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ABSTRACT

Wastewater contamination by a wide range of organic and inorganic pollutants, including pharmaceuticals and
heavy metal ions, poses significant risks to human health and ecological systems. This doctoral thesis presents the
design, synthesis, and characterization of novel, highly efficient adsorbents based on poly(2-oxazoline)s for
wastewater remediation. The core strategy involved designing polymers to selectively interact with different
classes of pollutants and immobilizing these polymers onto solid supports, such as Graphene Oxide and cellulose,

to ensure water insolubility and facilitate their recovery and regeneration after adsorption experiments.

Specifically, a novel 2-oxazoline monomer bearing a diphenyl moiety was synthesized and subsequently
polymerised via Cationic Ring-Opening Polymerisation to yield the homopolymer. This new polymer
demonstrated remarkable efficacy in adsorbing hydrophobic organic pollutants from spiked aqueous solutions,
exhibiting a direct correlation between removal efficiency and the pollutant's hydrophobicity. To address acidic
pharmaceutical contaminants, a novel composite material was developed by covalently linking a pre-synthesised
poly(2-oxazoline) bearing amine moieties onto Graphene Oxide following a “Grafting To” methodology. The
resulting GO-pAmOx, after characterization with TGA, ATR-FTIR, AFM, and TEM-EELS analyses, was
employed in separate adsorption experiments against the most common pharmaceutical compounds detected in
wastewater, demonstrating superior adsorption capacities selectively for acidic drugs (ketoprofen, aspirin, and
ibuprofen) compared to unmodified GO. A phenomenon attributed to the specific acid-base interactions between
the polymer’s amine moieties and the drugs’ carboxyl groups. For the removal of heavy metal ions, a "Grafting
From" methodology was successfully employed to synthesize cellulose-poly(2-oxazoline) composite materials
starting with three different decorated 2-oxazoline-based monomers. After confirming the successful growth of
the corresponding poly(2-oxazoline) polymer onto cellulose with ATR-FTIR and TGA, these composite materials
were separately employed in adsorption experiments targeting harmful heavy metal ions, demonstrating not
exclusively the higher efficiency of the composite with the poly(2-oxazoline) decorated with carboxyl group, but
also the higher efficiency of all the composites respect to native cellulose against the majority of heavy metal ions

employed.

In conclusion, this research successfully demonstrates the versatility of the poly(2-oxazoline)s for realizing
specialized, high-performance adsorbents. By rationally designing monomers and selecting suitable solid supports,
this work presents three distinct, reusable, and effective systems for the selective removal of hydrophobic
pharmaceuticals, acidic organic compounds, and heavy metal ions from aqueous environments, paving the way

for the development of advanced materials for targeted environmental remediation.
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1. Introduction

Water is indispensable to both humans and wildlife, and the functioning ol ST R
of the world depends upon the availability of clean water.! While Ereshwater 3% Q
approximately 71% of the Earth’s surface is covered by water, the vast \ " Groundwater 30.1%

: - Other 0.9%

majority is saline, with freshwater resources (constituting a mere 3% of e =
lcecaps and Sl_{rf;é.ce water 93%

the total amount) disproportionately sequestered in ice caps and glaciers =~ CGlades88.7%

Lakes 87%
(68.7%), subterranean aquifers (30.1%), and surface water bodies (a w

scant 0.3%).2 Nowadays, a continuous increase in water demand is
Rivars 2% Swamps 11%

observed as a consequence of demographic growth, escalating  Figure 1 Amount of water present on
industrial requirements, and evolving standards of living.> Indeed, the Barth.
Organization for Economic Co-operation and Development (OECD) projected in 2012 a global increase in
water demand of 55% between 2000 and 2050, mainly as a function of burgeoning needs of manufacturing
(+400%), thermal power generation (+140%), and domestic consumption (+130%).* Moreover, it was
estimated that 1.8 billion individuals will reside in regions experiencing scarcity by 2025, while two-thirds of
the world’s population will be inhabiting water-stressed areas.’ Decreasing water quality, caused by increasing
and newly emergent pollutants, also became an important reason for restricting the availability of water suitable
for safe utilisation by both natural systems and human populations, aggravating the water scarcity problems.®
These contaminants encompass a broad spectrum of species, ranging from inorganic heavy metals to a diverse
array of organic compounds, including personal care items, endocrine disrupting substances (EDCs),
polycyclic aromatic hydrocarbons, herbicides, insecticides, and synthetic dyes. Exposure to these pollutants

can engender severe and far-reaching health consequences.’
1.1 Water pollution

Aquatic pollution, the contamination of water bodies encompassing lakes, rivers, oceans, aquifers, reservoirs,
and groundwater, is predominantly anthropogenic in origin and exerts deleterious effects on legitimate water
uses, thereby reducing the capacity of these systems to provide essential ecosystem services.® The aetiology of
aquatic pollution can usually be attributed to four principal sources: sewage, industrial effluents, agricultural
runoff, and urban stormwater. Furthermore, releasing inadequately treated wastewater into natural waters can
instigate the degradation of these aquatic ecosystems. The ecological ramifications of aquatic pollution are
profound. Contaminants can disrupt the natural balance, leading to the decline of aquatic species and the
degradation of habitats. This affects the overall health of the environment and can have cascading effects on
human health and economic activities that rely on clean water. Pollutants can be broadly categorised into

inorganic compounds such as heavy metal ions, and organic molecules.



1.1.1 Inorganic pollutants

Notably, heavy metals such as lead (Pb), mercury (Hg), nickel (Ni), cadmium (Cd), chromium (Cr), and arsenic

(As), while detectable even in trace concentrations, pose significant hazards and may be released into aquatic

environments as a consequence of insufficient and inadequate wastewater treatment. Major sources of these

pollutants include: plating and electroplating industry, battery manufacturing, pesticide production, mining,

rayon industry, metal rinse processes, tanning, fluidized bed bioreactors, textile production, metal smelting,

petrochemicals, paper manufacturing, and electrolysis applications.” The non-biodegradable nature and

potential carcinogenicity

10-13 of heavy metals underscore the critical health risks posed to living organisms by

their in water at concentrations exceeding permissible limits. Major sources and effects of the most harmful

and commonly detected heavy metal ions are presented in Tablel.

Table 1 : Toxic Elements Commonly Present in Municipal and Industrial wastewaters.

Element Source Adverse Effect
Arsenic (As) Pesticides, Chemical wastes, Mining Enzyme-inhibitor, Carcinogenic

biproducts

Cadmium (Cd) Industrial discharge, Metal plating, Ni-  Causes high blood pressure, kidney
Cd batteries, Mining waste malfunctioning, anaemia, disorder of bone

marrow

Chromium (Cr) Metal plating industries, Tanning Carcinogenic

process.
Lead (Pb) Plumbing, mining, coal, gasoline Causes anaemia, kidney malfunctioning,

nervous disorder

Mercury (Hg) Mining, industrial waste, coal. Highly toxic

The heavy metal ion toxicity depends on their concentration, oxidation state, and the possibility to react

forming toxic metalloorganic compounds. Specifically,

Arsenic (As) can exist in four valence states: -3, 0, +3 and +5. As (V) is generally stable form in the
oxygenated environment, and As (III) compounds are highly toxic. Under natural conditions, the
highest concentrations of arsenic are found in groundwater because of the influence of rocks such as
arsenopyrite (FeAsS). Arsenic is structurally similar to phosphorus; its presence interferes with the
process of phosphorylation in the human body.'# Arsenic is also known to cause lung cancer in humans,
dermatitis and hair loss. Additionally, due to its strong affinity for sulthydryl groups and its lipid
solubility, it tends to bioaccumulate in the liver and kidneys.

Cadmium (Cd), once in the human body, replaces calcium in the bones. Symptoms similar to those of
rheumatism set in. Subsequently, the bones softened and became susceptible to fractures. In Addition,
this heavy metal ion displaces zinc in many vital enzymatic reactions, resulting in disruption or
cessation of activity. This normally leads to gastroenteritis.'

Chromium (III) is an essential element in human nutrition and is necessary for glucose metabolism, '
Chromium occurs as Cr (VI) and Cr (III) with the former being the more soluble form. While
Chromium (VI) has been shown to be carcinogenic to humans also by inhalation in occupationally

exposed populations.



e Lead (Pb) tends to concentrate in the bones. It remains in the bones in a relatively inert form, causing
no ill effects. However, when the body feels a shortage of an essential element like calcium or
phosphorus, the blood leaches out these minerals from the bones and supplies it to the relevant organ.
In this process, lead becomes labile and enters the bloodstream, subsequently accumulating in the
tissue where it induces toxic effects.!’

e Mercury (Hg) exists in elemental, inorganic and organic forms which include compounds where
mercury is bonded to a structure containing carbon atoms. In particular, methyl mercury is easily
absorbed through the gut and deposits in many tissues not crossing the blood-brain barrier as efficiently
as elemental mercury. However, on entering the brain it is progressively demethylated to elemental
mercury. Toxicity varies with dosage: large acute exposures to elemental mercury vapor induce severe
pneumonitis, which in extreme cases can be fatal.!® Low-grade chronic exposure to elemental or other

forms of mercury induces subtler symptoms such as neurological dysfunctions.
1.1.2 Organic pollutants

An important source of anthropogenic pollution is represented by pharmaceuticals, hormones, consumer
product chemicals and other organic compounds (OWC)s, employed in human activities. Critically, organic
pollutants are often unregulated in drinking water, and existing toxicity data are frequently inadequate to assess
potential risks from chronic low-dose exposure.!” The manufacturing and consumption of these organic
compounds have substantially increased over the past few decades and due to this increased production and
employment, the concentration of pharmaceuticals in wastewater has escalated rapidly. Analgesics and anti-
inflammatories are the major contributors of pharmaceuticals in wastewater, which are heterogeneous in nature
and used to achieve anodyne (i.e., relief from pain or to reduce fever). Pharmacological active contaminants
are persistent in aqueous media and show resistance to degradation.! For instance, studies in southwestern
India have reported the presence of common non-steroidal anti-inflammatory drugs (NSAIDs), such as
ibuprofen, aspirin, and ketoprofen, in three selected wastewater treatment plants (WWTPs) effluent and river
water (Gurupura River) at concentrations ranging from 5-22, 125-184 and 3-41 pg L', respectively,?® thereby
highlighting the limitations of conventional wastewater treatments.?! Despite negligible detectable amounts in
the environment, NSAIDs have prolonged ecotoxic effects on the biotic components of ecosystems.??
According to Feng et al.,? ingestion of NSAIDs is greater than 30 million doses per day and is vastly increasing
day by day. Contaminants in the form of NSAIDs can cause major organ disorders in living organisms through
the usage of untreated water. Invertebrates and vertebrates when exposed to NSAIDs can form induced
oxidative stress in their bodies which includes changes in the activity of antioxidant enzymes (catalase,
superoxide dismutase, glutathione-S-transferase, etc.), the total number of proteins as well as lipid
peroxidation.?* According to the research conducted by Selderslaghs et al.,> the presence of diclofenac and
ketoprofen resulted in cardiovascular defects and cardiac anomalies in freshwater fish Clarias gariepinus and

Danio rerio.



Non-steroidal anti- Others

Antibiotics . .
inflammatory drugs pharmaceutics
Ifamethoxazole e N Carbamezepine
P Tricl
etracycline ) Diclofenac d' riclosan
l Sulfapyridine | Antibacterial
Ciprofloxacin Ibuprofen Antimicrobial
B Sulfathiazole | Antiparasitic
Amoxicillin Acetaminophen Ribiondamsis
Ketoprofen 17a-ethinyl estradiol
Naproxen 17B-estradiol

Hormones
Estriol

Estrone

Dexamethasone

Salicylic acid

wm Clofibric acid

. I- [ Paroxetine

— Oxazepam

Common Pramipexole
pharmaceuticals

found in water
Trimethoprim bodies

Atenolol

(’ Dorzolamide
a»

Ranitidine

&

o 1

Figure 2 Common pharmaceutical pollutants found in water bodies.?

Therefore, the development of novel, highly efficient, reusable, and biocompatible systems for the removal of
inorganic and organic pollutants, even in traces, is not only crucial, but also compulsory for safeguarding
human health and ecological well-being. The available data on the environmental presence of pharmaceuticals
is unsatisfactory in terms of understanding which compounds present the highest threats to the environment.
As such, it is necessary and recommended to perform more representative acute and chronic toxicity tests of
pharmaceuticals in a representative range of aquatic organisms. A study reported cyto-genotoxic effects on
zebra mussels due to short-term exposure to a nonsteroidal anti-inflammatory drugs (NSAIDs) mixture that
caused an increase in oxidative stress, which in turn led to genetic damage.?’” With the increasing evidence of
the negative effects of pharmaceuticals on the environment and aquatic life, more attention has been paid to
this issue.?® Efforts to mitigate aquatic pollution necessitate the implementation of stringent regulations, the
deployment of advanced wastewater treatment technologies, and the execution of public awareness campaigns
to curtail the release of harmful substances into the environment. Sustainable practices in agriculture, industry,
and urban planning are also paramount in addressing the root causes of water pollution and protecting our
invaluable water resources for future generations. In contemporary wastewater treatment plants (WWTPs), the
predominant mechanisms for removing pollutants revolve around precipitation of the target substances and in
biochemical processes. For instance, the electrocoagulation (EC) process is widely employed for the
precipitation of heavy metal ions. Conversely, organic compounds are typically targeted using biochemical
approaches. Essentially, the most prevalent systems are designed to eliminate soluble organic pollutants,
suspended solids, and flocculated matter. This results in the production of high-quality effluent that meets the

standards for environmental discharge,? even if these pollutants have been detected in manly aquifers in traces.



1.2 Wastewater treatment methods

Municipal wastewater is mostly treated in sewage treatment plants which use various treatment processes
including physical, chemical and biological. Wastewater treatment and discharge are done according to
regional and national regulations and standards. Wastewater treatment is done with the purpose of producing
a pollutant-free and toxicity-free effluent that can safely be discharged into the environment.*° Three main
stages are involved in wastewater treatment: primary or physico-chemical, secondary or biological and tertiary
or advanced treatment.?! Briefly:

e  Primary treatment involves physical separation of heavy solid particles gravimetrically, oil and other
lighter floating materials mechanically. Wastewater is passed through several tanks and filters that
separate water from contaminants. The resulting “sludge” is then fed into a digester, in which further
processing takes place.

e Secondary treatment involves the removal of dissolved and suspended biological components by
means of an indigenous microbial population, which is removed prior to release of the treated water
into the environment or tertiary treatment stage. It is carried out in secondary treatment chambers such
as aeration tanks or bioreactors. In the presence of sufficient oxygen supplied through aeration pumps,
the indigenous microflora degrades the soluble organic fractions.

e Tertiary treatment includes advanced wastewater treatment methods focusing on the elimination of

toxic compounds to meet stringent water quality standards.??-33

An ideal scheme of Wastewater Treatment Plant stages is reported in Figure 3.
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Figure 3 Wastewater treatment plant stages, from preliminary to advanced treatment processes.**

Contemporary strategies for mitigating aquatic pollution, specifically heavy metal ions, encompass a diverse
array of methodologies including electrocoagulation (EC), adsorption utilising both synthetic and natural
adsorbents, magnetic field implementation, advanced oxidation processes (AOPs), and membranes

technologies.” For the removal of organic pollutants in WWTPs, prevalent mechanisms include biological



approaches, membrane Bio-Reactor (MBRs), attached growth systems, constructed wetland, algae
photobioreactors, and stabilization ponds.?* The most common processes include, but are not limited to:

e FElectrocoagulation (EC): is an economically viable water treatment technology that effectively removes

{I", suspended solids to sub-micrometre levels, destabilises

.,.,.Sﬁpm emulsions (e.g., oil, grease, latex), and oxidizes/eradicates heav

g g y

TIT'T“T.T metals without requiring filters or additional separation

H,0 chemicals. Fundamentally, an electrocoagulation reactor
Floatation Q

-§ T E comprises an electrolytic cell equipped with an anode and a
c H, ®

< | moH), it g cathode. Upon connection to an external power source, the

Hydrated cations
[ l"-rrl | anode undergoes electrochemical corrosion through oxidation,

) ) , whereas the cathode experiences passivation.
Figure 4 Schematic representation of basic

Electrocoagulation cell.* During electrolysis process, consumable metal plates (typically

made of iron or aluminium), release ions that neutralise particle charges thereby initiating coagulation.
The released ions facilitate the removal of undesirable contaminants either through chemical reaction and
precipitation, or by encouraging colloidal materials to coalesce, which can subsequently be extracted via
flotation.***” Electrocoagulation eliminates the necessity for moving parts, thereby simplifying the overall
process and reducing maintenance requirements. Additionally, the sludge produced by EC exhibits better
settleability, acid resistance, stability, featuring larger floc sizes and containing less bound water, which
enables quicker separation through filtration along with easier dewatering.’®**% However, in less
economically developed countries, electricity costs present a significant limitation to the application and
implementation of this process. Hence, to address such issues, researchers have explored the integration
of solar power as an energy source for EC-based wastewater treatment, yielding remarkably promising
results.*! By incorporating renewable energy, EC can further enhance both economic and environmental
sustainability in wastewater treatment.

o Membrane bioreactors (MBRs): These systems represent a combination of membrane processes (such as

micro or ultrafiltration) with biological treatment,

bioreactor membrane
@ ¥ . most notably the activated sludge process.*> An MBR
* @ consists of a specifically-designed bioreactor
* Clean water . . . .
# " 4 S 5 chamber that cultivates a sustained, biologically
Pl ‘,' . Solidsand active environment, enabling the proliferation of
~ e * miicro-organisms retained

Wbl il bacteria and protozoa which metabolise organic
Figure 5 Schematic representation of membrane bioreactor process, compounds  within  the raw wastewater. The
biological activity results in the production of a stabilised waste sludge containing the oxidised material.
The efficacy of MBRs surpasses that of conventional biological systems owing to the exceptionally high
microbial population maintained in close proximity of the membrane surface, which facilitates the
comprehensive removal of pollutants, prior to the filtration stage. Additionally, due to the inherent sieving

action of the membrane, pollutants with molecular weights exceeding the membrane’s cut-off are
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effectively retained, thereby ensuring contact with the resident degrading microbial communities inside
the reactor for complete degradation (pollutants’ residence time range from hours to days). Among the
significant advantages of these systems, are the notably reduced reactor volume required and the

4 coupled with

consistently higher quality of the effluent compared to traditional treatment methods,
markedly lower levels of bacterial contamination.* Nonetheless, a persistent challenge encountered in
MBR operation is membrane fouling, which can lead to substantial flux decline and ultimately
compromise water quality. Severe fouling episodes often necessitate intense chemical cleaning or
membrane replacement,* procedures that inherently elevate operational costs and impact the economic
sustainability of such treatment plants.

