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Preface

The present manuscript is structured in six chapters. The first chapter describes the state
of the art of the topics giving the essential basis for a better and more complete understanding
of the subsequent main sections. In the next 3 chapters (i.e., from chapter 2 to chapter 4), the
overall main results obtained during this three years research activity will be presented. In the
fifth chapter, the conclusions and remarks of the overall PhD thesis work will be presented,
outlining the final analysis of the experimental results, and the possible future perspectives, as
starting point for applications in basic and industrial research fields. Finally, in the sixth and
final chapter, the materials used in this work, together with the adopted synthetic methods and
characterizations techniques, will be described.

For all the presented material, submitted for the assessment on the course of PhD in
Chemical Sciences (XXXVI cycle), to the best of my knowledge, I have taken reasonable care to
ensure that the work is original, does not violate any copyright laws, and it has not been derived
from the work of others to the extent that such work has been cited and acknowledged within
the text.

The research activity reported within this whole PhD thesis was carried out within the
Industrial PhD project “Design and Development of SmaRt AdvancEd MaterialS and SusTainable
Technologies for WAteR Treatment - RESTART”, as funded by the PON-MIUR “Ricerca e
Innovazione 2014-2020" that is gratefully acknowledged.

These studies have been carried out at the ISMN-CNR FunHyMat4Eco lab, c/o the Dep.
ChiBioFarAm, Univ. of Messina, at the “Centre for Textile Science and Engineering” of the
“Department of Materials, Textiles and Chemical Engineering, Faculty of Engineering and
Architecture” of Ghent University (Belgium), at EuroD Company, Scanzorosciate (BG, Italy), and
at the Dep. ChiBioFarAm, Univ. of Messina.



Abstract

Within the actual “One Health” perspective, the health and well-being of humans and other
living species, together with the Earth ecosystems protection, are inextricably linked to clean
water sources preservation. Unfortunately, because of anthropogenic activities, urbanization,
expanding global population and climate changes, sources of safe and potable water are
becoming less safe and more and more limited. In this scenario, significant attention has to be
paid to more efficient and sustainable treatment/recycling/recovery of water (wastewater and
underground water) for its reclamation and (re)use, in order to manage a global water shortage
and the development of “water-smart” cities. Unfortunately, today conventional methods of
wastewater treatment still lack in the removal of the so-called “emerging contaminants”, such as
pharmaceuticals, cosmetics, pesticides, personal and home care products, organic dyes, etc.;
actually, there is not a real and defined European legislation fixing their acceptable and allowed
concentration limits in the environment. One of the most challenging tasks of the 21st century
is therefore to develop new eco-friendly, sustainable, and economically-sound technologies to
remediate the water from the presence of contaminants.

In this regard, as discussed in the First Chapter, nanotechnologies and new advanced
nanostructured materials represent the potential for the development of green and smart
products/techniques for a wide series of sustainable applications, as well as environmental
remediation and waste/underground water treatment.

The research activity of this PhD thesis aims to explore the design and synthesis of smart,
nano/micro-structured hybrid materials opportunely functionalized and blended with suitable
(bio)polymers with the aim to develop by means of different synthetic and deposition
techniques, new sustainable solutions and technologies useful in the landscape of the water
remediation from emerging contaminants. The main goal of these studies, as described in the
three Chapters 2—4, is to investigate and evaluate the effect of different hybrid, polymeric and
organic additives to implement and tune the properties of the final systems, obtained as
powders, beads and membranes. In particular, this thesis explores the proper design and
synthesis of the functional additives, the final adsorbent/filtering material preparation, the
chemical-physical-mechanical-morphological characterization techniques and, in particular,
their application and test, as systems for the treatment of contaminated water.

In particular, the Second Chapter concerns the design and development of sustainable bio-
polymeric blends based on polyamide 11 and chitosan biopolymers and doped with functional
hybrid halloysite derivatives, employed to produce different electrospun nanofiber membranes
and composite membranes through electrospinning technique. Their retention performances
towards two model organic dyes are investigated through a dead-end filtration cell.
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Chapter 2

The Third Chapter focuses on the use of secondary-raw bio-based materials and natural
waterborne sources for the development of innovative cellulose-derived opportunely
functionalized products, which are employed as dopant agents for water-based polyvinyl alcohol
solutions and to obtain different electrospun nanofiber composite membranes. The developed
bio-based and eco-friendly membranes are tested in a dead-end filtration cell for the gravity-
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The Fourth Chapter refers to the design and development of new polyether sulfone smart
blends by its combination with new innovative smart polymers combining the responsiveness of
poly[2-(dimethylamino)ethyl methacrylate] polymer and the host-guest properties of the
covalently linked pillararene macrocycles. The systems in the form of functional beads are tested
towards the selective adsorption of two model organic dyes, i.e. MO and MB, whose kinetics and
performances were studied.
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The described results (see Chapter 5) emphasize how important it is to develop materials
with implemented mechanical, thermal, and different pollutant retention properties, through
the rational design of the starting polymeric blends with appropriate nano, micro-fillers, or
functional doping agents.

The bio-based or water-based formulations, obtained within this PhD thesis, could open
the way to the employment of innovative and sustainable nanotechnological approaches for the
development of proof-of-concept, PoC, filtration membranes to be employed for real-case
treatment and commitment of industrial, municipal, agriculture and other wastewaters, as well
as contaminated groundwater reserves, thus rationally and more efficiently substituting the
traditional fossil-based filtration technologies.

Finally, thanks to the presence of the Industrial Supervisor EuroD, and the interest of
stakeholder and startup' belonging to the Environmental Technology sector, these advanced
products and technologies could be scale-up into large-scale industrial applications framework.

'ATHENA Green Solutions S.r.l, startup and spin-off of the CNR (ISMN, IRBIM) and University of
Messina (see more details at the link www.athenagreensolutions.com).
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CHAPTER 1

CHAPTER 1

ADVANCED SMART MATERIALS AND SUSTAINABLE
TECHNOLOGIES FOR INNOVATIVE WATER TREATMENT
CHALLENGE: AN OVERVIEW

In this first Chapter, an overview on nanotechnologies and new advanced nanostructured
materials for the development of green and smart products/technologies for a wide series of
sustainable applications, as well as environmental remediation and waste/groundwater
treatment, is given. After highlighting the importance of water as a fundamental asset for life and
ecosystems and the types of contaminating, the traditional methods of wastewater purification
are also explained, together with their main criticises. In this regard, the peculiar and innovative
properties of new classes of nanomaterials are emphasized, including those based on metal
nanoparticles, nanoparticles of metal oxides, carbon derivatives, and silica sol-gel, as well as their
applications in the field of environmental remediation and protection. Various examples on the
use of such nanomaterials as functional doping agents of opportune polymeric blends are
reported, and therefore the preparation of sustainable advanced nanohybrid or nanocomposite
materials for the removal of emerging contaminants from water. The advantages of water
filtration technology using polymeric membranes and their functionalization possibilities for
optimizing filtration ability and properties are also shown.



CHAPTER 1

1.1 Water contamination and common treatment approaches

Three-quarters of the earth surface is covered by water, one of the most abundant resources
on our planet. However, only 3% of water volume is fresh water that is good for people, plants,
and animals, making up the remaining 97% to the sea and ocean waters. Moreover, nearly 2.5%
of fresh water is locked up in glaciers, atmosphere, and polar ice caps, leaving only 0.5-1%
available to living organisms from rivers and groundwater [1-3].

This valuable resource is essential to human and ecological health and well-being, as well as
social and economic development [4-6]. Water is used by humans for drinking, industrial
purposes, agricultural irrigation, hydropower, waste disposal, and recreation. Water supplies,
which are reduced in many locations due to population increase, pollution, and industrialization,
must be protected for both human and environment health reasons. Recent continuous climate
variability changes and factors that alter the hydrologic cycle have exacerbated these challenges.

Nowadays under the One Health perspectives and with the aim to move more and more
towards a global sustainable lifestyle, in order to conserve and safeguard the environment, the
need of preserving, reusing, and recycling products at the end of their lives, hence minimizing
the waste of primary resources [7-9], as water itself, is increasingly necessary.

In order to handle a global water crisis, a great deal of emphasis has been given to the
creation of “water-smart” communities, leading innovative treatment, recycling, and recovery
processes of ground and wastewater [10-13].

Due to manmade activities a lot of physical, chemical, or biological elements, generally
referred to as a “water pollutant”, are found in groundwater, oceans, as well as employed drinking
water with potential negative effects on individuals who consume it, as well as aquatic and land
species. However, the majority of water pollutants are found as dissolved or suspended
compounds [14]. In particular, through the water cycle, all water travels around the Earth in
various phases, as liquid water in the oceans, rivers, lakes, and even underground, as solid ice in
glaciers, snow, and the North and South Poles, as well as water vapour in the Earth's atmosphere.
Water may pick up pollutants at any point in the cycle and transport them to the next stage.
During a heavy rain or snowmelt, litter, silt, and invisible contaminants (such as fertilizers,
lubricants, pesticides, and other chemicals) are carried across land and downstream to aquatic
ecosystem and lands.

Environmental pollutants and contaminants that result from human activity associated with
industries, agriculture, waste handling facilities, and urban/industrial wastewater treatment are
unfortunately dangerously rising, with a negative impact on both human health and all earth
ecosystems. In this regard, due to the presence of common (heavy metals, oils and hydrocarbons,
bacteria, etc.) and emerging pollutants (i.e., pharmaceuticals, cosmetics, pesticides, personal and
home care products, organic dyes, etc., see Figure 1.1), continuously released into the
environment by numerous anthropogenic activities since the last century, modern society needs
to face with their filtration and remediation [15-17].

It has been established that between 1930 and 2000, man-made chemical production
increased from 1 million to 400 million tons per year.
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Figure 1.1. Common (yellow) and emerging (red) environmental pollutants [18].

According to data from EUROSTAT released in 2013, between the years of 2002 and 201,
compounds that are detrimental to the environment accounted for over 50% of the total
chemical production, and over 70% of these chemicals have a major negative impact on the

environment [19].

Table 1.1 provides a summary of some environmentally dangerous contaminants negatively
affecting human health and ecosystem and that need to be cleaned up and treated to protect the

environment.

Table 1.1. List of some environmentally dangerous compounds [18].

Type of substance Pollutant Ref.
Heavy metal As, Cd, Cr, Cu, Pb, Hg, Ni, Zn [20]
Radionuclide 3H, C, 9°Sr, 99Tc, 29I, B7Cs, »7Np, *#Am [21]

Fertilizer Ammonium nitrate, phosphate [22]
arl\ci[rir:c)i_cal?yillrjcl)zillalgn Benzene, toluene, xylenes, styrene, naphthalene, biphenyl (23]
POlﬁ;ﬁiI;CC;:g:;latlc Benzo(a)pyrene, benz(a)anthracene, indeno(1,2,3-cd)pyrene [24]
Halogenated aromatic Chlorobenzene, dichlorobenzene, 4-chloropyrene, 2-
(and polycyclic) b q i . T [25,26]
hvdrocarbon romofluorene, 2,3,7,8-tetrachlorodibenzo-p-dioxin
y
Nitrogen-containing Nitrobenzene, caffeine [27,28]
Phenol Phenol, 4-nitrophenol, 2-chlorophenol, bisphenol A [29,30]
Ether Diphenyl ether, dibenzofuran [31]
Aliphatic hydrocarbon n-alkanes [32]
Insecticide Acetamiprid, deltamethrin, endosulfan, malathion [33]
Herbicide Atrazine, prometryn (34]
. Methylene blue, rhodamine B, congo red, acid Red 88, methyl
Organic dye [35]
orange
Pharmaceutical Amoxycillin, ibuprofen, ciprofloxacin, omeprazole (36]
Perfluoroalkyl substance Perfluorooctanoic acid, perfluorooctane sulfonate [37]
Microplastic Polyvinylchloride, polyethylene, polypropylene (38]
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In this sense, the search for innovative and sustainable wastewater treatment methods may
represent a significant key-step for the reduction of numerous classes of emerging compounds
in addition to the common classes of pollutants.

The three primary categories of common wastewater treatment techniques are based on
physical, chemical, and biological processes. More specifically, the physical processes allow the
elimination of contaminants without significantly affecting the biological or chemical forms of
the pollutants present in the treated water.

Chemical methods, on the other hand, also defined as additive methods, may use reagents
for the elimination of polluting species; for this reason, they are unattractive environmental
processes compared to other techniques, since they may increase the substances dissolved in
wastewater and they are not regenerable for other subsequent employment. The biological
methods (classified as aerobic, in the presence of dissolved oxygen, and anaerobic, in the absence
of dissolved oxygen) are based on the use of microorganisms for the biodegradation of pollutants
in wastewater with the main objective of reducing nutrients and organic pollutants content.

Conventional methods used in wastewater treatment plants, apt to the specific adopted
physical, chemical, biological method (as reported in parenthesis), may also be classified as [39]:

e Preliminary:

o physical/mechanical (settling, desanding and deoiling);

e Primary:

o physical/mechanical (flocculation and sedimentation);
o chemical (neutralization, chemical precipitation);

e Secondary:

o biological (aeration, activated sludge, rotating biological contactors, dripping
filters, anaerobic digestion, biological nutrient removal, stabilization);

e Tertiary or advanced:

o physical (ion exchange, absorption with activated carbon, reverse osmosis,
extraction with gas, filtration with membranes);
o chemical (chlorination, advanced oxidation, UV irradiation, ozonation).

In order to contemporary get rid of different types of contaminants, a standard wastewater
treatment plant should combine all three physical, chemical, biological processes [39,40].

Unfortunately, until now the employed traditional methods of wastewater treatment and
water purification occasionally lack of eliminating emerging contaminants, for which there is
not yet a clear adopted European legislation that also establishes the legal limits with which they
must be present in the environment; as a result, more cutting-edge ways are being researched
and developed [40].

Moreover, most of the waste management and remediation methods currently in use require
still large amounts of energy and chemicals that, for instance, in the case of wastewater treatment
plants or polymeric absorbers/filters for pollutants and hydrocarbons, may feature themselves
as secondary pollution sources [41].
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1.2 Functional nanohybrids and nanocomposites for environmental
remediation

Thanks to characteristics including high surface area (surface/volume ratio), size effects,
catalytic capability, and reactivity, nanotechnological solutions and novel hybrid and composite
nanomaterials are being used in a wide range of industrial sectors. In particular, nanoparticles
may be chemically synthesized, modified and functionalized through various approaches
obtaining different nanomaterials (some examples are shown in Figure 1.2) with specific

properties.
N
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Figure 1.2. Graphical schematization of some possible modifications of nanoparticles to obtain different
functional nanomaterials.

The developed functional nanomaterials may be also embedded in polymers and matrices
to obtain functional organic and inorganic, hybrid materials or nanocomposites, featuring new
chemical, physical, and mechanical properties, which are usually different and implemented
from both the starting components (i.e. fillers and hosting polymers) thus being suitable for the
development of sustainable, cutting-edge, and innovative products/technologies useful in a wide
range of sustainable applications [42-44].

Useful nanomaterials, suitable as functional nanofillers, are as following [45]:

e metal nanomaterials (i.e., nanoparticles, NPs, of Pt, Pd, Ni, Ru, Al, Ag, Au, Cu) with

characteristic optical, chemical, and electrical properties;

e metal oxide nanomaterials (i.e., Fe,Os;, ZnO, TiO,, Al,O;, and SiO.), either obtained from

sol-gel synthesis or hydrothermal reactions;
e carbon-based nanomaterials (i.e., fullerene, carbon nanotubes CNT, graphene sheets);
e zeolite and silica-based nanomaterials with a mesoporous structure;
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e ceramic nanomaterials;

e bimetallic nanomaterials;
e polymeric nanomaterials;
e bio-nanomaterials;

e metal-organic frameworks;
e core-shell nanomaterials.

Hybrid organic-inorganic materials [46], obtainable by various synthetic routes, and coming
from a mixture of two amorphous or crystalline organic and inorganic phases [47], may be
usually classified as:

e composites, i.e., mixtures of substances or materials made up of a matrix with
micrometric dispersion;

e nanocomposites, i.e., sub-micrometric (1-100 nm) combinations of materials connected
by physical interactions;

e hybrids, i.e., micrometric matrices based on covalently bonded substances with different
nature;

e nanohybrids, atomic, molecular mixtures of several materials connected by chemical
bonds.

A general nanostructured material, featuring organic and inorganic building blocks with
nanometric dimensions, is also referred to as a nano-composite, when based on physical
interactions, or as nanohybrid or hybrid materials, when the two components are covalently
bonded [48].

Reversely, another classification categorize hybrid materials, basing on how the two phases
interact; in particular [49]:

e class I hybrids: these are distinguished by the presence of weak electrostatic contacts,
hydrogen bonds, or van der Waals forces between the phases;

e class I hybrids: displaying strong (first order) interactions between the phases (covalent,
ionic bonds).

It is possible to have, as shown in Figure 1.3, a continuous phase that “traps” one dispersed
phase (a) or two continuous interpenetrated phases (b) if the chemical interactions between the
organic and inorganic phases are weak (Class I hybrids).
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a) ..: .. :n.;".. ...-O‘:.‘. ’.:. : . b) ..:..‘:. .‘0.. ..‘ :““‘0‘: .
::.: ..:o.:. ‘o..... H v .:. .‘o: :"’.o"..‘o’..‘:.: s
T Mt e @ 0:. - .".'.'p:'.' 4 ‘-..Q $ Saitim
o'. .O': .:‘..o o..' .O.. .0 + i ¢.. .' . ‘:..‘. i :‘.... - "
... : oc® : e .. | & :0..... ¢ ) :. .b. > “ . .‘. ‘...“..
... .coo.“...o .‘0 o.l' MY ) ..: *° ‘.oo.“.'.o ‘ ‘o"‘.o. .I io
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Figure 1.3. Graphical illustration of hybrid materials (Class I) with an organic continuous phase (blue
line) that “traps” one dispersed inorganic phase (red cubes) (a) or two continuous interpenetrated
phases (b) [18].
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As shown in Figure 1.4, discrete inorganic units may exist if the chemical interactions
between the organic and inorganic phases are strong (Class II hybrids). These units may take the
form of clusters that are covalently linked to a continuous organic phase or vice versa (a'), or two
continuous phases that are covalently linked (b') [50].

’) .o...';o: ./. :.0./..../.... :o b’) .o.. 00.: . Q:.0... ..... ..o
a a-.:.. .0,: ‘l....../_c:.‘..\.’.}:.l.:. o® 000:.0 ..J:‘/ :.’.,‘_.:.é.'.‘./‘.‘.;. *®
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Figure 1.4. Graphical illustration of hybrid materials (Class II) with the inorganic phases in the form of
clusters (red cubes) covalently linked (black lines) to a continuous organic phase (blue line) (2’) or two
continuous phases that are covalently linked (b") [18].

These classes of nanocomposites and nanohybrids based on some of the functional
nanomaterials (nano-fillers) mentioned above in combination with organic/inorganic polymeric
matrices (obtained either by sol-gel techniques [51], or derived from synthetic or natural organic
polymers), due to their mechanical, physical, and adsorption properties, may be effectively used
also for the treatment and remediation of wastewater, or polluted waters, soils, and air [18,52].

In addition to their catalytic or photocatalytic ability to degrade pollutants, as for example
in the case of TiO,-based nanocomposites [53], these materials also have the potential to be used
for bioremediation. They may even serve as substrates for bacterial development and as
stimulants for microorganisms growth to allow and speed up the elimination of pollutants from
the environment [18].

Today, due to the development of tunable characteristics and the adaptability of various
nanomaterials and embedding polymers, wide examples of innovative functional nanohybrids
and nanocomposites for removing pollutants are being produced. In this context, different types
of nanomaterials will be explored in the next paragraphs.

1.2.1. Metal nanoparticle-based composites and hybrids

Due to their small size and high surface-to-volume ratio, metal nanoparticles (MNPs; related
to metals or noble metals such as M = Pt, Pd, Ni, Ru, Al, Ag, Au, Cu) are nanomaterials having
physical and chemical properties that are peculiarly different from the corresponding bulk
materials. The ability of MNPs to kill bacteria by several processes, including the generation of
reactive oxygen species, ATP depletion, harm to biomolecules, cation release, and membrane
contact, is one of their most significant traits [54].

Additionally, MNPs may exhibit important optical and electrical properties, such as Rayleigh
scattering, Raman scattering, and Plasmon resonances [55,56], as well as catalytic properties,
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with reactivity related on their particle size, geometry, composition, oxidation state, and the
surrounding chemical and physical conditions. [57].

Due to their unique properties, nanomaterials may be used in a variety of fields, including
biomedicine (molecular diagnostics, imaging, drug delivery, and therapeutics), nano-catalysis,
sensing and biosensing, smart textiles [58], and environmental remediation [59]. Chemical (e.g.,
chemical reduction, chemical vapor deposition, photochemical reduction, co-precipitation,
thermal decomposition, hydrolysis) and physical processes (e.g., mechanical milling, laser
ablation, vapor deposition, ion sputtering, grinding, flame pyrolysis) have both been developed
as ways to synthesize MNPs. These techniques fall under the top-down or bottom-up preparation
strategies [60]. Moreover, green methods for the synthesis of MNPs have also been most recently
reported [61].

MNPs with very intriguing and useful characteristics may be combined with polymeric
matrices to give raise to functional nanocomposites or nanohybrids, with a fine control of the
chemical-physical qualities of the finished material.

In this regard, they may enable the formation of various nanocomposites, including
core/shell nanoparticles, surface-modified nanoparticles, and microsphere composite
nanoparticles, which are larger nanocomposite spheres, as well as polymer-matrix composites,
which are made of isolated nanoparticles that have been finely dispersed in a polymer [64].

Various examples of the use of these materials for pollutant detection, treatment and
remediation are shown in the following Table 1.2 [62].

Table 1.2. Some remediation methods based on MNPs [18].

Nanomaterial-based system Remediation approach Pollutant treated Ref.
AgNPs-PCBMA nanocomposite Membrane filtration Protein/Bio-fouling [63]
Osmium NPs on polypropylene Membrane p-nitrophenol and 10- [64]

hollow fiber membranes filtration/redox undecylenic acid 4
Au/Bi,WOes nanocomposite Photocatalysis Benzyhccerlx;glols and [65]
Pd-Ag (NPs)/macroPSi Photocatalysis Methylene blue [66]
heterostructure
amid-p(Mac-co-AN)-M (M: Cu, Co) . N.1tro.phenols z'md.
. Catalysis cationic and anionic (67]
microgel .
organic dyes
PHNA vesicle/AuNPs Catalysis 4-nitrophenol [68]
. . Bio-fouling and

Cellulose-AgNPs composite Photocatalysis methylene blue [69]
Cu-Ni hybrid NPs Photocatalysis Crystal violet dye [70]

Karaya gum crosslink
poly(acrylamide-co- Adsorption Crystal violet [71]

acrylonitrile) @AgNP hydrogel
Ag-Cellulose Acetate impregnated on Membrane filtration H.S and C,H.SH [72]
polypropylene fibers membranes

PU micelle/Ag NP clusters In-situ extraction and ~ Thiabendazole, phosmet (73]

detection (SERS) and acetamiprid
In-situ detection and

bioremediation
FeNiNPs@corncob-activated carbon Photo-Fenton catalysis Rhodamine B [75]

rGO@AuNPs nanocomposite Cd*>, Pb*, Cu* and Hg>  [74]
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2-nitroaniline, 4-
nitrophenol, 4-
nitroaniline, 4-nitro-o-
PdNPs embedded over Catalvsis phenylenediamine,
chitosan/yMnO. microspheres y congo red, methylene
blue, methyl orange,
methyl red, and
rhodamine B

(78]

The field of environmental remediation may also benefit from MNPs (photo)catalytic
properties.

Another instance is the employment of MNPs for the selective oxidation and reduction of
certain contaminants under UV/visible light. As visible-light selective photocatalysts in water,
several Au/Bi.-WQO¢ nanocomposites may be made using a hydrothermal process in conjunction
with a fast reduction-deposition technique and different Au weight ratios. In particular, under
visible light and aerobic circumstances, this hybrid nanostructure shows a significant capacity
for benzylic alcohols oxidation and Cr(VI) reduction in water. For this oxidation/reduction
process, 2.0 wt.% and 1.0 wt.% Au/Bi,WOQOs are the ideal catalyst concentrations, respectively.
The initial purpose of this research is to identify a catalyst for specific redox processes in water
within the context of green chemistry and environmental remediation [65].

Additionally, the use of photocatalysts in water makes it possible to oxidize harmful
chemical molecules like methylene blue. For instance, to increase the activity of the methylene
blue degradation in water under UV light, a heterostructure based on a plasmonic bimetallic
photocatalyst based on Pd-AgNPs/macro porous silicon (macroPSi) may be used. This
heterostructure was obtained by depositing monometallic and bimetallic NPs of Ag and Pd on
macroporous silicon using a straightforward immersion method. Although monometallic
photocatalysts such as AgNPs/macroPSi and PdNPs/macroPSi may be developed, bimetallic
photocatalysts act better due to their larger specific surface area and plasmonic effect, which
result in a greater efficiency (98.8%) and methylene blue degradation rate (0.033 min™) [66].

Other aggregates and composite structures incorporating MNPs could take advantage of
their catalytic properties, include gels, micelles, and vesicles. Inverse suspension polymerization
may be used to create microgels made of poly(methacrylic acid-co-acrylonitrile), and the
amidoxime groups could be then added to create a more hydrophilic amidoximated microgel.
The aqueous metal salt solutions of Cu(II) and Co(II) ions are added to amid-microgels to create
MNPs based on Cu and Co, which are then processed with sodium borohydride (NaBH,). For
the simultaneous degradation of nitrophenols and cationic and anionic organic dyes (eosin Y,
methylene blue, and methyl orange), which may be found in contaminated aquatic sites, the
produced microgel composites (amid-p(Mac-co-AN)-M, M: Cu, Co) show significant catalytic
effectiveness. It is also noted that such systems may be recycled for other catalytic cycles. In
particular, amid-p(Mac-co-AN)-Cu composites appear to be more stable than Cu composites in
similar aquatic environments because they might be used up to four times as sacrificial catalyst
systems. Amid-p(Mac-co-AN)-Co composites do not exhibit any loss in catalytic activity for up
to seven cycles. All these experimental findings may be related to a strong coordinating
interaction between CoNPs and amidoxime groups [67].
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A pH-responsive multifunctional homopolymer vesicle made of poly[2-hydroxy-3-
(naphthalen-1-ylamino) propyl methacrylate] (PHNA), which supports AuNPs, may also aid in
the reduction reaction of 4-nitrophenol. In this arrangement, the AuNPs and the supporter
(PHNA vesicle) exhibits synergistic behavior. The polycyclic aromatic hydrocarbons (less than
0.876 ppb within 1 h) engage with the naphthalene pendants in PHNA vesicles via a m-
T interaction, making these homopolymer vesicles effective as adsorbents of these pollutants in
contaminated aquatic environments. This pH-responsive absorbent PHNA vesicles coated with
AuNPs, in addition to being recyclable, also function as a nanoreactor for the reduction of 4-
nitrophenol in water when NaBH, is added [68].

Additionally, there are many examples of useful nanotechnologies based on nanocomposites
that combine the mechanical capabilities of natural polymers like cellulose with the antibacterial
and catalytic properties of particular MNPs. A functional composite material may be prepared
using cellulose and AgNPs. Firstly, AgNPs were simply impregnated into citrus waste-derived
cellulose to create a composite nanomaterial with antibacterial, antioxidant, and
photodegradation characteristics. Particularly, discs made by the composite substance cellulose-
AgNPs exhibit over 9o% reduction of Staphylococcus aureus culture within 150 min, a moderate
total antioxidant potential, minor 2,2-diphenyl 1-picryl-hydrazyl (DPPH) radical scavenging
activity, and a moderate photodegradation capacity of up to 63.16% (time of 60 min) of
methylene blue dye under sunlight [69].

1.2.2. Metal oxide nanoparticle-based materials

Metal Oxide NPs (MONPs) are widely used in the field of environmental remediation due to
their intrinsic and peculiar sorption/desorption, redox, acid-base, photocatalytic (i.e., TiO,
nanoparticles, see Figure 1.5), and magnetic characteristics [76,77].

Organic Compounds r CO, + H,0 + Other degradation Products

0,°
Photo-reduction
0,
e e e e CB

H,O/OH-

Photo-oxidation

°*OH
Figure 1.5. [llustration of the photocatalytic properties of TiO, nanoparticles [18].

These features enhance the mechanical strength, longevity, and hydraulic capabilities of
materials in filtration systems, when combined with polymeric supports. There are
various MONP composites, including polymer-supported NPs distributed in polymeric matrices,
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which may be used to remove heavy metals from contaminated water, and magnetically active
polymeric particles, which behave also very significantly and may be recycled [78].

Additionally, the magnetic properties of some MONPs, like Fe oxide NPs, are extensively
used for the recovery of nanocomposite materials based on various organic, inorganic, and
polymeric matrices after their use for various remediation purposes, like oil/water separation
and the removal of harmful organic and inorganic substances. Several already published
literature works describe a number of ways to make iron oxide nanoparticles, including
hydrothermal/solvothermal synthesis, thermal breakdown, micro-emulsion, and co-
precipitation technique [79].

Different methods, including complexation, electrostatic attraction, and ion-exchange, are
used to absorb contaminants from MONP composites. Many MONP-based systems, as reported
in Table 1.3, and further discussed below, could take advantages of these properties.

Table 1.3. Some remediation methods based on MONPs, together with the corresponding treated
environmental pollutants [18].

Nanomaterial-based system Remediation approach Pollutant treated Ref.
Fe-Ti-Mn composite oxide Photocatalysis As(V) and As(III) [80]
ZnO@TiCN nano-urchin Thermochemical Cr(VI) [81]
PAMAM dendrimers with G4-OH . Cr (III), Cu(II) and
cores immobilized on TiO, Chelation Ni(II) [82]
GO-MO nanocomposite Inner-sphere complexation Cd(II) and Cu(II) [83]
Fe;0,@GOCMC co're—shell structured Adsorption Ph(_)sphat.e and [84]
composite bead nitrate ions
. . Removal and COD, phosphate
PSB/Fe;0,/biochar composite biodegradation and nitrate ions [85]
Rhodamine B,
. . . Methylene blue,
TiO,-OP@Fe;0O, composite Photocatalysis Congo Red and [86]
Cr(VI)
n-decanol membrane-10-undecylenic L . .
cidiron oxide NPs Liquid membrane Silver and lead ions [87]
Ethylene propylene diene monomer
sulfor}ate impregnated membranes Membrane filtration Aluminum ions [88]
with propylene hollow fiber
impregnated magnetic particles
Magnetite NPSE’ biochar and graphite Adsorption/bioremediation Azo blue dye [89]
alginate beads
Magnetic shell cr?\?lsj-shnked knedel-like Adsorption Crude oil [90]
MNP-PEA-OmpA and MNP-PEA- Bioremediation Oil/water emulsions [o1]
OmpA-Laccase bionanocompounds and crude oil 9
PET and sugarcane bagasse ash/Fe3* Adsorption Naproxen [92]
Chitosan/Fe,O;/NiFe,O, Adsorption Methyl green (93]
Chitosan/hydroxyethyl cellulose gel Adsorptive-Photocatalytic Congo red [94]

immobilized polyaniline/CuO/ZnO

Composites based on porous granular materials with outstanding hydraulic characteristics
are an example of systems that represents a potential solution to the technical issues with direct
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NP application in large-scale water treatment and purification. In this context, graphene oxide
(GO), a layered hydrophilic carbon material that is nonconductive and has a very high
concentration of charged oxygen-containing groups (epoxides, alcohols, ketone carbonyls, and
carboxylic groups) [102], makes the perfect support for metal nanoparticles (MONPs) [95]. On
the other hand, Mn oxide NPs exhibit a high capacity for heavy metal retention, a negative
surface charge, a wide pH range, and support the formation of a sizable porous composite when
combined with GO.

Due to electrostatic attraction between negatively charged oxygen-containing groups of GO
at high pH values, the negative surface of GO promotes the folding of GO nanosheets, which
leads to the formation of a porous composite material with high hydraulic conductivity and low
diffusion restriction. An illustration of their combination is provided by the development of Mn
oxide NP-impregnated graphene oxide aggregate (GO-MONPs) nanocomposite, which was
tested using samples containing the representative metals Cd(Il) and Cu(Il). The GO-MONPs
composite may absorb Cd(II) and Cu(II) with an incredibly high absorption rate (> 99.9%) in
column experiment thanks to an inner-sphere complexation mechanism. For the desorption of
more than 97% of the preloaded Cu(II) and Cd(II), the exhausted material may be regenerated
by flushing with a 10 BV acid-salt binary solution made of 0.2 M HCI and 4 wt% CaCl, [83].

Additionally, GO may be usefully employed in conjunction with Fe;O, magnetic particles.
Fe;O, NPs adorned with graphene oxide and carboxymethylcellulose (Fe;O,@GOCMC) core-
shell structured composite beads, produced using a one-pot synthesis, are employed for the
remediation of phosphate and nitrate ions from an aqueous medium. For the purpose of
removing the adsorbed anions, the nanocomposite material was regenerated using a 0.1 N NaOH
solution. The dried, renewing Fe;O,@GOCMC systems may be subsequently used for up to four
more adsorption-desorption cycles [84].

Other porous and environmentally friendly plant-based materials, such as biochar, may be
employed as absorbents and matrices for MONPs. Biochar is a carbonaceous material formed by
pyrolysis of biomasses such as corncob waste at low temperatures and low oxygen levels. It is
utilized as a soil conditioner in agriculture, due to its huge surface area and porous structure.
Because of its high carbon content and cation exchange capacity, it is utilized in carbon
sequestration, organic solid waste composting, water and wastewater purification, as a catalyst
and activator, as an electrode material, and as an electrode modifier [96].

Biochar may be also used in the remediation of heavy metals and organic compounds in the
environment when combined with NPs (and sometimes stabilizers for example carboxymethyl
cellulose) such as FeNPs for the production of nanocomposites (i.e., nano zero-valent iron
(nZVI)/biochar, iron sulfide/biochar, and iron oxide/biochar). Due to their redox, catalytic, and
magnetic capabilities, Fe and Fe oxide NP features improve biochar characteristics with a greater
surface area, higher electron transfer efficiency, and numerous functional groups [97-99].

There are various methods for preparing Fe/biochar composites, such as pyrolysis, which
produces materials with good ability for contaminant extraction from aqueous solutions and
soils, hydrothermal carbonization, which uses relatively low temperatures and has fewer
drawbacks than direct pyrolysis technology, ball milling with low energy consumption, and
fractional precipitation (i.e., iron oxide precipitation and the liquid phase reduction method).
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This last process consists in a first step of pristine biochar preparation at normal pyrolysis
temperature, followed by a second step of Fe precipitation on the surface and inside the biochar
pores. The remediation procedures involving these composite materials include absorption
of metals, radionuclides, oxyanions, and organic compounds, reduction of organic compounds
and heavy metals, and advanced oxidation processes of organic dyes, nitroresorcinol, bisphenol
A, and tetracycline [100].

Alginate is another natural polymer often employed as an embedding matrix for functional
NPs. Magnetic NPs of Fe;O, are synthesized via a reverse co-precipitation process and
encapsulated in alginate to make alginate magnetic nanostructured beads for the removal of
textile blue dyes from water, with potential applications in nano-bioremediation. Different forms
of magnetite NPs were used to obtain various composite beads based on sodium alginate. As a
result, one form of bead is made with ferrous sulphate, another with ferrous sulphate and
biochar, and a third with ferrous sulphate, biochar, and graphite. After 3 hours of equilibrium
time, the ferrous sulphate, biochar, and graphite alginate bead removed (at pH 8) 82.4% of the
azo blue dye from the starting concentration of 25 ppm, and the 55.22% from the starting dye
concentration of 100 ppm [89].

