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ITALIAN ABSTRACT

L'accesso alle risorse di acqua pulita al giorno d’oggi, continua ad essere uno dei pit urgenti bisogni
a livello globale, in cui esigenze economiche ed ecologiche richiedono tecnologie sempre piu
efficienti. L'acqua di mare potrebbe essere una preziosa fonte naturale per il recupero di acqua dolce
e di minerali, da riutilizzare nelle catene produttive industriali e agricole e nelle attivita comunali. In
quest’ottica, le separazioni basate sulla tecnologia a membrana per ottenere dissalazione stanno
giocando un ruolo sempre pit importante, al fine di fornire adeguate risorse idriche di qualita, per un
ampio spettro di applicazioni designate. Oggi, nella strategia di utilizzo di processi integrati a
membrana per la dissalazione dell'acqua, uno degli obiettivi pit importanti € lo sviluppo di membrane
altamente performanti e selettive e, la ricerca si sta sempre piu focalizzando su tecniche che
potrebbero essere sia rispettose dell'ambiente che altamente efficienti.

Il progetto di ricerca realizzato durante i tre anni del corso di dottorato, ha visto la combinazione di
diversi materiali e tecniche, al fine di impiegare le membrane progettate in processi differenti ma
entrambi connessi fortemente con i diversi step della dissalazione.

Il lavoro, possiamo riassumere, ha perseguito i seguenti principali obiettivi:

e Progettazione e sviluppo di membrane innovative attraverso la combinazione di differenti
materiali al fine di ottimizzare le caratteristiche chimiche e morfologiche delle membrane per
le applicazioni desiderate. Nello specifico sono state percorse due strade, al fine di
raggiungere due diversi target: I’ottenimento di pori ordinati e regolari con un elevato carattere
idrofobo per membrane con strutture a nido d'ape da utilizzare nella distillazione a membrana
(MD) e, l'esplorazione delle capacita di nanomateriali 2D quando miscelati in matrici
polimeriche di fluoruro di poli-vinilidene (PVDF), al fine di creare particolari interazioni per
meccanismi assistiti nella cristallizzazione a membrana (MCi).

e Applicazione delle membrane progettate e preparate per la dissalazione, nei due processi
distinti: MD ed MCr, utilizzando soluzioni saline di cloruro di sodio (NaCl) a diversa
concentrazione.

e Comprensione degli effetti ottenuti attraverso la combinazione dei materiali utilizzati, a livello
molecolare, con I’utilizzo di un approccio integrato computazionale-sperimentale.

L'idea di base del lavoro e stata quella di progettare una differente gamma di membrane
nanostrutturate, caratterizzate da una morfologia controllata e con specifica funzionalita chimica.
Sono stati utilizzati diversi metodi per sviluppare le membrane, con lo scopo di ottenere proprieta
superficiali ed intrinseche tali da determinare prestazioni migliori nei contattori a membrana, in

particolare nelle tecnologie MD e MCr, citate in precedenza.



Descrivendo brevemente le due tecniche, per quanto riguarda la distillazione a membrana, qui usata
con configurazione a contatto diretto, é caratterizzata dalla presenza di correnti acquose mantenute a
differenti temperature che sono separate da una membrana porosa idrofobica. In questo caso la
temperatura di una delle due correnti (quella della corrente da trattare) ¢ maggiore rispetto all’altra
(che rappresenta il distillato) in modo da creare una differenza di temperatura ai due lati della
membrana e quindi, una differenza nella tensione di vapore. Le molecole di vapore che si formano,
attraversano i pori della membrana dal lato in cui la tensione di vapore ¢ piu alta, condensando dal

lato in cui essa e piu bassa.

La cristallizzazione a membrana, puo essere considerata come un’estensione della distillazione a
membrana, e, viene usata anche in questo caso una membrana idrofobica microporosa per creare e
sostenere un ambiente supersaturo e controllato in cui i cristalli possono nucleare e crescere. |
vantaggi che possono verificarsi se si utilizza MCr, rispetto ai processi tradizionali, sono: elevato
livello di purezza; controllo nella formazione dei diversi polimorfi; maggiore omogeneita nella
dimensione e forma dei cristalli ottenuti e tempi di nucleazione pid rapidi.
MD ed MCr sono due processi distinti che pero possono operare in un ciclo unico, in cui & necessario

trattare corsi d'acqua con composizione diversa e diverso grado di salinita.

Nell’ottica del lavoro svolto, I'attenzione si & concentrata sullo sviluppo di due tipi di membrane
polimeriche a partire da diversi concetti e metodologie. Nel primo caso e stato utilizzato il metodo
del “Breath Figures” per preparare membrane a nido d'ape multistrato con una struttura ben ordinata,
al fine di migliorare la produttivita e I'efficienza termica senza indurre resistenza al trasporto di massa,
per I'applicazione nella distillazione a membrana. Nel secondo caso, la “Dry/Wet Phase Inversion”
e stata preferita al fine di confinare i cristalli di materiali 2D nelle reti polimeriche del PVDF, con
I'intento di promuovere meccanismi di chemiassorbimento tali, da determinare una riduzione dei
tempi di supersaturazione e quindi nucleazione, con allo stesso tempo un maggior controllo nei
parametri cinetici dei cristalli ottenuti. Tale lavoro sperimentale ha visto la validazione dei risultati
ottenuti attraverso I’utilizzo della dinamica molecolare, e quindi di un lavoro computazionale volto
alla comprensione molecolare dei diversi meccanismi coinvolti.

I due differenti target, oggetto di studio in questa tesi di dottorato, sono stati proposti al fine di
dimostrare come la manipolazione delle membrane utilizzando materiali e tecniche di entita diversa,
consenta di migliorare la produttivita e I'efficienza per i due processi descritti (MD e MCr), rispetto
a quanto presente attualmente in letteratura. In entrambi i casi & stata comunque utilizzata la
configurazione a contatto diretto della tecnologia di distillazione a membrana (DCMD), come

descritto in precedenza.



Nella prima fase del lavoro sono state preparate, caratterizzate ed applicate in MD, membrane
“Honeycomb™, con cui il principale risultato raggiunto é stata I’ottenimento in contemporanea di
un’alta produttivita e di un’alta selettivita. L'esplorazione di diversi tipi di tensioattivi, ha permesso
di identificare nel sale viologeno dell’1,1’ -Ditetradecil-4,4'-dipiridinio [bis (trifluorometansolfonil)]
ammide (14bp14(Tf2N)2), appartenente alla classe dei cristalli liquidi ionici (ILC), I'elemento chiave
di base per migliorare I'equilibrio idrofilico/idrofobico, nella realizzazione di membrane con pori
perfettamente ordinati.

Infatti il suo utilizzo ha permesso di creare geometrie significativamente piu ordinate, migliorando
notevolmente il carattere idrofobo delle membrane realizzate. Successivamente é stato creato un
coating nanoporoso sulla superficie della membrana honeycomb, realizzata con il polietersulfone
(PES), utilizzando come materiale ’HYFLON AD, materiale perfluorurato e a bassa conducibilita
termica, che ha quindi costituito il nanofilm attivo delle membrane a nido d'ape multistrato,
permettendo I’ottenimento di prestazioni molto efficienti. Infatti sono stati raggiunti flussi elevati (>
50 L / m?h), ottima reiezione al sale NaCl (> 99%) ed alta efficienza termica (> 70%).

Nella seconda fase del lavoro invece e stato esplorato il potenziale del Grafene e di un altro materiale
2D, il seleniuro di bismuto, confinati come nanofillers nelle matrici di PVDF. Per quanto concerne la
realizzazione di tali membrane nanocomposite PVDF-grafene, sono state esplorate tre diverse
concentrazioni percentuali di grafene, rispetto al PVDF tal quale: 0,5%, 5 % e 10 % p/p. 1l principale
target raggiunto € stato la riduzione dei tempi di induzione nella formazione di cristalli di NaCl,
rispetto al PVDF tal quale. Con il grafene all'interno della matrice polimerica, i tempi di formazione
dei cristalli sono compresi in tempi che variano tra i 230 e i 260 minuti (per una concentrazione di
grafene che va dallo 0,5 al 10% p/p,) rispetto ai 286 minuti ottenuti con il PVDF tal quale. Inoltre
sono stati anche ottenuti parametri cinetici migliori, come quelli del coefficiente di variazione [CV %],
che indica il livello di omogeneita nella forma e nella dimensione dei cristalli. Infatti I'intervallo
ottenuto per il CV é stato dal 26,67% al 35,8% per le membrane di PVDF-Grafene rispetto al PVDF
tal quale, dove il CV registrato e stato dell’48,1%. Per il seleniuro di bismuto, miscelato nella matrice
di PVDF, é stata utilizzata solo la concentrazione del 5% p/p, ed e stato raggiunto un CV del 46,40%.
In termini di crescita dei cristalli, abbiamo ottenuto valori da 1 a 1,6 x 10* mm/min per le membrane
di PVDF-grafene e 2,75x10* mm/min per la membrana di PVDF-seleniuro di bismuto, rispetto al
PVDF tal quale dove il valore della velocita di crescita ottenuto & stato pari a 0,8x10* mm/min.
Inoltre, I’approccio integrato sperimentale-computazionale, ci ha dato la possibilita di esplorare a
livello microscopico ogni singolo fenomeno che si e verificato nel processo di MCr (nucleazione,
formazione e crescita di cristalli) in particolare comprendendo I'interazioni esistenti ione-ione e

quindi i fenomeni di aggregazione che si verificano nei meccanismi di formazione dei cristalli. Dal



punto di vista computazionale, sono state esplorate solo due concentrazioni di grafene rispetto il
PVDF tal quale: 5% e 10 % p/p, e i tempi di nucleazione sono risultati essere anche in questo caso
ridotti rispetto al semplice PVDF, raggiungendo valori compresi tra 0,45 e 0,70 ns rispettivamente
per PVDF-grafene al 5 % p/p e PVDF-grafene al 10%p/p. Invece con il PVDF tal quale é stato
ottenuto un tempo di induzione pari a 0,9 ns. Sia sperimentalmente che attraverso gli studi teorici, e
stata quindi validata la capacita del grafene di consentire la sovrasaturazione in meno tempo, e quindi
meccanismi di nucleazione ridotti.

Per concludere possiamo dire che il lavoro di tesi condotto nei tre anni di dottorato, ha esplorato una
vasta gamma di materiali (PES, HYFLON, PVDF, materiali 2D, ecc.) al fine di calibrare finemente
le caratteristiche chimico-fisiche e morfologiche delle membrane. nella prospettiva della
desalinizzazione, utilizzando approcci sia sperimentali che computazionali, e applicando anche
diverse metodologie di preparazione (Breath Figures e Dry/Wet Phase Inversion). Il leitmotiv del
lavoro ¢ stato quindi in linea con 1'obiettivo principale della ricerca proposta all’inizio dell’attivita di
dottorato: manipolare materiali innovativi al fine di rendere funzionali le membrane polimeriche

nanostrutturate per applicazioni nella desalinizzazione delle acque.
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Preface

In the thesis at first an introduction has been done, reporting framework, objectives,
strategies and achievements. Then, first two chapter aimed at analysing knowledge achieved
in the literature about:

i) Nanomaterials, their role in the field of membrane technology and nanostructured
membranes (Chapter 1).

i) Membrane Distillation (MD) and Membrane Crystallization (MCr) (Chapter 2).
These are the processes for which membranes were designed and developed in
the present research work.

In Chapter 2 Molecular Dynamics (MD) approach is also discussed and it has been
introduced to study MCr and better understanding mechanisms occurring at the membrane
surface during heterogeneous crystallization.

In the subsequent three chapters the research activities carried out in this work were
discussed. In particular, in Chapter 3, materials and methods were reported. In Chapter 4,
results about the preparation and characterization of honeycomb membranes and their
performances in MD process were discussed. In Chapter 5, experimental and computational
results related to the development and performance of 2D “nanomaterials”/PVDF based
membranes for MCr were argued. General conclusions highlighted the major results and

achievement of the work.



Framework, objectives, strategies and achievements

Access to clean water resource, continues to be the most urgent at global level where
economic and ecological needs have urged for more efficient technologies.
Seawater could be a precious natural source for the recovery of fresh water (Figure 1) and

minerals to reuse in industrial and agricultural productive chains and in municipal activities.

Natural Sources
Water shortage

Green Membrane Technology

Targeted solutions

Figure 1. Schematic representation and illustration on how membrane technology enter in the
strategy of water treatment.

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 [1]. It is playing an increasingly important role in the magement of of sustainable
water resources.

There are two main types of water reuse field:

e Non potable reuse strategies, that treat wastewater for specific purposes other than
drinking, such as industrial uses, agriculture, or landscape irrigation. Non potable
reuse could also include the use of reclaimed water to create recreational lakes or to
build or replenish wetlands that support wildlife.

e Potable reuse strategies, which use highly treated reclaimed wastewater to augment
a water supply that is used for drinking and all other purposes.

Potable reuse systems, that are the most important fields of interest in membrane technology,

use advanced treatment processes to remove contaminants from wastewater, so it needs to

8



meet drinking water standards and other appropriate water quality objectives. Typically, the
highly treated reclaimed water is then released into a surface water body or aquifer (also
called an environmental buffer) before being withdrawn, further treated, blended with other
conventional water supply sources, and piped to homes and buildings.

In 2008, United States reused a greater volume of water than any other country (data shown
in Figure 2), and it was ranked thirteenth among countries by per capita water reuse. Qatar
and Israel used to have the highest water reuse per capita [2].
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Figure 2. Global Reuse of Treated Wastewater (billions of gallons per day BGD).
Adapted from [2].

Over the years the reuse of treated wastewater is rapid increasing in other countries, where
desalination is envisaged a practical route to supply fresh reusable water. In 2016, 150
Countries used desalination practices and more than 300 million of people used fresh
desalinated water (Figure 3) [3]. Most of the modern interest in desalination is focused on
cost-effective provision of fresh water for human use. Along with recycled wastewater, it is
one of the few rainfall-independent water sources [4].

Due to its energy consumption, desalinating sea water is generally more costly than fresh
water from rivers or groundwater, water recycling and water conservation. However, these
alternatives are not always available and depletion of reserves is a critical problem
worldwide [5]. Desalination processes are usually driven by either thermal (e.g. distillation)

or electrical (e.g., photovoltaic or wind power) as the primary energy types.



Currently, approximately 1% of the world's population is dependent on desalinated water to
meet daily needs, but the UN expects that 14% of the world's population will encounter water
scarcity by 2025 [6]. Desalination is particularly relevant in dry countries such as Australia,

which traditionally have relied on collecting rainfall behind dams for water.
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Figure 3. Forecast desalination capacities by technology (at 2016 [3]).

Membrane-based separations for desalination are playing an increasingly important role to
provide adequate water resources of desirable quality for a wide spectrum of designated
applications.
Nowadays, in the strategy of using integrated membrane processes for water desalination,
one of the most important targets is to develop membranes high performing and selective.
Research is now focused on techniques that might be both environmentally friendly and
highly efficient.
Energy cost in desalination processes varies considerably depending on water salinity, plant
size and process type. At present the cost of seawater desalination, for example, is higher
than traditional water sources, but it is expected that costs will continue to decrease. It can
be possible with technology improvements that include, but are not limited to, improved
efficiency [7], reduction in plants footprint, improvements to plant operation and
optimization, more effective feed pre-treatment, and lower cost energy sources [8].
The leading process for desalination in terms of installed capacity and yearly growth is
Reverse Osmosis (RO) [9], which is a pressure driven process and uses semipermeable
membranes. Also, high energy consumption and brine disposal problem are faced in RO
process due to the limited recovery of water. These problems may be overcome by
10



integration of other membrane processes such as a Membrane Distillation (MD) and
Membrane Crystallization (MCr). They are two distinct processes that can operate in a cycle
where it’s necessary to treat water streams with different composition and different salinity
degree. In fact, the implementation of an integrated system where a reverse 0smosis step is
followed by a membrane distillation one, allow to improve quality of fresh water and also
the percentage (%) of the recovery factor, as can be seen in Figure 4. Herein, it’s possible to
see how water coming from RO plant can be further treated increasing the recovery of fresh
water from seawater, how is reported in literature [10]. Furthermore, the integration of a
membrane crystallizer can allow the recovery and the reuse of salts and other kind of

compounds. In terms of
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Figure 4. Recovery factor [%] of potable water from seawater coming from Reverse Osmosis (RO)
and then treated with Membrane Distillation (MD). Adapted from [10].

Membrane Distillation is a thermally driven separation process in which separation happens
for a phase change. Hydrophobic porous membranes that act as barrier for the liquid phase,
allow the vapour phase (e.g. water vapour) to pass through the membrane's pores [11, 12].
The driving force of the process is given by a partial vapour pressure gradient commonly
triggered by a temperature difference.

MD desalination operations are in conjunction with a power plant or any other source of
waste heat, so the cost of energy for heating the feed water is affordable, hence thermally
polluted water can be treated economically. Other sources of energy such as renewable solar

or geothermal energy could be utilized to heat the feed water.
11



On the other hand, Membrane Crystallization (MCr) is a process that is gradually replacing
the traditional Crystallization in many field. Most of the current crystallization processes are
performed under batch or continuous mode based on a stirred tank process. Anyway, the
need for breakthrough technologies has been highlighted by numerous authors and reports.
Membranes are one of the potentially attracting strategies in order to achieve this target.
Nevertheless, a relatively limited number of publications have been reported on membranes
related to crystallization processes, with respect to other unit operations [13].
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Figure 5. Evolution of the number of publications per year in scientific journals which include the

key words “Crystallization” (black diamond) and “membrane crystallization or membrane
distillation” (gray diamond). ISI Web of Science, April2015. Reprinted from [13] Copyright©
2016, with permission from Elsevier B.V. All rights reserved.

Membrane processes have recently been proposed in order to improve performance of
crystallization operations, and they are considered as one of the most promising strategies.
The number of publications dedicated to crystallization/precipitation processes using a
membrane have effectively increased these last years (Figure 5).
In Membrane Crystallization a microporous hydrophobic membrane can be used to create
and sustain a controlled supersaturated environment in which crystals can nucleate and grow.
The advantages that can be derived if MCr is used, with respect to traditional processs, are:

e High purity level.

e Control of polymorphic form, narrow crystal shape and crystal size distribution.

e Faster nucleation times.
The critical issue remains however the lack of high performing membranes with suitable
structural and chemical features for equipping MD e MCr plants. The overcoming

12



productivity-selectiviy trade-off is in high demand, but the exploration of new classes of
materials is necessary to go beyond the state of the art and make MD and MCr two
competitive eco-friendly tools for supplying fresh water and high-quality minerals.

The purpose of this PhD research work was to explore different classes of materials and
procedures of confinement in well-defined volumetric spaces such as membranes, assessing

related effects on productivity and selectivity of MD and MCr.

Scientific objectives

The present project carried out during the three years of PhD course has pursued the
following main objectives:

e Design and development of innovative membranes through the combination of
different materials in order to tune membranes chemical and morphological features
for the desired applications. The main purposes were: the achievement of ordered
and regular pores with a high hydrophobic character for high performing honeycomb
membranes to be used in Membrane Distillation; the exploring of 2D nanomaterials
capabilities when blended in PVDF matrix, in order to evaluate the establishing of
fruitful interactions for assisting Membrane Crystallization.

e Application of designed and prepared membranes for desalination technology with a
focus on two distinct processes: Membrane Distillation and Membrane
Crystallization, as mentioned before.

e Understanding of the effects that the selected materials can have on the performance
of the process through integrated computational-experimental approaches.

Strategies

The basic idea of the work was to design a range of nanostructured membranes characterized
from a controlled morphology and chemical functionality. Different methods were used to
develop membranes with the aim to obtain surface properties with improved performance in
membrane contactors, in particular in MD and MCr technologies. The attention was focused
on the development of two types of polymeric membranes starting from different concepts
and methodologies. In the first case the breath figures method was used to prepare multi-
layered honeycomb membranes with well-ordered structure, in order to improve
productivity and thermal efficiency without inducing resistance to mass transport for

application in Membrane Distillation. In the second case, dry-wet phase inversion was
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preferred to confine 2D materials crystals in PVDF polymeric networks with the intent to
promote controllable chemisorption mechanisms at the vacancies of the nanofiller. Water
sequestration mechanisms allowed to manage nucleation and growth of salt crystals during
MCr operations. This second approach, allowed to accelerate the mass transfer of water
vapor through membranes, via assisted mechanisms by combining different chemical
functions. The two different and practical routes were proposed to prepare nanostructured
functional membranes with the intent to demonstrate how the manipulation of membranes
enable one to improve productivity and efficiency of purification for the two described

processes (MD and MCr), by the using of DCMD configuration.

Target achieved

The major target achieved with honeycomb membranes prepared by Breath Figures, was the
producing of high productivity and high selectivity, by combination of different materials,
The exploring of several kind of materials to use as surfactants, allowed to identify in the
viologen salt 1,1'-ditetradecyl-4,4'-dipyridinium [bis(trifluoromethanesulfonyl)] amide
(14bp14(Tf2N)2), belonging to class of lonic Liquid Crystals (ILCs), the basic key element
in order to improve the hydrophilic/hydrophobic balance. Its using allowed to create
significantly more ordered geometries and to enhance the hydrophobic character.

Then, for the first time, a nanoporous coating onto Honeycomb PES top surface was created.
It was used HYFLON AD, perfluorinated and low thermal conductivity material to produce
the active nanofilm of the multi-layered honeycombmembranes, able to exhibits interesting
performances (in MD): high fluxes (> 50 L/m?h), very good salt rejection (> 99 %) and high
thermal efficiency (> 70 %).

On the other hand, when graphene and another 2D material, the bismuth selenide, were
confined as nanofiller in matrix membranes based on PVDF, they exhibit improved
performances in Membrane assisted Crystallization. In this case the major target achieved
was the reducing of induction times in NaCl crystals formation, with respect to traditional
pristine PVDF.

With graphene inside polymer matrix, times of crystals formation were in a range from 230
to 260 min (for a concentration of graphene from 0.5 to 10 wt %, respectively) compared to
286 min for pristine PVDF.

Better values of Coefficient of Variation [CV %], which indicates how crystals products are
uniform in shape and size, were obtained introducing these 2D materials in a confined space

as polymeric membrane, and also higher growth rate. The range for CV was from 26.67 %
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to 35.8 % for graphene-PVDF membranes (depends on graphene concentration) with respect
to pristine PVDF, where CV was 48.1 %. Instead for bismuth selenide, blended in PVDF
matrix only at 5 wt %, it was achieved a CV of 46.40 %. In terms of crystal growth, we
obtained values from 1 to 1.6 x 10 mm/min for graphene-PVDF membranes, and 2.75x10"
4 mm/min for bismuth selenide-PVDF membrane, with respect to pristine PVDF where the
value of growth rate was 0.8x10™* mm/min.

Furthermore, a combined experimental-computational approach gave us the possibility to
explore at microscopic level each single phenomenon occurring in MCr process (nucleation,
crystals growth) in particular understanding the ion-ion interaction and so aggregation that
occur in crystals formation. Reduced induction time were reached with graphene (G)
systems: 0.45 and 0.70 ns respectively for PVDF-G 5 and PVDF-G 10 wt %, with respect to
0.9 ns for pristine PVDF. Furthermore, the ability of graphene to allow supersaturation in
less time, is in full agreement with theoretical studies, where the water uptake was validated
by the detection of radial distribution function (rdf) between graphene layer and water.

The work explored a wide range of materials (PES, HYFLON, PVDF, 2D materials, etc.) in
order to tune membranes in the perspective of desalination, using both experimental and
computational approaches, and applying also different preparation methodologies (Breath
Figures and Dry/Wet Phase Inversion). All details are described in the experimental session.
Herein a list of publications produced:

Papers:

e A. Gugliuzza, M.L. Perrotta, E. Drioli, Controlled Bulk Properties of Composite

Polymeric Solutions for Extensive Structural Order of Honeycomb Polysulfone
Membranes, Membranes 2016, 6, 27.

e M.L. Perrotta, G. Saielli, G. Casella, F. Macedonio, L.Giorno, E. Drioli, A.
Gugliuzza, HYFLON — AD nano- membrane suspended on PES honeycomb pattern

for a highly productive and thermally efficient membrane distillation process, 2017,
Appl. Mater. Today 2017, 9, 1-9.

e J.H. Tsai, M.L. Perrotta, A. Gugliuzza, F. Macedonio, L. Giorno, E. Drioli, K.L.
Tung, E. Tocci, Membrane -Assisted Crystallization: A molecular view of NaCl
Nucleation and Growth, Appl. Sci., 2018, 8,2145
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Chapter in book:
Maria Luisa Perrotta e Annarosa Gugliuzza, 'Fabrication of ordered micro and

nanoporous membranes' in: Functional Nanostructured Membranes (Eds. Enrico
Drioli, Lidietta Giorno, Annarosa Gugliuzza), 2019 Pan Stanford Publishing Pte.
Ltd. ISBN 978-981-4774-79-6
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Chapter 1

Nanostructured materials:

an increasingly development field in membrane technology

1.1 Introduction

Nowadays, nanomaterials research is in increasingly evolution in several scientific areas,
thanks to the possibility to manage these materials for the desired application. Nanomaterials
exhibit a single sized unit in at least one dimension between 1 to 1000 nanometres, even if
the usual size is 1 to 100 nm [1].

Materials with structure on nanoscale have unique optical, electronic, or mechanical
properties [2]. Nanotechnology covers a broad spectrum of research field and requires real
interdisciplinary and multidisciplinary efforts. In general, it is regarded as a technology of
design, fabrication and applications of nanostructures and nanomaterials. Nanotechnology
also includes fundamental understanding of physical properties and phenomena of
nanomaterials and nanostructures. The study on fundamental relationships between physical
properties and phenomena with material dimensions in the nanometer scale, is also referred
to as nanoscience. In the United States, nanotechnology has been defined as being
“concerned with materials and systems, whose structures and components exhibit novel and
significantly improved physical, chemical and biological properties, phenomena and
processes due to their nanoscale size” [3].

In recent years the concept of nanotechnology has been also directed towards membrane
technology. The purpose was to develop nanostructured and nanocomposite membranes
based on particular polymers and on appropriate combination of 'nanofillers’ with well-
defined size and porosity and polymers. This approach is dictated by the need to achieve a
considerable improvement of the permeable-selective properties compared to currently
available membranes, to be able to successfully replace some of the traditional separation

processes using membrane processes.

1.2 Nanostructured materials: a brief classification

Applications of nanotechnology are currently touching every aspect of modern life. The

increased use of nanomaterials in consumer products, chemical and medical equipments,
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information technology, and energy, among others, has increased the interest of research in
this field. Nanomaterials are usually man-made synthetic materials, but exist many
nanomaterials and nanostructures in nature that promote peculiar properties. It include self-
cleaning such as for some plant leaves, which can remain clean even if present in dirt
environment. Over the years, it was understood that such a feature involves hydrophobic
materials on the rough surface and the outermost lower waxy surface arranged by nano-order
(100-200 nm) rules. The nanorough surface is the primary factor in the mechanism that
protects the leaves from dirt. Even when the leaves are covered by pollutants, their surface
can be easily washed and clean with water. This is called self-cleaning effect or lotus effect.
It was found that pigeons, dolphins, butterflies, bees, water magnetotactic bacteria, and other
organisms have magnetic ultrafine particles within their bodies that enable this type of
organism to navigate under a geomagnetic field. Magnetic ultrafine particles in the bodies
of bees are essentially a biological magnetic compass that can accurately position the
geomagnetic field and determine the magnetic declination and magnetic inclination; it is the
flight navigation system of bees. These are just some of the many examples existing in
nature, where nanotechnology is the protagonist and it is from here that the man took, and
take inspiration every day, in order to bring innovation in many fields of science but also in

everyday life.
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Figure 1.1. Classification of nanostructured materials according to their dimensionality,
morphology, composition, uniformity, and agglomeration state. Reprinted from [14] Copyright©
2017, with permission from Elsevier B.V. All rights reserved.

Classification of nanomaterials can be done on different levels: according to origin,

dimensionality and their chemical composition (Figure 1.1).
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First, nanomaterials can be differentiated according to their origin: natural or anthropogenic.
For example, inorganic material resources that give rise to formation of nanomaterials may
be erupting volcanoes, the breaking of sea waves, forest fires, storms, etc [5].

Nowadays nanomaterials receive attention in research and industry. Therefore, there is a
wide variety of chemical components (organic and inorganic), which they are made of, as a
result of human activity and abilities, in science and technology [6]. They are tailored in
order to have specific functionalities, thus engineered materials take on important
peculiarities when compared to natural and incidental nanomaterials, because characterized
by their controlled dimension, shape, and composition.

A second classification of nanomaterials can be made according to their dimensionality: 0D,
1D, 2D, 3D. Nanomaterials with all external dimensions at the nanoscale, between 1 and 100
nm, may be classified as zero-dimensional (OD). The 0D nanomaterials include also various
types of nanoparticles, as for example, full spheres like titanium dioxide; dendrimers highly
symmetrical, branched macromolecules; hollow spheres made, for example, of carbon
(fullerenes), etc. The OD nanomaterials can be used individually, for example, as a cell
marker [7], in solution as an emulsifier [8] or within a solid matrix as a reinforcement filler
[9].

In One-dimensional (1D) nanomaterials the electrons are free to travel in one direction and
confined in the other two directions. They include nanofibers, nanotubes, nanowires, and
nanorods. With only one external dimension at the nanoscale. 2D nanomaterials comprise
thin films, nanocoatings, and nanoplates. Thin films mostly used in physics and electronics,
for example, to manufacture electronic components with insulating or conductive surface
properties or to change the optical reflectivity of surfaces [10]. They can be amorphous or
crystalline, made up of various chemical compositions, used as a single layer or as multilayer
structures, deposited on a substrate, integrated in a surrounding matrix material, metallic,
ceramic, or polymeric.

The last dimensional category of nanomaterials, 3D nanomaterials, show internal nanoscale
features but no external dimension at the nanoscale. Bulk nanomaterials are materials that
are not confined to the nanoscale in any dimension; these materials are thus characterized by
having three arbitrarily dimensions above 100 nm. They possess a nanocrystalline structure
or involve the presence of features at the nanoscale. In terms of nanocrystalline structure,
bulk nanomaterials can be composed of a multiple arrangement of nanosize crystals, most
typically in different orientations. With respect to the presence of features at the nanoscale,
3-D nanomaterials can contain dispersions of nanoparticles, bundles of nanowires, and

nanotubes as well as multi nanolayers. [11].
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For examples carbon nanotubes can be seen, like the fullerene, as one of the allotropic forms
of carbon. Carbon-based materials are those that more than any other, show how the
macroscopic properties of a material are strongly influenced by properties at the micro and
nanometric level. In elemental form, carbon occurs in three different allotropic forms:
diamond, graphite and fullerene. The first two are solids that give rise to extended
architectures. The third is by definition a nanostructure. Different properties correspond to
the different structures and therefore uses. In Figure 1.2 is showed a brief classification of
nanostructured materials about their different morphologies, where fall allotropic carbon
forms (nanotubes (1D), graphene (2D), etc) widely applied in nanotechnologies, and also in

membrane technology.