Advanced Oxidation Processes (AOPs): These processes are characterised by the in-sifu generation of
highly reactive oxidative species, predominantly hydroxyl radicals (-OH), which are capable of oxidising
a broad spectrum of contaminants within aqueous matrices. The formation of hydroxyl radicals is typically
facilitated through the use of one or more primary oxidants (such as ozone, hydrogen peroxide, or
molecular oxygen) in conjunction with energy sources (e.g. ultraviolet irradiation) or suitable catalysts.*®
These reactive oxygen species possess an extraordinarily high oxidative potential, enabling the
degradation of virtually any organic or inorganic pollutant present. A prototypical example of an AOP is
the Fenton Process, which employs a combination of hydrogen peroxide and ferrous ion (Fe?") as a
catalyst to produce active radicals; ferrous ion is oxidised by hydrogen peroxide to ferric ion (Fe"),
simultaneously generating a hydroxyl radical and a hydroxide ion (Eq.1). Subsequently, ferric ion (Fe3")
is reduced back to ferrous form (Fe?*") by an additional molecule of hydrogen peroxide, yielding
a hydroperoxyl radical and aproton (Eq.2). The overall, net reaction can be summarised as

the disproportionation of hydrogen peroxide, producing two distinct oxygen-radical species (Eq.3).

E*" 4+ H,0, » E3" + HO* + OH~ (1)
F3* + H,0, » E*" + HOO® + H* )
2H,0, > HO* + HOO* + H,0 3)

The oxidative degradation of organic pollutants through Fenton's reagent proceeds rapidly
and exothermically, often resulting in mineralisation to carbon dioxide and water. However, the
application of the Fenton process requires meticulous control of the reaction mixture, particularly the pH,
to mitigate the formation of undesired precipitates and complexation reactions. Indeed, at lower pH values
ferrous ion (Fe?*) tends to form stable complexes, reducing catalytic efficiency, whereas at higher pH
levels, iron precipitates as ferric hydroxide (Fe(OH)s), diminishing the availability of catalytic iron.*”*
Additional drawbacks of Fenton oxidation include high chemical consumption, the inherent instability of
the Fenton's reagent, parasitic side reactions, and loss of oxidant, difficulty in optimising the reagent
concentrations. Furthermore, the process requires the neutralisation of the treated effluent prior to

disposal, adding to operational complexity and cost.*



Adsorption: The adsorption process remains one of the most versatile and effective techniques for water

multilayer
adsorption

treatment, owing to its simplicity, high efficiency,
and capacity to remove a broad spectrum of

[ pollutants.’® Fundamentally, adsorption involves a
mass transfer process in which solute or removable
o species migrate from the aqueous phase onto the
—> Active sites

surface of a solid adsorbent. This mechanism

typically proceeds through three sequential steps:

Interf: Monol oy o e . .
USSR ad‘SZFpZiir (1) initial migration of the adsorbate to the border
Figure 6 Schematic diagram of the adsorption process.”! shell of the adsorbent, (ii) intraparticle diffusion

into the porous structure of the material, and finally (iii) adsorption or desorption of solute. The rate-
determining steps are chiefly influenced by the physio-chemical characteristics of the adsorbate, the
adsorbent, and the surrounding matrix.??> A diverse array of adsorbents have been investigated and tested
for the removal of various contaminants, they include:

Activated Carbon. Extensively employed for organic pollutant adsorption due to its high surface area
and porosity, its properties can be further tailored through surface modifications aimed at enhancing
contaminant affinity.’! Its primary mode of action involves the diffusion of pollutants onto the surface and
thereafter into pores of the activated carbon; for example, hydrophobic pollutants such as toluene and
chlorinated solvents show better removal efficiency than hydrophilic or highly water-soluble pollutants.>?
In addition, the system’s efficiency is heavily dependent on factors such as particle size, pH of the
pollutant containing wastewater, concentration and molecular weight, adsorbent dose and presence of
other co-contaminants in the wastewater.*

Lignocellulosic Materials. Lignocellulose, recognised as the most abundant biodegradable, bio-based

polymers globally, consists mainly of lignin, hemicellulose, and cellulose (Figure7).
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Each component has its own characteristics and exhibits distinct physical and chemical properties but
shares a surface rich in active functional groups. These material and their composites are widely used for
the removal of toxic dyes and organic molecules.>* Lignin is a natural aromatic polymer composed of
three basic chemical structure units monolignols (p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol), which are interconnected via arylalkyl ether linkages such as p-O-4, a-O-4 and 4-O-5.%° Its
physicochemical properties vary depending on the source and the processing methods, which define lignin
classification as follows: industrial pre-hydrolysed lignin, enzymatically hydrolysed lignin, sulphate
lignin, alkali lignin, sulfonate lignin, etc. These natural polymers can be chemically modified (e.g.,
oxidation, sulphonation, carboxylation, alkylation, amination) or hybridised with metallic composites and
graphene oxide to enhance their affinity for specific pollutants, leveraging the active functional groups
present in this natural polymer, such as hydroxyl, carbonyl, carboxyl, and aromatic functionalities for

targeted binding.>¢-8

Empirical evidence indicates that nanocomposites, hydrogels, nanoparticles, and
hybrid lignin systems exhibit significantly increased adsorption capacities.’® Likewise, cellulose is an
abundant, environmentally friendly, and biocompatible natural polymer that has been widely used in
clothing, household paper, pharmaceuticals and other advanced functional materials. Its surface active
hydroxyl groups combined with its unique structural properties, make it highly suitable for chemical

60-62 such as carboxyl,®? sulfonic,®* and cyclodextrin groups  to improve the removal of

modifications,
specific contaminants. Modified cellulose adsorbents with carboxyl and sulfonic groups exhibit superior
adsorption performance compared to native cellulose adsorbents.*®

Graphene and related two-dimensional materials. Pristine graphene is a remarkable carbon
nanomaterial, consisting of two-dimensional layers of a single atom thick planar sheet of sp? bonded
carbon atoms, arranged in a tightly packed honeycomb lattice crystal.®> This structure imparts graphene
high hydrophobicity due to the absence of functional groups.®® Its exceptional mechanical strength,
coupled with its chemical and thermal stability, make it an ideal candidate for employment in water
depuration systems, particularly as a filter membrane. Graphene can be prepared through different
methods (Figure 8), each producing varying purity levels tailored for specific applications. Mechanical
exfoliation, commonly known as Scotch tape or peel-off method, was pioneered by Novoselov and Geim.
This technique involves peeling layers of graphene using adhesive tape;*’-%° multiple layers of graphene
remain on the tape after peeling off, but with recurrent peeling, it splits open into a handful of graphene
flakes. Another synthesis approach involves the thermal decomposition of silicon carbide (SiC), where,
at elevated temperature, silicon atoms are desorbed leaving behind carbon atoms that form few graphene
sheets.” Chemical Vapor Deposition (CVD) is a bottom-up synthesis technique that facilitates large scale
production of high-quality graphene.”! This process entails combining a gas molecule with a surface
substrate inside a reaction chamber under controlled temperature, pressure, and gas flow rate conditions.”
The process comprises two main steps: formation of carbon through pyrolysis of a gaseous precursor (a
mixture of H> and CHy), and the subsequent formation of graphene’s carbon lattice using the segregated

carbon on a metallic catalyst’s surface, typically Nickel.”* The decomposition of hydrocarbons makes the
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carbon atom to dissolve in the Ni film where the solid solution is formed. Ni has high solubility at high
temperature and the solid solution of Ni is cooled down in argon atmosphere to form Ni-C precipitate
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Figure 8 Schematic of various graphene synthesis techniques. (a) Graphene flake synthesis by mechanical exfoliation form
Highly Oriented Pyrolytic Graphite (HOPG). (b) Epitaxial graphene growth on metal single crystals. (c) Epitaxial growth of
graphene on carbide wafers by graphitization or deposition. (d) CVD synthesis of large area graphene on metal (Ni or Cu) foils.
(e) Chemical synthesis of graphene from graphite oxide.”

More interesting than a simple layer of graphene is Graphene Oxide (GO), wherein each carbon grid is
decorated with hydroxyl, epoxy, carboxyl, and carbonyl groups. These functional groups enhance GO’s
dispersibility in several organic solvents and water,’® while also facilitating chemical transformation to
optimise and tailor its adsorption capability against pollutants.”” The standard procedure for GO
preparation involves the oxidation of graphite using the Hummers’ method.”® All these quite recent
advancements in graphene synthesis and functionalisation underscore its potential as a versatile material
in nano scientific applications, particularly in environmental remediation.

Nanomaterials. Nanomaterials, characterised by a high-surface-to-volume ratio, exhibit superior
performances in pollutant adsorption. They are broadly categorised into inorganic nanoparticles and
polymeric nanomaterials. Inorganic nanoparticles are renowned for their distinctive optical, magnetic,
catalytic, thermodynamic, and electrochemical properties, alongside notable bioactivity.”” Examples
include particles derived from non-metallic sources such as aluminium hydroxide and oxides of iron, zinc,
silica, and calcium, as well as metal and metal alloys (e.g. silver, gold, aluminium, etc.), which have been

explored for diverse biomedical applications.®” Polymeric nanomaterials represent an innovative class of
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materials, distinguished by their properties such as elasticity, mechanical resistance, crystallinity and
attributes previously unseen in conventional materials.! Covalent Organic Polymers (COPs) comprise
networks of porous organic molecules interlinked by covalent bonds between monomers.?? These
materials have recently emerged as new, versatile, and functionalised adsorbents due to their affordability,
reusability,®* and robust structural properties.®* Furthermore, COPs demonstrate exceptional stability
under various harsh conditions including high temperatures, even in boiling water.®> Supporting COPs on
cost-effective backbone material provides an optimal solution for developing economically viable
purification process.®® These attributes make COPs highly suitable for advanced nanotechnological
applications, particularly in the field of environmental remediation.
In contemporary wastewater treatment, the employment of the above-described adsorption methods with
composite materials - comprising a solid-state support and a biopolymer capable of selectively interacting with
specific classes of pollutants — has garnered significant interest. Indeed, recent research efforts have focused
on developing cost-effective and efficient adsorbents. Notably, several studies have explored unconventional,
affordable adsorbents, including biosorbents, natural materials, and agricultural and industrial waste products.
Desirable characteristics of an ideal adsorbent include non-toxicity, high efficiency, versatility, chemical and
mechanical resistance, and reusability. In light of these criteria, non-toxic and biocompatible polymers such as
poly(2-oxazoline)s became as highly promising candidates, owing to their straightforward synthesis,
biocompatibility, and cost-effective production.®’°! Furthermore, enhancing previously described materials,
particularly lignocellulosic substrates and graphene oxide, through covalent bonding onto biocompatible
polymers, like poly(2-oxazoline)s, is anticipated to significantly augment their adsorbent capacities of
pollutant removal but also contributes to the development of sustainable and economically viable water

treatment solutions.
1.3 Chemistry of poly(2-oxazoline)s

Poly(2-oxazoline)s (PAOX, 5) constitute a prominent class of polymers within the broader family of pseudo-
polypeptides. These five-membered heterocyclic monomers 1 are either commercially available or accessible
through straightforward, multi-step syntheses from simple organic compounds. Since their initial discovery in
1966,72* poly(2-oxazoline)s have garnered significant interest owing to their remarkable versatility in
enabling the preparation of materials with precisely tailored properties; such attribute has spurred substantial
research into the potential of these compounds as biomaterials, especially due to the accessible of the
corresponding polymer via Cationic Ring-Opening Polymerisation (CROP). The principal advantage of the
CROP of 2-oxazoline monomers 1 lies in the ability to conduct the polymerisation under conditions that
suppress undesired side-reactions, such as the termination of chain growth and/or chain-coupling (Scheme 1),
thereby affording well defined polymers with narrow molecular weight distributions. The CROP of 2-
oxazolines follows a typical chain-growth polymerisation mechanism, which proceeds via the following steps:
e [nitiation: typically occurs by an exothermic nucleophilic attack of the cyclic iminoether 1 on an

electrophilic species 2 (the initiator), resulting in the formation of an oxazolinium cation 3. During this
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stage, the nature of the counter ion present influences the equilibrium between the cationic molecule and
the covalent molecule of the 2-oxazoline monomer, affecting the efficiency of initiation.

e  Propagation: this occurs via a two-step process. The initial step involves the addition of the monomer 1
to the oxazolinium ion 3 formed during initiation, governed by a propagation rate constant. Because of
the slow rate, this step can be a determining step, if the initiation process is fully efficient.”> After
achieving the total initiation efficiency and completing the first step of propagation, the second step is
taking place. This step is determined by the increased propagation rate constant established by the
neighbouring dipole-ion polarization effect. The conclusion made at this step can be summarized as the
cationic species playing an enormous role and should be treated as the responsible individual for the
propagation process.

e  Termination: termination ensues upon the addition of an external nucleophile stronger than the monomer,
effectively quenching the polymerisation process. It is also possible to introduce designed end-chain
moieties through the addition of specific terminating agents, allowing for further functionalization or

tailored end-group properties.
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Scheme 1 Reaction scheme for methyl tosylate (2)-initiated CROP of 2-oxazolines (1), with water as quenching agent.
Notably, also the initiation step exhibits a highly regioselective character, occurring exclusively at the nitrogen
atom of a 2-oxazoline monomer 1, while the oxygen atom, being considerably less nucleophilic, remains
inert.”® The high regioselectivity facilitates straightforward access to a diverse array of well-defined PAOx 5,
allowing precise control over end-group functionalities and enabling the systematic variation of the side chain
substituents,?”97*® These modifications are predominantly introduced during the synthesis of the 2-oxazoline
monomeric precursors, thereby yielding functionalised PAOx 5 with tailored properties. An especially
noteworthy feature of this polymer class is the thermoresponsive behaviour in aqueous solution. This property
has rendered PAOx 5 a highly attractive candidate for developing smart materials, whose solubility can be
modulated by temperature changes. Such properties have led to extensive utilization of PAOx in medical and
biological applications - including drug delivery systems and bio-inspired sensors - owing to their bio-
compatibility and transition temperature values that closely approximate physiological conditions.3%9%1% This
tuneable thermoresponsiveness underscores the significant potential of PAOx 5 in advancing the field of

nanoscience and functional materials.
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1.4 Thermoresponsive polymers

A thermoresponsive polymer is a class of smart materials that has the possibility of inducing a modification in
the polymer hydration with a change in temperature, which is often naturally present or easily and
inexpensively applicable. The ability to control various properties of polymer systems by an external stimulus
is highly desirable for performing functions on demand, by simply altering external environmental conditions.
Such a possibility of inducing a specific behaviour in response to a trigger paves the way to find increasing
applications in diverse areas such as drug delivery,'"1?? tissue engineering,'®-1% gene delivery, and sensors.'%
In the 1960s, Heskins and Guillet demonstrated for the first time the thermally induced polymer solubility
transitions of poly(/N-isopropylacrylamide) (PNIPAm, 6), which loses its strong hydration in pure water when
the temperature is increased, showing a sol-gel transition.!?” Based on their response to change in temperature,
thermoresponsive polymers are categorised into two classes: polymer that become insoluble above a lower
critical solution temperature (LCST, Figure 9a) and polymers that precipitate and undergo phase change below

upper critical solution temperature (UCST, Figure 9b).
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Figure 9 curves for thermoresponsive polymer in solution phase transitions: a) Lower Critical Solution Temperature (LCST) and b)
Upper Ceritical Solution Temperature (UCST).

Specifically, water-soluble thermo-responsive polymers change from hydrophilic to hydrophobic by heating
the system above transition temperature in the case of an LCST behaviour. For a polymer in aqueous solution,
LCST is the point in the phase diagram at which the entropy of the water in the system increases due to the
less ordered arrangement of water molecules and becomes greater than the enthalpy of water hydrogen bonded
to the polymer.'%® When the temperature of an aqueous solution of thermoresponsive polymer exhibiting LCST
behaviour is increased, the polymer chains show coil-to-globule-to-aggregate transition arriving at the final
cluster. On the other hand, polymers with a UCST show the opposite dual behaviour, with a phase separation
occurring upon cooling below the phase transition temperature: they pass from soluble to poorly soluble or
insoluble.'” In this case, the lowering of the temperature induces a reduction in the enthalpy of the entire
process, therefore the entropy of the system governs the LCST, and the enthalpy of system governs the
UCST.!"% Among water-soluble thermo-responsive polymers, those showing an LCST are the most widely
studied. The phase separation occurs due to the breakage of the hydrogen bonds between the polymer chains
and the water molecules, while the polymer-polymer interactions become thermodynamically favoured.

Consequently, the LCST behaviour arises from a peculiar balance between the hydrophilic and the hydrophobic
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portion of the polymer and, the LCST is highly dependent on the ability of a polymer to form hydrogen bonds
with water.!"! Poly(N-isopropylacrylamide or PNIPAm (6) Figure 10a) is the first studied thermo-responsive
polymer exhibiting an LCST in water, which is particularly exploited for biomedical applications. This is not
only due to an LCST of 32 °C, close to the human body temperature, but in particular to the low sensitivity of
its phase transition to the environmental conditions. Indeed, slight variations in pH, concentration or the
chemical environment only cause a little variation in the transition temperature.''> Conversely, the addition of
salts and surfactants was found to have a significant impact on the LCST, which causes an increase and/or a
decrease of the phase transition temperature. The most important limitation of the use of PNIPAm (6), is the
broad hysteresis between the heating and the cooling behaviours, justified by the formation of intramolecular
hydrogen bonds after the polymer collapse above the transition temperature.!'!>!!* Additionally, acrylamide
monomers notoriously show acute cytotoxicity, which requires a careful purification of the synthesised
polymer, especially when aimed at biomedical applications.!!>!!® The discovery of the smart-behaviour
properties such as thermoresponsivity, pH-responsivity, and redox responsivity of PAOx, 5 in recent years has
attracted the attention of many studies. The thermosresponsive PAOx, which can react to a change in
temperature, primarily includes poly(2-ethyl-2-oxazoline) or pEtOx (7) Figure 10b), and poly(2-isopropyl-2-
oxazoline or PiPOx (8) (Figure 10c¢).'!'” Due to this property, PAOx (5) are used in cell sheet engineering over

a wide temperature range.? Redox and pH transformations are also essential for many industrial and biological

temperatures.”’

processes. PAOx (5) shows hydrophilic behaviour at low temperatures and becomes hydrophobic at higher
b) c)
N,
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Figure 10 Structures of PNIPAm (a), PEtOx (b), and PiPOx (c).

