and 750 mLmin™ with PVDF/SiO, membranes [37]. For
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PVDF-BT(7%) membranes, we calculate a 74 Lm~h? at a lower temperature (Tfeeq = 58.8 °C) and
with a flow rate of 300 mLmin™. From this comparison, BT seems to be more beneficial for higher

flux at milder working conditions.

6.2 Energetics aspects concerning membranes filled with bismuth telluride
Undoubtedly, MD is a somewhat complex process and its performance depends on the interplay

of various factors, including morphological and thermal properties. In this case, thickness and pore
size are somewhat comparable and are not primary for governing the mass transfer. On the other
hand, the highest porosity of PVDF-BT(0.5%) could justify the largest mass transfer but it does not
rationalize fully the amplification of the flux observed at higher temperature. Another issue is the
susceptibility of the flux to wetting and/or fouling events.

According to equations reported in Chapter 4 (eq. 4.25 and 4.26), heat flow has been estimated
for each single membrane taking in account morphological features of the membrane, thermal
conductivity and flux. Figure 6.12 shows the amount of thermal energy (Q) transmitted through
pristine and membranes containing nanofiller at different content. As expected, the amount of
heat transmitted through the membranes increases with rising temperature [39,40], even if

reduced heat dissipation is appreciated for membranes filled with bismuth telluride only
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Figure 6.13 Heat flow estimated for all membranes within the overall range of temperature and at
flow rate of 100 mLmin™.
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Compared to the pristine PVDF membrane, PVDF-BT(0.5%) yields heat flow values less than 140 %
at 32 °C, while a reduction of 2 % is found at 53 °C. A further lessening of heat dissipation around
190 % at 32 °Cand 170 % at 53 °C is obtained with a thicker PVDF-BT (7%) membrane (6= 100 um).
Based on equations 4.25-4.26, a higher thickness reduces the heat transfer coefficient of thermal
conduction via membrane material, but also it renders longer the passage for water vapor [41]. It
is however important to remark that membranes filled with Bi,Tes shows the highest trans-
membrane fluxes with a pronounced exponential trend at higher temperature. Heat flow is
positively proportional to the overall membrane thermal conductivity, which depends in turn on
thermal conductivity of materials and related porosity.

A thermal conductivity of 0.5 to 1.6 Wm™ K in bulk and of 0.1 to 0.3 Wm™K™ in stacked films has
been estimated for Bi,Te; at room temperature against 0.17-0.21 Wm™K™ of PVDF [42]. While
considering the role of morphological parameters of the membranes and the increase in thermal
conductivity of materials with temperature, it is important to point out that Bi,Tes is one of the
best thermoelectric materials with the highest thermoelectric figure of merit, ZT (~1.1-1.2) of any
material around room temperature. When exfoliated, it could maximize a Seebeck effect (an
electromotive force (emf) that develops across two points of an electrically conducting material
when there is a temperature difference between them) [43]. So, in membranes with widespread
distribution of Bi,Tes (Figure 6.14) synergistic effects may reasonably enhance the ability of the
Bi,Tes-enabled membranes to restore the driving force thus maximizing the productivity especially
when the feed temperature is increased while the temperature at the cold side is fixed. Figure 6.8
shows indeed an important widening of the gap between the fluxes measured at temperature
higher than 40 °C.

The beneficial effect of the chacolgenide compound seems to be contrasted in PVDF-(BT-G) 0.5
(Figure 6.13). Few layer graphene with a thermal conductivity of 5000 Wm™K™ [42] causes a heat
loss higher than one order of magnitude as compared with the other membrane-types (Figure
6.14). This large heat dissipation is expected to sacrifice the driving force, even if the mass transfer
continues to control the overall MD transport. Recently, Perrotta et al. (2020) [4] have been
discussed on the defective graphene ability to accelerate water uptake from saline stream. As
mentioned, the productivity of this membrane is better than that measured through the pristine
PVDF membrane, in spite of the fact that the morphological features should be not in favour to a
large mass transfer. This confirms how complex effects govern the performance of a MD process

and it could be misdealing to identify only one factor as affecting the final performance of the
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separation. PVDF-(BT-G) membrane is not however satisfactory from energetics point of view,
while the choice to incorporate Bi,Tes becomes crucial to make MD process ultrafast and
energetically efficient simultaneously. Bi2Te3-enabled membranes show the best capability to
promote water vapor transfer while contrasting heat conduction. According to equation 4.23, a
superior thermal efficiency is subsequent for the MD process (Figure 6.14). An increase of 65% is
estimated for PVDF-BT(7%) when the difference of the temperature (AT) across the membrane is
increased; the intensification is of 40 % for PVDF-BT (0.5%) against the 34 % for the pristine PVDF
membrane. As expected, a loss of thermal efficiency is assessed for the membrane containing the

mixture of few layers bismuth telluride and graphene.
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Figure 6.14 BSE micrograph collected onto the surface of PVDT/BT(7%) membrane; Thermal
efficiency estimated for all membranes within the overall range of temperature at flow rate of 100
mLmin™.

In other words, a lower resistance to mass transfer and a higher resistance to heat flow are
coupled in membranes filled entirely with bismuth telluride. Values of thermal efficiency up to 19
and 25.6 % are calculated at 53 °C for systems containing 0.5 and 7.0 % of the chalcogenide
compound against a value of 6% estimated for pristine PVDF worked under same conditions

(Figure 6.13).
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Figure 6.15 Thermally efficiency vs Flux vs Rejection estimated for some PVDF membrane-types.

It should be recalled that an increase in thermal efficiency implies a minor use of thermal energy

and, hence, major sustainability. Compared to other PVDF membrane-types [11,44-46],

productivity and thermal efficiency trade-off appears to be somewhat competitive for PVDF-BT

membranes if examined from mass and energy transfer point of views (Table 6.4). A suitable

balance between water flux and thermal efficiency is obtained in the same membrane after 6h-

MD test and with NaCl 35 g/L [47-49].