1.2.3. Carbon-based nanomaterials

Carbon-based nanomaterials have generally piqued the scientific community interest due to
their unique chemical and physical capabilities, including as superior electrical and heat
conductivity, enhanced optical qualities, chemical stability, and great mechanical strength. They
are composed of solid-state carbon allotropes made up of sp3 and/or sp? hybridized carbon atoms
with varying nanoscale dimensions, such as zero-dimensional (oD) fullerenes, nanodiamonds,
and graphene quantum dots, one-dimensional (1D) single walled or multiwalled carbon
nanotubes (SWCNTs and MWCNTs), and two-dimensional (2D) graphene and graphene oxide.

These nanomaterials may be produced using various techniques, such as: (i) bottom-up
methods, i.e., chemical vapor deposition (CVD) on a substrate as for SWCNTs, MWCNTSs and
graphene; (ii) synthesis approaches from aromatic benzene derivatives; (iii) top-down
approaches, such as sonication, liquid phase exfoliation, and ionic-liquid assisted
electrochemical exfoliation for graphene [101]. Carbon-based nanomaterials have applications in
a variety of fields, including biomedicine [102], theranostic and tissue and cell imaging based on
one-photon and two-photon fluorescence properties [103], energy storage and conversion,
catalysis [104], development of materials for environmental remediation (i.e., for the removal of
organic molecules, heavy metals, and oil/water separation).

Several already published research are conducted in order to investigate the use of these
nanomaterials in environmental remediation, including the use of theses composites to improve
water pollutants absorption capacity and regenerability. Porous graphene materials exhibiting
improved mechanical, physical, and chemical (hydrophilic-lipophilic) characteristics, such as
foams, sponges, and aerogels, are developed for these latter objectives [105]. The cellular eco-
toxicity of some carbon-based nanomaterials has been investigated [106]. A size-dependent
hazards and cytotoxicity is demonstrated enhanced after surface functionalization with acid
treatments, due to the presence of carbonyl, carboxyl, and/or hydroxyl groups in those materials
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[107]. As a result, in the light of a safe-by-design composite functional materials [108]
incorporating these nanoparticles, it is even more critical to avoid dispersion in the environment.

Table 1.4 lists some uses of carbon-based nanomaterial composites and hybrids in the field
of pollution remediation.

Table 1.4. Remediation approaches for carbon-based nanocomposites and hybrids [18].

Nanomaterial-based system Remediation approach Pollutant treated Ref.
C.NT.S » nanofibers and Absorption Oil [100]
vermiculite based nanosponge
PANi/CNT composite Microbial fuel cell COD [110]
MWCNT/Ppy composite Microbial fuel cell Phenol and COD [111]
AQS/Fe;0O,/CNTs and . . Cr(VI) and methyl
HA/Fe;O,/CNTs composite Biocatalysis orange (2]
Graphene
aerogel/Fe;O,/polystyrene Absorption Crude oil [113]
composite
L-GO/ZnO NPs composite Microbial fuel cell Pb** [114]
Graphenized sa‘nd-based Absorption Hg* [us]
composite
Ni-BDC@GO nanocomposite Adsorption Methylene blue [116]
. . Methylene blue and
TZB-Gr composite nanofiber Photocatalysis rhodamine B [117]
Phenanthrene,
P25-GR composite Photocatalysis fluoranthene, and [118]
benzo[a]pyrene
TiO, composite based on zinc ‘ Phenol and methylene
porphyrin-covalently Photocatalysis blue [119]
functionalized fullerene [C60]
ZrO, NPs on GO supported
peptide/cellulose binary Membrane filtration Fluoride ions [120]
nanofibrous membrane
Cyclodextrin modified . .
GO@FeNP composite Adsorption Oxytetracycline [121]
CNTs/carbon xerogel hybrid .
loaded Fe-Ni Adsorption RY160 dye [122]
Activated carbon based on shea Adsorption Hydroquinone and [123]

residue (Vitellaria paradoxa) resorcinol

Because of their absorption, photocatalytic, and electrocatalytic properties, carbon
nanotube composites enable the development of remediation technologies for environmental
pollutants such as heavy metals, organic dyes, and other organic substances, including
hydrocarbons. On the other hand, there are numerous examples of the use of other carbon-based
nanomaterials in this sector, such as graphene and its derivative graphene oxide, as mentioned
before. GO is commonly formed by the oxidation and exfoliation of graphite using oxidant agents
(Hummer's method KMnO,, NaNO;, H,SO, [124]), and it is distinguished by a high density of
charged oxygen-containing groups (epoxides, alcohols, ketone carbonyls, and carboxylic

groups).
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Because of its negatively charged surface, GO has a high adsorption capacity for various
molecules via physical and/or chemical forces such as electrostatic, m-mand hydrophobic
interactions, and may be also an optimal candidate for the development of advanced membrane
filtration coatings and processes for the removal of common and emerging contaminants from
water (see Figure 1.6).
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Figure 1.6. Illustration of the advantages in the use of GO for the development of functional membrane
coatings for water filtration [125].

There are two ways to functionalize GO and generate nanocomposites, i.e., using GO as a
host material or in host materials. In the first instance, multiple techniques are shown to be used
to functionalize the GO surface. The second way consists to crosslink GO with a polymeric
matrix using simple and non-toxic syntheses to create nanocomposites with a stable structural
configuration, high absorption capacity, and quick recovery and regeneration after use [126].

Composite aerogels are porous materials with adsorption capabilities that have applications
in water remediation.

In particular, aerogels with high hydrophobicity that float in aquatic environments may be
developed for their easy use and recovery. A unique graphene aerogel/Fe;O,/polystyrene
composite created by an environmentally friendly and cost-effective solvothermal process is one
example. This aerogel is distinguished by the presence of porous Fe;O,-NPs, which act as cross-
linkers for graphene oxide plates (made using a modified Hummer process), and polystyrene,
which allows the production of a porous structure with enhanced hydrophobicity of the
composite aerogel in conjunction with Fe;O,-NPs. After 10 water-oil separation cycles, the
ultralow density aerogel composite has a crude oil absorption capacity of 40 times its own mass
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and is easily recovered due to its floating capacity. Because of the presence of Fe;O,-NPs, it also
exhibits magnetic characteristics, allowing for the collecting of the exhausted aerogel using a
magnet. Aerogel regeneration is accomplished through a simple squeezing method [113].

Methylene blue and other organic dyes may be degraded using metal oxide NPs, such as
TiO,, ZnO, and Bi,Os. In this context, graphene, a nanomaterial easily generated from GO via
reduction procedures, may be used for photocatalytic activity in pollutants removal and in
combination with metal oxide nanoparticles.

It is discovered that graphene, embedded with composite nanofibers (titanium dioxide-zinc
oxide-bismuth oxide-graphene, TZB-Gr), as prepared by a sol-gel based nozzle-less
electrospinning process, improves the removal capacity of organic dyes due to the synergic
coupling of 2D graphene with photoactive semiconductor nanofibers. When exposed to visible
and UV light, the TZB-Gr composite nanofibers may activate organic dyes, producing -O, and
‘OH radicals, which are potent oxidizing species for the degradation of different organic
pollutants [117].

A TiO,-graphene (P25-GR) composite generated by a hydrothermal reaction of GO with TiO,,
(P25), by varying the graphene ratios, is another example of a nanocomposite combining
graphene and metal oxide NP characteristics. This composite material has been investigated for
polycyclic aromatic hydrocarbon (PAH) absorption and photodegradation (phenanthrene,
fluoranthene, and benzo[a]pyrene as models). At high PAH concentrations (2.0-4.0 g-mL™)
under alkaline circumstances, the P25-GR with 2.5% graphene demonstrate the highest results
for absorption, charge transfer, and photocatalytic efficacy (80% of PAHs eliminated after 2 h)
[118].

1.2.4. Sol-gel based nanostructured materials
Silica NPs may be synthesized using an easy sol-gel method. This is a two-step synthesis that

begins with aqueous alcohol solutions of silicon alkoxides, and ends with monodisperse silica
NPs, using ammonia as a catalyst. The first step in the sol-gel process is a hydrolysis reaction to
generate silanol groups, and the second step is a condensation polymerization reaction to form
siloxane bridges [127]. These reactions may take place in an acidic (Figure 1.7 a,b) or alkaline
(Figure 1.7 ¢,d) catalytic environment.

The sol-gel technique is also widely used to functionalize and modify the surfaces of various
materials with the goal of producing advanced and multifunctional materials with properties
such as UV radiation protection, antimicrobial finishing, water repellency, bio-molecule or
functional-molecule immobilization, flame retardancy, chemical resistance, and self-cleaning
properties [128-130].

On the other hand, because of their extensive surface area and the presence of large holes
that act as hosts for diverse molecules, porous silica nanoparticles perform better in a variety of
industries.

Nanomaterials with well-defined pore network, such as zeolites and mesoporous silica NPs,
may be defined in two categories of porous silica materials, i.e. as silicate or aluminosilicate
(namely, minerals composed of aluminum, silicon, and oxygen, plus counteractions).
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Figure 1.7. Sol-gel synthesis in acidic (a,b) or alkaline (c,d) catalytic environment [128].

Mesoporous silica NPs are highly versatile nanomaterials derived from silicate gels and
quaternary ammonium surfactants of varying chain lengths, with applications in drug delivery,
nanomedicine, theranostics, and photodynamic therapy due to their high surface area, large pore
volumes, tunable pore size, and easy surface modification properties [131].

Because of the absorption capabilities of mesoporous silica NPs and their composites, they
may be used in environmental remediation to adsorb different pollutants from aqueous or
gaseous environments [132,133].

In this regard, zeolites are crystalline aluminosilicates (or silicates) with a regular spatial
arrangement of homogeneous cages, cavities, or channels of molecular dimensions, a high
surface area, and cation exchange characteristics that are often formed under hydrothermal
conditions using organic templates.

Because of their high selectivity for inorganic cations (zinc, lead, cadmium, copper, nickel)
and anions, and organic compounds (such as pesticides and phenols), zeolites have applications
in a variety of sectors, including catalysis and renewable energy applications [134,135].

Clays are nanostructured fine-grained minerals that are based on aluminosilicates. Because
of differences in mineral content, size, and layered structure, they are classified as
montmorillonite, kaolinite, illite, bentonite, and chlorite (Figure 1.8).

Moreover, they are characterized by a negatively charged surface, large surface area, swelling
capacity (especially montmorillonite and bentonite clays), cation exchange capacity, and
significant adsorption/absorption capabilities [136].
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Figure 1.8. Graphical classification of some types of clays.

They may be also easily functionalized by modifying their hydrophilicity/hydrophobicity
surface and adsorption capabilities to produce functional clays or composites [137,138](Figure
1.9) for environmental remediation applications [139,140].
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Figure 1.9. [llustration of clay-based composite materials [18].
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Silica-based nanomaterial composites and hybrids offer enormous potential for
environmental remediation and bioremediation applications, as shown in Table 1.5.

Table 1.5. Approaches for remediation based on silica-based nanocomposites and hybrids [18].

Nanomaterial-based system Remediation approach Pollutant treated Ref.
Ppy/HMSNs hybrid Adsorption Cr(VI) [141]
G . 4-nitrophenol and
Pd@h-mSiO, nanotubes Catalysis 4-chlorophenol [142]
Mesoporous silica NPs and Adsorption Sulfamethoxazole [143]
magnetic GO P antibiotic 3
. Eriochrome Black T,
Fe3o4_MWCNTS@SIOZ Biocatalysis Acid Red 88, and [144]
nanocomposite and laccase .
Reactive Black 5
. Protocatechuic acid,
SBA-15 mesoporous silica and . . .
Biocatalysis ferulic acid, sinapic [145]
laccase . .
acid and caffeic acid
Fe;0,@Si0.@Ru hy.brld magnetic Photocatalysis Methyl orange and [146]
composite methyl red
Cu-Z-GO-M composite Adsorption Methylene blue [147]
nZVI/Ni@FZA composite Adsorption Cr(VI) and Cu(II) [148]
T/MZ composite Photocatalysis Metoprolol [149]
Zeolite, GO and laccase bio- Biocatalysis Direct Red 23 [150]
nanocompound
Zeolite coated by Pseudomonas
veronii cells on xanthan gum-based Biocatalysis Hg*>* [151]
biopolymer
Cellulose fibers/zeolite-A . Organic and
. Adsorption . . . [152]
nanocomposite inorganic Se ions
ODTMS modified halloysite Bioremediation Crude oil [153]
Sodium algmaﬁil/i?lloysue/hemp Adsorption Methylene blue [154]
. . Chloroform and
PU foam coated with POS@HNT Absorption dichloroethane [155]
Bisphenol A,
. . . carbamazepine and
Iron-clay-cyclodextrin composite Catalysis perfluorooctanoic [156]
acid
Chitosan-clay and laccase nano- . . Anthrax quinone
. . Biocatalysis dye, azo dye of and [157]
biocomposite bead .
diazodye
Biocomposite membranes of
chitosan with montmorillonite and Adsorption Cu(II) [158]

kaolin

Nanocomposites based on various clays (such as montmorillonite, kaolinite, and halloysite)
are shown to be interesting and useful systems for environmental remediation purposes.
Halloysite is a natural tubular clay that has been extensively explored owing to its
biocompatibility (low in vivo and in vitro toxicity) and peculiar mechanical, physical, and
chemical characteristics (simple inner/outer surface functionalization).
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Because of its tubular shape, it may also be loaded with various species for the release of
active molecules, such as antioxidants [159], flame retardants, corrosion inhibitors [160],
biocides, and drugs [161]. There are numerous examples of halloysite loaded or functionalized
with various nanomaterials, such as metal or magnetic NPs, for environmental remediation
approaches that may perform pollutant degradation and catalytic reactions or may be used as
reusable absorbent systems. Halloysite may be functionalized with organo-silanes, using simple
sol-gel processes, to increase dispersibility into polymer matrices, improve thermal stability and
tensile characteristics, and give raise to hydrophobic nanohybrids suitable for various
applications [162].

The inner layer of halloysite may also be hydrophobized with surfactants, like octadecyl
phosphonic acid, to provide more binding sites for MNP, thus neutralizing the positive charge
in the inner alumina layer, as well as loading hydrophobic molecules, like oil and organic
pollutants. In contrast, halloysite may form stable oil-water emulsions and encapsulate water
droplets inside the clay shell to form liquid marbles. These liquid marbles may be then used for
the encapsulation of biomaterials or biofilms of selected bacterial species, such as the
hydrocarbonoclastic bacteria Alcanivorax borkumensis, featuring a mechanical reinforcement
and oil-spill bioremediation activity [163].

Other clays, due to their absorption and mechanical characteristics, may be utilized to
obtain functional nanocomposites for remediation processes. The incorporation of clays in
composite materials, such as membranes, reduces the harmful effects of certain nanomaterials,
such as GO nanoplates, due to clay/NP aggregation, which weakens their possible dispersion
into the environment [164].

Furthermore, catalytic nanocomposites based on clays and metal oxide NPs may be
employed in conjunction with macrocycles, such as cyclodextrin, to increase their affinity and
degradation for organic contaminants. By covering montmorillonite clay with iron-oxide and
further modifying the resulting composite with cyclodextrin monomers and polymers, cross-
linked with polyfluorinated aromatic molecules, an iron-clay-cyclodextrin composite absorbent
catalyst was developed.

This material demonstrate high absorption of the model pollutants bisphenol A (BPA),
carbamazepine (CBZ), and perfluorooctanoic acid (PFOA), as well as excellent degradation
efficiency byH.O. (over 9o% in 1 h for BPA and CBZ, and 80% for PFOA), which remained
constant after five consecutive cycles of absorption and degradation [156].

Laccase enzyme may catalyze the decomposition of organic contaminants. Chitosan-clay
composite beads could be used to immobilize laccase from the Alcaligenes faecalis XFI strain,
thus demonstrating a higher efficiency in enzyme immobilization than simple chitosan beads,
due to the synergetic effect of clay (mechanical strength) and chitosan (porous nature), and their
better biocompatibility with the laccase enzyme. The chitosan-clay-laccase nano-biocomposite
is further examined for the degradation of three synthetic dyes, with a maximum decolorization
percentage of 85% for anthrax quinone dye, 82% for azo dye, and 69% for diazo dye, and high
reusability [157].
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1.3 Membrane-based filtration techniques: limits and future perspectives

One of the most common wastewater treatment approaches include the use of filtering
systems [165-167].

They are procedures that mostly rely on ceramic or polymeric membranes and take use
of pressure to remove various contaminants and/or desalinate water [168,169].

Since the pressure may be applied perpendicularly (Figure 1.10 a) or tangentially (Figure 1.10
b) to the membrane, it is possible to distinguish primarily two membrane-based filtration
techniques [170,171], i.e. dead-end or cross-flow filtration processes, respectively.

(a) Pressure (b)

Qe °
Pressure

©

Dead-end filtration Cross-flow filtration

Figure 1.10. Graphical schematization of dead-end (a) and cross-flow (b) filtration approaches [172].

Additionally, it is feasible to distinguish between four major kinds of membranes with
various capacities for removing pollutants, which is mostly related to the size of the membrane
pores (Figure 1.11):

e membranes for microfiltration (0.1-5 pm pore size range), which may hold onto

organisms including bacteria, algae, suspended particles, and sediments;

e ultrafiltration membranes that retain proteins and viruses and have pores between 0.01-

0.1 pm in size;

e membranes for nanofiltration that capture dissolved organic compounds and divalent

cations and have pores that range from 0.001-0.01 pm in size;

e reverse osmosis membranes operate on the theory of solvent diffusion across the

membrane (pore sizes ranging from 0.0001-0.001 pm).

Membrane technology presents different benefits and advantages, such as scalability,
relatively low power usage, lack of need for chemicals like other wastewater treatment methods,
and low temperatures of operation [41].

Despite this, the common polymers summarized in Table 1.6 and used to prepare polymeric
filtration membranes came from non-renewable and petroleum resources [173,174] or toxic
substances [175], representing themselves as sources of secondary contamination.
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Therefore, combining greener and cleaner ways to produce environmentally friendly
processes in wastewater and water purification is the key challenge facing research and
industries.

Algae and bacteria

Microfiltrati 10-0.1 pm pores \) Suspended particles and sediments
Q Hydrocarbons and colloids
Low operating
pressures
Ultrafiltration 0.1-0.01 pm pores j%v Proteins and viruses
~ Dissolved organic matter
Nanofiltration 0.01-0.001 pm pores 8
S Divalent Cations (Ca?", Mg?")
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operating
pressures
Reverse Osmosis Non porous (<0.001 pm) @ Monovalent Cations (Na*, Cl)

Water Flux

Figure 1.11. An illustration of the relative pollutant retention abilities of various membrane-based
filtration techniques [172].

As a matter of fact, a distinction has to be remarked between the so-far employed and
complementary “green”, “sustainable”, and “eco-friendly” terms that reflect different aspects of
environmentally conscious practices. “Green” is a broad term that generally refers to practices,
processes or products that are environmentally friendly with no negative impact on the
environment, so far contributing to the conservation of resources, to the reduction of pollution,
or to the overall environmental preservation. Likewise, “Eco-friendly” describes products, or
processes that are not anymore harmful to the environment, even if they come by the
employment of synthetic and harmful reagents. It implies a minimal impact on ecosystems,
human health, and the planet, thus contributing to an overall maintaining of a healthy
environment, on a local or global scale, and sustainable living practices like recycling. Finally,
“Sustainable” refers to something that widely and positively affect the environment, the economy
and the society. A sustainable product is one that may be regarded not destructive or detrimental
to the environment from the extraction of raw materials required for its manufacturing all the
way to the product's end of life. In this regard, sustainable products/processes will not deplete
natural resources over the long term, thus emphasizing the balance between present needs of
the society and the respect of the environment, without compromising the ability of future
generations to safely meet their own needs [176,177].

As a result, most recently researchers are focusing on creating novel membrane filtration
techniques that employ biopolymers or eco-friendly gel mix polymers [178-181]. Additionally, it
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is now possible to modify the performance of these sustainable membranes, which may differ in
some ways from membranes made from fossil-derived polymers in terms of mechanical
properties, thermal resistance, and chemical resistance [180,182] thanks to the knowledge of
nanotechnology and molecular functionalization [125,183,184].

Table 1.6. Fossil-derived common polymers for usual water filtration membranes [172].

Polymer Abbreviation Chemical Structure
Polyethylene UPE, HDPE
Polypropylene PP
Polyvinylidene fluoride PVDF
Polytetrafluoroethylene PTFE
Polyacrylonitrile PAN
Polyethersulfone PES

Polycarbonate PC \L /q\
H

(CH;
Nylon 6 Ny6 /|:/ }
T

H
N_. _N
Nylon 6,6 Ny6,6 (CHa)s

(CH2)4

O o ],

In this regard, carbon-based, silica-based, or metal-based nanomaterials or sol-gels, as well
as nanohybrids and nanocomposites based on various compounds, such as metal or metal oxide
nanoparticles, represent a crucial component in the rational design of adsorbent materials or
membranes with implemented features and functionality for water remediation and
bioremediation [18]. These materials are also helpful in reducing membrane fouling; as a matter
of fact, one of the biggest problems in membrane technology efficiency is the fouling [185],
caused by substances like bacteria, proteins, inorganic compounds, and other organic molecules
[186,187].

In particular, it may be distinguished into reversible and irreversible fouling, which
decreases the effectiveness and longevity of membranes in water and wastewater treatment
processes and necessitates the use of higher pressures, raising the cost of the filtration process

23



CHAPTER 1

and consuming more energy [188,189]. Membrane fouling may be identified in a variety of ways,
as depicted in Figure 1.12 [190,191].

} External
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Figure 1.12. Graphical schematization of several membrane fouling types [172].

Smaller-pored membranes, such as those used in reverse osmosis and nanofiltration, are
more susceptible to exterior fouling than larger-pored membranes, which are primarily
concerned with interior fouling [192,193].

The employment of appropriate antifouling additives for membrane coatings (Figure 1.13) or
as useful antifouling/antibacterial fillers, to be added to the blend mixture before the production
processes, are some of the developed approaches to contrast fouling [185,194].
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Star-shaped block copolymers;
Mussel-inspired;
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Zwitterionic polymer and metal NPs;
Mussel-inspired and metal NPs;
Biopolymer and MOF;

Photocatalyst;

Biopolymer;

Zwitterionic organosilica polymer;
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Figure 1.13. Graphical representation of a general antifouling coated membrane for typical water
foulants (bacteria, proteins, and other organic molecules), as well as some antifouling functional agents
[18,185].

Methods that could aid in finding long-term answers to the challenge mentioned above may
take into account the design and the development of advanced sustainable natural/bio-based
polymeric blends, doped with opportune active molecules, nanofillers or stimuli-responsive
polymers, useful as functional hybrid/mixed matrix (MM) membranes, hybrid/functional
coatings or electrospun nanofiber membranes (Figure 1.14).
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Some of these approaches are at the basis of the next PhD Thesis Chapters.
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Figure 1.14. [llustration of innovative and environmentally friendly methods for modifying water
filtration membranes [172].

1.4. The aim of this PhD thesis

1.4.1 Limits and research gaps of water filtration technologies

Wastewater treatment faces several challenges in dealing with emerging contaminants that
are not typically addressed by conventional wastewater treatment processes. Some of the key
challenges associated with emerging contaminants in wastewater treatment includes: (i) limited
regulatory framework; (ii) analytical detection and monitoring; (iii) treatment technologies; (iv)
transformation products; (v) mixtures and synergistic effects between contaminants; (vi)
resilience to climate change; (vii) lack of public awareness; (viii) urbanization and population
growth.

Addressing these challenges requires a multi-faceted approach involving research,
regulatory action, technological innovation, and public awareness. Collaboration between
researchers, policymakers, water utilities, and the public is essential to develop sustainable
solutions for managing emerging contaminants in wastewater.

On these regards, membrane filtration is a widely used technology for wastewater
remediation, but it does have certain limitations and research gaps, whose understanding and
identifying is crucial for advancing in this field. Just to mention some, these can be represented
by: (i) membrane fouling; (ii) selectivity and flux trade-off; (iii) chemical and biological stability;
(iv) energy consumption; (v) costs and scale-up challenges; (vi) membrane material
sustainability; (vii) emerging contaminants treatment; (viii) life cycle assessment and cost-
benefit.
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Moreover, membrane material optimization involves a nuanced understanding of
contaminant characteristics, a focus on selectivity and durability, and the development of cost-
effective solutions. This comprehensive approach is essential for advancing membrane filtration
technologies and making significant strides in the removal of emerging contaminants from water
sources, as well as of the so-called “common” pollutants. Closing these research gaps would not
only improve the efficiency and effectiveness of membrane filtration for wastewater remediation,
but it may also definitely open the way to the development of more sustainable, less expensive
and innovative solutions for more inclusive and efficient water treatment.

1.4.2 Innovative approaches, methods and solutions explored in this thesis

On the light of the current wastewater treatment issues and limitations, the continuous

advancements in the field of nanotechnology and material sciences represent the necessary skills
to maintain a cutting edge in the design and development of environmentally friendly
nanostructured membranes for water filtration and smart technologies, bearing enhanced
functionalities, specific porosity, selectivity towards water contaminants and recyclability, as
reported in this PhD thesis. In particular, since it is possible to combine the properties of
nanomaterials with eco-friendly approaches for environmental remediation, new research
advances in this field are represented by the development of new innovative nanocomposites
and hybrids featuring different functional properties, which can be also easily regenerated and
reused so that they do not become a source of waste or secondary pollution.
With this in mind, the rational design of the filtering functional materials led to an
implementation of the synthetic procedures that are carried out starting from a selection of
(blended) polymeric matrices, such as natural polymers (obtained from renewable sources) or
synthetically polymerized engineered (namely, organic, inorganic, hybrid, and composite)
materials.

Specific doping nano and micro fillers (inorganic/organic nanoparticles/nanofibers, layered
or porous nanomaterials, such as e.g., nanostructured clays) and functional molecules
(hydrophobic or hydrophilic compounds, chelating or complexing ligands, catalysts, host/guest
macrocyclic systems such as pillararenes) are opportunely selected and stably embedded into
the 3D polymeric matrices through chemical-physical interactions.

Finally, the nanostructured porous functional and nanocomposite membranes may be
obtained in various shapes through various deposition and synthetic approaches, and fully
characterized by a wide series of chemical, physical, mechanical, and morphological techniques.
The electrospinning technique is also studied and employed as useful approach to overcome the
limits of membrane filtration technology. The use of an innovative electrospinning setup based
on a large rotating drum equipped with oscillating carriages, allow to the production of large
electrospun nanofiber (composite) membranes eligible as systems to be employed for prototypes
development, in view of large-scale applications in real wastewater filtration processes.

The filtration (dead-end), retention and adsorption capabilities of the developed porous
functional hybrid materials are tested and studied, in order to assess their potential use for the
development of more environmentally friendly and advanced filtering systems, obtained
through safe-by-design and rational processes, thus reducing or replacing the traditional non-
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renewable water and wastewater filtration devices and overcoming the overmentioned research
gaps and limits of wastewater filtration. As a matter of fact, all the developed systems may be
suitable for their possible regeneration and reuse for various cycle of filtration/sorption. This
feature will be explored in future studies.

More in detail, Chapter 2, 3 and 4, respectively, deeply describe the following research
studies focused on the development of innovative adsorbent systems, such as:

e Biopolymer based electrospun nanofiber membranes, doped with functional halloysite

derivatives;

e Functional waterborne cellulosic-based blends for electrospun nanofiber composite

membranes and hybrid magnetic composites;

e Smart host-guest polymeric blend membranes and beads.

This three years’ research activity was carried out within the “design and development of
smaRt advancEd materials and Sustainable Technologies for wAteR Treatment — RESTART”
Industrial PhD project, funded by PON-MIUR “Ricerca e Innovazione 2014-2020".

Part of the research activities have been performed at the “Centre for Textile Science and
Engineering” of the “Department of Materials, Textiles and Chemical Engineering, Faculty of
Engineering and Architecture” of Ghent University (Belgium). In particular, this six-month
activity involved the development of electrospun nanofiber membranes starting from polymeric
blends based on natural or water-soluble polymers, suitably doped with functional and smart
organic/inorganic fillers, such as nanostructured clays or micro-structured cellulosic derivatives
developed at the ISMN-CNR FunHyMat4Eco lab, c/o the Dep. ChiBioFarAm, Univ. of Messina.

Another part of this research activity, related to the study of advanced filtration techniques
for the removal of emerging contaminants from wastewater, including PFAS, has been carried
out at EuroD company, Scanzorosciate (BG, Italy). This six-month study was preparatory to the
development of filtration membranes functionalized with suitable hybrid organic/inorganic
dopants within the RESTART project.

The research activity related to pillar[5]arene-based PDMAEMA/PES blend polymers were
carried out at the Dep. ChiBioFarAm, Univ. of Messina, and at the ISMN-CNR FunHyMat4Eco
lab.
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CHAPTER 2

BIOPOLYMER BASED ELECTROSPUN NANOFIBER MEMBRANES
DOPED WITH FUNCTIONAL HALLOYSITE DERIVATIVES

The Second Chapter concerns the design and development of sustainable and functional
membranes for advanced and smart water filtration. In particular, paragraph 2.1, will give an
overview of the most recent advances regarding functional membranes as obtained through
various synthetic approaches (i.e., production of mixed blend polymeric membranes, employment
of functional coatings and use of advanced techniques such as electrospinning). In the light of
such improvements, the research activity, performed in the framework of this PhD project, is then
described, focusing on the design and development of bio-polymeric blends based on polyamide 11
(paragraph 2.2) and polyamide 11 and chitosan biopolymers (paragraph 2.3) and doped with
functional hybrid halloysite derivatives, employed to produce different electrospun nanofiber
membranes and composite membranes through electrospinning technique. Their retention
performances towards two model organic dyes are also investigated through a dead-end filtration

cell.
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2.1. Advanced and sustainable water filtration membranes

2.1.1. Natural-derived polymers for the development of sustainable membranes

Researchers must face with different limits to find more sustainable alternatives to fossil-
derived polymers. One of the challenges with biopolymer-based membranes might be a lack of
suitable mechanical, thermal, and chemical resistance [1,2]. As a result, combining them with
other polymers, gels, functional nanofillers, or reinforcing agents is a critical step. As described
in Chapter 1, new nanotechnologies and nanomaterials are currently being used in a wide range
of applications due to their qualities, such as a large surface area (surface/volume ratio), size
effects, reactivity, and catalytic capabilities, presenting themselves as suitable candidates to
tackle these challenges [3-6]. In this context, nanomaterials may be easily chemically altered,
functionalized, and embedded in different polymers and matrices using various and simple
synthetic techniques to generate hybrid materials or nanocomposites with specific and desired
chemical, physical, and mechanical characteristics [7-10].

As a result, they may be employed to create advanced, sustainable, stimuli-responsive, and
unique materials and technologies for a variety of industries, including blue-growth, smart and
technical textiles, biomedicine, construction, cultural heritages, and environmental remediation
[11-13].

The most recent examples of state-of-the-art water filtration membranes based on
sustainable or renewable materials include the use of various natural-derived polymers and gels
[14-16]. Table 2.1 lists some of the most frequent polymers employed for these objectives.

Table 2.1. Common natural-derived and renewable polymers used for the development of water
filtration membranes [17].

Polymer Chemical Structure Derivation Ref.

Cellulose acetate * % \w Wood pulp (18]

Alginate > &/ w Brown algae [19]
Chitosan 3 m w Crustacean shells [20]

: o P o Dried citrus peels or
Pectin o o y [21]
5 on apple pomace
OCH, Jn
0504
Ho OH 1
lo) OH
Carrageenan 4 \&/ ~o Red seaweed [22]
o] ¢]
0S0;
0805 n
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Corn starch, sugarcane
Polylactic acid 5 © ’ ’
olylacticacl H % and other biomasses [23]

'Cellulose acetate = CA; 2 the chemical structure is referred to sodium alginate = NaAlg; 3 chitosan = CS; 4 the chemical structure

is referred to lambda carrageenan = A-Cg; 5 polylactic acid = PLA.

2.1.2. Hybrid/mixed-matrix water filtration membranes

The blending of bio-based polymeric solutions with different functional compounds and
nanofillers lead to the production of the so called “mixed-matrix membranes” (MMM).

An overview of the most recent sustainable nano-hybrid and mixed-matrix membranes
based on different biopolymers, is given in Table 2.2 that also includes a comparison of their
preparation techniques, performances, and retention qualities against various water common
and emerging contaminants.

Chitosan is a natural amino polysaccharide derived from chitin deacetylation. It is derived
from the shells of crustaceans, and it is the second most common biopolymer in nature after
cellulose. It is distinguished by a high concentration of amine and hydroxyl functionalities and
has attracted increasing interest in a variety of applications, including (waste)water treatment
and purification [24,25].

Table 2.2. Descriptive table presenting a comparison of the most recently developed sustainable hybrid
mixed-matrix membranes.

Preparation Filtration Pollutant

System Method Process Treated Filtration Performances® Ref.
e 50mgL"feed
Non-solvent- e pH=7
CS/PVA/MMT *  induced phase Dead-end Chromium e 100 kPa [26]
inversion e 84-88.34% removal
efficiency
e 3.8mgL"feed
. o H=6-
Fe-Al-Mn@CS CA- Phase inversion  Cross-flow Flugrlde . 2—8 bar ’ [27]
based anions .
e Treatment capacity of
4000 L-m™
e 5 wt.% aqueous NaCl feed
Casting and High-salinity o 81°C
CS/GO3 solvent Pervaporation water e 30.0 kgem™h™ permeate  [28]
evaporation flux

*  99.99% of salt rejection
e 100 mg-L™ of each dye feed
e 141 L-m>h™"bar™ flux

Non-solvent-

i i - .1 MPa
TiO,-COOH/CaAl duced ph Cross-fl e} dves * ©1
i / g in i;lszrs?o nase ross-flow rganicdyes Lo blue G250 (98.4%) [29]
and Congo Red (95.9%)
removal rates
PES blended PVA- Pha§e inversion ' e 100 mg-L™"Lanasol Blue 3R
by immersion =~ Dead-end Organicdyes ¢ pH=4.76 [30]
GO-NaAlg L
precipitation o 3bar
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e Up to 88.9% dye rejection
2 mg-L™" heavy metals

Heavy metals *

MW(CNTs/chitosan- Vacuum (Cu*, Cd*, mixture
4 . Dead-end o, e pH=7 31]
carrageenan filtration Co*, Ni**, Py

Ba**, and Pb** i
aan )o Up to 90% removal

! Referred to optimized feed concentration, working pH and pressure, permeation flux, removal capabilities, and parameters; >

MMT = montmorillonite; 3 GO = graphene oxide; * MWCNTs = multiwalled carbon nanotubes.

In this regard, its properties make it a potentially effective adsorbent system for a variety of
common and novel pollutants, such as heavy metals, anionic organic dyes, and macromolecules
[32,33]. Thin films for ultra-nanofiltration technologies, based on chitosan and other polymeric
functional blends, may be produced using simple casting or non-solvent-induced phase
inversion processes [34,35].