Specifically, pEtOx (7) has hydrophilic characteristics with a lower critical solution temperature (LCST) of 60
°C and PiPOx (8) around 37 °C that is very close to the human body temperature. For this reason, the phase

transitions of this polymer are under extensive investigation.
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2. Aim of this work

As detailed in the preceding introduction, heavy metal ions and a diverse spectrum of organic pollutants,
including pharmaceuticals, personal care products, cosmetics, and pesticides, constitute a significant fraction
of hazardous chemicals present in wastewater and pose considerable risks to both human and ecological wel-
being. Although pollutant removal methodologies are widely applicable, their limited effectiveness in
eliminating trace contaminants underscores the need for the development of more innovative and sustainable
technologies. In this context, the overarching aim of the present Doctoral Thesis is the design and synthesis of
alternative highly efficient adsorbents capable of selectively interacting with either inorganic or organic
pollutants in aqueous media. Such a target will be achieved by exploiting the inherent versatility of poly(2-
oxazoline)s (PAOX, 5), a biocompatible class of polymer, whose lateral chain functionalities can be precisely
tailored via facile chemical modification. To enhance the water insolubility issues of specific PAOx 5, and to
achieve a facile separation between the adsorbent from the treated aqueous media post-experiment, the
designed adsorbent will be incorporated onto a suitable solid support. To pursue the intended goal, this research
will involve both the employment of previously prepared 2-oxazolines monomers and novel, specifically
decorated 2-oxazoline monomers, designed to target prevalent chemical functionalities present with common
classes of pollutants. The newly designed monomers will include aromatic domain to facilitate hydrophobic
interaction with pharmaceutical products, amine moieties to establish acid-base interaction as well as hydrogen
bonding with acidic organic compounds, and carbonyl/carboxyl functionalities for the chelation of heavy metal
ions. Cellulose, lignin, and Graphene Oxide (GO) will be investigated as economical, ecologically sound,

robust, and chemically stable solid support alternatives to traditional nanoparticles.
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Figure 11 Schematic adsorbents preparation and adsorption procedure for pollutants.
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Specifically, the thesis will proceed according to the following structure:

monomer synthesis and characterization (Chapter 3.1). The first part will detail the synthesis and full
characterization of all monomers via Gas Chromatography-Mass Spectrometry (GC-MS) and Nuclear
Magnetic Resonance (NMR);

homopolymer preparation and characterization (Chapter 3.2). The preparation and characterization
of the corresponding homopolymers will be described in depth. Furthermore, the thermoresponsive
behaviour of various chain length PiPOx (8) polymers in aqueous solution will be investigated in
collaboration with the computational group of Prof. Barbara Capone and Dr. Sara del Galdo;
diphenyl-functionalised PAOx for hydrophobic pollutant adsorption (Chapter 3.3). A novel 2-
oxazoline monomer bearing a diphenyl moiety will be synthesised, characterised, and subjected to
Cationic Ring-Opening Polymerisation (CROP); reaction conditions of both monomer preparation and
polymerisation will be fully optimised in terms of temperature, reagent ratios, solvent, and reaction
times. The resulting polymer will be then evaluated in adsorption experiments targeting hydrophobic
organic pollutants commonly detected in wastewater in stock solutions with concentrations quantified
pre- and post-treatment employing High Performance Liquid Chromatography (HPLC);
GO-poly(2-oxazoline) composite for acidic pharmaceutical removal (Chapter 3.4). Targeting active
principles commonly detected in wastewater, a novel Graphene Oxide (GO) composite with poly(2-
oxazoline)s will be prepared, characterised, and its efficacy for removing acidic pharmaceutical
products from aqueous solution establishing an acid-base interaction will be assessed. Characterization
techniques will include Thermogravimetric Analysis (TGA) to evaluate thermal behaviour post-
polymer conjugation, Attenuated Total Reflectance Infrared Spectroscopy (ATR-FTIR) to confirm
polymer linkage to GO, and Atomic Force Microscopy (AFM) together with Transmission Electron
Microscopy (TEM) to assess composite morphology. The prepared adsorbent will be then employed
in several adsorption experiments targeting the acidic pharmaceutical products in stock solutions with
pollutant concentrations quantified pre- and post-treatment employing High Performance Liquid
Chromatography (HPLC);

cellulose-poly(2-oxazoline) composites for Heavy Metal Adsorption (Chapter 3.5). In collaboration
with Department of Nanobiotechnology, University of Natural Resources and Life Sciences, Vienna,
cellulose composites with the poly(2-oxazoline)s will be prepared for the removal of heavy metal ions,
another dramatically important environmental issue. The newly synthesised materials will be
characterised using TGA and ATR-FTIR, followed by adsorption experiments targeting harmful heavy
metals. Metal concentrations will be quantified before and after treatment with Inductive Coupled

Optical Emission Spectroscopy (ICP-OES).
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3. Results and Discussion

3.1 Synthesis and characterization of 2-oxazoline monomers

Building upon the established foundation of poly(2-alkyl-2-oxazoline)s (PAOx) and their broad applicability
across domains ranging from medicinal chemistry to environmental remediation, extensive literature exists
detailing their preparation, derivatisation, and property characterisation.”®!'%11° To meet the specific objectives
outlined in this thesis, a range of monomers were carefully selected and designed, incorporating the following
key characteristics: (i) an alkyl side chain exhibiting varied solvolytic behaviour in aqueous media, facilitating
the precise modulation of polymer-pollutant-solvent interactions; (ii) a protected primary amine or carboxylic
acid functionality, capable of being revealed post-polymerisation, to enable electrostatic interactions with
target analytes in solution (e.g., chelation of heavy metal ions, acid-base interactions for the adsorption of
organic pollutants, or the formation of specific hydrogen bonds); and (iii) aromatic groups to encourage m-m
stacking interactions with hydrophobic organic pollutants present in aqueous environments. Among a diverse
array of potential candidates, a focused subset of 2-oxazoline monomers was strategically chosen,
incorporating functionalities designed to interact with specific pollutant classes. For the aim of this Thesis,
three monomer scaffolds were selected: 2-isopropyl-2-oxazoline (iPOx, 11), whose corresponding
homopolymer has been extensively studied for its thermoresponsive characteristics *>°%!2° and is decorated by
carbonyl moieties that could interact with heavy metals in water medium, tert-butyl (3-(4,5-dihydrooxazol-2-
yl)propyl) carbamate (AmOx, 18) whose corresponding homopolymer has amine moieties that could establish
acid base interaction with acidic organic molecules and also electrostatic interactions, and ethyl 3-(4,5-
dihydrooxazol-2-yl)propanoate (EstOx, 21) whose corresponding polymer has carboxyl moieties that could
chelate heavy metal ions. Furthermore, a novel 2-oxazoline monomer bearing a diphenyl moiety (2-
benzhydryl-4,5-dihydro-1,3-oxazole, 13) was synthesised, hypothesizing a possible n-n stacking interaction
between the homopolymer’s aromatic domains and aromatic compounds.'?! A modified Witte-Seeliger
cyclocondensation reaction served as the general synthetic route for the preparation of 2-oxazoline
monomers.''® Whilst existing procedures detailing the synthesis of (2-alkyl-2-oxazoline)s, specifically those
applicable to iPOx (11), were successfully adapted, the analogous cyclocondensation reaction to synthesise
monomer 13, and the entirely distinct synthetic pathways were employed to obtain AmOx (18) and EstOx (21),
each required optimisation and refinement to ensure high monomer yield and purity.**>!2? Briefly, iPOx (11)
was efficiently synthesised via the reflux of isobutyronitrile (9) and ethanolamine (10) in the presence of zinc
acetate as a catalytic species (Scheme 2a). This methodology consistently yielded the desired compound (11)
in 70% yield following sequential distillations: initially over NaOH to selectively remove residual substrate
(9), and then over CaH, to establish anhydrous conditions and facilitate maximised monomer purity. In
contrast, and despite employing a similar cyclocondensation methodology using 2,2-diphenylacetonitrile (12)
and ethanolamine (10) under equivalent reflux conditions, the preparation of monomer 13 necessitated a final

purification stage involving silica gel column chromatography to effectively remove unreacted starting
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materials and unwanted side-products (Scheme 2b). The preparation of AmOx (18) followed a distinctly
different synthetic strategy, beginning with amino Boc protection of y-aminobutyric acid (14) which, under
highly basic conditions (NaOH 5M), was converted into the desired fert-butoxycarbamate (15). Intermediate
15 was then subjected to activation of the carboxylic acid moiety employing (2-(1H-Benzotriazole-1-yl)-
1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) as a coupling reagent, followed by reaction with 2-
chloroethylamine hydrochloride (16), resulting in successful installation of the future 2-oxazoline ring within
intermediate 17, purified by column chromatography on silica gel. Exploiting the inherent stability of the Boc
protecting group, the final ring-closure reaction was conducted under equivalent strongly basic conditions
(saturated NaOH solution in methanol), affording AmOx (18) as a white solid product following a standard
liquid-liquid extraction procedure (Scheme 2¢). Lastly, a two-step approach was adapted to achieve synthesis
of EstOx (21), utilising ethyl succinyl chloride (19) and 2-chloroethylamine hydrochloride (16). The resulting
intermediate (20) then underwent a ring-closure reaction facilitated by the addition of anhydrous Na,COs3,
yielding the desired EstOx product (21) (Scheme 2d). It is noteworthy that this final step was carefully
optimised by conducting the reaction directly on a rotary evaporator, followed by prolonged application of
high vacuum, facilitating continuous removal of the by-products (water and CO;) to drive the reaction to
completion. A final purification step, involving a high-vacuum distillation, was employed to obtain the pure

monomer product, which was then carefully stored over molecular sieves.
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After synthesis and purification, the four monomers underwent to several analyses to confirm their molecular
structures and to ensure the high purity required for subsequent polymerisation reactions. Gas
Chromatography-Mass Spectrometry (GC-MS) was employed, as it is a widely used analytical technique for
the identification and quantification of trace chemicals in complex or pure mixtures. Specifically, the
chromatograms for all the desired monomers displayed a single peak after the purification process. The mass
spectra analysis (Figure 12) highlights the molecular structure of the monomers: for iPOx (11), the molecular
ion is observed at m/z 113, with its main fragment at m/z 98 as the base peak (Figure 12a) with a loss of one
methyl unit; for compound 13, the molecular ion is present at m/z 237, with main fragments at m/z 236 as base
peak (loss of an hydrogen), and at m/z 167 due to the loss of the 2-oxazoline ring (Figure 12b); for AmOx
(18), the molecular ion is not visible, but fragments are present at m/z 155 (cleavage of single bond between
the carbonyl carbon and oxygen in the Boc group) and at m/z 98 attributable to the cleavage between the second
and the third methylene unit of the 2-oxazoline ring (Figure 12¢); and for EstOx (21), the molecular ion is not
visible, but the main fragment is observed at m/z 126 (cleavage of the single bond between the carbonyl carbon
and the oxygen of the ester), with a fragment at m/z 98 as base peak obtained, also in this case) after the

cleavage between the second and the third methylene unit of the 2-oxazoline ring (Figure 12d).
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Figure 12 Mass Spectra analysis for 2-oxazoline monomers 11, 13, 18, 21 (EI 70eV).

Following initial confirmation via mass spectrometry, 'H-NMR experiments were performed to further
corroborate the proposed structures of the synthesised monomers; the resulting proton spectra are presented in
Figure 13. The observed signals were found to be entirely consistent with the expected protons within each
molecule. Specifically, the two triplet signals (labelled “c” and “d”’) observed at approximately 3.00 and around

4.50 ppm are related to the 2-oxazoline ring protons and were common to all synthesised monomers, with each
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signal integrating to two protons, consistent with their structural assignment. The remaining signals were found
to align with the specific structural variations present within the lateral chains: (i) compound 11 exhibited the
diagnostic doublet of the iso-propyl group at 1.18 ppm integrating for six proton, and a multiplet at 2.54 ppm
attributable to the proton in P position relative to the nitrogen and the oxygen atoms (Figure 13a); (ii)
compound 13 displayed a prominent multiplet at 7.33 ppm, assigned to the aromatic protons (integrating to
ten protons), and an additional signals attributable to the proton in  position relative to nitrogen and the oxygen
atoms at 5.11 ppm (Figure 13b); (iii) the spectrum of compound 18 featured two distinct triplets at 2.30 and
3.15 ppm, each counting for two protons, and a quintet at 1.81 ppm (integrating to two protons), all of them
assigned to the methylene units within the later chain, and a sharp singlet at 1.42 ppm (counting for 9 protons)
characteristic of the fert-butyl carbamate (Figure 13c¢); (iv) lastly, the spectrum of compound 21 displayed a
multiplet at 2.61 ppm (counting for four protons) attributable to the methylene units within the lateral chain,
the signal of the CH, moiety within the ethyl ester group at 4.21 ppm, partially overlapping with the 2-
oxazoline ring protons (labelled “d”), and the triplet at 1.23 ppm (integrating to three protons) assigned to the
CH3 group of the ethyl ester. (Figure 13d).
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Figure 13 "H NMR (600MHz) spectra of the synthetised 2-oxazoline monomers 11, 13, 18, 21 in CDCls.

The 'H NMR analyses undoubtedly confirm the absence of any residual nucleophilic contaminants, the
presence of which could prematurely terminate the controlled, chain-growth polymerisation processes.
Therefore, the synthesised monomers were straightforwardly subjected to polymerisation reactions without

any further purification.
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3.2 Synthesis and characterization of poly(2-oxazoline)s

The polyoxazoline homopolymers derived from monomers 11, 18, and 21 were synthesised via living Cationic
Ring-Opening Polymerisation (CROP) using methyl p-toluenesulfonate (2) as initiator, following a well-
established procedure reported extensively in the literature,?®-*123:124 and therefore no further optimization was
necessary. All the polymerisations were performed under rigorously anhydrous atmosphere to avoid undesired
premature chain termination, utilising freshly distilled (over CaH>) acetonitrile (ACN) as reaction solvent and
keeping continuous stirring of the reaction mixture for durations ranging from 8 to 48 hours at reflux
temperature. Upon completion of the predetermined reaction time (Table 2), the living polymerisation was
quenched through the addition of a nucleophile stronger than the monomer, employed in excess relative.
Specifically, in the case of monomer 11, multiple polymerisation experiments were undertaken to generate the
corresponding homopolymer PiPOx (8) of varying chain lengths, with the optimal results summarised in Table
2. The preparation of such a set of homopolymers was motivated to evaluate the relationship between PiPOx
(8) chain length and its LCST temperature in aqueous solution, a parameter which is extensively explored in
Section 3.2.1. For polymerisations utilizing monomers 18 and 21 experimental efforts were focused on
minimizing the resulting polydispersity index (P) whilst maintaining acceptable chain lengths when methyl
tosylate (2) was employed as initiator and ACN as reaction solvent at reflux temperature. The resulting
polymers were characterised via Gel Permeation Chromatography (GPC), against polystyrene standards,
employing 50 mM LiBr in dimethylformamide (DMF) as eluent, enabling the determination of molecular
weight and polydispersity index (D). The optimal results in terms of yield, polydispersity index, temperature,

and reaction time are detailed in Table 2.

Table 2 Optimal polymerisation reaction conditions employing in the cases of monomers iPOx (11), AmOx (18), and EstOx (21).

Entry Monomer Initiator 2 (eq.) Rt? M,,’* Ded Y®

1 11 0.10 8h 3.4 1.1 90%
2 11 0.02 18 h 5.6 1.1 95%
3 11 0.01 24 h 9.8 1.1 98%
4 18 0.02 48 h 5.8 1.1 92%
21 0.02 48 h 8.7 1.1 80%

9 MR indicates the Molar Ratio; ® Rt indicates reaction time; 9 M,, indicates Molecular weight (kDa), 9D indicates Polydispersity Index; @Y
indicates the observed yields; ? M,,and D were obtained with GPC analyses using polystyrene reference materials and DMF 50 mM LiBr as eluent.

Bearing in mind the established mechanism of Cationic Ring-Opening Polymerisation (CROP) and the
findings (Table 2), a range of reaction conditions (encompassing initiator type and concentration, as well as
temperature) were systematically explored to optimise the polymerisation of the novel synthesised 2-oxazoline
monomer 13. The objective of this optimisation was to identify conditions that would promote both high
polymer yield and a narrow polydispersity index (D). A summary of the most pertinent experimental conditions

and their corresponding outcomes is presented in Table 3.
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Table 3 optimization of the polymerisation reaction condition for monomer 13.

N _&s

et 0T
13 R

R=CH; or NO, polyPhOx, 23

Q v Qs
Initiators ﬁﬁo OaN %ﬁo
O

methyl tosylate, 2 p-nitrobenzenesulfonate, 22

Entry Initiator MR¥eq.) Rt® Temp (°C) My pdf Y®
1 2 0.02 5d 50 N.D. \ \
2 2 0.01 11d 25 1.4 \ 4%
3 2 0.02 24 h 90 24.6 2.8 95 %
4 2 0.01 24 h 90 34.7 1.9 72 %
5 2 0.02 8h 90 19.7 1.5 85 %
6 22 0.02 8h 90 6.5 1.1 88 %
7 22 0.01 8h 90 6.8 1.1 75 %

9 MR indicates the Molar Ratio; ® Rt indicates reaction time; © M,, indicates Molecular weight (kDa), 9D indicates Polydispersity Index; Y indicates
the observed yields; ? M, and D were obtained with GPC analyses using polystyrene reference materials and DMF 50 mM LiBr as eluent.

Given the capacity of the methyl tosylate (2) to typically furnish well-defined polymers with narrow molar
mass distribution,®!23 initial polymerisation trials were conducted using e freshly prepared 2-oxazoline 13 and
varying stoichiometric equivalents of initiator 2. While reactions performed at lower temperature failed to
yield appreciable quantities of the desired poly(2-benzhydryl-4,5-dihydro-1,3-oxazole) (polyPhOx, 23) except
in traces and after an excessively long reaction time (entry 2), performing the polymerisation at 90 °C with
0.01 eq. of 2 for only 24 hours afforded the desired product in very good yield (72%, entry 4). Increasing the
initiator loading to 0.02 eq. led to a further enhancement in yield (95%, entry 3). Decreasing the reaction time
from 24 hours to 8 hours (entry 5) resulted in a slight reduction in yield from 95% to 85%, as well as a decrease
in the observed molecular weight (from 24.6 to 19.7 kDa), however, this approach did yield an improvement
in monodispersity (P =1.5). Moreover, in contrast to results reported for other alkyl 2-oxazolines,!?3125:126 the
GPC analysis consistently revealed a pronounced heterogeneity of the samples (polydispersity index, B =2.8)
even when minimising both the initiator amount (B = 1.9, entry 4) and the reaction time at 8 hours (B= 1.5,
entry 5). Therefore, alternative sulfonates as initiator were screened and, notably, the most promising results
were observed with p-nitrobenzenesulfonate (22). Indeed, the use of such initiator led to the isolation of the
desired polymer in good-to-high yield (75-88%, entries 6 and 7), in reasonable reaction time (8 h) and, most
significantly, with a narrow polydispersity index (B = 1.1). This successful outcome is likely attributable to the
superior leaving group ability of the p-nitrobenzenesulfonate (22) as an initiator, facilitating a rapid and
quantitative initiation step that outpaces the subsequent propagation step. The resultant uniform growth of the
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polymer chains led to a lower D value with 22 as initiator compared to 2. In fact, the propagation rate of this
reaction is supposed to be inherently high due to the presence of the aromatic substituent that could increase
the electronic donation effect, stabilizing the intermediate cation (Scheme 1). The polymer obtained by
employing 0.02 eq. of 22 and carrying out the reaction at 90 °C for 8 h (entry 6) represents, at this stage, the
optimal compromise among length, number of monomers, and polydispersity for the synthesis of the
corresponding polyPhOx (23). To confirm the molecular structures of all homopolymers synthesised (derived
from monomers 11, 13, 18, and 21 respectively) comprehensive 'H NMR spectroscopic analyses were

performed. Consistent with the existing literature,'”’ the spectra (Figure 14) confirm the successful

polymerisation.
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Figure 14 'H NMR (600MHz) spectra of the obtained poly(2-oxazoline)s in CDCl; for polymers 8, 24, and 25; and in DMSO-d6 for
polymer 23.