Nanostructured Materials with Different Morphologies
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Figure 1.2. Different nanostructured materials based on their complex morphologies. Reprinted from
[12] Copyright© 2017, with permission from Elsevier B.V. All rights reserved.

The term nanocomposite is generally used to describe nanofillers dispersed in a bulk matrix.
Finally, nanostructured materials include nanoporous structures, for example, aerogels with
an extremely low thermal conductivity [13], coatings with nanoprotrusions displaying super
hydrophobic properties [14], block copolymers [15], and nanostructured metals and alloys

used, for instance, as shape-memory materials.
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Another possible categorization of nanomaterials is based on the chemical nature of the
constituents [16].
They can be subdivided in this way:

e Metal and metal alloy nanomaterials that include silver, gold, copper, iron,
aluminum, magnesium, etc.

e Metal oxides (titanium dioxides, zinc oxides, etc)

e Carbon nano-objects, representing one of the best known categories of
nanomaterials. They include graphene, carbon nanotubes, carbon nanofibers,
fullerenes, and carbon black.

e Semiconductors

o Silicates, Carbonates, and Nitrides. One of the most used nanosilicate is clay, a
magnesium aluminum silicate [17]

e Polymers are the last category of nanomaterials. Three types of polymers, that are
thermoplastics, thermosets, and elastomers, can be used to make nano-objects
including nanospheres, nanofibers, and nanoporous membranes.

Accordingly, nanoparticles can be classified as isometric and inhomogeneous. From the
point of view of their agglomeration status, nanoparticles can be dispersed or agglomerate.
Their agglomeration state depends on their electromagnetic properties, such as surface
charge and magnetism [18].

In general, the most important physicochemical aspects of nanoparticles that make possible
their usage in several research field are: composition and surface composition, crystalline
phase, particle size distribution, agglomeration/aggregation, shape, specific surface area,
roughness/porosity, water solubility/dispersion or hydrophobicity/hydrophilicity, and so on.
The unique properties of these various types of intentionally produced nanomaterials give
them novel electrical, catalytic, magnetic, mechanical, thermal, or imaging features that are
highly desirable for several applications sectors. These materials may also find their way
into more complex nanostructures and systems. It can be seen therefore that there are a wide
variety of chemical constituents used for the realization of engineered nanomaterials so, as
we have discussed previously, nanomaterials arouse interest starting with the little things of

everyday life up to more complex scientific applications.

1.3 Nanostructured materials in membrane technology: possible applications in water

treatment
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Developments in nanoscale research have made it possible to invent economically feasible
and environmentally stable treatment technologies. This made possible to effectively treat
the polluted waters meeting the increasing water quality standards [19]. Advances in
nanotechnology have provided the opportunities to meet the fresh water demands of the
future generations. It is suggested that nanotechnology can adequately address many of the
water quality issues by using different types of nanomaterials and nanostructures [20].
Nanomaterials possess novel and significantly changed physical, chemical and biological
properties mainly due to their structure, so to make real the possibility to combine
nanotechnology in membrane technology in order to have significant and better processes
performance.

Recent advances in membrane technology have led to an increased use of synthetic
membranes for water treatment including desalination, wastewater treatment, surface water
purification [21]. In the concept of nanostructured materials, it’s possible to subdivide
membranes in:

e Nanostructured membranes with controlled morphology, different from that
commercially available, that are arousing interest in water treatment when the
objective is to turn the selectivity-productivity trade-off towards a unique direction.

e Nanocomposite membranes, functionalized with innovative nanomaterials with
different properties, in order to modulate the use according to the type of application
and the desired process.

When we say the word ‘“nanostructured membranes”, it’s important to underline the
multitude of products and related application that can be inserted in this field. We can
distinguish them in those already employed at an industrial level, such as Microfiltration
(MF), Ultrafiltration (UF), Nanofiltration (NF), Osmosis Reverse (RO) and processes in
development (studied and tested on a pilot scale, but not yet installed in industrial plants,
such as membrane distillation).

Herein the focus will be mainly on Membrane Distillation and Membrane Crystallization
processes.

Nanostructured membranes can be made from ceramic materials or, most commonly, from
polymers. Ceramic membranes have the advantage of being more resistant to mechanical
forces, chemicals and temperature (they can be sterilized), but are significantly more
expensive to manufacture. Furthermore, mechanical, thermal and chemical properties are
crucial to ensuring the stability of the membrane under pressure and to allow cleaning and

regeneration [22].
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Water purification with polymeric membranes is a promising method because high-grade of
drinking water can be obtained with low energy consumption at low costs [23]. Current
commercial membrane materials are cross-linked polyamides and cellulose derivatives for
their using in osmosis reverse. However, it is difficult to obtain ordered sub-nanopores with
uniform diameters in these conventional membranes. New materials such as carbon-based
materials, synthetic or recombinant channel peptides, polymerized liquid crystals, and block
copolymers, have been developed as components for water treatment membranes. These
materials can be used to prepare membranes with ordered nanopores and sub-nanopores,
with different kind of methodologies (see paragraph 1.4).

On the other hand, as previously mentioned, nanocomposites are solid multi-phase materials
where one of the phases has one, two or three dimensions less than 100 nanometers (nm).
Another case is that their structures have distances that repeat the nanoscale in the different
phases that make up the material. In the broadest sense this definition may include porous
media, colloids, gels, copolymers and polymeric mixtures (mixtures between different
polymers), but usually means the solid combination of a coarse matrix (part of continuous
composite that gives shape to the material) and the nanodimensional phase (or phases). Sure
they differ in properties due to differences in structure and chemistry.

Several methodologies can be used to impart new properties to membranes structures, in
order to modulate behavior for application desired. Their functionalization with different
kind of nanomaterials, can control modulation of the stimulus (light, pH, ionic strength, etc.)
[24]. In nanocomposite membranes, the incorporation of nanomaterials into polymers
structure can tune morphological and physicochemical properties such as hydrophilicity,
charge. density, porosity, chemical, thermal and mechanical stability. With the intent of
imitating the multiple functionalities of naturally occurring membranes, various polymers,
biological compounds, nanostructures, and functional groups have been incorporated onto
the surfaces of synthetic membranes, or blended in polymer matrix extending their
applicability to more advanced separation processes [25-31]. A more detailed explanation,
regarding in particular different systems used in this work will be given in paragraph 1.5.
Two topics were carried out during PhD:

e The manufacturing of high-ordered honeycomb membranes to apply in MD process,
acting on their morphology in order to improve permeability, maintaining at the same
time an appreciable selectivity.

e The possibility to give new functionalities to traditional Polyvinylidene fluoride
(PVDF) membranes with blending of 2D nanomaterials, carrying on combined

experimental and computational approaches.
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The main objective has been water treatment for desalination of sea and brackish water with

recovery of minerals and salts.

1.4 Micro and nanoporous membranes: strategies for new ordered structures

The availability of nanostructured membranes with a high-defined pore shape, size and
distribution is considered as a goal for the improvement in the correlations between
morphology and transport properties. As well as controlled thickness and high degree of
porosity are considered important factors. A large number of regular pores per surface area
together with a high porosity is associated with ideal structures that possess an ordered
structural pattern wherein every event can be reproduced point by point without additional
resistance to transport. The major output is an optimization of the productivity-selectivity
trade-off, thus resulting in highly performing membrane processes. The scientific research
is always directed at the improvement of existing techniques, but today there is a great
demand for the implementation of new greener, timesaving and economically competitive
technologies that can bring new advanced solutions and benefits in the membrane-
manufacturing field. High-defined and ordered nanostructures can give a way to new
horizons on front of the membrane preparation.
Several kinds of manufacturing techniques are proposed for the development of
nanostructured membranes with a high degree of geometric order through two-dimensional
(2D) and tridimensional (3D) space.
These are:

e Lithographic techniques [32,33]

e Phase separation and micro-molding combined technique [34,35]

e Techniques based on colloidal templates [36]

e Self-assembly copolymers [37,38]

e Breath figures [39,40]
Each approach takes advantages and limitations, even if over the years a lot of research has
been done to improve the features of each of them and to go beyond the state-of-the-art. The
major targets are not only under the costs profile, but also in terms of eco-sustainability and
rapidity in realizing and producing nanostructures. The techniques used for obtaining
regular and uniform structures will be described below, so as then, to focus the attention on

advantages that can be derived from Breath Figures which is that studied in thesis work.

1.4.1 Lithographic techniques
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The lithographic technique is frequently proposed to achieve polymeric surfaces
characterized by a regular structure and having a precise geometric order. Lithography is
precisely a mechanical reproduction technique of images. Mainly, the nanolithography is
used in the manufacture of semiconductors integrated advanced circuits or nano
electromechanical systems (NEMS). It refers to the manufacture of structures on the
nanometer scale - at least one lateral dimension between the size of a single atom and that
of about 100 nm. Generally, the nano-imprinting lithographic techniques allow imprinting
patterns on micro and nano-scale, thus achieving surfaces with extensive structural
periodicity. Using a substrate [41] on which the polymer or momoner solution is laid, a force
is applied with a mold, causing the formation of a surface with a specific structure. Patterns
are created by mechanical deformation of the imprint resist and subsequent processes [42].
When using lithography approach the percentage of success to get extensive structural order
is very high, but on the other hand, molds sized in the order of nano are quite expensive and
difficult to make a great resolution on scale, thus resulting certainly not advantageous from

the economical point of view.

1.4.1 Phase separation and micro-molding combined techniques

Micro-molding combined with phase separation is another attractive manufacturing
approach for patterning nanostructures with hierarchical ordered morphology. It can be
envisaged as an evolution of traditional phase inversion. It is a process in which, a polymer
Is precipitated from a solution assuming a desired configuration, including flat, cylindrical
or spherical shape [43]. The solidification process begins with a transition from a liquid into
two liquid phases: one rich in polymer, the other one rich in solvent. The first one solidifies
forming a solid network; the second one generates the pores or voids in the matrix [44].
The fabrication procedure consists of some steps [45]:
e The building up of a mold having a corresponding predetermined micro to
nanosized structure at the surface.
e The contact between a casting fluid containing a casting material and the molded
surface.
e The coagulation of the casting solution into a non-solvent for the polymer
e The solidification and shrinkage of the polymeric film contacting the molded
surface.

e The removal of the patterned film from the molded surface
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This approach is considered as a microfabrication technique very innovative to achieve

micro and nanostructures from a very broad range of polymers [46].

1.4.2 Techniques based on colloidal templates

Membranes with morphological features of high structural order at nanometric scale may be
achieved according to colloidal template method [47].

Colloid crystalline particles are three-dimensional close-packed crystals of submicrometer
spheres working as imprinting agents, whose long-ranged ordered structure is replicated in
a solid matrix, thus yielding materials with ordered pores. The method to replicate the
colloidal crystal in a durable matrix has the purpose of use as templates not only the spheres,
but also the voids between the colloidal particles. In this way, the material solidifies without
disrupting the order of the crystal lattice and, subsequently, the spheres are removed leaving
imprinted in the material the long-ranged periodic structure of the crystal.

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.

1.4.3 Self-assembly copolymers

Self-assembly means the capability of some materials to assemble spontaneously in complex
nanostructures bringing to advanced nanostructures. Single or connected components
spontaneously form ordered aggregates [48] depending on intrinsic structure and chemistry
of molecules involved: lipids, proteins, carbohydrates and nucleic acids [49]; molecular
crystals [50]; liquid crystals [51]; semi crystalline and phase-separated polymers [52]. The
techniques by which one can get ordered nanostructured membranes using self-assembled
block copolymers, are of manifold nature. And, the success of a nanoporous membrane, both
in structure and in correlation to its functional properties, depends on the capability of these
polymers to self-assemble on the nanoscale, when processed into a membrane.

The two main strategies that have been used by researchers were [37]:

e To use block polymers, which give rise to a cylindrical morphology with measures,
such as to make sure that the cylindrical domains are oriented perpendicularly to the
thin dimension of the film.

e To use a block polymer with a bi-continuous morphology (e.g., a gyroid-like phase)

that obviates the need for alignment [53].
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1.4.4 Breath figure for bio-inspired high-defined membranes

One of the most innovative and bio-inspired methods to achieve micro porous membranes
with an ordered pore geometry is well-known as a ‘Breath Figures’ (BF) [38].

This approach is a commonly observed phenomenon in daily life, because it refers to the fog
that forms when water vapor contacts a cold surface (Figure 1.3). During this event,
condensing water droplets tend to rearrange in ordered geometry resembling honeycomb
patterns. John Aitken [54, 55] was the first to investigate BF phenomena in 1985; later, Lord
Raylegh [56] revealed the morphology of water droplets on a cold surface.

BF allows the formation of droplets rearrangement in well-defined geometries. This
capability can be exploited to shape holes (pores) in polymeric films under well-established
thermodynamics, phenomena of capillarity and Marangoni effects.

The approach is somewhat simple and cheap, because it is based on the condensation of
water droplets on the surface of dilute polymer solutions, containing immiscible or partially
miscible solvents. This means an easier recovery of the solvent at the end of the process.
Also, the water is a non toxic templating agent largely available, so that the overall approach
can be regarded as a green manufacturing technology.

In spite of handle manufacturing approach, the mechanism controlling for BF geometry
formation can be very complex and not perfectly unique. This can depend on polymeric
materials and solvents used, but also changes in the surrounding experimental conditions,
which make the water droplets dynamics somewhat difficult to manage [57]. One of the
most important advantages for this kind of membrane manufacturing technique is that water
is largely available and the using of non toxic agent. So the formation of nanostructure results

to be more competitive from economics point of view.
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Figure 1.3. Schematic representation of Breath Figures methodology, used for preparation of new
ordered nanostructured membranes. Readapted from [45].

1.4.5 Honeycomb membranes: from 2D to 3D polymeric films

Honeycomb membranes arouse interest in membrane processes for their morphological and
physicochemical features (Figure 1.4). The transition from two-dimensional to three-
dimensional nanomaterials involve nanotechnology in many areas, also including membrane
technology. The main objective is to identify materials and in particular morphological
structures, ever more promising from the application point of view.

The concept is the same: preparation of membranes with lithographic precision according to
a bioinspired BF process. The condensing water droplets act like imprinting agents on the
polymeric surface and with the balance between evaporation of the solvent and condensation
of humid air in a 3D constructions, honeycomb membranes can be achieved in one single
step. After condensation, submerging water droplets grow and self-assemble in ordered
arrays, yielding a highly defined hexagonally packed geometry as a result of their imprinting
action, different from what was observed for conventional phase separation techniques [58].
The major limitation to commercially producing large scale films, is the lack of control on
the structural order at long range through the surface area of the films realized: For this
reason, a study of the behavior of water droplets dynamics during self-assembly [59] was

did, changing the hydrophilic/hydrophobic balance in solution, with the use of different kind
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of surfactants. The ambition was to achieve a very high degree of order through honeycomb
film textures with well-shaped and well-sized pores when fruitful interactions are established
at the water-casting solution interface, and also to suppress the disordered and confused

regions, moving from a self-assembly to assisted self-assembly.

Figure 1.4. SEM pictures of Honeycomb polymeric membrane [45].

1.5 Nanocomposite membranes

1.5.1 Multi-layer membranes

In physical sciences, a multilayer or stratified medium is a stack of different thin films.
Typically, a multilayer is man made for a specific purpose. Since layers are thin with respect
to some relevant length scale, interface effects are much more important than in bulk
materials, giving rise to novel physical properties.

The term "multilayer" is not an extension of "monolayer" and "bilayer", which describes a
single layer that is one or two molecules thick. A multilayer medium rather consists of
several thin films. This kind of terminology can be applied also in membrane technology,
where multilayers composite membranes are considered as new target for different
application, because of their advantages, including the possibility to optimize membrane
materials independently by layers according to their different functions and to reduce the
overall transport resistance by using ultrathin selective layers, and less limitations on the
material mechanical properties and processability [60].

In detail a multi-layer composite membrane, particularly used in gas separation, but object
of interest in other kind of membrane separation processes, is fabricated by depositing
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different materials on a porous support. It generally contains (Figure 1.5) at least a porous
support and a selective layer, and for many cases, a gutter layer between the porous support
and selective layer, and a protective layer above the selective layer.

Protetctive Layer
Selectivelayer —

GutterLayer/ O O O O O O O
Porous support — O O O O O O

Figure 1.5. Schematic representation of a typical multilayer membrane structure. Readapted from
[60].

In composite membranes, different layers contribute various functions to the composite
membrane, thus their requirements on the properties are also different. The porous support
mainly offers mechanical strength, therefore the support should have high porosity and low
mass transfer resistance. In addition, the material should be cheap and easy to process into a
porous structure. The main purpose of employing a gutter layer between the selective layer
and porous support is to reduce the possible penetration of the coating solution into the
membrane pores. It can also help to reduce the surface roughness of the support. The
selective layer is the core part of a composite membrane, which offers the main separation
properties of the membrane. Ideally, high gas permeance and high selectivity are the first
two selection criteria for a selective layer membrane material, while other properties such as
life-time, cost, aging and stability should also be considered. With the purpose of protecting
the membrane during handling and fabrication into membrane modules, a protective layer
can be employed if needed.

This kind of structures find their major application in gas separation. When compared with
integral asymmetric membranes prepared by the Loeb-Sourirajan technique, the principal
advantages of composite membranes include fewer limitations on the material mechanical
properties and processability. Furthermore, a much smaller quantity needed to deposit the
selective layer of a composite membrane (0.1-2 g/m?), thus some high performance but
expensive materials can be used. Nowadays this methodology is increasing also in other

advanced membranes application, like desalination of sea and brackish water.

1.5.2 Mixed matrix nanocomposite membranes (MMNMs)
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Mixed matrix nanocomposite membranes (MMNMS) have been studied intensively in the
recent years. (Figure 1.6) They are generally considered to be the next-generation of
advanced membranes, where nanomaterials are dispersed in a polymer matrix [61]. The use
of MMNMs has received much attention during recent years, particularly as a new technique
to combine the potential advantages of both nanomaterials and polymer membranes. These
structurally engineered membranes are indeed expected to combine the unique properties of
nanomaterials with the processability of polymeric membranes to achieve synergistic

separation performance for gas-gas, liquid-liquid, and liquid- solid separations.

S Nerlofiller polymér matrix Nanofiller

Figure 1.6. Schematic representation of MMNMSs structure. Reprinted from [61] Copyright© 2019,
with permission from Elsevier B.V. All rights reserved.

In addition, physical characteristics such as strength and modulus can be improved as a result
of strong interfacial interactions between the nanoparticles and the surrounding polymer
matrix [62]. To derive positive benefits without compromising the integrity of these
membranes, the interplay and potential trade-off between enhanced properties provided by
the incorporated nanomaterial and the potential for defect formation in the polymer matrix
must be balanced in materials development.

In general, three are the several approaches used for preparing mixed matrix membranes:

e A predetermined mass of nanofiller is dispersed into the solvent and stirred for a
certain period of time leading to a homogeneous suspension, and then the polymer is
added.

e The polymer is dissolved in the solvent and stirred for a period leading to a
homogeneous polymeric solution, and then a predetermined mass of nanoparticles is
added.

e A predetermined mass of nanofiller is dispersed into the solvent and stirred for a
certain period, and the polymer is dissolved in a solvent separately. The nanofiller
suspension is then added to the homogeneous polymeric solution.
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A number of MMNMs preparation techniques such as phase inversion, stretching, track-
etching, and electrospinning are used to fabricate a membrane from a given material. The
selection of polymer and desired structure limits the choice of the technique for membrane

fabrication.

1.6 Two-dimensional materials: application in membrane separation

Two dimensional materials are arousing interest in membrane technology for their using in
various separation process. Control in monolayers distance is one of the ways practiced to
control the passage of molecules. Another way is to practice regular and uniform nanopores
on monolayers with strong precision. This kind of approach allowed to use 2D nanomaterial
in separation processes, but big difficulties are related for high costs in manufacturing
processes for a scalable procedure. So two-dimensional materials (2DMs) — e.g., graphene,
dichalcogenides, MXene, metal-organic frameworks, and covalent organic framework
nanosheets — are rapidly emerging in the development of membranes with improved
selectivity and permeability. The rational tunability and precise control of interlayer
distances and/or nanoporous apertures of 2DMs enable 2DM-based membranes, allow to
achieve highly specific separations. Furthermore, the ultrathin structure of 2DMs offers
minimal transport resistance and thus leads to extraordinary flux rates. However, the
integration of nonporous nanosheets can possibly block molecular transport pathways,
increasing mass transfer resistance, but it depends on the combination of structure-properties
relationship. Nowadays a possible and less expensive alternative is to confine 2D materials
in polymeric networks using more traditional approaches, generally used for typical
membranes preparations. The objective is to combine the excellent properties of 2D
materials in nanocomposite membrane systems directed towards selective molecular

transports.

1.6.1 Graphene: a 2D material as nanofiller in water treatment

Graphene is a monolayer of carbon atoms orderly packed in a 2D honeycomb lattice (Figure
1.7). Apart from the ultrathin structure, the unique properties of high stiffness, thermal
conductivity and surface area potentially allow graphene to be a promising candidate for
membrane-based separations [63]. Yet a pristine one-atom-thick graphene is even
impermeable to small gas molecules like helium, making it difficult to be directly utilized

for molecule- or ion-based separation. In this case, the analyses of molecular dynamics (MD)
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simulations [64-67] provide a bright prospect of nanoporous graphene (NPG) with both high

permeability and selectivity for water purification [68] and gas separation [69].

Figure 1.7. Typical honeycomb structure of graphene material. Built through Material Studio.

Membrane desalination represents an important contribution to face water problems, for
recovery of fresh water from saline and brackish water. In this direction Graphene-based
materials may promote advantages in the desalination process due to their features, including
single atomic layer structure, large specific surface area, hydrophobic property, rich
modification approaches, etc. [70].

Graphene is the lightest, strongest, thinnest, best heat-and-electricity conducting material
ever discovered. Graphene, as hydrophobic monolayer, has a good capacity to repel water
when used for water treatment via membrane distillation. Resistance to wetting is one of the
most important criteria for a membrane to be used in desalination, furthermore when narrow
pores are made in it, a rapid water permeation is allowed. This sparked ideas regarding the
use of graphene derived for water filtration and desalination, especially once the technology
for making these micro-pores has been achieved. Graphene sheets (perforated with miniature
holes) are studied as a method of water filtration, because they are able to let water molecules
pass but block the passage of contaminants and substances.

Challenge nowadays is not to generate graphene membranes from their auto- assembling,
but to include it, used as nanofiller, in a specific space like a polymeric membrane to assist
different kind of membrane processes. It has already showed that graphene blended in a
polymer membrane matrix can improve performance from rejection to salts and fluxes when
used in Membrane Distillation (MD) process. Gontarek et al [71] studied recently effects of
multilayer graphene-derived platelets when confined in hydrophobic microporous polymeric

membranes. They demonstrated how intermolecular interactions between water vapour
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molecules and nanocomposite membranes allow to assist transport of water vapour in
membrane distillation processes when a suitable filler-polymer ratio is reached. In this
studies, hydrophobic graphene nano-platelets have been blended in polymer matrix but with

the purpose of Membrane Crystallization technology.

1.6.2 Beyond graphene: new materials and new perspectives

Despite interesting properties and capabilities of graphene, it consists of an absence of band
gap that make not it suitable for different kind of applications. On a molecular level, the
band gap is the minimum amount of energy required for an electron to break free. Once it
does, the electron can participate in conduction. Because of the absence of a band gap, the
electrons in graphene flow continuously, causing graphene to act more like a metal than a
semiconductor. The energetic gap between the highest occupied and the lowest unoccupied
electronic level is an important factor in determining the optical and electronic properties of
a material [72].

In the past few years, transition metal dichalcogenides (TMDs) have also attracted
considerable attention because of the intrinsically opened bandgap, resulting much more
interesting than graphene for specific applications [73]. One of these new interesting
materials, bismuth selenide (Bi>Ses) was recently studied like nano-filler in Membrane
Crystallization Technology in order to assist nucleation and crystallization of NaCl salts.
Bismuth selenide (Bi2Ses) is a gray compound of bismuth and selenium also known as
bismuth (111) selenide. It is a semiconductor and a thermoelectric material.[74] While perfect
stoichiometric bismuth selenide should be a semiconductor (with a gap of 0.3 eV) naturally
occurring selenium vacancies act as electron donors and it often acts as a semimetal.[75]
Topologically protected surface states have been observed in bismuth selenide,[76] which is
the subject of ongoing scientific research [77].

Macedonio et al [78] explored the potential of bismuth chalcogenides in water desalination
and recovery of minerals, through MCr technology. The confinement of Bi.Ses in polymeric
hydrophobic matrices has produced an unexpected increase in the growth rate and uniform
dispersion of NaCl crystals, providing assistance to the MCr process. The presence of defect
sites at the surface of the material chalcogenide promotes water adsorption at the vacancies,
causing water exclusion mechanisms to take place under low saturation conditions.

Studies regarding Bi,Ses.PVDF based membranes were carried out in this work for the

purpose of Membrane assisted Crystallization technology, comparing results with those
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achieved with graphene-PVDF based membranes. Results and discussion will be

implemented in Chapter 5.

1.6.3 Effects of Nanoparticles (NPs) on human health and environment

Nowadays interest in nanoscience is particularly focused on the using of nanoparticles (NPs)
of graphene, derivates and 2D materials beyond graphene such as transition metal
dichalcogenides and xene, for different purpose. As described in the previous paragraphs
they have unique properties that make them ideal to be used in several scientific areas, as
photonic, optoelectronics, biomedicine and also in membrane science. They can be managed
for desired applications, how for example with their inclusion as nanofillers in polymer
network as was did in this work. On the other hand, it’s necessary to study the toxicity level,
both for human health and also for the environment. It’s necessary to consider that for the
human body their toxicity depends on their biocompatibility and mobility and reactivity that
have with specific cells components [78]. In fact, NPs can pass through different cell
membranes of mammalians and be absorbed in them. Size of the nanoparticles, their
distribution, aggregation, and sedimentation in cells, are the most important parameters in
determining their absorption rates [79]. Furthermore, their toxicity is related not only to their
small size, but also to large surface area and their ability to produce reactive oxygen species,
causing inflammation and fibrosis in multicellular organisms. It implies the valuation and
validation of a safety profile and the study of the impact on human health [80]. Possible risks
were investigated by several in vitro and in vivo studies that evaluated on one side toxicity
implications of NPs and on the other no relevant risks. So exist two face of medal, and
graphene, derivates and previous cited 2D beyond cannot be excluded from this type of
investigation. However, in order to give rights information, it’s important to explore the
level of toxicity of graphene and more, and to what degree they are safe. From the
environmental point of view, nanomaterials can interact with organic or inorganic
compounds, and even though they can have harmful environmental effects, they also can be
helpful for the environment, when NPs are used for example in the removal of contaminants.
In our case the purpose was to use nanomaterials as elements (fillers) for improving assisted
mechanism in MCr operations. Their environmental impact depend on how they are used in
the workplace, how they are separated into different media (e.g., water and air), their
mobility in each of these media, and their stability, with an important reference to the
quantity with which they are used. Graphene and Bismuth selenide are the two 2D materials,

used in this PhD thesis for the improving of NaCl crystals quality when inserted in PVDF
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matrix, a biocompatible polymer [80, 81], for Membrane assisted Crystallization. With their
vacancies and defects, they allowed to nanocomposite membranes to enhance water
sequestration for faster supersaturation and to achieve major uniformity in crystals shape and
size distribution. In order to insert NPs into polymeric membranes with activity in water
treatment, a long-term study is required, for the evaluating of their stability in order to assess
2D nanomaterials safety. In this work, Raman investigation were performed in order to
confirm that no release of 2D nanomaterials in feed and permeate streams occurred. These
can be considered as preliminary information about the possibility to use these novel

materials in desalination processes.
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Chapter 2

Membrane Distillation and Membrane Assisted Crystallization:

membrane operations in water desalination and reuse

2.1 Introduction

Process intensification is a strategy that aims to bring concrete benefits in the production
cycles by several steps. They are: the reducing of the bulk of the equipment, the increasing
of efficiency, the saving of energy, the reducing of the costs, the mitigating of environmental
impact, the improving of safety and the automation and control of devices. Membrane
processes have the potential to integrate or replace conventional energetically expensive
techniques, allow selective and efficient transport, improve the performance of reactive
processes according to the sustainable industrial growth. The realization of compact
membrane systems capable to carry out separations much better compared to traditional
process units, represents today a real perspective. Interestings are the developments linked
to their integration due to the synergistic effects deriving from them. Research is now
focused on techniques that may be environmentally friendly and which at the same time are
able to allow faster processes and higher productivity.

In this work we prepared membranes for their using in Membrane Distillation (MD) and
Membrane Crystallization (MCr) technologies, for desalination of sea and brackish water
and for recovery of NaCl crystals. These kind of methodologies are integrating traditional
techniques leading to interesting results. In particular MD is carried out at lower pressure
values (a few hundred kPa) compared to the reverse osmosis (RO) process, bringing benefits
from the energy and economical point of view and at the same time fouling phenomena are
also less accentuated than in RO, so leading to better performance in selectivity and
productivity.

MC technology, in particular via MD as was carried out in this work, it’s particularly used
for achieve faster induction times and more control in shape and size of crystals distribution.
Both processes find application in membrane contactors and become part of integrated
membrane processes for desalination. Smart integration of membrane operations in
desalination can contribute to the conventional mining industry by recovering minerals from
the brine. At the same time, it solves some of the drawbacks of the mining and the

desalination industry [1] (Figure 2.1).
47



Seawater Pre- NF RO

e — Potable water
treatment :
— MbL |,
Potable water | MCr| ! s MCr|
Minerals Tt

Minerals

I:I Pretreatment |:| Water Production [:] Mineral & Water Production

Figure 2.1. Schematic representation and illustration of an integrated membrane desalination
plant. Integrated membrane desalination system for water and mineral production. NF:
Nanofiltration; RO: Reverse Osmosis; MD: Membrane Distillation; MCr: Membrane
Crystallization. Reprinted from [1], 2016.