Furthermore, clays have a wide range of applications in environmental remediation due to
their negatively charged surfaces, high surface area, swelling capacity (particularly bentonite and
montmorillonite clays), cation exchange capacity, and strong adsorption/absorption properties
[36,37]. They may also be easily functionalized by changing the surface
hydrophilicity/hydrophobicity and adsorption characteristics [38].

A unique organic-inorganic hybrid thin sheet membrane generated by a non-solvent-
induced phase inversion approach from a chitosan/polyvinyl alcohol and montmorillonite clay
mix (CS/PVA/MMT) is an example of how these two materials have been combined. The
resulting hybrid clay-polymeric nanofiltration membrane demonstrated good chromium
rejection rate as well as excellent overall performances, including increased hydrophilicity and
anti-biofouling capabilities [26].

Mixed-matrix membranes, as previously mentioned, are membranes that comprise
polymeric matrixes in which inorganic/organic fillers are uniformly dispersed [39,40]. In another
work, a metal oxide nanofiller was used to make a regenerable MMM based on cellulose acetate
obtained via a phase inversion approach. To create the final MMM, the Fe-Al-Mn@chitosan
nanocomposite was evenly dispersed in a cellulose acetate solution after being prepared by a
simple co-precipitation process from a Mn-slag waste resource. This was tested in a cross-flow
arrangement to remove fluoride anions. The experimental results indicate that 1 m? of this MMM
can treat 4000 L of fluoride-spiked synthetic water by using adsorption and electrostatic
repulsion phenomena (thanks to the F~ cake layers generated on the membrane). Furthermore,
adsorption isotherm tests reveal that the membrane have a maximum adsorption capacity of 2.3
mg-g~. Finally, the membrane was regenerated with 0.01 M NaOH and used for three cycles of
filtering [27].

Gel materials are well-known adsorbent systems for several environmental contaminants
[41]. Microgels, in particular, are an important class of reusable smart materials that are
temperature and pH sensitive, making them appropriate for the effective removal of heavy metal
ions [42] and herbicides [43], as well as the removal and degradation of organic dyes [44].

Alginate is a heteropolysaccharide derived from brown seaweed and the capsules of certain
bacteria that, due to its gel-forming ability, is widely employed in the paper, textile, food, and
environmental remediation sectors [45,46].
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An appropriate nanofiller can be used to improve its mechanical properties. In this regard,
an organo-modification was performed in order to promote nano-filler dispersibility and
interfacial adhesion with the substrate or polymeric matrix, hence reducing agglomeration
phenomena. For example, by carboxylating TiO., nanoparticles, this organo-modified nanofiller
might be used as an appropriate reinforcing agent in the creation of a hybrid hydrogel membrane
based on sodium alginate (TiO,-COOH/CaAlg). The mixture was then cast using a film-casting
process and crosslinked in a 2.5 wt.% CaCl, aqueous solution. Following that, the generated
negatively charged nanofiltration hydrogel membrane was used to reject several organic dyes
such as Brilliant blue G250, Direct black 38, and Congo red, with rejection ratios of 98.4%, 96.8%,
and 95.9%, respectively. This hybrid membrane have also higher tensile strength than the
pristine sodium alginate crosslinked membrane and low rejection rates for the various inorganic
salts tested [29)].

Thanks to their capacity to be regenerated and reused, alginate hydrogels may also be used
to combine petroleum-derived polymers to lessen the environmental impact of the resulting
membranes. An immersion precipitation process was used to create a new asymmetric
microporous membrane based on a nanocomposite hydrogel of polyvinyl alcohol-graphene ox-
ide-sodium alginate (PVA-GO-NaAlg) combined with PES. The membrane demonstrate
adequate antifouling capabilities and organic dye rejection performances, particularly for the
tested Lanasol Blue 3R dye [30].

Carrageenan is not only used as a surfactant in the creation of stable dispersions. Indeed,
because of its propensity to create solid gels, it finds uses in a variety of fields, including
pharmacology, industry, and biology [47,48]. Furthermore, it finds applications as an adsorbent
system in environmental remediation, because of the presence of sulphate, hydroxyl, and
carboxyl groups on its polysaccharide structure, which may serve as potential reactive and
coordinating sites for the adsorption of different pollutants [49,50].

This biopolymer is classified into three categories based on the number of sulfated groups:
lambda carrageenan, which includes three of them, iota, which contains two, and kappa, which
has a single sulphate group per disaccharide unit [51].

It can also be used to increase membrane hydrophilicity in membrane production. For
example, kappa-Cg is combined with PVDF to produce asymmetric membrane structures with
greater dye retention and water permeability than pristine PVDF [52].

A dry casting approach was employed to create an ecofriendly composite membrane based
on a chitosan/k-carrageenan/acid-activated bentonite mix that is effectively used for methylene
blue (MB) removal in a batch system. The 98% removal rate is attained after 200 minutes at
pH=4 and 50 °C with an adsorbent dosage of 0.05 g/10 mL MB solution. The adsorption capacity
of MB is 18.80 mg-g™ at 50 °C, fitting the pseudo-second-order kinetic model and the Freundlich
isotherm model [53].

As a result, various examples of sustainable mixed-matrix, composite, and hybrid
membranes were described; however, despite the fact that they can be prepared using simple
procedures, the employed starting materials and polymers have a not-treasurable economic
impact when applied on a large scale.
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2.1.3. Functional bio-based coatings for filtration membranes

The combination of commonly used polymers with natural or more sustainable ones can
represent a solution for the development of more ecofriendly and less expensive systems;
however, applying functional coatings is a more economical and effective approach to improve
the selectivity and durability of the actual petroleum-derived membranes.

Coating polymeric membranes with functional polymeric gels and blends is a simple and
sustainable strategy to improve the performance of currently used polymeric membranes, which
can also lead to an increase in their lifespan while minimizing fouling [54,55].

Table 2.3 lists some employed coatings, comparing some of the most current techniques and
coating solutions in terms of preparation process and filtering performance.

It is possible to develop functional gel coatings for commercial membranes to provide them
the potential to retain numerous contaminants through rational design [56-58].

For example, a hydrolyzed-PAN membrane was coated layer by layer with a polymeric blend
prepared from naturally obtained k-carrageenan and nanoclay-laponite to create an efficient
self-cleaning and antifouling membrane with superoleophobicity properties.

Table 2.3. Comparison of the most recently produced sustainable and functional coatings for filtration
membranes given together with preparation methods and filtration performances data [17].

Coated Preparation Filtration  Pollutant

Membrane Method Process Treated Filtration Performances' Ref.

System

e 200 mg-L7 BB, 100
mg-L™" RB feed
e 100 L:rm™h™ flux
Layer-by- Dead-end Motor oil, metale 0.1 MPa, 27 °C
layer ions, BB,RB* e  >99% Hexadecane

K-

carrageenan/lap  h-PAN [59]

onite (1:30v/v), 98% RB,
99% BB, >99% NaC(l,
MgSO, rejection
s e 5 mL-min™ feed rate

polyethyleneimi Cellulose Dip-Coating ﬁlli s;‘fikcl)n Cr(V1) and

ne, GO

20 mL of 10 mg-L " feed [60]
=90% and =30% Cr(VI)
and Cu(Il) respectively
e 18 L-m>-h™flux for
Forward synthetic wastewater
Chitosan-AlFu  Cellulose _. . osmosis COD, NH,-N, e 8.75 L-m >h™flux for
Film coating
MOF 3 acetate cross-flow NO;-N and PO, real wastewater
filtration e  Over 80% water
recovery
e 5,25 and 50 mg-L™
feed
e 1bar
e Irradiation chamber
with visible light
e 99.2%, 92.1%, and
78.1% rejection,
respectively
2000 mg-L™" feed [63]

Cu(ID)

[61]

CS-NaAlg PES Layer-by-

Fe,@WO; NPs layer Cross-flow Cr(VI)

[62]

k-Cg/GO UA-60  Film coating Dead-end Divalent ions

41



CHAPTER 2

e s5bar

e 94.86% and 23.6%
rejection for MgSO,
and Na(l, respectively

e 0.45gL"ofeach oil
and Tween 20 feed

Oxidant- n-hexadecane, ¢ pH range 2-11
Catechol/CS PVDF induced Dead-end Peanut ‘oil, and ¢ =428 L-m*h™"bar™ (64]
ultrafast co- crude oil water flux
deposition emulsions e Up to 90% removal
efficiencies of O/W
emulsions

! Referred to optimized feed concentration, working pH and pressure, permeation flux, removal capabilities, and parameters; 2
BB = brilliant blue, RB = rhodamine-B; 3 MOF = metal organic framework.

The modified laponite/k-carrageenan membrane demonstrates high water-soluble dye
adsorption, particularly of brilliant blue (BB) and rhodamine-B (RB), as well as high stability and
flexibility, demonstrating the efficient underwater superoleophobicity and water filtration
capabilities of organic contaminants. In addition to removing oil emulsions and water-soluble
pigments, the filtrate is almost entirely free of metal ions (NaCl, MgSO,) [59].

The negatively charged structure of k-carrageenan improves not only membrane wettability,
but also salt rejection and antifouling performances. A crosslinked kappa-carrageenan (k-CGN)
and GO coating on a commercial UA-60 loose nanofiltration membrane is one example. In
particular, glycerol was used as an ecologically friendly cross-linker for k-carrageenan.
Furthermore, the concentration of GO nanosheets was varied to tune the surface charge,
hydrophilicity, and antifouling features of the membrane in order to develop an ideal coating.
Finally, the coated membrane was examined for water recovery ratio and divalent ion rejection
of landfill leachate wastewater [63].

A response surface approach may be used to improve performance and optimize the
formulation of a functional coating. In this case, a cellulose membrane was dip-coated with
chitosan, polyethyleneimine (PEI), GO, and glutaraldehyde as a cross-linker. The concentration
of the nanofiller and biopolymeric blend components was successfully optimized using response
surface methodology to produce a multifunctional nanocomposite coating of cellulose and glass
nanofiber membrane capable of removing both positively and negatively charged heavy metals
such as Cr(VI) and Cu (II) [60].

Other naturally available biopolymer/gel precursors can be used to give raise to improved
membrane antifouling, hydrophilicity, and chelation properties [133-136]. Their inclusion in bio-
polymeric blends can involve one-step procedures to produce functional gel-based coatings. By
using an oxidant-induced ultrafast co-deposition on PVDF membranes, a catechol/chitosan
coating was easily developed in a green way. The resulting membrane demonstrates high water
permeability and chemical stability in severe pH conditions. Furthermore, the membrane surface
hydrophilic coating serves as an energy barrier for oil droplets, minimizing oil adherence on the
surface and allowing the modified membrane to be used for cyclic oil-in-water (O/W) emulsion
separation operations. Furthermore, a 70% greater water flux is attained than with pristine PVDF
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membranes, and three filtering cycles are performed on a cross-flow cell, each time cleaning the
membrane with DI water [64].

Despite chemical modulation and functionalization of membranes, innovative approaches
to their preparation can include a variety of methodologies to achieve, for example, micro-/nano-
architecture morphologies to improve the membrane active surface and various other aspects
[65,66]. A basic example is a PLA membrane with a hierarchical surface to replicate the predatory
behavior of coral tentacles for the effective deposition of a functional nanoparticle-based coating,
resulting in resilient and superwetting properties. The micro-/nano-architecture preparation
procedure comprised the spreading and film casting of a PLA and B-cyclodextrin (f-CD) solution
over a PET non-woven fabric. Following that, the ultrafiltration membrane generated by the
NIPS method was dried and peeled off the support, resulting in the hierarchical surface
resembling coral tentacles [67].

Furthermore, innovative and scalable technologies that are already used in industry may be
employed to create high homogenous systems at the nanoscale level, such as nanofibers.

2.1.4. Electrospun nanofiber-based membranes
Nanofibers, i.e. fibers with a diameter smaller between 1-100 nm, are progressively being

reported in the literature for the development of water filtration membranes with specified
features [68-70] (Figure 2.1). Nanofibers have a high surface-to-volume ratio and have emerged
as an intriguing new class of materials used to prepare a wide range of systems in different
application fields such as energy storage, healthcare, environmental technologies,
biotechnology, catalysis, air/water filtration, and information technology [71-74].

v" High permeability
>\/ High selectivity
v Mechanical strenght

@ = water molecule

O = contaminant

Figure 2.1. [llustration of nanofiber-based water filtration membranes together with their benefits [17].

Drawing, self-assembly, phase separation, template synthesis, and, most recently,
electrospinning [75] (Figure 2.2) are examples of polymeric nanofiber processing methods
already documented in the literature.
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Polymer solution

Il cao

Injection pump

High-voltage
power supply

Figure 2.2. Schematic representation of the electrospinning technology employed for producing

nanofibers [17].

In particular, electrospinning technology allows for the easy production of nanofibers for a

variety of applications, starting from polymeric solutions or mixtures, and using a high voltage

power supply and a collector plate, without the use of coagulating agents or high

temperatures[76-78].

Some examples are provided in this paragraph to highlight some of the functionalization

options, benefits, and variety of possibilities available in this process for producing functional

doped sustainable nanofibers for water filtration.

Table 2.4 summarizes the main characteristics of recent sustainable nanofiber-based and

composite membranes, as well as the biopolymers, gels, and functional agents used in their

manufacture.

Table 2.4. Detailed table presenting a comparison of the most recently produced sustainable and

functional nanofiber-based filtration membranes [17].

Polymers DAOng lnntg Support Fll)l::)itel:sn P]?:lztzgt Filtration Performances' Ref.
e 104 CFU-mL™E. coli
TEMPO- Escherichia coli | ?gfoi-f;lifﬁljlf;;i—l
CS/PEO Cu* oxidized Dead-end and Bacillus Aux [79]
cellulose subtilis o s )
e 100% microfiltration
efficiency
e s50mgL" MB, 20 mg-L™
FeOOH/g- ERY feed
Cs CN, PAN Dead-end MB,ERY: ° DBPS [80]
particles *  356Lm™h"psi o
e FRR 89.4% (30 min, Vis
+ 50 mM H,O,)
UiO-66- PVDF e 20 mg-L" feed of metal
CS/PAN NH nanofibrous Cross-flow Pb**, Cd**, Cr®* ion [81]
2 sublayer e 1bar,30°C
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* 452,463, 479 Lm™h™
flux, respectively

e 94%, 89%, 85.5%
removal, respectively

e 0.gL"feed of each
dye

e 0.1too.7 MPa

130 and 109.5 L-m™h™

Polyhydroxy =~ Custom BB, DOS, PR, HY,

CaAlg CNTs butyrate ﬁltraFlon And SY 4 flux, BB and PR, (82]
nanofibers device .
respectively
e 99.1% and 97.6%, BB
and PR, respectively
e 30mg-L™" feed
e 1bar, 25°C
Laboratory- e 1533.26 L-m>-h™ flux
le pr re- . 9 9
CS/PVP/PV - edlrjiveesrslu : Cu, Nir, Cd, 22'68 (’/A), 33'860/4)’
CS/PVP  CNTs Pb**, MG, MB and 52 70 ©0-4170, [83]
A membrane CVs 87.20 %, 76.33 %,
filtration 63.39 % rejection of
system Cu?*, Ni**, Cd*, Pb*,
MG, MB, CV,
respectively
e Toluene-in-water
B- Toluene-in-water emlﬂil ons of 3 wt.%, 3
PLA  cyclodextri - Dead-end  emulsions, MB, mg-L MB_’ZOE feed [84]
n OG 6 >1500 L-m™-h™" flux

o  >05% oil/water
separation efficiency
! Referred to optimized feed concentration, working pH and pressure, permeation flux, removal capabilities, and parameters; *

PEO = polyethylene oxide; 3 MB = methylene blue, ERY = erythromycin; 4 DOS = direct orange S, PR = procion red mx-5B, HY =
hydrazine yellow, SY = stilbene yellow, 5 MG = malachite green, CV = crystal violet; ¢ OG = methyl orange.

Multiple examples in literature already report on the usage of various supports on which the
nanofibers are electrospun in order to increase the efficiency and durability of the final
composite membrane [85-88]. The outer layers of a TEMPO-oxidized cellulose core-shell fiber
support were covered on both sides with electrospun nanofibers generated from a chitosan-
polyethylene oxide solution to create a “sandwich-like” composite membrane. To improve
antibacterial performances, electrospun nanofibers were doped with copper ions by soaking in a
CuSQO, solution. In fact, the membrane was evaluated for microfiltration of Escherichia coli and
Bacillus subtilis, demonstrating 100% removal of both bacteria without a substantial decrease in
permeability and reusability [79].

In this regard, the Fenton reaction has piqued the interest of researchers due to its capacity
to convert dangerous organic pollutants into low-molecular-weight inorganic molecules [89-91].
It is a chemical oxidation technique that uses iron salt-based systems or, more recently,
heterogeneous Fenton-like procedures using diverse iron-containing materials or nano zero-
valent iron to execute catalytic degradation processes in the presence of H.O, [92-94]. Such
specific materials can be incorporated into polymeric and gel blends to give functionality at the
final system of performing Fenton-like degrading processes of various water contaminants. Some
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FeOOH/g-C5N, submicron particles sensitive to visible light were used to dope a PAN solution
and an electrospun nanofiber membrane. The membrane was treated with chitosan to increase
its antifouling and hydrophilicity. The system was tested for the removal of methylene blue and
erythromycin from water. The photo-Fenton reaction mediated by the nanofiber doped catalyst
in the presence of visible light and H.O, results in excellent antifouling and pollutant removal.
The degradation of organic pollutants on the membrane surface and pores, in particular, enabled
fouling elimination, constant water flow, and high oxidation resistance, allowing it to be used
for up to ten filtration cycles [80].

Using nanofibrous supports for the deposition of another layer of nanofibers or a coating
allows for the creation of membranes with improved tensile properties. In this regard, they can
also be coated with bio-polymeric hydrogels to increase the composite filtration system barrier,
hydrophilic, and adsorption properties. A polyhydroxybutyrate/carbon nanotubes (PHB/CNT)
electrospun nanofibrous membrane, for example, with high tensile mechanical properties and
porosity due to CNT nanofillers, was coated with sodium alginate via simple film casting and
immersion in a 1.5 wt.% NaAlg solution. The membrane is then immersed in CaCl, water solution
to induce biopolymer crosslinking and the formation of the hydrogel.

Filtration experiments using brilliant blue G, direct orange S, procion red mx-5B, hydrazine
yellow, and stilbene yellow dyes were performed to assess the adsorption and filtration
characteristics of the composite membrane. According to these findings, the composite
nanofiber membrane might be employed as a highly effective nanofiltration membrane with
acceptable oil and protein antifouling capabilities for wastewater dye removal with high flux and
removal rates [82]. CNTs in nanofibers not only functioned as reinforcing agents, but they also
resulted in the formation of nanochannels in functional coatings, which improved water
permeability and, therefore, the flow of the final membrane.

This was also proven in the study of a chitosan/polyvinylpyrrolidone/polyvinyl alcohol
(CS/PVP/PVA) nanofiber membrane generated using electrospinning and subsequently coated
with a CS, PVP, and single-walled CNTs mix using the electrospray technique. The aligned
CS/PVP/PVA electrospun membranes demonstrate excellent pure water permeate flow, a
smooth surface with linked pore topologies, and good antifouling, dye rejection, and heavy
metals removal capabilities. Batch adsorption studies revealed that the maximum adsorption
capacitance for Cu**, Ni**, Cd**, Pb*>*, MG, MB, and CV are 54.32, 53.16, 52.06, 48.19, 49.31, 44.13,
and 37.76 mg-g, respectively. Adsorption isotherm computations validate the Langmuir model
as the model that best matches the results, although the adsorption data for Cu*>* and Ni** are
more consistent with the Freundlich model [83].

Some recent examples of electrospun nanofiber sustainable membranes in composite
systems are shown, either prepared on supports or used as supports for the deposition of
additional functional nanofibers or coatings. Nonetheless, it is possible to develop totally bio-
based systems for multiple pollutant filtering that are not as well supported as the preceding
ones.

Some PLA nanofibers were electrospun and functionalized with polydopamine (PDA) and
mono-6-deoxy-6-ethylenediamine-B-cyclodextrin. In order to achieve the nanofiber coating, the
PLA membrane is first functionalized with PDA and then with the functional f-CDs. The final
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B-CD-PDA@PLA nanofiltration (NF) membrane was evaluated for separation of toluene-in-
water emulsions as well as removal of methylene blue and methyl orange. Because of the
negatively charged surface and the presence of host-guest complexation functional agents like
B-CDs, the NF membrane demonstrate superhydrophilicity and high underwater oleophobicity,
with an absorbability of >95% of positively charged water-soluble organic dyes. Gravity-driven
filtration was used to examine the membrane separation efficiency of 100 mL of green MB/MO
solution (3 mg-L*MO and MB). The MB content is reduced from 3 mg-L™ of feed to 0.009 mg-L~
'of filtrate, whereas the MO concentration showed only a little decrease after filtering, resulting
in a separation efficiency of 99.70% with a flow of 1770 L-m=-h™". Furthermore, it has great
durability to efficiently purify wastewater including both toluene emulsion and MB for at least
30 cycles since the membrane can be easily recovered by washing with a small quantity of
solvents and reusing for the next filtration cycle [84]. A chitosan/poly(vinyl alcohol)/amino-
functionalized montmorillonite nanocomposite electrospun membrane with improved
adsorption capacity and thermomechanical properties was also developed. These membranes
were used to remove a model cationic dye (Basic Blue 41) with a nanofiller loading of up to 3
wt.%. In adsorption tests, the nanofibrous membrane with 2% nanofiller loading exhibit the
greatest and quickest dye removal, with roughly 80% of the cationic dye removed within 15
minutes, at least 20% better than the pristine chitosan/poly(vinyl alcohol) membrane [95].

Electrospinning was also employed to create a water-based poly(vinyl alcohol) (PVA)/starch
hydrogel nanofiber membrane with a high surface area and three-dimensional structure.
Following the thermal cross-linking procedure, the membrane was evaluated for filtration of 100
mL of MB/MO solution with concentrations of 5 mg-L™ for MB and 18.1 mg-L~ for MO. Using a
vacuum pump and a flow rate of 180 mg-min™, the solution was fed over the PVA/starch
nanofiber membrane. The MB adsorbs on the membrane after 54 seconds, and the MO flows
through. With a dye separation efficiency of 99.6%, the MB content in the filtrate decreased from
5 to 0.065 mg-L™, and the MO concentration decreased from 18.1 to 17.5 mg-L ™ [96].

Finally, the described most recent examples of sustainable electrospun nanofiber
membranes already reported in literature can be classified into:

e Double deposited as “sandwich-like” composites;

e Deposited on commercial supports;

e Deposited on nanofibrous sublayers;

e Coated with hydrogels or functional gels;

e Coated with electrospray processes;

e Not supported.

Therefore, several recent approaches were evaluated for the employment of sustainable bio-
based and hybrid/doped blends to produce electrospun nanofiber membranes for the removal
of various pollutants from water, thus demonstrating the feasibility of designing and easily
obtaining membranes with implemented separation features starting from bio-polymeric
blends. In Paragraph 2.2 the production of such electrospun nanofiber membranes based on
polyamide 11 bio-polymer will be detailed, meanwhile in Paragraph 2.3 the preparation of a blend
of polyamide 11 and chitosan, as applied for the production of electrospun nanofiber composite
membranes, will be described.
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2.2. Sustainable bio-based PAmn electrospun nanofiber membranes doped
with hybrid HNT derivatives for the removal of organic dyes from water

2.2.1. Abstract

Polyamide 11 (PAn) is a semi-crystalline, thermoplastic polymer produced from castor oil. When
compared to petroleum-based nylons and other conventional polymers, it has low net CO,
emissions and global warming potential. Moreover, negative charged polyamides can react with
cationic dyes above the isoelectric point [97]. There are some reports of PAu polymer
electrospinning on literature [98-100]. PAu is distinguished by enhanced features such as strong
chemical resistance, high impact and abrasion resistance, low specific gravity, high thermal
stability, and the ability to be treated over a wide temperature range [98]; these properties may
be implemented by the use of opportune functional nanofillers.

In this regard Halloysite (HNT), an aluminosilicate with the empirical formula
ALSi,O5(OH),, is used as a reinforcing nanomaterial for composites, as well as for drug delivery,
anticorrosive and flame retardant coatings, catalysis, and, ultimately, in the removal of
impurities from water [101,102]. It is composed mostly of oxygen (55.78%), silicon (21.76%),
aluminum (20.90%), and hydrogen (1.56%), and it is distinguished by an exterior surface
decorated with silanol and siloxane groups and an interior lumen composed of alumina, having
a variety of easily functionalizable exposed hydroxyl groups.

The present study focused on the design and development of sustainable bio-polymeric
blends based on hybrid polyamide 11 (PAn) that are used to produce different electrospun
nanofiber membranes (ENMs) through the electrospinning technology (Figure 2.3).

Rotating collector
plate

Needle

Polymer solution

 —
I ....
High-voltage

A power supply
Bio-polymeric blends B coo

Injection pump

e
Oscillating carriage

Electrospinninng process

Retention performances and selectivity towards MO and MB organic dyes Doped nanofiber-based membranes

Figure 2.3. Schematic representation of the preparation of advanced ENMs starting from PA11 bio-
polymeric solutions doped with functional halloysite derivatives for selective dye removal.
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Furthermore, different eco-friendly functional nanofillers based on hybrid halloysite (HNT)
derivatives were used as dopant agents of the starting polymeric blends in a ratio of 1, 2, and 5
wt.% of PAn to achieve better mechanical, thermal, and retention performances of specific
wastewater organic contaminants. Chemical-physical and structural-morphological
characterizations of all nanofillers and the resulting sustainable hybrid polymeric membranes
are presented, as the removal and separation studies of two selected anionic and cationic dyes,
methyl orange (MO) and methylene blue (MB), in a dead-end filtration apparatus. In comparison
to pristine PA11 ENMs, the newly created composite ENMs demonstrate good tensile mechanical
and thermal characteristics, as well as higher MO and MB removal rates, which are managed by
the different HNT derivatives used. Dead-end filtration studies were carried out with 1 and 3
layers of each kind of ENM, indicating a selectivity towards the removal of the cationic dye MB
with good separation efficiencies and MO and MB retention rates.

The whole research activity described in this paragraph 2.2 refers to the content outlined in
the article n.2 of the publication list.

2.2.2. Results and discussions

2.2.2.1 Synthetic approaches

Sustainable and environmentally friendly methodologies were used, including sol-gel
processes and water/ethanol as solvents, for the production of the hybrid halloysite derivatives.
The sol-gel technique is gaining popularity due to its advantages, which include low process
temperature, high product uniformity, lack of cytotoxicity, and high adaptability of appropriate
silane precursors in stable binding to functional molecules or surfaces [3].

As a result, five different halloysite hybrid nanofillers, as showed in Figure 2.4, were
developed.
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Figure 2.4. Graphical schematization of the synthesized halloysite eco-friendly hybrid derivatives for
the development of functional polymeric blends for the membrane production.
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The adopted synthetic approach is based on the choice of appropriate alkoxysilane
precursors, focusing on their functionalities in order to promote different possible interactions
(i.e., electrostatic and hydrophobic) with target wastewater pollutants and to increase the
affinity of the inorganic halloysite nanotubes with the organic polymeric matrix in which they
are dispersed to obtain the final blends for membrane production.

2.2.2.2 ATR-FTIR and XRD characterizations of the hybrid halloysite derivatives

ATR-FTIR analysis was used to study the chemical composition of the developed hybrid
nanofillers. Each derivative exhibits H-C-H asymmetric stretching and H-C-H symmetric
stretching.

These IR vibrations are linked to the alkyl chains inserted into the halloysite structure by
functionalization, as reported in Table 2.5 and illustrated in Figure 2.5 a,b, indicating their
successful synthesis.

HNT_NH2, HNT_NH_C8-Cio and HNT_NH_C12-Ci4 derivatives display N-H scissoring
signals. However, C-O-C vibration related to the aliphatic ether functional group characterizing
HNT_NH_C8-Cio and HNT_NH_C12-Ci4 that has to appear around oo cm™, is not clearly
evident and they are most probably hidden under the strong Si-O stretching vibration band

[103].

Table 2.5. Table summarizing the main IR vibrations of pristine and functionalized halloysite

derivatives.
HNT HNT_NH2> HNT_NH_C8-Cio HNT _NH_Ci2-Ci4 Ref.
Wavenumber/cm™
Inner-surface 6 ) ) ) [104.105]
O-H stretching 3593 4,105
Inner O-H
stretching 3624 ) ) ) [104-106]
O-H stretching
of water 3548 ) ) ) [104-106]
N-H.
Asymmetric n.r. 3273 3270 3269 [104]
stretching
C-H,
Asymmetric n.r. 2927 2925 2022 [104,105]
stretching
C-H. Symmetric
stretching n.r. n.r. 2855 2852 [105]
O-H
deformation of 1651 1642 1650 1650 [104,106,107]
water
N-H scissoring n.r. 1556 1555 1554 [104]
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C-H Bending n.r 140 1464-1 1463-1 [104,105]
vibration - 407 464-1377 463-1375 4,105
C-N stretching n.r. 1221 1237 1238 [108]
Si-O 118,
asymmetric 1002, - - - [104,106]
stretching 906
. . [104-
Si-O stretching 793,750 106,109
Al-O-Si 679,
bending 521 i i 104,110}
Si-O-Si bending 458 - - - [104,106]
Ci18_HNT_NH>2 HNT_N+C18 Ref.
Inner-surface - - [104,105]
O-H stretching
Inner O-H - - [104-106]
stretching
O-H stretching - - [104-106]
of water
C-H, 2019 2024 [104,105]
Asymmetric
stretching
C-H, Symmetric 2850 2853 [105]
stretching
O-H 1649 1651 [104,106,107]
deformation of
water
N-H scissoring 1531 n.r [104]
C-H Bending 1467,1410 1469 [104,105]
vibration
Si—O ) - [104,106]
asymmetric
stretching
. . - - [104-
Si-O stretching 106,100)]
Al-O-Si - - [104,110]
bending
Si-O-Si bending - - [104,106]
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Figure 2.5. ATR-FT-IR spectra of pristine and functional HNT_NH2, HNT_NH_C8-Cio, HNT_NH_Ci2-
Ci4 (a) and C18_HNT_NH2, HNT_N+C18 (b) halloysite derivatives.

XRD diffractograms were recorded in order to detect halloysite characteristic peaks (Figure
2.6 a-c) in the different derivatives Ci8 HNT, Ci8 HNT NH2, HNT_N+Ci8, HNT_NH2,
HNT_NH_C8-Cio and HNT_NH_C12-Ci4.

The XRD patterns of all samples are comparable, demonstrating that the crystalline
structure of HNTSs remains nearly intact after functionalization [111,112]. The pristine halloysite
XRD diffractograms shows a sharp peak at 11.21° with a basal spacing of 0.79 nm for the (0o01)
plane of halloysite, identifying the HNT samples as halloysite-(7 A). The appearance of the (020)
reflection at 26 =19.78 (0.45 nm) further indicates the tubular halloysite dehydrated condition
[113]. The halloysite oo1 peak has changed to a higher 20 value for HNT_NH2 (20 = 11.97°, d-
spacing of 0.74 nm), and for HNT_NH_C8-Ci0 and HNT_NH_C12-Ci4 (20 = 1.71°, d-spacing of
0.76 nm). Meanwhile for C18_HNT and C18_HNT_NH2 a 20 = 11.79°, d-spacing of 0.75 nm and
20 = 11.67°, d-spacing of 0.76 nm are detected respectively. HNT_N+Ci8 showed a 20 = 11.76°, d-
spacing of 0.75 nm.

This increase in d-spacing is attributable to silane molecules functionalizing halloysite [114].
Changes in the (002) plane (20 = 24.68°) after silylation are also observed.
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Figure 2.6. XRD patterns of pristine and functional C18_HNT, Ci8_HNT_NH2 (a), HNT_N+Ci8 (b),
HNT_NH2, HNT_NH_C8-Ci0 and HNT_NH_Ci12-Ci4 (c) halloysite derivatives.
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2.2.2.3 Morphological study of the hybrid halloysite derivatives

Figure 2.7 a-f depicts SEM images of pristine and functionalized HNT. Because of the strong
physical, hydrogen, and van der Waals bonding connections between their hydroxyl groups,
HNTs have a characteristic aggregated morphology [115]. Furthermore, after the interaction with
the various functional molecules, pristine HNT retains its long fibrous and tubular shape, as well
as its aggregate property. The normal proportions of HNT nanotubes are preserved when the
outer surface is functionalized [16]. Furthermore, the hybrid derivatives displayed an
exceptionally dense structure in which the nanotubes appear to be connected together with a
rough surface, indicating the presence of an organic domain [117] and electrostatic interactions
between them.

C18_HNT_NH2

AN

HNT_NH_C12-C14

Figure 2.7. SEM images of pristine (a) and functional HNT_NH2 (b), Ci8 HNT_NH2 (c), HNT_N+C18
(d), HNT_NH_C8-Ci0 (e), HNT_NH_C12-Ci4 (f) halloysite samples.

2.2.2.4 PA11 doped solutions preparation and ENMs preparation

A solvent solution of formic acid/anisole (60:40 v/v) was used to produce PAu bio-polymeric
solutions (12% wt.% g-mL™). Each nanofiller was individually added in the PAn solution in
amounts of 1, 2, and 5% (w/w nanofiller and PAn).

The mixture was left to stirin an oil bath at 40°C for 1 hour before cooling to room
temperature and electrospinning.

Then, each electrospun membrane was produced (at room temperature) by collecting
nanofibers on a large rotating drum (at a speed of 200 rpm) coated with aluminum foil, with a
voltage of 30 kV, a distance of 6 cm between the syringe needle tip and a metal collector, and a
solution flow rate of 0.5 mL-h™.

Six syringes were simultaneously employed, and the nanofibers were collected for a total of
5 hours for each membrane. The characteristics of the obtained membranes are showed in Table
2.6.
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Table 2.6. Characteristics of the obtained ENMs, in term of average weight and thickness.

Name Average weight/ mg-cm Average thickness/ pm
PAn 0.95 + 0.01 78 +7
PAu@HNT 1% 1.55 + 0.03
PAn@HNT 2% 1.21 + 0.9
PA11@HNT 5% 0.86 + 0.03 60 =8
PAu@HNT_NH2 1% 0.82 + 0.01
PAu@HNT_NH2 2% 121+ 0.5
PAu1@HNT_NH2 5% 1.29 + 0.03 83+3
PAn@Ci8 HNT_NH21% 1.08 + 0.01
PAn@Ci8_HNT_NH2 2% 1.33 + 0.03
PAn@Ci8_HNT_NH2 5% 1.24 + 0.06 80+2
PAun@HNT_N*C,g 2% 1.27 + 0.04
PAn@HNT_N*C,g 5% 1.20 + 0.04 82+1
PAn@HNT_NH_Cg-C,, 2% 116 + 0.07
PAu@HNT_NH_Cg-C,4 5% 0.94 + 0.02 66 +5
PAu@HNT_NH_C,,-C;4 2% 0.76 + 0.07
PAu@HNT_NH_C;,-Cy4 5% 1.36 + 0.11 84+ 4

2.2.2.5 Morphological study of the electrospun nanofiber membranes
Figure 2.8 and Figure 2.9 a-g' depict the nanofiber average diameters of the 5% loaded hybrid
electrospun PAn nanofiber membranes together with the corresponding SEM images.
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Figure 2.8. Histogram reporting the average diameter of the electrospun nanofibers produced with
different functional nanofiller loading percentages.
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Figure 2.9. SEM images at two different magnifications (a-g and a'-g’) of PAu ENMs doped with a 5%
loading of the different HNT_NH2, C18_HNT_NH2, HNT_N+Ci18, HNT_NH_C8-Ci0 and
HNT_NH_C12-Ci4 halloysite hybrid derivatives.