All spectra show a signal at approximately 3.31-3.48 ppm attributable to methylene along the principal polymer
backbone. Furthermore, PiPOx (8) spectrum displays the diagnostic signal for the iso-propyl group in the
polymer chain at 1.11 ppm, and the two signals at 2.67 and 2.91 ppm attributable to the single proton in the a
position of the carbonyl function (Figure 14a). The polyPhOx (23) spectrum features a multiplet at 7.24 ppm
attributable to the aromatic protons and a signal at 5.66 ppm attributable to the proton in a position relative to
the carbonyl function (Figure 14b). The poly(2-(3-(Boc-amino)propyl)-2-oxazoline) (pAmOx, 24). spectrum
displays three main signals at 1.84, 2.44, and 3.16 ppm relating to the later chain, as well as a signal at 1.41
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ppm characteristic of the zert-butyl carbamate moiety (Figure 14c¢). Lastly, the poly(2-ethoxycarbonylethyl-2-
oxazoline) (pEstOx, 25) spectrum features signals at 2.61 ppm (lateral chain), at 4.10 ppm (CH: in the ethyl
ester), and the signal at 1.24 (CH3 protons in the ethyl ester) (Figure 14d).

Prior to their utilisation in downstream applications, the homopolymers pAmOx (24) and pEstOx (25)
underwent deprotection to remove the Boc and the ethyl ester protecting groups, respectively. The efficacy of
these deprotection procedures was rigorously assessed through "H NMR spectroscopic analyses. For the Boc
protected polymer (pAmOx, 24) deprotection reaction was achieved by stirring the polymer, dissolved in
chloroform (CHCls), at room temperature in the presence of trifluoracetic acid (TFA). Conversely, the ethyl
ester group of pEstOx (25) was removed by stirring the polymer in a 5 % (w/v) aqueous potassium hydroxide
(KOH) solution at room temperature. As depicted in Figure 15, in both cases, the signals of the polymer chains
remain consistent through the deprotection process, with the exception of the characteristic Boc and the ethyl
ester protons, which were effectively eliminated. Specifically, in Figure 15a the spectrum of poly(2-(3-
amino)propyl)-2-oxazoline) (deprotected pAmOXx, 26) demonstrates the complete disappearance of the Boc
proton signals at 1.41 ppm, previously well visible in the spectrum of the Boc protected polymer (pAmOXx,
24). Similarly, in Figure 15b the proton signals of the ethyl group at 1.24 and at 4.10 ppm, previously present
in the spectrum of protected pEstOx (25) in Figure 14d, are absent in the spectrum of poly(2-ethoxycarboxyl-
2-oxazoline) (deprotected pEstOx, 27).
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Figure 15 '"H NMR (600MHz) spectra for a) deprotected pAmOx (26) in CDCl3, and b) deprotected pEstOx (27) in D2O.

The homopolymers 8, 23, 26, and 27 were characterized using Thermogravimetric Analysis (TGA) and
Fourier- Transform Infrared Spectroscopy (FT-IR). However, in this paragraph, only the analyses of the newly
synthesized polyPhOx (23) are presented, as the TGA and FT-IR data for the other homopolymers (8, 26, and
27) are discussed in relation to their relative composite materials in Chapters 3.4 and 3.5 avoiding redundant
data. The FT-IR spectrum of polyPhOx (23) (Figure 16a) exhibits the following characteristic features: a broad
O-H stretching vibration at 3440 cm’!, attributable to the adsorbed water or atmospheric contamination; a series
of C-H stretching vibration between 3070-2844 ¢cm™ arising from both sp* and sp? hybridised carbons; a sharp

and strong amidic band at 1645 cm™!'; C-H scissoring and aromatic C=C stretching vibrations in the region
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1495-1415 cm™'; and C-O and C-N stretching vibrations in the region 1185-1147 cm!. The TGA curve (Figure
16b) reveals a single, pronounced thermal degradation event commencing approximatively at 300 °C and
concluding at 430 °C, with the maximum rate of weight loss occurring at 400 °C. Following heating to 600

°C, no residual ash was observed.
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Figure 16 a) FT-IR Spectrum (KBr pellet), b) TGA and derivative TGA (DTG) (N2 100 mL min™!, heat rate 10 °C min™") for polyPhOx
(23).

3.2.1 Thermoresponsivness of poly(2-isopropyl-2-oxazoline), PiPOx 8

Poly(2-isopropyl-2-oxazoline) (PiPOx, 8) is a polymeric amide belonging to the class of poly(2-oxazoline)s
The hydrophilic tertiary amide of the polymeric backbone is substituted with an iso-propyl group which
endows the polymer with a lower critical solution temperature (LCST) behaviour in water. Concerning PiPOx
(8), the phase diagram for a range of polymer concentrations was reported for the first time in 2010;'? it was
shown that PiPOx, (8) follows a type I phase behaviour, i.e. the transition temperature (the cloud point
temperature, Tcp) is affected by the molecular mass. '"H NMR, Raman, and FT-IR spectroscopy measurements
detected that, following de-mixing, the polymer chains dehydrate and undergo relevant conformational
transitions. In these conditions, liquid-liquid phase separation (LLPS) occurs.!?-!3! Moreover, upon continued
heating above the cloud point temperature, the macromolecules crystallise with the formation of a macroscopic
precipitate composed of nanofibers.?®!3>135 In particular, below the T, the conformations adopted by the
polymer chains are almost disordered and well hydrated (with the macromolecules being dispersed in the
solution). Above the cloud point, the polymer adopts an ordered and dehydrated conformation, and the regular
conformation of the polymeric chains reached at high temperature, eventually, drives the formation and
precipitation of the crystals.?®!*1132 However, what drives the conformational change with temperature is not
yet clear. In collaboration with Prof. Barbara Capone’s theoretical group, and specifically to support extensive
atomistic Molecular Dynamics (MD) simulations led by Dr. Sara Del Galdo, a series of experiments were
systematically conducted. These investigations focused on the aqueous PiPOx, examining diverse degrees of
polymerisation (DPs) (that is, the number of monomer units per polymer chain) across various concentrations
and evaluated both below and above the transition.!3¢ A summary of the research is reported in this paragraph.

Aqueous solutions of PiPOx (8) at infinite dilution, for different degrees of polymerisation (DPs: 10, 20 and
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30), were simulated above and below the T,. The aim was to unveil, at the single chain level, both hydration
and preferential conformations achieved by the polymer in response to a change in temperature. The three
solutes selected, namely, PiPOx10, PiPOx20 and PiPOx30 (that represent PiPOx (8) polymer made by 10, 20
or 30 monomers), are employed to model the behaviour of aqueous solutions of the PiPOx (8) of molar mass
around 1, 2 and 3 kg mol™'. In general, for aqueous PiPOx (8), the T, depends both on the polymer molar
mass and on the concentration of the solution. Literature reports that PiPOx (8) LCST spans from 34 °C for
the polymer with Mn of 3.3 kg mol ™! at weight fraction x,, = 0.3; to 26 °C for Mn of 13 kg mol ! at x,, = 0.2.!%
Experimental data relative to the particular systems analysed in this work (for the combinations of molar mass
and concentration studied) were not available, thus we had no preliminary information on the actual T,.
Nevertheless, we expected our Tcps to be consistent with the ones reported in literature (Tcp, ~ 27 °C). This
motivates our choice of selecting two temperatures, one T, well below and the other Ty well above Ty, to
assess the thermoresponsiveness of the system. Moreover, T, and Ty were chosen to be distant from both the
freezing and the boiling point of water. All considerations brought us to define T;= 10 °C and Tx= 50 °C to
model the thermodynamically stable solution and in de-mixing condition, respectively. To compare our results
to experimental data, we added an analysis of the infinite dilution cases (single molecule in water) at room
temperature condition (i.e. Tr= 30 °C). In particular, we compared the computational trend of the diffusion
coefficient (D) as a function of DP, with the one measured on our samples by means of Dynamic Light
Scattering (DLS) experiments at ambient temperature. The measured autocorrelation functions of the scattered
light intensity were analysed using the NNLS algorithm!3” to obtain the distributions of the hydrodynamic
radius, which was converted to a diffusion coefficient distribution. Computationally, the Einstein relation was
applied to compute D from the mean square displacement of the centre of mass of the chains, as computed by
Gromacs2020.'3 The comparison between the computed and measured data is reported in Figure 17. Exact
matching of the results cannot be expected; the computational data, reproducing the order of magnitude of D,

are in agreement with the experimental ones, thus contributing to the validation of our computational results.
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Figure 17: Diffusion coefficient (D) of PIPOx (8) as a function of the DP for the single molecule aqueous solutions at room temperature.
Both computational (red dots) and experimental (black dots) results are reported. For the computational data we set the temperature
T=Tr=303 K.
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DLS experiments allow to evaluate the hydrodynamic radius of a macromolecule in solution as the radius of
an effective sphere that moves as a Brownian particle. In the analysed systems this spherical assumption seems
to be too strong to expect a favourable comparison with the computational data of the gyration radius.
Moreover, the evaluation of hydrodynamic radius may be flawed due to the presence of a layer of solvent
surrounding the polymer coil while it diffuses. For these reasons, it is well known that a direct comparison
between a theoretical radius of gyration and an experimental hydrodynamic radius (R}) is not straightforward.
In addition, even if the macromolecule would have an average spherical conformation, the comparison between
the gyration radius obtained computationally and the experimental hydrodynamic radius Rj; is not
straightforward. According to the specific nature of a system and the corresponding hydration features, we can
thus expect either Ry > R, or Ry < R;. For this reason, we selected the diffusion rather than the radius of
gyration, as the observable for evaluating the agreement between experiment and simulation.

About the single chain conformation, the stretching of the polymer is governed by the conformation of the
backbone, which depends on the rotations around the C-C and the C-N bonds. As shown in Figure 18a, two
independent dihedral angles describe such rotations, namely the ® and ¥ dihedral angles. We defined ® and
Y trough the quadruplets of atoms on the backbones N-C-C-N and C(O)-N-C-C, respectively (where C(O)
represents the carbon of the amide moiety while C represents the aliphatic carbon atom in the main chain).
From the simulations of PiPOx20 at infinite dilution at low and high temperature, we computed the
instantaneous values of each ® and ¥ dihedral angle along the trajectory thus obtaining the two-dimensional
histograms reported in Figure 18b,c. For clarity, in the same figure, the corresponding histograms of ® and P,
taken separately, are also reported. Both systems show a pronounced peak in the region (®,¥) = (£180,-90)
which corresponds to polymeric chains in stretched conformations with the isopropyl groups alternatively
oriented upward and downward from the backbone plane. By comparing the two panels, it clearly emerges that
small deviations from such behaviour are responsible for the different macroscopic average conformations that
characterise the low and high temperature simulations. In fact, the few values of @ in the interval [50, 90]
obtained for the low temperature system, correspond to regions along the backbone where the series of trans
dihedral conformation is interrupted, and the structure partially folds. Such results confirm that temperature at

the level of the single chain in solution, has the effect of inducing a stretched and ellipsoidal-like conformation.
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Figure 18: a) Non-redundant @ and ¥ dihedral angles that determine the conformations of the PiPOx main chain; b) Mono and bi-
dimensional histograms of the @ and ¥ values characterising the conformations of PiPOx20 at infinite dilution at T= 10 °C; ¢) Mono
and bi-dimensional histograms of the @ and ¥ values characterising the conformations of PiPOx20 at infinite dilution at T= 50 °C.

To gain insight on the phase domain within the mixing gap and explore the interplay between the chains, we
performed an in-depth investigation of a finite concentration of aqueous PiPOx10, at the two temperatures Ty
and T;. Figure 19 clearly shows that for T<T,,, even if some extent of aggregation can be observed, the PiPOx
(8) chains are well hydrated, and sparse polymeric clusters can be observed; on the contrary, above the cloud
point, only one cluster enclosing all the solute molecule is formed. Such a condition is consistent with the
LLPS which is known to characterise the PiPOx (8) aqueous solution de-mixing. The Solvent Accessible
Surface Area (SASA), computed by considering all the solute chains together,'** confirms that, on average, at
high temperature the polymeric chains form a compact cluster. In fact, SASA per chain is 8.3 + 0.2 and 5.5 +
0.6 nm? for the systems below and above the transition point, respectively: the smallest value clearly reports
on the increased average compactness of the polymeric cluster at high temperature. However, the values of
SASA corresponding to the infinite dilute simulations of PiPOx10 at T, and Ty are 16.8 + 0.3 and 17.2 £ 0.3
nm? respectively. We can thus conclude that even for the T, case some clustering can be appreciated, as the
corresponding SASA value is around half of that of the single chain in solution. Qualitatively, the fact that
some degree of aggregation is detected even in the T, case, is to be expected as, in general, experimental
solutions of aqueous PiPOx (8) at the mass fraction of about 0.1 do not appear completely transparent,
suggesting the presence of supramolecular structures of polymeric particles that act as visible light scattering
centres. The computational analysis allowed us to directly observe that the stiff conformations reached at high
temperature prompt the inter-chain interactions that lead to the formation of a polymer-rich region typical of
the LLPS. The reduction in excluded volume therefore appears to be the main driving force for stabilising the

de-mixed condition.
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Figure 19: Representative snapshots extracted from the aqueous PiPOx10 simulations at xw=0.1, for the T= 10 °C and T= 50 °C cases
(length 8.1 nm). Polymers are highlighted through the licorice representation, while water is represented through lines. While at T<T¢p
the polymer chains clusterize while remaining well hydrated, liquid-liquid phase separation occurs above the Tcp.

The results obtained should not be considered exhaustive; rather, they represent a more detailed investigation
that enhances the understanding of the well-documented thermoresponsiveness of this class of polymers.
Furthermore, these findings are poised to contribute to the future development of smart materials tailored for
the selective adsorption of specific cargos or for use in drug delivery systems, including applications within
biological matrices. This potential is largely due to the biocompatibility of these polymers and their LCST
which is proximal to the human body temperature. In fact, PAOx (5) can be conjugated to protein and small-

88

molecule drugs while maintaining their activity,'*’ grafted onto liposomal bilayers,*® or formulated into

micellar carriers,'#! thereby underscoring their versatility in biomedical applications.
3.3 Application of PolyPhOx 23 as adsorbent for hydrophobic organic pollutants

Contemporary to the PiPOx (8) thermoresponsivness investigation, the novel synthesised homopolymer
(PolyPhOx, 23) was employed in specific investigation without a solid scaffold (differently as performed with
PiPOx (8), deprotected pAmOx (26), and deprotected pEstOx, (27), for which GO and lignocellulosic
substrates have been considered). Due to its high insolubility in water and the presence of aromatic moieties,
the possibility of employing polyPhOx (23) in wastewater remediation was evaluated, in particular, targeting
hydrophobic pharmaceutical products. Following the successful synthesis and comprehensive characterization
of the polyPhOx (23) via '"H NMR, FT-IR, and thermogravimetric analyses (TGA), this novel homopolymer
was subjected to a series of rigorous tests designed to validate its efficiency in adsorbing pharmaceutical
pollutant from aqueous media.'?! Aspirin (28), ibuprofen (29), metoclopramide (30), pyramidone (31),
oestradiol (32), and indomethacin (33) were selected as model organic pollutants (Figure 20) based on their
well-documented chemical and physical properties and their widespread detection in municipalized

142-144

wastewater, particularly originating from livestock farms, slaughterhouses, and densely populated urban

agglomerations.'#
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Figure 20 pharmaceutical compound chosen for adsorption experiments.

Initially, batch adsorption experiments were performed under controlled laboratory conditions utilising a
water:methanol (70:30) solvent system to ensure homogeneous solutions and to achieve reliable and
reproducible results, even at the highest tested concentration of the most non-polar compounds. Specifically,
2 mL of each pharmaceutical in hydroalcoholic solution at varying concentrations were added to 5 mg of
polymer, and the resulting suspension was incubated for 24 hours at room temperature. For each
pharmaceutical, the adsorption capacity [qe (mg g ')] and the percentage removal efficiency (R%) were
evaluated by comparing the amount of adsorbed pollutant to either the amount of the employed adsorbent

(Equation 4) or to the initial concentration of the drug (Equation 5):

(Co-CV
A= 4)
(Co—Co)

R% = . x 100 (5)
where C. (mg L') is the experimentally determined liquid-phase concentration of pharmaceutical at
equilibrium, Co (mg L") represents the average concentration of pharmaceutical in the corresponding control,
V is the volume of the solution (L), and W represents the amount (g) of the adsorbent used. The results
presented in Figure 21a-b provided clear evidence of a quite linear trend in the adsorption coefficient (q.) as
a function of the initial concentration of the tested pharmaceuticals up to 200 mg L', a concentration that

significantly exceeds permissible environmental limits.
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Figure 21 a) adsorption capacity (ge) of polyPhOx (23) vs initial concentration for indomethacin (33), oestradiol (32), and ibuprofen
(29). b) ge of polyPhOx (23) vs initial concentration for aspirin (28), pyramidone (31), and metoclopramide (30). ¢) ge of polyPhOx
(23) for pharmaceuticals at 200 mg L' as initial concentration. d) Table of logP values and removal % (R%).

Notably, polyPhOx (23) demonstrated remarkable efficacy in the removal of ibuprofen (29) and indomethacin
(33) for which we found adsorption capacities of 32.27 and 19.97 mg g"! respectively. Furthermore, excellent
performance was observed in the removal of oestradiol (32), with a ge of 56.67 mg g”' (Figure 21c¢). In fact,
oestradiol (32), possessing the lowest water solubility and the greatest hydrophobicity among the tested
compounds, demonstrated the most favourable interaction with the hydrophobic domains of the polymer. The
findings presented above indicate that polyPhOx (23) treatment is markedly more effective in removing those
ligands with lower water solubility, offering a promising avenue for future water treatment strategies. A
comparison of the removal percentage (R%) with the octanol-water partition coefficient (logP), an indicator
of hydrophobicity, reveals a direct correlation: the highest R% values (67, 43, and 27 respectively for 32, 29,
and 33) were observed for those ligands with higher logP values (3.91, 3.75, and 2.43 respectively for 32, 29,
and 33) (Figure 21d). This observation suggests that non-polar species have a reduced affinity for water and
aqueous environments, thereby favouring absorption within the hydrophobic domains of the polymer structure.
Such a behaviour is probably mediated by a combination of several n-r and electrostatic interactions between
the hydrophobic moieties of the pollutants and the aromatic substituents present on the polymer chains.
Consistent with these considerations, lower values of adsorption capacity were obtained for aspirin (28),
metoclopramide (30) and pyramidone (31), i.e. 3.41, 2.22, and 0.83 mg g™' respectively. Indeed, compounds
28, 30, and 31 appear to have a low ratio between hydrophobic and hydrophilic functionalities, leading to

significantly lower logP values (i.e. 1.18, 1.48, and 0.36 respectively). In this regard, the increased stabilization
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of the aqueous media has the effect of lowering the affinity for the hydrophobic phase, despite the presence of
the aromatic rings and the possible favourable n-n stacking interactions. Furthermore, steric hindrance may
contribute to preventing the formation of stable interactions between the aromatic groups of polyPhOx (23)

and those present within the tested pharmaceuticals.
3.3.1 Evaluation of the adsorption properties of polyPhOx 23 in real samples

To assess the adsorption performance of the synthesized polyPhOx (23) within a more complex environmental
matrix (i.e. considering parameters such as pH, ionic strength, and potential interference of various natural
organic matter) subsequent evaluation was performed using a water sample obtained from Albano Lake, which
was selected as representative model system. Selected pharmaceuticals were spiked into the lake water (native
pH 8.20, serving as a free control sample) at a concentration of 10 mg L-!. This concentration was empirically
determined to represent the optimal compromise in terms of solubility for the most hydrophobic compound
under investigation [oestradiol (32)] and the overall experimental reproducibility. Removal tests on these
spiked water samples were conducted in triplicate following the protocol previously established. As depicted
in Figure 22a, the results reveal that pyramidone (31) and metoclopramide exhibited negligible adsorption

(approximately 1%).
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Figure 22 a) Removal percentage of selected drugs in Albano Lake water for pharmaceuticals at a concentration of 10 mg L!; b)
adsorption capacity (qe) vs initial concentration for aspirin (28) in spiked Albano Lake at various concentrations.