Table 6.4. Comparative Flux and Thermal efficiency estimated for some PVDF membrane-types.

Membrane Tteed/ Toermeate Flux Thermal Rejection Reference
[°C] [Lm™h?]  Efficiency [%] [%]

PVDF (Hollow Fiber) 60.7/29.8 0.64 28.92 n.a. [44]

PVDF (commercial) 60/20 20.5 ~33* 99.96 [11]
PVDF/PDMS-SiO2 73/25 12.4 12.9 99.9 [17]
Electrospun PVDF 50/25 25.99 11.82 99.99 [39]
PVDF-Silica aerogel 65/20 12.5 42.81* 99.99 [50]
PVDF-BT(0.5%) 53/11 27.8 19.0** 99.995 In this work
PVDF-BT(7%) 53/11 31.8 25.6%* 99.998 In this work

168



6.3 Summary
Graphene-based PVDF membranes at different concentration percentage of nanofiller (0.5 and 7

%), bismuth Telluride-PVDF membranes at different concentration percentage of nanofiller (0.5
and 7 %) exfoliated via WJM have been evaluated in Membrane Distillation process. Moreover the
cited membranes have been also compared with a membrane containing a mixture of 0.5%
Graphene and 0.5% Bismuth telluride and with pristine PVDF membrane. When graphene platelets
and Bi;Tez are blended in PVDF matrix, the results achieved show an enhancement of trans
membrane flux with 35g/L NaCl solution as feed. This results have been emphasized whit Bi,Tes-
enabled membranes at high concentration (7%) that gave a clear evidence to increase effectively
mass transfer reducing heat loss simultaneously (Tteeq=58.8°C, FR=300mLmin™, Flux=74Lm>h™).
High salt rejection has been achieved with all the membranes especially with PVDF-G(0.5%) where
a total salt rejection has been detected. Moreover, membranes enabled with graphene flakes
exfoliated via WJM compared with membranes enabled with graphene exfoliated via UW (under
same operating conditions), has been achieved an increase in productivity of 38% and of 99.7%
with respect to pristine membranes fabricated using the same procedure. The mixture of G and BT
in PVDF membrane enhanced the flux in MD compared with PVDF-mixture but with lower thermal
efficiency. This result is due to the high thermal conductivity of Graphene (5000 Wm™*K™).

The combination of PVDF membranes and 2D exfoliated via WIJM in a single device makes MD
process highly productive and energetically efficient. High quality freshwater can be produced

reducing energy and working in more eco-sustainable way.
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Chapter 7

Membranes filled with few layers materials for enhanced NaCl crystallization

This Chapter illustrates the potentiality of membranes functionalized with exfoliated few layers
(Graphene (G) and Bismuth Telluride (BT)) in crystallization process. More specifically, the intent is
to produce high-quality crystals for size and shape in shortened crystallization time. With this
regard, a comparative study is also including pristine PVDF membranes. The membranes
performance has been evaluated in terms of capability to yield more uniform crystals through

controlled nucleation and growth rate kinetics.

7.1 Membrane Crystallization Implementation
The crystallization tests have been performed as explained in Chapter 4.For crystallization tests,

NaCl solutions 5M have been used at Temperature 36°C and flow rate of 250mL/min. On
permeate side the temperature was 10°C and flow rate of 100mL/min. MCr tests have been

performed with 5M NaCl solution in direct contact configuration.

7.1.1 Nucleation and growth rate of NaCl crystals

Membranes with the best MD performance have been selected for implementing MCr operations.
Table 7.1 resumes main characteristics of the membranes examined in this chapter. Figure 7.1
shows the trend of trans-membrane flux with time for the pristine and PVDF membranes
functionalized with 2D materials. The feed concentration used for the crystallization tests was 5M.
This value was chosen as it is close to the saturation concentration of the NaCl solutions (above to

5.3M).

Table 7.1 Membranes tested in MCr with the main characteristics.

Name of Filler Dispersed in Pore size Porosity Thickness
Membrane NMP (um) (%) (um)
PVDF No Filler 0.5240.09 8244 7142
PVDF-G (0.5%) Graphene 0.2440.05 56+7 62+3
PVDF-BT (0.5%) Bi,Te, 0.5+0.2 75+1 68+1
PVDF-BT (7%) Bi,Te, 0.400.06 77+1 1005
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pristine PVDF membrane exhibits a trans-membrane flux of 5.7 L:-mh™ due to higher porosity and
mean pore size thus yielding a larger mass transfer through the membrane Among the PVDF
membranes functionalized with 2D materials, PVDF-BT (7%) presents the highest trans-membrane
flux (average flux of 3.9 L'm™h™). This result is due to the higher porosity (77%) and mean pore
size (0.5um) of PVDF-BT(7%) membrane than the ones achieved with other membranes. These
aspects allow a more mass transport during the process despite the higher thickness [1]. For
similar considerations, the other two membranes PVDF-BT (0.5%) and PVDF-G(0.5%) exhibit an
average flux of 2.7 L'm?h?and 1.6 L'm~?h™, respectively. All the membranes showed a percentage
of rejection equal or higher than 99.9% with the highest value obtained with PVDF-G (0.5%); in this
case, the rejection is equal to 99.99%. The high values of rejection obtained in the tests guarantee
that, at least in the experimental time, the salts infiltration through the membrane pores has been
negligible and that the analyzed membranes preserved the crucial requisite of hydrophobicity. MD
experiments carried out in similar conditions have confirmed the good resistance of membranes
to wetting.