The figures show a characteristic distribution of thin mesh-like nanofibers with a high
surface area-to-volume ratio. The morphology of the PAu nanofibers remains unchanged
following the addition of functional nanofillers. The nanofibers produced have a uniform
diameter and a smooth surface. This last element of evidence implies that the HNTs nanotubes
are embedded within the produced PAn nanofibers and oriented co-axially along the nanofiber
direction [118].

Despite this, a very fine 'secondary’ mesh composed of finer fibers of PAu is observable, as
illustrated by the arrows in Figure 2.9, most likely due to the enhanced conductivity of the initial
polymeric mix and charge density variations after HNT nanofiller addition [119]. The average
diameter range of all the nanofiber samples with the different loading values of halloysite
derivatives is comprised in 244-327 nm as illustrated in Figure 2.8.

All the nanofiber samples are characterized by similar diameters compared to the pristine
PA11, thus evidencing that the hybrid halloysite derivatives do not affect only the obtaining of
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excellent and uniformly distributed nanofibers, but also slight differences in their dimension.
Furthermore, PAn@HNT_NH_C8-C1i0 5% nanofibers have an average diameter of 407 + 67 nm,
which may be attributed to an increase in solution viscosity [119,120] due to the interactions
between the organophilic HNT derivatives and the polymeric solution [121].

2.2.2.6 Electrospun nanofiber membrane static water contact angle measurement

Further characterizations were carried out in order to comprehend the influence of the HNT
loading value and functionalization in the various polymeric blends. The water drop method was
used to study the wetting behavior of the produced nanofibers. Figure 2.10 and Table 2.7 show

the static water contact angle histogram and values, respectively, determined to better assess the
surface wettability.
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Figure 2.10. Histogram reporting the static water contact angle value of ENMs.

Table 2.7. Static water contact angle value results.

Name WCA/°
PAn 134.3 £ 1.2
PAn@HNT 1% 131.5 + 0.3
PAu@HNT 2% 130.5 £ 1.5
PAu@HNT 5% 133.0 £ 1.0
PAu@HNT_NH2 1% 132.1+ 1.6
PAun@HNT_NH2 2% 127.9+ 2.5
PAu@HNT_NH2 5% 124.7 £ 2.8
PAun@Ci8_HNT_NH2 1% 121.2 + 2.4
PAn@Ci8_HNT_NH2 2% 127.3 £ 2.5
PAn@Ci8_HNT_NH2 5% 128.9 £ 1.6
PAu@HNT_N+Ci18 1% 132.2 £ 1.2
PAu1@HNT_N+C18 2% 133.5+2.2
PAu@HNT_N+C18 5% 129.5 + 2.8

57



CHAPTER 2

PAu@HNT_NH_C8-Ci0 1% 17.6 + 3.3
PAn@HNT_NH_ C8-Ci0 2% 120.7 £ 1.7
PAn@HNT_NH_ C8-Cio 5% 124.5 + 2.9
PAu@HNT_NH_C12-Ci4 1% 129.8 £ 2.6
PAun@HNT_NH_Ci2-Ci14 2% 130.3 £ 1.6
PAn@HNT_NH_Ci12-Ci4 5% 134.6 £ 1.4

As indicated by the experimental results, the wetting behavior of the various doped ENMs
shows to be moderately affected by the hybrid HNT derivative employed. Only the PAn@HNT
and PAu@HNT_N+Ci18 membranes do not exhibit a significant shift in static water contact angle
values. Meanwhile, the PAu@HNT_NH2 shows a decrease in surface hydrophobicity from 132 +
3° to 125 + 5° proportional to the increasing of the nanofiller loading value, due to an increase in
surface energy caused by the hydroxyl and amino groups present in the hybrid HNT derivatives
[122]. Furthermore, PAu@Ci8_HNT_NH2, PAu@HNT_NH_C8-Ci0, and PAu@HNT_NH_Ci2-
C14 samples have higher hydrophilicity than pure PA11 membrane. The WCA values for these
samples slightly increase as the amount of doping nanofiller rise.

All the observed results may be explained in the distribution of the nanofiller into the
polymeric nanofibers, together with that of the functional groups, and the hydrophobicity of the
long alkyl chains of the employed functional molecules [123,124].

2.2.2.7 Tensile mechanical analysis

In Figure 2.1 a—c the tensile stress-strain graphs of the 5% loaded ENM samples doped with
all the HNT derivatives are showed, together with the related average maximum stress and
elongation at break values. All of the sample data exhibit the typical thermoplastic polymer
behavior. The rigid morphology of the HNT nanotubes has been observed to reduce the rigidity
and stiffness of polyamide 6,6 polymeric composite nanofibers (5, 10, 15, and 30 wt.% HNT load)
[119].

The obtained results reveal moderate increase in tensile strength, which can be attributed
to effective stress transfer from the PAu1 polymeric matrix to the hybrid nanofillers, as a result of
good affinity and interfacial bonding between them, which causes a decrease in polymer chain
mobility [115]. A slight increase of the average max strength is observed compared to pristine
PAu for the PAu@HNT, PAu@HNT_NH2, PAu@Ci8_HNT_NH2, PAu@ HNT_N+Ci8, and
PAu@HNT_NH_Ci12-C14 doped ENMs (see Table 2.8).

Table 2.8. Average maximum tensile strength and elongation at break values of the tested electrospun
nanofiber membranes.

Name Average max tensile strength/MPa Average elongation at break/%
PAn 3.04 + 0.21 40.91 £ 5.00
PAu@HNT 5% 3.81+0.31 65.14 + 6.77
PAn@HNT_NH2 5% 5.03 + 0.09 73.09 * 4.05
PAn@Ci8_HNT_NH2 5% 4.26 + 0.26 51.64 + 3.19
PAn@HNT_N*C;g 5% 4.36 £ 0.21 69.78 + 4.52
PAn@HNT_NH_Cg-C, 5% 3.07 + 0.22 58.60 * 5.21
PAn@HNT_NH_C;,-Cy4 5% 4.42 * 0.36 47.23 +5.84
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Figure 2.11. Plots showing the tensile stress-strain curves of the investigated materials (a), and average
maximum tensile strength and elongation at break (b), together with the instrumental setup (c).

Only the PAu@HNT_NH_C8-Cio sample show a 3.07 + 0.22 Mpa average maximum
strength, which is not relevant in comparison to PAu pristine ENM, but this result is consistent
with the differences observed in the morphology and surface wettability analyses, confirming
that there is a correlation between nanofiber diameter, wettability, and tensile strength.

Therefore, the effective transfer of stress to the HNT derivatives demonstrate again their well
incorporation into the nanofibers, but also the achievement of ENMs with quite good
mechanical features, making them suitable for possible applications in filtration devices.
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2.2.2.8 Differential scanning calorimetry study

A study on the crystallinity changes upon a thermal treatment of the developed PAu 5%
doped ENMs was performed and investigated with a DSC instrument. The results of the first
heating, cooling and second heating measurements are showed in Figure 12 a-f and Figure 13 a-
¢, also showing the comparison between the melting and crystallization temperatures and the
related enthalpy.
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Figure 2.12. Plots showing the DSC data with magnification of the obtained results and elaboration of
the average temperatures and enthalpies associated to the first heating run (a,b), second cooling run
(c,d), and third heating run (e,f) of all the pristine PAu ENMs and the 5% loaded ENMs.
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Figure 2.13. Plots reporting the average temperatures and enthalpies based on DSC data of the first
heating run (a), second cooling run (b), and third heating run (c) of all the pristine PAi1 ENMs and the
5% loaded ENMs.
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The pristine PAn1 and the doped ENMs show a melting peak comprised from 189 and 192 °C,
revealing slight differences in this values and the related melting enthalpies due to the presence
of the hybrid HNT nanofillers.

Meanwhile, the crystallization temperatures for the pristine PAun ENM vary from 155.27 +
0.09 °C t0 163.13 * 0.03 °C for the PAu@HNT_N+C18 ENM. These moderate variations might be
explained by distinct forms of nucleation and crystallization growth taking place in composite
ENMs featuring HNT derivatives [125]. After the second heating, the endothermic peak
structures of all samples have small differences, suggesting a change in the crystal structure of
the composite nanofibers probably as a consequence of the loosing of the intrinsic nanofiber
morphology [126,127].

2.2.2.9 Organic dyes filtration experiments

Various separation tests were carried out in order to correlate the functionalities of the
resulting doped nanofibers, as well as their removal capacity and selectivity towards anionic and
cationic organic dyes. The model cationic and anionic molecules, MB and MO, respectively, were
chosen to investigate the influence of the 5% loaded ENMs on the retention of two different
types of organic dyes. A mixture of MO and MB (Viot = 50 mL; [MO] = [MB] = 2.5 mg-L™) was
then filtered in a dead-end filtration cell with a constant flux of 209 L-m™>-hunder nitrogen flow
and testing 1 and 3 layers of the same functional ENM for retention rate and separation efficiency
determination.

As shown in Figure 2.14, 3 layers of ENMs are more effective than 1 layer in the retention of
the two organic dyes, although in certain situations, they are less selective towards one of the
two tested dyes.

i oMB, 1 layer
mMB, 3 layers
: T EMO, 3 layers

0 20 40 60 80 100
Retention rate/%

Name

Figure 2.14. Retention rates for a MO and MB solution filtration in a dead-end filtration cell with 1 and
3 layers of 5% loaded ENMs.
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Particularly, the 1-layer PAu@Ci18_HNT_NH2 and PAu@HNT_N+Ci18 ENMs (Figure 15 a-d)
demonstrate selectivity for the removal of the cationic dye MB, with retention rates of 47.1 and
64.3% and separation efficiencies of 69.8 and 73.3%, respectively.
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Figure 2.15. UV-Vis spectra of the MO/MB solution filtration experiment carried out via one layer of
the PAu@HNT_N+C18 5% ENM (a) and three layers of the PAu@HNT_NH2 5% ENM (b), with
corresponding pictures of their appearance after the filtration experiment (c, d).

This can be explained by the presence of cationic or cationizable groups (i.e., quaternary
ammonium groups of N+C18 functional molecule and APTES amino groups) in the hybrid HNT
derivatives employed which allow the retention of MB according to the process depicted in
Figure 16 a [128].

However, the extremely porous character of the developed ENMs may allow for enhanced
interactions between anionic and cationic MO and MB dyes and hybrid HNT nanofillers [129],
which promotes the production of fouling on the membrane surface resulting in higher retention
rates of both the organic dyes as revealed from the 3 layer ENMs experiments (Figure 16 b) [130].

As a result, 3-layer PAu@HNT_NH2 ENMs show the highest MO and MB retention rates of
100 and 89.8%, respectively, followed by 3-layer PAn@HNT_NH_C12-C14 (92.5 and 67.8%)>3
layer PAn@C18_HNT_NHz2 (84.4 and 87.5%) > 3 layer PAu@HNT_N+C18 (80.4 and 67.5%).

The amorphous nature of PAu1 may also contribute in the retention of organic dyes [97], but
more tests are needed to explain this phenomenon.
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Figure 2.16. [llustration of sieving, adsorption, electrostatic repulsion, and fouling layer formation as
possible processes responsible for the MO/MB retention and separation performances of the 1-layer (a)
and 3-layer (b) ENMs.

2.2.3. Conclusions

Through a green sol-gel polymerization process, five distinct eco-friendly functional
nanofillers based on halloysite clay were effectively synthesized. ATR-FTIR, XRD, and SEM
investigations were used to examine the associated chemical-physical, crystalline, and
morphological features. The electrospinning technology and a rotating collector were used to
create new nanofiber-based membranes from polymer blends based on the embedding of these
functional derivatives and the polyamide 11 biopolymer, while different concentrations of
nanofillers (1,2, and 5 wt.%) and process parameters were tested. The nanofiber shape, water
wettability behavior, tensile and thermal characteristics of the produced ENMs were
investigated. The separation efficiency and retention performances of the two model organic
dyes, MO and MB, were researched using a dead-end filtering cell with one and three layers of
each type of ENM. PAu@Ci8_HNT_NH2 and PAu@HNT_N+Ci8 1-layer ENMs demonstrate a
selectivity towards the removal of the cationic dye MB with a separation efficiency of 69.8 and
73.3 % respectively, at a constant flux of 10 mL-min™ (209 L-m=h). Hence, PAu@HNT_NH> 3-
layer ENMs display the highest retention rate for MO and MB of 100 and 89.8%, respectively.

In conclusion, the preliminary results achieved by these filtration experiments permits to
affirm that, despite the hydrophobicity and poor adsorption properties of PAu polymer, the
chemical, thermal and mechanical resistance of this material, when combined with synthetic
functional HNT nanofillers, allow the production through the electrospinning process of
nanofibers with quite good thermal and tensile properties, as well as retention and separation
features towards cationic and anionic organic dyes. As a result, a fully bio-based, sustainable,
and economically scalable approach for the production of new functional ENMs with potential
applications in wastewater filtration was described, employing simple, low-impact, one-step
synthesis protocols and procedures, with the goal of greener remediation technologies and
future.
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2.3. PA11 and chitosan blends doped with functional halloysite derivatives
for the preparation of electrospun nanofiber composite membranes

2.3.1. Abstract

Chitosan is a natural cationic polysaccharide generated from the deacetylation of chitin that
has been extensively researched in a variety of applications. It is a biocompatible, biodegradable,
and nontoxic copolymer of (1 — 4)-2-acetamido-2-deoxy-B-d-glucan and (1 — 4)-2-amino-2-
deoxy-B-d-glucan. Because of its extraordinary qualities, such as antimicrobial, bioadhesive,
coagulant, antibacterial properties, and wound healing ability, chitosan is an optimal candidate
for applications in various sectors such as medicinal, cosmetics, and pharmaceutical, as well as
agricultural product preservation [131].

Chitosan composites are widely employed in the food industry and (waste)water treatment,
in addition to a variety of other industrial applications [132].

Although chitosan electrospinning has already been examined, particularly viscous polymer
solutions such as alginate and carboxymethylcellulose are frequently difficult to electrospun due
to their high surface tension and lack of chain entanglement [133]. As a result, current research
has focused on electrospinning chitosan blends with other appropriate polymers such as
polyethylene oxide [134], poly(vinyl alcohol) [135], polyamide-6 [136], polyamide-6,6 [137] and
biopolymers such as gum Arabic [138] and cellulose acetate [139].

As explained before, halloysite nanotubes (HNT) are clay minerals from the layered
aluminosilicate (1:1) family that are abundantly available, cheap, and have great mechanical and
thermal stability [140]; thanks to its intriguing properties it is widely used as functional nanofiller
in various applicative sectors. Other interesting aspects of this kind of nanoclay include good
biodegradability, minimal cytotoxicity at higher HNT concentrations (up to 0.5 mg-mL™), and
the ability to improve mechanical properties of reinforced polymeric electrospun mats [133].

Furthermore due to these overall properties, including a large specific area and variable
surface chemistry, their usage in electrospun nanofiber membranes and composites for water
purification has expanded significantly in recent years [141].

In the previous paragraph, the successful incorporation of various hybrid halloysite
derivatives into PA1u solution was demonstrated with the aim to prepare electrospun nanofiber
membranes with quite good mechanical properties and retention performances towards two
tested organic dyes (i.e., methyl orange and methylene blue) after filtration experiments
performed in a dead-end filtration cell.

The synthesis of eco-friendly electrospun nanofiber composite membranes based on
polyamide 11 and chitosan biopolymers in various ratios (9o:10, 80:20, and 70:30 w/w
PAn/chitosan) is discussed in this paragraph. Three halloysite derivatives produced from (3-
aminopropyl)triethoxysilane, dimethyloctadecyl[3(trimethoxysilyl)propyllJammoniumchloride,
and octyl/decyl glycidyl ether alkoxysilane precursors were used as functional additives to
improve the properties of the final nanofibers.

These latter were subsequently collected on a polyester calendared substrate to produce
electrospun nanofiber composite membranes that might be used in water filtration devices
(Figure 2.17). The morphology, wettability behaviors, mechanical tensile and thermal properties
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of pristine and doped PA11 and PA11/chitosan membranes were investigated, thus demonstrating
the efficient enhancement of characteristics through the synergistic effects of cationic and
hydroxyl group rich chitosan biopolymer, mechanical properties of PAn, and, ultimately, the
functionalities of hybrid halloysite derivatives.
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Figure 2.17. Schematic graphical representation of the preparation of advanced electrospun nanofiber
composite membranes starting from PA11 and chitosan bio-polymeric solutions doped with functional
halloysite derivatives.

The whole research activity described in this paragraph 2.3 refers to the content outlined in
the article n.3 of the publication list.

2.3.2. Results and discussions

2.3.2.1 Functionalization approaches and bio-polymeric blend preparation

The functional halloysite derivatives used in the present research were created using
ecologically friendly and sustainable methods. Three hybrid derivatives were obtained using sol-
gel synthesis in water and ethanol as solvents. The sol-gel approach is an interesting synthetic
strategy for developing superior formulations with high structural and compositional
homogeneity. It consists of a sequence of simple hydrolysis and condensation processes of metal
alkoxides.

The low temperature chemistry, repeatability, lack of toxic solvents, and high surface-to-
volume ratios of generated compounds differentiate this process [3,142].

As a consequence, three distinct halloysite hybrid nanofillers (Figure 2.18) were developed
and named as HNT_NHz2, HNT_N+_Ci8 and HNT_NH_C8-Cio0, by use respectively of the
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alkoxysilane precursors (3-aminopropyl)triethoxysilane, dimethyloctade-
cyl[3(trimethoxysilyl) propyl]ammoniumchloride and octyl/decyl glycidyl ether.

The alkoxysilane precursors were chosen to impart diverse functionalities to halloysite
nanotubes and exploit various interactions with potential target water contaminants.

Furthermore, because of the presence of the added organic functionality, the obtained
hybrid materials can be easily blended with polymers to achieve better homogeneity of the final
blend, as well as to promote their cross-linking and hydrogen bonding interactions with the
polymeric matrix (Figure 2.19).

The ATR-FTIR, XRD and SEM characterizations of the three HNT derivatives were already
reported in the previous paragraph.
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Figure 2.18. Graphical illustration of halloysite derivatives developed as functional nanofillers for the
electrospun nanofiber composite membrane development.

Polyamide 11 and chitosan are used as biopolymers for electrospun nanofibers preparation
doped with functional hybrid nanofillers.

The main goal of this work thus is the synergic combination of the very good mechanical
and thermal properties of polyamide 11 with the functionalities of chitosan biopolymer and HNT
derivatives to obtain membranes with enhanced properties that could be evaluated as eco-
friendly alternatives to common fossil-based membranes for water remediation.

The thermal, mechanical, and wettability characteristics of the produced membranes with
varied PAn/chitosan ratios (i.e., 9o:10, 80:20, 70:30, w/w) and functional nanofillers at 3% wt. (of
PAn) are thus detailed. The electrospinning technique was carried out on a polyester calendared
support (PE) in order to prepare PE_PAu and PE_PAu1/Chitosan composite membranes for an
easy use in water filtration processes.
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Figure 2.19. [llustration of polyamide 11/chitosan electrospun nanofibers doped with hybrid functional
halloysite derivatives and spun on a polyester calendared substrate, with its SEM image, and potential
interactions taking place between biopolymers and additives.

2.3.2.2 Bio-polymeric blends and electrospun nanofiber membranes preparation and characteristics

Bio-polymeric blends were developed by combining PAn with chitosan (in a total polymeric
concentration of 12% wt.% g-mL™) in the following ratios: 9o:10, 80:20, and 70:30 (PA1/chitosan).
Formic acid and anisole in a 60:40 volumetric ratio was then added as a solvent.

A 3% w/w (to total polymers) ratio of each nanofiller was added individually to the PAn
or PAn1/Chitosan solution. The mixture was agitated in an oil bath at 40°C for one hour, before
electrospinning it.

The PAui1 and PAn/Chitosan blends (these lasts also known as PA11/Chi) were electrospun at
room temperature.

The nanofibers were collected using a large rotating drum (rotation speed of 200 rpm) that
was covered in aluminum foil and a polyester calendared substrate. A voltage of 25 kV, a distance
of 4 cm from the syringe needle tip and the collector and a solution flow rate of 1 mL-h™ was used
as the electrospinning settings.

For each membrane, the nanofibers were collected for a total of one hour using four syringes
operating concurrently.

Table 2.9 illustrates a list of the developed hybrid electrospun nanofiber composite
membranes, together with their average weight and thickness.
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Table 2.9. Properties of the developed hybrid electrospun nanofiber composite membranes.

Name Average weight/mg-cm™  Average thickness/pum
PE Support 4.74 * 0.08 133+£3
PE_PAn 5.25 + 0.14 165 £ 6
PE_PAun@HNT 5.36 £ 0.12 149 + 6
PE_PAun@HNT_NH2 5.35 = 0.18 155 £ 7
PE_PAn@HNT _N+_Ci18 5.32 + 0.07 153+ 7
PE_PAn@HNT_NH_C8-Cio 5.05 *+ 0.15 153+ 9
PE_PA1/Chi go:10 5.00 + 0.16 155 + 7
PE_PA11/Chi go:10@HNT 5.07 + 0.04 161+ 5
PE_PA11/Chi go:10@HNT_NH2 5.99 * 0.32 1539
PE_PAn/Chigoa10@N+_Ci18 5.55 % 0.29 150 + 8
PE_PA11/Chi go:10@NH_C8-Cio 5.36 £ 0.18 152 +3
PE_PA1n/Chi 80:20 5.28 + 0.07 152 + 9
PE_PA11/Chi 80:20@HNT 5.51 + 0.18 145 + 4
PE_PA11/Chi 80:20@HNT_NH2 5.08 + 0.17 144 £ 7
PE_PA11/Chi 8o:20@N+_C18 5.10 £ 0.18 142 £ 7
PE_PA11/Chi 80:20@NH_C8-Ci0 5.11 £ 0.19 157 = 2
PE_PAu/Chi 70:30 5.27 + 0.32 144 =7
PE_PA1n/Chi 70:30@HNT 5.14 + 0.24 145 £ 7
PE_PA11/Chi 70:30@HNT_NH2 5.20 + 0.24 156 + 5
PE_PA11/Chi 70:30@N+_C18 6.04 + 0.24 147 £ 5
PE_PA11/Chi 70:30@NH_C8-Ci0 5.07 + 0.12 165 + 4

2.3.2.3 Morphological analysis of the electrospun nanofiber composite membranes

Scanning electron microscopy (SEM) was used to examine the morphology of the nanofiber
composite membranes. Figures 2.20 a-t and 2.21 a-t show micrographs of various pristine and
doped PE_PAun and PE_PAun/Chitosan-based nanofibers on PE support, at two different
magnifications.

The images show fine mesh-like nanofibers with a high surface area-to-volume ratio and a
smooth surface. The smooth surface of the nanofibers indicates that HNTs nanotubes are co-
axially aligned along the nanofiber direction and are therefore incorporated within the
nanofibers [118].

Figures 2.20, 2.21 and 2.22 and Table 2.10 show that the form and average diameter of the
nanofibers vary with the concentration of chitosan in the starting blend solution, ranging from
a maximum of 671 + 79 nm for PE_PA11/Chi 9o:10@NH_C8-C10 samples to a minimum of 388 +
43 nm for PE_PA11/Chi 70:30@NH_C8-Cio samples.

When the chitosan content increased to 20 wt.% in PA1, the nanofiber diameter decreased,
and they became progressively non uniform. In comparison to the other samples, the
PAu1/Chitosan 70:30 nanofibers are slightly finer.

Polymer conductivity may be increased by including cationic and anionic polyelectrolytes,
resulting in finer fibers.
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Figure 2.20. SEM images of pristine (a,fk,p) and doped (b-e, g-j, I-0, g-t) PE_PAu (a-e) and
PE_PAui/Chitosan (f-t) electrospun nanofiber composite membranes (magnification 5,000x).
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Figure 2.21. SEM images of pristine (a,fk,p) and doped (b-e, g-j, -0, q-t) PE_PAu (a-e) and
PE_PAu/Chitosan (f-t) electrospun nanofiber composite membranes (magnification 20,000x).
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Table 2.10. Average thickness of pristine and doped PE_PAu and PE_PAu1/Chitosan electrospun

nanofibers.
Name Average thickness/nm
PE_PAn 528 + 60
PE_PAu@HNT 509 * 55
PE_PAu@HNT_NH2 559 * 60
PE_PAu@HNT_N+_Ci18 508 + 45
PE_PAu@HNT_NH_C8-Cio 594 + 61
PE_PA11/Chi 9o:10 523 + 64
PE_PA11/Chi 9go:10@HNT 657 + 62
PE_PA11/Chi 9o:10@HNT_NH2 481+ 43
PE_PAu/Chigo:10@N+_C18 539 + 62
PE_PA11/Chi 9o:10@NH_C8-Ci0 671+ 79
PE_PA11/Chi 80:20 474 + 61
PE_PA11/Chi 80:20@HNT 544 * 59
PE_PA11/Chi 80:20@HNT_NH2 427 + 51
PE_PA11/Chi 80:20@N+_C18 467 + 48
PE_PA11/Chi 80:20@NH_C8-Ci0 548 £ 53
PE_PAu1/Chi 70:30 515 + 60
PE_PAu1/Chi 70:30@HNT 475 * 43
PE_PAu1/Chi 70:30@HNT_NH2 509 * 57
PE_PA11/Chi 70:30@N+_C18 486 + 46
PE_PA11/Chi 70:30@NH_C8-Ci0 388 + 43
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Figure 2.22. Histogram showing the average thickness of pure and doped PE_PAu and
PE_PAu/Chitosan electrospun nanofibers.
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Chitosan is a cationic polysaccharide with ionizable amino groups at acidic or neutral pH,
resulting in a higher charge density on the surface of an electrospun ejected jet. As the charges
carried by the jet increase, the electrical field drives the jet to elongate further, resulting in
thinner fibers [137,143,144].

Furthermore, the inclusion of hybrid halloysite derivatives containing cationizable or
quaternary amino groups may improve this action. The increased conductivity of the initial
polymeric blend for the combined presence of chitosan and HNT derivatives also promotes the
nano nailed-bat-like morphology seen in Figure 2.21 ¢,fi k,1,0,p,f [119,145].

2.3.2.4 Electrospun nanofiber mats static water contact angle measurements

Static water contact angle measurements were performed to study the surface wettability of
pristine and doped PAn and PAu/Chitosan nanofibers (Figure 2.23 and Table 2.11).

The wetting behavior of the as spun nanofibers was evaluated by introducing a water drop
to the nanofiber mat without the PE support.
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Figure 2.23. Histogram reporting the wettability data of pristine and doped PA11 and PA11/Chitosan
nanofibers.

Table 2.11. Electrospun nanofiber static water contact angle.

Name Average static water contact angle/°
PAn 121.4 = 0.5
PAu1@HNT 124.0 £ 1.0
PAn@HNT_NH2 119.5 + 1.6
PA11@HNT_N+_C18 125.2 = 1.0
PA11@HNT_NH_C8-Cio 120.9 £ 1.7
PA11/Chi go:10 129.4 + 0.9
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PA11/Chi 90:10@HNT 121.3 + 3.5
PA11/Chi 9go:10@HNT_NH2 126.0 + 2.9
PA11/Chigo:10@N+_C18 127.7 £ 1.0
PA11/Chi go:10@NH_C8-Cio 124.9 £1.3
PA11/Chi 80:20 122.8 £ 3.4
PA11/Chi 80:20@HNT 123.0 + 4.3
PA11/Chi 80:20@HNT_NH2 126.4 £ 1.7
PA11/Chi 80:20@N+_C18 126.3 + 0.9
PA11/Chi 80:20@NH_C8-Cio 1283+ 1.9
PA11/Chi 70:30 19.8 + 3.2
PA11/Chi 70:30@HNT 124.1+2.2
PA11/Chi 70:30@HNT_NH2 123.4 £ 2.9
PA11/Chi 70:30@N+_C18 110.2 + 2.7
PA11/Chi 70:30@NH_C8-Cio 119.5 + 1.1

The numerous hydroxyl and amine groups in chitosan, as well as the amide groups that are
partly hydrolyzed, all contribute to the hydrophilicity of the final chitosan composites [144].

The hydrophilicity of PA11/Chi go:10, PA11/Chi 80:20, and PA11/Chi 70:30 mats slight increase
from 129.4 + 0.9° to 122.8 + 3.4° and 119.8 + 3.2°, respectively.

PA11/Chi 70:30@N+_C18 sample demonstrate the lowest water contact angle value of 110.2 +
2.7°. In contrast, certain doped PA11/Chitosan nanofibers have a moderate lower hydrophilicity
than pristine ones.

This behavior may be explained by the cross-linking and interactions of the hydroxyl and
amino groups of hybrid nanofillers with PA11 and chitosan, resulting in an increase in the
hydrophobicity of the final nanofibers [146].

Surface wettability is critical in the manufacturing of water filtration membranes. Energy
consumption reduction in high-water flux processes, as well as the functional features of dopant
agents, may promote economic and significant benefits in the advanced retention and
adsorption of target water pollutants from wastewater treatment facilities.

2.3.2.5 Thermal properties study of the electrospun nanofiber mats

A DSC instrument was used to study the changes in crystallinity of pristine and doped PAn
and PA1n/Chi 80:20 nanofibers after heat treatment (Figure 2.24 a—c and Figure 2.25 a-f).

Figures 2.24 a-f provides a comparison of the melting and crystallization temperatures and
enthalpy, while Figures 2.25 a-c shows the results of the first heating, cooling, and second
heating measurements.

The melting temperatures of pure and doped PAn and PAun/Chi 8o:20 nanofibers vary
slightly, ranging from 173.9 + 1.3 °C for PA11/Chi 80:20 to 181.5 + 1.4 °C for PAu@HNT samples.

The PAu pristine and PAn/Chi (80:20) derivative electrospun nanofiber crystallisation
temperatures are 154.9 + 0.4 °C and 149.6 + 1.4 °C, respectively.

The moderate differences in crystallization temperature and enthalpy of the pristine and
doped samples may be attributed to the various forms of nucleation and crystallization growth
of the doped nanofiber additives [125]. Following the second heating, the endothermic peak
structures of all samples shows slight changes, indicating the loss of morphology of the
nanofibers [126,127].

73



CHAPTER 2

More tests are needed to thoroughly study changes in the amorphous nature of PAn

nanofibers.
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Figure 2.24. DSC data plots with magnification of the first heating run (a, b), second cooling run (c, d),

and third heating run (e, f) of pristine and doped PAui and PA11/Chit 80:20 electrospun nanofibers.
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Figure 2.25. Elaboration data plots of average temperatures and enthalpies based on DSC data from the
first heating run (a), second cooling run (b), and third heating run (c) of pristine and doped PAu and
PA11/Chit 80:20 electrospun nanofibers.

2.3.2.6 Tensile mechanical properties study of the electrospun nanofiber composite membranes

A DMA instrument was used to examine the tensile mechanical characteristics of the
composite PE_PA11 and PE_PAu/Chitosan electrospun nanofiber membranes.

Figure 2.26 a-d displays the stress/strain graphs. Figure 2.27 illustrates the average maximum
tensile strength of the tested specimens. When compared to pristine PE support and PE_PAn
nanofibers, the doped composite nanofibers exhibit enhanced strength. The effect of PE support
is playing a key role, as showed in the enhancement of the mechanical tensile properties of the
obtained composite membranes compared to pristine nanofibers.

Because of their rigid shape, high concentrations of HNT nanotubes reduce the rigidity and
stiffness of PA 6,6 polymeric composite nanofibers [119]. Agglomeration would occur at higher
levels of HNT loading, resulting in stress concentration areas and lowering mechanical strength
[147]. The reported moderate increase in tensile strength can be attributed to the effective stress
transfer from the PAu1 polymeric matrix to the hybrid organophilic nanofillers as a result of good
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affinity and interfacial bonding between them, resulting in a decrease in polymer chain mobility
[115].

Other factors that possible contribute to the increase in mechanical tensile properties are as
following: (i) uniform dispersion of 3 wt.% HNT in the PAn and PAu/Chitosan matrices, which
prevents nanofiller agglomeration, (ii) hydrogen bonding between the functional groups on the
HNT surface and PAn and chitosan, (iii) electrostatic interactions between the biopolymers and
nanofiller [133], and (iv) stronger bridging interactions between the nanofibrous layer and the

support.
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Figure 2.26. Tensile stress-strain curves for the analyzed PE_PAu samples (a), PE_PAu/Chitosan go:10
(b), PE_PAn/Chitosan 80:20 (c), and PE_PAn/Chitosan 70:30 (d).

The increase in chitosan weight ratio has no detrimental effect on the average maximum
strength of the nanofibers when compared to PE_PAu samples. Only at high PAn/Chitosan
ratios (70:30 w/w PA11/Chitosan) is observed a modest drop in maximum strength.

It has been proven that the addition of chitosan weakens the hydrogen bond between
polyamide chains, shortening or increasing bond order and, thereby, increasing bond stiffness

[148].
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Figure 2.27. Histogram of the average maximum tensile strength of the electrospun nanofiber
composite membranes.

In particular, the hydrogen link between the C=0 and N-H amide planes is broken (as shown
in Figure 2.28) and the dipoles shift to a different orientation to save energy and construct a new
amide plane with the inserted chitosan molecules [144].
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Figure 2.28. Representation of the deformation of polyamide 11 chains after blending with chitosan with
the formation of new hydrogen bonds.
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As a result, when chitosan is mixed with PAn, the interactions between the two components
might change the hydrogen bonds and stiffness of the PA11 primary chains, hence changing their
stretching properties.

A moderate improvement of the mechanical properties of the final composite membrane
compared to pure PE support is therefore observed and could be attributed to the inclusion of
chitosan and the hybrid HNT derivative into PAu blends and the adhesion of the nanofibers on
the support, making the obtained membranes appropriate for a prospective use in filtering
technologies.

2.3.3. Conclusions

Eco-friendly electrospun nanofiber composite membranes based on PAun and chitosan
biopolymers have been developed in this study. The impact of several chitosan ratios (9o:10,
80:20, and 70:30 w/w PAn1/chitosan) was also studied. Three halloysite derivatives obtained from
the functionalization =~ with  three alkoxysilane precursors, namely (3-
aminopropyl)triethoxysilane, dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammoniumchloride,
and octyl/decyl glycidyl ether, were added as functional agents into the bio-polymeric blends to
improve the properties of the nanofibers. The electrospinning technology was therefore used to
produce electrospun nanofibers collected on a polyester calendared substrate to produce the
final composite membranes.

The morphology, wettability behavior, mechanical tensile and thermal properties of pristine
and doped PA11 and PAii/chitosan membranes were investigated, demonstrating a quite good
improvement of characteristics via the synergistic effects of cationic and hydroxyl group rich
chitosan biopolymer, good mechanical properties of PAu1 and PE support, and ultimately the
functionalities of hybrid halloysite derivatives. All experimental findings also demonstrate a
reduction in nanofiber quality and features with a larger chitosan ratio in the biopolymeric blend
(70:30). Future investigations will entail evaluating the removal characteristics of the produced
membranes against specific water pollutants, using electrostatic, hydrogen bonding, and sieving
effects due to the diverse functionalities of the nanofiber composite membranes.