The removal percentages of aspirin (28), indomethacin (33), and ibuprofen (29) significantly decreased with
respect to the hydroalcoholic solution, moving to 1% from 4%, 27%, and 43% respectively. This phenomenon
is likely posited to arise from acid-base reactions occurring at the slightly alkaline pH of 8.20. Indeed, these
compounds will predominantly exist in their more stable deprotonated form within this matrix, thereby
preventing their effective adsorption by the polymer. Conversely, oestradiol (32), the most hydrophobic
compound examined (logP = 3.91) was removed with the greatest efficiency (60%) by the synthesised polymer.
This finding suggests that the polyPhOx system could be very attractive for the selective removal of non-polar
pollutants, and, in particular, this specific pollutant, from complex environmental matrices. For aspirin (28)
which has a good compromise in terms of solubility in water and removal percentage in the hydroalcoholic

34



experiments (logP=1.18 and R%=4), we also performed experiments in spiked Albano Lake water at various
concentrations to ascertain any increase in qe, despite the very low removal percentage (1%) observed in this
matrix. The results, depicted in Figure 22b, illustrate a linear trend between the adsorption coefficient and the
initial concentration of aspirin (28) (R?>= 0.98). It is postulated that this persistent underperformance may be

primarily attributable to the deprotonation effect previously discussed.

3.3.2 Resusability of PolyPhOx (23)

The long-term applicability of novel materials is significantly impacted by the reusability of adsorbents, a
crucial characteristic that should be considered when evaluating its potential for practical implementation, but
it is often overlooked during the initial development stages. Effective reusability requires the adsorbent to
successfully release the retained contaminant via a desorption or regeneration step, without compromising the
chemical and physical stability of the underlying matrix.'*® To assess reusability in this study, following each
adsorption experiment performed at the maximum initial drug concentration (200 mg L), the polymer (5 mg)
was subjected to a series of washes: thrice with tap water (15 mL), thrice with deionised water (15 mL) and
finally with methanol (15 mL). The adsorption experiment was then repeated using the regenerated material,
and the adsorption capacity (q.) was calculated for each drug across ten such cycles. Only after the completion
of ten loading and regeneration cycles was a slight decrease in adsorption capacity (qc) observed, amounting

to an approximate 1% reduction (Figure 23).
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Figure 23 Adsorption capacity (qe) calculated after ten loading cycles for the target pharmaceutical compounds after proper
regeneration process, each bar represents two adsorption cycles.

To rigorously demonstrate the sustained stability of the polymer and its ability to be reused without further
chemical modification following repeated adsorption and the regeneration cycles, comparative analyses were
performed utilising '"H-NMR and FT-IR spectroscopy to assess the material before and after ten loading and
washing cycles. As shown in the FT-IR spectrum (Figure 24a), no new signals were found, demonstrating that
the core polymer structure remain intact throughout the process. Similarly, the 'H NMR analysis confirmed
that the regenerated adsorbent material retained the original molecular structures of the parent polymer, thereby
verifying its chemical stability. Indeed, the spectrum shows only a barely noticeable increase in signal
integration (Figure 24b), particularly in the aromatic region, compared to the spectrum of the unemployed

polymer 23 presented in Figure 14b. Such evidence suggests that a minor quantity of pharmaceutical
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compounds may persist within the polymer after all the loading and regeneration cycles. However, this residual

contamination does not significantly alter the adsorbent’s overall characteristic or performance.
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Figure 24 a) FT-IR spectrum of polyPhOx 23 before and after the adsorption cycles and washing, b) 'H NMR spectrum of polyPhOx
(23) in DMSO-d6 after the adsorption cycles and washing.

The observed positive outcomes highlighted the remarkable efficiency of the evaluated systems, especially in
adsorbing the most apolar organic compounds [i.e. oestradiol (32), ibuprofen (29) and indomethacin (33)],
which exhibited a greater affinity for the fixed polymeric phase.

Given the demonstrated efficacy in removing non-polar compounds, it was decided to target the more polar
acidic organic compounds exploiting the peculiar action of pAmOx polymer (26), hypothesizing a potential
acid-base reaction between the amine moieties on the polymer and the carboxylic acid groups present within
the targeted pharmaceutical products. Due to its inherent water solubility, pAmOx (26) requires immobilization
onto a solid support to facilitate its removal from the treated aqueous solution after the adsorption process.
Among a diverse range of potential substrates, including nanoparticles, Graphene Oxide (GO) was chosen as
a possible substrate based on its robust mechanical strength and low chemical degradability.'4” Additionally,
the presence of oxygen-containing functional groups on GO, such as carboxyl, carbonyl, epoxy, and hydroxyl,
enable facile surface modification, making it highly reactant-specific for various organic entities.'*® Knowing
that, several efforts were thus directed towards designing and synthesizing a polymeric-based adsorbent
capable of interacting with NSAIDs and covalently linking it onto GO. In addition, lignocellulosic materials,
specifically native cellulose and commercially available lignin, were considered as alternative solid support
materials for poly(2-oxazolines)s such as PiPOx (8), pAmOx (26), and pEstOx (27), due to their high

availability in the environment and their inherently low cost.
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3.4 Graphene Oxide (GO) composites with poly(2-oxazoline)s for organic pollutants

adsorption

In pursuit of an efficacious adsorbent medium for organic pollutants, the possibility of grafting active polymers
on Graphene Oxide (GO) has been investigated. Preliminary investigations indicated that a “Grafting To”
approach, whereby a pre-synthesised polymer is conjugated to the substrate, should be superior to a “Grafting
From” approach in which the monomer polymerization is initiated directly from the substrate surface. The
latter approach necessitates additional complex activation steps for the substrate itself. This finding has
informed the decision to prioritize the "Grafting To" strategy in subsequent phases of adsorbent material

development.

3.4.1 Preparation and characterization of composite materials with GO and poly(2-oxazoline)s

In initial experiments, poly(2-isopropyl-2-oxazoline) (PiPOx, 8 was selected as a model polymer owing to the
facile monomer synthesis and subsequent purification. The same “Grafting To” procedure was then extended
to poly(2-(3-(Boc-amino)propyl)-2-oxazoline) (pAmOx, 24). This approach necessitated the preliminary
preparation, characterisation, and purification of graphene oxide (GO), the detailed methodology is delineated
in the experimental section. Briefly, GO was obtained through graphite oxidation employing a modified
Hummers’ method.'*® This methodology involves a sequential, multi-step addition of H,SO4, NaNO3, KMnOs,
and H»O; to oxidize the carbon atoms in graphite lattice (Figure 25a), followed by filtration and rigorous
washing to recover the pure oxidised product. In contrast to Brodies’s method, the replacement of KCIO; with
KMnO4 enhanced the safety profile of the reaction by obviating the formation of explosive chlorate (C1O53),
while the inclusion of NaNOjs eliminated the evolution of noxious fume from HNQO;.!>° The UV-Vis spectrum
of the resulting dark-brown powder, presented in Figure 25b, suggest the presence of sp?-hybridised carbon
domains. Specifically, GO (black curve) exhibits a maximum absorption peak at approximately 235 nm,
attributable to n-* transition of the atomic C-C bonds, and a shoulder peak at approximately 300 nm arising
from n-n* transitions of aromatic C-C bonds,'* as compared to the lack of significant absorbance from

untreated graphite flakes (red curve).
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Figure 25 a) GO preparation with the Hummers’ method starting with graphite flakes, b) Uv-Vis spectra comparison for GO (black
curve) and graphite flakes (red curve), suspended in milli-Q-grade water at 100 ug mL".
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After the GO preparation and characterization, the designed poly(2-oxazoline) was newly synthesised
according to the previously described protocol, with the critical modification pertaining to end-chain
functionality. In fact, the living polymerisation process was quenched by the addition of 1,6-
hexamethylenediamine (34) affording an amine-terminated polymer suitable for conjugation to GO, as
illustrated in Scheme 3, This procedure yielded the composite materials named GO-PiPOx and GO-pAmOx,
contingent upon the specific poly(2-oxazoline) involved. The linkage of poly(2-ethoxycarbonylethyl-2-
oxazoline) (pEstOx, 25) was not pursued due to its carboxylic moieties, which are already present on GO
resulting in no introduction of a new functionality on the substrate. Moreover, the deprotection reaction of
pEstOx (25) to obtain the free carboxylic moiety, necessitates the use of 5% KOH in water, which could, albeit
partially, hydrolyse the amide bond mediating the polymer-GO linkage. PolyPhOx (23) was also deemed

unsuitable to be linked onto GO because it bears aromatic moieties, which are already present in the substrate.
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Scheme 3 General procedure for GO-poly(2-oxazoline) synthesis.
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After the preparation, the composite materials GO-poly(2-oxazoline), recovered as a brown-to-black powders,
underwent extensive washing with tetrahydrofuran (THF) to remove any unlinked polymer and secondary
reaction byproducts. For GO-pAmOx the deprotection reaction was carried out according to the well-
established protocol as detailed in the experimental part, involving overnight stirring of the composite material
in chloroform (CHCI;) dispersion, with the addition of trifluoroacetic acid (TFA) to remove the Boc protecting
group and generate the free amine moieties of the polymer pAmOx (26). To initially evaluate successful
deprotection, the Boc-protected homopolymer pAmOx (24) was subjected, at the same time, to analogous
reaction conditions, and the resulting product was analysed via '"H NMR analyses (as shown in Figure 15a).
Afterward, to assess the covalent linkage of the poly(2-oxazolines) to the GO sheets, Thermogravimetric
Analysis (TGA) was employed. This technique facilitates continuous monitoring of the sample weight loss as
a function of temperature, enabling the comparative analysis of the thermal degradation profile of GO and the
obtained GO-poly(2-oxazolines). In addition, Attenuated Total Reflectance Infrared Spectroscopy (ATR-
FTIR) was considered to compare spectra of the starting GO and the synthesised composite materials, with the

corresponding homopolymer spectra included as reference (Figure 26).
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Figure 26 TGA, derivative TGA (DTG), and ATR-FTIR for GO, PiPOx (8) and GO-PiPOx (a-c) and for GO, pAmOx (26), and GO-
pAmOx (d-f) heat rate 10 °C min"', N> 100 mL min"'.

TGA curve obtained for the prepared Graphene Oxide (GO) exhibits the following distinct features: (i) a 6%
of weight loss up to 100 °C, attributed to the thermal desorption of water molecules, physically adsorbed onto
the hydrophilic GO surface; (ii) a rapid and pronounced weight loss (80%) between 100 and 200 °C, resulting
from the decomposition of oxygen-containing functional groups to CO, CO,, and H,0;'3! and (iii) a further
6% of weight loss up to 800 °C, associated with the removal of more thermally stable oxygen functionalities
and the thermal decomposition of GO framework. The observed thermal degradation profile for GO alone is
consistent with findings reported in publications by Kohji Ohno et. al.'>? and by Jiangbo Wang et. al.'>? where

GO-based composite materials, incorporating organic polymers have been investigated using the same
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analytical technique. The TGA curve obtained for GO-PiPOx composites (Figure 26a,b) exhibits two distinct
decomposition peaks: the first with a maximum at 194 °C, consistent with the decomposition range of the GO,
and a second one with a maximum at 347 °C consistent with the decomposition range of the homopolymer
PiPOx (8), confirming the effective linkage of the polymer to the GO support. The shape of the thermal
decomposition curve for the GO-pAmOx composite (Figure 26d, e) exhibits notable variations relative to the
profiles obtained for GO and pAmOx (26) as single components. Indeed, the composite material exhibits a
four-stage weight loss profile: approximately 7% below 100 °C, approximately 20% between 100 and 200 °C,
and approximately 20% between 200 and 500 °C, resulting in a high ash residue up to 800 °C. The ATR-FTIR
spectrum of GO-PiPOx (Figure 26¢) features: the C-H sp? stretching vibrations at 2926 and 2849 cm!, and
the C-N and C-O stretching vibrations at 1162 and 1084 c¢cm, indicating that the original GO infrared
absorption profile has been modified by the successful polymer linkage. The spectrum of GO-pAmOx (Figure
26f) exhibits characteristics consistent with a superposition of the spectra of its individual components.
Specifically, the following diagnostic features are discernible: (i) a broad band in the 3450-3250 cm™* region,
primarily attributable to O-H stretching vibrations from GO, overlapping with N-H stretching vibrations
arising from the polymer contribution; (ii) the C-H sp? stretching vibrations from the polymer component at
2978 and 2938 cm™, (iii) the carbonyl absorption at 1679 cm™ diagnostic of the amide bond formation, and
exhibiting a distinct shift compared to the C=0O stretching vibration at 1733 cm™ observed in the spectrum of
pristine GO; (iv) C-H bending vibrations from the polymer side chains, along with other skeletal vibrations,
are present in the region between 1560-1355 cm™, features largely absent in the spectrum of the original GO;
and (v) the C-N and C-O stretching vibrations at 1220, 1170, and 1136 cm™ are present in the reference
spectrum of the poly(2-oxazoline) homopolymer 26, but absent in the GO spectrum, further confirming the
linkage of the polymer to the support material. These observations, in total, support the successful formation
of the GO-pAmOx composite. To further elucidate the structure and morphology of the GO-pAmOx
composite, which is the composite employed in adsorption experiments targeting acidic drugs (Chapter 3.4.2),
Atomic Force Microscopy (AFM) was also employed to compare the composite material with pristine GO.

(Figure 27).
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Figure 27 15x15 pm AFM images of GO (a) and GO-pAmOx (b). The height of the sample is given by the colour scale on the right.

AFM investigation of both GO and GO-pAmOx involved the acquisition of a large-field scans, ranging from
10x10 to 50x50 um to ensure a statistically representative sampling of the materials. Both GO and GO-pAmOx
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appear as randomly distributed flakes, with GO-pAmOx exhibiting notably more dispersed distribution than
that observed for GO. The height for both samples varied from approximately 5 nm to 50 nm, verifying that
the sonication process successfully exfoliated the GO sheets into structures of varying lateral dimensions and
thickness. In terms of surface morphology, GO flakes are characterised by ridges with an average thickness of
about 10 nm. In contrast, GO-pAmOx flakes displayed a flatter profile, with a ridges thickness of
approximately 3 nm, as shown in Figure 27b. This disparity in surface thickness could be attributed to the
presence/absence of the pAmOx (26) on the simple GO surface. Specifically, GO layers typically fracture and
break during the exfoliation process, leading to an increase in surface thickness. In contrast, GO-pAmOXx single
layers appear to entirely exfoliate during the sonication, yielding a notably smoother, less corrugated surface
profile.

To complement the AFM analysis, the GO and GO-pAmOx samples were deeply investigated by Transmission
Electron Microscopy (TEM) with sub-angstrom resolution coupled with Electron Energy Loss Spectroscopy
(EELS) analyses to provide detailed morphological and chemical characterization, facilitating a
comprehensive understanding of the interaction and grafting of the pAmOx polymer (26) onto the GO substrate
(Figure 28). Initial morphological analyses, provided in Figures 28a,b, do not reveal any discernible
differences between the GO and GO-pAmOx samples. It is imperative to note that all analyses were performed
under stringent vacuum conditions, in the absence of any solvent that could potentially induce morphological
alteration in the GO sheets. The chemical composition of GO and GO-pAmOx materials were further
investigated by EELS technique. Figure 28¢,d present the EELS spectra acquired for GO and GO-pAmOx
respectively. In the case of GO alone, only two prominent peaks are detected at 281 eV and 528 eV,
corresponding to the presence of carbon and oxygen of the GO sheets. Magnification of the region between
300 and 700eV (inset, Figure 28¢) clearly confirms the absence of any signals related to nitrogen (typically
observed around 400eV. In contrast, the EELS spectrum of GO-pAmOx, (Figure 28d) exhibited a third
prominent peak at 396 eV, confirming the presence of nitrogen atoms originating from the pAmOx polymer
(26). Furthermore, magnification of this region (inset Figure 28d) revealed a distinct nitrogen signal with an
intensity comparable to that of the oxygen one. To visualise the spatial distribution of the pAmOx polymer
(26) across the GO sheets, a TEM image and its related nitrogen signal intensity map (acquired by EELS
analyses) are presented in Figure 28e,f. As can be seen, the nitrogen signal is uniform all over the GO-sheets
providing compelling evidence that the polymer is grafted uniformly and ubiquitously onto the GO sheets and

attesting to the robust interaction between the polymer anchoring groups and the GO surface moieties.
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Figure 28 TEM images of GO (a) and GO-pAmOx (b). EELS spectra of GO (c¢) and GO-pAmOx (d) with the magnified region between
300-600eV (insets). TEM images related to the EELS analysed area of GO-pAmOx (e), EELS nitrogen distribution map (f).

Following the thorough characterization of GO-pAmOx composite material, a series of adsorption experiments
were undertaken to evaluate its efficacy in removing acidic organic compounds detected in wastewater as

thoroughly described in the following sections.
3.4.2 Evaluation of the adsorption properties of GO-pAmOx

To comprehensively assess the adsorptive behaviour of the developed novel material, this study investigates
the adsorption of carefully selected pharmaceutical compounds onto the GO-pAmOx. Our hypothesis posits
the existence of significant interactions between these amine functionalities and the carboxyl groups present
in small acidic drugs, namely ibuprofen (29), aspirin (28), and ketoprofen (36). Moreover, benzoic acid (37)
was selected as further representative pollutant due to its well-documented carcinogenic and toxic properties

at specific concentrations as well as its widespread industrial use primarily in food, cosmetic, and
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pharmaceutical related products.'>* Crucially to rigorously test and validate our underlying hypothesis
regarding acid-base interaction, this investigation was designed to also include non-acidic compounds,
specifically metoclopramide (30), pyramidone (31), and etoperidone (38), expecting for them very low
adsorption. The structures of all compounds employed in these initial adsorption experiments are shown in

Figure 29.
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Figure 29 Pollutant pharmaceutical compounds commonly detected in wastewater.