Contact angle values measured with 5M NaCl solution (Chapter 5) confirm the highest resistance
PVDF-G (0.5%) to wetting as well. Also, PVDF-BT (0.5%) with the lowest contact angle yields the

lowest value of rejection in MCr test (99.86%).
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Figure 7.1 Average flux for PVDF-based membranes functionalized with 2D materials at (0.5 %) and
PVDE-BT (7%).
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As an effect of a continuous removal of pure water from the feed side, the saturation of the
saline solution has been induced, thus resulting in the formation of sodium chloride crystals
different for number, size and shape depending on the membranes worked (Figure7.2).

As mentioned in Chapter 4, the main factor for study the achieved crystals are nucleation rate
(B°), Coefficient of variation (CV), crystal size diameter (dm) and crystals growth rate (G). A
massive nucleation of small crystals has been obtained with PVDF-BT(0.5%) with a value of B® =
1060979 and dm =9.56um. Slightly less numerous but larger and differently sized crystals have
been obtained with PVDF (where B°=490593, dm=20.6pum and CV=77.1%). Less numerous and
small (B°=337756 and dm =13.38um) but more uniform (CV=47%) crystals have been obtained
with PVDF-BT (7%) an relatively few but larger and more uniform crystals have been obtained with

PVDF-G(0.5%) (where B°=280475, dm =18.92um and CV=36.7%).

a) Sample 1: PVDF b)Sample 1: PVDF-G(0.5%)

c)Sample 1: PVDF-BT(0.5%) d)Samplel: PVDF-BT(7%)

Figure 7.2 Pictures collected on the first sample of NaCl crystals obtained with the different
analysed membranes: (a) PVDF, (b) PVDF-G(0.5%), (c) PVDF-BT(0.5%) and (d) PVDF-BT(7%,).
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Figure 7.3 clearly shows the growth in size, from the first sample to the last one collected
during crystallization, of NaCl. In this case, pictures collected with the PVDF-BT (0.5%)

membrane are reported.

(@) (b) (©)
Figure 7.3. Pictures collected on the first sample of NaCl crystals obtained with the different
analysed membranes: with PVDF-BT (0.5%) membrane (magnification20X): after (a) 140, (b) 170
and (c) 200 min.

Figure 7.4 yields a clear indication about crystals size distribution and shape uniformity based on
the number of crystals in function of their length/width ratio obtained with the different
membranes. The most part of crystals shows cubic block-like lattice in accordance with the

expected geometry of the NaCl crystals. This structure is predominant with PVDF-BT (0.5%).
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Figure 7.4 Number of crystals [%] in function on Length/width ratio for the functionalized PVDF-
based membranes.
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CV, G° and B® values estimated for each NaCl structure lattice obtained with the various

membranes are resumed in Table 7.2. As mentioned, the results indicate a more uniform

distribution of NaCl crystals with the PVDF-G (0.5%) membrane, which exhibits CV values ranging

from 36.7 to 44.2% (Table 7.2) within the 60 minutes of crystals growth observation, i.e., from

sample 1 to sample 3. PVDF-BT(0.5%) shows also good CV values, with decreasing CV from sample

1 - time with clearly visible crystals in the feed solution - to sample 3 - 60 minutes later. This trend

is due to the fact that the most part of crystals have been growing as proved by decreasing values

of B? and increasing values of middle diameter dm - from sample 1 to sample 3. The worst CV

values have been obtained with the PVDF-BT (7%) membrane due to the simultaneous presence

of low values of G° and high values of B? — successive nucleation. This indicates that the formation

of new crystals takes place in the solution rather than the growth of those previously formed,

causing a wider crystal size distribution at the third observation (CV=65.4%).

Table 7.2: NaCl crystal parameters obtained with PVDF-based membranes.

cv B’ G dm cv B’ G dm
[%] - [mm:min?]  [Em] [%] - [mm:min?]  [Em]
PVDF PVDF-G (0.5%)
Samplel 77.1 490593 0.0000298 20.6 36.7 280475 0.0000385 18.92
Sample2 484 257598 0.0000524 42.5 43.8 199025 0.0000456 23.25
Sample3 53.8 149088 0.0000795 65.1 44.2 374721 0.0000251 17.27
PVDF-BT (0.5%) PVDF-BT (7%)
Samplel 54.2 1060979 0.0000317 9.56 46.0 337756 0.0000239 13.38
Sample2 44.4 1633024 0.0000315 12.08 29.5 343006 0.0000245 13.93
Sample3 43.1 811706 0.0000388 16.82 65.4 392031 0.0000212 16.70
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For what concerns NaCl size (Fig.7.5A), crystals of comparable dimension have been obtained
(after one hour of growth) with the three membranes filled with 2D materials. PVDF-G (0.5%),
PVDF-BT (0.5%) and PVDF-BT (7%) have showed crystal size of 16.27 um, 16.82um and 16.70 um,
respectively. Larger NaCl crystals (65.1 um) have been instead measured in the case of pristine
PVDF membrane due to the highest crystal growth (G° 7.95 *10° mm min™), as shown in figure

7.5B. Also, a wider distribution with high CV values has been with this membrane-type.
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Figure 7.5 A) Crystal size comparison in sample 1 and sample 3 and B)Crystal Growth rate for all
the prepared membranes.

To summarise, the presence of fillers in PVDF-based membranes reduces averagely the time for
detection of the first clearly visible crystals in comparison with pristine PVDF membrane, from 285
minutes to 140 minutes in the case of PVDF-BT (0.5%), with a nucleation reaching the peak of

crystals number as depicted in Figure 7.6.
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Figure 7.6 Time for detection of the first crystals and nucleation rate for the pristine PVDF
membrane and PVDF functionalized membranes.