2.2 Membrane Distillation modes and membrane’s features

Membrane Distillation is a promising technology for desalting highly saline waters [2]. MD
IS a separation process, in which only vapor molecules are able to pass through a porous
hydrophobic membrane. This separation process is driven by the vapor pressure difference
between the porous hydrophobic membrane surfaces. Using MD has many attractive
features, such as low operating temperatures and solution (mainly water) not necessarily
heated up to the boiling point. Despite of osmosis revers is the leader technology for
desalination, high energy consumption and brine disposal are in RO process connected to
the limited recovery of water. These problems can be overcome by the integration of other
processes like MD, and a system where a reverse osmosis step is followed by a membrane
distillation one. In this way it’s possible to improve (%) the recovery factor, as can be seen
in Table 2.1. [3].

Table 2.1. [%] Recovery of potable water from seawater with RO followed by MD [3].

Recovery [%0]

Feed source RO plant MD plant Reference

Seawater 4008 77 [3]

The MD system has the feasibility to be combined with other separation processes to create
an integrated separation system, such as ultrafiltration (UF) [4] or with a RO unit [5].
Furthermore, MD has the ability to utilize alternative energy sources, such as solar energy
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[6, 7], geothermal and wind energy [8]. The MD process is competitive for desalination of
brackish water and sea water [10] and it is also an effective process for removing organic
and heavy metals from aqueous solution [11] and from waste water [12]. MD has also been
used to treat radioactive waste, where the product could be safely discharged to the
environment [13].

Mass transfer in MD is controlled by three basic mechanisms, which are Knudsen diffusion,
Poiseuille flow (viscous flow) and molecular diffusion. This gives rise to several types of
resistance to mass transfer resulting from transfer of momentum to the supported membrane
(viscous), collision of molecules with other molecules (molecular resistance) or with the
membrane itself (Knudsen resistance). In this context, the dusty gas model is used to describe
the mass transfer resistances in the MD system, as given in equation 2.1

= - ElPiyp 2.1)

8RTTuU

Where J7 is the viscous flux, e porosity, r pore radius, pi partial pressure, P total pressure, R

gas constant, T temperature, t tortuosity, |1 gas viscosity.

Exist different kinds of configurations for MD (Figure 2.2), including:

e Air Gap Membrane Distillation (AGMD) wherein the feed solution is in direct
contact with the hot side of the membrane surface only. Stagnant air is introduced
between the membrane and the condensation surface. The vapor crosses the air gap
to condense over the cold surface inside the membrane cell. The benefit of this design
is the reduced heat loss by conduction. However, additional resistance to mass
transfer is created, which is considered a disadvantage. This configuration is suitable
for desalination and removing volatile compounds from aqueous solutions [14].

e Sweeping Gas Membrane Distillation (SGMD) wherein inert gas is used to sweep
the vapor at the permeate membrane side to condense outside the membrane module.
There is a gas barrier, like in AGMD, to reduce the heat loss, but this is not stationary,
which enhances the mass transfer coefficient. This configuration is useful for
removing volatile compounds from aqueous solution. The main disadvantage of this
configuration is that a small volume of permeate diffuses in a large sweep gas
volume, requiring a large condenser [15].

e Vacuum Membrane Distillation (VMD) wherein vacuum is applied to the permeate
membrane side. Condensation takes place outside the membrane module. The heat
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Membrane « (]

lost by conduction is negligible, which is considered a great advantage [16]. This
type of MD is used to separate aqueous Volatile solutions and is the suitable choice
for hollow fiber membrane and it requires often high pressure values to work well.
Direct Contact Membrane Distillation (DCMD) wherein, the hot solution (feed) is in
direct contact with the hot membrane side surface. Therefore, evaporation takes place
at the feed-membrane surface. The vapor is moved by the feed side to the permeate
side (through pressure difference across the membrane) and condenses inside the
membrane module. Because of the hydrophobic characteristics of the membrane, the
feed cannot penetrate the membrane, but only the gas phase exists inside the
membrane pores [17,18]. It is usually the most common choice for those application
in which the feed solution mainly consisted of water, and it has also the simplest
design, suitable for its using on lab scale.

Permeate in Feed out Coolant out Feedin i
Feedin

l | | Sweep gas out l I Vacuum

Feed out
——

! ! Air gap I —_— 1
. 4 Condenser Condenser
| Membrane ~d | Membrane ~ 1 1
. [~ .
: ! | Permeate | Permeate
I A Membrane
1 1 Condensing I .
- . plate . .
FeeﬂT Permeate out FE&T Coolant in Feed out sweepgas in Feed
— B’ b eed out
DCMD AGMD SGMD VMD

Figure 2.2. Schematic representation of possible configuration for Membrane Distillation (MD).

Readapted from [19].

Concerning membrane’s features, some requirements need to be accomplished for making

MD operation high performing [2]:

Well-shaped pore size and narrow pore distribution (preferably within the range of
0.1t0 0.2 um)

Controlled thickness and tortuosity factor

Stable hydrophobic characteristics

High (60-80%) porosity and exhibit good mechanical strength

Minimized thermal conductivity

Scaling resistance
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Each of these parameters can influence MD process in several ways, but it is important also
a good combination between them, in order to have good productivity, resistance to wetting,
rejection to salts and endurance in time.

Methodological studies have to be targeted for preparing membranes with suitable features,
because the membrane available on the market do not meet fully all desired characteristics.
Various kinds of membrane configuration (summary in Figure 2.3) can be used for MD
processes [20]:

e Plate and frame where membranes and spacers are layered together between two
plates.

e Hollow fiber where thousands of hollow fibers are bundled and sealed inside a shell
tube.

e Tubular membrane where the membrane is tube-shaped and inserted between two
cylindrical chambers (hot and cold fluid chambers).

e Spiral wound membrane where flat sheet membrane and spacers are enveloped and
rolled around a perforated central collection tube, particularly employed in DCMD
and AGMD.

Among others, flat sheet membrane configuration is widely used on laboratory scale due to
ease to clean and replace it. However, the packing density, referred as the ratio of membrane
area to the packing volume, is low and a membrane support is required. Hollow fiber
modules have very high packing density and low energy consumption, but on the other hand,
it has high tendency to clogging and is difficult to clean and maintain. It is worth mentioning
that, if feed solution penetrates the membrane pores in shell and tube modules, the whole

module should be changed.

Flat sheet membranes

50-100 cm ;
Hollow fibers

Inner diameter < 0.5 mm =

Capillary membranes O T»

Inner diameter 0.5-10 mm
Tubular membranes (B
Inner diameter >10 mm

Figure 2.3. Schematic representation of typical membranes configuration. Readapted from [20].
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2.2.1 Direct Contact Membrane Distillation (DCMD) and its using in water desalination

Among MD configurations, direct contact membrane distillation (DCMD) has the simplest
design and operation, but it needs interfaces with well-tailored structure, which is difficult
to achieve in current available membranes. In this kind of configuration, aqueous streams
are separated by a hydrophobic porous membrane. The temperature of one of the two
currents (at feed side) is greater than the other one (at permeate side) so as to create a
temperature difference across the membrane and, hence, a difference in partial pressure,
which is the real driving force of the process. High hydrophobic surface character is essential
to preserve membrane from wetting while water vapor diffuses through the pores under soft
processing conditions. Reduced resistance to mass transfer is also highly desirable, which
implies short free paths at low tortuosity factor. Also, heat loss must be prevented when
thermally driven operations are applied, in order to prevent reduction of the difference of
temperature across the membrane, and consequently the abatement of the flux. DCMD is
generally the most used configuration on lab scale for its simple design and operations,
particularly used when stream composition is mainly made up of water. Despite of it is
generally characterized from low water productivity, with respect to Osmosis Reverse (RO),
greater water fluxes can be achieved tuning membrane properties by a morphological and a
chemical point of view. In fact, one of the topics of the PhD thesis was the preparation,
characterization and application of honeycomb membranes, with high-defined ordered
structure. This element, in combination with reduced pore size, a more thin active layer and
the using of a material with low thermal conductivity (HYFLON AD), allowed to direct
productivity (water flux > 50 L/m2h) selectivity (rejection of 99.1 %) and thermal efficiency
(> 70.2 %) of DCMD towards a unique direction. It’s necessary also to underline that
Membrane Distillation in general is not a substitute process of RO for water desalination,
but its major future goal can be its using as a consequent step in integrated membrane

processes. All experimental details will be described in Chapter 3 and Chapter 4.
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Figure 2.4. Schematic representation of thermally driven Direct Contact Membrane Distillation
configuration (DCMD).

Membrane thickness 6 (um) and membrane porosity e (%) are indeed two significant
structural features to be considered for MD systems [22], because there is an inversely
proportional relationship between the membrane thickness ¢ and the permeate flux J, while

a direct dependence on the porosity exists:

(e

where (*) is the average pore size for Knudsen diffusion (0. = 1) or the average squared
pore size for viscous flux (a = 2), r the membrane tortuosity. From Eq. (2.2) it is clear how
membrane porosity and pore size can be managed to maximize the flux, while minimized
path length through the membrane section should be preferred. Regarding the latter,
asymmetric membranes with a really thin top-layer on porous substructures restrict the mass
transfer resistance in the top-layer mainly, because the sub-layer has a supporting function
only.

Membrane porosity and thickness are two critical parameters for the heat transfer as well
[23]. This is because the thermal conduction is considered as a heat loss mechanism through
the membrane material and the vapor that fills the pores. It can be expressed as:

Qm = hp - ATy, (2.3)

_ Kget(1-¢)

(2.4)
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Here, hms and hmg represent the heat transfer coefficients of the vapor within the membrane
pores and the solid membrane material, respectively; kg and km the thermal conductivity of
vapor and polymer.

Total heat transfer across the membrane is given by

Qm = Qv + Qm (2-5)
Where
Q,=hv - AT,,, =] -AH, (2.6)

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= h, - AT, = hy, - (T, — Tpm) (2.8)

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

1 1 1 1

U hf  hpthy hy

1 1 1
hy * ((kge+km(1-€))/8)+(U-AHy) /(T m—Tpm))  hp ( )

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 (2.10)

while the thermal efficiency in MD can be specified as the ratio of latent heat of vaporization
to the total (latent and conduction) heat.
In DCMD, a sensible heat loss results in a difference in the bulk and membrane interface

temperatures [24]. Figure 2.5 shows the temperatures of the different parts of a typical
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DCMD configuration. Due to the lowering of temperature, the feed moves from the feed
channel through the membrane, to the permeate channel, as a result of temperature
polarization, and the driving force of heat transfer becomes negatively affected. In DCMD,
there is simultaneous transfer of both heat and mass, determined by the heat flux and transfer

coefficients in both feed and permeate sides [25].

Cold channel

Temperature

Figure 2.5. The bulk and membrane interface temperatures where Ty is the bulk feed temperature,
T is the membrane interface temperature at the feed side, T is the membrane interface
temperature at the permeate side, and Ty, is the bulk permeate temperature [25]. Readapted from
[23].

Thermal efficiency is one of the most important parameters to consider and to improve in

Membrane Distillation processes.

For DCMD, the thermal efficiency is, hence, expressed as:
. . J-AH
Thermal ef ficiency = Tar 100 (2.11)

On this basis, tiny active layers based on materials with very low thermal conductivity would
be desirable for MD membrane processes. Traditionally, polymers such as
polytetrafluoroethylene (PTFE), polypropylene (PP) and polyvinylidene fluoride (PVDF)
are used to fabricate porous membranes due to their intrinsic hydrophobic character and
relatively low thermal conductivity (0.21-0.37 Wm™' K™! for PVDF, 0.25-0.27 Wm ™' K™!
for PTFE and 0.11-0.16 Wm™! K™! for PP respectively). However, high thermal efficiency

continues to be an ambitious target for MD processes.
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Another parameter to consider is Reynolds number. The Reynolds number (Re) is a
dimensionless parameter used in fluid dynamics, proportional to the ratio between inertial
forces and viscous forces [26]. It is used to predict the transition from laminar to turbulent
flow, and at low Reynolds numbers, flows tend to be dominated by laminar (sheet-like) flow,
while at high Reynolds numbers turbulence results from differences in the fluid's speed and
direction, which may sometimes intersect or even move counter to the overall direction of
the flow (eddy currents).

In the most general cases, the Reynolds number is written as:

rw)d _ wd
u Dy

Re = (2.12)

Where:
e pis the density or density (kg / m®);
e <v> is the macroscopic speed (average) (m/s);
e d is a characteristic length of the phenomenon considered. For example in the case
of the motion of a fluid in a pipe it corresponds to the diameter of the pipe, while in
the case of a wing profile it corresponds to the length of the rope (m);
e is the dynamic viscosity (Pa - sor N -s/m?orkg/(m - s));

e Dy, is the kinematic diffusivity (m?/s)

2.3 Membrane Assisted Crystallization (MCr) technology: an experimental point of view

Crystallization is a solid-liquid separation technique in which solid crystals are formed from
a liquid solution under supersaturation conditions. It has been usually employed in separation
and purification of industrial streams using traditional devices as crystallizers or evaporators.
Nowadays, membrane technology appears as the alternative technology that could replace
the conventional crystallizers because of its advantages related to its adaptability and the low
energy consumption in comparison with the conventional technology [27]. In this context,
MCr appears as an innovative idea to incorporate membrane technology in crystallization
processes, to take advantage of its intrinsic benefits, including well controlled nucleation
induction time and growth Kkinetics. Furthermore, the possibility to have control in crystals
shape and size and also on the polymorphism of molecular crystals is one of the most

appealing and fascinating phenomena of solid state chemistry, where membrane technology
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falls. In fact, the possibility to have polymorphism, represents an open challenge for being

able to rationally design and construct crystalline solids with defined architectures [28].

2.3.1 Membrane Crystallization via Membrane Distillation

Membrane Crystallization (MCr) technology works applying a temperature and/or
concentration gradient as a driving force and using solutions close to the supersaturation.
MCr has to be conducted under specific operative conditions and with membranes that
possesses specific requirements, in order to be suitable for crystallization and so for recovery
of several kind of molecules.

Crystallization is characterized by laminar flow conditions that minimize the shear stress,
promoting the formation of good structured crystalline forms. Besides, the membrane
provides an excellent support for heterogeneous nucleation (nuclei grow at a surface), easier
than the homogeneous nucleation (nuclei grow in the bulk solution) [29]. This happens
because the energy barrier (Gibbs free energy) for heterogeneous nucleation is lower than
the one for homogenous nucleation [23]. In this regard, the membrane selection plays an
important role. High surface area, porosity and roughness favor the nucleation because
particles can deposit easily and “be trapped” [30-32], reducing the induction time, i.e. period
between the moment in which supersaturation conditions are reached and the first crystal
appears. Furthermore the action on transmembrane flow rate, by changing the driving force
of the process, enables one to modulate the final properties of the crystals produced both in
terms of structure (polymorphism) and morphology (habit, shape, size, and size distribution).
(Figure 2.6)
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Figure 2.6. Schematic illustration of supersaturation phenomena.

Crystallization is one of the most widely applied separation processes in the chemical
industry [33], because a large number of daily-used products like additives, pharmaceuticals,
fine chemicals, pigments, etc., are marketed in crystalline form. In order to obtain a high-
quality product, it is crucial to control product properties such as crystal morphology (shape,
habit, average size, size distribution), structure (polymorphism), and purity (regular
arrangement of the building blocks into the lattice) (Figure 2.5). All these properties have a
considerable impact on the final use of a crystalline product.

This technology can be implemented for a wide range of applications, including desalination
of seawater and brines [34-37], wastewater treatment for the recovery of high-purity silver
[38] or sodium sulphate [39], CO2 capture [40, 41], nanotechnology such as the synthesis of
BaSOs and CaCOs particles [42], the recovery of antibiotics [43] or polystyrene
microparticles [44]. Membrane Crystallization technique is also widely used for the recovery
of biomolecules [45] (Figure 2.7).

Figure 2.7. Optical images of the two crystal morphologies obtained during the membrane
crystallization tests of glycine: (a) Form I; (b) Form Il (the unit bar inside the figure corresponds
to 50 um). Reprinted from [45] Copyright (2007), with permission from American Chemical
Society.
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2.3.2 Membrane Crystallization in seawater desalination

MCr technology is expected to give a fundamental contribution in seawater desalination,
which is becoming the most economically competitive way to resolve the potable water
demand in regions with high deficiencies [28]. Reverse Osmosis (RO) is considered in water
desalination as the most cost-effective solution to potable water demand, but day by day it
is starting to be integrated with other competitive techniques like Membrane Distillation
(MD), widely described in previous section for improvements in cost reduction,
enhancement of water recovery factor, water quality, and new brine disposal strategies. In
fact, a fundamental problem in desalination is the environmental aspects of brine discharge
from RO plants. The most frequent disposal practice is the direct discharge in the
environment. However, the more and more stringent environmental regulations preclude in
many cases this low-cost practice, aiming to protect the aquatic environment.

Various process engineering strategies have been investigated in order to perform
environmentally friendly strategy for brine disposal. A suitable solution is the possibility to
completely redesign a desalination system by introducing and integrating with MCr
operations [46]. Again, hydrophobic porous membranes are in direct contact with a hot feed
and a cold distillate. Water evaporates at the feed/membrane interface, diffuse through the
membrane pores and condense in the cold distillate stream, while the stream is concentrated
until ion aggregation preceding crystallization. Therefore, membrane structural properties
will strongly affect membrane crystallization performance both in terms of solvent
evaporation rate and in terms of crystals nucleation and growth. As a matter of fact, a
crystallizing solution can be imagined as a certain number of solute molecules moving
among the molecules of solvent and colliding with each other, so that a number of them

converge forming clusters (Figure 2.8).
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AD40H_010 membrane

AD40H_022 membrane

AD40H_045 membrane

Figure 2.8. NaCl crystalline habit. Magnification: %10, achieved with differend kind of PVDF-
HYFLON nanocomposite membranes: AD40H_010; AD 40H_022; AD40H_045. Reprinted from
[47] Copyright© 2018, with permission from Elsevier B.V. All rights reserved.

In general, several are the advantages derived from using MCr technology, such as:
e High purity level,
e Control of polymorphic form, narrow crystal shape and crystal size distribution.

e Faster nucleation times

Continuous removal of pure water as permeate from the feed solution induced saturation and
thus crystallization. To characterize the obtained crystals, the feed containing NaCl crystals

are removed from the feed solution after regular intervals from onset of crystallization and
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were examined visually by optical microscope for determining various crystals mean
diameter, coefficient of variation (CV), nucleation and growth rate [47]. Coefficient of
variation (CV) is a parameter indicating the dispersion of a distribution around the mean

crystal size. CV was calculated using the following equation:

cy = 8o ~F20% , 19 (2.13)

2-Fs509,

where CV is expressed as percentage and F is the crystal length at the indicated percentage.
Growth (G) and nucleation rate (B°) have been estimated on the basis of the Randolph-
Larson model [48] as follows:

In(n) = = +In (n°) (2.14)

B = n°G (2.15)

where n is the crystal population density, L is crystal size, t is retention time and n° is
population density at L equal to zero.

The quantification of these parameters enables one to build kinetics growth of crystals,
providing information about crystals size and shape distribution as well as velocity of

nucleation.
2.4 Membrane Assisted Crystallization technology from computational point of view

Computational studies may predict and support the understanding of mechanisms and
phenomena at molecular level, including assisted membrane crystallization [29].

The molecular details of the process appear in very small length scale of the order of
nanometers, and they are, by definition, unstable and therefore form only transiently, so quite
challenging to probe in real time even. However, today, with state-of-the-art measurements,
nucleation has also been observed at the molecular scale [49, 51-53]. The rapid advance of
experimental techniques such as in situ atomic force microscopy [54], liquid-cell
transmission electron microscopy [55], cryo-TEM [52], are expected to deliver novel results
in order to refine the understanding of crystal nucleation and growth [56]. Computational

modelling including fully atomistic simulations, where the temporal evolution of the liquid
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into the crystal is studied, complementing experiments, support in providing insight on the
mechanisms of such phenomena and enables kinetic and thermodynamic quantities to be
estimated. Surely, the rapid progresses in computational methodology have unraveled
crucial aspects of crystal nucleation in liquids. Several studies have been performed to depict
the mechanism of heterogeneous crystal nucleation by simulation [50, 57-58] such as atomic
simulation [59-61] and phase field theory [62], while there are limited publications for
heterogeneous salt crystal nucleation from aqueous solution [63-65]. Moreover, the
mechanics of the earliest stages of the crystallization assisted by membranes still remain an
important fundamental issue. However, there are several papers discussing crystal nucleation
in aqueous solution [66-70], which focus on available force fields and models.
Chakraborty et al [67] investigated how crystals nucleate and growth in aqueous NaCl
solution. Large-scale molecular dynamics simulations have been performed to examine the
microscopic mechanism of crystal nucleation and growth in a slightly supersaturated
solution of NaCl in water at 300 K and 1 atm. Early-stage nucleation has been observed, and
the growth of a single crystal has been followed for ~140 ns. It has been demonstrated that
the nucleation and growth process is better described by Ostwald’s rule of stages than by
classical nucleation theory. A disordered region of high local salt concentration forms prior
to crystal nucleation; the early stage nucleus is not a mini crystal of anhydrous NaCl but
rather a less ordered arrangement of ions that retains a significant amount of water. From
Ostwald’s perspective, this is not surprising because is expected the ion—water composition
of the early nucleus to be closer in free energy to the metastable solution than would be the
case for an anhydrous NaCl cluster. The residual water appears to be very slowly (on
simulation time scales) excluded as the crystal evolves toward its stable anhydrous state.
Tsai et al [29] for the first time have carried out molecular dynamics simulations studies of
the crystal nucleation and growth of sodium chloride solution in contact with hydrophobic
polymer surfaces of PVDF and PP at a supersaturated concentration of salt. At the same time
they choose crystallization of NaCl from aqueous solutions, because it is a typical example
of most inorganic crystallizing systems.

At first, crystals nucleation and grow have been simulated in a slightly supersaturated
aqueous bulk solution as performed by Chakraborty [67]. Then, PVDF and PP membrane
surfaces interfacing NaCl solution have been studied by Tsai et al [68] and the results have
been compared with that on bulk solution and with experimental data. In parallel, membrane
crystallization experiments have been performed utilizing the same kind of polymeric

membranes in order to compare the experimental findings with the computational data.
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Figure 2.9, following Chakraborty procedure, shows the two different steps that happen in
nucleation phenomena when at first (Figure 2.9a and c) disordered regions are particularly
present in NaCl solution and then when they leave space to aggregation of Na* ClI" ions,
giving shape to ordered structures (Figure 2.9b and d). This is the first computational work
where molecular dynamics simulation tools have been used to confirm how the use of
hydrophobic polymer matrices can assist crystallization of salts reducing nucleation times
(Figure 2.9c and d).
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Figure 2.9. Snapshots showing the amorphous and crystal phases of Na* and CI" in supersaturated

solutions at different time of simulations. a) and b) in NaCl bulk solution; c) and d) on PP surface.

Blue circles indicate the region with higher density and partial order of NaCl ions. Na™ in purple,
Cl™ in green, water molecules in grey. Readapted from [29].

In this work, NaCl crystals growth during simulation time has been identified in a
quantitative overview by radial distribution function r?h + —(r) for times ranging from 5 to
100 ns. Here, h+ —(r) = g(r) — 1, where g(r) is the radial distribution function and multiplied
by r? to magnify the structural details [69]. The function h+ —(r) is averaged over all ions in

the system. However, ions in the growing crystal contributed to the long-range structure. At
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first nanosecond very short ranged rdf refer to the metastable solution with one discernable
peak indicating few ordered ions. At the end of simulation, the structural peaks, related to
the ion—ion correlation, are visible indicating the growth of NaCl crystals. Difference are
estimated for bulk NaCl solution, where a larger order is visible up to 2 nm whereas for NaCl
in contact with the hydrophobic membranes it is up to 1.5 nm. The presence of PP and PVDF
membranes modified the shape of r’h+—(r) function. Only positive regions are present in
both Figure 2.10b and 2.10c indicating the augmented ion density in the crystal.

Ne-CI {5 rs)

Ns-CI {10 s}
Na-Cl {20 ns)

Na-Cl (40 ns)

Phr)

Na-Cl (5 ns)

Ne-Cl (10 s}

N=Cl {20 rs)

Me-Cl (20 ns)

N=Cl {40 rs)

Me-Cl (40 ns)

NeCl {60 ns)

Me-Cl (80 ns)

MeCl {80 ns)

Me-Cl (20 ns)

NeCl {100 1s)

Me-Cl (100 rs)

?h(r)

Figure 2.10 r®h(r ) function of NaCl a) in bulk solution; b) in PVDF system; c) in PP system.
Readapted from [29].

With respect to traditional crystallization technology the presence of an hydrophobic
membrane with 90 ° <0 <180 ° promotes nucleation. The special effect of the heterogeneous
contribution allows crystals to nucleate faster and/or by using lower initial amount of
substance with respect to usual comparable techniques. By considering the interactions

between solute and solid substrate in terms of contact angle (8), which the crystallizing
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solution droplets form with the solid substrate, the reduction of AG due to heterogeneous

nucleation is equal to [70-71]:

AGheter
AGhomog

= i(z + c0s6)(1 — cos8)?[1 — EM]S (2.16)

(1-cos8)?

where ¢ is the overall surface porosity defined as the ratio between the area of the pores to
the total membrane surface area. In the case of a non-porous system (¢ = 0), when contact

angle is equal to 180° then AGperer = AGromog » Whereas if contact angle is equal to 90°,

1
then AGheter = EAGhomog-

Hydrophobic porous membranes assist crystallization phenomena. Their performances,
widely studied from experimental point of view, are now object of interest in computational
studies. This study gives attention to each aspect of the process with theoretical models,
going beyond what already exists in literature, where crystallization is described only in

aqueous solution.
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Chapter 3

Materials and Strategies implemented to manufacture nanostructured

membranes and related applications

3.1 Introduction

In the present research work were developed different methodologies for the design and
preparation of nanostructured polymeric membranes. The application target were Membrane
Distillation (MD) and Membrane Crystallization (MCr) technologies.

In this chapter, materials and strategies used for preparation, characterization and application
of nanostructured functional membranes were described. Membranes were designed to
enhance the performance of MD and MCr during the production of fresh water and recovery

of minerals from high concentration saline solution.

3.2. Materials

In this work different kind of materials have been used to manufacture tailored membranes
and we can subdivide them on the basis of the type of membrane produced.

3.2.1 Honeycomb membranes

To produce tailored honeycomb patterned membranes, materials used were:

e Polyethersulfone (PES, Radel A100NT, Solevey Solexis, Alpharetta, GA, USA), 0.5 wt
% - 2 wt %.

e Dicloromethane (DCM, 99.5 %, Carlo Erba Reagents, Milan, Italy) at 99.5-98 wt %.

e Polyoxyethylene (20) sorbitan monolaurate (Tween 20, Mw = 1227.54, Sigma-Aldrich
SRL, Milan, Italy); in a concentration from 107°to 107> M.

e Various alcohols with different chain length ((CH2) n = 2-40H, Ethanol, n-Propanol, n-
Butanol, 2-Propanol water content < 0.02 %, degree of purity of 99.5 %, Carlo Erba
Reagents) in a concentration of 12 wt %.

e Viologen salt, in the class of Ionic Liquid Crystals (ILC): 1,1'-ditetradecyl-4,4'-
dipyridinium [bis(trifluoromethanesulfonyl)amide (14bp14(Tf2N). synthetized and used
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as surfactant for preparation of honeycomb membranes with an increasing ordered

geometry (15 wt % with respect to amount of polymer).

3.2.2 Double honeycomb membranes: structure in the structure

Herein honeycomb made by PES was used like a sublayer, because was created a nano-

porous coating onto the top surface using:

Tetra-fluoroethylene (TFE) and 2,2,4-trifluoro-5-tri-fluorometoxy-1,3-dioxol (TIT)
with 60 mol % in TTD content (HYFLON AD 60, Solvay Specialty Polymers Italy)
at 1.3 wt %.

Methoxy-nonafluorobutane (HFE7100® 3M™ Novec) solvent.

A polyamide textile (G. Crespi Srl, Italy) to achieve further inert mechanical support

for honeycomb membranes.

At the same time commercial PVDF membrane (GVS SpA) was used for comparative

desalination tests.

3.2.3 Nanocomposite 2D materials-PVDF membranes

Nanocomposite membranes were produced with traditional phase inversion technique using:

Polyvinylidene fluoride (SOLEF ® 60/20 Solvay speciality polymers lItaly) as
polymer (11.7 wt %).

Graphene powder, as nanofiller (Graphene nanoplatelets, powder hydrophobic,
Merk, Italy) at different concentration percentage (0.5, 5, 10 wt %).

Bismuth selenide (Bi2Ses, Merk, Italy) gray compound of bismuth and selenium also
known as bismuth (II1) selenide. It was synthetized and then grinded reaching a
powder diameter < 60 um. It was used as nanofiller at a concentration percentage of
5 wt %.

1-Methyl-2-pyrrolidinone (NMP >99%, TECHNICAL, VWR chemicals, Italy) as
solvent.

2-Propanolo >99.7%, AnalaR NORMAPUR® ACS, Reag. Ph. Eur. for analysis
(VWR chemicals, Italy), used as solvent in coagulation bath after casting the

solution.
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In table 3.1 all materials used were reported with chemical structure, their most important

features, operative conditions used to manipulate them and their usage for methodology of

preparation and application desired.

Table 3.1. Synthetic representation of all materials used with related properties.