To investigate the adsorption performances of the GO-pAmOx composite material, a series of batch adsorption
experiments were initially conducted utilising a water:methanol (70:30) solvent system. Briefly, 10 mg of
adsorbent materials (either GO or GO-pAmOx) were added to 5 mL aliquots of each drug solution (with
concentrations ranging from 25 to 250 mg L) and, following 12 h incubation period, the residual
concentrations of pharmaceutical products were quantified with HPLC analysis. All experiments were
conducted in triplicate for each pharmaceutical compound, using GO, GO-pAmOx, and control samples (no
adsorbent added) to facilitate direct comparative assessment of the material’s adsorption properties and
efficiencies. Adsorption capacity [qe (mg g!)] was determined using Eq.4, which directly correlates the
amount of adsorbed pollutant to the amount of the employed adsorbent. Figure 30 presents the adsorption
coefficient q. as a function of the initial concentration for each pharmaceutical species, along with a table
detailing the logP values of the tested compounds to aid in the analysis of the observed structure-activity
relationship. The data reveal a clear and compelling contrast in the adsorption of ibuprofen (29), aspirin (28),
ketoprofen (36) and benzoic acid (37), which was significantly favoured by GO-pAmOx over GO, in contrast
to the opposite behaviour observed for metoclopramide (30), pyramidone (31) and etoperidone (38). A
preliminary examination of Figure 29 suggests that the presence of aromatic rings strongly promotes the
interaction with GO layers via n-n stacking, which facilitates the removal of all the tested pharmaceuticals,

however, other factors may be involved and are discussed in subsequent paragraphs.
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Figure 30 qc vs initial concentration for each drug in adsorption experiments conducted in hydroalcoholic medium, and logP values
table.

Notably, the marked differences in adsorption capacities observed between the GO-pAmOx composite and
pristine GO should be primarily attributed to the interplay between carboxyl moieties, a common feature in
compounds 28, 29, 36, and 37, and amine functionalities, which are ubiquitous in compounds 30, 31, and 38.
Specifically, at the maximum initial concentration explored (250 mg L!), GO-pAmOx exhibited impressive qe
values of 28.0, 49.8, 65.0, and 17.0 mg g! for ibuprofen (29), aspirin (28), ketoprofen (36) and benzoic acid
(37) respectively. Conversely, the corresponding q. values for these compounds when using pure GO were
substantially lower, measuring 9.0, 2.0, 14.0, and 5.1 mg g''. This disparity highlights the critical role of acid-
base interactions between the amino groups of pAmOx (26) and the acidic groups of compounds 29, 28, 36,
and 37, which substantially enhance the adsorption affinity of the GO-pAmOx composite, thereby
strengthening the overall adsorption process. Meanwhile, the repulsion due to the carboxylic acid
functionalities that decorate the pure GO surface negates any alternative positive interactions that could
potentially occur between compounds 29, 28, 36, 37, and the GO. In the case of metoclopramide (30),
pyramidone (31), and etoperidone (38), the absence of carboxylic moieties significantly diminished their
affinity for the GO-pAmOx composite, resulting in notably lower . values of 11.0, 1.4, and 11.0 mg g'.
However, when tested with pure GO, the presence of various amine functionalities strongly fosters
complementary acid-base interactions, which, coupled with potential halogen bonding involving the sp?
hybridised carbon atoms of GO, yield striking q. values of 77.0, 95.0, and 110.0 mg g!. By leveraging these
synergistic interactions, these findings not only reinforce the inherent utility of GO as an adsorbent but also
highlight the enhanced selective removal capabilities of the GO-pAmOx composite for a targeted subset of

organic pollutants in aqueous environments. This selectivity underscores its remarkable potential for advanced

44



applications in water remediation strategies. Given our overarching aim to develop a material specifically
tailored for water remediation, the adsorption performance of GO-pAmOx was subsequently investigated in
aqueous solutions, limiting our experiments to the compounds 29, 28, 36, and 37, selected based on their
preferential adsorption onto GO-pAmOx in hydroalcoholic media. Figure 31a depicts the adsorption capacity
(qe) as a function of the initial concentration, ranging from 25 to 90 mg L-! for each drug. The concentrations
explored fall within the linear range of the adsorption trend, as evidenced by the high R? values (>0.99)
obtained from the linear fitting of the data for all compounds. At the maximum initial concentration tested (90
mg L), the adsorption coefficient values were 37.4, 27.5, 43.5, and 26.0 mg g for ibuprofen (29), aspirin
(28), ketoprofen (36) and benzoic acid (37), respectively. For comparison, equivalent experiments were
conducted with GO alone at 50 mg L', and the results are compared with the experiments performed with GO-

pAmOX at the same initial concentration in Figure 31b.
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Figure 31 a) qc vs initial concentration for each drug in adsorption experiments conducted in water. b) qe comparison between GO-
pAmOx and GO for each drug in water adsorption experiments at 50 mg L-! as initial concentration.

Comparing the adsorption experiments conducted at an initial pharmaceutical concentration of 50 mg L' in
water confirms the superior adsorption capacity of the GO-pAmOx composite compared to GO for the removal
of compounds 29, 28, 36, and 37. Specifically, the q. values for GO-pAmOx were 23.1, 15.9, 24.8, and 13.6
mg g! for ibuprofen (29), aspirin (28), ketoprofen (36), and benzoic acid (37) respectively, significantly
exceeding the values obtained with GO (9.1, 4.7, 18, and 3.9 mg g'). Analogous to observations made in the
hydroalcoholic solvent system, the enhanced adsorption performance could be attributed to the synergistic
effect of n-m stacking (between the aromatic rings of the pollutants and GO sheets) and acid-base interactions
(between the carboxylic acid groups of the pollutant and the amine moieties of pAmOx (26) component).
Therefore, while n-n stacking interaction alone contributes to some degree of the adsorption with GO, the
derivatization with pAmOx (26) dramatically improves the overall adsorption process by providing a second,
energetically favourable interaction pathway. Importantly, the q. values measured in pure water (at the same
initial concentration) were consistently higher than those obtained in water:methanol (70:30) solution (Table

4). Such behaviour is consistent with the known decreased aqueous solubility of these pharmaceutical
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compounds in pure water, thus rendering them more susceptible to adsorption at the solid-liquid interfase (a

phenomenon also evident in the case of the GO alone adsorbent).

Table 4 adsorption coefficient (q.) in mg g in different solvents at 50 mg L' as initial concentration.

H>0:CH;0H (70:30) HO
Drug GO-pAmOx GO GO-pAmOx GO
ibuprofen 9.3 2.6 23.1 9.1
aspirin 10.2 2.0 15.9 4.7
ketoprofen 14.0 4.0 24.8 18.0
benzoic acid 7.0 2.6 13.6 3.9

Furthermore, it is noteworthy that the adsorption of ibuprofen (29) is enhanced in water, such that it is more
readily adsorbed than aspirin (28), whereas in the hydroalcoholic environment the trend is reversed. This
observation likely reflects the higher hydrophobicity of ibuprofen (29) relative to aspirin (28) (as indicated by
the log P table detailed in Figure 30). Taken together, these findings suggest that, while experiments in
hydroalcoholic mixtures enable the exploration of higher drug concentrations due to the enhanced solubility
of the target compounds, experiments performed in pure water are also essential to better understand the

adsorption processes in more environmentally relevant matrices.

Adsorption isotherms of GO-pAmOx
To study how ibuprofen (29), aspirin (28), ketoprofen (36), and benzoic acid (37), distribute between the liquid

and the adsorbent phases, the data of equilibrium adsorption capacity for GO-pAmOx were analysed according
to Langmuir and Freundlich models of adsorption isotherms. The type 2 Langmuir isotherm model can be

expressed in a linearised form as follows, (Eq.6):

1 1 1 1

= +
de  Kiqmax Ce  Qmax

(6)

where Ky is the Langmuir constant, which provides a measure of the binding affinity and qmax is the maximum
adsorption capacity.'>

The Freundlich isotherm model can be expressed as follows (Eq.7):
Ing, =K + + InC, (7)

where Kr is the Freundlich constant that, similarly to K, provides a measure of the binding affinity, n is a
parameter that quantifies the heterogeneity of adsorption.!’® The Langmuir model assumes monolayer
adsorption (that is, layers of only one adsorbed molecule can form), where all the adsorption sites are
equivalent and have the same affinity for the adsorbed molecule, i.e. adsorption is homogeneous. Instead, the
Freundlich model can be applied to multilayer adsorption and heterogeneity is considered (heterogeneous

surface and/or adsorption sites and/or affinity for the ligand). According to Eq.6 and Eq.7, the parameters of
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the two models can be obtained from the linear regression of 1/q. vs 1/Ce and Inqc vs InC,, as reported in Table
5. In the same table also the value of R? is reported as a measure of goodness of each linear fit. Analysis of the
adsorption isotherms (Table 5) using both Langmuir and Freundlich models yielded excellent fits (R*>0.9) for

all four compounds.

Table 5 GO-pAmOx Langmuir and Freundlich parameters for hydroalcoholic medium experiments.

Langmuir Isotherm Model

Drug Qmax (Mg &™) Ky (L mg") R?
ibuprofen 27 +7 0.023 +£0.009 0.921
aspirin 78 £30 0.006 +£0.002 0.965
ketoprofen 68 £16 0.033 +0.007 0.989
benzoic acid 2742 0.009 +0.001 1.000

Freundlich Isotherm Model

Drug n Kr(Lmg") R?
ibuprofen 1.7+0.2 1.4+0.3 0.975
aspirin 1.3+0.2 0.6 £0.1 0.988
ketoprofen 1.7 £0.1 3.8+0.5 0.988
benzoic acid 1.6 +0.2 0.7 +0.2 0.971

In detail, the Freundlich model provided a superior fit, i.e. the best correlation coefficients with respect to the
Langmuir one, for both ibuprofen (29) and aspirin (28), while both models performed similarly for ketoprofen
(36), differently for benzoic acid (37) the Langmuir model showed a marginally better fit. The Langmuir qmax
values (mg g™') corresponds to 27, 78, 27, and 68 respectively for ibuprofen (29), aspirin (28), benzoic acid
(37) and ketoprofen (36). These values are consistent with the experimental adsorption capacities calculated
at the highest concentration explored. Freundlich n values between 1 and 10 suggest remarkably favourable
adsorption for each compound.’” Similarly, the K¢ and Ky values, confirm that GO-pAmOX has the strongest
affinity for ketoprofen (36). However, due to both the very high R? values obtained for both fitting procedures
preclude a definitive determination of both the precise adsorption mechanism (monolayer versus multilayer)

and the assessment of the heterogenicity or homogeneity of the adsorption sites.

Evaluation of pH effects on the adsorption process

Given the presence of carboxylic acid group within the target pharmaceuticals and basic amine groups within
the pAmOx (26) component of the composite, the influence of pH on the adsorption process in aqueous
solution was systematically investigated. Adsorption experiments were conducted at fixed pharmaceutical
concentration of 90 mg L' (corresponding to the maximum concentration used in previous aqueous adsorption

experiments at the natural pH equilibrium; Figure 32).
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Figure 32 q. vs pH in water experiments at 90 mg L' as initial concentration.

The pH of the prepared solutions was adjusted precisely to the desired value through the addition of either 0.1
M NaOH or 0.1 M HCI. Maximal adsorption (qc) was achieved at the natural pH equilibrium (approximately
pH 4) for both ketoprofen (36) and benzoic acid (37) In contrast, for ibuprofen (29) and aspirin (28), maximal
adsorption was observed not only at pH~4 but also remained comparatively high even at pH 7. Specifically,
as the pH increased from 2 to 4, the deprotonation of carboxylic groups intensified, enhancing their suitability
for an electrostatic interaction with the protonated amine moieties. However, when the pH dropped below 4,
the protonation of the amine groups within the GO-pAmOx composite increases, but it is induced by the
external addition of HCl, competed with the acid-base interactions involving the carboxyl groups of the target
pharmaceuticals. A notable decrease in q. was observed also at pH values exceeding 7. This reduction is likely
attributable to the deprotonation of the acidic groups of the pharmaceutical compounds, that is caused by the
external addition of NaOH, which subsequently rendered them less capable of effective interaction with the

active amine moieties of the polymer.
3.4.3 Reusability of GO-pAmOx

As underscored previously, the reusability of an adsorbent material is a key parameter to consider and evaluate
when assessing its potential for practical application but is often overlooked during the development of novel
materials. For effective reuse, the adsorbent must successfully release the adsorbed contaminant via a
desorption or regeneration step without compromising the chemical and physical stability of the underlying
matrix.'#® To evaluate the reusability of the prepared GO-pAmOx composite as an adsorbent, ten consecutive
adsorption-desorption cycles were performed, employing polluted aqueous solutions of compounds 29, 28, 36,
and 37 at an initial concentration of 90 mg L-'. Following each adsorption step, GO-pAmOx (10 mg) was
washed successively with tap water (3 x 10 mL), distilled water (3 x 20 mL), and finally with methanol. The
adsorbent material was recovered after each washing step through centrifugation (5000 rpm, 10 min) and
subsequent vacuum drying. Following this regeneration procedure, the adsorbent material was reloaded with

5 mL of the drug’s water solution. The adsorption capacity (q.) was recalculated after each regeneration cycle.
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As demonstrated in Figure 33, a negligible reduction in q. of less than 1% was observed after ten such cycles,

highlighting the exceptional reusability and stability of the GO-pAmOx composite material.
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Figure 33 q. calculated for the loading cycles (each bar represents two adsorption cycles) employing the highest initial concentration.
The structural integrity of the regenerated GO-pAmOx was further validated through post-regeneration TGA
and ATR-FTIR analyses. As depicted in Figure 34 no significant changes in the TGA and FT-IR profiles were

observed, confirming the sustained stability and non-degradation of the adsorbent material.
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Figure 34 Comparison of TGA curve for GO-pAmOx and regenerated GO-pAmOXx, and b) Comparison of ATR-FTIR spectrum for
GO-pAmOx and regenerated GO-pAmOX.
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3.5 Lignocellulosic composites with poly(2-oxazoline)s for heavy metal ions

adsorption

To produce a composite material consisting of cellulose and poly(2-oxazoline) copolymer, it is first imperative
to activate the cellulose by introducing a suitable and effective leaving group capable of initiating the
polymerization process. Following this activation, the polymerization is commenced by adding the chosen
monomer and refluxing the mixture dissolved in acetonitrile (ACN) under controlled heating. This “Grafting
From” approach has been demonstrated to be superior and more effective to the “Grafting To” approach.
Preliminary experimental data supports this assertion: attempts to synthesize the desired composite material
via a Grafting To analogous procedure—involving the linkage of an amine-terminated polymer 35 to activated
cellulose—were unsuccessful. This result contrasts sharply with the more extensive functionalization achieved
in the synthesis of graphene oxide (GO)-poly(2-oxazoline) composites, highlighting the distinct advantages of

the grafting-from methodology for cellulose-based composite materials.

3.5.1 Synthesis and characterization of activated cellulose.

The functionalisation of cellulose to facilitate subsequent grafting processes involves the introduction of
specific leaving groups, including chlorine (CI7), bromine (Br"), and tosyl (Ts). These groups are typically
introduced via selective substitution of the primary hydroxyl (OH) group of commercially available cellulose

Avicel PH 101, as illustrated in Scheme 4 and detailed within the experimental section.

a)
OH N
SOCI,
Q o\) OMA. LicH 0 o\l R= OH or Cl
HO OH 'n ’ R R n
cellulose 39
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%&o& B %&04
HO OH 'n DMA, LiBr  AcO OAc N
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Q
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OH 1 OTs
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cellulose 3 42

Scheme 4 Activated celluloses synthesis, with: (a) chlorination, (b) bromination and (c) tosylation reaction, yielding chlorinated
cellulose (39), brominated cellulose (40), and tosyl cellulose (42).

Briefly, following and modifying established procedures'>®'¢!, the general approach is as follows: (i)
chlorinated cellulose (39) was obtained by treating the starting material, dissolved in N, N-dimethylformamide
(DMF) with lithium chloride (LiCl), with 1 eq. of thionyl chloride (SOCIz); (ii) brominated cellulose (40) was
prepared by treating the starting material, solubilized in N, N-dimethylacetamide (DMA) with lithium bromide
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(LiBr), initially in the presence of 4 eq. of triphenylphosphine (PhsP) and 4 eq. of N-bromosuccinimide (NBS),
followed by derivatisation of the secondary hydroxyl groups with 10 eq. of acetic anhydride (Ac20) to give
more chemical stability to the substrate; (iii) tosyl cellulose (42) was obtained by reacting the starting cellulose,
dissolved in DMA with LiCl, with 5.5 eq. of triethylamine (Et:N) and 5 eq. of tosyl chloride (TsCl, 41) at 4
°C. All the reaction products were subsequently precipitated and washed thoroughly with water and/or ethanol,
yielding pure powder characterised by a white to pale yellow hue, obtained in excellent yields ranging from
88 % to 99%. The activated celluloses were characterized with thermogravimetric analysis (TGA) as presented
in Figure 35, with the aim of assessing the thermal stability and elucidating the changes in decomposition
temperatures consequent to the chemical modifications by evaluating the different thermal behaviour of

starting cellulose and reaction products.
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Figure 35 TGA and derivative TGA (DTG) for the three activated celluloses: a) chlorinated cellulose (39), b) brominated cellulose
(40), and c) tosyl cellulose (42) with the starting material as reference. Heat rate 10 °C min’!, N2 80 mL min-!.
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All functionalised celluloses exhibit a reduction in decomposition onset and peak temperatures compared to
the unmodified starting material. Specifically, the maximum decomposition temperatures correspond to 265
°C, 295 °C, and 213 °C for chlorinated (39), brominated (40), and tosyl cellulose (42), respectively, whereas
pristine cellulose Avicel PH 101 decomposes around 333 °C. Furthermore, the modified cellulose displays a
residual ash content of approximately 15-25% in weight even heating up to 650 °C, whereas for the original
cellulose the ashes residuum is completely absent after 400 °C. These findings indicate that the chemical
modification induces structural alteration within the cellulose matrix, resulting in a measurable decrease in
thermal stability relative to the unmodified commercial cellulose used as the starting material. Another
analytical technique employed was the Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy
(ATR-FTIR). As illustrated in Figure 36, the spectra of each different chemically activated cellulose derivative
are compared to that of the unmodified, commercial starting material. In the case of chlorinated cellulose (39,
Figure 36a), the undeniable appearance of a new absorption band around 602 cm! is evident, attributable to

the stretching vibration of C-Cl bond indicating successful substitution.
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Figure 36 ATR-FTIR of: a) chlorinated cellulose (39), b) brominated cellulose (40), and c) tosyl cellulose (42) in comparison with

starting material.