These experimental results are in full agreement with the findings reported by Perrotta et al. [2,3].
The authors suggest that well-established interactions are established at the graphene—solution
interface, thereby stimulating water sequestration from ion—water clusters and promote ion—ion
aggregation. Moreover, it has been proven that PVDF composite membranes with Bi,Se; promote
the capture of water molecules by adsorption favouring a faster achievement of the saturation
conditions [4]. It has been proposed that the rapid water removal produces a shrinking of the ionic
core preceding the crystallization, in analogy to theoretical predictions crystallization from
aqueous solutions [5]. In this study, the sudden formation of crystals observed with PVDF-BT
(0.5%) reduced the experimental test, shortening the detection of crystals to 140 min of
experiment against 285 min needed for pristine PVDF while for PVDF-BT(7%) and PVDF-G(0.5%)
were necessary 270 and 260 min, respectively. A significant increase in BT concentration increases
the mass transfer through the membrane but it does not affect the nucleation time. Similar trend
has been observed in a previous work of Perrotta et al. [6] where the increase of Graphene
concentration in the PVDF membranes allows achieving the lowest nucleation rate value despite

the higher flux estimated than the membrane with lower graphene concentration [6].

Compared to conventional crystallizers, the membrane crystallization process offers the possibility
of working continuously with solutions with a high concentration of salts and the possibility of low
operating temperatures. Furthermore, MCr offers better fluid distribution, heterogeneous
nucleation and a high surface / volume ratio. Another very important advantage for the
crystallization processes is the possibility of dissociating the nucleation from the growth as well as

having an easy control of the removal of the solvent which therefore means having controlled
181



supersaturation. However, although membrane crystallization offers numerous advantages, this
type of technology also has some drawbacks. The main disadvantage is related to the membrane
itself, which adds a resistance to the mass transfer and thus reduces the flow of water through the
membrane, i.e. lowers the evaporation rate. Another important drawback is the scaling
phenomena on the top of the membrane which can lead to a reduction of the flow or even to the
complete block of the membrane. To evaluate the advancement of 2D materials membranes-
assisted NaCl crystallization beyond to the state of the art, a comparison in terms of CV and flux
including the results achieved in this work and others crystallization experiments obtained with
PVDF membranes and discussed in literature has been proposed (Table 7.3). All of the fluxs are
comparable each other except for DL-PVDF-PAN that shows the highest trans-membrane flux (8
L/m?h) and AD40H_022 that exhibits the lowest trans-membrane flux (1.5 L/m?h). However, it is
relevant to observe that the feed concentration in the case of DL-PVDF-PAN is lower than the
other tests so causing a higher driving force and justify the higher mass transfer [7]. Considering
the CV values, the membranes studied in this work (PVDF-G (0.5%) and PVDF-BT (7%)) show a
coefficient of variation in general lower than the other membranes. The only exception is 26.7% as
achieved for the membrane with graphene powder PVDF GP 5, prepared with the same procedure

described in this article but with 10 times higher graphene concentration.

Table 7.3: Membrane Assisted Crystallization performances in literature.

Membrane Feed flow Temperatur Lower CV Flux
Feed Ref.
code rate [L/h] e feed [°C] [%] [L/m?h]
53M
AD40H_010 15 34 35 1.78 [8]
NacCl
53M
AD40H_045 15 34 38.7 2.54 (8]
NacCl
53M
AD40OH_022 15 34 34.4 1.5 [8]
NacCl
DL-PVDF- 27wt%
0.06 60 n.a 8 [9]
PAN NaCl
PVDF 5M Nacl 6 21.96 40 4 [4]
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PVDF/Bi,Se; 5M NaCl

PVDF-GP
5M NaCl
0.5

PVDF-GP5 5M NaCl

PVDF-GP10 5M NaCl

PVDF-G
5M NaCl
(0.5%)
PVDF-BT
5M NaCl
(0.5%)
PVDF-
5M NaCl
BT(7%)

0.17m/s

0.17m/s

0.17m/s

15

15

15

21.96

36.5

36.5

36.5

42

42

42

36

32.2

26.7

35.8

27.5

43

29.5

3.9

3.8

5.5

2.7

2.7

3.9

(4]

(6]

(6]

(6]

This
work
This
work
This

work

7.2 Summary

Subsequently the results obtained in MD, the membranes functionalized with 2D nanofillers have

been evaluated in MCr for the crystallization of sodium chloride starting from 5M NaCl aqueous

solutions. The suitability of operation has been evaluated in terms of enhancing productivity and

quality of obtained crystals. Under the same operating conditions, PVDF-BT(7%) membrane

exhibited flux higher than the other 2D composite membranes, (3.9 Lm'zh'l) while PVDF-BT(0.5%)

and PVDF-G(0.5%) showed an average flux of 2.7 Lm?h™and 1.6 Lm?h™, respectively. The

confinement of graphene and bismuth telluride in polymeric hydrophobic matrices has produced a

more uniform NaCl crystals dispersion (especially in the case of PVDF-G (0.5%) membrane) and

reduced the time for detection of the first clearly visible crystals (from 285 min in the case of

pristine PVDF membrane to 140 min in the case of PVDF-BT (0.5%)). Moreover, the high rejection

together with a good trans-membrane flux confirmed the interesting performance of the process,

without any wetting phenomena, at least during the crystallization tests.
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Chapter 8

PVDF membranes filled with a MOF compound: an explorative study about its

potential use in MD and MCr operations

Organic metal structures (MOFs) are a class of nanoporous materials composed of central metal
clusters or ions and organic ligands, which possess a large specific surface area, high porosity, low
thermal conductivity and ordered nanopores [1-3]. In recent years, MOFs have attracted
significant interest by acting as unique nanofillers for mixed matrix membranes in the field of
liquid separation. However, in the field of MD, there have been only a few studies on the use of
MOFs as novel additives to improve membrane MD performance [4-7].

In the framework of collaborative activities with the Nanjing Tech University (China), [MIL-1408]
has been synthetized and used to functionalize PVDF membrane according to dry-wet phase
inversion. This Zr-based MOF present high hydrophobic properties and, hence, is suitable for
functionalizing membranes dedicated to MD applications.