The ability to easily manage the membranes for the creation of long-lasting filtration
membranes for (waste)water treatment/remediation is also made feasible by the presence of the
polyester support and the good mechanical tensile qualities of the membranes.
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CHAPTER 3

FUNCTIONAL CELLULOSIC WATER-BASED BLEND MATERIALS
FOR ELECTROSPUN NANOFIBER MEMBRANES AND HYBRID
MAGNETIC COMPOSITES PREPARATION

The Third Chapter focuses initially on the recent progress regarding the development of

high added value materials useful in water treatment and remediation, as obtained by starting
from renewable and natural sources. The importance and properties of various micro- and nano-
cellulosic derivatives obtained from secondary-raw materials have therefore been described, also
focusing attention on various classes of sustainable doping agents for obtaining functional
polymeric blends and advanced sustainable systems for the removal of contaminants from
waters. In this context, the research activity focused on the use of waste bio-based materials and
waterborne sources for the development of innovative cellulose-derived products, opportunely
functionalized, which are employed as dopant agents for water-based polyvinyl alcohol solutions
in order to obtain different electrospun nanofiber composite membranes. The so developed bio-
based and eco-friendly membranes are tested in a dead-end filtration cell for the gravity-driven
removal of two model organic dyes. A composite material with magnetic properties based on a
cellulose derivative is also developed and tested for the sorption of organic dyes.
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3.1. Secondary raw and natural-derived cellulose-based materials in
environmental remediation

3.1.1. Plant-based cellulose derivatives in advanced materials development

Weeping willow, nettle, lucerne, balm-leaved archangel, and Spanish broom are among the
wild plants found in continental and Mediterranean regions of Europe that are increasingly
commonly studied as potential sources of cellulose fibers and for the development of useful
cellulose derivatives [1]. The Febacaea family includes plants like the common broom (Spartium
junceum), often known as Spanish broom. This latter is a perennial plant that is endemic to the
Mediterranean region. Its long, green stems range in height from o.5 to 3 meters. A sporadic
foliage is present, and bright yellow blossoms are commonly visible at the ends of the branches.
It may be found from South Europe to North Africa and up to the Middle East zones, as well as
certain regions of Central and South America. It prospers in sunny sites with dry, sandy soils up
to an altitude of 1200 m [2].

The Spanish broom has historically been extensively exploited as a source of raw materials
for the production of ropes, sails, webs, bags, fine yarns, fabrics, and clothing, and today it is still
used for a variety of purposes, including the extraction of yellow dye, decorative purposes, and
the production of cellulose fibers [3]. Additionally, Spanish broom find interesting employments
in the extraction of floral essences for perfume production, consolidation of steep slope terrains,
and replanting of damaged regions.

In this regard, Spanish broom fibers might be used to make novel, environmentally friendly
building materials based on concrete and cement mortar [4,5]. The residual properties of
concrete reinforced with Spanish broom fibers are superior those of concrete reinforced with
polypropylene fibers [6]. Researchers have also examined the usage of this broom for biomedical
applications. To aid in the healing process and safeguard skin wounds, Spanish broom, flax, and
hemp treatments infused with glycyrrhetinic acid liposomes or hyalurosomes have been
produced [7]. The preparation of novel skin wound dressings made from Spanish broom gauzes,
filled with Vitamin E and Lactobacillus plantarum [8], has also been reported.

In the framework of the ongoing rise in environmental pollution due to widespread human
activities in several sectors, including agriculture and manufacturing, Spanish broom is being
studied as an adsorbent lignocellulosic material for mercury(IT) removal from water with the aim
of cleaning up pollution [2]. Furthermore, Spanish broom raw cellulose is also used to synthesize,
by reaction with citric acid [9], cellulose citrate, a very effective and selective mercury(II)
sorbent.

The textile industry uses a lot of organic dyes, which are a class of emerging contaminants
that may be found into water bodies and pose a serious danger to both the environment and
human health [10]. As a result, it is necessary to eliminate these pollutants from water sources.
Their remediation has been accomplished using a variety of methods, including membrane
filtration, flocculation, photocatalytic degradation, adsorption, electrochemistry, and biological
therapy [11,12]. The sorption approach is a major and fascinating tactic that may be offered as a
viable alternative among the ones previously addressed. For the effective and selective removal
of this class of pollutants, several sorbing materials, composites, and hybrids based on carbon
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nanotubes, reduced graphene oxide, micro-nano clays, and biopolymers have been continuously
studied [13].

In particular, among other biodegradable and naturally generated polymers, cellulose-based
materials and their derivatives are interesting sorbent systems, because of their relative
availability and safety. In addition, these materials are efficient sorbents for many organic
compounds, including pesticides, and are simple to functionalize due to the abundance of
hydroxyl groups (-OH) on their surface [14].

The interaction of cellulose fibers with various matrices can also be improved by chemically
functionalizing their surface [15]. Chemical or enzymatic techniques can be used to create
various cellulose derivatives, including micro-nano cellulose, cellulose micro-nanocrystals,
micro-nano fibrillated cellulose, and bacterial micro-nano cellulose [14]. In the production of
bacterial nanocellulose by Gluconacetobacter xylinus (ATCC 700178), waste post-maceration
liquid from Spanish broom enzymatic retting is used as a component [16].

3.1.2. Functionalization of cellulose derivatives for environmental remediation

Membrane filtering technologies are increasingly used to retain various pollutants from
ground and wastewater as described in Chapter 2. It is feasible to create functional membranes
for the effective and selective removal of specific water contaminants by readily combining
polymers with functional additives,[17] like cellulosic derivatives, macrocycles and nanoclays
showed in Figure 3.1 a-d and discussed below.

As an example, in a non-solvent induced phase separation process, a bio-based polylactide
(PLA)/poly(butylene adipate-co-terephthalate) (PBAT) polymer blend is mixed with
functionalized cellulose microfiber derived from empty fruit bunch and modified with maleic
anhydride (MEFB). The produced PLA/PBAT-MEFB membrane demonstrated higher porosity
and hydrophilicity. Furthermore, it has been investigated for the adsorption of the cationic dye
methylene blue (MB) in batch and dynamic adsorption methods. Filtration studies
demonstrated that the pure water flow is greater through the PLA/PBAT-MEFB membrane (1214
L-m=h™) than the PLA/PBAT pristine membrane (371 L m==h™): the PLA/PBAT-MEFB
membrane removed 97.2% of the MB, whereas the PLA/PBAT membrane retained just 58.7%
[18].

Fibrous structures with nanoscale dimensions offer a number of exciting qualities, such as
excellent mechanical behavior and large surface area to volume ratio, which makes them
appealing for a wide range of applications [19]. Because of their large surface area, they may also
be significantly and stably functionalized. Among the several methods for generating nanofibers,
electrospinning is increasingly gaining popularity as a simple procedure that permits the
construction of exceptionally porous structures of smooth non-woven nanofibers through
careful control of operation parameters and polymer solution properties. When compared to
typical phase inversion processes for membrane fabrication, electrospinning allows for the
generation of interconnected pores with uniform pore size and porosities greater than 9o% [20].
Electrospun membranes are being used in an increasing number of water purification processes,
such as membrane distillation, feed pre-treatment prior to reverse osmosis or nanofiltration, to
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remove divalent metal ions, oils, organic molecules, and other contaminants from the water
source to be treated [21].
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Figure 3.1. Graphical description of different eco-friendly additives, including microcrystalline cellulose
(a), halloysite (b), B-cyclodextrin (c) and biochar (d), for the development of functional and advanced
environmental remediation technologies.

Microcrystalline cellulose (MCC, see Figure 3.1 a), a cellulose derivative with particle sizes
ranging from 10 to 200 pm, has been reported to have better mechanical qualities, surface area,
functional groups, and other attributes compared to simple cellulose polymer [22,23].

The effect of cellulose whisker and microcrystals on the biocompatibility of cellulose-based
electrospun scaffolds is studied in order to determine their potential usage in electrospun
vascular tissue scaffolds. All experimental findings showed that they are promising dopant
agents for improving scaffold biocompatibility [24].

Electrospun biocomposites, containing nanocellulose and chitosan entrapped within a
poly(hydroxyalkanoate) (PHA) matrix, are being developed for the elimination of Congo red in
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the field of environmental remediation. Electrospun bio composites comprising nanocellulose,
chitosan, and PHA demonstrated to be excellent organic dye filtration systems. The dye removal
of nanocellulose (30.9%) is 3-fold better than chitosan (10.5%) in PHA. To improve the
adsorption of Congo red, nanocellulose and chitosan are added to the PHA mesh, which has a
synergistic effect ranging from 2- to 7-fold when compared to separate bio adsorbents [25].

Eco-friendly mixed matrix membranes for the removal of MB dye over Congo red dye from
simulated waste streams are also developed and evaluated. Hyacinth biomass is utilized as a raw
material to extract nano activated carbon (NAC), which is then used as a filler to improve the
performance of the blank cellulose acetate (CA) membrane for water treatment. The dye removal
capabilities of the composite cast and electrospun CA/NAC are 52.7 and 70%, respectively.
However, the pure cast and electrospun CA membranes only obtained 30 and 43.3%,
respectively. The results revealed that electrospun membranes outperformed casted membranes
[26].

On the other hand, the properties of halloysite (Figure 3.1 b) make it beneficial for a range
of applications, including drug delivery, the development of anticorrosive and flame-resistant
coatings, catalysis, and the removal of contaminants from water [27,28]. The combination of
halloysite nanotubes and Fe;O, nanoparticles improves heavy metal removal using electrospun
membranes. Immobilizing halloysite nanotubes and Fe;O, nanoparticles on polyethylene
oxide/chitosan (PEO/CS) composite electrospun fibers results in magnetic nonwovens. The
adsorbents have a homogenous structure, superior pore structure, high specific surface area, and
superparamagnetic properties as a result of organic-inorganic hybridization. These nonwovens
demonstrated good removal effectiveness of several heavy metal ions, with cadmium, copper,
lead, and chrome adsorption capacity onto the nonwoven in the sequence
Cr(VI) < Cd(II) < Cu(II) < Pb(II) [29].

In recent years, cyclodextrin-based materials have garnered a lot of attention for eliminating
dye pollutants from water among MCC and HNT adsorbents [30]. CDs (Figure 3.1 ¢) are cyclic
oligosaccharides composed of (1,4)-linked glucopyranoside units with a hydrophobic interior
cavity and a hydrophilic exterior surface. They are categorized based on the number of
glucopyranoside units, which can be six, seven, or eight, resulting in o-, -, and y-cyclodextrins,
respectively [31]. The capacity of CDs to create host-guest complexes with a wide range of
compounds makes them excellent for applications in many areas such as pharmaceutical,
biomedical, cosmetics, textiles, environmental, separation, and food [32-34]. B-CDs (Figure 3.1
b), as opposed to a- and y-CDs, have piqued the interest of academics due to their low cost and
ease of production.

In this regard, the development of electrospun fibers based on p-cyclodextrin has also been
described in the literature. The resultant B-cyclodextrin electrospun nanofibers, obtained by
using poly(acrylic acid) polymer and citric acid as cross-linking agents, need to undergo heat
treatment to become stable and aqueous solution resistant, as well as to have a higher tensile
strength. Because of the high -cyclodextrin content and the presence of numerous carboxyl
groups, the fibers exhibit remarkable adsorption and recyclable qualities towards the cationic
dye MB. Dynamic filtering investigations indicate that the membranes can successfully separate
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MB/MO mixture dyes at high flow rates of 150 mL-min™ (volume 100 mL, MB concentration =
4.27 mg-L™, MO concentration = 16.03 mg-L7; ideal pH value of MB adsorption = 9) [35].

A practical approach for generating water-insoluble sericin/B-cyclodextrin/PVA composite
nanofibers (obtained by electrospinning technology with citric acid as the crosslinking agent) is
discussed as well. In this instance, thermal crosslinking is also used. Because of the integration
of -CD and sericin, the composite nanofiber mat confirmed its applicability in aqueous solution
media for MB removal, with a considerable increase in MB adsorption [36].

Biochar (Figure 3.1 d) produced from waste biomass has inspired considerable interest in the
field of pollution reduction since it combines the benefits of "treating waste by waste" and
limiting environmental effect, while achieving carbon capture and sequestration. Furthermore,
the numerous functional groups, porosity, and stability of biochar all contribute to its catalytic
and adsorption activity [37].

A tough portable water purification system has recently been developed using electrospun
nanofibers. The device employs three distinct electrospun membranes. The first membrane is
created by electrospinning a polyacrylonitrile/chitosan solution to function as an antibacterial
membrane, the second membrane is created by immobilizing laccase onto an electrospun
PAN/biochar mat to remove micropollutants, and the third membrane is created by
electrospinning a PAN/biochar to operate as an adsorptive membrane. The applied approach
eliminated over 99% of microorganisms, 83% of micropollutants, and more than 77% of turbidity
in less than 5 minutes of contact time [38].

Zero-valent iron nanoparticles (NZVI) are widely employed in groundwater remediation due
to their strong reactivity to a variety of pollutants [39,40]. On the other hand, NZVI particles are
subject to aggregation, oxidation, and sedimentation. To overcome these problems, surfactants,
suspending agents, and stabilizers are frequently employed [41]. If the NZVI particles are
immobilized on a membrane or other surface with a large surface area, the possibility of
secondary contamination may be reduced. Biochar can be used as a support for a variety of
catalysts, including NZVI. This composite has piqued the interest because Fe(0)-NPs dispersed
over biochar offers benefits such as in situ cleanup, decreased solid residue, organic compound
decomposition, and ease of separation and reuse [37].

On this subject, one may consider that poly(vinyl alcohol) (PVA) is a hydrophilic polymer
with minimal fouling potential and excellent film-forming properties [42] that may be used to
electrospun nanofibers from water-based blends. A water-based PVA/starch hydrogel
electrospun nanofiber membrane with a large surface area and three-dimensional structure
represents an example. Following the thermal cross-linking procedure, the membrane is tested
for filtration of 100 mL of MB/MO solution (5 mg-L™ for MB and 18.1 mg-L for MO) at a flow
rate of 180 mL-min. The MB adsorbs on the membrane after 54 seconds, and the MO flows
through. With a dye separation efficiency of 99.6%, the MB content in the permeate decreased
from 5 to 0.065 mg-L™, whereas the MO concentration decreased from 18.1 to 17.5 mg-L™ [11].

Considering all the shown examples, high value-added products, obtained from secondary
raw materials and from renewable plant biomass, have therefore the potential to become a valid
and concrete alternative for a sustainable modern industrial production and technology.
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3.2. Microcrystalline cellulose and biochar from Spanish broom for eco-
friendly PVA-based electrospun nanofiber composite membranes

3.2.1. Abstract

The approach of producing high-value-added materials from waste obtained from renewable
plant biomass has the potential to become a key component of modern advanced manufacturing.
In this regard, the goal of the present study was to create two cellulosic derivatives from Spanish
broom (Spartium junceum), a common and plentiful broom found in the Mediterranean region.
Microcrystalline cellulose and biochar were successfully obtained from this natural source and
functionalized using simple, eco-friendly, one-step synthetic approaches with appropriate
precursors and nanomaterials, such as (3-mercaptopropyl)trimethoxysilane, (3-
glycidyloxypropyl)trimethoxy, citric acid, B-cyclodextrins, and halloysite nanotubes, to prepare
green, hybrid, and cross-linked systems with specific designed properties (Figure 3.2).

The produced derivatives were characterized and used in the fabrication of eco-friendly
water-based PVA nanofibers through electrospinning on non-woven glass microfiber substrate.
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(Spartium junceum) % HNT_SH blends
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% MCC_CA_B-CD
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Efficient gravity-driven separation of organic dyes Electrospun nanofiber composite membranes preparation

Figure 3.2. [llustration of microcrystalline cellulose and biochar from Spanish broom and their
employment for the preparation of advanced electrospun nanofiber composite membranes for organic
dyes removal.

The membranes demonstrated quite good mechanical tensile capabilities and were
evaluated in a dead-end filtration cell for the removal of a methylene blue and methyl orange
mixed solution, displaying good retention and separation performances towards the selected
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cationic dye. In batch experiments, a biochar-supported nano zero-valent iron composite has
been developed and evaluated for MB removal. The Langmuir adsorption isotherm model more
accurately represents its sorption behavior, with a sorption capacity of 305.65 mg-g™
(Co=100 mg-L™, pH = 7, T =298 K). The whole research activity described in this Chapter refers
to the content outlined in the article n.1 of the publication list.

3.2.2. Results and discussions

3.2.2.1 Extraction of microcrystalline cellulose and biochar from Spanish broom

Microcrystalline cellulose and biochar have been effectively obtained from Spanish broom
and functionalized by means of appropriate precursors and nanomaterials to produce hybrid or
cross-linked systems with specified characteristics. Spanish broom stems were cut into short
slices and processed with maceration and trituration to make the cellulose more accessible.
During the trituration process, two distinct portions were separated as powder fibers and straws
with the use of an electric disintegrator. The straws were pyrolyzed to produce biochar, while
the powder fibers were treated with sodium hydroxide to achieve hemicellulose and lignin
solubilization, yielding alkali-treated fibers (pow_alk), and then oxidized in an acidic medium
to produce bleached fibers (pow_bl) [43]. Finally, these latter were hydrolyzed with sulfuric acid
and hydrochloric acid [44] to produce microcrystalline cellulose (Figure 3.3).

Straws

HCYH,SO, 2:1

Triturationand
= oo separation ;e
Streatment

Boiling and
maceration

Colletting

5
g G-

Powder

Microcrystalline
cellulose

Figure 3.3. Step-ways schematization for the development of microcrystalline cellulose and biochar
from Spartium junceum.

The starting materials and all derivatives were analyzed via ATR-FTIR technique (Figure 3.4).
The FT-IR spectra of straws and powder fibers resulted quite similar. On the other hand, powder
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fiber derivatives spectra show numerous changes following alkali and delignification treatments,
demonstrating the efficient removal of lignin and hemicellulose [44]. CH. stretching signals are
clearly visible for pow, pow_alk, and pow_bl samples at 2613 cm™ and 2545 cm™, with modest
changes in intensity and ratio after each treatment.

Following hydrolysis, the CH, stretching signal emerges with a single band at 2594 cm™,
which is due to the disappearance of hemicellulose CH, stretching vibration component [45].
Powder fibers provide a signal at 1731 cm™ that can be attributed to the hemicellulose acetyl
groups or to the ester and carboxylic functionalities of phenolic acid acids from lignin and/or
hemicellulose [46]. After alkali-treatment and bleaching, this last signal, as well as the bands at
151 cm™ and 1237 cm™ relative to the C=C aromatic and C-O out of plane stretching vibration of
the lignin aryl groups, respectively [47,48], are almost completely suppressed. Furthermore, a
rise in the strength of the crystalline band at 1429 cm™ may suggest the existence of greater
crystalline order in MCC [49].

Relative Intensity/T%

|1 259
W
— Btraws
Powder (pow) ! Vo i
—— Powder after alkaline treatment f(p‘ow_%alk)
- Pow_alk after bleaching (pow_b):
pow_bl after hydrolysis (MCC) | |

b

. 1 x 1 1 1 1 N 1 - 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Figure 3.4. ATR-FTIR spectra of straws and powder from Spanish broom, as well as all powder
intermediates and derivatives, obtained after each treatment for the production of MCC.

3.2.2.2 Microcrystalline cellulose and Biochar functionalization approaches

MCC and Bch may be functionalized using simple, eco-friendly, one-step synthetic
techniques to produce a variety of green and sustainable derivatives. In particular, sol-gel
technique, citric acid cross-linking, and liquid-phase chemical reduction were among the main
procedures used. Sol-gel synthesis was used to create two distinct hybrid organic-inorganic
compounds based on MCC and HNT along with (3-mercaptopropyl)trimethoxysilane (MPTES)
and (3-glycidyloxypropyl)trimethoxysilane (GPTMS) silane precursors (Figure 3.5).

GPTMS sol-gel precursor has a bifunctional functionality due to the presence of a binding
trimethoxysilyl group and an anchoring epoxy ring. Its polymerization begins with an epoxy-ring
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opening reaction of the GPTMS molecules, followed by further processes of hydrolysis of the
trimethoxysilyl group and condensation that lead to the subsequent alkoxysilane polymerization
with formation of a 3D-polyethyleneoxide (PEO) matrix able to host by a chemical or a physical
way functional nanofiller and molecules [51] (Figure 3.5 a).

The thiol group of MPTES, this latter employed to functionalize HNT and obtain the
HNT_SH derivative, can react with the epoxy group of GPTMS. Furthermore, following a
preliminary acidic hydrolysis phase, MPTES trimethoxysilane groups can react with the
alkoxysilane ends of GPTMS, which may statistically bind each other, [52] boosting for example
the reactivity of HNT_SH with GPTMS (Figure 3.5 b).

MCC_GPTMS_HNT and MCC_GPTMS_SH_HNT derivatives were obtained with the aim to
exploit: (i) the organic functionalities of the hybrids for their well integration into the polymeric
blends, (ii) the sorption properties of the functional halloysite nanotubes toward organic
contaminants, (iii) the thiol-modified cross-linked matrix of (3-
mercaptopropyl)trimethoxysilane functionalized HNT for improved affinity towards various
water pollutants.
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Figure 3.5. [llustration of MCC_GPTMS_HNT (a) and MCC_GPTMS_SH_HNT (b) hybrid derivatives.

Since cyclodextrins are extremely helpful in water remediation applications due to their
ability to form inclusion complexes with organic molecules via weak interactions regulated by
supramolecular chemistry [50], they were chosen as functional additives to be covalently and
stably attached to MCC. A green synthesis was carried out using citric acid as a cross-linker for
the surface functionalization of MCC, resulting in the MCC_CA_B-CD derivative (Figure 3.6).
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NaH,PO4

—_—

MCC_CA_B-CD

Figure 3.6. [llustration of MCC_CA_B-CD derivative.

Biochar was produced by a standard pyrolysis of Spanish broom straws. According to
research on other natural derived products [51,52], a pyrolysis temperature of 400 °C is used with
a residence period of 2 hours to create biochar to achieve the optimal chemical and
morphological features (i.e. micro-porosity). In fact, the pyrolysis temperature and residence
time have a significant influence on the chemical content and structure of the resulting biochar
[53]. For example, an increasing charring temperature promote aromaticity and possibly
recalcitrance [51].

Biochar-supported nano zero-valent iron composites were created by post-functionalizing
biochar using a liquid-phase chemical reduction technique (see Equations 1and 2 and Figure 3.7)
[54,55]. Polyethylene glycol (PEG) was used as a stabilizer in the synthesis since it has been
demonstrated that the addition of surfactants may coat micro zero-valent iron particles to
improve their physical stability via steric stabilization [55].

Bch + Fe(H,0)2* — BC-Fe(H,0)%* (1)
BC-Fe(H,0)2* + 2BH, — > Fe, —BC ! + 2B(OH); + 7H, 1 (2)

Bch_NzVi

Figure 3.7. lllustration of Bch_NZVI derivative.
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3.2.2.3 ATR-FTIR characterization of MCC and HNT nanofiller derivatives

The chemical composition of the functional derivatives produced from the modification of
MCC and Bch with the specified nanomaterials and functional agents was studied using ATR-
FTIR spectroscopy (Figure 3.8 a-d).
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Figure 3.8. ATR-FTIR spectra of MCC and HNT (a), MCC and HNT_SH (b), MCC and B-CD (c), and
Bch and Bch_NZVI (d).

The analysis of the signals reported in Table 3.1 demonstrate the effective gaining of final
products.

In particular, MCC_GPTMS_HNT (Figure 3.8 a), MCC_GPTMS_SH_HNT (Figure 3.8 b) and
MCC_CA_B-CD (Figure 3.8 ¢) FT-IR spectra display the characteristic signals of MCC related to
C-H. stretching, C=0 stretching, non-H-bonding and ~-COOH vibrations, C—-O-C asymmetric
vibration of the B-glycosidic linkage, C-O stretching and B-glycosidic C-H vibrations [43,56].

The MCC_GPTMS_HNT and MCC_GPTMS_SH_HNT spectra also reveal HNT-specific
signals such as the inner-surface O-H stretching, inner O-H stretching, Si-O asymmetric
stretching, Si-O stretching, Al-O-Si bending and Si-O-Si bending. Furthermore, they are
identified by the presence of additional H-C-H stretching signals associated to the alkyl chains
of the used alkoxysilanes precursors at 2927 and 2851 cm™ for MCC_GPTMS_HNT and 2855 and
2851 cm™ for MCC_GPTMS_SH_HNT [57-59].
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Figure 3.8 d depicts the ATR-FT-IR of biochar and biochar-supported nano-zero valent iron,
displaying signals associated with C-H stretching (aliphatic), C=, -CH (terminal) groups and
C=C stretching, C=0 stretching, C-N stretching, N-H bending, C=C stretching of aromatic C, C-
O-C stretching and C-H bending aromatic CH out-of-plane deformation [54,55,60].
Furthermore, a wide signal from 1109 to 1397 cm™ is found, which may be attributable to -COO
bonds arising from the polyethylene glycol used in the manufacture of this derivative [54]. There
are no observed peaks associated with the likely generation of iron oxides during the oxidation
of Fe(0), but the poor definition of ATR-FTIR spectra of Bch and Bch_NZVI should be remarked.

Table 3.1. Main IR vibrations of pristine HNT, MCC, Bch, B-CD and all the obtained derivatives.

HNT MCC MCC_GPTMS_HNT Ref.
Wavenumber/cm™
Inner-surface O-H stretching 3696 n.r. 3691 [57,58]
Inner O-H stretching 3623 n.r. 3621 [57-59]
O-H stretching of water 3546 3062-3623 3548 [57-59]
C-H. Asymmetric stretching n.r. 2966-2806 2927 [57,58]
C-H. Symmetric stretching n.r. 2966-2806 2851 [58]
C=0 str, non-H-bonding ~-COOH n.r. 1716 1723 [43,56]
O-H deformation of water 1646 1639 1646 [43,57,59,61]
C-H Bending vibrations n.T. 1421(;’;%64’ 1441, 1364, 1312 [43,57,58]
C-0-C
asymmetric vibration of the b- n.r. 1099 17y (43]
glycosidic linkage
C-0 stretching n.r. 1023 - [43]
B-glycosidic C-H vibrations n.r. 896 - [43,56]
118,
Si-O asymmetric stretching 1000, - 1118, 1002, 907 [57,59]
907
Si-O stretching 791,746 - 793, 750 [57-59,62]
Al-O-Si bending 678, 520 - 679, 524 (57,63]
Si-O-Si bending 457 - 459 [57,59]
HNT_SH MCC_GPTMS_SH_HNT Ref.
Inner-surface O-H stretching 3695 3695 [57,58]
Inner O-H stretching 3621 3621 [57-59]
O-H stretching of water 3542 3546 [43,57-59]
C-H. Asymmetric stretching 2029 2855 [43,57,58]
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C-H, Symmetric stretching 2850 2851 [43,58]
S-H stretching 2556 n.r. [64]
C=0 str, non-H-bonding -COOH n.r. 1720 [43,56]
O-H deformation of water 1642 1633 [43,57,59,61]
C-H Bending vibration 1422,1344, 1304 14309, 1341, 1307 [43,57,58]
Si-C bending 1255 1246 [64]
C-0-C
asymmetric vibration of the b- n.r 116 [43]
glycosidic linkage
B-glycosidic C-H vibrations n.r. - [43,56]
Si-O asymmetric stretching 1116, 992, 902 1113, 1112, 908 (57,59]
Si-O stretching 792,746 798,743 [57-59,62]
Al-O-Si bending 668, 520 676, 523 [57,63]
Si-O-Si bending 454 459 [57,59]
B-CD MCC_B-CD Ref.
O-H stretching of water 3686-3031 3623-3062 [43,57-59]
C-H, Asymmetric stretching 3007-2835 2022 [43,57,58]
C-H, Symmetric stretching 3007-2835 2858 [43,58]
C=0 str, non-H-bonding -COOH - 1718 [43,56]
O-H deformation of water 1650 1640 [43,57,59,61]
C-H Bending vibration 1429, 1377, 1310 1425, 1366, 1315 [43,57,58]
C-0-C
Asymmetric vibration of the - 1090 1105 [43]
glycosidic linkage
C-O stretching 1038 1032 [43]
B-glycosidic C-H vibrations 956 894 [43,56]
Bch Bch_NZVI
C-H stretching (aliphatic) 2921, 2853 - [55]
o e el
O-H deformation of water 2098 2148 [54]
C=0 str 1993 2048-1965 [54]
C-N stretching and N-H bending 1589 1589 [54,55]
C=C stretching of aromatic C 1411 - [60]
C-O-C stretching 1068 - [60]
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C-H bending aromatic CH out-of-

plane deformation 871 - [60]

3.2.2.4 SEM characterizations of MCC and HNT nanofiller derivatives
The morphology of the MCC and Bch derivatives was studied using scanning electron
microscopy (Figure 3.9 a-h').

MCC_GPTMS_SH_HNT MCC_CA_B-CD Bch_NzVI
Figure 3.9. SEM images of the pristine MCC (a, @), Bch (g, g’), and HNT (b, b’) and functionalized
HNT _SH (c, ¢’), MCC_GPTMS_HNT (d, d’), MCC_GPTMS_SH_HNT (e-¢’), MCC_CA_B-CD (f, f) and

Bch_NZVI (h, ") additives at different magnifications.

MCC and its derivatives have a non-fibrous shape, which can be attributed to the high
cohesion of hydrogen bonding between cellulose small particles, resulting in aggregate
formation [65,66]. SEM images results (Figure 3.9 a, a') verify the removal of lignin,
hemicellulose, and other non-cellulosic components (i.e., contaminants) and effective
separation of cellulose, correlating with the ATR-FTIR analyses. When compared to separate
treatments, the combination of alkaline and acid oxidation treatments results in smoother
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surfaces due to the removal of such components [44]. Meanwhile, hydrolysis produces defects
and micro-sized fibrils with a slightly rough surface [66].

These outcomes agree with experimental results observed in the SEM images.

Because of the strong physical, hydrogen, and van der Waals bonding connections between
their hydroxyl groups, pristine HNTs (Figure 3.9 b, b') have a distinct aggregated morphology
[67]. Their long tubular and fibrous form, as well as their aggregated nature, are preserved even
after the reaction with the two distinct cross-linkers and MCC (Figure 3.9 d-€'). In the case of
the HNT_SH hybrid derivative (Figure 3.9 ¢,c'), the nanotubes appear to be bonded together
with a rough surface, indicating the presence of an organic domain, a cross-linked matrix [68],
and interactions between the functionalities. MCC aggregates are therefore visibly
functionalized with HNTs with homogenous surface covering.

MCC_CA_B-CD micrographs (Figure 3.9 f, f’) indicate a smoother morphology than
pristine MCC due to its homogenous covering with cross-linked B-CDs. Furthermore, the
incorporation of features that facilitate interactions between the components of the MCC
derivative results in greater aggregation.

Biochar morphology is distinguished by a lamellar and irregular form with numerous big
holes on its rough surface. Many regular particles with a uniform distribution may be seen on
biochar after it has been modified with nano zero-valent iron. The inclusion of a PEG stabilizer
promotes the effective dispersion of these particles on the surface of Bch [55].

3.2.2.5 MCC, HNT and Bch based electrospun composite nanofiber membranes

Distilled water was used to develop the PVA water-based solution (10% wt% g-ml™). The
PVA solution was mixed with each dopant agent at a ratio of 3% (w/w nanofiller and PVA). After
30 minutes of mixing in an oil bath at 80°C, the mixture was cooled to room temperature before
being electrospun.

Electrospinning was carried out at ambient temperature and humidity (30-40% RH). Each
electrospun membrane is obtained using a voltage of 19 kV, a distance of 12 cm between the
syringe needle tip and the metal collector, and a solution flow rate of 0.6 mL-h™, by collecting
the nanofibers on a large rotating drum (at a velocity speed of 200 rpm) coated with aluminum
foil and non-woven glass microfiber sheets. Two syringes were used simultaneously in an
oscillating carriage, and the nanofibers were collected for a total of 5 hours for each membrane.
Every composite membrane was dried overnight at 60 °C before being thermally treated for 8
hours at 180 °C [69]. Figure 3.10 a, b illustrates PVA-based electrospun composite nanofiber
membranes doped with the functional derivatives described above, generated by electrospinning
on a non-woven glass fiber substrate.

After heat treatment, the specimens have a brownish shade, which is typical of PVA-based
nanofibers [69], and the electrospun nanofiber coating seems to be better attached to the
substrate.

The average weight and thickness of the resulting PVA electrospun nanofiber composite
membranes are shown in Table 3.2.
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Figure 3.10. The appearance of the produced electrospun nanofiber composite membranes before (a)
and after heat treatment b).

Table 3.2. Physical properties list of the developed PVA electrospun nanofiber composite membranes.

Name Weight /mg-cm_z Average thickness/pm
Non-woven glass fiber support 2.94 0,085 + 0,002
PVA 3.30 0,118 + 0,003
PVA@MCC 3.27 0,124 * 0,012
PVA@HNT 3.27 0,121 + 0,001
PVA@HNT_SH 3.47 0,117 + 0,006
PVA@MCC_GPTMS_HNT 3.29 0,115 + 0,002
PVA@MCC_GPTMS_SH_HNT 3.04 0,118 + 0,001
PVA@MCC_CA_B-CD 3.21 0,104 *+ 0,001
PVA@Bch 3.52 0,132 + 0,003
PVA@Bch_NZVI 2.94 0,113 + 0,002

3.2.2.6 SEM characterizations of MCC, HNT and Bch based electrospun composite nanofiber
membranes

SEM technique was used to investigate the shape and fiber diameter of the non-woven glass
fiber support and the resultant electrospun nanofiber composite membranes (Figure 3.11, 3.12).

The SEM images show a pattern of thin mesh-like nanofibers with a high surface area-to-
volume ratio.

Following the addition of the functional additives, the shape of the PVA nanofibers stays
nearly unaltered. The manufactured nanofibers have a consistent diameter and a relatively
smooth surface.

The existence of tiny spindle-like beads in PVA@MCC, PVA@MCC_GPTMS_HNT,
PVA@MCC_GPTMS_SH_HNT, and PVA@MCC_CA_B-CD nanofibers is related to the influence
of the viscosity of the PVA polymeric mix for the presence of the micro-nano fillers added [70,71].

The diameter and dispersion of PVA@Bch_NZVI nanofibers are inadequate. Because of the
conductibility of the used Bch_NZVI dopant agent, the electro spinnability of this final mix
requires additional study and testing to be properly optimized.
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Figure 3.12. SEM images at two different magnifications (a-1 and a’-1') of the pristine PVA and doped
PVA-based electrospun nanofiber composite membranes, as well as the non-woven glass fiber used as
support.

3.2.2.7 Water swelling of the developed electrospun nanofiber composite membranes
The swelling degree and mass loss (Figure 3.13 a,b) of the PVA electrospun nanofiber
composite membranes before and after heat treatment were measured using the method
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described by Hoang et al. [72] (see Chapter 6) to investigate the water resistance of the produced

nanofibers.
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Figure 3.13. Histograms of the swelling degree of electrospun nanofiber composite membranes before
and after heat treatment (a) and corresponding mass loss (b) after swelling experiment in water.

This value is significantly connected to hydrophilicity and crosslinking density, and it has a
significant impact on dye retention performance.

Because of their partial water solubility, untreated PVA nanofibers lost weight after 24 hours
of immersion. PVA@MCC and PVA@HNT_SH membranes display more swelling following heat
treatment, indicating that they are more hydrophilic than the other membranes.