Concentration Role in Membrane
Material Chemical Structure used in Properties membrane preparation
preparation preparation | methodology
High thermal
0 - Polymer in
0 S 0.5wt % stability; Breath
PES, Radel ® T ) ) Honeycomb )
o) 2 wt % High mechanical Figures
] membranes
resistance.[1]
Low viscosity;
Cl . :
| Ability to Solvent in
DCM 99.5 % C 99.5 wt % dissol H b Breath
5% issolve man oneycom
Cl/ -._\H 98 wt % _ Y Y Figures
s organic membranes
H
compounds. [2]
_ Non-ionic; )
wof~oh_ o ton Surfactant in
' ﬁ oJ} Water-soluble; Breath
Tween 20 "w > 10%-10°M ] Honeycomb )
ofw"h%‘c“ﬂm Resistant to PH Figures
° o membranes
variations. [3]
Ethanol Miscibility in .
Surfactant in
n-Propanol water; Breath
(CH2) n=2-4 OH 12 wt % _ N Honeycomb i
n- Butanol High boiling Figures
) membranes
2-Propanol point. [2]
Cationic head
able to interact )
) ) Surfactant in
with droplet in Breath
(14bp14(Tf2N)2 15 wt % Honeycomb )
water uptake Figures
membranes
(Breath
Figures). [4]
High
temperature
€ Fe stability;
HYFLON MR\H' Low thermal Polymer in Breath
nEAm 1.3 wt% o ) .
AD 60® OXO F conductivity; nanocoating Figures
F F High
hydrophobicity.
(4]
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Thermal

HFE7100 ® stability; Solvent in Breath
C4F9OCHj3 99.7 wt % o _ i
3M™ Novec Low toxicity. nanocoating Figures
[5]
High
mechanical .
] 0 ) Supportin
Polyamide Il resistance; Breath
. CHH—NH‘C - _ ) Honeycomb ]
textile ‘m High resistance Figures
n ] membranes
to organic
solvents. [6]
High chemical
resistance;
High solubility
H F _ :
PVDF | | in polar Polymer in 2D Dry/Wet
SOLEF® C—C 11.7 wt % solvents; nanocomposite Phase
60/20 |l| ||: Thermal membranes Inversion
n applicability
range: -40°C/
150° C. [7]
Il Il Il Il Il Il Thln;
/\C/\/C\C/\/\/\ . . -
Graphene . Light; Nanofiller in
ST T T e 0.5 wt % i Dry/Wet
nanoplatelets, AN O O O O Flexible; 2D
A R 5 wt% ) . . Phase
powder N T A High resistance | nanocomposite )
) e 10 wt % Inversion
hydrophobic A g to temperature membranes
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surface states. membranes
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High solvent
(FH3 power; Solvent in 2D Dry/Wet
NMP >99% N O 88.3 wt % High purity nanocomposite Phase
Q% level. [10] membranes Inversion
2-Propanolo High purity
>99.7%, H5C OH level; Optimum |  Solvent for Dry/Wet
AnalaR - for its using as coagulation Phase
NORMAPUR® CH3 coagulation bath Inversion
ACS bath. [11]
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3.3 Several approaches for preparation of different kind of membranes

In these studies, different are the approaches used to prepare polymeric functionalized
membranes. In particular Breath Figures as innovative manufacturing procedure for ordered
nanostructure was used in the first part of the work, then the attention was focused on
traditional phase inversion (dry/wet) method, in order to achieve nanocomposite membranes
with 2D nanomaterials blended in polymer matrix. They will be described in detail in the

next paragraphs.

3.3.1 Honeycomb PES membrane preparation

To prepare honeycomb patterned membranes, at first, the polymer PES was dissolved in the
solvent DCM, where Tween 20, and alcohols at different ratios were added, in order to
identify difference in structural order, and in order to improve the hydrophobic/hydrophilic
balance through the establishment of fruitful interactions.

Then, the choice of the surfactant has fallen on another typology of materials: viologen salts
of ionic liquid crystals (ICL): with a cationic head and chains of different length [12]. It was
synthetized and characterized according to the protocol described in literature [13] by G.
Casella et al. group from ITM-CNR of Padova, Italy [14]. Briefly, 5.00 g (32 mmol) of
bipyridine were refluxed at 82 °C in 50 mL of acetonitrile with a 2.5:1 excess (25 mL) of 1-
bromotetradecane for 24 h. A yellow precipitate, [14bp14][Br2], was formed. The precipitate
was filtered, washed with cold acetone, and then recrystallized from water/acetone 15:85 v/v
with a yield of 85%. Successively, 20 g (28 mmol) of [14bp14][Br2] were dissolved in 40
mL of methanol; then 40 mL of a methanol solution containing 24 g (84 mmol) of LiTf,N
were slowly added and left to react under stirring for 4 h. The solvent was removed under
vacuum and a white precipitate was formed after adding water to the flask. The white
precipitate was then filtered and washed with water until the complete removal of the halide
ions (essay with acidic solution of silver nitrate) and dried under vacuum in presence of
CaCl> with a yield of 85%. This made it possible to improve the hydrophilic/hydrophobic
balance and to create significantly more ordered geometries, which are described in the
experimental session (Chapter 4). The final choice was 14bp14(Tf2N)..

The specific technique that was used for preparing Honeycomb membranes was Breath
Figures, already described in the previous chapter. It mimics what happen in nature when

water vapor droplets approach cold surfaces. Specifically, condensing water droplets work
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as pore builders through the polymeric solution leading to the formation of well-defined 3D
polymeric architectures where pores are packed each other in honeycomb geometries. In the
first part of the work, this kind of membranes were prepared from mixtures of polymer PES
and surfactant Tween20 and alcohol at different chain length (mentioned before) in several
concentration percentage.

Exactly the clear dopes were placed in clean and dried stainless steel supports, having an
area of around 4 cm? located inside a pre-equilibrated box at 20 °C and under a partial
pressure of water vapor of 17.54 mmHg until the films were formed. The viscosity of the
various polymer dopes was measured at 20 °C by a capillary rheometer (c = 0.00243 cst/s).
In the second and innovative part of the work, PES was used in addition with the viologen
salt 14bp14(Tf2N)2 under flux of humid air. The viologen salt was dissolved in DCM. Then,
the polymer (PES at 0.5 wt%) was added into the homogenous dope and the mixture was
alternatively stirred and sonicated at 20 °C for 24 h. The solution was poured in a stainless
steel with an area of around 65 cm? and exposed to humid air inside a chamber with
controlled atmosphere (T, 25 °C; RH, 70%) until complete formation of the honeycomb
polymeric film (Figure 3.1). Self-standing and polyamide-supported membranes were

prepared according to the same procedure.

Surface

solvent

water vapour droplets T = Bolid pafymer layer

R PAPR PR o
@ e 2 polymer
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)~ ‘ A
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Figure 3.1. Schematic representation of Breath Figures methodology and final result
of honeycomb geometries in membranes structure.

3.3.2 Structure in the structure: a new porous nanofilm of HYFLON AD
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The basic idea in this research was to realize nanostructured membranes by combining
morphology and chemistry in a unique volumetric space. The per-fluorinated polymer
HYFLON AD, was used to generate a suspended honeycomb nanofilm onto the top surface
of the PES honeycomb membrane. Hyflon AD was dissolved at 1.3 wt % in HFE7100 under
magnetic stirring (20 °C for 24 h). The honeycomb PES membrane was prepared as
previously discussed, therefore, it was immersed sequentially for 5 min in ethanol, water and
HYFLON AD solutions cooled at 4 °C, respectively. Then, the membrane was again exposed
to humid air inside the chamber at 25 °C and 70% of relative humidity for 10 min. A porous
nanofilm with a thickness of 80 £ 5 nm was uniformly generated and suspended onto the
PES honeycomb pattern (Figure 3.2).

To produce the active nanofilm, the material HYFLON AD, was used in combination with
Ethanol (99.5%, Carlo Erba Reagents,) ultra-pure water (filtered by USF ELGA plant) to
control wetting properties during formation of the tiny hydrophobic membrane with an
estimated thickness of 80 + 5 nm.

Smaller pore / ‘
\
- O aw - -
Bigger por+ I I :
e e =/
- — *

Figure 3.2. HYFLON AD nanofilm formation to create a superstructure onto PES top surface
with smaller pores.

3.3.3 2D nanomaterials-PVDF composite membranes preparation: dry/wet phase inversion

A number of methods can be used to achieve phase inversion. Among these, the dry—wet
phase inversion technique and thermally induced phase separation (TIPS) are the most
commonly used in membrane manufacturing. The dry—wet phase inversion technique
(Figure 3.3), also called the Loeb-Sourirajan technique, was used by Loeb and Sourirajan in
their development of the first cellulose acetate membrane for seawater desalination [15]. In

this method, a polymer solution is prepared by mixing polymer and solvent (sometimes even
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non solvent). The solution is then cast on a suitable surface by a doctor blade to a
precalculated thickness. After a partial evaporation of the solvent, the cast film is immersed
in a non solvent medium called a gelation bath. Due to a sequence of two desolvation steps,
i.e., evaporation of the solvent and solvent-non solvent exchange in the gelation bath,
solidification of the polymer film takes place. It is desirable to choose a solvent of strong
dissolving power with a high volatility. During the first step of desolvation by solvent
evaporation, a thin skin layer of solid polymer is formed instantly at the top of the cast film
due to the loss of solvent. In the solvent— non solvent exchange process that follows, the non
solvent diffuses into the polymer solution film through the thin solid layer while the solvent

diffuses out.

Polymeric solution Casting of solution

trough casting kinfe
) —
-

£\ = =

Final polymeric
membrane

Figure 3.3. Schematic illustration and representation of dry/wet phase inversion method.

Herein so, at first 2D nanofiller were introduced in a partial amount of solvent under
magnetic stirring at room temperature, left for 10-15 minutes. Then, it was transferred in a
sonication bath at a temperature of 80°C for 4 hours, to allow perfect dispersion of powder
inside solvent. When a homogenous solution was obtained, it was left to cool, measuring
temperature trough a thermometer, in order to have a T°C of 25°-30° C. In this way it was
possible to add at the solution, the polymer (PVDF) under mechanical stirring, and with the
immersion of solution in an oil bath at a temperature of 30°C. The remaining amount of
solvent was added in order to leave the solution stirring for 24 hours at this temperature. The
day before casting the polymeric films, the mechanical stirrer was switched off in order to
remove bubbles air in the solution. When it was clear that they were gone away (mainly
causes of structural defects), the polymeric solution was casted with a casting knife, a
specific Doctor Blade (Doctor Blade Applicator S/S Res 180 mm, Elcometer ®, Italy) with
a gap precision of 250 um. The solution was casted onto glass substrates and then transferred

in an IPA 100 wt % coagulation bath for 15-20 minutes until the complete formation of
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polymeric membrane. Then membranes were cleaned two times in distillated pure water
baths, in order to achieve complete removing of the solvent, and later dried.

The drying of membranes was very precise: at first, they were dried under paper sheets for
few minutes to remove the water excess, then, we attached membranes on glass substrates
using paper scotch membranes on edges. The complete drying of membranes happened in a
hoven at 30°C for 1 hour and half. This is the procedure followed for achieving the complete
polymeric PVDF-composite membrane by dry/wet phase inversion.

The nanofillers used to prepare nanocomposite membranes with 2D materials were:
graphene hydrophobic nanoplatelets at different concentration percentage: 0.5, 5 and 10 wt
% (compared with pristine PVVDF). Furthermore, as we said before, we performed also MCr
experiments with the using of bismuth selenite (Bi>Sez), a gray compound of bismuth and
selenium also known as bismuth (111) selenide, and it is a semiconductor and a thermoelectric
material [9]. Acting as topological insulator, it has been explored in research their potential
in photonics, but, in the last year it was used for the first time to assist MCr technology
reaching interesting results [16, 17].

Then after grinding Bi.Ses crystals, the powder form was blended in matrix PVDF
membrane at a concentration percentage of 5 wt %, exactly the same of graphene with which

we achieved most interesting results.
3.4 Characterization of solutions for preparing Honeycomb membranes

3.4.1 Surface Tension

Surface tension is a physical force in the surface of the liquid that arises as a result of the
atoms of the liquid pulling their neighbors in all directions. In the first part of the work, we
explored surfactant concentration effect (Tween 20) on honeycomb packed geometries and
the surface free tensions of the solutions were estimated according to the pendant drop
method (Figure 3.4) by using a micro-syringe with an automatic dispenser and a digital
camera to capture images (CAM 200-KSV Instrument Ltd., Helsinki, Finland). The

parameters of solubility were calculated according to the following equations [18]:

€con = (L) 6 = (econ )1/2 (3.1)

0.75
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where e, (106 J/m®) is the energy cohesion density and ¢ (103 J1/2/m%/2) the solubility
parameters. Interfacial tensions between water and dichloromethane solutions containing
polymer at 2.0 wt % and Tween20, within a range of concentration from 0 to 10—-3 M, were
also measured by pendant drop method at 20 °C. Each solution was poured in the quartz
glass cuvette, and then a water drop was injected into the solution by using a syringe
connected to an automatically liquid volume dispenser. The interfacial tensions were
measured at 0 and 60 s after water injection. The average interfacial tension values were
calculated from five measurement results with a standard deviation that decreases from
+0.23 to £0.13 with rising surfactant content into the mixture [19]. The same methodology
of pendant drop measurements were implemented to evaluate then, effects of the viologen

salt on water droplets rearrangement.

Water droplet
injection

N

Polymeric solution

Figure 3.4. lllustrative representation of Pendant Drop method, used for evaluating surface
free tension of polymeric solution.

Experiments in CDCl, solutions were carried out to investigate the interaction between
14bp14(Tf2N)2 and polysulfone by using 1H NMR (Bruker AVANCE 111 500, 500.13 MHz
1H) equipped with a 5 mm z-gradient BBI probe.

3.4.2 Dynamics Light Scattering (DLS) for aggregation state

In the first part of the work (where honeycomb patterned membranes have been produced
with surfactant Tween 20 in different concentrations and with alcohol at different chain
length) changes in the aggregation state were evaluated by Dynamic Light Scattering (DLS).
These measurements were carried out by using a 90 plus Particle Size Analyzer (Malvern
Instruments Ltd., Worcestershire, UK).

Dynamic light scattering (DLS) is a technique in physics that can be used to determine the
size distribution profile of small particles in suspension or of polymers in solution [20]. In

the scope of DLS, temporal fluctuations are usually analyzed by means of the intensity or
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photon auto-correlation function (also known as photon correlation spectroscopy or quasi-
elastic light scattering). In the time domain analysis, the autocorrelation function (ACF)
usually decays starting from zero delay time, and faster dynamics due to smaller particles
lead to faster decorrelation of scattered intensity trace. It has been shown that the intensity
ACF is the Fourier transformation of the power spectrum, and therefore the DLS
measurements can be equally well performed in the spectral domain. DLS can also be used
to probe the behavior of complex fluids such as concentrated polymer solutions. The DLS
principle uses the thermal energy of suspended particles (Brownian Motion) to determine
their size. The suspended sample is irradiated by a laser and the light is dispersed in a
direction detected with very small time resolutions. From the fluctuation of the intensity of
the dispersed light, the mobility of the particles can be calculated. Therefore, thanks to the
Stokes-Einstein formula (for diffusion of spherical particles through a liquid with low
Reynolds number), its dimensions can be calculated as follow:
KpT

p= £l 3.2)

emnr

Where D is diffusion constant, kg is Boltzmann's constant, T is the absolute temperature, 7

is the dynamic viscosity, and r is the radius of the spherical particle.

3.4.3 Kinematic Viscosity

The viscosity of a fluid is a measure of its resistance to deformation at a given rate. In reality,
there are several different terms that come under the heading of viscosity [21]. These terms
are derived from how the viscosity is measured. When people talk about viscosity, they are
talking about one of two things: kinematic viscosity or dynamic viscosity. One way is to
measure a fluid’s resistance to flow when an external force is applied: this is dynamic
viscosity, while kinematic viscosity is the measure of the inherent resistance of a fluid to
flow when no external force is exerted, except gravity. It is the ratio of the dynamic viscosity

to its density, a force independent quantity. It is given by following equation:

o I=

(3.3)

Where v is the kinematic viscosity, # is the dynamic viscosity, and p is the fluid density.
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In this work the behavior of the solutions with increasing content of surfactant has been
examined when coming in contact with humid air, while kinetics and thermodynamic aspects
have been analyzed as well. As the concentration of the surfactant increases, a local increase
in gelation comes through the solution, resulting in an increased kinematic viscosity. Results

are reported in Chapter 4.

3.5 Characterization of 2D materials used for preparing PVDF nanocomposite

membranes, by X-ray photoelectron spectroscopy (XPS)

The possibility to enhance water sequestration during MCr with the using of 2D materials
as nanofiller blended in PVDF membranes, was evaluated by XPS (X-ray photoelectron
spectroscopy) measurements. They were carried out on surfaces of graphene, epitaxially
grown on Ni (111) and Bi>Ses single crystal (exfoliated in situ by micromechanical cleavage)
exposed to water at room temperature.

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique that measures the elemental composition at the parts per thousand range, empirical
formula, chemical state and electronic state of the elements that exist within a material. Put
more simply, XPS is a useful measurement technique because it not only shows what
elements are within a film but also what other elements they are bonded to. The operating
principle is the following: the sample is irradiated with a monochromatic X-ray source.
Photons enter the material and undergo various interactions, including the photoelectric
effect and the Auger emission. In both cases an electron is ejected from the material with a
kinetic energy linked to its binding energy. Measuring the kinetic energy of the ejected
electron, one goes back to its binding energy, indicative of the chemical element of interest.
For the study of graphene nanosheets and other kinds of 2D materials, the procedure was
developed by Politano et al. [22] where by means of a combination of surface-science
spectroscopies and theory, they investigated the mechanisms ruling the catalytic role of
epitaxial graphene (Gr) grown on transition-metal substrates for the production of hydrogen
from water. Water decomposition at the Gr/metal interface at room temperature provided a
hydrogenated Gr sheet, which was buckled and decoupled from the metal substrate. They
evaluated the performance of Gr/metal interface as a hydrogen storage medium, with a

storage density in the Gr sheet comparable with state-of-the-art materials.
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3.6 Membrane morphology characterization

After preparing the samples, the subsequent step was to characterize them in order to validate
structure properties relationship, for application in water desalination (MD and MCr).
The characterization tests performed were:
e Molecular structure by H- Nuclear Magnetic Resonance spectroscopy (H-NMR)
e Wettability by Contact angle measurement
e Morphology by Scanning electron microscopy (SEM)
e Roughness and topography by Atomic force microscopy (AFM)
e Thickness by micrometer
e Pore size and pore size distribution (by porometer instrument for PVDF-2D
composite membranes and Image J software for Honeycomb membranes)
e Overall porosity, € (-)
e Water Vapor Transmission Rate, WVTR (gm~2day™t)
e Mechanical strength, Rm (Nmm)
e NaCl crystals analysis by Optical microscopy
e Surface tension y- (mjm2), for 2D-PVDF based membranes

In the next session each characterization will be described in detail.

3.6.1 Molecular structure by H- Nuclear Magnetic Resonance Spectroscopy (H-NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is an instrumental analytical technique
which allows to obtain detailed information on the structure of the molecules observing the
behavior of atomic nuclei in a magnetic field. After immersing the in a strong field magnetic,
the absorption of a radio frequency radiation (from 100 to 1000 MHz) is measured causing
nuclear spin transitions in particular atoms such as 1H or 13C. Proton nuclear magnetic
resonance (H-NMR) is the application of nuclear magnetic resonance in NMR spectroscopy
with respect to hydrogen-1 nuclei within the molecules of a substance, in order to determine
the structure of its molecules [23]. In samples where natural hydrogen (H) is used, practically
all the hydrogen consists of the isotope 1H (hydrogen-1; i.e. having a proton for a nucleus).
Simple NMR spectra are recorded in solution, and solvent protons must not be allowed to
interfere. In fact deuterated (deuterium = 2H, often symbolized as D) solvents especially for
use in NMR are preferred. In this work deuterated dichloromethane (CD.Cl,,) was used.

Proton NMR spectra of most organic compounds are characterized by chemical shifts in the
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range +14 to -4 ppm and by spin-spin coupling between protons. The integration curve for
each proton reflects the abundance of the individual protons.

Chemical shift values, symbolized by ¢, are not precise, but typical they are to be therefore
regarded mainly as a reference and deviations are in 0.2 ppm range, sometimes more. The
exact value of chemical shift depends on molecular structure and the solvent, temperature,
magnetic field in which the spectrum is being recorded and other neighboring functional
groups. Hydrogen nuclei are sensitive to the hybridization of the atom to which the hydrogen
atom is attached and to electronic effects. Nuclei tend to be deshielded by groups which
withdraw electron density. Deshielded nuclei resonate at higher ¢ values, whereas shielded
nuclei resonate at lower ¢ values. In this work H-NMR was used to evaluate interaction
among the viologen salt (14bp14(Tf.N). and PES polymer, evaluating probable shifts in

spectra achieved.
3.6.2 Wettability by contact angle measurements

The contact angle is generally used to measure hydrophilicity / hydrophobicity degree of
membranes. The contact angle measurement allows to evaluate the interaction of a liquid
with a surface, and it is a function of both surface tension and free energy of substrate
surface. Membranes are generally considered hydrophilic if the values of contact angle
between surface and water are less than 90 °, while it is considered hydrophobic for values
above 90° [24].

a) b)

Ll

Figure 3.5. lllustration of a water droplet deposition on a solid surface for a)
hydrophilic and b) hydrophobic membranes.

Contact angle is an index of wettability of solid surfaces and so of the polymeric membranes.
In fact, if the wettability is high, the contact angle is low, while, if the wettability is low, the
contact angle will be high. Since by definition the contact angle is the angle formed between

two of the interfaces of a three-phase system, of which the membrane is the solid phase, the
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water is the liquid phase, and the atmosphere is that of vapor, we can say that the model is

described quantitatively by Young's equation:

6 = ysv- ysl- cos6 (3.4)

where ysv is the solid / vapor interfacial tension, ys/ is the solid / liquid interfacial tension,
while 6 is the angle value at the solid / liquid / vapor interface [25].

Investigation of resistance to wetting from pure water and salt solutions was done by
measuring the contact angle value with time, according to sessile drop method (Cam 200
KSV instruments, LTD). The mechanism is based on the automatic measurement by
software, of the contact angle formed by a drop of water with the surface of membrane. The
measurement of the contact angle value is allowed through an automatic detection system
(by camera) which allows to capture an image of the drop of water (and of its evolution over
time) when the instrument carries out the measurement. We used pure distillate water and
NaCl solutions to detect contact angle. In particular solutions of NaCl of 5 mM for
honeycomb membranes and NaCl of 5.3 M for 2D-PVDF based membranes, were used.
They were the molar concentration respectively used for MD (honeycomb) and MCr (2D

nanocomposite-PVDF) tests.

3.6.3 Morphology by Scanning Electron Microscopy (SEM)

In order to analyze the morphology of prepared membranes it is very important to use
electron microscopy techniques. In this PhD thesis work, a scanning electron microscope
(SEM) was used, model EVO MA10 (Zeiss). The objective was to analyze surfaces and also
cross sections of the prepared membranes, in order to identify morphological structures and
their changes when the different materials and different approaches were used in the two
methods. To briefly describe how a SEM works, according to quantum theory, an electron
moving at high speed behaves like an electromagnetic wave with a wavelength inversely
proportional to the speed of the electron. By accelerating the electrons with a suitable
potential difference, they can assume a wavelength that is within that of De Broglie, in the
order of nanometers, and therefore able to detect morphological aspects of dimensions

comparable to their wavelength:
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where h is the Plank constant, m the electron mass, and v its speed.

SEM belongs to this category of microscopes and is usually based on the analysis of
backscattered electrons from the sample. Electrons are emitted by a filament (usually
tungsten or lantad hexaboride) due to the thermionic effect. Photoemess electrons are low
energy and in order to have a shorter wavelength are accelerated by a potential difference of
about 0.3-30 KeV; in this way their speed increases, decreasing their wavelength.

1 = (3.6)

12,4
N4

Where V is the applied potential, and 4 the wavelength produced.
Samples before being analyzed by SEM, were metallized with gold foil in order to make
them conductive and, in the case of section, samples were prepared by fracturing them in
liquid nitrogen in order to obtain a precise cut.
The SEM works through a lens system that, placed between the source and the sample,
focuses the electron beam; some bobbins deflect it so as to scan the surface of the sample.
The image is reconstructed by analyzing the secondary electrons emitted by the surface,
which are collected and transformed into a video signal.
From the moment the electron beam hits the surface of the sample, the electrons of the beam
begin to interact with the nuclei and the electronic clouds of the atoms of which the sample
is made, through two main mechanisms:

+ Elastic diffusion

* Anaelastic diffusion
The result of these two processes is the production of a remarkable variety of signals:
seconded electrons, backscattered electrons, absorbed electrons, transmitted electrons,
Auger electrons, electron hole pairs, electromagnetic radiation (in the UV-IR spectrum) and
X radiation.
Instant by instant, the secondary electrons emitted in a specific direction are analyzed by
some photomultipliers and, the photomultiplied electron beam is sent following the scanning
of the surface on a fluorescence monitor. Secondary electrons, are low energy electrons (up
to few tens of eV), coming from the most superficial portion of the sample (a few nm). The
main property of this type of signal is that of being strongly controlled by the morphology
of the sample, therefore the resulting image will be the black and white image of the area
affected by the scanning of the beam, in which the contrast of the shades of gray will set
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highlighting the three-dimensional aspect of the sample under examination. Clearly the
entire system is in Ultra-High-Vacuum, to prevent the electron beam from interfering with
the atmosphere inside the microscope [26]. In this research work scanning electronic
microscopy was one of the most important characterization technique used to observe very
fast when structural properties changed for the several kind of membranes studied. A lot of
pictures were captured at different magnification, from 500X to 20000X, in order to have a
clear and precise idea both in totality and in particular way.

3.6.4 Roughness and topography by Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very-high-
resolution type of scanning probe microscopy (SPM), with demonstrated resolution on the
order of fractions of a nanometer, more than 1000 times better than the optical diffraction
limit [27].

In this work it was in particular employed to detect roughness and particular membrane
honeycomb topography using AFM, Nanoscope Ill, in tapping mode.

The atomic force microscope consists of a cantilever at the end of which is mounted a sharp
tip (tip), typically composed of silicon or silicon nitride, which has a radius of curvature of
the order of nanometers.

The investigating tip is placed close to the surface of the sample to be scanned. The van der
Waals force that acts between the tip and the sample, causes a deflection of the cantilever
(whose elastic constant is known), according to Hooke's law. The deflection of the lever is
measured using a laser point reflected from the top of the cantilever to a matrix of
photodiodes. However, a laser detection system can be expensive and cumbersome; an
alternative method to determine cantilever deflection is to use piezoresistive AFM probes.
These probes are manufactured with piezoresistive elements that act as resistance strain
gauges. Deformations of the probe of the atomic force microscope due to deflection can be
measured using a Wheatstone bridge, but this method is not as accurate as the laser deflection
method.

If the tip were explored at a constant height, there would be a risk that it could collide with
the surface, damaging it. Consequently, in most cases a feedback mechanism is used to adjust
the distance between the tip and the sample in order to keep the force acting between them,
constant. Generally, the sample is placed on a piezoelectric tube, which can move it in a

perpendicular direction (z direction) to maintain a constant force and in the plane (x and y
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directions) to analyze its surface. The resulting map s (X, y) represents the topography of the
sample surface.

The atomic force microscope has several advantages compared to the electron microscope:
unlike the latter, which provides a two-dimensional projection or a two-dimensional image
of a sample, the AFM produces a real three-dimensional profile of the surface; furthermore,
the samples analyzed by an atomic interaction microscope (AFM) do not require any special
treatment (metallization and graphitization) which could modify or destroy the sample
irretrievably.

While an electron microscope for a correct operation requires an expensive vacuum
environment, most of the operating modes of the atomic interaction microscope (AFM) work
perfectly in the normal environment or even in a liquid environment. This makes it an
excellent tool for the study of biological macromolecules and living organisms, but also for

detecting structure of materials on nanometric scale.

3.6.5 Thickness

Membrane thickness, a crucial parameter that can affect performances membranes in terms
of fluxes, was measured using a digital micrometer (Mahr 0-25). This tool allows to measure
the thickness with an accuracy up to the millionth of a meter. The operation of the
micrometer is based on the advancement of a screw that pushes a movable cylinder against
a fixed one, between which the object to be measured is placed. The membrane is then placed
between the spindle and the anvil, taking care to handle it with extreme accuracy. Before
starting the measurements, it is necessary to reset the instrument. The rotating drum is set to
"0" and the instrument is reset to zero by pressing the "9" button; so the drum is rotated to
"N" and the measurement can start. A manual adapter slides and the spindle moves towards
the anvil. The measured thickness value is read on the digital display with which the
micrometer is equipped. With this technique, the entire thickness of the membrane is
measured, not only that of the surface selective layer. We have done different measurements,
taking care to capture several values, in order to have not only a medium value but a

representative and general morphological parameter of all area of manufactured membranes.

3.6.6 Pore size and pore size distribution

In membrane technology values of pore dimension and also the pore size distribution are

very distinctive parameters to classify membranes for their application. Several can be the
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methods to evaluate this morphological element but the most used is that which works by a

capillary flow porometry. We used this methodology to evaluate pore size of 2D-PVDF

composite membranes, while for honeycomb pore size, surface porosity and pores

distribution were characterized from SEM images by using Image J, version 1.73 software.

Capillary flow porometry: Capillary flow porometry, also known as the liquid
ejection technique, uses the simple principle of gas pressure to force a wetting liquid
out of the interconnected pores present in a sample. The pressure at which the pores
are emptied is inversely proportional to their size, therefore large pores need a lower
pressure than the smaller ones. The largest pore to be emptied (at the lowest pressure
at which the flow can be detected) defines the so-called "bubble point”. After all the
pores have been emptied (up to the maximum pressure obtainable) during the
"wetting" measurement (ie when the membrane is still impregnated with the wetting
liquid), a second "dry" analysis is performed (ie when the membrane is dry in
following removal of the wetting liquid) on the same sample. From the complete set
of data, different parameters can be calculated, including pore size related to the flow
and pore size distributions [28, 29].
In this work the instrument used was a capillary flow porometer, model CFP-1500-
AEXL, series No. 03072001- 377 (Porous Material Inc.). Membrane samples were
first cut, then immersed in a wetting liquid with a low surface tension (Fluorinet FC-
40 (Santa Cruz Biotechnology)) for at about 30 minutes and then put in a cell with
an area of 2,355 cm? to carry out the measurements.

DFT (Density functional theory) [30]: a method like the Density Functional Theory
(DFT) provide not only a microscopic model of adsorption but also a more realistic
description of the thermodynamic properties of the pore fluid. These theory, which
is based on statistical mechanics, connect macroscopic properties to the molecular
behavior. Therefore, in order to achieve a more realistic description of adsorption
phenomena and an accurate and comprehensive pore size analysis, DFT of
inhomogeneous fluids bridge the gap between the molecular level and macroscopic
approaches are needed. This method allows to calculate equilibrium density profiles
of a fluid adsorbed on surfaces and in pores from which properties such as the
adsorption/desorption isotherm, heats of adsorption, neutron scattering patterns and
transport properties for model systems can be derived. DFT calculations of the
interaction energy of simple model structures were run as well. The ®B97xd
functional was used to account for dispersion interactions and the triple-( Gaussian

basis set 6-311G**. Also, the PCM model was used for dichloromethane in order to
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include long-range solvent effects for the estimation of interaction energies [31].
Calculations were run with the Gaussian09 software package.

e Image J software: ImagelJ is a digital image processing computer program, released
in the public domain, based on Sun-Java; developed by the National Institutes of
Health of the United States [32]. ImageJ can display, edit, analyze, process, save, and
print images at gray (8 bit, 16 bit and 32 bit) and color (8 bit and 24 bit) levels. It can
read several image formats, and can calculate the area and statistics of pixel values
in user-defined selections and segmented objects based on intensity thresholds. It can
also measure distances and angles. It can create density histograms and draw profile
lines (between defined points). It allows a series of function that make it suitable for
analysis in several research field as biology, for cell count, mathematics to perform
calculation functions and, in our case, to evaluate features of porosity and pore size

of honeycomb membranes produced.
3.6.7 Overall porosity

Membranes of PVDF containing graphene and other 2D materials, were characterized by
measurement of overall porosity (em). It can be defined as the ratio between the volume
occupied by the voids e divided by the total volume of membranes. Porosity degree of
tailored membranes produced was measured using the wet / dry gravimetric method (wet /
dry) [33].