The MOF-functionalized membranes have been characterized and compared with PVDF-based
membranes in terms of porosity, hydrophobicity, pore size, thickness and surface analysis.
Moreover, the prepared membranes functionalized with MOF have been tested in MD and MCr
processes under working conditions used for other membranes filled with few layers 2D materials.
Preliminary results have been achieved and analysed in term of trans-membrane flux and salt
rejection for MD while crystals analysis have been done for MCr tests.

The performance of the functional membranes has been also compared to those of the other 2D

materials-based membranes developed within this research work.

8.1 Preparation of MOF-enabled Membranes
PVDF membranes functionalized with MOF ([MIL-140B]) have been prepared by dry-wet

procedure described in Chapter 5. On contrary with the previous membranes, the MOF has been
synthetized and kindly provided from Nanjing Tech University (China). The MOF has been
dispersed in N-Methyl-2-pyrrolidone at a concentration of 0.6g/L. To better disperse MOF in NMP,
the solution has been stirred for 1h. After this, the preparation has continued with the addiction of
12 wt.% of PVDF powder under mechanical stirring. Then, the solution has been casted on a glassy

support by a casting knife regulated on 250 um and immersed in a coagulation bath (IPA) to
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promote solid-liquid demixing. The final MOF concentration in the membranes has been 0.5% with
respect to the polymer (Table 8.1). As for the other membrane filled with 2D materials, the
prepared membranes have been washed in milli-Q water, air-dried at room temperature overnight

and dried at 30°C for 1 h.

8.2 Characterization of membrane filled with MOF
The main structural proprieties of PVDF membranes functionalized with ([MIL-140B] are reported

in table 8.1. Table 8.1 reports the characteristics of pristine PVDF membrane as well in order to
compare the effects of the nanofiller on morphological properties of the membranes. The PVDF-
MOF0.5 membrane shows porosity comparable with the ones achieved with pristine PVDF (641
vs 6315 %, respectively), while it results slightly thicker with a thickness of 63+3 um against 57+2

pum measured for the pristine PVDF membrane.

Table 8.1: Main characteristics of PVDF membranes filled with MOF MIL-1408B).

Filler . Bubble . .
. . Pore size . Contact Porosity Thickness
Membrane Dispersed in (um) point Angle (°) (%) (um)
NMP H (um) g ° K
0.73
PVDF No Filler 0.48+0.09 13943 6315 57+2
+0.05
PV(gFE;E/A)OF MIL-1408B 0.18+0.05 0.41+0.02 12615 64+1 6313
. (o]

The membrane containing 0.5% of MOF exhibits a mean pore size of 0.18+0.05um with a bubble
point of 0.41+002 um, resulting smaller than that estimated for pristine PVDF (0.48 um). The pore
size distribution results however with a narrower than pristine PVDF, even if a cluster of bigger

pores are present in the same range of the pristine membrane (Figure 8.1).
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Figure 8.1 Pore size distribution of pristine PVDF and PVDF-MOF(0.5%).

The presence of MOF has been confirmed by BSE analysis showing MOF particles entrapped in
PVDF network (Figure 8.2). Moreover, from SEM images is possible to observe the structure of

PVDF membrane, the same achieved with the membrane functionalized with 2Dmaterials.
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Figure 8.2 SEM and BSE images collected on the top surface of the PVDF with MOF flakes at 0.5%
at two different magnitudes (enlargements at 5.000 and 15.000X).

An analysis of MOF entrapped in PVDF gives information about the presence of zirconium, which is

distinctive element of the nanonfiller (Fig. 8.3, table 8.2).
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Figure 8.3 EDX Analysis of the MOF composition.

Table 8.2: SEM Analysis of the MOF composition: Percentage Mass and Atom present in MOF.

Element Mass (%) Atom (%) K(%)
Zr 100.000 100.000 8.894
Total 100.000 100.000 8.894

The surface proprieties have been analysed with pure water, resulting in contact angle values of
125.8+5° (Fig. 8.4). Despite the waterproofness is lower than that estimated for pristine PVDF
(13943 °), the membrane continues to exhibit a suitable hydrophobic character.

The wetting resistance has been also evaluated with 0.6 M NaCl. A plateau has been reached with

stable contact angle values of 117+1° with longer time (fig. 8.4).
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Figure 8.4 Contact angles trend during the time with 0.6M NaCl droplet.

8.3 MOF-enabled Membranes for Water Desalination via Membrane Distillation
The effects of MOF materials on the water vapor transfer through the membranes have been

investigated in MD direct contact configuration using synthetic seawater (NaCl 35 g/L). Figure 8.5
shows the average fluxes measured at two different feed temperatures (50 and 70°C) under a flow
rate of 100 mL/min on the feed side. It can be observed how the PVDF-MOF membrane presents a
salt rejection of about 99.99%. In comparison with the pristine PVDF membrane, the PVDF-
MOF(0.5%) shows a lower flux with same operating condition (1.8 Lm?h™ and 8 Lm?h™ for PVDF-
MOF and pristine PVDF membrane, respectively). Considering that porosity and thickness values
are more or less comparable, (€ = 64 and 63%; 6= 63 and 57 um, respectively) this result could be
justified by the lowest pore size of the PVDF-MOF membrane, which implies less free pathways for

the water vapor.
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Figure 8.5 Average Flux at two feed temperature for pristine PVDF and PVDF-MOF(0.5%),
FR=100mL/min, Conc: 35 g/L.

In table 8.3 are reported the mass transfer coefficient B calculated for pristine PVDF and PVDF-
MOF(0.5%) membranes with the related different of partial pressure (AP) for MD tests. As
expected, the low trans-membrane flux with PVDF-MOF(0.5%) corresponds to a low value of
transport coefficient B, yielding indication about a higher resistance to mass transfer through the

functionalized membrane.