A similar spectra feature is also observed for brominated cellulose (40, Figure 36b), where a distinct signal at
approximately 592 cm! corresponds to C-Br stretching vibrations. Additionally, for both halogenated
celluloses, a notable shift in the O-H bending vibration is observed within the 1600-1750 cm! region compared
to the unmodified material, reflecting alterations in hydrogen bonding interactions consequent to the
substitution. In the case of tosyl cellulose (42, Figure 36¢), characteristic diagnostic signals for the introduced
tosyl group are evident:'! a distinctive aromatic C-H stretching band around 815 ¢m™! and an aromatic C-C
stretching vibration near 1595 cm™!, both completely absent in the reference sample. Concerning the broad O-
H stretching region (3200-3500 cm™), this signal is only absent in the brominated cellulose (40), attributable
to the subsequent acetylation reaction. Other diagnostic peaks, documented extensively in literature, overlap
with signals in the reference spectrum and therefore could not be reliably employed to unequivocally confirm

the successful functionalisation process.
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3.5.2 Synthesis and characterization of cellulose and poly(2-oxazoline)s composite materials

Following the activation of the cellulose substrate, the monomer iPOx (11) was selected as primary candidate
for the initial polymerization reactions onto the three activated substrates. This choice was driven not only by
its notably rapid polymerization kinetic, but also by its cost-effective, straightforward synthesis and facile
purification process. The polymerization reactions (Scheme 5) were performed in ACN as reaction solvent
with reflux conditions maintained for a duration of 48 to 72 h. After the proper reaction time, the crude products
were precipitated in petroleum ether: diethyl ether 1:1, and finally purified by several methanol washes, aimed

to remove byproducts or unlinked polymers, recovering the pure products after centrifugation (for detailed

X N 021 J\é\
{380y S %

experimental conditions, refer to the experimental part).

R R n ACN, reflux 7
39, 40, 42 cell-PiPOx
39,X=Cl R=OHorCl Z=0H, ClI,
40 ,X=Br R=0Ac Ohc, H, Ts,
42 X=OTs R= OH orOTs PiPOX (8)

Scheme 5 Reaction scheme for cellulose-PiPOx composite materials (cell-PiPOx) preparation through Grafting From approach starting
with chlorinated cellulose (39), brominated cellulose (40), and tosyl cellulose (42)

ATR-FTIR technique was employed to verify the effective formation of covalent linkages as illustrated in
Figure 37. Across all substrates, notable variations in the intensity ratios of characteristic signals were
observed, suggesting that the starting material had undergone chemical modification. Specifically in Figure
37a, the absorption band at approximately 602 cm™, corresponding to the C-Cl stretching vibration, decreases
in intensity, indicative of the dissociation of the chlorine leaving group during the polymerization. In the case
of brominated cellulose (40), reported in Figure 37b, the C-Br stretching band around 592 ¢cm!' remains
relatively unchanged in intensity, suggesting incomplete elimination of the bromine leaving group under the

initially employed reaction conditions.
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Figure 37 ATR-FTIR spectra for cell-PiPOx made with the three different activated celluloses: chlorinated (a), brominated (b), and
tosyl cellulose (c).
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Repeating the reaction at higher temperature using DMA as reaction solvent yielded no significant alteration
to these spectral features, therefore chlorination and bromination reactions were considered the less suitable to
introduce the 2-oxazoline-based polymers onto cellulose substrate. Upon utilising tosyl cellulose (42) as the
initial substrate (Figure 37c¢) the spectrum of the composite material exhibited the most pronounced
modification, notably relative to the chlorinated and brominated counterparts. Particularly, the distinct signal
at 1735 cm’, attributable to the amide stretching vibration characteristic of the polymer PiPOx (8) (serving as
reference) appears in the spectrum of the composite material but is entirely absent in the tosyl cellulose (42)
prior to reaction. This absence confirms successful covalent conjugation of the polymer. Additionally, the
residual tosyl signal at 1595 cm™! showed a marked decrease in intensity, further corroborating the successful
polymerization. The facile synthesis and purification of cell-PiPOx composite material from tosyl cellulose
(42), along with its higher yield under mild reaction conditions, prompted the selection of substrate 42 for
polymerizations with monomers AmOx (18) and EstOx (21). These two monomers, as previously mentioned,
upon appropriate deprotection, feature, respectively, amine and carboxyl moieties capable of interacting with
heavy metal ions in aqueous environments. Reaction conditions are mirrored those utilised for iPOx (8), with
detailed methodological specifics provided in the experimental section. Also in this case, ATR-FTIR analyses
were performed to verify polymer linkage onto the cellulose, spectra were performed before and after the
deprotection reactions necessary to give the amine and carboxyl moieties. The obtained cell-pAmOx and cell-
pEstOx were stirred either respectively with trifluoroacetic acid (TFA) in CHCl; to remove Boc moiety, and
with KOH 5% in water to hydrolyse the ethyl ester groups. These reactions were evaluated by performing
contemporarily the same procedure on the corresponding protected homopolymers pAmOx (24) and pEstOx
(25). The 'H NMR confirms the removal of the protecting groups (Figure 15) as previously mentioned, which
was further validated by the adsorption experiments reported below. In Figure 38a ATR-FTIR spectrum of
cell-pAmOx evidences the presence of the amide stretching signal around 1679 cm!, characteristic of the
homopolymer pAmOx (26), plotted as reference, and indicative of the successful polymerization and therefore
of the covalent attachment within the cell-pAmOx composite. This signal shifts to 1730 cm™' for the cell-
pEstOx composite (Figure 38b), aligning with the reference signal of the homopolymer pEstOx (27). Notably,

in both spectral instances, no corresponding signals are evident in the unmodified starting material.
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Figure 38 ATR -FTIR spectra for cell-pAmOx (a) and cell-pEstOx (b).
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These three cellulose-poly(2-oxazoline) (cell-PiPOx, cell-pAmOx, and cell-pEstOx) underwent to TGA
analyses that highlighted several differences from the starting tosyl cellulose (42) confirming the effective
linkage of the polymer. As seen in Figure 39, the tosyl cellulose (42) exhibits a 45% in weight loss at its
decomposition peak (with a maximum at 213 °C) and a gradual secondary decomposition from 400 °C to 650
°C, leaving a 15% of ashes residuum. In contrast, the cell-PiPOx displays a different thermal profile (Figure
39a,d), with an initial 60% weight loss at a decomposition peak (with a maximum at 235 °C) and a slower
secondary decomposition to 650 °C, resulting in a reduced 10% of ashes residuum. For reference, the TGA
curve of homopolymer PiPOx (8) was also plotted and exhibits a single sharp decomposition peak (from 335
°C to 425 °C (maximum at 408 °C), resulting in a 90% weight loss. Cell-pAmOx (Figure 39b,e) shows a
single, pronounced decomposition temperature between 275 °C and 375 °C with an 85% weight loss,
consistent with the second decomposition peak of the homopolymer pAmOx (26), plotted as reference, within

the same temperature range.
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Figure 39 TGA and DTG analyses for cellulose-poly(2-oxazolines) composite materials starting from tosyl cellulose (42) as initiator.
Heat rate 10 °C min’!, N2 80 mL min-'.

Regarding cell-pEstOx (Figure 39c¢,f) the composite material exhibits minor modifications in the thermal
behaviour compared to tosyl cellulose (42), evidenced by a 55% weight loss between 200 °C and 260 °C and

an increased ash residue (30% in weight with respect to 15%).
3.5.3 Synthesis and characterization of lignin and poly(2-oxazoline)s composite materials

The tosylation reaction was also performed on lignin, which was considered as a prospective and alternative
substrate for polymerization initiation. The reaction was facilely executed by stirring the substrate overnight
at room temperature in presence of 2 eq. of p-toluensulfonilchloride (41), and 3 eq. of triethylamine (Et;:N) in

aqueous solution, following a procedure established in the literature (Scheme 6).!6?
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Scheme 6 tosyl lignin preparation from commercially available lignin.

The reaction mixture was subsequently cooled down to 4 °C to facilitate precipitation, then filtered and washed
several times with water and ethanol to yield tosyl lignin (43). TGA and ATR-FTIR analyses were employed
to assess the reaction outcome. As illustrated in Figure 40a-b, the maximum decomposition temperature
shifted from 357 °C to 291 °C in tosyl lignin (43) with a 45% weight loss). From the ATR-FT-IR spectra
(Figure 40c) displayed a reduction in intensity of the O-H stretching band around 3200-3500 cm™!, indicative
of tosyl group substitution, and the emergence of diagnostic peaks'®? at approximately 1365 cm™ and 1173

cm™! attributed to the SO; of the tosyl moiety, completely absent in the starting material.
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Figure 40 TGA (a), DTG (b), and ATR-FTIR (c) analyses for lignin and tosyl lignin (43), heat flow 10 °C min™!, N> 80 mL min™".

Following substrate activation, the tosyl lignin (43) was employed to initiate the polymerization initially using
iPOx (11) as monomer. The reaction was performed by refluxing the monomer, dissolved in ACN, in presence
of tosyl lignin (43) for 48 h, as detailed in the experimental section. After the workup and the proper washing,
the resulting lignin-PiPOx product was subjected to TGA and ATR-FTIR analyses to confirm the successful
polymerisation and, consequently, to evaluate the conjugation of the polymer on the substrate. As shown in
Figure 41a-b, lignin-PiPOx exhibit two decomposition steps (approximately at 400 °C and 424 °C),
comparable to the reference homopolymer PiPOx (8) that decomposes having a maximum at 390 °C, distinctly
separate from starting material decomposition at approximately 291 °C. Furthermore, a notable difference in
the ash residue was observed: the tosyl lignin (43) exhibited a substantial ash residue (around 45%) up to 850
°C. The ATR-FTIR spectrum (Figure 41c¢) confirmed successful achievement of desired lignin-PiPOx
composite, displaying characteristic homopolymer PiPOx (8), such as the C-H sp® stretching (three peaks)
around 2970-2865 cm™ and carbonyl stretching near 1726 cm™!. These signals are less intense or completely

absent in the tosyl lignin (43) spectra.
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Figure 41 TGA (a), DTG (b), and ATR-FT-IR (c) for lignin-PiPOx, tosyl lignin, and PiPOx (8)

Although the synthesis of lignin-PiPOx yielded the desired composite material of reasonable quality and a
quite good yield, its partial solubility in water at room temperature limited its use. Consequently, adsorption

properties targeting heavy metal ions were exclusively tested on cellulose-poly(2-oxazoline) composites.

3.5.4 Evaluation of the adsorption properties of cell-PiPOx, cell-pAmOx, and cell-pEstOx targeting

heavy metal ions

Because of the pEstOx (27) has carboxyl moieties, the possibility of chelating cations present in water was
studied, testing in addition the composites with PiPOx (8) and pAmOx (26) to asses differences. For doing
this, the synthesised cellulose-poly(2-oxazoline) composites were employed in adsorption experiments aimed
at sequestering harmful heavy metal ions, including Pb?*, Cd?*, Cr**, Co?", Ni?**, and Hg?". The heavy metal
ions solutions were prepared by dissolving the respective chloride salts in HCI 0.01M, achieving the
concentration of the corresponding cation of 50 ppm. This acid medium ensures the predominance of the
cations, avoiding precipitation as hydroxides. For each adsorption experiment, 10 mL of solution was
combined with 4 mg of cellulose, cell-PiPOx, cell-pAmOx, and cell-pEstOx in separate setups. After 18 h of
incubation at controlled temperature of 25 °C, the supernatant was filtered, acidified, and injected into
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) instrument to exactly quantify the
residual concentration. These experiments were conducted in triplicate for each cation and for each adsorbent,
with results reported as averages. Adsorption capacities, calculated for each adsorbent using Eq.4, are
presented in Figure 42 and in Table 6, comparing the adsorption performances for the composite materials

with the commercial cellulose AVICEL PH 101.
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Figure 42 (a-f) adsorption capacity (qe) for cellulose AVICEL and cellulose-poly(2-oxazoline) composites in heavy metal ions
adsorption experiments at 50 ppm as initial concentration of cation in HC1 0.01M.

In the case of Pb no enhancement in adsorption performance was observed, as the q. values for the cell-pAmOx
(entry 3) and cell-pEstOx (entry 4) were lower, and the q. value for cell-PiPOx (entry 2) was within the margin
of error (119.0 vs 117.0 mg g*'). Similarly, for mercury (Figure 42f), the composite materials exhibited

negligible improvement over cellulose, expert for a slight increase in q. value for cell-pEstOx (q. 34.1 vs 32.5
mg g’!, entry 4).

Table 6 Adsorption capacity (q.) for cellulose AVICEL and cellulose-poly(2-oxazoline) composites in heavy metal ions adsorption at 50 ppm as initial
concentration of cation in HC1 0.01M.

Entry  Adsorbent Pb™" Cd™ Crt Co™ Nit* Hg™
1 Cellulose 117.0 56.0 23.0 41.5 47.2 32.5
2 Cell-PiPOx 119,9 48.8 19.5 59.5 55.1 28.2
3 Cell-pAmOx 107.0 50.0 23.0 523 50.0 26.8
4 Cell-pEstOx 105.9 65.1 31.6 60.0 57.7 34.1

Qe values are expressed as mg g”!

Conversely, for the other heavy metals, i.e. Cd*", Cr**, Co**, and Ni**, cell-pEstOx demonstrated superior
adsorption capacities compared to reference cellulose, with q. values of 65.1, 31.6, 60.0, and 57.7 mg g'!(entry

4), respectively, compared to 56.0, 23.0, 41.5, and 47.2 mg g!' (entry 1). The adsorbents cell-pAmOx (entry 3),
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and cell-PiPOx (entry 2), showed enhanced performance over cellulose only for cobalt and nickel, exhibiting
gevalues of 52.3 and 59.5 mg g™! respectively for cobalt and 50.0 and 55.1 mg g! in case of nickel. The superior
performances of cell-pEstOx with respect to the other adsorbents (except for Pb?" and Hg?") could be related
to the molecular structures of these polymers. Indeed, the carboxylic groups in pEstOx (27) enabling a more
efficient chelation of the free cations; in contrast, the amine group of pAmOx (26) in cell-pAmOx may engage
in acid-base interaction with the hydrochloric acid, limiting their availability for cation binding at operating
pH (c.a. 2). Finally, the carbonyl group in PiPOx (8) are the less nucleophilic making hard the interaction with
cations. However, chelation of heavy metal ions concerns many factors, such as: (i) chelation/complexation
that means a covalent or an ion-covalent coordination between the metal ion and donor atoms on the adsorbent's
surface (this is often the dominant and strongest mechanism), and (ii) ion exchange involves the substitution
of ions initially present on the adsorbent with metal ions from the solution. In addition, hydrogen bonding
plays a role in several ways, often as a secondary but significant mechanism: (i) /nteraction with Solvating
Water Molecules: metal ions in aqueous solution are surrounded by a hydration shell of water molecules. OH
or NH» groups on the adsorbent can form hydrogen bonds with these water molecules, thereby indirectly
"anchoring" the metal ion to the surface, and (ii) Stabilization of Binding Sites: the hydrogen bond network
within an adsorbent material can influence its porous structure and the arrangement of functional groups,
making binding sites more accessible or more stable for metal ion complexation. A comparative analysis of
the results obtained with cell-pEstOx, identified as the most effective adsorbent against the majority of the
tested heavy metal ions, under analogous experimental conditions (i.e., cation type, initial concentration, pH,
and adsorbent quantity) against established adsorbents—including graphene derivatives, nanoparticles, and
biosorbents—indicates that the adsorption capacities are generally of a comparable order of magnitude. '
Specifically, while these values are generally lower than those observed for zeolites, cell-pEstOx demonstrates

an higher adsorption capacity, against Ni**, Cd**, Pb*", respect to functionalized mesoporous silica, ¢+

against
Co™" in comparison with various activated carbon and coal,'®® and against Cr'""and Hg"™ relative to chitosan

derivatives,!66:167
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4. Conclusions

In summary, this Doctoral Thesis has detailed a comprehensive investigation into the design, synthesis, and
characterization of novel adsorbents tailored for the selective and efficient removal of prevalent and harmful
pollutants commonly detected in wastewater. Successful synthetic routes were established for three previously
known  monomers, 2-isopropyl-2-oxazoline, = iPOx  (11), fert-Butyl(3-(4,5-Dihydrooxazol-2-
yDpropyl)carbamate, AmOx (18), and ethyl 3-(4,5-dihydrooxazol-2-yl)propanoate EstOx (21), alongside the
development and full characterization (GC-MS and NMR) of a novel monomer 2-benzhydryl-4,5-dihydro-1,3-
oxazole (13). This new monomer was subsequently subjected to a comprehensive optimization study of the
cationic ring opening polymerization, varying key parameters such as reaction time, solvent, temperature, and
initiator. The resulting homopolymer polyPhOx (23) was employed in a series of adsorption experiments
targeting hydrophobic organic contaminants, notably pharmaceutical products. Outstandingly, polyPhOx (23)
exhibited a high adsorption capacity for oestradiol (32), the most hydrophobic analyte tested. These promising
findings were further validated through the investigation of performance in a real-world matrix, by spiking
authentic lake water samples with selected pollutants and quantifying the adsorption capacities measuring
residual concentration via HPLC-DAD analyses. Results confirm the effectiveness of polyPhOx (23) in

adsorbing oestradiol (32) in such environmentally relevant medium, warranting further investigation.

Regarding the other monomers (11, 18, 21), the corresponding homopolymers were also successfully
synthesised and characterised. However, as a result of their inherent solubility properties, it proved necessary
to employ solid supports, such as graphene oxide (GO) or cellulose, to ensure the effective isolation of the
adsorbent from the treated water. In the case of the graphene oxide support, a "Grafting To" approach was
identified as the most effective method, facilitating the conjugation of the preformed homopolymer (suitably
end chain functionalised) through an amide bond with 1,6-hexamethylenediamine as linking agent, yielding
the GO-PiPOx and GO-pAmOx composite materials. Following full material characterization via TGA, ATR-
FTIR, AFM, and TEM analyses, the performance of GO-pAmOx was carefully assessed through HPLC-DAD
analyses, allowing for the precise quantification of the residual drugs concentrations after adsorption
experiments targeting acidic pharmaceuticals in hydroalcoholic solution. These results undoubtedly confirmed
that compounds capable of engaging in acid-base interactions with the polymer’s amine moieties, namely
ibuprofen (29), aspirin (28), ketoprofen (36), and benzoic acid (37), were preferentially adsorbed by GO-
pAmMOx composite. In contrast, neutral or basic compounds were only minimally removed from the solution,
indicating selectivity in the adsorption process. Subsequent experiments demonstrate the high performances

also in water medium.

For the cellulose as support material, the "Grafting From" approach proved more effective, allowing us to
employ different monomer in separated polymerisation reactions with cellulose substrate as support. After
determining the optimal leaving group to introduce onto the cellulose, the monomers 11, 18, and 21 were

employed in separate polymerisation reactions. The resulting cellulose-poly(2-oxazoline) composites,
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including cell-PiPOx, cell-pAmOx, and cell-pEstOx, were characterised using TGA and ATR-FTIR analyses.
These materials were then utilised in adsorption experiments targeting harmful heavy metal ions such as Pb?*,
Cd*', Cr**, Co?*, Ni?*, and Hg?". ICP-OES analyses revealed that these materials, particularly cell-pEstOx,
exhibited higher adsorption efficiencies compared to cellulose for Cd**, Cr**, Co**, and Ni** Additionally, cell-
pAmOx and cell-PiPOx demonstrated superior adsorption capacities for cobalt and nickel compared to

cellulose.