Furthermore, PVA@MCC_GPTMS_HNT, PVA@MCC_GPTMS_SH_HNT, PVA
@MCC_CA_B-CD, and PVA@Bch nanofiber membranes exhibit lower water absorption values
due to the formation of strong hydrogen interactions and a three-dimensional network through
the functional additives used for the functionalization of PVA blends, resulting in high water
resistance [73]. Within 24 hours, no loss of integrity is seen in thermal-treated PVA membranes.
The acquired findings illustrate the effective integrity of the membranes exposed to water
accomplished by thermal treatment and functionalization using the developed materials.
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3.2.2.8 Tensile mechanical properties

The tensile stress-strain graphs of the produced PVA-based composite membranes, as well

as the associated average maximum stress and elongation at break values, are shown in Figures

3.14 a,b.
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Figure 3.14. Representative tensile stress-strain curves of electrospun nanofiber composite membranes

(a), with associated average maximum tensile strength and elongation at break values (b).

An increase of the average max strength is revealed for all the doped membranes (see Table
3.3). The PVA@MCC_GPTMS_HNT membrane performed best in terms of maximum stress and

elongation at break value.

The solid form of HNT nanotubes may reduce the rigidity and stiffness of the resultant

polymeric composite (i.e., with high concentration of HNTs) as well as nanofibers [74,75].
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Table 3.3. Average maximum tensile strength and elongation at break values of the tested electrospun
nanofiber composite membranes.

Name Average max tensile strenght/MPa Average elongation at break/%
Non-woven glass fiber support 0.78 £ 0.24 14.52 + 5.42
PVA 1.51 + 0.08 21.58 + 5.39
PVA@MCC 2.87+0.34 21.05 + 2.23
PVA@HNT 1.97 £ 0.31 24.27 + 4.00
PVA@HNT_SH 2.35 + 0.17 21.94 + 2.11
PVA@MCC_GPTMS_HNT 2.96 £ 0.29 27.59 £ 5.54
PVA@MCC_GPTMS_SH_HNT 5.12 + 0.39 28.19 £ 1.40
PVA@MCC_CA_B-CD 2.10 * 0.57 17.08 + 2.80
PVA@Bch 2.06 + 0.18 27.84 + 4.89
PVA@Bch_NZVI 3.09 * 0.47 14.70 * 5.79

The obtained results show an increase in tensile strength and elongation at break, which can
be attributed to the non-woven glass fiber support on which the nanofibers are stable bridged,
and the effective stress transfer from the PVA polymeric matrix to the hybrid dopant agents, due
to the good affinity and the interfacial bonding between them, thus resulting in a reduction in
the polymer chain mobility [67].

These studies led us to conclude that incorporating MCC into polymeric blends bring to an
improvement in tensile strength and elongation at break of some nanocomposites, may be due
to hydrogen bonding interactions between various cellulosic derivatives and the polymeric
matrix, which increased the crystallization rate of the final nanocomposites, thus resulting in
increased nanofiber stiffness and mechanical properties [76]. Furthermore, the heat treatment
may induce fiber fusion and molecular entanglement, increasing the stiffness of the final
membranes [77]. As a result, these experimental findings show that all of the produced
membranes feature improved mechanical properties, making them appropriate for use in
filtering systems.

3.2.2.9 Gravity-driven filtration tests for the removal of MB and MO

Various gravity-driven filtering experiments were performed to correlate the functionalities
of the generated doped nanofibers, as well as their removal capacity and selectivity towards
anionic and cationic organic dyes. The model molecules MB and MO are used to explore the
factors influencing the removal of two distinct types of organic dyes from loaded and thermally
treated composite ENMs.

After conditioning with distilled water, a gravity-driven filtration test of a mixture of both
MO and MB ([MO] = [MB] = 2.5 mg-L; Vit = 50 mL) was performed in a dead-end filtration cell.
Table 3.4 displays the pure water and MO/MB flux data of the PVA-based electrospun nanofiber
composite membranes, together with those of the support given as reference.

These findings demonstrate that the inclusion of hydrophilic hydroxyl-rich PVA polymer
improved the hydrophilicity of various membranes when compared to non-woven glass fiber
support [42,78]. Despite this, PVA@MCC_GPTMS_HNT, PVA@MCC_GPTMS_SH_HNT,
PVA@MCC_CA_B-CD, and PVA@Bch membranes demonstrate a reduction in water

105



CHAPTER 3

permeability when compared to pristine PVA samples, which is due to the presence of strong
hydrogen interactions and a cross-linked system via the functional additives used and PVA
polymer, as described in the previous paragraph [73].

Table 3.4. Pure water and MO/MB flux of the PVA-based electrospun nanofiber composite membranes.

Name Pure water flux/L-m™=-h™ MO/MB flux/L-m™=-h™
Non-woven glass fiber support 597.3 404.6
PVA 696.9 597.3
PVA@MCC 533.8 501.7
PVA@HNT 725.1 603.1
PVA@HNT_SH 678.0 570.2
PVA@MCC_GPTMS_HNT 137.8 133.7
PVA@MCC_GPTMS_SH_HNT 241.2 142.5
PVA@MCC_CA_B-CD 205.6 147.6
PVA@Bch 252.9 199.1
PVA@Bch_NZVI 426.7 313.6

All of the membranes demonstrate selectivity for the elimination of the cationic dye MB
(Figure 3.15 a,b and Table 3.5).

(a) PVA@Bch_NZzVI
PVA@Bch
PVA@MCC_CA_B-CD
PVA@MCC_GPTMS_SH_HNT

= MB
MO

Name

ey
ey
= —————————————— ]
_—
PVA@MCC._GPTMS_HN T
PVA@HNT SH e —

PV/A @ HN T

PV/A @M C C

PyA ——
]

Non-woven glass fiber support

0 10 20 30 40 50 60 70 80 90 100
Retention rate/%

(b)

Non-woven glass PVA@MCC
fiber support

PVA@MCC_GPTMS_HNT PVA@MCC_ GPTMS SH_HNT PVA@MCC_CA_B-CD PVA@Bch PVA@Bch_NzVI

Figure 3.15. Retention rate percentage (a) for electrospun nanofiber composite membranes gravity
driven dead-end filtration tests of a MO and MB mixed solution ([MO] = [MB] = 5 mg-L™; Vot = 50 mL),
together with the final residue filtration membrane appearance (b).
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PVA@MCC and PVA@MCC_GPTMS_HNT membranes have best performances, with
retention rates of 93.4% and 79.9%, separation efficiencies of both dyes of 93.5% and 82.1%, and
fluxes of 501.7 and 133.7 L-m™h7, respectively.

Due to the presence of many hydroxyl groups, electrostatic attraction and physical sorption
are the primary sorption mechanisms between positively charged MB dye and negatively charged
MCC-based dopant agents and the PVA membrane surface [79,80].

MCC_CA_B-CD additive exhibits the similar sorption behavior due to the carboxylic groups
of the citric acid cross-linker and host-guest interactions between the cationic dye and (-
cyclodextrins [36] (Figure 3.16).

Table 3.5. MB removal and separation efficiency achieved from gravity-driven filtration studies of

MO/MB mixed solution.

Name MB removal/% Separation efficiency/%
Non-woven glass fiber support 4.5 49.7
PVA 26.5 58.2
PVA@MCC 79.9 82.1
PVA@HNT 48.2 64.8
PVA@HNT_SH 32.1 60.5
PVA@MCC_GPTMS_HNT 93.4 93.5
PVA@MCC_GPTMS_SH_HNT 66.4 72.1
PVA@MCC_CA_B-CD 71.0 75-4
PVA@Bch 55.6 64.7
PVA@Bch_NZVI 35.7 56.4

PVA@MCC_CA_B-CD

Figure 3.16. [llustration of the removal strategies involved in the filtration performances of the
produced doped PVA-based electrospun nanofiber composite membranes.

Despite the strong sorption capabilities of HNT inorganic additives towards organic dyes
[27], membranes doped with HNT and HNT_SH nanofillers display inferior performances
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compared to MCC-based ones, demonstrating the effective contribution of MCC to the
enhancement of filtering performances. The very porous and hydrophilic character of the PVA-
based ENMs may also allow for greater interactions between the cationic and anionic MB and
MO dyes and the functionalized nanofibers.

Figure 3.15 b shows a non-homogeneous distribution of dye on some membranes, resulting
in a shade of color at the end of the filtration tests. The phenomenon may be related to the
aggregation behavior of the dopant agents used during the electrospinning process as a result of
hydrogen or electrostatic forces, as well as the high cross-linking density between the polymeric
matrix and the functionally rich additives, which locally and not homogenously may take place.

3.2.2.10 Biochar-supported nano-zero valent iron composite sorption study

The membranes based on nano zero-valent iron supported on Spanish broom
derived biochar showed poor outcomes, owing to the need for optimization of the
electrospinning settings and starting polymer formulation.

Batch sorptive removal studies with cationic MB dye as a model contaminant are provided
for completeness and to demonstrate the sorption capabilities of this functional material (Figure
3.17 a-e).

The impact of the amount of Bch_NZVI on the elimination of MB was investigated (Figure
17 a,b). Bch_NZVI (5, 10, 20, 30, 50 mg) was poured into 20 mL of a 100 mg-L™ MB solution and
allowed to sorb for 100 minutes.

The results showed that removal % rises with sorbent quantity, while sorption capacity
reaches its maximum with 10 mg of Bch_NZVI at 117.87 mg-g™. The decrease in sorption
capacity from 20 mg of sorbent is due to the presence of free accessible active sites for additional
MB sorption, resulting in a relative drop in the number of MB molecules per unit of sorbent [81].

The impact of the initial MB concentration was investigated by immersing 20 mg of
Bch_NZVI for 100 minutes in 20 mL MB solutions with concentrations of 5, 10, 50, 100, and 350
mg-L. Figure 3.17 c,d shows how, at increasing MB concentrations, a removal percentage
decrease owing to sorbent saturation and aggregation.

Furthermore, the sorption capacity increases with the growth of MB concentration. After 100
minutes of contact time with a 350 mg-L™ MB solution, a sorption capacity of 185.71 mg-g™ is
reached.

Figure 3.17 e illustrates the impact of contact time between Bch_NZVI (20 mg) and 20 mL of
a 100 mg-L™ MB solution. I removal percentage and sorption capacity rise with sorption time
with a sigmoidal pattern. After 70 minutes of contact time, 99.8% MB removal is achieved with
a sorption capacity of 98.66 mg-g™.

Internal diffusion resistance might cause a slower sorption rate in the beginning.

MB rapidly diffuses into the outer surface from the meso- and macro-pores of the Bch_NZVI
nano sorbent in the first stage till saturation. Following that, MB molecules slowly penetrate the
internal surface of Bch_NZVI meso-, macro-, and micro-cavities until equilibrium [37].
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Figure 3.17. Plots related to the study of the impact of the amount of Bch_NZVI on the elimination of
MB, in term of removal % (a,) and sorption capacity (b), of the initial MB concentration (c, d) and of
contact time (e).
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3.2.2.11 Biochar-supported nano-zero valent iron composite adsorption isotherms

Three non-linear adsorption isotherm models were examined to understand the
sorbent/sorbate interactions and the conceptualization of the sorption system Bch_NZVI: the
most often used Langmuir and Freundlich models, as well as the Temkin model. The Langmuir
isotherm model describes the equilibrium between the sorbate and adsorbent systems, which
involves the creation of a monolayer on the adsorption sites and is applicable to homogeneous
surfaces. The Freundlich isotherm model, which assumes that multilayer sorption occurs on the
surface of the adsorbent and that the sorption capacity increases continuously at high
concentrations [82]. The Temkin isotherm model suggests a multilayer adsorption process and
takes into account interactions between the sorbent and the adsorbate while discounting
extremely low and extremely high concentration values [83].

According to the results reported in Figure 3.18 and Table 3.6, the Lagmuir equation matches
better the experimental adsorption data of the Bch_NZVI sorbent system with an R* of 0.9972.
The results also agree well with the Freundlich isotherm calculations with an R* of 0.9822.

Table 3.6. Bch-NZVI adsorption equilibrium isotherm results.

Langmuir Freundlich Temkin
qm/mg-g™* Ki/L-mg™ R? i/n Kr/L-g™ R? Br Kr/L-mg™ R?
305.65 0.0044 0.9972 0.6343 4.5603 0.9822  41.4297 0.1394 0.9271
200
150 ~
>
£ 100 -
e
50
® Experimental data
Langmuir
Freundlich
Temkin
0 1 T T T T T T
0 100 200 300

C/mg-L™

Figure 3.18. Bch-NZVI adsorption equilibrium isotherms together with different models fitting.

The determined high maximum sorption capacity (qm) for MB in the developed Bch_NZVI
composite is 305.65 mg-g* (Co =100 mg-L7, pH =7, T =298 K).

The value of 1/n from the Freundlich model reveals the nature of the process; 1/n values
smaller than one are traditionally associated with excellent sorption [83]. Furthermore, 1/n > 11is
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associated with a physical process, 1/n between 0.1 and 1 with a chemical process, and 1/n =1 with
a linear process.

The value of 1/n is determined to be 0.6343, showing that the MB dye has strong chemical
sorption on the Bch_NZVI surface [84,85].

Table 3.7 compares the sorption capacities of several biochar-based sorbents towards MB.

Table 3.7. The sorption capability of MB onto several reported biochar-based sorbents.

Type of sorbent qm/mg-g™ Ref.
NZVI 208.33 (86]
Manganese-modified lignin biochar 248.96 [87]
Magnetic (Fe;O,) biochar composite 186.003 [88]
Hydrogen peroxide modified ball milled biochar 310 [89]
Banana pseudostem biochar 146.23 [90]
Reed biochar supported hydroxyapatite nanocomposite 21.1 [o1]
Fe-sludge biochar 37.17 [85]
NZVI from Ricinus Communis Seeds Extract 61.37 [92]
Nano zero-valent iron supported-Spanish broom derived biochar 305.65 This work

The sorption behavior of MB onto Bch_NZVI may thus be characterized by the many main
processes depicted in Figure 3.19.

Electrostatic and hydrogen bonding are the most prevalent interactions that may be
exploited [93].

Furthermore, n-m interaction via transfer of lone pairs of oxygen atoms from Bch_NZVI into
the m orbital of the MB aromatic ring is feasible [94].

A /\E
/ /s
,\\‘
Fex(OH),&x» "« §Q

Fe?* A~
MB

iv
v

LMB

Figure 3.19. Illustration of the major processes involved in MB removal from Bch_NZVI sorbent
(displayed in SEM micrograph) (i: hydrogen bonding, ii: electrostatic interactions, iii: flocculation, iv:
oxidation, v: reduction).
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Because of the nature of NZVI, the oxidation or corrosion of Fe® in the presence of water and
oxygen during the synthetic process may result in the production of a unique core-shell
structure.

As a result, the oxide shell that may form over the surface of Fe® might increase flocculation
and complexation interactions with MB (see eq. 3) [95].

MB + nFe, (O0H)$*™ - MB[Fe, (0H)$* ™ In 3)

Another option is the reduction of MB to leucomethylene blue (a colourless derivative) by
transferred electrons from Fe° (see equations 4 and 5) [96].

Fe® — Fe?* + 2e~ (4)

MB+ ne” - LMB (5)

The magnetic characteristics of Bch_NZVI allow for its easy recovery using a magnet (Figure
3.20), in order to be subsequently regenerated and employed for another cycle of sorption.
Its recyclability cycles will be investigated in future tests.

el 4

Figure 3.20. Bch_NZVI magnetic performances for simple recovery after MB sorption.

3.2.3. Conclusions

High-value-added products created from waste derived from renewable plant biomass have
the potential to become a key element of modern advanced manufacturing, related in particular
with (waste)water treatment and remediation. With this in mind, two derivatives of Spanish
broom (Spartium junceum) were effectively produced. In particular, microcrystalline cellulose
and biochar were developed from this natural source and modified through easy, eco-friendly
and one-step synthetic methods using appropriate precursors and nanomaterials, i.e. (3-
mercaptopropyl)trimethoxysilane, (3-glycidyloxypropyl)trimethoxy, citric acid, B-cyclodextrins
and halloysite nanotubes, for the production of green hybrid and cross-linked systems showing
specific and desired features.
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ATR-FTIR spectroscopy and SEM microscopy were used to characterize the MCC, Bch,
HNT_SH, MCC_GPTMS_HNT, MCC_GPTMS_SH_HNT, MCC_CA_B-CD, and BCH_NZVI
derivatives. Electrospinning on non-woven glass microfiber support yields environmentally
friendly water-based PVA composite nanofibers. SEM was used to morphologically characterize
the membranes after heat treatment, and water swelling studies were used to investigate the
hydrophilicity. Mechanical tensile characteristics showed improved results in terms of maximum
stress and elongation at break value. All of the membranes were evaluated in a dead-end
filtration cell with gravity-driven separation of a methylene blue and methyl orange mixed
solution ([MO] = [MB] = 2.5 mg-L; Vit = 50 mL), indicating selectivity for the removal of the
cationic dye MB.

The top performing membranes are PVA@MCC and PVA@MCC_GPTMS_HNT, with
retention rates of 93.4% and 79.9%, separation efficiencies of 93.5% and 82.1%, and fluxes of 501.7
and 133.7 L-m™2-h™, respectively.

Biochar was functionalized with NZVI and examined in batch studies for MB removal. The
Langmuir adsorption isotherm model, with a calculated high maximum sorption capacity (qm)
of 305.65 mg-g” for MB, better represents its sorption behavior. Because of the magnetic
implemented characteristics of Bch_NZVI, it can be easily recovered and regenerated for another
cycle of sorption. In future tests, this last characteristic will be thoroughly explored.

Finally, the extraction of two significant cellulose compounds derived from Spanish broom
is reported. Various multi-functionalization procedures were used to create green functional
additives used in the blending of PVA water-soluble polymer and the creation of new and
sustainable membranes and sorbents. Their effective removal and separation capabilities of
cationic dyes from water are proven, aiming to encourage the use of secondary-raw materials or
biomasses for smart and sustainable environmental remediation technologies and either
recyclable products.
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CHAPTER 4

SMART POLYMERIC BLENDS AND BEADS AS INNOVATIVE
ADSORBENT SYSTEMS

The Fourth Chapter describes the importance of blending or functionalizing polymers for
obtaining smart and functional systems to be applied for environmental remediation and water
purification. In particular, the stimuli-responsive poly[2-(dimethylamino)ethylmethacrylate|
(PDMAEMA) polymer and the class of pillararene macrocycles are described. The characteristics
of these systems are of key importance for the design and development of new polyether sulfone
blends reported in this research work. In particular, the synergic combination of polyether
sulfone, with a new innovative smart polymer combining the responsiveness of PDMAEMA
polymer and the host-guest properties of the covalently linked pillar[s]arene macrocycles, is
described. The developed systems in the form of beads have been tested towards the selective
adsorption of two model organic dyes, and adsorption kinetics and performances are shown.
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4.1. Smart polymers and systems for water purification

4.1.1. Polyether sulfone based blends

The preservation and improvement of adequate water sources are becoming more crucial as
global population development and associated anthropological activities are expanding.
Unfortunately, the so-called “emerging contaminants” (such organic dyes, pharmaceuticals, etc.)
that are now widely utilised in the textile, leather, paper, plastic, and cosmetic sectors are still
not entirely eliminated by conventional techniques of wastewater treatment [1,2]. Due to their
chemical persistence and toxicity, they really pose a concerning hazard to human health, which
is why sustainable and innovative ways of waste water cleaning are now being researched [3-5].

Polyethersulfone (PES) is frequently utilised as an embedding polymer for the development
of nano- and ultrafiltration membranes in the water purification, because of its good mechanical
qualities and thermal and chemical stability [6]. Additionally, the development of functional
PES-based systems by incorporation of additional polymers, cross-linkers, or nanofillers results
in an enhancement of PES hydrophilicity, porosity, surface characteristics, and adsorption
capabilities [7]. An innovative PES nanofiltration membrane with a rejection rate of more than
83% for the Lanasol blue 3R dye was produced by Amiri et al. using a combination of polyvinyl
alcohol, graphene oxide, and sodium alginate [8].

In a different study, Athira et al. concentrated on the effective sulfonation of
polyethersulfone polymer to produce sulfonated-polyethersulfone (SPES), as well as on the
preparation of its blends with PES to develop cellulose acetate CA/PES blend membranes and
SPES/PES blend membranes, the latter of which are distinguished by a significantly lower
hydrophobicity than the other developed membranes [9].

The selectivity and anti-interference ability, the sensitivity, and the extraction/desorption
dynamics are all greatly affected by the adsorbent system used to functionalize PES-based
blends. All reported examples highlight the significance for developing membranes acting
through selective adsorption mechanisms.

4.1.2. PDMAEMA stimuli-responsive polymer
Stimuli-responsive polymers constitute a class of valuable smart materials capable of

adapting/reacting to the surrounding environment and they may be therefore used as efficient
embedding systems. In this regard, poly[2-(dimethylamino)ethylmethacrylate] (PDMAEMA) is
a polymer sensitive to external stimuli including temperature, pH, and ionic strength, and it had
previously found uses in therapeutic/biomedical fields as well as nanotechnology [10].

PDMAEMA is a weak polybasic polymer with a pKa of approximately 7.5. Its polyelectrolyte
behaviour derives from the tertiary amino group that may be protonated under acidic conditions
and deprotonated at higher pH (Figure 4.1). PDMAEMA is also sensitive to temperature changes
with a lower critical solution temperature (LCST) in the range of 32-53°C, depending on
molecular weight, pH, and salt concentration. At low temperatures it shows a hydrophilic
behaviour by creating hydrogen bonds with water, while at high temperatures it dehydrates and
acquires hydrophobic properties [11].
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Figure 4.1. Schematization of the stimuli-responsive properties of PDMAEMA polymer.

A peculiar feature of PDMAEMA is the swelling property of its hydrogels. PDMAEMA gels
show rapid expansion in water at pH values below 3, as the protonation of all tertiary amino
groups increases the charge density on the network, while, at higher pHs, the gel is more
compact. The ionic strength of the solution and the temperature also influence the swelling
properties of PDMAEMA gels. In particular, at temperatures above 40 °C its swelling capacity
decreases, as the hydrophobic interactions of the chains become stronger, making the gel more
compact [12].

The influence of the pH on the equilibrium of swelling in water of PDMAEMA gel beads,
cross-linked with N,N'-methylene-bis-acrylamide, is even more evident. These gel beads remain
in their expanded state up to pH 7.7, while sharply collapsing into the hydrophobic state at pH
8 [13].

The amphiphilic character of PDMAEMA may be modulated by increasing the lipophilic
portion of the polymer through the formation of copolymers (random [14] or block [15] co-
polymers), or through the quaternization of the amino groups with long-chain alkylating agents
[16]. In this way, stimuli-responsive amphiphilic systems are obtained with interesting potential
in the development of emulsifiers [17], or smart filter membranes [18].

The membrane, described by Cao et. al, obtained by coating a steel mesh with PDMAEMA
hydrogel cross-linked with N,N’-methylene-bis-acrylamide, show super-hydrophilicity or super-
lipophilicity, as a function of temperature and pH. The functionalized mesh can selectively
separate water from oil/water mixtures and collect it separately by suitably regulating the
temperature or pH. Subsequently, by increasing the temperature and the pH, the oil may
permeate through the network and be collected in situ [18].

PDMAEMA is also commonly used in drug delivery [15] and in non-viral gene delivery [19],
thanks to the fact that it has a pKa similar to the physiological pH, it is soluble in water and it
has a high gene transfection efficiency. For example, micelles formed following the aggregation
of polycaprolactone/PDMAEMA star-block copolymers (PCL-b-PDMAEMA) are able to
encapsulate a poorly soluble drug, such as camptothecin (CPT), and to release it in vitro [15].

Like other cationic polymers [20], PDMAEMA in its protonated form or after quaternization
with an alkylating agent is a bacterial growth inhibitor due to its interaction with negatively
charged bacterial membranes. Both Gram-positive bacteria, such as Escherichia coli, and Gram-
negative bacteria, such as Staphylococcus epidermidis and Staphylococcus aureus, growth are
inhibited by bactericidal PDMAEMA. In particular, Staphylococcus epidermidis is more
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susceptible to PDMAEMA being less hydrophobic and more negative than Staphylococcus
aureus [21]. Since its bactericidal action takes place, PDMAEMA must come in contact with the
bacterial cells, and in order to increase the contact surface, new biomaterials are obtained by
depositing the polymer on nanomaterials, such as nanoparticles [22] or silicon nanowires [23].

It is possible to add more fascinating and functional characteristics to PDMAEMA by a
variety of functionalization techniques. Using surface-initiated Activators Regenerated by
Electron Transfer (ARGET) atom transfer radical polymerization (ATRP), Alotaibi et al. created
magnetic mesoporous silica nanoparticles modified with PDMEAEMA brushes (Fe;O,@MSN-
PDMAEMA).

To develop cationic polymer chains (Fe;O,@MSN-QPDMAEMA) with a permanent positive
charge, tertiary amines in the polymer chains were quaternized using 2-iodoethanol. It was
explored if the synthetic materials might be used to remove the dyes methyl orange (MO) and
sunset yellow (Eno) from aqueous solutions. The outcomes demonstrated that, when the pH
level is over 5, the Fe;O,@MSN-PDMAEMA sample perform less well in terms of adsorption
towards both dyes than the corresponding quaternary Fe;O,@MSN-QPDMAEMA [24].

4.1.3. Pillar[n]arene-based adsorbent materials

The creation of novel, efficient adsorbents that use supramolecular techniques to remove
target pollutants from a variety of matrices lately attract a lot of attention [25].
Supramolecular macrocycles with large recognition and hosting cavities play a significant role in
host-guest chemistry. Examples include crown ethers, cyclodextrins, calixarenes, cucurbiturils,
and pillararenes [25] (Figure 4.2).

Calix[n]arene Pillar[n]arene B-Cyclodextrin

Figure 4.2. Graphical illustration of different examples of useful macrocyclic compounds.
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This last is a subclass of cyclooligomers based on
1,4-dimethoxybenzene units joined together at the 2 and 5 positions by methylene bridges [26].
The cyclopentamer pillar[5]arene [27] in particular possesses two key properties: a hydrophobic
and electron-rich cavity (with a diameter of around 5.5 A), and a variety of phenolic oxygens
ideal for functionalization. These characteristics allow pillar[5]arene derivatives to incorporate
neutral and/or positively charged molecules (such as linear hydrocarbons, halogenalkanes,
nitriles, amines, and viologens) through a variety of m interactions or charge transfer complexes
[28].

In fact, this class of macrocycles has a number of promising applications in the fields of
sensing [29,30], drug delivery [31], and catalysis [32]; new recent examples of their use in
combination with polymers in the separation, filtration, and adsorption sectors are reported.
This is made possible by their selectivity towards the inclusion of different target molecules
33,34].

By introducing hydrophilic groups at the edges of the pillararene structure (e.g.
carboxylates), it is finally possible to solubilize these extraordinary molecular receptors in water,
extending the molecular recognition towards molecules of biological origin or being
pharmacologically active. These inclusion capabilities allow the application of pillararene
systems also for sensing and recognizing polluting molecules, such as pesticides, dyes and
herbicides (paraquat) [28,31].

The host-guest properties of macrocycles of synthetic origin have recently been combined
with the physico-chemical properties of materials of organic or inorganic origin for the
development of new materials with increased functionalities. In particular, the combination of
the supramolecular chemistry of host macrocycles and the response to stimuli of Surface
Plasmon Resonance (SPR) polymers represents an increasingly evolving field, considering the
versatility of the functional applications that can derive from it. Polymer/macrocycle systems
already find applications in the field of sensors for cations, anions, pH and temperature, in drug
delivery, or in the preparation of self-healing materials [35].

Fu et al. described a novel luminescent elastomer based on the organic-inorganic hybrid
polymer polydimethylsiloxane (PDMS). Following a hydrosilylation reaction with a deca-
allyloxy-pillar[5]arene/fluorescent guest complex, a luminescent gel with double crosslinking is
obtained: covalent and supramolecular [36].

The synthetic approach of Chang et al. instead envisaged the synthesis of a polymerizable
pillararene monomer, thanks to the presence of a methacrylate group, to be used in the co-
polymerization reaction with methyl methacrylate. The polymer thus obtained has “pendant”
pillaranes, which give rise to supramolecular cross-linking in the presence of a bifunctional
guest. Such system is capable of responding to stimuli such as temperature increase; the
insertion of a competitive host or guest molecule produces a sol for possible applications such
as actuators and adaptive coatings [37].

The pillararene/PDMAEMA described by Wu et al. instead involve the synthesis of a
pillararene derivative to be used as an initiator for the ATRP polymerization of DMAEMA. Then
exploiting the pillar[5]arene/viologen affinity, a supramolecular block copolymer with a
viologen-poly(N-isopropylacrylamide) (PNIPAM) guest polymer is prepared. This system is
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capable of aggregating into stable supramolecular nanoparticles in aqueous solution at 40°C,
which show excellent responsiveness to pH and temperature variations. These nanoparticles find
application in the trapping of drugs such as photosensitizers for photodynamic therapies. The
double response of the polymer to pH and temperature allows the release of the photosensitizing
molecule and demonstrates the potential of smart polymers in one of the possible combinations
with supramolecular hosts in drug delivery [38].

Moreover, inorganic or polymeric supports were used to produce and use various adsorbent
materials that take advantage of the host-guest complexation of polluting dye molecules by
macrocyclic compounds.

Examples of pillar[5]arenes-based adsorbent materials include:

e a quaternary cationic pillar[s]arene-modified zeolite with an 84% MO removal efficiency
starting from an initial concentration of 100 mg-L™ after 12 hours [39];

e apillar[s]arene-based 3D network polymer with a 95,2% uptake in 30 minutes of a 0.100
mM MO solution [40];

e a bi-pillar[5]arenes-based stimuli-responsive supramolecular polymeric network that
uptakes 83.2% of MO in 30 minutes [41].

A new polymeric dye adsorbent obtained by using trimesoyl chloride as linkers to crosslink
a bihydrazide-functionalized pillar[5]arene is developed by Zang et al. and represents one of the
most recent achievements. In the selective adsorption and separation of tiny cationic dyes, like
methylene blue and neutral red, the crosslinked polymeric material has shown excellent
potentiality.

The results of the kinetic experiments demonstrate that the Freundlich isotherm model and
the pseudo-second-order model both well predict the adsorption behaviours of the two dyes.
Additionally, this newly created polymer adsorbent based on pillararene may be regenerated up
to five times with essentially no decrease in adsorption efficiency [42].

4.2. Smart pillararene-based PES/PDMAEMA blends and beads for selective
water contaminant adsorption

4.2.1. Abstract

The purpose of this research activity was to describe the synthesis of a novel smart polymer
that combines the responsiveness of PDMAEMA polymer with the host-guest characteristics of
covalently connected and opportunely functionalized pillar[5]arenes (Figure 4.3).

This polymer will be referred as P5-QPDMAEMA. The mixing of P5-QPDMAEMA with
polyethersulfone resulted in the synthesis of functional beads, thanks to a conventional non-
solvent induced phase separation (NIPS) method carried out at different coagulation pH, with
the goal of testing them for the removal of organic dyes in water (Figure 4.4).

Specifically, adsorption experiments using methylene blue (MB), a typical cationic dye, and
methyl orange (MO), a representative anionic dye, were performed on all the obtained beads.
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Figure 4.3. Graphical representation scheme of the stimuli-responsive features of PDMAEMA polymer
(a) and host-guest properties of pillar[5]arenes (b).

The P5-QPDMAEMA based beads demonstrated the highest selectivity for the removal of
the anionic dye and the best MO removal rate of 91.3% after 150 minutes beginning from a 20
mg-L* solution. The pseudo-first order and Freundlich models were found to be the most
appropriate to represent the MO adsorption behaviour based on the adsorption kinetics and
isotherm calculations, achieving a maximum adsorption capacity of 21.54 mg-g™. Additionally,
zwitterionic beads were created by post-functionalizing PDMAEMA and P5-QPDMAEMA based
beads, and it is shown that they are capable to remove both cationic and anionic dyes.
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Figure 4.4. Graphical description of the development of smart pillar[5]arene-based PDMAEMA/PES
blends for the production of functional beads and the smart adsorption of organic dyes.

The whole research activity described in this Chapter refers to the content outlined in the

article n.4 of the publication list.
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4.2.2. Results and discussions
4.2.2.1 P5-QPDMAEMA synthetic preparation and NMR characterization

A pillar[s]arene derivative (P5-Br) and PDMAEMA, both synthesised by using methods
already described in literature [43-46], were the starting points for the synthesis of the designed
smart polymer, P5-QPDMAEMA (Figure 4.5).

/ 0 \o

ol - @,

/

P5-QPDMAEMA

Figure 4.5. Illustration of the synthesis of P5-QPDMAEMA; (i) PDMAEMA, DMF, 323.15 K, 10 d).

In particular, the P5-Br derivative was produced by co-pillarizing 1,4-dimethoxybenzene and
1-(2-bromoethoxy)-4-methoxybenzene in accordance with the method outlined by Y. Zhou et al.
[43]; meanwhile, the PDMAEMA polymer was synthesized by ARGET-ATRP of 2-
(dimethylamino)ethyl methacrylate (DMAEMA) (44], by using the a
monomer/catalyst/ligand/reducing agent molar ratios outlined by Willott et al. [45] and the
catalyst/initiator molar ratio recommended by Keating et al. [46].

The P5-Br derivative was used as the alkylating agent during the last phase of the
quaternarization process to alkylate the amino groups of PDMAEMA in order to produce the P5-
QPDMAEMA polymer. For these purposes, a mole ratio of amino groups/P5-Br of 2:1 was used.
Mole ratios of amino groups were calculated by dividing the weight of the polymer by the weight
of the monomeric unit. They also refer to the number of dimethylaminoethyl groups present in
the amount of PDMAEMA undergoing the alkylation reaction.

To examine and characterise the chemical structure of the finished polymer, 'H NMR
monodimensional experiments and Diffusion Ordered Spectroscopy (DOSY) NMR
investigations were carried out (Figure 4.6).

Figure 4.6 a clearly shows both the aliphatic proton signals of PDMAEMA [47], as well as the
distinctive aromatic proton signals associated to the pillararenic units [27].

Pillararene and PDMAEMA signals have the same diffusion coefficient (Dobs = 3.52 x 10™
m?>sec™), as shown by the DOSY plot in Figure 4.6 b, thus confirming the covalent
functionalization of the polymer.
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Figure 4.6. 'H NMR (a) and DOSY spectra (b) of P5-QPDMAEMA (500 MHz, 298 K, CDCL,). Asterisks
correspond to residual solvent peaks.

The PDMAEMA backbone methyl groups and the aromatic resonances (resonances a in

Figure 4.6 a) were carefully integrated to reveal that about one of every five monomeric units in
the polymer are alkylated by P5-Br.

4.2.2.2 Smart polymeric blends development

Different types of beads based on blend polymers were developed by a conventional non-

solvent induced phase separation (NIPS) procedure in order to generate simple to use adsorbent
systems for the removal of target molecules from water [48].
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Four different types of blends were produced by solubilizing polyethersulfone (PES),
polyvinylpyrrolidone (PVP), as the pore former, and PDMAEMA or P5-QPDMAEMA in
dimethylacetamide (DMAC), as the solvent (Figure 4.7).
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Figure 4.7. Graphical illustration of functional beads preparation.

To specifically take advantage of the pH-responsiveness of the PDMAEMA polymer the
blends were dropped by the use of a syringe in three different coagulation baths (at different

pH).
Table 4.1 contains a list for each developed bead, together with its composition and name.

Table 4.1. Proportion® of each agent used to make the beads.