Table 8.3 MD mass transport coefficient estimated for PVDF-MOF(0.5%) and pristine PVDF
membranes at different difference of partial pressure (AP).

PVDF-MOF (0.5%) PVDF

AP B 10" AP B 10™

(Pa) (Lm?h?'Pa™) (Pa) (Lm?h?'Pa?)
6726.2 0.22 6111.7 6.7

17168.4 1.0 10455.5 7.8

The use of MOF materials in MD is however still little explored in the literature [1,6,8-9]. Table 8.4
reports a comparative analysis, even if it has to be stressed the use of different operating
conditions, which can affect the final result. Considered that the flow rate used with PVDF-MOF in
this work is the lowest, it is interesting that the productivity-selectivity trade-off could be

competitive with that reported for MOF/PVDF (PV-5) [6] and 1% AlIFu MOF/PVDF [9].
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Table 8.4: Membranes functionalized with MOF tested in MD with related operating conditions.

Membrane Tfeed Flow rate Flux Rejection [%] Reference
[°cj [mLmin™] [Lm?h]

PVDF-HFP/AIFu-2 50 500 22.7 99.9 [1]

PVDF-HFP/AIFu-0.1 50 500 17.0 99.9 [1]

PVDF 48 1500 1.83 99.98 [6]

MOF/PVDF (PV-5) 48 1500 3.26 99.98 (6]

Pristine PTFE 50 500 43.5 99.9 (8]

PTFE-PS/AIFu MOF 50 500 45.1 99.9 (8]

1% AlFu MOF/PVDF 50 450 8.04 99.9 [9]

1% AlFu MOF/PVDF 70 450 15.64 99.9 [9]

PVDF-MOF(0.5%) 58.9 100 1.8 99.99 In this work

8.3.1 Summary

The inclusion of MOF in PVDF-based membrane has been prepared via non-solvent phase
inversion technique. The prepared membrane has been characterized to study the morphological
proprieties and then, evaluated in Membrane Distillation process. A comparison with pristine
PVDF membrane has been done to study the effect of MOF in membrane-matrix. The inclusion of
MOF tends to reduce the pore size and porosity of the membrane respect the pristine PVDF. This
aspect induced the reduction of flux in MD compared to pristine PVDF. However, a salt rejection of

99.99% has been achieved.

8.4 MOF-enabled Membranes for Crystallization test
PVDF-MOF membranes have been also tested in Membrane Crystallization devices. The MCr tests

have been performed with a supersatured NaCl solution (5M) in direct contact configuration.
Despite the highest feed temperature used for the MCr test with PVDF-MOF(0.5%) respect the
ones used with pristine PVDF (Tfeed=44.6°C and 36.5°C, respectively), PVDF-MOF(0.5%) exhibits a
lower trans-membrane flux (1.3 Lm?h™) (fig. 8.6). Again, this is due to the lowest mean pore size
of the PVDF-MOF membrane, which is responsible for additional resistance to mass transfer. The
percentage of rejection was of 99.995%. Pristine PVDF membrane exhibits a trans-membrane flux

of 5.7 L'm?h* (as shown in fig. 7.1).
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Figure 8.6 Trend of the flux as a function of time for PVDF-based membranes functionalized with

Graphene and MOF at 0.5 %.

The continuous removal of pure water as permeate from the feed solution with PVDF-MOF

induced the saturation of the sodium chloride with formation of the first crystals after 680

minutes, while for pristine PVDF membrane 285 minutes have been necessary to detect the first

visible crystals (Fig.8.7). These results are in agreement with the fluxes estimated for the two

membranes.

Summarizing, PVDF-MOF provides a lower number of crystals due to a lower nucleation rate with

B° from 115170 to 148879 for PVDF-MOF(0.5%) (from 149088 to 490593 for pristine PVDF,

respectively) with a smaller size from 18.36 pm to 22.06 um for PVDF-MOF(0.5%) (from 42.5 to

65.1 um for pristine PVDF respectively) and a G from 0,0000107 to 0,0000142 mm-min™* for PVDF-

MOF(0.5%) and from 0.0000298 to 0.0000795mm-min™* for pristine PVDF, respectively.
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Figure 8.7 Time for detection of the first crystals (histograms) and nucleation rate (black line) for

the PVDF-MOF and pristine PVDF membrane.
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Figure 8.8 shows the comparison from sample 1 to sample 3 of NaCl crystals obtained with PVDF-
MOF(0.5%) and pristine PVDF. The time elapsed between sample 1 to sample 3 was 60 minutes.

In agreement with the results reported in Table 8.4, it is possible to observe a lower number of
crystals for PVDF-MOF(0.5%), but much more uniform in size and shape. In figure 8.8, the
magnitude for each membrane was dissimilar due the different crystal size (Magnitude 20X for

PVDF-MOF(0.5%) and Magnitude 10X for pristine PVDF).

PVDF-
MOF(0.5
%) MAG
20X

Pristine
PVDF
MAG10X

rystallization test with PVDF-MOF membrane at three

Figure 8.8 Pictures collected during the
different times.

Also, the NaCl crystals achieved with the functional membrane exhibit a predominant cubic

shape according to the expected lattice structure of NaCl.

Table 8.5: NaCl crystal parameters obtained with PVDF-MOF and pristine PVDF membranes.