Three samples for each kind of membranes, of same area (1,57 cm?) were prepared, weighed
with an analytical balance noting their dry weight, and once weighed, samples were placed
in falcon tubes containing kerosene, whose density is 0.78 g/cm?®. After 30 minutes, samples
were quickly buffered from excess liquid and weighed again, obtaining their wet weight.
Based on the difference between weight of the dry and wet membrane, the porosity expressed

as a percentage, was calculated according to the following equation:

e=(1- W) -100 (3.7)

Where
- Vm is the membrane volume (sample area (cm?) per thickness (cm))

- Vlin the liquid volume (weight membrane wet minus weight membrane dry (g)).
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3.6.8 Water vapor transmission rate (WVTR)

For honeycomb membranes, the water vapor transmission rate (WVTR) was tested at 25 °C
according to the cup-right method (ASTM E96B) [34, 35]. Water Vapor Transmission Rate
(WVTR), is a measure of the passage of water vapor through a substance. it is also called
and known as “breathability”. With the cup method, a cup is filled with distilled water
leaving a small gap (0.75" to 0.25") of air space between the specimen and the water. The
cup is then sealed to prevent vapor loss except through the test sample. An initial weight is
taken of the apparatus and then periodically weighed over time until results become linear.
Caution must be used to assure that all weight loss is due to water vapor transmission through
the specimen. 24 hours was the time employed to evaluate WVTR to humid air of tailor-

made honeycomb membranes.
3.6.9 Mechanical strength

Resistance of membranes to breakage was evaluated by carrying out mechanical tests using
the Zwick / Roell Z 2.5 dynamometer. This instrument calculates the Young's modulus of
the membranes and measures the breaking load. The Young's modulus (or modulus of
elasticity) can be defined by Hooke's law [36]:

F=1 (3.8)

Where (o), is the stress applied to a material along the X axis, while (¢) is the lengthening
that the material undergoes along the same axis. For each membrane, three samples were
cut with a length of at least 5 cm and locked between the two terminals of the instrument.
Membrane under examination is progressively lengthened until it breaks. The resulting
graph shows the Young's modulus indicating the stiffness of the material and its elongation
capacity. The higher the Young's modulus, the greater the mechanical strength of the

material.

3.6.10 Optical microscopy for NaCl crystals analysis in Membrane Crystallization

Technology

93



As previously mentioned, the final part of the work was focused on the study of the behavior
of 2D-PVDF based membranes in Membrane- assisted Crystallization. In order to observe
nuclei and crystals formation, optical microscopy (Nikon Eclipse LV100ND) is the
technique used to detect them.
The optical microscope is a type of microscope that uses light with wavelengths from the
near infrared to ultraviolet, covering the entire visible spectrum.
The optical microscope is the most widely used diagnostic tool in medical and biological
sciences; independently of the specific technical characteristics, all optical microscopes are
composed by a mechanical, an optical and a lighting apparatus. In optical microscopy the
simplest scheme that can be drawn up is the following:

e Object to be observed

e Objective lens

e Real picture

e Ocular lens

e Virtual image
The two situations are essentially combined: the objective lens creates an image real that
becomes "object” for the ocular lens. From this, it is created a virtual and enlarged image,
captured as a photo.
In our case, we took several photos of NaCl crystals from the moment they form, for three
consecutive times, in order to measure crystals size and evaluate Kinetics growth parameter.

This characterization will be discussed in detail in next session.

3.6.11 Surface Tension analysis for 2D-PVDF based membranes, through Van Oss-

Chaudhury approach

The Van Oss-Chaudhury-Good (VCG) theory of wettability is used to understand the role
of hydrophilic and hydrophobic interfacial forces in promoting heterogeneous nucleation
from solution-phase precipitation processes. The interfacial free energy of nucleation for
heterogeneous processes is simply related to the relative nucleus-solvent and nucleus surface
areas and their individual interfacial free energies. VCG theory is used to extend this
relationship to the individual surface free energies of the isolated phases. Surface free
energies obtained from, for example, surface tension measurements and surface probe

contact-angle measurements provide independent measure of the needed quantities.
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The Lifshitz-van der Waals " (mJm?), polar #*® (mJm), acid (electron acceptor) y*
(mJm), base (electron donor) »~ (mJm2) components of the surface free energy 5% (mJm)

were calculated from averaged values of the contact angles estimated for three different
liquid probes (Water, Glycerol and Diiodomethane) according to Good, van Oss and

Chaudhury approach [37] trough the using of the following equations:

w7 - (L+cosd)’

! 3.9

1 (3.9)
% - (1+cosh) = 2~(J7§W ey +\/7;'7F) (3.10)
vt =2:rsys (3.11)

These measurements allowed us to understand in a better way, mechanisms of water

sequestration happening during nuclei and crystals formation.

3.7 Water desalination: Membrane Distillation (MD) and Membrane Crystallization

(MCr) technology how final applications of membranes produced

This research explored the potential of innovative nanostructured membranes in water
desalination, in particular in some of integrated membranes operations used to achieve pure
water from saline and brackish water and to recovery organic and inorganic compounds (MD
and MCr). Initially, innovative polymeric honeycomb patterned membranes were prepared,
so that to have structures very close to that considered ideals. Then, 2D-PVDF composite
membranes were prepared and tested in a MCr system, in order to evaluate how this 2D
materials (different concentration percentage of graphene and spot like test of Bi»Ses) can
affect and assist crystallization phenomena of sodium chloride salt solution. The

configuration used and the procedure followed are described below.

3.7.1 Membrane distillation application for new tailored honeycomb membranes
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Direct contact membrane distillation (DCMD) was chosen as a suitable configuration with
the intent to develop a new nanostructured membrane enabling one to shift the productivity-
efficiency trade-off, making this kind of configuration much more competitive than other
configurations-types.DCMD is the simplest MD configuration, and is widely investigated in
desalination processes and for concentration of aqueous solutions in food industries, or acids
manufacturing. The main drawback of this design is the heat lost by conduction. In this kind
of configuration, schematically reported in Figure 3.6, aqueous streams are maintained at
different temperatures and are separated by a hydrophobic porous membrane. In our case a
module for flat sheet membranes was used. The temperature of one of the two currents (that
to treat, the feed) is greater than the other one (which represents the distillate) so as to create
a temperature difference on the two sides of the membrane. Therefore, a difference in the
voltage of vapor is also created. The forming vapor molecules will cross membranes pores
from the side where the vapor pressure is highest to that where it is lowest. The two streams
circulate in opposite way through the operation of two circulating pump. Furthermore two
sensors (one at the feed and the other one at the permeate side), are used to control the
effective temperature at the two sides. A conductivity meter is used for the controlling of
feed and permeate ionic conductivity (um) during and at the end of the experiments, in order
to evaluate if membrane works well or not, so if it is wet during the process, allowing not
only vapor water molecules transport, but also that of Na* CI" ions.
The mechanism consists essentially of three stages [38]:

e Higher temperature water evaporation of the current

e Transport of vapor molecules through the pores of the hydrophobic membrane

e Steam condensation in the part of the membrane where the temperature is lower
In order to evaluate the flux during the entire experiments, permeate mass (g) was detected

every twenty minutes until the end of the process.
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Figure 3.6. Schematic representation of Direct Contact Membrane Distillation configuration.
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In this kind of configuration, the mass flux (J) is assumed to be proportional to the vapour

pressure difference across the membrane, and is given by:
J = Cp [P, — P3] (3.12)

where Cm is the membrane coefficient, Pf and Pp are the vapour pressure at the membrane
feed and permeate surfaces, which can be found from the Antoine equation [39-41].

Herein Thermally-driven DCMD experiments were executed using NaCl solutions 5 mM —
flow rate fees = 100 mL min~" and flow rate perm = 80 mI™; Treeg = 38 °C and Tperm. = 15 °C.
The trans-membrane fluxes were estimated by evaluating the weight variations in the
distillate tanks. The thermal efficiency was calculated considering each single layer forming
the tailor-made membrane. The salt conductibility of the feed and permeate streams were

measured by using a conductive meter (Eutech Instruments PC 2700).

Mass transfer was calculated by the following equation:

r%e

where (%) is the average pore size for Knudsen diffusion (0. = 1) or the average squared
pore size for viscous flux (a = 2), r the membrane tortuosity. The total heat transferred across

the membrane is expressed as:
Q =U-AT (3.14)
while the thermal efficiency in MD can be specified as the ratio of latent heat of vaporization

to the total — latent and conduction — heat.

So the thermal efficiency was calculated in this way:

Thermal ef ficiency = %- 100 (3.15)

All details regarding equations for membrane distillation process are reported in Chapter 2.
3.7.2 2D-PVDF nanocomposite membranes for Membrane Crystallization technology

97



As it was already described in Chapter 2, MCr is a membrane process used to recovery
different crystalline compounds. MCr is progressively replacing crystallization traditional
technique [42-44]. In this work the attention was directed on studying the crystallization of
NaCl salt highly concentrated with the use of direct contact configuration (DCMD). In
particular, we used NaCl solutions 5.3 M; Tgeed= 35°C, Tperm= 11°C; Flow rate fees=250
ml/min; Flow rate perm= 100 ml/min. As it was already said, hydrophobic porous membranes
are in direct contact with a hot feed and a cold distillate. VVolatile components of the feed
evaporate at the feed/membrane interface, diffuse through the air inside the membrane pores
and condense in the cold distillate stream. In the case of nonvolatile solutes, e.g. NaCl, only
water vapour flows through the membrane. Continuous removal of pure water as permeate
from the feed solution induced saturation and thus crystallization. To observe crystals, a
sample of feed solution (NaCl 5.3 M) of almost 15 ml was taken and put in a plastic
Eppendorf. A little amount of solution was then distributed homogeneously on a glass slide
on the rotator table of optical microscope. The time where we have seen the first nuclei, was
the first time to collect NaCl crystals pictures in order to start to build kinetics growth
parameter. In order to have accurate kinetics, samples were taken every 30 min, and at each
time three samples of salt solutions were analyzed. Through highlighted software of
electronic optical microscope, it has been possible to evaluate crystal size, measuring two
sides of each single NaCl crystals. So we were able to evaluate crystals mean diameter,
coefficient of variation (CV), nucleation and growth rate B° [45].

Herein we report again: Coefficient of variation (CV), that is a parameter indicating the
dispersion of a distribution around the mean crystal size. CV was calculated using the

following equation:

cv = feow ZFaom . 19 (3.16)

2:-Fs09,

where CV is expressed as percentage and F is the crystal length at the indicated percentage.
Growth (G) and nucleation rate (B°) have been estimated on the basis of the Randolph-

Larson model [46] as follows:
In(n) = ;—i +1In (n%) (3.17)
B =n°G (3.18)
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where n is the crystal population density, L is crystal size, t is retention time and n° is

population density at L equal to zero.

3.8 Molecular Dynamics (MD) simulations: a new combined theoretical and experimental

approach to evaluate membranes behavior in MCr technology

As discussed in the previous paragraphs this research work developed new nano-composite
PVDF membranes containing 2D nano-materials in polymer matrix. They were applied in
MCr technology in order to evaluate their performance in nuclei formation and crystals
growth. One of the objectives of this work was to carry out both computational and
experimental studies to understand every crucial aspect of crystallization phenomena.
Progresses in this direction have been done in recent years thanks to new highlighted
software. In the past, computational methodologies have in particular revealed crucial
aspects of crystal nucleation in liquids. Several studies have been performed to depict the
mechanism of heterogeneous crystal nucleation by simulation [47-50] such as atomic
simulation [51-54] and phase field theory [55], while there are limited publications for
heterogeneous salt crystal nucleation from aqueous solution [56, 57]. First, crystals
nucleation and growth were simulated in a slightly supersaturated aqueous bulk solution as
performed by Chakraborty et al [58].

One of the most common and also used software in Molecular Dynamics applied to
polymeric materials is Material Studio. It is nowadays a complete modeling and simulation
environment designed to allow researchers in materials science and chemistry to predict and
understand the relationships of a material’s atomic and molecular structure with its
properties and behavior. Using Materials Studio, researchers in many industries are
engineering better performing materials of all types, including pharmaceuticals, catalysts,
polymers and composites, metals and alloys, batteries and fuel cells, and more.

Moreover, it is interesting to investigate morphological parameter of membranes or their
behavior in membrane operations. In this PhD work software GROMACS [59] was used. It
is one of the most widely used open-source and free software codes in chemistry, used
primarily for dynamical simulations of biomolecules, but nowadays in a lot of different fields
(including membrane technology). It provides a rich set of calculation types, preparation and
analysis tools. Several advanced techniques for free-energy calculations are supported. In
version 5 [60, 61], it reaches new performance heights, through several new and enhanced

parallelization algorithms.
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3.8.1 Materials

The computational systems, were built with Amorphous Cell module using Material Studio
version 7.0. They were:

e PVDF pristine

e PVDF and graphene (G) 5 wt %

e PVDF and graphene (G) 10 wt %
The models were completed with Gromacs 5.1.3 reaching an X, Y and Z axes size of
(5.63x5.63x11,38) nm? for pristine PVDF; of (5.55x5.55x10.90) nm?® for PVDF-G 5 wt %
and (5.71x5.71x10.91) nm® for PVDF-G 10 wt %. Theoretical parameters of models
achieved were reported in table 3.1. While an example of a box built with Materials Studio

is shown in Figure 3.7.

Figure 3.7. Graphene 5% wt- PVDF membrane model built with Materials Studio
Software.Grey light lines are PVDF chains, while ball and stick aromatic graphene
structures are in black.

Tabella 3.2 Theoretical parameters of membrane systems produced by computational studies.

NaCl initial
V box N° of NaCl N° of H,O ]
System concentration
(nm? molecules molecules
(mol/L)
PVDF 350.23+4.23% | 7935+44% 74055+44% | 6.016 £0.100 %
PVDF
337.08+056% | 7655+1.2% 70525+13% | 6.012+0.017 %
G 5 % wt
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PVDF
G 10 % wt

357.16 + 0.57 % 7720+ 0.0% 71975+0.1% | 6.013+0.216 %

Methodology was the same used from Tsai et al [62] were it was investigated behavior of
commonly used polymeric membranes (PVDF and PP) in membrane crystallization
technology with respect to traditional process. This research was partially involved in this
further computational and experimental study, so some of results achieved will be discussed

in Chapter 5.

3.8.2 Force Field Based Simulation

The interaction of particles, bonded or nonbonded, is subject to a quantum mechanical
description. In principle, for the physically most accurate description available, the
Schrddinger-equation for each particle (electrons and nuclei) must be devised, leading to a
complex set of equations. Its solution is, though possible, beyond reasonable effort for the
size of the systems and the CPU-power available. However, the properties which are under
investigation in this work, i.e., static, thermodynamic and dynamic (transport and
relaxational) properties of non-reactive organic polymers, are well described using forcefield
based molecular mechanics (MM), molecular dynamics (MD) and classical Monte Carlo
(MC) simulations [63,64] methods based on classical mechanics of multi-particle systems.
Needless to say, some quantum mechanical information and experimental data are needed
to establish the forcefield in the first place. The information is obtained for relatively small

units and is, by extrapolation, assumed to be valid for larger systems of equal classes.

3.8.3 The Force Field

Forcefields allow the calculation of the potential energy U of an ensemble of N atoms, as a
function of their coordinates (rl1 . . . rN). It is composed of individual contributions which
describe the interactions of bonded atoms (bond-lengths, -angles, conformation angles) and

nonbonded interactions (van der Waals, electrostatic):
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U(ry.ra... .. rn) = Z bond-length-deformations (bond length)
bonds ?
+ E bond-angle-deformations &=

a n'qh— 8 U)cmd nnglc']

+ E torsional-deformation 010
conf.angles

(torsion)
- E nonbonded-interactions

atom—pairs

(3.19)

The contributions of bonded interactions are represented by anharmonic oscillators of the
form [65]:

U; () = kl(rij - ro)z +k, (rij - ro)3 + ka(rij - r0)4 (stretch)

ij ij ij
u ijk (gijk) = kl(gijk - gi?k )2 + kz (Hijk - Hi?k )3 + ks (Hijk - Hi?k )4 (angle)

U (@) = kl[l— cos(CI)i_| — @ )]2 +k, [1— cos((l)i_I ~- @ )]3 + ks[l— cos(®, | - 6132)]4
(torsion)
(3.20)

The force constants ki and the equilibrium positions rij, 6ijk and @i—/ are based on results
of quantum mechanics and constitute the integral part of the forcefield. The nonbonded
interactions are expressed by a van der Waals term with a 9,6- or 12-6 potential and a

coulomb-term:

U, (1,,0.0,) = (i;—r—:} - (nonbonded)
ij ij olij

(3.21)
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where Aij and Bij are parameters describing the strength of the repulsive and attractive force,
gi and qj are the partial charges of the interacting atoms and &o is the vacuum permittivity.
The forcefield is defined by the functional form (eqns. 3.19, 3.20) and a set of parameters ki,
rY% , . . . which are specific to types of atoms, i.e., account for different bonded states of the
atoms.

For a given molecular structure, the force- field results in a potential energy surface, which
can be evaluated with respect to local energy minima. These methods are known as
molecular mechanics (MM). In the course of optimization, geometrically reasonable (static)
structures can be obtained from the initially guessed geometry by varying the atom positions
and minimizing the potential energy of the system.

It should be noticed that the evaluation of the nonbonded energy terms is the numerically
most extensive part in molecular modeling calculations because these terms include
contributions from each pair of atoms in a model. This leads to restrictions on the maximum
possible size of a simulated membrane system (e. g. an amorphous polymer packing). The
number of atoms N cannot be much higher than 2000—10000 for typical transport simulations
on modern workstations, while N may be up to about a factor of ten higher for selected

simulations on currently available supercomputers.
3.8.4 Molecular Dynamics (MD)

To perform molecular dynamics (MD) simulations, the forces that result from the forcefield
and which act on each atom are applied to the system of finite temperature, i.e., finite kinetic
energy Ecxin.

Each of the N particles is assigned a random (Boltzmann) velocity vector »’i so that the total

kinetic energy of the system corresponds to the desired temperature T:

Eyn = Zl‘émi i = (:"’NT‘G) keT (3.22)

Here (3N —6) is the number of degrees of freedom and kg is the Boltzmann constant. In the

course of a simulation, integration of the Newtonian equations of motion:
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Fi :_vriui(rp---'rN):miri (3.23)

leads to a new velocity of each particle which can be extrapolated over the time step At =1
fs of the simulation to determine the new coordinates ri. The force Fi, acting on a particle i
of mass mi, results from the gradient of the potential energy Ui (see eq. 3.20) determined by
the forcefield.

Using Eq. (3.19-20) it is then possible to follow the motions of the atoms of a polymer matrix
and the diffusive movement of imbedded small penetrant molecules at a given temperature
over a certain interval of time. Eq. (3.20) represents a system of usually several thousand
coupled differential equations of second order. It can be solved only numerically in small
timesteps At [66-68]. The choice of the time step 4« results from the consideration that the
fastest vibration of the system should be sufficiently resolved. In a typical IR-spectrum, the
C-H-bond shows a characteristic peak at v (C-H) = 3000 cm™!, which corresponds to an
oscillation period of 7 (C-H ) =10fs.

3.8.5 Condensed Phase Simulation

When simulating condensed-phase systems, it is necessary to build systems that can present
the bulk of the simulated materials correctly. Therefore, the size of the simulation cell must
be large enough to be able to sample the configurational space of the properties of interested.
On the other hand, the system size is also limited by computing power.

3.8.6 Periodic Boundary Conditions

When taking a small system out of the bulk of simulated object, the same bulky environment
has to be preserved to avoid unrealistic surface effect. The common approach is to use the
periodic boundary conditions, in which the primary cell (parent cell) is surrounded on all
sides by replica of itself (image cells) to form a three-dimensional infinite lattice. The atoms
initially in the parent cell are parent atoms, while those initially in the image cells are image
atoms. There is an image centering technique to control the constant atom number, i.e.
whenever an atom migrates to the edge of the primary cell, it will appear in the adjacent
image cell.

However, its image will enter the primary cell on the opposite side. Thus, atoms may diffuse
as far as they can during the course of the simulation instead of being confined in the small

parent cell, and at the same time the number of atoms in the box is always constant. In an
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explicit image model, a parent atom will interact with any image atoms (besides parent
atoms) within the user-defined cut-off while implicit image model only counts the closest
image atoms [69].

3.8.7 Amorphous Cell Construction

Polymer chain can adopt numerous conformations due to the existence of many rotatable
bonds, whereas for small molecules, only limited number of conformations are accessible.
Even a short polymer chain may have a few hundred rotatable bonds that give rise to millions
of different conformers. This makes it difficult to sample all the conformations of a real
polymer chain with a small simulation cell. It is almost impossible to find the “global”
minimum energy conformation within such a large configuration space using energy
minimization scheme. Also, it is very time consuming if not impossible to equilibrate
polymers with unrealistic initial structure by molecular dynamics. The interdependent RIS
(Rotational Isomeric State) model has been proved to be an efficient and effective way to
build a polymer chain of reasonable initial structure since condensed-phase polymer chain
is known to be at unperturbed state. However, the conventional pair wise RIS model does
not explicitly prohibit overlapping of atoms separated by a few backbone atoms away or
atoms belonging to different molecules.

A method developed by Theodorou and Suter [70] takes advantage of the conventional RIS
model while overcomes such limitations. In their method, a Monte Carlo type bond-by-bond
construction scheme is employed to build a polymer backbone.

Usually amorphous cells are built at a relatively low initial density with ease and are
compressed to the experimental density gradually using high-pressure NPT dynamics.
These cells generally need to be further refined to “equilibrate” the structure. The refinement
adopted in present studies is an annealing procedure, which will heat up polymer cell step
by step using high temperature NPT molecular dynamics, then cool it back to the original
conditions. High temperature dynamics may provide sufficient amount of energy for the
polymer chains to overcome local energy barriers and reach “global” minimum energy

conformation.

3.8.8 The Concept of Ensembles

In statistical thermodynamics, details of individual particles are usually not of great

importance. On the contrary, for a realistic representation of thermodynamic behaviour, the
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expectancy of observable properties are regarded. This may be achieved by taking the mean

value with respect to time or as the average of a number of configurations.

In molecular dynamics, the evolution of a system with respect to time is observed.
Depending on the property under investigation, different ensembles are evaluated, i.e.,

different state-variables are held constant to observe the behaviour of others.

In the microcanonical ensemble the number of particles N, the total energy E and the volume
of the simulation cell V are held constant. While keeping N and E constant is quite
straightforward and needs no further explanation, the volume V of a system may be kept
constant by periodic boundary conditions, forcing a particle that leaves the virtual simulation

cell to enter on the opposite side by assigning the appropriate coordinates.

A canonical ensemble is characterized by constant N, V and temperature T. The easiest way
to control the temperature is to directly scale the particle velocities 1 i, whenever the system
temperature Tsys leaves a predefined temperature window Tox AT:

1
)
r‘-i,now = r.i,old (_O} (324)

More refined methods like the Berendsen thermostat [71] are more commonly used because
a temperature change per simulation time step leads to a more smooth progression of the
temperature. In this work, molecular dynamics are applied to using canonical ensembles in
the equilibration steps of packing procedure.

If, at constant N and T, the pressure p is held constant instead of the volume V the ensemble
is called isothermal-isobaric. The pressure is evaluated using the virial Z and kinetic energy

Ekin oc NKBT based on centers of mass [72]:

=0 =3 X5 OF, 0 (3.25)

i<j

It is controlled by changing the volume V of the simulation cell according to the relation:

pV = Nk T +§<5> (3.26)
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Molecular dynamics simulations of isothermal-isobaric ensembles (NPT -MD) are
performed as final equilibration procedure of the packing models.

An ensemble of constant pressure, volume, temperature and chemical potential p is called
grand canonical. Here, the number of particles N is allowed to fluctuate. This is achieved by
randomly inserting or deleting molecules. The chemical potential of the molecules within

the matrix is balanced with a reference chemical potential.

3.8.9 Gromacs: new highlighted tools for MD simulation. Its implementation on Membrane

Assisted Crystallization

GROMACS software version 5.1.4 [73], was used for all simulations performed. It is at the
moment one of the most used in biophysical computational studies, but is in increasing
development in the field of polymeric materials and membrane technology, including
Membrane- assisted Crystallization (MCr), that is one of the most important topic discussed
in this thesis. In these studies simulations were carried out at 308 K and at pressure of 1 atm,
with a Cut-off distance of 1.25 nm. The SPC/E model [74] was used for water, and the ion
parameters were those used in the OPLS force field [75, 76]. The force field parameters of
the PVDF polymer developed by Byutner and Smith [77] were used with pair interactions
consisted of Lennard-Jones (LJ). The LJ cross interactions were obtained using the usual
Lorentz—Berthelot combining rules [78]. The equations of motion were integrated using the
leapfrog algorithm with a time step of 1 fs. The Coulombic interactions were treated
employing the particle mesh Ewald (PME) summation method [79] The simulations were
carried out in the NPT ensemble, using a velocity rescaling algorithm [80] (tt = 0.1 ps) to
control the temperature and the Berendsen barostat [81] (tp = 0.1 ps) for the pressure. The
water molecules were kept rigid by constraining the interatomic distances using the LINCS
algorithm [82].

At first the system was equilibrated for 2 ns (NVT and NPT), followed by a production run
of 200 ns. It is important to note that the system was also equilibrated, so the solution
properties (energy, radial distribution functions, etc.) were converged and unchanging before
crystal nucleation occurred.
In this thesis MCr studies were performed with nanostructures inside polymer matrix in
particular with graphene- PVDF based membranes at different concentration percentage
(Chapter 5). All detailed results will be discussed in Chapter 5.
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3.8.10 Radial distribution function (RDF) and Coordination number (CN): analysis systems

to evaluate ion-ion interactions in crystallization phenomena

One of the targets of this work was to evaluate ion-ion interaction from computational
chemistry point of view in order to evaluate when happened nuclei formation and relative
crystals growth, comparing different systems studied. Two method were in particular
validated to individuate this aggregation that allow to see in which system there were faster
induction times:

e Radial Distribution Function (RDF)

e Coordination Number (CN)

In statistical mechanics, the Radial Distribution Function (RDF) (or pair correlation
function) g(r) in a system of particles (atoms, molecules, colloids, etc.), describes how
density varies as a function of distance from a reference particle [83, 84]. If a given particle
Is taken to be at the origin O, and if:

p=7 (3.27)

is the average number density of particles, then the local time-averaged density at a distance
r from O is pg(7).

In simplest terms it is a measure of the probability of finding a particle at a distance of r
away from a given reference particle, relative to that for an ideal gas. The general algorithm
involves determining how many particles are within a distance of r and r + dr away from a
particle. This general theme is depicted to the right, where the red particle is our reference
particle, and blue particles are those whose centers are within the circular shell, dotted in
orange.

The radial distribution function is usually determined by calculating the distance between all
particle pairs and binning them into a histogram. The histogram is then normalized with
respect to an ideal gas, where particle histograms are completely uncorrelated. For three
dimensions, this normalization is the number density of the system p multiplied by the

volume of the spherical shell, which symbolically can be expressed as:

panridr (3.28)
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Given a potential energy function, the radial distribution function can be computed either
via computer simulation methods like the Monte Carlo method, or via the Ornstein-Zernike
equation, using approximative closure relations like the Percus-Yevick approximation or the
Hypernetted Chain Theory. It can also be determined experimentally, by radiation scattering
techniques or by direct visualization for large enough (micrometer-sized) particles via
traditional or confocal microscopy.
The radial distribution function is of fundamental importance since it can be used, using the
Kirkwood-Buff solution theory, to link the microscopic details to macroscopic properties.
Moreover, by the reversion of the Kirkwood-Buff theory, it is possible to attain the
microscopic details of the radial distribution function from the macroscopic properties

In chemistry, crystallography, and materials science, the coordination number (CN), also
called ligancy, of a central atom in a molecule or crystal is the number of atoms, molecules
or ions bonded to it [85]. The ion/molecule/atom surrounding the central ion/molecule/atom
is called a ligand. This number is determined somewhat differently for molecules than for
crystal. he usual value of the coordination number for a given structure refers to an atom in
the interior of a crystal lattice with neighbors in all directions. In contexts where crystal
surfaces are important, such as materials science and heterogeneous catalysis, the number of
neighbors of an interior atom is the bulk coordination number, while the number of surface
neighbors of an atom at the surface of the crystal is the surface coordination number.

From a theoretical point of view, the coordination numbers have been computed by using
standard radial distribution functions (rdf) and then counting the average number of ions or
water within the first hydration shell of the counterions (or integrating the rdf up to the
location of the first minimum).

In computational MCr studies, through the using of the two methods, it was possible to
evaluate ion-ion interaction. In rdf standard curve, when peak became more distinct it gas a
clear sign of ion-ion encounters due to their greater closeness. Furthermore trough evaluation
of CN we were able to estimate the time scale on which crystallization took place, estimating
time of nucleation and what system were more rapid in crystal formation. Every detail, will

be discussed in Chapter 5.
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Chapter 4

Layered hydrophobic honeycomb membranes designed for highly

productive and efficient membrane distillation

4.1 Introduction

The design of new types of structured membranes is one of the most important targets for
developing advanced membrane distillation operations, which are part of integrated
membrane systems dedicated to the production of fresh water. A lot of research is addressed
at the fabrication of new membranes with structural and chemical features able to overcome
some of the current shortcomings, including productivity and thermal efficiency. The
assembly of well-structured materials in membranes, with capability to work as physical
interfaces for membrane distillation operations, is the ambition in this field, because high
performing membranes are not available on the market yet. Within the frame of this thesis,
the building up of extensively regular membranes was done keeping in mind structural and
chemical features, which are in full accordance with the basic criteria of the membrane
distillation (MD) process. The methodology used for preparing breakthrough membranes
was Breath Figures, which is regarded as a bio-inspired manufacturing procedure. Briefly,
it is a self-assembly process, which leads to the formation of honeycomb micro-scaled
polymer patterns by the condensation of water droplets on liquid films. "Breath-figure™
refers to the fog that forms when water vapor contacts a cold surface [1, 2]. Specifically,
water droplets (Figure 4.1) work as pore builders through the polymeric solution leading to
the formation of well-defined 3D polymeric architectures wherein pores are packed each
other in honeycomb geometries (Figure 4.2). In this work the attention was directed to
achieve controlled ordered structures in a honeycomb geometry. Firstly, the study developed
controlled methodology for long-range ordered packed pores in polyethersulphone (PES)
membranes then, the attention was focused on the preparation of an innovative bilayered
HYFLON-AD PES honeycomb membrane. The idea was to use Breath Figures as
preparation technique, with a point of view beyond progresses already achieved. The
combination of several type of materials, modelled in order to control intrinsic and
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superficial characteristics of membranes, was the leitmotiv of the work, for final application
in Membrane Distillation (MD).