Name PES [%] PVP [%] PDMAEMA [%] P5-QPDMAEMA [%] DMAc [%]
Pristine 20 - - - 8o
B 18 2 - - 80
B-P 18 1 1 - 8o
B-P5QP 18 1 - 1 8o

a) Ratio w/w %; b) B=Blend, i.e. blend polymer based on PES and PVP; c) B-P, i.e. blend polymer based on PES, PVP and
PDMAEMA; d) B-P5QP, i.e. blend polymer based on PES, PVP and P5-QPDMAEMA

The HCI (0.5 M), H,O, and NaOH (0.5 M) solutions used for the coagulation baths are
designated as (a), (n), and (b), thus indicating the employed acidic, neutral and basic reaction
medium, respectively.

The beads were placed in the baths for 2 hours, removed, and then placed in water for 12
hours to completely coagulate.

Additionally, two zwitterionic beads known as B-P(zw) and B-P5QP(zw) were obtained by
post-functionalizing [49] the B-P(b) and B-P5QP(b), using 1,4-butansultone in methanol (Figure
4.8). The functionalization percentage yields are 27.2% and 21.1%, respectively.
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‘058

Figure 4.8. Graphic synthetic scheme for the formation of B-P5QP(zw) zwitterionic beads (i. 1,4-
butansultone, CH;0H, 313.15 K, 24h).

4.2.2.3 ATR-FTIR characterization of the functional beads

All the produced beads chemical composition was ascertained using attenuated total
reflection infrared spectroscopy (ATR-FTIR), which also allowed us to verify their successful
functionalization with the employed polymers (Figure 4.9 a, b).

The ATR-FT-IR spectra of the beads, as produced in neutral coagulation baths, are shown in
Figure 4.9 a. The characteristic PES signals [50], such as those at 3095 cm™ and 3067 cm™, relative
to the presence of aromatic C-H groups [51], may be detected in all IR spectra. Signals for C-H
alkyl groups at 2955 cm™and C=0 amido groups at 1656 cm™ occur by addition of PVP.

The distinctive signals of the PDMAEMA polymer in the B-P beads [52,53] are revealed at
2773 cm™ and 2827 cm™, corresponding to C-H and -N(CHjs), functionalities, as well as at 1725
cm™, related to the C=0O of the ester group. The O-C groups of the pillararene units are
responsible for the appearance of a new signal at 1038 cm™ in the B-P5QP beads [54].

Figure 4.9 b show the comparison of the ATR-FT-IR spectra of B-P(b), B-P(zw), B-P5QP(b),
and B-P5QP(zw) beads, revealing the appearance of additional signals in the zwitterionic beads
at1350 cm™, 9og cm™, and 781 cm™, corresponding to the S=0, S-O, and C-S groups, respectively,
after the post-functionalization. In addition, a shift of the C=O vibration signal at 1671 cm™ is
observed.
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Figure 4.9. ATR-FTIR of beads prepared in neutral coagulation bath (a) and basic coagulation bath,
before and after the post-functionalization with the 1,4-butansultone (b).

4.2.2.4 SEM characterization of the functional beads

Beads, cut into pieces using a fine scalpel and metallized with Au, were examined using
scanning electron microscopy (SEM) to assess their bulk shape. The observed morphology (see
Figure 4.10) match those often seen in previous PES-based systems as obtained by using the NIPS
approach [48].

All beads have porous architectures in general, however those produced in basic coagulation
baths differ from those produced at acidic pH because they possess a slightly less structural
homogeneity and smaller average pores.

Smaller holes with a more homogenous distribution, regardless of pH synthetic condition,
are characteristic of the bulk structure of P5-QPDMAEMA-based beads. This can be ascribed to
a number of causes, including the original polymeric blend viscosity [55] or perhaps the

129



CHAPTER 4

lower PDMAEMA pH sensitive amino groups, as a consequence of their partial replacement
with pillararenic units, thus resulting in less morphological variations.

Pristine

o
g
)
Q.
[a1]

B-P5QP(zw)

Figure 4.10. SEM images of the cross-sections of functional beads prepared at acidic (left column),
neutral (central column) or basic pH (right column).

SEM examination was used to morphologically characterise the structure of B-P5QP(zw),
and the analysis results showed no appreciable morphological changes brought about by the

post-functionalization procedure.

4.2.2.5 XPS characterization of the functional beads

An extremely surface-sensitive examination that can provide details about the oxidation
state of the detected components is the X-ray photoelectron spectroscopy (XPS). The presence
of C, O, S, and N is a defining characteristic of all studied samples. Depending on pH, Na and Cl
are alternately identified in their normal oxidation states: Na* (BEnas) = 1071.5 €V) and CI-
(BE(cp) = 199.5 €V). Figure 4.1 a compares the Cis spectra obtained from pristine samples at
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various pH levels. The signals are shown to be characterised by three peaks by the peak fitting
analysis, which are attributed to the C-C, C-0, and n-rt* shake-up satellites and located at BE =
285.0 eV, 286.5 eV, and 292.0 eV, respectively.
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Figure 4.11. Comparison between the peaks associated with the C-C (1) and C-O (2) bonds and the C 1s
signal obtained from the pristine samples a) and C 1s signal b) and N 1s signal c) of B-P(a) and B-
P5QP(a) beads.

This last contribution is indicative of the PES aromatic structure [56]. Except for the
appearance of the -COOH(R) contribution (BE = 290.0 €V) at basic pH levels, the structure of
the C1 signals remained mostly the same as pH is changed. The Sz2p signal, which is recognised
by its usual doublet S2p;/,-S2p,/, separated in energy by 1.2 eV and with the S2p;/, peak located at
BE = 168.0 €V, is present, indicating the existence of the sulfonyl functional groups. A second
peak identified as belonging to a sulphonate group occurred at BE = 168.7 eV when operating at
basic pH levels.

The C 1s signal has the same structure in beads made from the mixture of PES and PVP, with
an additional component at BE = 287.6 eV that is characteristic of the C=0O (Figure 4.1 b) and,
concurrently, a single N 1s peak at BE = 399.7 eV that is caused by the amidic group. The
separation of the N 1s components, positioned at BE = 399.7 + 399.8 eV and 402.0 + 402.8 €V,
attributed to amine and ammonium groups, respectively, is caused by the functionalization of
the beads with PDMAEMA and P5-QPDMAEMA (Figure 4.1 c).
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4.2.2.6 Organic dyes adsorption tests

Some preliminary batch tests were carried out to determine the applicability of the

functionalized beads, as new useful systems with implemented properties compared to typical

PES-based solutions in the separation of emerging pollutants from water.

A single bead (3 mg) was immersed in 2 mL of a s5opM water solution of each chosen dye as

representative contaminants to perform qualitative preliminary adsorption tests. Particularly,

MO was chosen as a representative anionic dye and MB as a reference cationic dye (Figure 4.12),

of general small dimensions.

Methylene blue (MB)

Methyl orange (MO)

Figure 4.12. Chemical structures of MB and MO organic dyes.

Each bead was taken out of its individual solution after 24 hours at room temperature, rinsed

with distilled water, and dried on filter paper (Figure 4.13). In Figure 4.13 a, the Pristine and B

beads exhibit the highest levels of qualitative adsorption performance for the removal of MB,
while the B-P and B-P5QP beads exhibit the highest levels of qualitative removal performance

for MO.
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Figure 4.13. Qualitative beads adsorption tests of MB and MO (from top to bottom); each row refers to

a bead produced at an acidic (a), neutral (n) or basic (b) coagulation bath (a); qualitative beads
adsorption tests of 5ouM of both MB and MO ([MB] = [MO] = 50 uM, Vo= 2 mL) (b); qualitative
zwitterionic bead B-P5QP(zw) adsorption tests (from left to right) of MB and MO individual and mixed
solutions (c).
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The same adsorption test is conducted using an equimolar solution of MB and MO (Viot = 2
mL total; [MB] = [MO] = 50 pM) to emphasise the selectivity of the beads. Figure 4.13 b
demonstrates that the Pristine and B beads turn to a dark green colour after 24 hours, showing
a non-selective adsorption of both dyes. The green colour decreases in the B-P beads and nearly
vanishes entirely in the B-P5QP ones, suggesting a modest removal of MB, combined with a good
MO adsorption.

Due to the higher number of protonated amino groups in the PDMAEMA chains and the
possible host-guest interactions between the pillararenic units and the dye, the B-P5QP bead,
produced in an acidic coagulation solution, exhibits the highest selectivity for removing the
anionic dye MO.

The surface charge of each bead varies from the negatively charged Pristine and B beads (for
the sulfonic acid groups of PES) [57] to the positively charged B-P and B-P5QP beads due to the
partial or complete protonation/quaternarization of the amino groups present in the PDMAEMA
chains. This variation is most likely the cause of the observed differences.

Finally, the P-B5sQP(zw) bead adsorption test demonstrated the high capacity of this
zwitterionic system towards the retention of both the two selected anionic and cationic dyes
(Figure 4.13 ¢).

4.2.2.7 Adsorption performances of the beads

The removal percentage (%) and adsorption capacity (q¢/mg-g™) of the functional beads were
calculated in order to validate the affinity of the PDMAEMA-based beads (B-P and B-P5QP)
towards the anionic MO dye (see eq. in Chapter 6). In order to do this, a comparison of the
performances of various beads was carried out (Figure 4.14).
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Figure 4.14. Histogram plot related to the removal percentage and adsorption capacity of different
functional beads (contact time of 150 minutes; 20 mg-L™ MO solution).
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Each type of functional bead (=60 mg) in 10 mL of a 20 mg-L™ MO solution was left reacting
for a total reaction time of 150 minutes. The B-P5QP(a) beads has the greatest removal rate
(91.3%) and adsorption capacity (3.06 mg-g™) under these testing conditions, resulting in an
almost complete discolouration of the solution.

4.2.2.8 Effect of adsorbent concentration

The effect of the adsorbent concentration variation was investigated in order to comprehend
the adsorption behaviour of B-P5QP(a) beads ,and the mechanism of their interaction with MO.
Various amounts of B-P5QP(a) bead (=3, 10, 20, 35, and 60 mg) were added into a 10 mL of a 20
mg-L MO solution, and stirred for 120 minutes (Figure 4.15).
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Figure 4.15. Plot showing the removal percentage and adsorption capacity as a function of B-P5QP(a)
beads amount (20 mg-L™ MO solution; contact time of 120 minutes).

The experiment shows that the removal percentage increase with the increase of the beads
quantity (green points), but the adsorption capacity (right side of the plot in Fig. 4.15) reaches
its maximum at lower beads weights.

It is plausible that more active sites are engaged in the adsorption process at higher
adsorbent concentrations. As a result, the diffusion resistance increases and a concentration
gradient between the solution and the surface of the beads is promoted.

4.2.2.9 Effect of MO concentration

The effect of the initial MO concentration on a fixed quantity of B-P5sQP(a) beads was
investigated (Figure 4.16) by soaking ~20 mg of B-P5QP(a) beads in 10 mL MO solutions at
different concentrations (10, 20, 40, 80, 150, and 300 mg-L™).
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This experiment was performed to evaluate the mass transfer resistance from the solution
to the solid phase that can affect the adsorption of the dye.

It is clear from the data shown in Figure 4.16 a, b that at higher MO concentrations, the
removal % decreases as a result of the functional bead active sites becoming saturated.

In addition, after 24 hours at MO concentrations above 8o mg-L™, the adsorption capacity
decreases for the rise in ionic strength between the beads.

Active sites are less accessible, and an equilibrium has been established [58].

After 5 hours of contact with a 300 mg-L* MO solution, an adsorption capacity of 14.91 mg-g™*
is attained.
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Figure 4.16. Plots of the removal percentage and adsorption capacity of B-P5QP(a) beads towards MO
solutions at various concentrations after 5 hours (a) and 24 hours (b) of contact time.

135



CHAPTER 4

4.2.2.10 Effect of contact time

Figure 4.17 illustrates the results of the study on the impact of the contact time between a 20
mg-L MO solution (20 mL) and =20 mg of B-P5QP(a) bead.

The graph shows that the removal percentage and adsorption capacity increase with the
time. The 39% MO elimination with a 7.8 mg-g™ adsorption capacity is achieved after 330
minutes of contact time. The initial slower adsorption rate may be caused by the internal
diffusion resistance, as shown by the sigmoidal shape of the first data point trend (see inset in
Figure 4.17), that also indicates an induction time for the adsorption/removal process. After 24
hours, the adsorption equilibrium is reached with a removal of 46.6% of MO at a rate of 9.7
mg-g~.
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Figure 4.17. Plot showing the removal percentage and adsorption capacity variation of B-P5QP(a) beads
and MO solution (20 mg-L™), as a function of time.

4.2.2.1 Adsorption kinetics

To assess the adsorption process for the adsorption of MO from the B-P5QP(a) bead, a
detailed kinetic study was performed.

In this regard, four non-linear kinetic models were used (Table 4.2, Figure 4.18): pseudo-first
order, pseudo-second order, intraparticle diffusion, and Elovich. In Chapter 6 all experimental
details, together with the equations and the used methods, are given.

For the study of the adsorption behaviour of solid/liquid systems, pseudo-first order and
pseudo-second order models are frequently used [59].

Additionally, the study of processes that might entail the mass transfer of adsorbate (film
diffusion) and surface diffusion has made extensive use of the intra particle diffusion model for
the evaluation of the rate-limiting phase of adsorption kinetics [60]. The Elovich model is the
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final one used for this investigation; Zeldowitsch developed it to analyse the mass diffusion,
surface diffusion, and activation, and deactivation energy to comprehend the chemisorption
nature of adsorption [61].

According to the results, the pseudo-first order model correlation coefficient, R*=0.9762, is
the higher one. The degree of similarity between theoretical and experimental adsorption
capabilities may also be used to assess how well the kinetic model fits the data. The pseudo-
second-order model also shows a quite good correlation factor, indicating that this reaction
model may take place in the rate-controlling step.

As a result, the physisorption or chemisorption adsorption processes might be difficult to
distinguish in some circumstances and might even take place simultaneously [62].

Table 4.2. Adsorption kinetic rate constants and kinetic adopted models for MO adsorption by using B-
P5QP(a) beads.

Pseudo-first order Pseudo-second order
ge/mg-g™ k,/min™ R ge/mg-g™* k./g mg™-min™ R
Qeexp/Mg-g™ 10.16 0.0034 0.9762 12.61 2.52 0.9582
9.73 Intraparticle diffusion Elovich
kaig/mg-g~" -min=°> 1§ a/mg-g~-min~ B/g-mg™ R
0.2982 0.8645 0.05 0.2881 0.9334
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Figure 4.18. Plot of the adsorption capacity of MO by B-P5QP(a) beads as a function of time together
with kinetic models fitting.
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4.2.2.12 Adsorption isotherms

Three adsorption isotherm models, including the popular Langmuir and Freundlich models
as well as the Temkin model, were employed in order to comprehend the adsorbent-adsorbate
interactions and the design of the adsorption system B-P5QP(a) (Table 4.3 and Figure 4.19).
Chapter 6 reports the followed equations and procedures.

The Langmuir isotherm model describes the equilibrium between the adsorbate and sorbent
systems, which involves the creation of a monolayer on the sorption sites, and it is applicable to
homogeneous surfaces. The Freundlich isotherm model assumes that multilayer adsorption
occurs on the surface of the sorbent and that the adsorption capacity increases continuously at
high concentrations [63]. The Temkin isotherm model suggests a multilayer adsorption process
and takes into account interactions between the sorbent and the adsorbate, while discounting
extremely low and extremely high concentration values [64].

Table 4.3. Isotherm equilibrium constants for different applied fitting models relative to the adsorption
of MO by B-P5QP(a) beads.

Langmuir Freundlich Temkin
qm /mg-g™* ki/L-mg™ R 1/n kr /L-g™ R Br kr/L-mg™ R
21.541 0.00812 0.9812  0.5199 0.8396 0.9988 3.780 0.141 0.9614
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Figure 4.19. Plot showing the B-P5QP(a) bead adsorption capacities as a function of different MO
equilibrium concentrations together with isotherm models fitting.



CHAPTER 4

The Freundlich equation more closely approximates the actual adsorption data with an R?
of 0.9988. According to the obtained experimental data, this model specifically predicts that the
dye concentrations on the adsorbent will increase as long as the dye concentration increases
[65], while the adsorption capacity exponentially decreases with the saturation of the reactive
sorption sites of the adsorbent [66]. As previously indicated, this model also made reference to
heterogeneous surfaces, making it relevant to systems in which monolayer (like chemisorption)
and multilayer (like Van der Waals adsorption) adsorption processes occurs [60].

A chemisorption process is described for 1/n values, between o.1 and 1, whereas a
physisorption process is described for 1/n values greater than 1 [67]. The formation of chemical
bonds, ion exchange, electrostatic interactions, van der Waals forces, hydrophobic attraction,
hydrogen bonding, and physical adsorption are just a few of the numerous processes that might
cause an adsorbent and an adsorbate to behave in an adsorption-like process [68]. In this regard,
the B-P5sQP(a) bead can exploit different mechanisms, due also possible to host-guest
interactions between pillararenic units and dye molecules. In accordance with the Freundlich
isotherm model, it is therefore conceivable to represent the adsorbent-adsorbate interactions
between MO and B-P5QP(a) bead as a multilayer physio/chemisorption heterogeneous process.

4.2.2.13 Adsorption performances of zwitterionic beads

Finally, the ability of the B-P(zw) and B-P5QP(zw) zwitterionic beads to remove cationic MB
and anionic MO dyes was examined. The adsorption properties of the zwitterionic beads were
investigated using a 10 mL solution by addition of MB 20 mg-L™ (5 mL) and MO 20 mg-L™ (5 mL)
(Figure 4.20 a,b).
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Figure 4.20. Adsorption spectra of MB+MO solution after 24 hours contact time with each B-P(zw) and
B-P5QP(zw) of zwitterionic beads (=20 mg) (a); removal percentage of both cationic and anionic dyes

(b).

The capacity to remove the tested anionic and cationic dyes from the solution is
demonstrated by both zwitterionic beads. With a removal percentage of 44.9%, the B-P(zw)
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beads in particular show the highest adsorption ability towards MB, whereas the B-P5QP(zw)
beads have a better adsorption of MO (61.1%). The dye adsorption behavior of the B-P(zw) beads
may be ascribed to the presence of less permanent cationic functionalities due to the absence of
P5-Br units linked to the amino groups of PDMAEMA, as well as an increased number of
negatively charged sites for a higher degree of functionalization with 1,4-butansultone, compared
to the B-P5QP(zw) beads.

However, the B-P5QP(zw) beads combine the impact of more cationic charged sites, as well
as of host-guest interactions with the pillararenic units for the adsorption of both dyes, featuring
a greater adsorption towards the anionic MO. Figure 4.21 depicts a proposed scheme for the
observed adsorption behavior. It is therefore possible to confirm that the post-functionalization
enables the beads to concurrently remove both anionic and cationic dyes.

Figure 4.21. [llustration of MB and MO dye removal using the B-P5QP(zw) bead.

The polymeric formulations described in the preceding paragraphs may open the way to the
development of innovative and smart membranes for water filtration via the NIPS process.

Additionally, the employed post-functionalization technique with the 1,4-butansultone
results in an alteration in the adsorption behavior of the initial beads and may be helpful in the
production of zwitterionic antifouling materials and therefore corresponding membranes [69].
Nowadays, one of the major undesired problems with membrane-based filtration technology is
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the growing fouling, which is affected by elements in wastewater such inorganic elements,
bacteria, proteins, and other organic molecules [70].

Due to the reduced efficiency and longevity of the membranes caused by this issue, greater
working pressures are needed, which increases energy consumption and the possibility of large
economic losses. Even if the antifouling abilities of the B-P(zw) and B-P5QP(zw) systems are
actually under study, the results on amphiphilic antifouling coatings [71-73] or on zwitterionic
membranes [71,74] will bring to assess the key-role of this peculiar feature in ongoing related
investigations.

4.2.3. Conclusions

In order to create functional PES/PVP blended polymeric beads, a smart polymer Ps-
QPDMAEMA, based on a pillar[5]arene and the stimuli-responsive polymer PDMAEMA, was
successfully developed. The test removal of MB and MO from water using the beads, produced
by a NIPS method, was first preliminary examined, with the P5-QPDMAEMA based beads
showing qualitatively not only the best MO removal, but also a strong selectivity towards the
removal of the anionic dye.

The quasi-total discolouration of the solution is thus achieved after 150 minutes, which is
further supported by studies that show the B-P5QP(a) beads (=60 mg) has removal rates and
adsorption capacities of 91.3% and 3.06 mg-g~, respectively, for 10 mL of a 20 mg-L™* MO solution.
An adsorption capacity of 14.91 mg-g™ is attained after 5h of contact time with a 300 mg-L™* MO
solution. The effects of MO concentration, adsorbent amount, and contact time of B-P5QP(a)
bead were examined.

As a consequence, the pseudo-first order and Freundlich models are found to best describe
the MO adsorption behaviour of B-P5QP(a) bead in adsorption kinetics and isotherm
calculations with a qm of 21.54 mg-g™. Its adsorption performance can be described through a
physio/chemisorption process involving a multilayer heterogeneous surface. Additionally, the
produced B-P(zw) and B-P5QP(zw) zwitterionic beads showed a significant capacity for the
removal of both the cationic and anionic tested dyes.

Finally, it is possible to conclude that those systems can represent valuable and innovative
methods for selectively removing organic dyes from contaminated water; additionally, these
polymeric blends can be used to create functional and smart membranes for wastewater
filtration in textiles related sectors, with potential antifouling capabilities in the case of the
employment of the zwitterionic B-P(zw) and B-P5QP(zw) systems.
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CHAPTER 5

CONCLUSIONS AND FINAL REMARKS

In conclusion, this PhD thesis provides an overview of the state of the art on innovative water
treatment solutions for emerging contaminants, as well as to describe recent research studies
focused on it.

In particular, Chapter 2 describes different polyamide 1-based electrospun nanofiber
membranes doped hybrid halloysite derivatives. All the developed membranes show some
promising improvements of the tensile mechanical features. After dead-end filtration
experiments, PAu@Ci8_HNT_NH2 and PAu@HNT_N+Ci8 1-layer ENMs revealed a selectivity
towards the removal of the cationic dye MB with a separation efficiency of 69.8 and 73.3 %
respectively, at a constant flux of 10 mL-min~ (209 L-m™-h™). Hence, PAu@HNT_NH2 3-layer
ENMs displayed the highest retention rate for MO and MB of 100 and 89.8%, respectively.

The morphology, wettability behavior, mechanical tensile and thermal properties of
obtained pristine and doped PAun and PAu/chitosan electrospun nanofiber composite
membranes were also investigated, demonstrating a quite good improvement of characteristics
via the synergistic effects of cationic and hydroxyl group rich chitosan biopolymer, good
mechanical properties of PAn and PE support, and ultimately the functionalities of hybrid
halloysite derivatives. All experimental findings also demonstrated a reduction in nanofiber
quality and features with a larger chitosan ratio in the biopolymeric blend (70:30).

In Chapter 3 the development of innovative cellulose-derived conveniently functionalized
products, which were employed as dopant agents for water-based polyvinyl alcohol solutions for
different electrospun nanofiber composite membranes, is described. Mechanical tensile
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characteristics showed improved results in terms of maximum stress and elongation at break
value. All of the membranes were evaluated in a dead-end filtration cell with gravity-driven
separation of a methylene blue and methyl orange mixed solution ([MO] = [MB] = 2.5 mg-L7;
Viot = 50 mL), indicating selectivity for the removal of the cationic dye MB. The top performing
membranes were PVA@MCC and PVA@MCC_GPTMS_HNT, with retention rates of 93.4% and
79.9%, separation efficiencies of 93.5% and 82.1%, and fluxes of 501.7 and 133.7 L-m™ -h7,
respectively. Biochar was functionalized with NZVI and examined in batch studies for MB
removal. The Langmuir adsorption isotherm model, with a calculated high maximum sorption
capacity (qm) of 305.65 mg-g™ for MB, better represented the sorption behaviour of the obtained
magnetic composite that could be easily recovered and regenerated.

Chapter 4 reports the design and development of new polyether sulfone blends coupled with
new innovative smart polymers combining the responsiveness of poly[2-(dimethylamino)ethyl
methacrylate] polymer and the host-guest properties of the covalently linked pillararene
macrocycles. Beads produced by a NIPS method starting from these polymeric blends, were first
characterized and then tested for the removal of MB and MO from water. The P5-QPDMAEMA
based beads showed qualitatively not only the best MO removal, but also a strong selectivity
towards the removal of the anionic dye. B-P5QP(a) beads (=60 mg) were found to have removal
rates and adsorption capacities of 91.3% and 3.06 mg-g™, respectively, for 10 mL of a 20 mg-L™
MO solution. An adsorption capacity of 14.91 mg-g™ was attained after sh of contact time with a
300 mg-L™ MO solution. The effects of MO concentration, adsorbent amount, and contact time
of B-P5QP(a) bead were examined. The pseudo-first order and Freundlich models were found to
best describe the MO adsorption behaviour of B-P5QP(a) bead in adsorption kinetics and
isotherm calculations with a qm of 21.54 mg-g™. Its adsorption performance can be described
through a physio/chemisorption process involving a multilayer heterogeneous surface. With the
aim to reduce the fouling problem in the filtration technology field, B-P(zw) and B-P5QP(zw)
zwitterionic beads were produced. The latter showed a significant capacity for the removal of
both cationic and anionic dyes. The assessment of the antifouling capability will be explored in
future work.

Moreover, on the light of the showed experimental results achieved in this PhD thesis work,
some observations and remarks can be outlined.

Recent nanotechnological and sustainable approaches in environmental remediation and
treatment are the answers of researcher activities to the challenges of more efficient, green, and
reusable water treatment procedures against common and new emerging contaminants.

As a matter of fact, nanotechnologies and novel nanomaterials are already being effectively
used for water treatment in a wide range of industrial processes, thanks to their peculiar
characteristics, including high surface area (surface/volume ratio), size effects, catalytic
capability, and reactivity.

Moreover, nanomaterials may take advantages by:

(1) tunable chemical modification and functionalization leading to new or implemented
shapes and properties;

(ii)  their embedding in different (bio)polymers and matrices to produce (multi)
functional hybrid materials or nanocomposites with even more enhanced physical,
chemical, and mechanical properties when compared with the two separate starting
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building blocks.

Nowadays many researcher efforts are devoted to the development of more and more

sustainable and innovative products/technologies with potential application in interesting cross

industrial sectors for human life, among them also environmental remediation and protection

(Figure 5.1).

[ Optimization ]

=
B EN)
Structure- Functional
property nanohybrid Applications
correlation materials

= 2

[ Design and

synthesis

Recycle/Reuse

<

- ~
Catalysis
| v
'a ™\
lextilenndustny
- J
' )
DENSOIS
- J/
4 )
OPLOEEIECITORICS]
. vy

Environmental
remediation

[ culturalmernitage ]

N

Figure 5.1. Graphical schematization of the development and application phases of functional hybrid

materials.

In particular, functional nanohybrids and nanocomposites have shown several clear and

distinct advantages (Figure 5.2), including:

e simple preparation using environmentally friendly methods;

e practically limitless functionalization possibilities;

e versatility in terms of shape and application forms;

e selectivity of adsorption;

e good stability;

e ability to be reused for numerous cycles of adsorption;
e possibility to be regenerated;

e applicability in bioremediation processes;

e ability to perform catalytic degradation processes;

e less hazardous than pure nanomaterials avoiding their dispersion.
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In this regard, environmentally friendly membrane-based filtration technologies are
explored and presented, along with it is well described how they may be modified through safe-
by-design approaches and nanotechnology knowledge to control their hydrophilicity, porosity,
mechanical and surface properties, and adsorption capabilities.

" Sustainabnle —N;notechnolog

( Nanomaterials I Nanocomposites/hybrids ’

{ Catalysis ” Chemical reactions H Adsorption/sorption ” Retention
v Selective v Multifunctional
v' Stimuli-responsive v’ Efficient
v Fast v" Regenerable

Figure 5.2. Advantages of nanocomposite/nanohybrid materials for water purification.

As a result, within the frame of the “RESTART” 2014-2020 PON-MIUR project, the synthetic
steps starting by biopolymer-based or water-based blends are discussed, as well their
functionalization with cross-linkers, nano/micro-fillers, stimuli-responsive polymers, or their
preparation with innovative methods like electrospinning.

Two main sustainable approaches of electrospun membrane fabrication and
functionalization with different additives (i.e., halloysite, microcrystalline cellulose and biochar
derivatives) are presented to address the question of whether it is possible to combine greener
and cleaner processes for eco-friendly water treatment technology, overcoming the limitations
of waterborne (bio)polymers compared to fossil-based polymers.

In particular, some of the reported studies deal with the development of:

e different bio-polymer (polyamide 11 and chitosan) or waterborne doped polymer-
based (polyvinyl alcohol) membranes prepared by the electrospinning technique;

o different functional electrospun nanofiber-based composite membranes prepared by
electrospinning on selected supports (i.e., polyester calendared and non-woven glass
fiber supports).

All experimental results emphasized some of the advantages of electrospun nanofiber
membranes, as following:

¢ high tensile strength;
¢ high operational flux;
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e high porosity;

o large specific surface area;

e modifiable functionalities;

e modifiable nanofiber dimensions;

e possible simple post-functionalization;

¢ long-lasting operations;

e the capacity to remove various contaminants from water;
e superior antibacterial/anti-fouling properties;

e ease of reusability;

e simplicity of management.

In particular, electrospun nanofiber composite membranes obtained on selected supports
revealed advantages in term of easy of management and handling and increased mechanical
properties and resistance making easier the possible scale up of the prototypal systems compared
to not composite nanofiber membranes. Moreover, thanks to the innovative electrospinning
production system employed, as the large rotating drum equipped with oscillating carriages,
large membranes were developed make them suitable for the development of prototypes based
on commercially available cartridges for wastewater remediation.

Another aspect that is object of the present PhD thesis concern the development of
secondary-raw materials from natural and abundant bio-based resource as Spanish broom in
order to reduce the use of critical raw-materials for a more sustainable production.

Microcrystalline cellulose and biochar were effectively obtained from this renewable source
and modified according to easy, one-pot and sustainable procedures by means of alkoxysilane
cross-linkers, halloysite, B-cyclodextrin, citric acid and nano zero-valent iron functional agents.

The obtained functional additives were embedded in water-based polyvinyl alcohol blends
to obtain electrospun nanofiber composite membranes with excellent gravity-driven selective
separation capabilities of cationic organic dyes. The features of the obtained membranes make
them as good candidates, together with the previous described membranes, for the efficient
purification of wastewaters from emerging contaminants.

Moreover, another study is focused on the development of a smart system based on a
stimuli-responsive polymer (i.e., PDMAEMA) and a host-guest macrocyclic compound (i.e.,
pillar[s]arenes) by its blending in a polyether sulfone solution; these polymeric functional smart
materials are investigated, thus demonstrating the effective formation of innovative polymeric
beads, through the non-solvent induced face separation process, suitable for the selective
removal of anionic dyes from water. These systems in the form of beads could be employed for
ex-situ remediation of polluted water by their dispersion in tanks containing the water to be
treated for the adsorption of target contaminants. Their shape and form permit to be recovered
for the possible regeneration and reuse for more cycle of adsorption. This feature will be studied
in future experiments.

As aresult, from all experimental evidence, it is possible to highlight that the rational design
of initial polymeric and blends with appropriate nanofillers or functional agents is crucial to
achieving membranes and systems with implemented mechanical, thermic, and chemical
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resistance, as well as different pollutant retention properties.

Moreover, it is demonstrated how it is possible to develop innovative and sustainable
solutions for the removal of common and emerging pollutants from contaminated water using
safe-by-design functional composite and hybrid materials and technologies for more effective,
low-consumption, and environmentally friendly treatment processes.

In particular, all experimental findings confirm that the use of bio-based or water-based
polymeric formulations developed within this PhD thesis (funded by the “RESTART” 2014-2020
PON-MIUR project) may give raise to:

e an implementation of these environmentally friendly synthetic and treatment
methods, on a large scale for the filtration of industrial, municipal, and agriculture
(waste)waters or contaminated ground waters;

e rational and more efficient substitution of the traditional, more harmful fossil-based
actually employed membrane technologies;

e moving towards a sustainable Industry 5.0.

In Figure 5.3 is illustrated the whole research activity.
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Figure 5.3. [llustration of the whole research activity described within this PhD thesis as funded by the
“RESTART” 2014-2020 PON-MIUR project.

To sum up, with these findings, we have only begun to discover the different possibilities of
development and application of (multi)functional and (multi)component materials for the
development of innovative and highly technological filtration systems based on membranes, and
we will continue to work in this area by optimizing these systems also in the framework of

ongoing funded projects.
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CHAPTER 6

MATERIALS AND METHODS

6.1 Chapter 2: Experimental section’

6.1.1. Materials

All materials and reagents were obtained from commercial suppliers for direct use unless
mentioned. Halloysite, octadecylphosphonic acid, (3-aminopropyl)triethoxysilane, octyl/decyl
glycidyl ether, dodecyl and tetradecyl glycidyl ethers,
dimethyloctadecyl[3(trimethoxysilyl)propyl]Jammoniumchloride (42 wt.% in methanol),
polyamide 11, anisole, ethanol (absolute), formic acid and glacial acetic acid were all purchased
from Sigma Aldrich at the highest purity level and used without any additional purification.

6.1.2. Synthetic procedures

6.1.2.1 Halloysite functionalization with APTES (HNT_NH2)
(3-aminopropyl)triethoxysilane was employed to functionalize halloysite following a

literature procedure [1] gaining the HNT_NH2 derivative.
9 g of APTES were poured in 300 mL of EtOH (95%) and pH is adjusted between 4.5 and 5.5
(with 8 mL of glacial acetic acid).

' It refers to paragraph 2.2
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Then, 30 g of HNT were added to this mixture. The system was left under stirring for two
hours at 60°C before the product was recovered using Biichner filtration with a cellulose nitrate
filter and washed with ethanol several times.

6.1.2.2 Halloysite functionalization with octadecylphosphonic acid and APTES (C18_HAL_NH2)

Halloysite was dried out for 72 hours at 60°C. Following this, octadecylphosphonic acid (C18)
was used to modify the HNT nanotube lumen in accordance with a method described in the
literature [2]. For instance, 500 mg of halloysite was suspended in 500 mL of an EtOH/H,O 4:1
v/v solution (pH 4 by acetic acid), along with 2 mmol of Ci8. The solution was allowed to get
into the halloysite lumen by applying vacuum to the flask ten times with a water pump. The
reaction was left to run for 7 days at room temperature with magnetic stirring. The product was
dried at 60°C for 24 hours after being filtered through cellulose acetate filters on a Biichner filter.

The identical process outlined above was carried out to functionalize the Ci8_HNT with
APTES (Figure 6.1). Then, 100 pL of APTES was reacted with 350 mg of Ci8_HNT in 5 mL of
EtOH/H,O 1921 v/v (pH range of 4.5-5.5 for acetic acid). The reaction was allowed to proceed for
24 hours at 60°C. The product was then filtered using a Biichner filter on cellulose acetate filters,
washed with ethanol, and left to dry for three days at 80°C in an oven.

NH; NH;

NH3 § é
H\ s A
ra
[+] doo
S ‘}9’ | [ Si
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C18_HNT C18 HNT_NH2

Figure 6.1. Graphical representation of C18 HNT and C18 HNT_NH2 hybrid halloysite derivatives.