B® G* dm cv B° G* dm cv
[mm'min~  [um] [mm-min™] [um]
1
]
PVDF-MOF PVDF
Sample 146363,4 0,0000130 19.72 40.91 490593 0.0000298 20.6 77.1
1
Sample 148879,7 0,0000107 18.36 29.61 257598 0.0000524 42.5 48.4
2
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Sample 115170,5 0,0000142 22.06 46.67 149088 0.0000795 65.1 53.8
3

A good uniformity in distribution with CV values ranging from 29.61 to 46.67% is obtained
with functionalized membranes (Table 8.5). From sample 1 to sample 2 has been observed a slight
decrease of growth rate G with a slightly increase of nucleation rate B, as an effect of secondary
nucleation. The result is a general decrease in crystals size. On contrary from sample 2 to sample 3
the crystals size increase due to higher growth rate (G°) (table 8.5). Nucleation and growth rate

are more marked for pristine PVDF, leading to a more inhomogeneous crystal distribution.

8.4.1 Summary
The PVDF-based membrane with MOF has been tested in MCr with a solution of 5M NaCl as feed

in direct contact configuration. In terms of trans-membrane flux, PVDF-MOF(0.5%) has shown the
same trend of MD test. The flux achieved with MOF-enabled membrane was lower than the ones
achieved with pristine PVDF membrane. This result in a slower nucleation of NaCl crystals with the
first crystals observed after 680 minutes, while with pristine PVDF the appearance of the first
detectable crystals is after 285 minutes. On contrary the quality of obtained crystals with PVDF-
MOF(0.5%) appears to be better than that estimated for pristine PVDF membranes. A coefficient
of variation is lower with PVDF-MOF(0.5%), so that a more uniformity of crystals in size and shape

can be obtained.

8.5 Explorative tests with mixtures of salts
For each category of membranes filled with 2D materials, MD test with mixtures of mono and

bivalent salts have been also implemented. All properties of the membranes are resumed in table
8.6 for convenience. The mean pore size is comparable for all membranes, whereas higher
porosity is estimated for PVDF-MOFO0.5 and a lower thickness for PVDF-BS0.7 membrane.

A direct contact configuration has been used choosing NaCl 0.6M stream and related mixtures of
MgCl,, and Na,SO,4 as model solutions. For this test Bismuth Selenide (Bi,Ses (BS)) has been used in
place of Bi;Tes at a concentration of 0.7%.

The membranes have been evaluated at two different flow rates (100 and 200 mL/min) with a
feed and permeate temperatures of about 50°C and 10°C, respectively.

Table 8.6 Membranes tested in MD with salt mixture as feed with related morphological
characteristics.
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Name of

Membrane FllleirnDr\llsl\;;tla)rsed Po(t:n:;ze Porosity (%) Thickness (um)
PVDF-G (0.5%) Graphene 0.24+0.05 56+7 62 +3
PVDF-MOF (0.5%) MOF 0.18+0.05 64+1 63+3
PVDF-BS (0.7%) Bi,Ses 0.17+0.3 5443 50+2

In table 8.7 are reported the composition of salt mixture solution used for MD tests. The
composition proposed has been choose from the Mediterranean Seawater composition reported

in Chapter 1. The concentration total of mixture was 35 g/L

Table 8.7: Salt mixture composition used for MD tests.

Salt Mixture
Salt Weight (g/Kg)
NacCl 29,535
MgCl,*6H,0 8,129
Na,SO, 1,658
H,0 960,678

Before the test with salt mixture all the membranes have been tested with 0.6M NaCl as shown in
figure 8.9. PVDF-G(0.5%) shows the higher flux of 6.0 Lm™h™ respect the PVDF-BS(0.7%) and PVDF-
MOF(0.5%) with 2.0 and 0.4 Lm~h™, respectively. All the three membranes showed a rejection of
salt over 99.992%, but the highest flux is estimated for PVDF-G0.5 membrane. Considering that
this membrane has porosity slightly lower than that of PVDF-MOGO0.5 but comparable with the
one of PVDF-BS0.7, it is plausible that graphene flakes can be involved in diffusion process. Indeed,
MOF has additional intrinsic porosity, but it is not enough to provide free pathway to penetrant
diffusion. Also, PVDF-BS0.7 exhibits a lower thickness and therefore minor resistance to the mass
transfer; its flux is higher than that estimated for PVDF-MOFO0.5 but continues to be lower than
that measured through PVDF-GO.5.
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Figure 8.9 Trans-membrane fluxs for PVDF-based membranes; Feed temperature 50°C,
FR=100ml/min.

A similar trend has been achieved when a salt mixture has been used as feed. PVDF-G(0.5%) shows
the highest flux of 6.9 Lm™2h™, while increasing the flow rate to 200mL/min the flux reaches a
value of 9.3 Lm~h™. However PVDF-G(0.5%) shows the lowest percentage of rejection of 99.94%.
The flux for PVDF-BS(0.7%) and PVDF-MOF(0.5%) increase with the flow rate from 1.9 to 4.4 Lm2h”

Yand from 0.2 to 0.6 Lm2h™ . Both the membranes show rejection values over 99.99%.

m PVDF-BS(0.7%) ®m PVDF-MOF(0.5%) M PVDF-G(0.5%)
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Figure 8.10 Tests with salt mixture at two different flow rates.
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8.5.1 Summary
MD test with mixtures of mono and bivalent salts have been performed with PVDF-G(0.5%), PVDF-

MOF(0.5%) and PVDF-BS(0.7%). The tests have been performed at two different flow rates with

the same feed and permeate temperature for all membranes. By increasing the flow rate, an

increase in the trans-membrane flux has been obtained with all the membranes. PVDF-G(0.5%)

showed the highest trans-membrane flux, suggesting a combination of the membrane

morphological features with graphene-assisted transport.
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Conclusions

The main goal of this thesis has been to prepare hydrophobic porous membranes for enhancing
perfomance in Membrane Distillation and Membrane-Assisted Crystallization processes. To raise
the performance and efficiency of the membranes, 2D materials exfoliated via Wet Jet Milling
procedure have been chosen. The polymeric membranes have been prepared via non-solvent
phase inversion including 2D materials, graphene and bismuth compounds, at two different
concentrations in polymer networks. Moreover, a Zr-based MOF has been utilized a third
comparative nanofiller. Targets and benefits obtained by applying polymerisable bicontinuous
microemulsion (PBM) membranes to an membrane bio-reactor (MBR) technology are summarised

here below:

* PVDF-based membranes including 2D materials (Graphene, Bismuth Telluride, Zr-MOF)
have been mainly prepared by combined WJM_NIPS procedures.