The necessity to have more control in membrane morphological structure, induced us to find
those materials that thanks to their intrinsic and peculiar properties could interact among
them in order to assist Breath Figure procedure leading to more ordered structure (Figure 4.1
and Figure 4.2). Then, when the procedure was validated, the objective was the research of
those materials to combine with PES which thanks to their high hydrophobicity and low
thermal conductivity could create the same identical structure with a honeycomb pattern but
with reduced pore size and increased porosity. Approaches followed, procedures and

mechanism, will be discussed in the next paragraphs.

Moisture

Evaporating solvent
Condensing water

o
| o] o] o
s Casting solution

Water droplets self-assembly Ordered porous structure

From self-assembly... ...to assisted self-assembly

& — &

Figure 4.1. Schematic representation of Breath Figures self-assembly
for achievement of honeycomb patterned porous structures.
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Figure 4.2. SEM pictures of a PES polymeric membrane with
honeycomb geometrical structure (Mag 1600X).

4.2 From self-assembly to direct assisted self-assembly: a phenomenological study on bulk

properties for preparation of honeycomb Polysulfone membranes

Extensive structural order is highly desired for the implementation of membrane processes
for sea water desalination, including membrane distillation. In this case, narrow pore
distribution together with defined pore size, structural order at long range, stability of the
interfacial area, are necessary for an efficient process with a long operational time [3].
Several manufacturing methodologies have been proposed for the fabrication of highly
defined textures, but often overly expensive materials/production processes, the use of
pollutant materials, as well as the loss of controlled texture at long rang,e have resulted in
being too restrictive for related scale-up.. Among the most breakthrough strategies, there is
one inspired by the natural condensation of water droplets from humid air on cold surfaces,
which is well known as we said breath figure self-assembly. Despite the literature referring
to several models of honeycomb structures [4-6], the formation of highly ordered multiscale
polymeric textures still remains a hard struggle. On the other hand, thermodynamics,
kinetics, and entropy factors, which regulate the materials assembly, are generally somewhat
complex and unclear [7-11].

Currently, there is a still considerable lack of knowledge about the forces dominating the
degree of structural order on the scale, while the scale-up of defined structures realistically
needs to use practical and efficient means for achieving desired features at longer range.
Also, there is the necessity to demonstrate this technique as a practical route for the

preparation of honeycomb membranes with open regular pores from a large number of
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polymers, including those with traditionally poor affinity to water and scarce ability to
stabilize floating droplets at longer range.

Herein, a common PES with low affinity to water has been chosen as a polymer type due to
its excellent thermal stability, outstanding toughness and suitability to come in contact with
food and water. The objective has been to generate different chemical microenvironments
and study the behavior of water droplets dynamics during self-assembly when the
hydrophilic/ hydrophobic balance was changed in solution. Despite the fact that the
technique seems to be easy to handle, the mechanisms leading to the formation of high-
definition polymeric architectures appear to be rather complicated. Various controlling
factors and mechanisms have been taken into account to explain the behavior of the droplet
lattices during the tailoring procedure. In particular kinetics factor as solution viscosity and
density of solvent used represented a starting point in order to have success in the
mechanism. Speranza et al. [10] demonstrated that condensed droplets can freely move
through media at lower viscosity, thus forming highly ordered lattices in a shorter time and
also that 3D air bubbles networks can be formed when solvent lighter than water are used.
At the same time thermodynamic effects stabilize the formation of well ordered nanopores
array where involving Shimomura mechanism, which explains that the initial water droplets
do not levitate and aren’t ordered on the surface, and Marangoni forces that cause the
submerging of water droplets into the organic solution.
In this work, a commercial nonionic surfactant (Tween 20) [12], in a concentration ranging
from 103 to 102 M, was chosen as a model surfactant to improve the
hydrophilic/hydrophobic balance. It was also thought to create more complex blends by
adding alcohols at different length. The aim was to achieve a very high degree of order
through honeycomb film textures with well-shaped and well-sized pores through fruitful
interactions established at the water-casting solution interface, thus suppressing local
disorder and structurally random regions. In this work, the combination of
PES/surfactant/alcohols allow to move from traditional self-assembly to assisted self-
assembly due to suitable hydrophilic/hydrophobic ratio in mixture (Figure 4.3). As a result,
packing pores with modulated size have been achieved in extensively controlled PES
honeycomb geometries, where local disorders are entirely suppressed. The approach used
appears somewhat interesting to control kinematic and thermodynamic forces in order to
give new inputs to the production of this kind of membrane on a larger scale, especially for
polymers exhibiting low ability to stabilize water droplets during flotation through the

solution.
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Assisted Self-
Assembly

Figure 4.3. Schematic representation of water droplet
fluctuation during Self-Assembly and Assisted Self-Assembly

4.2.1 Influence of the Surfactant on the Surface Structural Order

At first mixtures of PSU in DCM containing 2-propanol at 12 wt % and Tween20 at different
content (107°-10"° M) were prepared. The behavior of the solutions with increasing content
of surfactant has been examined when coming in contact with humid air, while kinetics and
thermodynamic aspects have been analyzed as well. As the concentration of the surfactant
increases, a local increase in gelation comes through the solution, thus resulting in an

increased kinematic viscosity (Figure 4.4).

1.4

13 | o

1.2

1.1 ’.

Kinematic viscosity, [mm?3/s]

0 0.0002 0.0004 0.0006 0.0008
Surfactant, [M]

Figure 4.4. Effects of the surfactant loading on the kinematic viscosity of the
PSU/DCM/2-propanol (12 wt %) solutions.
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In the absence of surfactant, 2-propanol is unable to provide the assistance necessary to fully
prevent local disorder for the polymer PES. Undesired broadness in the pore distribution
takes place due to the coexistence of different porous domains, thus resulting in an average

pore size of approximately 3.6 um (Figure 4.5a).
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Figure 4.5. Changes in the pore size and distribution with rising content of surfactant (a); Effects
of surfactant/alcohol complex on membrane morphology (SEM micrographics (b—d) and formation
of aggregates in precursor polymeric solutions (Dynamic Light Scattering (a’—d’)).
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Instead, a progressive addition of Tween20 to the solution leads to the gradual control of the
dynamics of the water droplets, making the collisions softer. SEM micrographs show how
larger and geometrically confused regions progressively make space for more defined
lattices as the content of the surfactant increases in the mixture (Figure 4.5b—d). This
suggests a slowing down of the droplets during motion, which avoids coalescence or
uncontrolled growth rate at the margin of the single lattices. As a result, an enhanced degree
of the order of the texture is obtained (Figure 4.5a). In this context, the surfactant assists the
polymer in the stabilization of droplets during self-assembly, producing additional fluid
viscosity at the droplet-solution-droplet interface. The reduced kinetics prevents the nearest
soft particles from merging in bigger bubbles, limiting or, at best, suppressing local disorder
at the boundary of the droplet islands. Dynamic Light Scattering (DLS) experiments yield
further indications about a cooperative interaction between the surfactant and polymer
(Figure 4.5 a’—d’). In the absence of surfactant, two distinct populations of aggregates can
be appreciated in solution within a size range of 5-5000 nm, the first one covering a broader
range of heterogeneous assemblies (Figure 4.5a”). The gradual addition of the surfactant in
solution significantly reduces the broadness of two populations, decreasing the aggregates’
size by one order of magnitude, and leads to a gradual diminution of the second population
in favor of the smallest one (Figure 4.5b°—d”). Because of the complexity and heterogeneity
of the mixtures, establishing the shape and type of the aggregates is not easy at this stage.
However, it is undoubtedly due to the relationship between the increasing uniformity of
aggregates in solution and the major order of the final texture, which can be regarded as the
result of a cooperative action of the various components dispersed in the mixture. It is also
relevant to observe how a mono-dispersive pore size distribution matches with a gradual
reduction of the pore size as the surfactant rises in content (Figure 4.5).

Given that the radius of the droplets is time-dependent and proportional to R < t*3in the
beginning, and to R < tin the end [9], very narrow pore size distributions with the formation
of a smaller pore size can be regarded as the result of a massive nucleation and a reduced
droplet growth rate. There seems to be quick droplet saturation over the liquid surface in
contact with moisture, while the boundary of each single droplet island becomes
indiscernible at nearly the highest loading of surfactant. What described leads to the regular
and uniform structure shown in the figure (Figure 4.5d). In this regard, the imprinting action
of the droplets is exhausted when the lattice is formed over the entire surface area of the
solution touching the moisture. However, this can also be considered a reasonable
consequence of a very fast and assisted moisture uptake. Indeed, an increase in the overall

surface tension—a value of 28.30 mJ/m? against 26.50 mJ/m? estimated for the pure
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solvent—has been measured for solutions at the highest amount of surfactant. This would
suggest that a large number of polar head groups is directed outward from the surface and is
prepared to interact with condensing droplets. In order to confirm the ability of the surfactant
to interact favorably with the water droplets, interfacial tensions have been measured at the
interface established between a single water droplet and the surrounding polymeric solution
with increasing content of Tween20. The droplets have been automatically injected into the
solution by using a syringe and the surface tension value has been measured according to
the pendant drop method. Indeed, the decrease in the interfacial tension values with rising
concentration of the surfactant confirms a tendency of the system to reach a minimum of
energy (Figure 4.6).

This means that when the surfactant dissolved in the polymeric solution comes in contact
with water droplets, the related polar heads establish attractive hydrophilic interactions at
the interface while the hydrophobic tails are pointed towards the rest of the nonpolar
solution, thus causing a decrease in the overall interfacial tension. These experimental
findings are in full agreement with those found by Kojima et al. [13] about the ability of
amphiphilic copolymers to establish hydrophilic interfacial forces with water droplets during
the formation of honeycomb patterns. Herein, the ability of the surfactant to enhance the
process of stabilization of the droplets becomes much stronger at higher concentrations,
resulting in a higher uniformity of the structural order as well as in a gradual reduction of
the pore size (Figure 4.5a—d). This means that the larger availability of the surfactant leads
to quicker water uptake and stabilization over the entire surface area of the solution exposed
to humid air.

On this basis, there is a clear indication about the necessity to adjust the
hydrophilic/hydrophobic balance in solution in order to move water droplets from self-
assembly to assisted self-assembly, especially when using polymers with poor ability to
rearrange themselves and interact at the interface of local different microenvironments.

It is relevant to observe how the hydrophilic/hydrophobic balance becomes somewhat
marked at higher concentrations of surfactant, which is greater than that indicated as
necessary to reach the critical micelle concentration in a binary aqueous solution (CMC, 1072
mM) [14]. In this respect, it must be stressed that the working chemical environment is rather
different from the aqueous one, the mixture being nonpolar and containing four different
components. This makes it difficult to unequivocally identify the aggregation state of the
surfactant, especially in the presence of additional amphiphilic compounds such as alcohols,
which allow intermolecular interactions to establish within hydrophilic and hydrophobic

domains, causing important changes in CMC as well [15]. Nevertheless, it is unquestionable
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that the increase in the concentration of surfactant causes a major number of monomers in
proximity to the surface and in the bulk; these monomers could aggregate but also continue
to migrate freely towards the surface, making polar heads promptly more available to interact
with water and assist the dispersion of the aqueous phase in the continuous oil phase, as

clearly confirmed by decreasing interfacial tension values (Figure 4.6).
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Figure 4.6. Estimation of interfacial tension values between a water droplet and
polymeric solution containing increasing amount of surfactant.
The average interfacial tension values were calculated from five measurement results with a
standard deviation that decreases from £0.23 to £0.13 with rising surfactant content into the
mixture. The result is a quicker formation of lattices from a larger number of smaller,
stabilized water droplets, which leave an open pore size uniformly distributed over the entire
surface area of the film. This clearly implies a predominance of droplet nucleation over the

related growth rate.

4.2.2 Influence of the Alcohol Chain Length on the Pore Size

The pore size can be regarded as the result of a different balance between droplet nucleation
and the growth rate steps. A massive droplet nucleation is, in fact, expected to lead to a very
fast coverage of the surface with a formation of smaller pores, whereas a lengthy
rearrangement extends the growth rate, yielding bigger air bubbles. In this respect, the
chemistry of the polymeric mixture has been further changed with the purpose to direct the
time-scale of nucleation and the growth rate, respectively. Alcohols with different structure

(CH2) n = 2-4 containing the OH end group have been added to the mixture, keeping the
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concentration of the surfactant constant at 10~* M, in order to examine the effects of changing
hydrophobic/hydrophilic balance on the pore formation. As shown in Figure 4.7, the addition
of alcohols to the polymeric mixture brings about a marked effect on the value of the overall
surface free tension. The latter tends to increase with the length and bulky chain of the

alcohol, while the pore size decreases from 4.0 to 0.8 um through the overall film surface.
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Figure 4.7. Variation of pore size (a) and pore distribution (b) as a function of the different
length and bulky chain of alcohols contained in PSU/DMC solutions with surfactant at 10~ M.

The increase in the surface free tension affects the scale of affinity, causing inevitably higher
values of the solubility parameter (8) of the solution. The latter is a thermodynamic indicator
of the attractive or repulsive interactions established between two systems coming in contact
[16]. The difference between the solubility parameters (A5, 103J%/m*?) of two media yields
a clear indication about the level of affinity; thus, small differences indicate a great affinity,
whereas large differences suggest a poor attraction. Concerning the systems investigated in
this study, smaller differences have been estimated between the solubility parameters of
water (72.86 mJ/m? at 20 °C) and the composite solutions when the lipophilic component of
the alcohol overcomes the hydrophilic one. In this case, a smaller pore size is obtained
(Figure 4.7a). Differently, a larger pore size is measured for films prepared from solutions
containing alcohols with higher polar character (Figure 4.7a).

Undeniably, alcohols with shorter tails exhibit increased polarity and have a higher ability
to interact with the polar heads of the surfactant, thus reducing their availability towards
water droplets. On the contrary, alcohols with longer and bulky chains exhibit more

amphiphilic character, taking their dissolution closer to the hydrophobic regions of the
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surfactant, where dispersive cooperative intermolecular interactions are better established.
This implies a larger availability of the polar heads to face water droplets. As a result, a
quicker nucleation of droplets with formation of smaller pore size is obtained when polar
heads of the surfactant are more available. This can be envisaged as a direct consequence of
a higher hydrophobic molecular interaction established into the bulk of the polymeric
solution.

In this regard, it is also relevant to observe that such an availability of the head polar groups
at the solution surface-air interface becomes much higher in the absence of alcohols. This
suggests a decisive role of the alcohol in the rearrangement of the surfactant at the water-
solution interface. Indeed, the difference between the solubility parameters of water and the
casting solution is somewhat low in absence of alcohol (Figure 4.7a). In this case,
intermolecular interactions between alcohols and surfactant fail necessarily and a larger
number of free monomers in solution orient the polar part outward, yielding major
availability to interact with floating droplets. Under these conditions, a larger number of
small droplets are formed and stabilized over the entire surface area in contact with humidity.
The consequence is a massive nucleation, which leads to highly ordered textures with pores
of 0.8 um (Figure 4.7b).

Again, it is also relevant to examine the incidence of the alcohol length chain on the
kinematic viscosity. Figure 4.8 shows how the rising molecular weight together with the
bulky structure of the alcohol causes an effective increase in the solution viscosity (Figure
4.8).
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Figure 4.8. Geometric pore size vs. kinematic viscosity for solutions (0) containing
surfactant at 10~ M and alcohols with different length and bulky chains.
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This is expected to further enhance the capability of encapsulation of the polymeric solution,
thereby reducing the risk of coalescence and harsh collisions.

The viscosity factor becomes, however, non-influential in the absence of alcohols; the rate
of moisture uptake and coverage for the entire surface area rather than speedy droplet
flotation seems to decide the smaller pore arrangement in ordered textures. Comparing a
solution of PSU/DMC containing surfactant at 10~* M with ethanol at 12 wt % and a solution
of PSU/DMC containing surfactant at 1073 M without alcohol, similar values of kinematic
viscosity can be appreciated (Figure 4.8); however, a significant reduction of around 80% is
observed for the pore size as the polymeric solution contains surfactant alone. This suggests
that different mechanisms can take place during droplet self-assembly. The surfactant favors
moisture uptake and a quicker nucleation rate, whereas the alcohol competes with water in
the establishment of intermolecular interactions with the surfactant, reducing the related
degree of freedom with the effect of extending the growth rate of the floating droplets
depending on the intrinsic polar character of the mixture.

On this basis, the surfactant seems to have a decisive and predominant role in the uptake and
stabilization of floating water droplets, whereas the alcohol affects the time scale, resulting
in a modular pore size.

It’s clear that changes in the hydrophilic-hydrophobic balance cause a competition between
droplet nucleation and growth rate steps. Using other classes of amphiphilic compounds,
changes in this balance are expected to further modify the time scale with consequences on
the final texture of the polymeric porous film [2].

The intent of this work was to demonstrate the necessity to move from traditional self-
assembly to assisted self-assembly approaches, thus preserving structural order and yielding
uniformly modulated pore size at longer range. Of course, the precondition for a successful
scale-up has to pass through the adjustment of thermodynamic and kinetic parameters and,
consequently, the manipulation of bulk properties of the solutions used, enabling one to
contrast undesired effects due to low ability of the polymer to stabilize the droplets but also
to the frequent sensitivity of the droplet assembly to little changes in the external

environment.

4.3 Organization of ordered honeycomb PES membranes via hydrophobic ionic liquid

crystals surfactant
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In the perspectives to achieve more ordered geometries, toward direction of Assisted-Self
Assembly, a new class of materials has been explored as surfactants: lonic Liquid Crystals
(ILCs) with a cationic head and chains of different length. lonic liquid crystals [17] can be
considered as materials that combine the properties of liquid crystals and ionic liquids, as
mentioned in Chapter 3. In particular herein was explored the potential of a subclass of
pyridinium salts, viologen salt, as surfactant in order to move hydrophilic/hydrophobic
balance in favor of new fruitful interaction. They are an example of electrochromic materials
and they include all those compounds generated by the quaternization of the 4,4'-core
bispyridyl, i.e. the 4,4'-bispyridine salts 1,1'-disubstituted. This kind of material in this
research work, was used to assist self-assembly in order to improve the structural order, in
favor of a greater surface roughness, higher hydrophobicity and porosity, and therefore better
structural-properties relationship.

In  fact, comparing Tween 20  and 1,1’-ditetradecyl-4,4'-dipyridinium
[bis(trifluoromethanesulfonyl)amide (14Bp14(Tf2N)2) used both as surfactants, there is an
increasing in wetting resistance in time (Figure 4.9) when the viologen is used, thanks to the
presence of the two long symmetric saturated alkyl chains and of the hydrophobic anion,
mentioned before, with respect to polar head of Tween 20. Hydrophobicity is one of the
most important parameters for having good performances in water desalination (Membrane
Distillation MD). Measurements were carried out with water as liquid probe achieving

results showed in the following graphs with a standard deviation of + 0.5.
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Figure 4.9. Differences in in resistance to wetting measured by Contact Angle (O) for PES
honeycomb membranes with Tween 20 and PES honeycomb membrane with viologen salt (both
at concentration percentage of 15 wt %).

In previous work [12], Tween20 was successfully used to obtain extensive structural order
in PES honeycomb surfaces under humid atmosphere. However, this surfactant caused a
hydrophilic character for the surface making it unsuitable for MD purposes.

On the other hand, the attempt to use commercial ionic surfactants such as imidazolium
derivates was fairly modest due to the inconsistency of the membranes. Therefore, the
necessity to get a suitable hydrophile/lipophile balance (HLB) with marked hydrophobic
character for membrane surfaces let us identify the family of viologen salts as a good source
of compounds having desired features. Considering that 14bp14(Tf,N). has two long
symmetric saturated alkyl chains and a hydrophobic anion, with relatively low charge
density — the salt is, in fact, highly soluble in low polar solvents as DCM and poorly soluble
in water -, a low HLB was expected with consequent increasing in the interfacial tension
value. This enabled the viologen to prevent spreading of the water and stabilize the droplets,
which maintain a globular shape leaving well designed and uniformly distributed pores,
while undesired coalescence events were successfully suppressed. This experimental
evidence is in a full accordance with what reported by Fukuhira et al. [18] about the role of
HLB in the establishment of suitable interfacial tension for the stabilization of water droplets
during self-assembly through polymeric solutions.

Fig. 4.10a shows the full spectra of the viologen in dichloromethane obtained by dissolving

80 mg of salt in 0.75 mL of deuterated solvent (0.072 M). Successively, a volume of 10 puL
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of water was added to the tube — this is in excess of the solubility of water in DCM of ca.
2.4 uL/0.75 mL of DCM — and a second spectrum was recorded; finally, an amount of 90
mg of polysulfone was further added to the NMR tube and the last spectrum of the mixture
was recorded. All spectra were calibrated by setting the residual solvent resonance of all of
them to 5.32 ppm. Fig. 4.10b shows clearly the aromatic region of the spectra, while the
presence of water does not produce any significant effects on the viologen spectrum. It can
be observed a very minor broadening of the resonances only due to no perfect homogeneity
of the magnetic field. In contrast, there is a clear shift of the aromatic resonances of the
viologen after the addition of excess PES and both aromatic signals of the viologen are
deshielded. The shift is of about 0.1 ppm and suggests a strong interaction of the aromatic
core of the viologen with polysulfone. The polysulfone aromatic resonances also appear to
be affected by the presence of viologen, though the presence of water makes the lines

broader.
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Figure 4.10. H NMR full spectra (a) and aromatic region (b) (500 MHz, 300 K, CD2CI2):
14bp14(Tf2N)2 (bottom); after addition of water (middle); after addition of PES (top). DFT
optimized structure of the Viologen-PES model complex in DCM (c).

To further support these findings, it was also run a density functional theory (DFT)
investigation of the interaction energy of simple model structures [13], [19-20]. Because
charged species are involved, it has been important to include long-range solvent effects to
estimate interaction energies, thus the PCM model has been employed for dichloromethane.
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The optimized structure of the model complex is shown in Fig. 4.10c. The interaction energy,
AE, is obtained as 4E = Ecmpix — Eviol — Epes, Where Ecmpix IS the electronic energy of the
complex, and Eviol and Epgs are the electronic energies of the optimized structure of isolated
model viologen and model PES structures, still in dichloromethane. The result is 4E =—18
kcal/mol. The many approximations involved in the calculations does not allow a
quantitative analysis of the results, nevertheless the calculated value is not negligible and it
points to a significant interaction of the two moieties through n—r stacking.

These experimental and theoretical findings yield clear indication about a concrete
cooperation between polymer and viologen salt with a remarkable effect on the structural
definition of the membrane morphology, as largely confirmed by SEM micrographs
collected onto PES honeycomb membranes prepared from solutions without (Fig. 4.11a) and
with (Figure 4.11b) salt viologen. Indeed, locally disordered patterns observed onto the
honeycomb PES membrane without 14bpl4(Tf.N). leave the place to well-stitched
honeycomb domains up when the viologen is added to the PES solution.
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Figure 4.11. Different structures of Honeycomb membranes: a) PES honeycomb membrane without
a) and with, b) viologen salt as surfactant. Magnification 5000 X.

This kind of membranes have the structure, very close to that considered ideal in membrane
technology: perfect and ordered pores that can produce the same events in several points of
membranes surface. The close correlation between honeycomb morphologies, overall
porosity and resistance to wetting have made it ideal for this kind of technology, reaching
higher values with respect to traditional commercial membranes. This happened both in
terms of fluxes and mass transport across membrane pores. Despite of, we have encountered
critical issues in Membrane Distillation performances. It’s important to consider that PES

honeycomb membrane was dipped in a solution of HYFLON AD/HFE (0.5 w/w), in order
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to impart a hydrophobic character to the surface without troubles for the honeycomb texture.
The typical zigzag profile of this kind of geometry produced indeed an important microscale
roughness (Ra = 473 + 90 pum), which is undoubtedly responsible for the enhanced
hydrophobic character of the membrane. Unfortunately, the membrane pore size has been
too much large to prevent wetting events with long time, even if coated with hydrophobic
moieties. In fact a preliminary test carried out with a NaCl solution of 5mM, lead to a not
competitive rejection value for MD process (Figure 4.12). In this direction new strategies
have been implemented, combining per-fluorinated materials, mechanical supports and
tailor-made honeycomb membranes. The multi-layered honeycomb membranes allowed to
achieve greater fluxes, with competitive rejection factors. This methodology will be
discussed in detail the next paragraph.
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Figure 4.12. Flux and rejection achieved with: PVDF commercial membrane; Self-standing PES honeycomb
membrane (hydrophobized with a dip coating in HYFLON 0.5 wt % solution); Multi-layered honeycomb
membrane enriched of HYFLON AD nanocoating and of a mechanical support.

4.4 Layered honeycomb membranes: HYFLON AD porous nanofilm suspended onto PES
honeycomb top surface

As we said in introduction chapters, today, there is a great demand of advanced materials-
based processes designed to supply clean water from natural sources. Membrane Distillation
has a great potential in water desalination. Despite of Osmosis Reverse is the leader
technology in desalination, high energy consumption and brine disposal are problem which

can bring limited recovery of water. The integration of other membrane thermal process such
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as a Membrane Distillation, can give a good response due to lower operating temperatures
and pressures, higher rejection factor, and lower susceptibility to concentration polarization
phenomena.

One of the problems, is certainly the possibility to find membrane materials with suitable
structural and chemical features that represents the suitable combination to use them in MD
for an efficient production of desalted water. Onto membrane surface a large number of well-
shaped pores uniformly spread through a nanostructured skin layer would distinguish the
placed interface, to achieve more interesting results. From the productivity point of view,
this aspect was observed and validated in the work, but the further investigation for a choice
of materials at low thermal conductivity would be a practical route for solving the bottleneck
in the energy consumption. For the first time, a nanostructured porous film has been textured
from HYFLON AD solutions and suspended onto a honeycomb sub-layer by using a BF
method. It has been generated an ultrathin fully-fluorinated porous membrane (6 80 + 5 nm)
from a low thermal conductivity material (HYFLON AD) (around 0.1 Wm—1K-1),
suspended then on a thicker orderly honeycomb pattern (6 40 = 2 m). In this way it was
possible to find a suitable compromise between structural and chemical qualities for a
sustainable desalination. Furthermore, HYFLON AD as a semi-crystalline nature of the
hydrophobic polymer, which makes self-standing films somewhat brittle and difficult to
manage, but on the other hand, a textured sub-layer was necessary to provide everywhere a
rigid structural order for the formation of uniformly extensive ultrathin layer with targeted
morphological features.

Honeycomb PES membranes, widely studied in the first part of the work, have been
considered with the suitable features as the ideal support for ultra-thin HYFLON AD
nanocoatings, prepared using the same BF technology. In particular, PES membranes
containing viologen salt, after studies carried out on the basis of pore size distribution and
interfacial tension, have been chosen as the ideal combination of materials for our purpose.
PES honeycomb membranes prepared from mixture of polymer and 14bp14(Tf2N)2 showed
uniformly distributed pores around 3 pum, which are perfectly packed in a long-range
honeycomb geometry against membranes prepared without the viologen salt and exhibiting
a broader pore distribution with a mean pore size of 3.5 um. It was observed also how
measurements of interfacial tension at solution-water droplet interface showed a slight
increasing in the value when the PES solution was added with 14bp14(Tf.N).. A value of
1.1 + 0.2 mJ/m? was estimated for solutions containing PES without viologen salt while a
value of 1.5 + 0.2 mJ/m? wass measured for the solution containing both the PES and

viologen salt. Thus, this ordered open honeycomb structure could be regarded as an ideal
135



lattice on which a thinner porous layer can be further suspended. Nevertheless, the
suspension of a uniform tiny film on somewhat large air voids required the establishment of
suitable controlling interfacial forces [21]. Anyway, as we said before, the prevention of
wetting in desalination, due to a not suitable pore size, brought our studies the finding of
new material: the HYFLON AD. The hydrophobic character with low thermal conductivity,
make its manipulation ideal for better performances in MD process with a selectivity-
productivity trade off which go in a single direction. From a generical point of view from
our studies was possible to detect:

e Local disorder suppressed when in PES solution was added 14bpl4(Tf.N). as
surfactant (Figure 4.13b and c) with uniformly pore size distribution with respect to
PES honeycomb membrane without the viologen salt (Figure 4.13a).

e Reduced pore size in HYFLON AD nanocoating with respect to traditional PES
honeycomb membranes (Figure 4.13d and e). Detail about pore size distribution of
different systems are reported in Figure 4.14.

Procedure used and structure properties relationships will be discussed in the next

paragraphs.
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Figure 4.13. SEM micrographs: (a) Image collected onto PES honeycomb membranes without viologen
salt, (b) and (c) images collected onto PES honeycomb membranes containing the viologen salt
(enlargements at 10,000 and 16,000x), (d) and (e) images collected on the ultrathin suspended

HYFLON AD layer (enlargements at 1000 and 2000x).
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Figure 4.14. Pore size distribution for PES honeycomb membranes with and without viologen salt and
with ultrathin suspended HYFLON AD layer.

4.4.1 HYFLON AD nanocoating preparation

In order to make the nanostructured membrane more handle and resistant to mechanical
solicitations, a polyamide-based support (6 = 100 um) has been used during the formation
of PES honeycomb membranes. Then PES honeycomb sub-layer has been dipped initially
in ethanol (22.10 mJ/m?) in order to impart a temporary hydrophilic character to the
membrane and let water (72.80 mJ/m?) spread and enter temporarily inside the big pores. In
this way, a uniform shield can be formed for the successive hydrophobic HYFLON AD
solution (4.8 + 0.2 mJ/m?). Then, the fluorinated nanofilm has been formed at the interface
of two liquids, while water droplets from surrounding humid air have shaped further smaller
pores through the entire polymeric layer according to BFs (Fig. 4.14d and e). The relatively
low amount of fluorinate solution adsorbed onto the honeycomb sub-layer together with the
very quick evaporation of the solvent leads shortly to the full perforation of the nanofilm.
At the same time circularly shaped pores with a very narrow distribution and a size less than
of one order of magnitude can be appreciated with respect to PES honeycomb sub-layer.

Indeed, the solvent evaporation elapses rapidly so that a large water uptake is induced, while
the hydrophobic character of the solution prevents droplet spreading. As a result, the area of

each single big pore (around 5 pm?) estimated for PES honeycomb membranes is split in
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many smaller pores, each one covering an area of 0.05 um? for a total surface porosity of

9.45%.