6.1.2.3 HNT_NH2 functionalization with octyl/decyl glycidyl ether and dodecyl and tetradecyl
glycidyl ethers (HNT_NH_C8-Ci0 and HNT_NH_Ci12-C14)

The derivative HNT_NH2 was functionalized using octyl/decyl glycidyl ether and dodecyl
and tetradecyl glycidyl ethers to generate the two hybrids HNT_NH_C8-Cio and HNT_NH_Ci2-
Ci4 (Figure 6.2).

For each experiment, 10 g of HNT_NH2 were combined with 3 mL of either C8-Cio or Ci2-
Ci14 in a 100 mL H,O/EtOH 10:1 v/v solution, and the mixture was stirred magnetically at 60 °C
for five hours. The entire mixture was left three days to dry and curing in an oven set at 80°C.
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Figure 6.2. Graphical representation of HNT_NH_C8-Ci0 and HNT_NH_C12-C14 hybrid halloysite
derivatives.

6.1.2.4 HNT functionalization with dimethyloctadecyl[3(trimethoxysilyl)propyl]
ammoniumchloride (HNT_N+C18)

1.5 g of halloysite was mixed in 180 mL of an EtOH/H.O 11 v/v solution for the
functionalization of HNT with dimethyloctadecyl[3(trimethoxysilyl)propyl]ammoniumchloride
solution (Figure 6.3). The mixture was stirred continuously for 24 hours at room temperature
following the addition of 3 mL of N+C18 (2.2 mmol). The product was washed using a Biichner
filter on cellulose acetate filters, then it was washed with ethanol and dried for three days at 80°C

in an oven.
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Figure 6.3. Graphical representation of HNT_N+Ci8 hybrid halloysite derivative.

6.1.3. Chemical-physical measurement and characterization

The chemical structure of the resulting hybrid materials was determined using Fourier
transform infrared analysis (ATR FT-IR). FT-IR spectra were collected using a V-6600 Jasco
Spectrometer (JASCO Europe s.r.l., Cremella, LC, Italy), equipped with the Spectra Manager
Suite with integrated search software solution, KnowItAll® Informatics, and database JASCO

™
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Edition (JASCO Europe s.r.1., Cremella, LC, Italy). Spectra were acquired at RT at a resolution of
4 cm™, employing a total of 32 scans per data set, and a range of 4000-500 cm™.

The structural data of the synthetized hybrid materials were studied by X-ray diffraction
analysis (XRD) using the following parameters: 40 V, RT, 40 mA, range 10°-80° with a step of 0.2
°/s. BrukerD8 Advance diffractometer (Bruker, Karlsruhe, Germany) with a Bragg-Brentano
theta-2theta configuration and Cu Ka radiation.

The morphology of pristine and hybrid halloysite derivatives and electrospun nanofiber
membranes was studied by Scanning Electron Microscopy (SEM) employing a FEI Quanta 200 F
SEM (Hillsboro, Oregon, USA) at an accelerating voltage of 20 kV.

A FEI Phenom XL tabletop SEM (Thermo Fisher Scientific, Massachusetts, United States)
was also employed for the nanofiber diameters analysis with an at an accelerating voltage of
15 kV, using Phenom FiberMetric software. Prior to analysis, the samples were coated with gold
using a sputter coater (LOT-Quantum Design). The average diameters and their standard
deviations were expressed as a/2 are based on at least 200 measurements per sample.

An Optical Contact Angle 25 setup from DataPhysics (Filderstadt, Germany) was used to
study the static contact angles and wettability of the membranes. Droplets of 2 uL. deionized
water were dropped onto the membrane surface (25 °C, 30 +10% relative humidity). Average
initial contact angles and standard deviations (expressed as ¢/2) were measured using the OCA
25 software.

A Dynamic mechanical analysis (DMA Q800 TA Instruments, New Castle, United States)
was used to determine the mechanical tensile properties of the membranes performing three
measurements for each sample (gauge length of ~1 cm and a width of ~0.5 cm) with a strain rate
of 5 % min™. Standard deviations were expressed as o/2. A high precision digital coating
thickness gauge was used to measure the thickness of the membranes.

A Differential Scanning Calorimetry (DSC Q2000 TA Instruments, New Castle, United
States) equipped with DSC Standard Cell RC and RCS go cooling unit, was used to study the
thermal properties of the membranes performing a 20 °C-min™ heating ramp from 4o to 350 °C,
a 20 °C-min cooling until 40 °C and a second heating ramp of 20 °C-min™ from 40 to 350 °C. A
Tsero aluminium pan and a nitrogen flow of 50.0 mL-min™ were employed to perform three
measurements for each sample. Standard deviations were expressed as /2.

6.1.4. Filtration studies
A dead-end filtration cell (Amicon Stirred Cell 20omL, Merck KGaA, Darmstadt, Germany)
with a filtration area of 28.7 cm? was used to examine the filtering abilities of the nanofiber

membranes. The ENMs underwent a pretreatment with 100 mL of deionized water before being
tested for the elimination of the two target organic dyes. Then, MO and MB solutions were
combined in the same ratio (Viot = 50 mL; [MB] = [MO] = 2.5 mg-L™) and the mixture was filtered
at a constant rate of 10 mL-min~ (209 L-m~-h™!) under nitrogen pressure. Following filtration,
the UV-vis spectrophotometer was used to measure the organic dye concentrations, and
equation 1 was used to compute the retention rates of the two tested organic dyes.

. -G
Retention rate = < X 100 (1)
f
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Meanwhile the separation efficiency was determined by equation 2:
CMO;

x 100 (2)
Cmos + Cusy

Separation ef ficiency =

where Cris the concentration of feed, and Cj is the concentration of permeate.

Measurements of UV-Vis spectroscopy were made using a Jasco V-770 UV-Vis
spectrophotometer (JASCO Europe s.rl., Cremella, LC, Italy) equipped with common
measurement and analysis programmes and the Spectra Manager™ Suite Spectroscopy Software
(JASCO Europe s.r.l., Cremella, Italy), at 25°C, in the spectral range of 300 to 800 nm.

6.2. Chapter 2: Experimental section?

6.2.1. Materials

All materials and reagents were obtained from commercial suppliers for direct use unless
mentioned. (3-aminopropyl)triethoxysilane, octyl/decyl glycidyl ether, polyamide 11, ethanol,
glacial acetic acid, anisole, dimethyloctadecyl[3(trimethoxysilyl)propyllJammoniumchloride,
formic acid were all purchased at the highest purity level at Sigma Aldrich and employed as
received without any additional purification.

Chitosan (100.000-300.000 Da) was purchased at the highest purity level at Acros Organics
and used as received without any further purification.

Polyester calendered fabrics (Fibertex VIGONIT 30), mass per unit area 30 + 3 g-m?, thickness
0.2 + 0.1 were gently conferred from Fibertex Elephant Espafia, S.L.U.

6.2.2. Synthetic procedures
6.2.2.1 Synthesis of HNT_NH2, HNT_NH_(C8-Ci0o, HNT_N+_C(18 halloysite derivatives

The three halloysite derivatives HNT_NH2, HNT_NH_C8-Cio, HNT_N+_Ci8 were
synthetized according to the procedures described in paragraphs 6.1.2.1, 6.1.2.3 and 6.1.2.4,

respectively.

6.2.3. Chemical-physical measurement and characterization

Scanning electron microscopy (SEM) was performed by the FEI Quanta 200 F SEM
(Hillsboro, Oregon, USA) to analyse electrospun nanofiber composite membranes at a 20 kV
accelerating voltage. A FEI Phenom XL tabletop SEM (Thermo Fisher Scientific, Massachusetts,
United States) outfitted with Phenom FiberMetric software was used to measure the nanofiber
diameter at a 15 kV accelerating voltage. Before analysis, the samples were coated with gold using
a sputter coater (LOT-Quantum Design). For estimations of average diameter, at least 50
measurements of each sample were performed (standard deviations were denoted as ¢/2).

2 It refers to paragraph 2.3
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A DataPhysics (Filderstadt, Germany) OCA 25 contact angle setup was used to test the
wettability of the electrospun nanofiber membranes (without the PE support). For this analysis
2 pL of deionized water were poured to the nanofiber mat on the aluminium foil At room
temperature (25 °C, 30% 10% relative humidity). The average contact angles and standard
deviations, denoted as /2, were computed using the OCA 25 programme.

The tensile mechanical properties of the electrospun nanofiber composite membranes were
analysed by a DMA Q800 (TA Instruments, New Castle, United States) performing three
measurements for each sample (gauge length of ~1 cm and a width of ~0.5 cm) with a strain rate
of 5 % min™ (standard deviations were expressed as o/2). A high accuracy digital coating
thickness gauge was used to test the thickness of the membranes.

The thermal properties of the electrospun nanofiber composite membranes were
determined with a DSC Q2000 (TA Instruments, New Castle, United States) equipped with DSC
Standard Cell RC and RCS go cooling unit, performing a 20 °C-min" heating ramp from 40 to 350
°C, a 20 °C-min™* cooling until 40 °C and a second heating ramp of 20 °C-min™* from 4o to 350 °C.
Measurements were performed using a Tyero aluminium pan and a nitrogen flow of 50.0 mL-min-
! (standard deviations were expressed as /2).

6.3. Chapter 3: Experimental section

6.3.1. Materials

All materials and reagents were obtained from commercial suppliers for direct use unless
mentioned.  (3-glycidyloxypropyl)trimethoxy silane, sodium dihydrogen phosphate
monohydrate, citric acid, polyethylene glycol (PEG), halloysite, poly(vinyl alcohol) (Mw:
89,000-98,000, 99+% hydrolyzed), (3-mercaptopropyl)trimethoxysilane, iron(III) chloride,
sodium borohydride, sodium hypochlorite (6-14% of active chlorine), sodium hydroxide,
hydrochloric acid, ethanol (absolute), were all purchased at the highest purity level at Sigma
Aldrich and used as received without any further purification.

The non-woven glass fiber support (30 gm™=) was purchased from R&G
Faserverbundwerkstoffe GmbH (Waldenbuch, Germany).

6.3.2. Synthetic procedures

6.3.2.1 Spanish broom pre-treatment

Spanish broom stems (Spartium junceum
vermene) were collected in Messina, Sicily, Italy and sliced into 2 c¢cm pieces. 100g of slices
were boiled in 1L of distilled water for 1 hour, then placed in 500 mL of fresh water changed every
day for 6 days. The macerated product was then dried at 60 °C for 24 hours before being
triturated in a disintegrator for 15 minutes.

The resultant powder (10.2363 g) and straws (25.8568 g) were separated using a 200 m sieve
(Figure 6.4).
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(b)

Figure 6.4. Digital photographs of Spanish broom stems after maceration and drying (a); straws (b) and
powder (c) produced following disintegration and separation by sieving.

6.3.2.2 Microcrystalline cellulose preparation from Spanish broom powder
Alkali treatment. 20 g of powder was alkali treated with 8oo mL (40 mL-g™) of 0.5 N NaOH

for 1h at boiling temperature, in accordance with a process described in the literature [3]. The
final product was centrifuged at 5000 rpm for five minutes before being repeatedly washed with
distilled water to achieve pH neutrality. The powder was dried 12h at 60 °C.

Bleaching. 15 g of alkali treated powder were poured in 600 mL of distilled water (40 mL-g™)
with 30 g sodium hypochlorite (2 g-g™of fibres) and 18 mL of acetic acid (1.2 ml-g™of fibres) at
70°C for 3 h for the bleaching process. 30 g of sodium hypochlorite were added every hour to the
mixture, for a total of 3 times. The mixture was kept reacting at 70°C for 15h. The final product
was collected and centrifuged at 5000 rpm for 5 minutes. It was then repeatedly rinsed with
distilled water until it reached a pH of 8, then dried for a whole night at 60°C.

Microcrystalline cellulose (MCC) preparation. MCC was produced employing an acid
hydrolysis by HCI/H,SO, (2:1, v/v), with a ratio of 20 mL-g™. 1.6 g of cellulose obtained after
bleaching were repulped under magnetic stirring in 26 mL of warm distilled water and with the
help of ultrasonication. Then the acid mixture was added and kept reacting for 30 min at 100 C.

100 mL of distilled water were added in order to stop the reaction. The mixture was then
centrifuged at 5000 rpm for five minutes, rinsed with distilled water until the pH is neutral, and
dried in an oven at 60 °C for 24 hours [4].

6.3.2.3 MCC functionalization with HNT (MCC_GPTMS_ HNT)

MCC was functionalized by a reported procedure with some modifications employing
GPTMS alkoxysilane precursor to be crosslinked to HNT (Figure 6.5) [5,6].

In particular, 100 mg of MCC were dispersed in 6 mL of an EtOH/H,O (7:1 v/v) at pH 3 (1
droplet of HCl is added) and sonicated for 15 minutes. Then in another flask 100 mg of HNT were
dispersed in 6 mL EtOH/H,O (7:1 v/v) at pH 3 (1 droplet of HCl is added) and 200 mg of GPTMS
were added.
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The two solutions were combined and reflux-reacting for two hours while being
magnetically stirred. The product was centrifuged for five minutes at 5000 rpm, rinsed many
times in distilled water, and dried for two days at 60 °C.
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Figure 6.5. Graphical representation of the synthesis of MCC_GPTMS_HNT hybrid derivative.

6.3.2.4 Halloysite functionalization with (3-Mercaptopropyl)trimethoxysilane (HNT_SH)

A mixture of 2g of HNT, 200 mL of water, and 2g of (3-Mercaptopropyl)trimethoxysilane was
kept at reflux for 24 hours to obtain the HNT_SH derivative. The product was centrifuged at
5000 rpm for five minutes, rinsed many times with distilled water, and dried at 60 °C for two
days. [7].

6.3.2.5 MCC functionalization with HNT_SH (MCC_GPTMS_SH_HNT)

In order to obtain the MCC_GPTMS_SH_HNT derivative (Figure 6.6), 100 mg of MCC were
dispersed in 12 mL of a EtOH/H20 (7:1 v/v) solution with a pH of 3 and sonicated for 15 minutes.

The dispersion was then supplemented with 200 mg of GPTMS and refluxed for 30 minutes
(under magnetic stirring).

100 mg of HNT_SH were then added to the mixture allowing to react at reflux for an
additional 3 hours.

The product was centrifuged at 5000 rpm for five minutes, rinsed many times in distilled
water, and dried at 60 °C for two days.
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MCC_GPMS_SH_HNT

Figure 6.6. Graphical representation of the synthesis of MCC_GPTMS_SH_HNT hybrid derivative.

6.3.2.6 MCC functionalization with B-CD (MCC_CA_B-CD)
MCC_CA_B-CD system was obtained following some adapted literature approaches [8-11]
(Figure 6.7).

MCC_CA_B-CD

Figure 6.7. Graphical representation of the synthesis of MCC_CA_B-CD derivative.
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Specifically, 5 mL of distilled water were combined with 100 mg of MCC, ultrasonicated for
15 minutes, and added with 100 mg of B-CD, 100 mg of citric acid, and 60 mg of sodium
dihydrogen phosphate monohydrate.

50 mL of isopropanol were added after letting the mixture react for two hours at 80°C. The
suspension was centrifuged at 5000 rpm for five minutes before being twice rinsed with distilled
water and once with isopropanol.

The resulting powder was dried for 24 hours at 60°C.

6.3.2.7 Biochar preparation from spanish broom straws (Bch)

Spanish broom straws were pyrolyzed at 400°C for 2 h to produce the biochar (Bch)
according some studies performed on other natural vegetable derived product [12]. 3.43 g of
biochar were obtained from 10 g of straws.

6.3.2.8 Biochar modification with NZVI nanoparticles (Bch_NZVI)

A liquid-phase chemical reduction approach using some modified literature methodologies
[13,14] was used to produce biochar-supported nano zero-valent iron composite (Figure 6.8). In
specifically, 20omL of a 1/4 v/v ethanol/water solution were mixed with 3 g of PEG as a surfactant,
and the mixture degassed under nitrogen and magnetic stirring for 30 minutes. Then 3 g of FeCl;
were added into the mixture under the protection of nitrogen, and kept mixing for 30 min. After
that 2 g of biochar were added. 100 mL of 1 mol-L™ NaBH, EtOH solution, were put in the mixture
drop by drop (with a speed of 1 drop per second) under nitrogen atmosphere and vigorous
stirring. The mixture was stirred for a further 30 minutes under nitrogen and then filtered once
the NaBH, solution has been entirely consumed. The resultant black solid was collected by
centrifugation at 2000 rpm and repeatedly rinsed with water and EtOH.

Bch_NZVI

Figure 6.8. Graphical representation of the synthesis of Bch_NZVI derivative.

6.3.3. Chemical-physical measurement and characterization
The chemical structure of the developed additives was determined using Fourier transform

infrared analysis (ATR FT-IR). FT-IR spectra were collected using a V-6600 Jasco Spectrometer
(JASCO Europe s.r.l., Cremella, LC, Italy), equipped with the Spectra Manager™ Suite with
integrated search software solution, KnowlItAll® Informatics, and database JASCO Edition
(JASCO Europe s.r.1., Cremella, LC, Italy). Spectra were acquired at RT at a resolution of 4 cm™,
employing a total of 32 scans per data set, and a range of 4000-500 cm™.
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Their morphology was investigated by a FEI Quanta 200 F SEM (Hillsboro, Oregon, USA) at
an accelerating voltage of 20 kV.

The method described by Hoang et al. [16] was used to calculate the swelling degree of PVA
electrospun nanofiber composite membranes both before and after heat treatment. The samples
were first cut into small pieces (2 x 2 cm) and dried at 70 °C for 24 hours before being weighed
on an analytical balance (Orma Scientific, Italy) with a precision of 0,0001 g to determine the
original weight of the sample (m;). The dried samples were then submerged for 24 hours in Mili-
Q water at room temperature (25 °C). The wet membranes were weighted after being cleaned of
extra water using cotton tissue paper (my). The specimen swelling was assessed using the
following equation 3:

—m;

. my
Swelling degree (%) = Y

i

x 100 3)

The mass loss after 24 hours was measured and represented as a percentage of the initial
specimen mass (see equation 4) after drying the samples at 70 °C for 24 hours following the
swelling test.

o _ m; mf
Mass loss (%) = — x 100 (4)
my

An FEI Phenom XL tabletop SEM (Thermo Fisher Scientific, Massachusetts, United States)
was used to investigate all composite electrospun nanofiber membranes at a 15 kV accelerating
voltage. A sputter coater (LOT-Quantum Design) was used to coat the samples with gold prior
to examination. The nanofiber diameters were measured using the programme Phenom
FiberMetric. The average diameters and their standard deviations, which were denoted as o/2,
were based on at least 200 measurements per sample.

A DMA Q800 (TA Instruments, New Castle, United States) was used to study the mechanical
tensile characteristics of the electrospun composite membranes. Three measurements were
taken for each specimen at a strain rate of 1% min™ (gauge length of about ~1 cm and length
of ~0.5 cm). The thickness of the samples was measured using a very accurate digital coating
thickness gauge.

6.3.4. Filtration studies

A dead-end filtration cell was used to assess the filtration performance of the electrospun
nanofiber composite membranes (Amicon Stirred Cell 200omL, Merck KGaA, Darmstadt,
Germany) with a filtration area of 28.7 cm?. The membranes were pre-treated with 100 mL of
deionized water before testing. Subsequently 5 mg-L™ of MO and MB solutions were mixed in
the same ratio for a total of 50 mL and gravity filtered. Following filtering, the organic dye
concentrations were evaluated using a UV-vis spectrophotometer, and the retention rate of the

two tested organic dyes was calculated using equation 5:

C—C

P %100 ()
f

Retention rate =

Meanwhile the separation efficiency was determined by equation 6:
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CMO;

Separation ef ficiency =
Cymor + Cupy

X 100 (6)

where Cris the concentration of feed, and Cpis the concentration of permeate.

UV-Vis spectroscopy measurements were carried out at 25°C using a Jasco V-770 UV-Vis
spectrophotometer (JASCO Europe s.rl., Cremella, LC, Italy) equipped with standard
measurement and analysis programs and the Spectra ManagerTM Suite Spectroscopy Software
(JASCO Europe s.r.1., Cremella, Italy).

6.3.5. Adsorption isotherm calculations

Removal efficiencies (%) of MB by the Bch_NZVI nanocomposite were calculated by the
Equation 7:
(CO B Ct)

% = — X 100% (7)
0

where Co/mg-L and C;/mg-L™ are the dye concentrations at initial time and time t.
Sorption capacity (q:/mg-g™) was determined according to the Equation 8:
(Co - Ct)V
=0t (8)
4t W
Adsorption isotherms were calculated from the graph of the adsorption capacity at the
equilibrium (ge/mg-g™) vs the equilibrium dye concentration (Ce/mg-L™).
In order to choose the model that fits the data the most accurately, regression coefficients
(R?) for all the various model types have been analysed.
Langmuir calculation (Equation 9) [17,18]:
— quLC€ ( )
Te= 1%k, 0
where Ce/mg L™ is the equilibrium dye concentration in the solution, ki/L-mg™ is the
Langmuir adsorption constant, and qm/mg-g™ is the theoretical maximum adsorption capacity.
Freundlich calculation (Equation 10) [17,19]:

de = kFCel/n (10)

where kr/L-mg™ and n represent the Freundlich isotherm constants indicating the capacity
and intensity of the adsorption, respectively.
Temkin calculation (Equation 11) [20,21]:

qe = Brin(krC,) (11)

Where Br/]-mol~ correspond to RT/b (T is the absolute temperature in K, R the universal gas
constant) and kr/L-mg™is the Temkin isotherm constant related to the heat of adsorption.
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6.4. Chapter 4: Experimental section

6.4.1. Materials

All materials and reagents were obtained from commercial suppliers for direct use unless
mentioned. 1,4-dimethoxy benzene, parafolmaldehyde, ethyl a-bromoisobutyrate (EBiB), N, N,
N’, N”, N" -pentamethyldiethylenetriamine (PMDETA), ascorbic acid, hydrochloric acid, sodium
hydroxide, magnesium sulphate, polyethersulfone (PES), polyvinylpyrrolidone (PVP), methyl
orange, methylene blue, the solvents methanol, dimethylformamide (DMF), dichloromethane,
hexane, N,N-dimethylacetamide (DMAc) and deuterated solvent CDCl;, were acquired at most
purity grade available from Sigma Aldrich and used as received. The monomer 2-
(dimethylamino)ethyl methacrylate (DMAEMA) was purchased from Sigma Aldrich, and the
hydroquinone monomethyl ether inhibitor was eliminated by passing it down a basic alumina
column. When practicable, thin layer chromatography on silica gel plates with fluorescence
indicator was used to monitor the synthesis processes. Chromophores were detected by UV light
(A = 254 nm) or by treating the samples with acid dodeca-phosphomolybdic in ethanolic solution
(5% w/v). The synthesis products were purified using column chromatography with 230-400
mesh silica gel as the stationary phase.

6.4.2. Synthetic procedures

6.4.2.1 Synthesis of P5-Br
The pillar[s]arene derivative was synthetized according to a literature method [22].

1,4-dimethoxy benzene (1.67 g, 12.1 mmol), paraformaldehyde (0.44 g, 14.6 mmol), 1-(2-
bromoethoxy)-4-methoxy benzene (0.7 g, 3.0 mmol) and [BF;-O(C,Hs).] (1.9 mL, 15.3 mmol) were
mixed in 1,2-dichloroethane anhydrous (50 mL) and kept under stirring in an inert atmosphere
(Ar). The reaction was stopped after 3.5 h at room temperature by adding a mixture of distilled
water and methanol 2:1 v/v (150 mL) and kept stirring for 2 h. A sintered glass filter was used to
filter the mixture, and the solvent was then evaporated. The dried solid was solubilized in CH,Cl,
(100 mL), washed with distilled H.O (2 x 50 mL), dried with MgSO, and finally the solvent was
evaporated. The reaction crude was purified by column chromatography (eluent mixture 1:3
hexane/CH,Cl.), obtaining P5-Br as a white crystalline solid (1.25 g, 1.48 mmol, 50%).

'H NMR (500 MHz, CDCl;): § 6.80-6.76 (m, 9H, ArH), 6.70 (s, 1H, ArH), 4.04 (t, ] = 6.0 Hz,
2H, OCH,), 3.81-3.77 (m, 10H, ArCH,Ar), 3.68-3.64 (m, 27H, CH;), 3.44 (t, ] = 6.0 Hz, 2H, BrCH,)
ppm.

6.4.2.2 Synthesis of PDMAEMA

Poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) was synthesized by an ARGET-
ATRP according to methods described by Willott et al. [23] and Keating et al.[24]

CuBr; (2.65 mg, 0.012 mmol), DMAEMA (5 mL, 30 mmol), PMDETA (25 pL, 0.12 mmol), EBiB
(17 pL, 0.023 g, 0.12 mmol) and ascorbic acid (20.90 mg, 0.12 mmol) were added in chronological
order to a degassed solution of methanol/H.O g:1v/v. The final ratio DMAEMA/CuBr,/PMDETA
/Ascorbic acid/EBiB was 2500:1:10:10:10 and DMAEMA /solvent ratio 1:1 v/v.
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The reaction was left for 20 h at thermostatic bath at 35 °C under inert atmosphere (Ar). The
reaction mixture was poured in H,O at boiling temperature (150 mL), the precipitate recovered
and dried under vacuum at 40 °C for 2 h. The solid product was dissolved in HCl (200 mL, 1 M)
and precipitated with NaOH (150 mL, 2 M). The obtained precipitate was recovered and dissolved
in CH,Cl, (100 mL), the organic phase was washed with distilled water (3 x 20 mL), dried with
MgSO, and finally the solvent was evaporated.

The obtained polymer was dissolved in CH,Cl, (100 mL) and precipitated by adding hexane
(80 mL). After eliminating the solvent, the polymer was washed with hexane and dried under
vacuum at 40 °C for 2 h obtaining a transparent rubbery solid (3 g), stored at 4 °C.

'H NMR (500 MHz, CDCL): § 4.09 (br, 2H, CH,OC=0), 2.62 (br, 2H, NCH.), 2.32 (s, 6H,
N(CH,).), 1.84 (br, 2H, CH.), 1.26 (s, CCH;), 1.05-0.91 (br, 3H, CH;) ppm.

6.4.2.3 Synthesis of P5-QPDMAEMA

PDMAEMA (100 mg) and P5-Br (257 mg, 0.3 mmol) were poured in DMF (5 mL) and keep
reacting under stirring at 50 °C for 10 days. Subsequently CH.CL, (2 mL) and hexane (4 mL) were
added to the reaction mixture and keep stirring until the formation of a precipitate.

The product was separated from the solvent and dried under vacuum obtaining a transparent
glassy like product (243 mg).

'H NMR (500 MHz, CDCl;): § 6.84-6.51 (m, 10H, ArH), 4.06 (br, 2H, CH,OC=0), 4.06 (br, 2H,
OCH.), 3.75 (br, 10H, ArCH,Ar), 3.63-3.49 (br, 27H, CH,), 3.38 (br, 2H, BrCH.), 2.58 (br, 2H, NCH.,),
2.28 (s, 6H, N(CHj;).), 1.88 (br, 2H, CH.), 1.24 (s, CCH;), 1.04-0.87 (br, 3H, CH;) ppm.

6.4.3. Beads preparation
Polyethersulfone blends were prepared by mixing the polymers with a specific ratio (w/w)

using DMAc as solvent and stirring for 12 h at RT. The casting solutions were subjected to an
ultrasonic bath for 30 minutes before to the manufacture of the beads in order to eliminate
bubbles.

The beads were prepared at various coagulation pH, thanks to a traditional non-solvent
induced phase separation (NIPS) process. A 1 cc syringe (G26, 0.45 mm x 12 mm) and a 1.20 X 40
mm (18G x 1 ¥2") needle, were placed at a distance of 5 cm from the coagulation bath. Three
coagulation baths were used: i) HCI (50 mL, 0.5 M), ii) H,O (50 mL), NaOH (50 mL, 0.5 M). Beads
were left for 2 h in the coagulation baths and subsequently removed and left for12 h in a H,O bath
(100 mL). After the coagulation beads were abundantly washed with H,O and ethanol and dried
at 50 °C for 24 h.

The post functionalization of B-P(b) and B-P5QP(b) beads was performed by the immersion
of =145 mg of each kind of bead in 8 mL of MeOH with 0.8 g of 1,4-butansultone and keeping
stirring at 40 °C for 24 h. The beads were subsequently washed with distilled water and ethanol
and dried at 50 °C for 24h. The functionalization percentage was calculated gravimetrically with
the Equation 12 [25]:

. . Wy —W;
Functionalization percentage % = ———— X 100 (12)
i

where W¢/mg is the final weight and W;/mg is the initial weight.
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6.4.4. Chemical-physical measurement and characterization

'H NMR spectra were acquired at a temperature of 293 °K using a Varian 500 MHz
spectrometer. The chemical shifts (3) were reported in ppm with respect to the residual protiated
signal of the solvent, while the values of the coupling constants (J) were reported in Hz.

Fourier transform infrared analysis (ATR-FT-IR) were acquired directly on a whole bead by
using a V-6600 Jasco Spectrometer (JASCO Europe s.r.l., Cremella, LC, Italy), equipped with an
attenuated Total Reflection accessory, including the Spectra Manager™ Suite with integrated
search software solution, KnowlItAll® Informatics and database JASCO Edition (JASCO Europe
s.r.l., Cremella, LC, Italy). Spectra were recorded at room temperature, in the range of 4000-500
cm™ acquiring 32 scans per data set with a resolution of 4 cm™.

UV-Vis spectroscopy measurements were performed at ~25 °C with a Jasco V-770 (JASCO
Europe s.r.l, Cremella, LC, Ttaly) UV-Vis spectrophotometer equipped with standard
measurement and analysis programs and the Spectra Manager™ Suite Spectroscopy Software
(JASCO Europe s.r.1., Cremella, Italy).

A Hitachi S4000 SEM was employed for the morphology study of the beads operating at 15
kV. Beads were carefully sliced with a sharp scalpel to expose their cross-section. Thin slices were
mounted onto an aluminium stub (PELCO) and metallized with a =ionm-thick 99.999% Au
(Sigma-Aldrich) layer by means of a sputter coater (Quorum QRi50R).

X-ray Photoelectron Spectroscopy (XPS) measurements, were performed using an ESCALAB
250Xi (Thermo Fisher Scientific Ltd., East Grinstead, UK) spectrometer, equipped with a
monochromatized Al ka source (hv = 1486.6 e€V) and 6-channeltron as detection system. The
tests were carried out with the constant pass energy (40 eV). The charge neutralization of the
insulator samples was guaranteed by an electron flood gun during the measurements, operating
at large spot area compensation mode. All spectra were registered and processed with Thermo
Avatange software v5.979 (Thermo Fisher Scientific Ltd., East Grinstead, UK).

6.4.5. Adsorption kinetic studies and isotherm calculations
Calibration curves and adsorption measurements of MB and MO were obtained using a UV-

Vis V-770, Jasco spectrophotometer (JASCO Europe s.r.l.,, Cremella, LC, Italy) at ~25°C. The
concentration of MB was determined at A/nm = 664, and MO at A/nm = 464.

Removal efficiencies (%) of MB and MO by the different beads were calculated by the
Equation 7.

Adsorption capacity (q:/mg-g™) was determined according to the Equation 8.

where Co/mg-L and Ci/mg-L™ are the dye concentrations at initial time and time t; V/L is the
solution volume and W/g is the adsorbent mass.

In Figure 4.15-4.17 interpolate lines between experimental data points are qualitative and
shown only to better visualize the process trend.

B-P5QP(a) bead (=20 mg) and 20 mg-L MO solution (20 mL) was employed for the kinetic
study. After each time interval, a portion of solution was taken out, the absorbance measured with
the UV-Vis spectrophotometer at A/nm = 464, ~25°C.

All the parameters were calculated from the graph of the adsorption capacity at time t
(qe/mg-g™) vs. t/min.
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Coefficients of regression (R?) of all the different types of models have been evaluated and
assessed to determine the best fit of the appropriate model.
For the pseudo-first order calculation the following equation 13 was employed [26,27]:

qr = q.(1 —e™1f) (13)

where t/min is the contact time, q¢/mg-g™is the adsorption capacity at time t, qe/mg-g™* the
adsorption at equilibrium, k,/min™ is the adsorption rate constants of pseudo-first order
adsorption model.
For the pseudo-second order calculation the following Equation 14 was employed [26]:
2
g = Jek2t (14)
1+ gkt
where t/min is the contact time, q;/mg-g™is the adsorption capacity at time t, ge/mg-g~" the
adsorption capacity at equilibrium, k,/g-mg ~-min~ is the adsorption rate constants of pseudo-
second-order adsorption model.
For the intraparticle diffusion calculation the following Equation 15 was employed [28,29]:
qr = kairpt? +C (15)

where t/min is the contact time, q¢/mg-g™ is the adsorption capacity at time t,
kaifff mg-g™-min5 is the adsorption rate constants of intraparticle diffusion adsorption model
and C is a constant.

For the Elovic calculation the following Equation 16 was employed [30,31]:

q: = %ln(aﬁt +1) (16)

where t/min is the contact time, q;/mg g™ is the adsorption capacity at time t, «/mg-g*-min™*
is the rate of adsorption, /g-mg™is the desorption constant.

B-P5QP (a) beads (=20 mg) and 20, 40, 80, 150 and 300 mg-L* MO solutions (10 mL) were
employed for the adsorption isotherm study. A portion of solution was taken out after a contact
time of sh and the absorbance measured with the UV-Vis spectrophotometer at A/nm = 464 (T=
25 °C).

All the parameters were calculated from the graph of the adsorption capacity at the
equilibrium (ge/mg-g™) vs the equilibrium dye concentration Ce/mg-L™

Coefficients of regression (R?) of all the different types of models have been evaluated and
assessed to determine the best fit of the appropriate model.

The following adsorption isotherm models were evaluated:

e Langmuir model, Equation 7;
e Freundlich model, Equation 8;
e Temkin model, Equation 9.
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GLOSSARY

PDMAEMA
Ps5

PES
PVP
DMACc
NIPS
HNT
PAn
Chi
PVA

PE
APTES/NH2
GPTMS
MPTES
C8-Cio
C12-Ci4
N+Ci8/N+_C18
ENM
MMM
MCC
Bch
NZVI
B-CD
CA

MO
MB
UV-Vis
WCA
ATR
FT-IR
SEM
XRD
XPS
NMR
DOSY
DMA
DSC

Poly[2-(dimethylamino)ethylmethacrylate]
Pillar[s]arene

Polyethersulfone

Polyvinylpyrrolidone

Dimethylacetamide

Non-solvent induced phase separation
Halloysite nanotube

Polyamide 11

Chitosan

Polyvinyl alcohol

Polyester

(3-aminopropyl)triethoxysilane
(3-glycidyloxypropyl)trimethoxysilane
(3-mercaptopropyl)trimethoxysilane
Octyl/decyl glycidyl ether

Dodecyl and tetradecyl glycidyl ethers
Dimethyloctadecyl[3(trimethoxysilyl)propylJammoniumchloride
Electrospun nanofiber membrane
Mixed-matrix membrane
Microcrystalline cellulose

Biochar

Nano zero-valent iron

B-cyclodextrin

Citric Acid

Methyl orange

Methylene blue

Ultraviolet-Visible (UV-vis) Spectroscopy
Water contact Angle

Attenuated Total Reflection
Fourier-Transform Infrared Spectroscopy
Scanning Electron Microscope

X-Ray diffraction

X-ray photoelectron spectroscopy
Nuclear magnetic resonance

Diffusion Ordered Spectroscopy
Dynamic mechanical analysis
Differential scanning calorimetry
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