* The inclusion of 2D materials has been evaluated with XRD, XPS SEM and BSE analyses.

* 2D materials exfoliated via WJM have been also analysed before being entered in
membranes by TEM, AFM and Raman spectroscopy.

* Membrane morphology has been analysed with SEM, AFM and porometer

* Wetting resistance has been assessed with pure water and sodium chloride solution at
different concentrations.

* Effects of 2D materials on mechanical properties have been investigated and compared
with those measured for pristine PVDF

* Membrane distillation process in direct contact configuration has been implemented by
using NaCl alone or in mixture with bivalent salt (35gL™) solution under different operating
conditions. Effects on water flux amplification and therma efficiency have been
investigated and discussed

* MCr operations have been carried out by using supersaturation NaCl solution (5 M) and 2D
materials effect on crystal nucleation, growth rate have been investigated by evaluation
the impact on crystal quality.

* Comparative analyses as well as durability and reproducibility of the performance have

accompanied all investigations through the overall research.
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Based on the results of the research, we can conclude that 2D materials can accelerate the flux
through the membranes, reducing under particular circumstance thermal energy consumption. It
is possible to amplify the productivity by working under condition softer than those traditionally

reported in literature. Also, better-quality minerals may be achieved through controlled kinetics,
thereby obtaining a major control of number, size and shape of the crystals.
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Nomenclature

a
Exponent of pore size
A
Effective area of the membrane (m°)
AGMD
Air gap membrane distillation
AFM
Atomic Force Microscopy
B
Membrane distillation transport coefficient
BO
Nucleation rate
BM
Ball-milling
BS
Bismuth selenide
BT
Bismuth Telluride
CPC
Concentration polarization coefficient
cv
Coefficient of Variation (%)
DCMD
Direct contact membrane distillation
Dy,
Hydraulic diameter (m)
D;;j
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Diffusivity

DKA

Knudsen diffusion coefficient
DWA

Molecular diffusion coefficient
ECTFE

Ethylene Chlorotrifluoroethylene
ED

Electrodialysis
EDX

Energy Dispersive X-ray Analysis
EE

Electrochemical exfoliation
EIPS

Evaporation of the solvent
FD

Freeze desalination
FO

Forward Osmosis
FR

Flow rate
G

Graphene
G c

Crystal Growth rate
GO

Graphene Oxide
GS

Membrane gas separation
EU

European Union
hy

Feed side heat transfer coefficient (W/m? K)
hm

Heat transfer coefficients of the vapor within the membrane
Hy

Enthalpy of vapor
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IC

Desalination by ion exchange

J

Flux (kg/m* h)
K

Thermal conductivity (W/m K)
Kb

Boltzmann’s constant
L

Length (m)
LEP

Liquid entry pressure
LGMD

Liquid Gap Membrane Distillation
M;

Molecular weight
MBR

Membrane bio-reactor
MCr

Membrane Crystallization
MD

Membrane Distillation
ME

Mechanical exfoliation
MED
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Multi-effect distillation
MGMD

Material gap membrane distillation

MF

Microfiltration
MOF

Metal organic framework
MSF

Multi-stage flash distillation
mMvc

Mechanical vapour compression
My

Molecular weight (kg/mol)
n*

Critical size of crystals
N

rate of mass transfer
NF

Nanofiltration
NIPS

Non-solvent-induced phase inversion
P

Pressure (Pa)
PAN

Polyacrylonitrile
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PBM

Polymerisable bicontinuous microemulsion

PD
Permeation desalination
PE
Polyethylene
PES
Polyethersulfone
PGMD
Permeate Gap Membrane Distillation
PVDF
Polyvinylidene fluoride
PP
Polypropylene
PTFE
Polytetrafluoroethylene
PSuMm
Phase separation micro-molding
Q
Heat flux (J/s)
R
Universal gas constant (8.3143 J/K mol)
r
Pore size of membrane
Rc
Resistance due to concentration
Re
Reynolds number
Ry

Resistance due to fouling
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R b

rGo

Rm

RO

SD

SE

SEM

SGMD

Tcv

TEM

Tim

Feed side boundary layer resistance

Reduced graphene oxide

Resistance due to membrane

Reverse osmosis

Permeate side boundary layer resistance

Supersaturation

Solar distillation

Shear-exfoliation

Scanning electron microscopy

Sweep gas membrane distillation

Time

Thermal Vapor Compression

Transmission electron microscopy

Feed side bulk temperature (°C)
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Feed side membrane surface temperature (°C)

TIPS

Thermally Induced Phase Separation
Tp

Permeate side bulk temperature (°C)
TPC

Temperature polarization coefficient
Tpm

Permeate/distillate side membrane surface temperature (°C)
TSGMD

Thermostatic sweeping gas membrane distillation
uv

Ultrdfiltration
uw

Ultrawave exfoliation
Q

Heat transfer rate
4

Permeate volume (L)
VC

Vapor compression distillation
VIPS

Vapor Induced Phase Separation
VMD

Vacuum membrane distillation
WHO

World Health Organization
WIM

Wet Jet Milling
XPS

X-ray photoelectron spectroscopy
XRD

X-ray Diffraction
Greek letter
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Yln

log mean average pressure (Pa)

X
Mole fraction of NaCl
€
Porosity
o
Interfacial energy
T
Tortuosity
1)
Membrane thickness (m)
Vi
Liquid surface tension
Vo
Molecular volume
U

The liquid/solid contact angle.
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