4.4.2 Structure—properties relationships

Membranes produced were characterized from several points of view, in order to evaluate

those morphological parameters that make them suitable for desalination via Membrane

Distillation technology.

From mechanical tests, it was confirmed a slight increase of 8% in the Young module for

membranes with support, while the tensile strength reached a value of 25 + 2 Nmm™2, which

is around 9 times higher than that estimated for self-standing PES honeycomb membranes

(Figure 4.15a and b).
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Figure 4.15. Effect of mechanical support on mechanical resistance (a and b) and
water vapor transmission rate (WVTR) (c) at 25 °C.
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Permeability tests have been carried out according to the right cup method procedure, in
order to assess possible added resistance to the water vapor transfer. Figure 4.15c shows a
comparison of the values of the water vapor transmission rate (WVTR) measured at 25 °C
for the membranes at different fabrication steps. The experimental evidence showed that the
mechanical support does not affect the WV TR properties of membranes. This is due to the
fact that the selective layer is represented from HYFLON AD nanocoating, characterized
from a reduced pore size and increased overall porosity. Furthermore, this coating is very
thin, leading to much higher breathability and higher fluxes.

The role of chemical and morphological changes in the surface has been also examined in
relation to wetting properties. Contact angle measurements have been performed in order to
assess the resistance to water and salt solutions spreading. PES honeycomb membrane
showed a good resistance to water (around 0 = 115°) due to the singular honeycomb
topography that contrasts the liquid spreading according to the Cassie—Baxter's rule [22],
where the drop of liquid does not wet the whole the surface below, but only lies on the peaks
of the surface roughness, leaving air trapped between them. So the surface roughness of
membranes produced has the responsibility in the good hydrophobic character. However,
when the surface comes in contact with NaCl solution (5 mM) at a lower surface free tension,
a quicker spreading has been observed resulting in contact angle values of around 80° (Fig.
4.16a).
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Figure 4.16. Wetting properties estimated for honeycomb PES membranes with and without
suspended porous HYFLON AD nanofilm: Contact angle values at time zero (a) and kinetics (b)
for pure water and NaCl solution 5 mM.

A better and durable result was instead achieved when a porous nanofilm of HYFLON AD
is suspended onto the PES honeycomb texture. In this case, the ultrathin nanoporous film
reduced significantly the surface roughness factor (Ra = 22 + 3 pm) making it not
particularly effective; rather, the large perfluorinated component of HYFLON AD has given
a major waterproof character to the membrane surface. Chemical composition together with
formation of very small pore size contrasts the liquid intrusion with time. As a result,
comparable and longer resistance to wetting has been observed for both the water and salt

solutions (Fig. 4.16b), as largely confirmed by water desalination experiments.

4.4.3 Membrane productivity-efficiency trade-off

Thermally driven membrane distillation experiments have been implemented in Direct
Contact mode in order to assess the performance of the tailor-made membrane during salty
solution treatment. Preliminary experiments with pure water have been carried out and an
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increase of 104% in water flux has been observed moving from commercial PVDF to self-
standing PES honeycomb texture. A further increase of 75% in flux has been measured
through the ultrathin HYFLON AD membrane when it was suspended onto self-standing
PES honeycomb textures (Figure 4.17a). The average flux seems to be dependent on the
thickness of the active skin layer mainly, confirming that shorter pathways enhance the
membrane productivity (Figure 4.17b). Indeed, microscopy micrographs endorse the
formation of a large number of small pores like well-defined holes through a very tiny layer
(Figure 4.18). AFM topography has shown the formation of a uniform polymeric layer
bringing numerous circular small pores. SEM images discern further between the HYFLON
AD porous nanofilm and largely porous sub-layer, providing clear indication about the
suspension of the fluorinated nanofilm onto bigger free-resistance air bubbles embedded in
PES textures. Likewise, ATR spectra collected onto the membrane surface confirmed the
ultra-thinness of the fluorinated layer, considered that a slight contribution of infrared modes
associated with PES backbone's sulfone groups continues to be detectable in spite of the
radical change in the surface chemistry. From a morphological point of view, this has
implied less resistance to the diffusion of water vapor due to very short free pathways
through the active skin layer. Also, the reduction of one order of magnitude for the pore size
prevented local wetting events, which can be, in itself, responsible for additional liquid
resistance and/or back diffusion. It is undeniable that the lowest average flux estimated for
PES honeycomb textures can be ascribed to additional resistance produced by local wetting
events [23, 24] Liquid water stagnant inside the big pores may be responsible for transitions
from Cassie—Baxter to Wenzel state. Experiments, carried out with salty solution (NaCl 5
mM) over seven continuous working hours, yielded clear indication about the partial wetting
of self-standing PES honeycomb textures. Constant fluxes have been indeed measured, but
with a rejection factor of around 92%. This suggested salt passage through preferential
channels associated with possible water back diffusion. Instead, the deposition of a fully
fluorinated layer with pores less than one order of magnitude — 0.25 against 3.0 um — allowed
the membrane to block local liquid intrusion while water vapor molecules passed freely
through the ultrathin layer. As a result, enhanced water vapor flux could be appreciated
(Figure 4.17). A further enrichment of the average water flux could be obtained when PES
honeycomb texture was mechanically supported (Fig. 4.17a). Straightly, the mechanical
support did not affect the transport across the membrane, since its resistance to mass transfer
was negligible (Figure 4.15c). Rather, it imparted higher robustness to the assembled layers,

thereby preventing local structural distortions or small clefts through which local wetting or
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retro-flux events could take place with inevitably flux decline. The use of a mechanical

support allowed a further increase of 3.4 times in the average water flux.

a) 60
16 Supported
Self-standing PES/HYFLON AD PES/HYFLON AD
50 - 12 :'.:—
£
s =
Self-standing PES =
2
40 - Fa *
PVDF b)
:,,; : - : 0
S 30 4 80 60 40 20 0
— Active layer porosity, [%]
x
=
o
20 - Self-standing
PES/HYFLON AD
Self-standing
PES
10 A
- .
. R |
216 40 0,08 0,08

Active layer thickness, [um]

Figure 4.17. Water flux measured through different kinds of membranes (Feed: bi-distilled water;
Treea: 38 °C; AT = 23 °C; Feed flow ratef: 100 mL min—1): thickness (a) and porosity (b) effects on
water vapor flux.
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Figure 4.18. Detection of the ultrathin porous HFLON AD layer (a) AFM topography (b)
SEM micrograph and (c) ATR spectra.
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According to these evidences, the ultrathin porous HYFLON AD membrane has been
suspended onto supported PES honeycomb textures and has been tested in a DCMD plant
using NaCl solution. Rejection factors of 99.1% have been obtained against values of 99.6%
estimated for commercial PVDF flat membranes processed in the same plant and under

comparable experimental conditions (Fig. 4.19).
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Figure 4.19. Salt rejection estimated for home-made and commercial membranes under
comparable working conditions (NaCl 5 mM, Treed = 38 °C; Feed flow rate = 100 mL min—1).

Conversely, a by far superior performance has been estimated under the productivity-
energetics profile. Figure 4.20 shows a comparison of water flux and thermal efficiency
estimated for the tailor-made membrane (Supported flat PES/HYFLON AD) and some
commercial membranes (Supported flat PVDF and PP hollow fiber) tested under similar
working conditions (Tfeed = 38 °C; Tperm = 15 °C) as well as home-made (Flat PVDF) and
commercial membranes (Flat PES and PP) tested under decisively different processing
temperature (Treed = 55.5 °C; Tperm = 49.5 °C). As clearly depicted, the ultrathin suspended
HYFLON AD membrane was over the productivity-thermal efficiency trade-off established
for traditional membrane systems having flat and hollow fiber configurations and processed
under comparable conditions, respectively. An average water flux of 51 Lm™2 h™! versus a
thermal efficiency of 70.2% was appreciated for the new tailor-made membrane, whereas
fluxes less than 5 Lm~2 h™! and thermal efficiency not superior to 35% has been estimated
for commercial membranes traditionally used in DCMD operations. Other membranes
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processed at much higher feed temperature showed a thermal efficiency ranging from 55 to
80% approximately, but an average flux much lower (less than 13 Lm~2 h™!) [25]. Provided
that the thermal conductivity of the materials remains a discriminating factor for controlled
heat loss, membrane thickness together with other structural parameters played its part in the

optimization of the flux-thermal efficiency trade-off.
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Figure 4.20. Compared flux and thermal efficiency trade-off for home-made PES/HYFLON AD,
PVDF and PP commercial membranes (filled markers) (Treq 38 °C and AT = 23 °C) and home-
made PVDF and commercial PES and PP membranes (empty markers)

(Tteea 55.5 °C and AT = 6 °C).

Therefore, higher fluxes and higher thermal efficiency were observed for the tailor-made
membrane, as the result of well-addressed assembly of materials over different length scale.
This better result is a first encouraging step toward the accomplishment of a needed goal
such as the production of desalted water at lower energetic consumption when softer
processing conditions are applied.

The experimental findings discussed in this work confirm the concrete possibility to use
thinner suspended porous layers at low thermal conductivity as fruitful interfaces for
advanced membrane distillation processes wherein a large productivity can be associated
with a limited heat loss. Indeed, HYFLON AD exhibits a thermal conductivity of ~0.1
Wm—1 K—1 that combined with an ultrathin porous low-resistant pathway provides the ideal
solution for achieving a suitable compromise between reduced thermal consumption and

enhanced mass transfer.
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4.4.4 A synthetic summary of properties-performances relationship for honeycomb

membranes produced

We can summarize that as it was widely described above, several approaches were applied

before to find the most suitable honeycomb home tailored membrane. In table 4.1 are

reported most important morphological parameters of all produced honeycomb membranes

with their performances in MD process, in order to compare results achieved with different

types of honeycomb studied.

Table 4.1. Major morphological properties and performances of the different types of honeycomb
membranes produced and studied in this thesis work.

Active
. Contact Average o
SEM top surface | Pore size layer Rejection®
Membranes angle? _ flux®
(5.0 X Mag) (um) thickness (%)
(0) (L/m?h)
(Hm)
Commercial
0.2 132 216 6 99.6
PVDF
Honeycomb
35 90 - - -
PES
Hydrophobic
honeycomb
y 3.0 126 40 14 93.4
PES-viologen
saltd
Honeycomb
PES-
Viologen salt
) 0.25 135 0.08 51 99.1
with the
HYFLON
nanocoating®

Herein contact angle is referred to time= 0 sec and estimated with water as liquid probe. "Average
flux is referred to the medium value achieved during the entire MD experiments.
¢ Rejection was estimated with [NaCl]= 5mM as described in the text. “Hydrophobic self-standing
PES was only dipped onto an Hyflon solution at 0.5 wt % and then air-dried under the hood.
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*PES honeycomb membrane with the HYFLON nanocoating was mechanically supported as
described in the text.

All the elements fit perfectly together when the HYFLON nanocoating is suspended on the
top surface of the honeycomb PES membranes, using a mechanical support, for improving
resistance to breakage. These achievements can be regarded as the result of a directed nano-
assembly of materials in a well-defined volumetric space, where suitable structure-chemistry
interplay is obtained. Reduced pathways together with use of fluorinated materials at lower
thermal conductivity make the designed membrane extremely promising for future
competitively productive and energetically favored water desalination. These interesting and
high performing nanostructured membranes, are very promising in desalination of saline
waters at low concentration deriving from permeate of other membrane operations. So, they
can be used with success in membrane technology, for water treatment in the view of

integrated membrane processes.

4.5 Conclusions

For the first time, an ultrathin porous membrane based on HYFLON AD has been
successfully suspended onto a supported PES honeycomb texture [26] in order to fabricate
fruitful interfaces for new-concept membrane distillation operations, which can be
distinguished for the unusual productivity-thermal efficiency trade-off. The challenge to
manipulate and shape a highly hydrophobic polymer such as HYFLON AD in a very tiny
porous layer can be regarded as the result of a fine manipulation of structure—transport
properties relationships.

Compared with other home-made and commercial membranes, this novel nanostructured
membrane exhibited better performances. Higher capability to transfer large amounts of
water with appreciable salt rejection were obtained when softer processing temperatures
were selected, resulting in an exciting thermally high-efficiency membrane distillation

process.
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Chapter 5
2D materials assisted Membrane Crystallization Technology:

A new combined experimental-computational approach

5.1 Introduction

In the field of membrane technology, Membrane Crystallization (MCr) is a promising
membrane process on which research is focusing growing attention. It has allowed over time
to bring a lot of advantages in terms of kinetics when compared to the traditional
crystallization process, for the recovery of minerals from saline and brackish waters and also
for different compound like pharmaceuticals, protein and so on [1]. This technology takes
advantages such as higher purity level, separation of polymorphic forms, narrow crystal
shape and crystal size distribution, and faster nucleation times, as detailed in Chapter 2. A
major concern is the difficulty to shorten nucleation time directing uniformly size and shape
of the crystals according to specific purposes. Commercial membranes enable one to recover
crystals from sea or brackish water [2, 3], but there is a realistic difficulty to manage the
process for making them fruitful and selective on scale.

This study explored in particular the potential of graphene and bismuth selenide (Bi>Ses),
confined in hydrophobic PVDF membranes, in MCr technology through an integrated
computational-experimental approach. This work demonstrated how the confinement of
graphene flakes influenced and assisted crystals nucleation and growth rate, reducing
induction time when a supersaturated NaCl solution is used. Computational results found
agreement with experimental data, making real the possibility to explore the nanomaterials
behavior in membrane, at microscopic level as well.

Nowadays, in membrane technology it has become increasingly important the ability to carry
out parallel scientific studies from both experimental and theoretical point of view, in order
to have not only a prediction on materials or processes performance, but also to understand
at microscopic level the reason of occurring single events. Recent studies carried out by Tsai
et al [4] have analyzed from a computational point of view how the presence of a polymeric
membrane can influence nucleation phenomena reducing induction times and crystal growth
in number and size distribution [5-7]. The aim of the present study was, instead, to assess
the potential of graphene and other 2D materials for the optimizing and the improving of
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crystallization kinetics when working in heterogeneous systems such as membranes in
contact with salt solutions.

Chackraborty and Patey [8] detected the mechanism of crystal nucleation in a supersaturated
solution of NaCl in water, observing how crystals nucleated in the part of the solution, where
there is an excess of local salts. MCr allowed the achieving of a higher control on nucleation
and crystal growth kinetics, because working in heterogeneous phase with a better control
of supersaturation [9], which purity level, polymorphic form, narrow crystal shape and
crystal size distribution depend from. However, there is an urgency to explore Kinetics and
thermodynamics events from experimental and computational point of views in order to get
major knowledge about controlling forces and/or dynamics and, hence, to direct the events
according to desired targets [10].

Briefly, graphene (G) was used as nanofiller in PVDF polymeric membranes at three
different concentration for MCr testing: PVDF- G 0.5 wt %, PVDF-G 5 wt % and PVDF-
G10 wt %. Higher concentration (G5 wt % and G10 wt %) with respect to pristine PVDF
were used for fully atomistic investigations. Then, Bi>Ses was used at the same concentration
percentage of the graphene-PVDF system with which we achieved best results (5 wt %).
Major details about the membrane preparation and the building up of MD boxes have been

provided in the materials and methods sections (Chapter 3).

5.2 Graphene-PVDF based membranes characteristics

Because of its interesting morphological properties, graphene is very commonly used like
filler in polymer composites [11]. Properties and performances of graphene—polymer
composites depend on the quality of graphene filler and polymer matrix, but also on the
dispersion of the filler in matrix [12, 13]. Blending was chosen for preparing polymer
composites, since it is straightforward and promising for large-scale production. In
particular, graphene hydrophobic powder was added to solvent under magnetic stirring and
then sonicated at 80 °C. When the powder was completely dispersed into the solvent, the
solution was equilibrated at 30 °C and PVDF polymer was added under mechanical stirring.
SEM npictures show graphene flakes homogeneously distributed in polymer membranes
matrix, especially along the sections (Figure 5.1). Nevertheless, graphene flakes tend to
localize also in some portions of membranes surface, (Figure 5.2), in particular when used

at higher concentration.
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Mag=3.00X

Figure 5.1. SEM pictures of graphene-based membranes cross sections: a) pristine PVDF, b)
PVDF-G 0.5 wt %, c) PVDF-G 5 wt %, d) PVDF-G 10 wt %. Magnification 3.00X.

Figure 5.2. SEM pictures of graphene 5 wt %-based membrane top surfaces. Magnification
10.00X.

All membranes designed using graphene like nanofiller, were produced according the same
procedure and before their usage in MCr plants, they were characterized in order to evaluate

structure-properties relationships. Morphological parameters of membranes produced, are
reported in table 5.1.
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Table 5.1. Morphological parameters of membranes produced.

Contact angle with Contact angle with )
Mean pore diameter
System water* NaCl*
(Hm)
(©) ©)
PVDF 139+3 11746 0.53+0.02
PVDF
139+3 135+2 0.2740.01
G 05wt %
PVDF
14645 14445 0.65+0.07
G5owt%
PVDF
15645 145+2 0.78+0.05
G 10wt %

*Contact angle measurements carried out with ultrapure water and [NaCl] 5.3 mol/L,
detected at time= 0 sec.

With graphene at higher concentration percentage (5 and 10 wt %), despite of graphene
flakes were homogenously distributed in the matrix, some aggregation of the materials
tended to form. These made pore size of G5 and G10 wt% bigger with respect to the others,
in particular to G 0.5 wt %. With the last one we had a pore size in the range of =~ 0.3 pm
with a very narrow pore size distribution. High concentration of graphene flakes tends to
create gap inside the matrix giving rise to little holes that are the bigger pores. In parallel,
boxes representing graphene-PVDF based membranes were realized also trough MD
simulations, choosing systems with the higher concentration of graphene. At first, as fully
described in materials and methods session, Material Studio software was used to design
starting models (Figure 5.3a, 5.3b and 5.3c), then Gromacs version 5.1.4 was used to allow
the interaction between polymer surface and salts in order to define final box sizes (Figure
5.3d).

Theoretical parameters of models achieved are reported in table 5.2.
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Figure 5.3. Models built through Material Studio Software. @) PVDF pristine b) PVDF-G 5 wt %
c) PVDF-G 10 wt %.Grey lines represent PVDF chains, while black ball and sticks, graphene
sheets. Final box of d) PVDF- G 5 wt % extended with Gromacs software.

Table 5.2. Theoretical parameters of membrane systems produced.

NaCl initial
V box N° of NaCl N° of H20 )
System concentration
(nm? molecules molecules
(mol/L)
PVDF 350.23+4.23% 793.5+4.4% 74055+4.4% | 6.016 £ 0.100 %
PVDF
337.08 £ 0.56 % 7655+1.2% 70525+13% | 6.012+0.017%
G5 % wt
PVDF
357.16 £ 0.57 % 772.0£0.0% 71975+0.1% | 6.013+£0.216 %
G 10 % wt
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Experimentally, a larger amount of graphene widens the pore size distribution (Figure 5.4),

even if improved hydrophobicity of the membrane surface can be appreciated, with a higher

resistance to wetting when high saline concentrations were used (Figure 5.5).
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Figure 5.4. Pore size distribution of graphene-based membranes.

Figure 5.5. Contact Angle measurements with NaCl 5.3 mol/L as a liquid probe.
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Resistance to wetting from salt solution at 5.3 mol/L was investigated by measuring the
contact angle value with time according to sessile drop method. In particular, with long time
(kinetics) analysis, each measurement was done covering the droplet by using of quartz
cuvette in order to reduce effects due to the solvent evaporation.

Membrane Crystallization process was carried out via Membrane Distillation plant using
these operative conditions: Tred= 308 K; Fow ratefed 250 ml/min; Flow rateperm= 100
ml/min; [NaCl]= 5.3M; AT= 25.

With the different systems, we achieved fluxes not very different among them, just a little
bit higher for PVDF and Graphene at 10 wt %, and for PVDF and Graphene at 5 wt %. A
little bit reduced flux was obtained with pristine PVDF, while with the system at Graphene
concentration of 0.5 wt % were achieved the lowest flux. Despite of long operational time
carried out with MCr processes, and high concentration of NaCl solution employed,
Graphene based membranes worked very well, maintaining high resistance to wettability as
a function of time, thus preventing liquid intrusion and allowing high values of salt rejection.
Fluxes and rejections are reported in Table 5.3

Table 5.3. Fluxes (L/m*h) and Rejection factor (%) to NaCl salt (5.3 mol/L) achieved at the end of

MCr process with membrane systems produced.

System Fluxes (L/m?h)* Rejection (%0)
PVDF 5.66 +0.09 99.975+0.007
PVDF- G 0.5 wt % 3.82+0.008 99.990+0.000
PVDF-G 5wt % 6.38+0.30 99.985+0.007
PVDF- G 10 wt % 6.15+0.69 99.965+0.007

* Fluxes were normalized at thicknes and overall porosity.
5.3 MCr process: experimental and computational data

Interestingly, in presence of graphene the induction times were reduced, when compared to
pristine PVVDF. In particular, the system with the lowest concentration wt % of graphene was
that where occurred inferior nucleation times, thus following the trend that when the amount
of G increased, NaCl crystals induction times was greater (Figure 5.6a). After a few hours
of MCr process, an initial detection of feed salts solution was done evaluating presence or
not of NaCl nuclei. When they appeared, a clear salt solution of sodium chloride left space

to small aggregates that represented the forming nuclei. From the first visible crystals, three
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times were evaluated, in order to building up kinetics parameter of crystals achieved. For
each time, three samples were considered, in order to have a total amount of more or less of
one hundred crystals.

For what concerns NaCl crystals induction time, the trend obtained with experimental studies
is in full agreement with theoretical induction time (Figure 5.6b), where with G
nanostructures (5 and 10 wt %) nuclei appeared in faster times. From a heterogenous salt
solution where disorderd ions were visible, it was possible to discern ordered sequences of
Na* CI" atoms that matched to ions aggregates. If we compare experimental and
computational data of membrane systems produced, with respect with only NaCl bulk
solution, the trend is confirmed. In fact from an experimental point of view [14] the
nucleation time for the only NaCl salt solution is of 385 min, while from theoretical data

reported in litterature [4] it is of 16 ns.
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Figure 5.6. a) Experimental 1* observation of NaCl crystals. b) Nucleation time detected through
MD simulation.
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With the increasing of graphene concentration percentage in polymeric membranes, a
gradual increase in induction times was however observed from experimental and theoretical
point of views. The calculation of the nucleation rate (B%) (Table 5.4), allowed us to deduce
the velocity with which the crystals formed, and the related crystals amount. From the first
time where first nuclei are observed until the 3" sample (final products), it’s possible to see
how the formation of NaCl crystals was faster with those systems which have an amount in
graphene of 0.5 and 5 wt %.

It is important to remember that when the formation of nuclei occurs, the construction of
accurate kinetic parameters takes place by analyzing three samples in three consecutive
times, with a distance of 30 minutes from each other.

The PVDF- G 5 wt % membrane presented the highest value of B® (1.239.871x10°
no/L*min) at the beginning of the nucleation step, while similar results were achieved for
pristine PVDF and PVDF-G 10 wt%. An intermediate position was instead evaluated for
system with graphene at 0.5 wt %. The B can be connected with the calculation of electron
donor parameter y- (mJm?) (Table 5.5). The correlation can be done in particular at the first
time of crystals detection where y- and B® (1 sample) are in full agreement, with highest
value for PVDF-G 5 wt % system. This is possible because for this system there’s a more
massive nucleation. This is due to the capability of this membrane to promoter water
sequestration from ion-water resulting resulting also in a less-time consuming ion-ion
aggregation and, hence, in a shortened nuclei formation. It is shown as almost all
nanocomposite PVDF membranes showed higher results with respect to pristine PVDF,
except PVDF-G 10 wt%.

Table 5.4. Nucleation rate (B°) for G-PVDF membranes.

NacCl . PVDF PVDF PVDF
Time PVDF
parameter G 05wt % G5wt% | G10wt%
Nucleation 1 490.593 822.718 1239.871 375.303
BO (*10%) 2nd 257.598 244.381 141.651 114.322
(no/L*min) 3 149.088 80.879 71.088 106.420

Table 5.5. Electron donor parameter (y-).

System Electron donor parameter y- (mJm)
PVDF 0.05
PVDF-G 0.5 wt % 0.69
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From theoretical point of view, the water-ion and ion-ion Coordination Number (CN) and
crystal cluster appearance were investigated with time. The coordination numbers was
computed by using standard radial distribution functions (rdf) and then counting the average
number of ions or water within the first hydration shell of the counterions (or integrating the
rdf up to the location of the first minimum).

These measures allowed estimating the time scale of induction times, which resulted faster
according to the following order: PVDF-G 5 wt % > PVDF-G 10 wt %, > PVDF, after few
nanoseconds of simulations. These results are in agreement with nucleation Bo estimated at
the first time of crystals detection, where happened the observation of 1% crystals formed.
Furthermore, after ~ 30 ns a plateau was reached, with some statistical error due to a partial
further dissolution of the ions. The relationship between experimental and computational
data is connected with the nucleation rate, relating to more Na* ClI- interactions that occur
among ions involved in crystals formation. Trend estimated with MCr experiments, carried
out with Graphene systems, find agreement with theoretical data because the much more
massive nucleation happened for PVDF-G 5 wt % leads to a highest CN at the first times of
simulation, while for pristine PVDF and PVDF- G 10 wt % there’s almost a curve overlap
(B% not so different at first time of crystals detection).

The Na* CI" coordination number increased with time indicating a fast crystallization, up to
a value of about n* = 5.0, not that of n* = 6, which is the value for a perfect cubic crystal,
due to the remaining ions that stay in solution.

Conversely, the Na™ O (H20) coordination number drops from the value of n*=5.4 (lower
than n*=5.9 at infinite dilution solution) as the cation-anion coordination number surges
(figure 5.7a).

In Figure 5.7b) is indicated the comparison of the coordination numbers at the beginning of
the simulations and at the same concentrations both in the bulk and when the solution is in
contact with the polymeric interface. The coordination number was lower in the bulk and
ions seemed more homogeneously distributed. Moreover, those values remained almost
constant longer than those for PVDF and PVDF-G systems due to the retarded nucleation
time (of about 20 ns) instead of few nanoseconds of the PVDF systems.
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Figure 5.7. a) Coordination numbers of Na* CI pairs plotted vs simulation time. Here O denotes
the oxygen atom of the water molecule. b) Coordination numbers for Na* CI" in bulk solution. Data
have been taken from Tsai et al. [4].

In graphene system at 5 wt %, nucleation and also kinetics growth happened faster, leading
to a more significant growth of crystals formed. This respond so to a highest crystal growth

in terms of number and also size (Figure 5.8).
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Figure 5.8. Average crystal growth achieved with Graphene-PVDF membranes produced.
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When different systems are compared in terms of dimension (Table 5.6), bigger crystals are
estimated at the end of the process for PVDF-G 5 wt % with respect to the others.

Table 5.6. Mean diameter (um) for G-PVDF membranes.

NaCl ) PVDF PVDF PVDF
Time PVDF
parameter G 05wt % G5wt% G 10wt %
Mean 1 20.6 17.32 13.47 16.9
diameter 2nd 425 34.38 47.87 61.5
(um) 3 65.1 52.20 83.89 67.6

In figure 5.9 is represented how crystals evolved in time, in particular at the beginning and

at the end of their crystal growth, demonstrating all details analyzed and described above:
higher values of B® and best value of CV [%] for PVDF-G 5 wt % (Table 5.7) followed by

G 0.5 wt %, with higher dimensions of crystals (Table 5.6).
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100 um

Figure 5.9. Crystals observations with optical microscope (10X magnification) at the beginning
and at the end of the process for a) and e) PVDF; b) and f) PVDF-G 0.5 wt %; c) and g) PVDF-G
5 wt %; d) and h) PVDF-G 10 wt %.

In terms of coefficient of variation CV, expression of homogeneity of the crystal size and
shape distribution, the best result 26.67% was achieved with PVDF-G 5 wt %, suggesting
clearly a narrow crystal size distribution (CSD) curve (Table 5.6). This is an interesting
target from industrially point of view, considering that values of CV no less than 50% are
usually obtained for all systems produced. Summarizing, PVDF-G 5 wt% is the system that

works better, because a much more massive nucleation is induced along with a bigger and
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somewhat uniform crystals growth. However, in all case major uniformity in crystal

distribution was achieved when graphene was confined in polymeric frameworks.

Table 5.7. Coefficient of Variation CV [%] achieved at the end of MCr process with membranes

produced, at the 3™ time of crystals analysis.

NaCl PVDE PVDF PVDF PVDF
parameter G 05wt % G5wt% G 10wt %
CV [%] 48.1 32.2 26.67 35.8

Through MD studies, crystal growth was observed within 200 ns from supersaturated
solutions. The NaCl molar concentrations at nucleation time were 6.087 (mol/L), 6.085
(mol/L), 6.089 (mol/L), respectively, for pristine PVDF, PVDF-G 5 wt % and PVDF-G 10
wt %. In computational studies the salt concentration was set at a relatively high value
because it facilitates nucleation of salt crystals at faster times.

It was observed that NaCl crystallized into a face-centered cubic (FCC) lattice (Figure 5.10),
a cubic with space group Fm3m and Z =4 (four formula units per cell), where the lattice
parameter is a = 5.6601 A at room temperature (Figure 5.10). This value is slightly larger
than that determined by X-ray diffraction measurements of 5.6401 A of Walker et al. [15]

on synthetic NaCl powders.

Figure 5.10. NaCl crystals formed at the end of MCr process with PVDF-G 5% wt system. a) Fcc
lattice: Na* ions in purple and CI" ions in green, b) Computational and c) Experimental
(Magnification 10 X) observations.
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Theoretically, the crystal growth was checked by using the magnification r2h(r) of the radial
distribution function g(r) [16].

Here g™ (r)"! is the Na*- Na* radial distribution function, and multiplication by r? serves to
magnify the structural details. The function h"(r) was averaged over all ions in the system.
However, ions in the crystal growing contributed to the long-range structure. At the first ns
of MD simulation, r’h+—(r) was very short ranged and referred to the metastable solution
with one discernible peak indicating a few ordered ions. At 200 ns of simulation, the
structural peaks, related to the ion—ion correlation, were more distinct indicating the growth
of NaCl crystals (Figure 5.11). The particular evidence is that ion-ion interactions become
very marked after a few nanoseconds of simulation, indicating a fast crystallization,
confirmed by the formation of cluster of critical size that does not dissociate after an

equilibration time of t = 180 ns.
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Figure 5.11. r® square magnification for a) pristine PVDF, b) PVDF-G 5 wt %,
c) PVDF-G 10 wt %.

Through theoretical studies, it was difficult to measure effective number and size of NaCl
crystals formed, in order to obtain computational kinetics parameter, but it was possible to
analyze maximum distance of aggregates (cluster of NaCl crystals) formed along X, Y and
Z axes directions (A). The highest value was achieved for crystals in NaCl bulk solution,
then with PVDF pristine and G 10 wt %, while for G 5 wt % smaller size of the dimension

of the three axes was detected. A reduced size of maximum clusters of crystals can be
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envisaged as the result of an aggregation of a lot number of crystals resulting from a massive
nucleation. This would justify and support the experimental datum related to the very quick
growth rate observed when PVDF-G5 wt % membranes were worked. Furthermore from a
theoretical point of view, by measuring X, Y and Z axes sizes, it was possible to identify a
more compact and less extensive system (due to a greater preponderance of aggregates) for
PVDF and graphene at 5 wt% (Figure 5.12).
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Figure 5.12. X, Y, Z axes dimensions for NaCl crystals achieved at the end of MD crystallization
process for PVDF, PVDF-G 5 wt %, PVDF-G 10 wt % and only NaCl bulk solution*[4].

From Figure 5.13a’, 5.13b” and 5.13¢’ it is possible to see how the system with more
compacted aggregates was the PVDF-G 5 wt %, at the end of simulations performed (200
ns), in agreement with the experimental datum. In all three figures, at the beginning of the

simulations clouds of disordered ions appeared, evolving in ordered structures with time.
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a’)

Figure 5.13. Crystal growth at a) Ins, b) 20 ns, ¢) 200 ns for pristine PVDF a’); PVDF-G 5 wt %
b’); PVDF-G 10 wt % c’).

Graphene, as nanofiller inside polymer matrix at different concentration, has allowed to
modulate nucleation time and NaCl crystal growth.
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Through computational studies, water uptake (%) was estimated at 1 ns of simulation
because PVDF blended with graphene membrane systems showed nucleation and crystals
formation before this time.

At 1 ns we detected values of 1.39 % £ 0.12 and 1.40 % * 0.03 of water uptake, respectively
for PVDF-G 5 wt % and PVDF-G 10 wt %, and of 1.19 % + 0.01 for the pristine PVDF
(Figure 5.14). This indicates that the presence of graphene in PVDF membranes has the
ability to improve water sorption from ion-water cluster, leading to the induction of

supersaturation in faster times.

mPVDF ®PVDF-G5wt% ®PVDF-G1l0Owt%

1,39 1,40

1,19

Water uptake (%)

Figure 5.14. Water uptake (%) at 1 ns of simulation for PVDF, PVDF-G 5 wt % and
PVDF-G 10 wt %.

Gontarek et al [17] studied penetration and diffusion of water molecules through free gaps
between graphene platelets and polymers. They seem to take place via intermolecular
interactions at defect sites of the filler, including edges and vacancies.

The radial distribution function, g(r), related to specific interactions between the O of H,O
molecules and the PVDF and graphene into the membrane, calculated from molecular
dynamics runs, supported the experimental observations of the water diffusion with larger

interactions with a graphene layer in comparison to the polymer (Figure 5.15).
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Figure 5.15. Radial Distribution Function (RDF) related to interaction between graphene and
water (element O), black line, and PVDF chains and water (element O), red line.

In figure, a peak appears at about 3.8 A from the graphene layer, indicating a positive
interaction (although small) between one graphene platelet and the O of the water molecules.
This could be due to the spatial distribution of graphene edges from the polymeric model
that interface directly with water molecules diffusing throe the membrane. On the other
hand, the much smoother curve for the PVDF/H>O radial distribution indicates a much

weaker interaction.

5.4 Beyond graphene: bismuth selenide

One of the most innovative and also appealing 2D materials, is bismuth selenide (Bi.Se3),
which falls in the class of materials named ‘‘topological insulators™. Despite interest and
approach to use it in many fields is growing over time, their technological and real
applications have been limited to thermoelectric applications [18-20], Terahertz
photodetectors [21] and lasers [22, 23]. Recently, Macedonio et al. [24] explored the
potential of bismuth chalcogenides in MCr processes detecting assisted crystals nucleation
and growth due to very fast induction times. The mechanism proposed was a ‘water
exclusion from ion-water clusters’ as a responsible of a quicker ion-ion aggregation. The
vacancies in Bi>Ses confined in PVDF matrix were envisaged to promote chemisorption,

thus resulting in assisted salt crystallization.
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To see real differences between graphene and other 2D materials, in this work the potential
of this inorganic salt was explored at a concentration percentage lower with respect that
discussed in literature, but comparable with that of the best performing system G 5 wt %.
BSE images showed a discrete dispersion of nanocrystals through the matrix (Figure 5.16).
In terms of morphological parameters (Table 5.8), bismuth selenide (BS)/PVDF membranes,
compared to G%/PVDF, showed bigger pore size and a pore size distribution slightly
narrow, (Figure 5.17). In terms of resistance to wetting, PVDF-BS 5 wt % membrane resisted
to wettability when used for a long time with high concentration salt solution, without losing
its powerful in time, as shown in Figure 5.18. However, the contact angle value was lower
than G5/PVDF

Figure 5.16. BiSes-PVDF membrane top surface. 500X Magnification with signal NTS-BSD.

Table 5.8. Morphological parameters of Bi,Ses-PVDF membranes.

Contact angle with Contact angle with )
Mean pore diameter
System water* NaCl*
(um)
(©) (©)
PVDF
14645 143+3 0.84+0.04
BS 5wt %

*Contact angle measurements carried out with water and [NaCl] 5.3 mol/L,
detected at time= 0 sec.
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Figure 5.17. Pore size distribution for pristine PVDF, PVDF-G 5 wt % and PVDF-BS 5 wt %.
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Long time contact angle measurements with [NaCl] 5.3 mol/L for pristine
PVDF, PVDF-G 5 wt %, PVDF-BS 5 wt %..

Membrane Crystallization tests were carried out with the same experimental condition used
for PVDF/G5 (Tteed= 308 K; Flow ratefeeq= 250 ml/min; Flow rateperm= 100 ml/min; [NaCl]=

5.3 mol/L; AT= 25). The confinement of bismuth selenide brought to very reduced

nucleation times (Table 5.9) with bigger dimension, (Figure 5.19) when compared with

PVDF-G 5 wt %. With BS based membranes, similar fluxes to other system were obtained
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(at about 4.32 L/m?h), but leading up-taking water and so supersaturation in a very lower

time, with a rejection to NaCl of 99.99% (Table 5.10).

Figure 5.19. Figure 5NaCl crystals achieved at the end of MCr process with BS 5% wt PVDF
membrane. Magnification 10X

Table 5.9. Experimental 1* sample of NaCl crystals (min).

System (min)

PVDF 285
PVDF-G 5wt % 240
PVDF-BS 5wt % 225

Table 5.10. Rejection factor (%) to NaCl salt (5.3 mol/L) achieved at the end of MCr process.

System Rejection (%0)

PVDF 99.975
PVDF-G 5wt % 99.985
PVDF- BS 5wt % 99.990

In the case of BS 5 wt %- PVDF membrane, the density of nuclei population B® was lower
than pristine PVDF and PVDF-G5 wt % (Table 5.11). This was justifyied by the correlation
with electron donor parameter y- (mJm2) (Table 5.12) which showed as the greater number

of vacancies inside membrane matrix is the key point for an enhanced water sequestration.
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So a faster nucleation occurred, due to faster supersaturation, leaving to NaCl crystals to
grow more. In fact average crystal growth achieved was the highest with respect to all the
systems studied (Figure 5.20).

Table 5.11. Nucleation rate (B°) for BS-PVDF membranes.

NacCl ) PVDF PVDF
Time PVDF
parameters G5wt% BS 5wt %
) 1 490.593 1.239.871 113.306
Nucleation B°(*10%)
) 2nd 257.598 141.651 114.820
(no/L*min)
3rd 149.088 71.088 33.704

Table 5.12. Electron donor parameter (y-).

Systems Electron donor parameter y- (mJm)
PVDF 0.05
PVDF-G 5 wt % 1.69
PVDF- BS 5wt % 0.76

PVDF-BS 5 wt %

PVDF-G 5wt %

(] 0.2 04 06 08 1 1,2 14 16 L8 2 2,2 24 26 28 3
Growth *10% [mm/min]

Figure 5.20. Crystal growth achieved with PVDF-BS 5 wt % compared with PVDF pristine and
PVDF-G 5 wt % membranes.

The CV was comparable to that obtained with pristine PVDF, even if inferior than 50%
indicating homogenous crystals shape and size distribution. Despite of reduced nucleation
time of BS/PVDF, the best results in terms of CV were detected with graphene at 5% wt,
how is shown in Table 5.13. The significant difference was observed in terms of mean size
of final products: crystals achieved at the end of the process were bigger in BS 5 wt % inside

polymer matrix as nanofiller, able to assist membrane crystallization technology.
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Table 5.13. NaCl parametes (at the 3™ time) for MCr experiments.

NaCl ) PVDF PVDF
Time PVDF
parameters G5wt% BS5wt %
Mean diameter
3 65.1 83.89 125.22
(km)
Coefficient of
variation 3 48.1 26.67 46.40
CV [%]

Presence of bismuth selenide crystals in P\VVDF hydrophobic polymeric membranes brought
an interesting reduction time in crystals formation leading to bigger crystal size and uniform
size and shape distribution. Defects at the surface can be suggested to allow sorption of
water, causing quicker supersaturation and then ion aggregation. Therefore, fluxes
comparable with pristine PVDF were achieved, but a higher and better rejection to salts was
targeted. This is the evidence that modulating interaction from these kinds of materials
confined in polymeric membranes it is possible to have interesting performance to assist
membrane crystallization process from several point of view.

As a result, the inclusion of fillers inside the membrane had an extraordinary capacity to
enhance water sequestration from ion—water clusters. The final result was the occurrence of
ion-ion aggregation with remarked effects on the nucleation step, but also on the evolution
of the crystals growth and size distribution.

This capability has been confirmed by XPS measurements carried out on surfaces of
graphene, epitaxially grown on Ni(111) and Bi>Ses single crystal (exfoliated in situ by
micromechanical cleavage) exposed to water at room temperature (Figure 5.21) [25].

Both epitaxial graphene and Bi>Ses topological insulators were able to stabilize water at
room temperature with partial dissociation for the case of graphene. Based on experimental
evidence, chemisorption mechanisms are hence suggested to promote water sequestration

from salt solutions, thereby resulting in a more controlled formation and growth of crystals.
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Figure 5.21. a) panel) O-1s core level for water-dosed graphene/Ni(111). Photon energy is 650 eV.
The two components in the spectrum are associated to intact water molecules (denoted as “O1”)
and hydroxyl group coming from water decomposition (denoted as “02”). Photon energy is 650

eV. Data have been taken from [26] (b) panel) O-1s core level in pristine and H20-dosed (1000 L)

Bi2Se3. Photon energy is 654 eV. Experiments and water dosage were carried out at room
temperature. A Shirley background was subtracted from raw data. Data have been taken from
[24].

In terms of final crystals growth (3 sample) and observation of 1 crystals appeared (Figure
5.22), if we compare commercial PVDF flat sheet membranes, [2] we achieved reduced
induction times and highest value of growth rate for all the systems produced, with best value
for PVDF-G 5 wt % and PVDF-BS 5 wt %, herein indicating how was significant sorption

of water thtat led to supersaturation faster and that gave rise to a quicker crystals growth.
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Figure 5.22. Observation of 1% crystals formed (blue squares) and growth rate at the 3 sample
(red circles) for all membrane systems designed, in comparison with PVDF*commercial
membranes reported from literature [2].
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5.5 Conclusions

Graphene-based PVDF membranes at different concentration percentage of nanofiller (0.5,
5, 10 wt %) and bismuth selenide-PVDF membranes (5 wt %) allowed to evaluate fruitful
interaction between modified membranes in crystal nucleation and growth of NaCl salts,
when applied in MCr. When graphene platelets and Bi>Ses are blended in traditional polymer
matrix of PVDF, the results achieved show a reduced induction time in crystals formation
and a higher crystal growth under specific stoichiometric conditions. Better values of CV
[%] were also reached with graphene and bismuth selenide based membranes with respect
to pristine PVDF. The events can be connected with the interesting feature of the vacancies
which characterize the materials. This enabled ability to promote water sequestration in
faster times, removing water from ion-water clusters and reaching supersaturation in less
time.

Furthermore, the integrated experimental-computational approach showed that graphene
polymeric surfaces speeded up crystal nucleation in comparison with the pristine PVDF,
confirming the experimental results and thus resulting in a reciprocal validation and in useful
correlations between MD and the experimental analysis. The use of 2D materials as
nanofiller in MCr can be considered one of the promising approaches to obtain high

performing membranes for water desalination purpose.

176



10

11

References

G. Di Profio, E. Curcio, A. Cassetta, D. Lamba, E. Drioli, Membrane crystallization of
lysozyme:  Kinetic aspects, J. Cryst. Growth, 257 (2003) 359-369,
https://doi.org/10.1016/S0022-0248(03)01462-3.

Z.Cui, X. Lia, Y. Zhanga, Z. Wanga, A. Gugliuzza, F. Militano, E. Drioli, F. Macedonio,
Testing of three different PVDF membranes in membrane assisted crystallization
process: Influence of membrane structural-properties on process performance,
Desalination, 440 (2018) 68-77, https://doi.org/10.1016/j.desal.2017.12.038.

C.C. Koa, A. Ali, E. Drioli, K.L. Tunga, C.H. Chena, Y.R. Chena, F. Macedonio,
Performance of ceramic membrane in vacuum membrane distillation and in vacuum
membrane crystallization, Desalination, 44 (2018) 48-58,
https://doi.org/10.1016/j.desal.2018.03.011.

J.H. Tsai, M.L. Perrotta, A. Gugliuzza, F. Macedonio, L. Giorno, E. Drioli, K. Tung, E.
Tocci, Membrane-Assisted Crystallization: A Molecular View of NaCl Nucleation and
Growth, App. Sci., 8 (2018) 2145, https://doi.org/10.3390/app8112145.

J.J. De Yoreo, P.G. Vekilov, Principles of Crystal Nucleation and Growth, Rev. Miner.
Geochem., 54 (2003) 57— 93, https://doi.org/10.2113/0540057.

M. Kowacz, M. Prieto, A. Putnis, Kinetics of crystal nucleation in ionic solutions:
Electrostatics and hydration forces, Geochim. Cosmochim. Acta, 74 (2010) 469-481,
https://doi.org/10.1016/j.gca.2009.10.028.

J. Anwar, D. Zahn, Uncovering Molecular Processes in Crystal Nucleation and Growth
by Using Molecular Simulation, Angew. Chem., Int. Ed., 50 (2011) 1996-2013,
https://doi.org/10.1002/anie.201000463.

D. Chackraborty, G.N. Patey, How Crystals Nucleate and Grow in Aqueous NaCl
Solution, J. Phys. Chem. Letters, 4 (2013) 573-578, https://doi.org/10.1021/jz302065w.
E. Drioli, G. Di Profio, E. Curcio, Progress in membrane crystallization, Curr. Op. Chem.
Eng., 1 (2012) 178-182, https://doi.org/10.1016/j.coche.2012.03.005.

F. Anisi, K.M. Thomas, H.J.M. Kramer, Membrane-assisted crystallization: Membrane
characterization, modelling and experiments, Chem. Eng. Sci., 158 (2017) 277-286,
https://doi.org/10.1016/j.ces.2016.10.036.

P.S. Goh, A.F. Ismail, Graphene-based nanomaterial: The state-of-the-art material for
cutting edge desalination technology, Desalination, 356 (2015) 115-128,
https://doi.org/10.1016/j.desal.2014.10.001.

177


https://doi.org/10.1016/S0022-0248(03)01462-3
https://doi.org/10.1016/j.desal.2017.12.038
https://doi.org/10.1016/j.desal.2018.03.011
https://doi.org/10.3390/app8112145
https://doi.org/10.2113/0540057
https://doi.org/10.1016/j.gca.2009.10.028
https://doi.org/10.1002/anie.201000463
https://doi.org/10.1016/j.coche.2012.03.005
https://doi.org/10.1016/j.ces.2016.10.036
https://doi.org/10.1016/j.desal.2014.10.001

12

13

14

15

16

17

18

19

20

21

22

A. Ananda, B. Unnikrishnana, J.Y. Maoa, H.J. Lina, C.C. Huanga, Graphene-based
nanofiltration membranes for improving salt rejection, water flux and antifouling—A
review, Desalination, 429 (2018) 119-133, https://doi.org/10.1016/j.desal.2017.12.012.
X.Huang, Z. Yin, S. Wu, X. Qi, Q. He, Q. Zhang, Q. Yan, F. Boey, H. Zhang, Graphene-
Based Materials: Synthesis, Characterization, Properties, and Applications, Small, 7
(2011) 1876-1902, https://doi.org/10.1002/smil.2010020009.

J. Zhao, M. Hong, L. Duan, Q. Kang, L. He, The mass transfer process and the growth
rate of NaCl crystal growth by evaporation based on temporal phase evaluation, Opt.
Las. Eng., 50 (2012) 540-546, https://doi.org/10.1016/j.optlaseng.2011.07.013.

D. Walker, P.K. Verma, L.M.D. Cranswick, R.L. Jones, S.M. Clark, S. Buhre, Halite-
sylvite thermoelasticity, Am. Mineral., 89 (2004) 204-210, https://doi.org/10.2138/am-
2004-0124.

G. Lanaro, G. N. Patey, Molecular Dynamics Simulation of NaCl Dissolution, J. Phys.
Chem. B, 119 (2015), 119 4275-4283, https://doi.org/ 10.1021/jp512358s.

E. Gontarek, F. Macedonio, F. Militano, L. Giorno, , M. Lieder, A. Politano, E. Drioli,
A. Gugliuzza, Adsorption-assisted transport of water vapour in super-hydrophobic
membranes filled with multilayer graphene platelets, Nanoscale, 00 (2019) 1-9,
https://doir.org/10.1039/CONR02581B.

Y. Xu, Z. Gan, S.C. Zhang, Enhanced Thermoelectric Performance and Anomalous
Seebeck Effects in Topological Insulators, Phys. Rev. Lett.,, 112 (2014) 226801,
https://doi.org/10.1103/PhysRevLett.112.226801.

M. Hong, Z.G. Chen, L. Yang, G. Han, J. Zou, Enhanced Thermoelectric Performance
of Ultrathin Bi2Se3 Nanosheets through Thickness Control, Adv. Electron. Mater., 1
(2015) 1500025, https://doi.org/10.1002/aelm.201500025.

M. Stordeur, The Thermoelectric Figure of Merit in the Mixed Crystal System p-
(Bil-xSbx)2 ~ Te3, Phys.  Status Solidi B, 161  (1990) 831-
835, https://doi.org/10.1002/pssh.2221610237.

L. Viti, D. Coquillat, A. Politano, K.A. Kokh, Z.S. Aliev, M.B. Babanly, O.E.
Tereshchenko, W. Knap, E.V. Chulkov, S.M. Vitiello, Plasma-Wave Terahertz
Detection Mediated by Topological Insulators Surface States, Nano Lett., 16 (2016) 80—
87, https://doi.org/10.1021/acs.nanolett.5b02901.

K. Li, Y. Song, Z. Yu, R. Xu, Z. Dou, J. Tian, L-band femtosecond fibre laser based on
Bi.Ses  topological insulator, Laser Phys. Lett., 12 (2015) 105103,
https://doi.org/10.1088/1612-2011/12/10/105103.

178


https://doi.org/10.1016/j.desal.2017.12.012
https://doi.org/10.1002/smll.201002009
https://doi.org/10.2138/am-2004-0124
https://doi.org/10.2138/am-2004-0124
https://doi.org/10.1002/aelm.201500025
https://doi.org/10.1002/pssb.2221610237
https://doi.org/10.1088/1612-2011/12/10/105103

23 C. Zhao, Y. Zou, Y. Chen, Z. Wang, S. Lu, H. Zhang, S. Wen, D. Tang, Wavelength-
tunable picosecond soliton fiber laser with Topological Insulator: Bi2Se3 as a mode
locker, Opt. Express, 20 (2012) 27888-27895, https://doi.org/10.1364/0OE.20.027888.

24 F. Macedonio, A. Politano, E. Drioli, A. Gugliuzza, Bi2Se3-assisted membrane
crystallization, Mater. Horiz., 5 (2018) 912- 919, https://doi.org/10.1039/C8MHO00612A.

25 A. Gugliuzza, F. Macedonio, A. Politano, E. Drioli, Prospects of 2D materials-based
membranes in water desalination, Chem. Eng. Trans., 74 (2019), in press.

26 A. Politano, M. Cattelan, D. W. Boukhvalov, D. Campi, A. Cupolillo, S. Agnoli, N. G.
Apostol, P. Lacovig, S. Lizzit, D. Farias, G. Chiarello, G. Granozzi, R. Larciprete,
Unveiling the Mechanisms Leading to H2 Production Promoted by Water
Decomposition on Epitaxial Graphene at Room Temperature, ACS Nano, 10 (2016)
4543-4549, https://doi.org/10.1021/acsnano.6b00554.

179


https://doi.org/10.1364/OE.20.027888

Conclusions

This PhD work advanced knowledge on the design of new nanostructured membranes for
application in water desalination, through the exploration of different methodologies,
different materials, for two distinct processes. The work focused on the design, development
and application of two kind of nanostructured functional membranes fabricated according
two different strategies:

e Layered Honeycomb PES/Hyflon AD nanostructured membranes wherein the
manipulation of the structure according to ‘bottom-up’ approaches led to an effective
increase in productivity and energetic efficienct. In fatc, this is an aspect in high
demand for Membrane Distillation (MD) technology, via direct contact
configuration (DCMD).

¢ 2D nanomaterials-based PVDF membranes realized by using well established phase
inversion tecniques, which made Membrane Crystallization (MCr) shorter in time
and towards better quality of NaCl crystals.

In detail, the manufacturing approach used to prepare the membranes were breath figures
(BF) bioinspired approach and traditional dry/wet phase inversion via solid-liquid demixing,
respectively.

Fluxes, rejections, energy efficiency together with nucleation time and growth rate of the
crystals where studiated through identification of structure-chemistry relationships based on
experimental evidence and in some cases, computational investigations.

Major outcomes per type of membranes are summarized hereafter:

1. In the field of self-assembly, which means the capability of some materials to
assemble spontaneously in complex nanostructures, this work provided the
possibility to move form self- to assited-assembly mechanisms by using surfactants.
The approach was to change the hydrophilic-hydrophobic balance of the polymer
solution using polyoxyethylene (20) sorbitan monolaurate (Tween 20) as a traditional
surfactant, combined with alcohols with increasing length and bulky chains in order
to obtain pore size within a broad range of microns. Depending on the local
microenvironment generated, droplet nucleation and growth rate steps have been
competitively promoted due to controllable forces established at the water-solution
interface. Changes in the interfacial tension have been concerned with the ability of
amphiphilic components of the solution to stabilize water droplets through the

hydrophobic fluid. It was demonstrated that the manipulation of the polymeric
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solution makes a better control of the water droplet dynamics at longer range
possible, leading to open pores uniformly packed in ordered, extensive honeycomb
textures.

lonic Liquid Crystals (ILCs) were explored as surfactants for improving structural
order in honeycomb membranes. They possess a cationic head and chains of different
length. Their using made it possible to improve the hydrophilic / hydrophobic
balance and to create significantly more ordered geometries. At first Tween20 was
successfully used to obtain extensive structural order in PES honeycomb surfaces
under humid atmosphere, but this surfactant causes a hydrophilic character for the
surface making it unsuitable for MD purposes. Then, the necessity to get a suitable
hydrophilic/lipophilic balance (HLB) with marked hydrophobic character for
membrane surfaces, led us to identify the family of viologen salts as a good source
of compounds having desired features.
Specifically, the viologen 14bp14(Tf2N). had the chemical structure that represented
the target for the high hydrophobicity required thanks two peculiarities: the two
aliphatic  segment  chains (C14) and the  hydrophobic  anion
bis(trifluoromethanesulfonyl)amide (Tf.N-).

Hyflon AD was used to generate a nanoporous layer onto Honeycomb PES top
surface exploiting breath figure tecniques. This implementation allowed to fabricate
new interesting interfaces for membrane distillation technology via direct contact
configuration. In fact, it was possible to obtain much improved productivity-thermal
efficiency trade off. An average water flux > 50 L/m?h and a thermal efficiency >
70.2 % was appreciated for the new honeycomb tailor-made membranes, whereas
fluxes less than 5 L/m?h and thermal efficiency not superior to 35% has been
estimated for commercial membranes traditionally used in DCMD operations. Other
membranes processed at much higher feed temperature show a thermal efficiency
ranging from 55 to 80% approximately, but an average flux much lower (less than
13 L/m?h). The breakthrough was the possibility to manipulate a polymer (highly
hydrophobic) traditionally used in dense structure, Hyflon AD, in a very tiny porous
layer. So, the combination of a new highly porous nanostructure, done by a
perfluorinated material with lower thermal conductivity, make the designed
membrane extremely promising for future competitively productive and
energetically favored water desalination.

. Graphene-PVDF based membranes at different concentration percentage of

nanofiller (0.5, 5, 10 wt %), were investigated in MCr technology via DCMD
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configuration, with respect to tailor made pristine PVDF membrane. The objective
was to evaluate possible fruitful interaction for crystal nucleation and growth of NaCl
salts, combining the experimental studies with a computational work. From the
experimental point of view results achieved showed reduced induction time in
crystals formation when the nanofiller is dispersed into polymer matrix. In particular,
times of crystals formation are in a range from 230 to 260 min with respect to 286
min for pristine PVDF. The trend consisted in the increasing of induction time when
the graphene concentration (wt %) increased (from 0.5 to 10 wt %). Furthermore,
better values of CV [%] were reached with graphene-PVDFbased membranes with
respect to pristine PVDF, leading to a more homogenous crystals shape and size
distribution. The range for CV was from 26.67 % to 35.8 % for graphene-PVDF
membranes with respect to pristine PVDF, where CV was 48.1 %. The best value of
CV (26.67 %) was reached for PVDF-Graphene 5 wt %, which showed also the
highest crystal growth (1.6x10* mm/min) with respect to pristine PVDF and other
graphene-PVDF based membranes produced. In addition to graphene, a new 2D
material was explored: the bismuth selenide (Bi2Ses), for its use as nanofiller in
polymer PVDF matrix, at the same amount of graphene system with which we had
the best results (5 wt %). It was possible to obtain even more reduced induction time
(225 min), with a difference really evident: bigger crystals (mean diameter 125.22
pum) in less time, due to particular feature of this particular material to promote water
uptake faster, thus reaching supersaturation in less time. Furthermore, with respect
to other 2D nanomaterials-PVDF membranes studied, was reached the highest
crystal growth with a value of 2.75 x10* mm/min. Bismuth selenide is considered
one of the promising 2D material to use in desalination technology.

Graphene (G)-PVDF membranes were also studied from a computational point of
view. The presence of nanostructures inside polymer PVDF matrix, was evaluated
with molecular dynamics, using a highlighted software particularly used in
biosciences but not in membrane technology. In this case we studied systems with
the high amount of graphene (5 and 10 wt %). The sense was not to identify a
concentration effect as in the experimental session but in particular to observe
molecular implication of graphene nanostructures in membrane crystallization
phenomena with respect to pristine PVDF. The integrated experimental-
computational approach showed that graphene polymeric surfaces speeded up crystal
nucleation in comparison with the pristine PVDF, confirming the experimental

results and thus resulting in a reciprocal validation and in useful correlations between
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MD and the experimental analysis. In particular, reduced induction time were
reached with G systems: 0.45 and 0.70 ns respectively for PVDF-G 5 and PVDF-G
10 wt %, with respect to 1 ns for pristine PVDF. Furthermore, the ability of graphene
to induce supersaturation in less time is in full agreement with theoretical studies
where the water uptake was validated by the detection of radial distribution function
(rdf) between graphene layer and water. It shows how the interactions among them
are much higher with respect to PVDF chains. These preliminary simulations
provided the stimuli to investigate other mono and bivalent crystals and other related
mixtures in view to predict crystallization with different complex polymeric
matrices.

. At this stage, an economical analysis was not carried out. From a performance point
of view, as major achievements we had: with multi-layered honeycomb membranes,
higher fluxes and higher thermally efficiency with respect to commercial
membranes. It was used the DC configuration of Membrane Distillation process,
overcoming the limitation of the low water productivity, typical for this kind of
configuration. With 2D materials confined in PVDF networks, we achieved shorter
time in nuclei and crystals formation in association with major uniformity in number,
shape and size distribution. For the up scaling is necessary to consider further
improvements in order to guarantee energy- and time-saving point of views, but also
for what concerns the recovery of added-value products, as was did on lab scale From
the point view of environmental and human health, the polymers used are inert and
biocompatible [1, 2], whereas 2D materials chosen are considered green [3].
Graphene is a carbonaceous material, while bismuth selenide is an abundant metal
considered scarcely toxic. Raman investigations on filtrated from feed and permeate
streams have been carried out after MD experiments. No traces of nanomaterials
were revealed, yielding indication of a good stability of the composite systems for
the observed period.

To conclude, we can confirm that honeycomb multi-layered membranes allowed to

overcome productivity-selectivity trade-off obtained with commercial membranes in

DCMD. In fact, it was possible to achieve higher productivity and at the same time higher

energy efficiency preserving consistent salt rejection, let us thinking the possibility to

implement competitive DCMD technology to treat saline streams.

In parallel, for the first time a silico-experimental approach was used in MCr technology

using 2D materials as nanofillers in PVDF membranes, leading to better-quality crystals due
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to the possibility to control induction times and growth rate. Experimental results are in full
agreement with theoretical data.

This work provides new insights in the design of advanced nanostructured functional
membranes for the improving of MD and MCr performance. Despite of different preparation
methods are used, the new membranes have a common objective: to shift the productivity-
efficiency trade-off through increase in mass and reduction of heat transfer, but also through
regulation of kinetics and thermodynamics controlling for the nucleation-growth steps of salt
crystals. This work offers a clear example about how the quality of interface can change the
final performance of a purification process. Novel interactive interfaces were realized by
the choice of different materials and different assembly procedures, tuning structure-
properties relationship for the desired application: Membrane Distillation and Membrane
Crystallization. One of the major limitations is, however, the lacking of membranes with
suitable features for equipping MD and MCr devices. Commercial membranes meet partially
some fundamental requirements from these two technologies, but they have not the capacity
to give major propulsion and competitiveness on the market. In this thesis advanced
functional membranes were prepared with new chemical-physical features suggesting
different strategies to combine different materials in a unique system. In perspective, further
optimization and identification of materials as well as assembly procedures will be necessary
to move from proof-of-concept to scalable prototypes of membranes and MD/MCr

operations.
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