Building upon the significant findings detailed in this thesis, several exciting avenues for future research and
development present themselves. Firstly, further exploration of alternative chemistries for the conjugation of
poly(2-oxazolines) to graphene oxide is warranted, with a particular emphasis on developing facile and robust
'click' chemistry-based strategies to enhance the loading capacity and stability of the resulting materials.
Secondly, the demonstrated selectivity of the GO-pAmOx composite for acidic pharmaceuticals motivates the
synthesis of either novel 2-oxazoline monomers or variously decorated pAmOx, pEstOx, and polyPhOx
incorporating recognition motifs tailored to specifically target other high-priority pollutant classes. Thirdly,
the long-term performance and economic viability of the developed adsorbents will be enhanced through
detailed investigations into large-scale production methods, optimization of regeneration protocols, and
assessment of performance within complex, real-world wastewater samples. Finally, the biocompatibility,
tuneable thermoresponsiveness, and low cytotoxicity of PAOx provide new opportunities for integration within

advanced biomedical applications.

Through these investigations, we will continue to advance sustainable and effective solutions for addressing

the pressing challenges of water contamination and protecting both human health and environmental integrity.
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5. Experimental Part

5.1 General

All reactions were monitored by thin layer chromatography (TLC) carried out on Merck F-254 silica glass
plates and visualised with UV light. Flash chromatography was performed on SigmaAldrich silica gel (60,
particle size: 0.040-0.063 mm). '"H NMR and '3C NMR were recorded in CDCl; unless otherwise specified,
(99.8 % in deuterium) using a Bruker DRX-600 spectrometer (600 MHz). All chemical shifts are expressed in
parts per million (J scale) and are referenced to the residual protons of the NMR solvent (CDCl3, & 7.26 ppm).
The following abbreviation were used to explain the multiplicities: (s) = singlet, (d) = doublet, (t) = triplet,
(m)=multiplet. Infrared Spectra (FT-IR) were obtained using a Nicolet 6700 FT-IR Spectrometer from Thermo
Fisher in KBr pellets, 64 scan, resolution 4 cm™! data are presented as the frequency of absorption (cm™).
Attenuated total Reflectance Infrared Spectra ATR-FT-IR were carried out using aThermo Scientific IS50 FT-
IR optical bench equipped with Attenuated Total Refclactance (ATR) compartment. Absorbance Spectra were
collected in the range of 4000-500 cm™, with 4 cm™ spectral resolution, and 64 scans. The background
spectrum was obtained through acquisition in air, and data were acquired and processed using the Thermo
Scientific OMNIC Atlus software. Reversed phase High Performance Liquid Chromatography (HPLC) were
performed with an Agilent infinity 1260 II instrument equipped with a C18 column (5 um, 100 A, 150 x 4.6
mm) with DAD as detector, with 1 mM HCIO4 H>O and methanol or acetonitrile with various ratios as mobile
phase, with a flow of 0.5 or 1 mL min™!. Calibration curves were performed with analytical standards (purity
99%) from 25 to 250 mg L. Thermogravimetric analyses (TGA/DTG) were performed using a SDT Q600
thermoanalyzer (TA Instruments). Aliquots of 5.0-20.0 mg of each sample at dry state, were inserted into a
platinum crucible and heated from room temperature (25 + 1 °C) to 650-850 °C with a heating ramp of 10 °C
min ! under nitrogen flow (80-100 mL min™'). Dynamic light scattering (DLS) measurements were carried out
by a Malvern Zetasizer Nano-ZS in backscattering configuration i.e. the scattered light is collected at an angle
of 173° Samples were dissolved in Milli-Q water at a concentration of 1 mg mL ™" and filtered with regenerated
cellulose (RC) filter (0.45 um), temperature was fixed at 298 K. Gel Permeation Chromatography (GPC)
setup consists of three columns in series (a precolumn followed by two columns (300 x 4.6 mm) 5 um 10 ES
A (10-1.000 K) and 5 pm 10 E3 A (1-75 K) respectively). Samples were injected with a concentration of 1.0
mg mL ! and measured at 25 °C using DMF 50 mM LiBr as eluent, 0.27 mL min-' flow and DAD as detector.
The calibration was conducted with standard polystyrene reference materials (MW ranged from 1.3 K to 900
K). GC-MS analyses were performed with a SHIMADZU Nexis GC-2030 with a capillary column of SLBTM-
S5ms (30 m x 0.25 mm x 0.25 pm) coupled with a Mass Spectrometer SHIMADZU QP 2020NX; the mass
values are reported as mass/charge ratios (m/z). All spectra were measured with a column temperature program
from 50 °C to 250 °C and the injection temperature was set to 250 °C. AFM measurements were performed
using a Dimension ICON (Bruker, Santa Barbara, CA). The AFM images were captured in tapping mode using

a silicon probe RTESPA-150, which has a nominal spring constant of 6 N/m and a resonant frequency of 150
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kHz. AFM samples were prepared by spin-coating SI (001) wafer at 2000 rpm after 1 min. standing, with WS-
650mz-23nppb instrument, dropping the sample’s suspension in ethanol (0.1 wt %). The AFM images were
analysed and processed with Gwyddion software (https://gwyddion.net/). In detail, the images were flattened
using the align rows tool, and 3 images per sample were analysed by masking flakes to record their mean
roughness with the statistic quantities tool. TEM-EELS analyses were carried out with a Cs-corrected JEOL
ARM200C operating at 200 keV. STEM images were acquired in scanning mode using the medium angle
annular dark-field (MAADF) detector. SEELS spectra are acquired with a Gatan Quantum-ER spectrometer,
using a pixel size of 5 nm and pixel time of 0.01 s. The spectra shown in figures are extracted summing spectra
from an area of 150x150 nm with a total integration time of 20 s. All the data analysis, elemental quantification
and background subtracted spectra and maps were carried out with Gatan Microscopy suite v3.4. The samples
were prepared by drying one drop of methanol dispersion on a lacey carbon TEM grid in ambient temperature.
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) were performed with aVARIAN 710-
ES instrument equipped with a concentric nebuliser and a glass cyclonic spray chamber. The operating
conditions of the ICP-OES analysis were as follows: plasma power 1.2 KW, plasma and auxiliary gas flow-

rates were 15 L min'and 1.5 L min~! respectively, Argon has been employed as internal standard.
5.2 Chemicals

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. Analytical grade solvents and
commercially available reagent were used as purchased from Sigma-Aldrich without further purification. ACN
(HPLC purity grade) was dried over calcium hydride, distilled over calcium hydride and stored under argon
atmosphere, DMA was dried over calcium hydride, distilled over calcium hydride and stored under argon
atmosphere. Methyl tosylate 2 (MeTos, 98%) was purified by vacuum distillation and stored under argon

atmosphere.
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5.3 Preparation of 2-oxazolines monomers

5.3.1 Synthesis of 2-isopropyl-2-oxazoline, iPOx, 11
1 N 7
i
20 s
11

The monomer iPOx 11 was synthesised via a modified Witte—Seeliger cyclocondensation of isobutyronitrile,
9 (500 mmol, 1 eq) with 2-aminoethanol, 10 (600 mmol,1.2 eq.) and zinc acetate hydrate (10 mmol, 0.02 eq.)
as catalyst at 130 °C for 48 h with a flow of nitrogen passed through the reaction vessel. The crude product
was dissolved in dichloromethane (DCM) and extracted several times with water. The organic phases were
dried over anhydrous magnesium sulphate (MgSQ,), filtered and then the solvent was removed with a rotatory
evaporator. The pure product was obtained by vacuum distillation (58—60 °C at 50 mbar) first over NaOH and
then over calcium hydride. The pure product was stored under argon atmosphere. Yield: 70% of a colourless

liquid.

Characterization data

"H NMR (600 MHz, CDCl3): 6 = 1.18 (d, J= 6.5 Hz, 6H, C(CHj3),, 2.40-2.58 (m, 1H, CCH(CH3),), 3.78 (t,
J=9.4 Hz, 2H, OCH,CH:N), 4.19 (t, J=9.4 Hz, 2H, OCH,CH:N) ppm.

BC NMR (150 MHz, CDCl;): 6 = 167.1 (C-4), 67.4 (C-2), 54.1 (C-1), 31.1 (C-6), 19.3 (C-7, C-8) ppm.
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5.3.2 Synthesis of 2-benzhydryl-4,5-dihydro-1,3-oxazole, 13

10 1
13

Compound 13 was synthesised by a modified Witte-Seeliger cyclocondensation of 2,2-diphenylacetonitrile,
12 (50 mmol, 1 eq.) with 2-aminoethanol, 10 (75 mmol, 1.3 eq.), and zinc acetate hydrate (2 mmol, 0.04 eq.)
as catalyst. The reaction mixture was kept under stirring at 130 °C for 48 h with a nitrogen flow passing through
the reaction vessel. The crude product was dissolved in dichloromethane (DCM) and extracted several times
with water. The combined organic layers were washed with brine, dried with anhydrous magnesium sulphate
(MgSO0s), and concentrated under vacuum. The residue was purified by flash chromatography on silica gel
using petroleum ether:ethyl acetate (8:2) as eluent. The desired monomer was obtained as a white powder in

51% yield.

Characterization data

"H NMR (600 MHz, CDCl3): § = 3.92 (t, J= 9.5 Hz, 2H, OCH.CH>N), 4.30 (t, J= 9.5 Hz, 2H, OCH>CH;N),
5.11 (s, 1H, CCHPh,), 7.30-7.35 (m,10H, CHarom) ppm.

13C NMR (150 MHz, CDCl3): & = 168.4 (C-4), 139.6 (C-7, C-8), 129.1 (C-9, C-10, C-12, C-13, C-14, C-15,
C-17, C18), 127.3 (C-11, C-16), 67.9 (C-2), 54.7 (C-6), 51.3(C-1) ppm.

65



5.3.3 Synthesis of 4-((tert-Butoxycarbonyl)amino)butanoic acid, 15

70 mL NaOH aqueous solution (5.5 M) and y-aminobutyric acid, 14 (100 mmol, 1 eq.) were placed in a 250
mL flask, followed by tertbutoxycarbonyl anhydride (Boc,O) (110 mmol, 1.1 eq.), and the resulting mixture
was stirred overnight at ambient temperature. The reaction mixture was acidified with 2 N HCI to pH ~3 and
then extracted with ethyl acetate (70 mL x 3). The collected organic phase was washed with brine (30 mL x 2),
dried over anhydrous MgSOQs., filtered, and concentrated under vacuum to give the product as white solid in

97% vield.

Characterization data

"H NMR (600 MHz, CDCl3)": § =1.44 (s, 9H, C(CH;)3), 1.82 (p, J = 9.3 Hz, 2H, CH,CH,CO,H), 2.39 (t, J =
9.3 Hz, 2H, CH,CH>CO-H), 3.17 (t, J= 9.3 Hz, 2H, CH,CH>NH) ppm.

13C NMR (150 MHz, CDCl3): & = 182.7 (C-2), 154.9 (C-13), 79.5 (C-9), 38.7 (C-6), 35.5 (C-3), 27.4 (C-10,
C-11, C-12), 23.3 (C-5) ppm.

! The 'H-NMR spectrum was recorded after addition of a drop of D,O
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5.3.4 Synthesis of tert-Butyl (4-((2-Chloroethyl)amino)-4-oxobutyl)carbamate, 17

o) 15
H
~&~ J\e/s\/N 16.0 14

7 N2 \n/ 12

H 6

0

13

17

The first intermediate, 15 (97 mmol, 1 eq.), chloroethylamine hydrochloride, 16 (97,3 mmol, 1 eq.), and TBTU
(97,3 mmol, 1 eq.) were dissolved in dry DCM (150 mL) at 0°C sequentially. Triethylamine (117 mmol, 1.2
eq.) was added dropwise to the solution over a period of 1 h, keeping the temperature at 0 °C. The reaction
mixture was allowed to warm up to room temperature and was stirred overnight before 100 mL of saturated
aqueous NaHCO; were added. The organic phase was washed twice with water and dried over anhydrous
MgSO, and then filtered. After removal of the solvent, the residue was redissolved in CHCIl; and purified by

column chromatography on silica gel using ethyl acetate as eluent, obtaining a white solid, yield 86%.

Characterization data

'"H NMR (600 MHz, CDCls): 5 =1.41 (s, 9H, C(CH3)3), 1.79 (p, J=9.3 Hz, 2H, CH-.CH,CONH), 2.23 (t, J =
9.3 Hz, 2H, CH.CH,CONH), 3.14 (t, J= 9.3 Hz, 2H, CH.CH:NH), 3.49-3.63 (m, 4H, CICH,CH,NH) ppm.
3C NMR (150 MHz, CDCl3): § = 172.6 (C-2), 155.9 (C-16), 79.6 (C-12), 43.1 (C-8), 39.8 (C-7), 39.4 (C-
6), 33.6 (C-3), 28.4 (C-13, C-14, C-15), 26.1 (C-5) ppm.
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5.3.5 Synthesis of fert-Butyl (3-(4,5-Dihydrooxazol-2-yl)propyl)carbamate, AmOx 18

N T/ 0
Y v
2 O O

A

13 14
18

The ring closure of tert-butyl (4-((2-chloroethyl)amino)-4-oxobutyl)carbamate, 17 (83.7 mmol, 1 eq.) was
carried out in a 70 mL saturated solution of NaOH in methanol. After stirring for 12 h at room temperature,
the solvent was removed under reduced pressure. The residue was dissolved in DCM (50 mL), washed twice
with water and dried over anhydrous MgSQj then filtered. The desired product was obtained after solvent

removal, as a white solid in 79% yield and employed without any further purification.

Characterization data

'"H NMR (600 MHz, CDCl3): 5 = 1.42 (s, 9H, C(CH5)3), 1.81 (p, J = 9.3 Hz, 2H, CH,CH-CH,), 2.30 (t, J =
9.3 Hz, 2H, CCH:CH>), 3.15 (t, /= 9.3 Hz, 2H, CH,CH>NH), 3.80 (t, /= 9.5 Hz, 2H, OCH,CH:N), 4.21 (t, J
=9.5 Hz, 2H, OCH>CH,N) ppm.

3C NMR (150 MHz, CDCl): 6 = 173.1 (C-4), 155.9 (C-15), 79.6 (C-11), 68.4 (C-2), 53.8 (C-1), 39.8 (C-8),
29.4 (C-12, C-13, C-14), 28.4 (C-7), 21.1(C-6) ppm.
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5.3.6 Synthesis of Ethyl 4-((2-chloroethyl)amino)-4-oxobutanoate, 20

2 H s o 12

20

Ethyl succinyl chloride, 19 (100 mmol, 1eq.) and chloroethylamine hydrochloride, 16 (100 mmol, 1 eq.) were
suspended in dry dichloromethane (150 mL). At 0 °C, triethylamine (220 mmol 2.2 eq.) was added dropwise
over a period of 2 h. The reaction mixture was allowed to warm up to room temperature and was stirred for 4
days before water (40 mL) was added. The organic phase was subsequently washed twice with water, with
brine, and finally dried over anhydrous MgSOs. After filtration, the solvent was removed with a rotatory
evaporator, and the residue was purified by column chromatography on silica gel using hexane:ethyl acetate

5:95 as eluent. The product appeared as a pale-yellow oil. Yield 83%.

Characterization data

"H NMR (600 MHz, CDCl3): § = 1.23 (t,J=7.1 Hz, 3H, OCH.CH3), 2.48 (t, J = 6.7 Hz, 2H, OCCH,CH,CO),
2.69 (t, J=6.7 Hz, 2H, OCCH,CH,CO), 3.52-3.65 (m, 4H, CH,CH,NH and CICH>CH,), 4.14 (q, /= 7.1 Hz,
2H, OCH>CH3) ppm.

13C NMR (150 MHz, CDCl3): 6 = 173.2 (C-5, C-9), 61.2 (C-12), 43.1(C-2), 39.8 (C-3), 32.3 (C-6), 29.6 (C-
8), 14.1 (C-13) ppm
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5.3.7 Synthesis of Ethyl 3-(4,5-dihydrooxazol-2-yl)propanoate, EstOx 21

21

Ethyl 4-((2-chloroethyl)amino)-4-oxobutanoate, 20 (70 mmol, 1 eq.) and anhydrous sodium carbonate
(70 mmol, 1 eq.) were reacted (neat) under stirring at a pressure of 0.1 mbar and at 60 °C on rotatory
evaporator, distilling continuously the product formed. Yield 69% of a colourless liquid after a second

distillation.

Characterization data

'"H NMR (600 MHz, CDCl;): 6 = 1.22 (t, J = 7.2 Hz, 3H, OCH,CH;), 2.61 (m, 4H, CCH,CH,CO), 3.79 (t, J
=9.4 Hz, 2H, NCH>CH,0), 4.17-4.24 (m, 4H, NCH,CH»0O, OCH,CH3) ppm.

3C NMR (150 MHz, CDCl): § = 173.7 (C-8), 173.1 (C-4), 68.2 (C-2), 61.1 (C-11), 53.8 (C-1), 29.6 (C-7),
24.1 (C-6), 14.5 (C-12) ppm.
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5.4 General procedure for polymerisations

O
%/L&k R= ‘§< o~ NHBoc }\)OLO/\ -
RS0 Q
5
A two-neck round bottom flask equipped with an efficient reflux condenser and a magnetic stir bar was charged
with monomer (11 or 18 or 21) (20 mmol) and anhydrous ACN (10 mL). The system was kept under Argon
atmosphere, a proper amount of a solution 1:10 methyl tosylate: ACN was added to start the polymerisation,
and the reaction mixture was stirred at 90 °C from 8 to 48 h. After, the reaction was quenched by addition of
10 eq. to initiator of IM NaOH and the resulting mixture was stirred at the same temperature for 2 h. Finally,
the solvent was reduced with a rotatory evaporator and the residue was added to a solution of petroleum ether:
diethyl ether (1:1). The polymer was recovered as a white precipitate, the supernatant was removed, and the
product was washed twice with the petroleum ether: diethyl ether solution and dried in vacuo. Finally, the
polymer was dialysed (cut off 1 to 3.5 kDa) against methanol for 5 days changing the solvent 10 times.
Homopolymerisation for monomer 13 has been extensively discussed in results and discussion section, best

results were obtained refluxing the monomer for 8 h with 0.02 eq. of p-nitrobenzenesulfonate (22) as initiator.

Characterization data of 8 (yield 98%)
GPC: DMF with LiBr (0.05 M): 5.7 kDa, b=1.1
'"H NMR (600 MHz, CDCl3): § = 3.45 (NCH:CH>), 2.91 and 2.67 (CH3).CHCO), 1.11((CH3)CH) ppm.

Characterization data of 24 (yield 92%)

GPC: DMF with LiBr (0.05 M): 5.8 kDa, b=1.1

'H NMR (600 MHz, CDClL3): & = 5.56 (OCNHCH,), 3.44 (NCH-CH>), 3.16 (HNCH.CH,), 2.44
(CH2CH>CO), 1.84 (CH2CH>CHa), 1.41 ((CH3);0CO) ppm.

Characterization data of 25 (yield 80%)

GPC: DMF with LiBr (0.05 M): 8.7 kDa, b=1.1

'"H NMR (600 MHz, CDCl;): & = 4.10 (CH3CH,0), 3.48 (NCH,CH,), 2.61 (COCH-CH-CO), 1.24 (CH;CH>)
ppm.

Characterization data of 23 (yield 88%)
GPC: DMF with LiBr (0.05 M): 6.5kDa, b=1.1
"H NMR (600 MHz, DMSO-d6): & = 7.24 (H arom.), 5.66 (Ph,CHCO), 3.31 (NCH,CH,) ppm.
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5.4.1 Cleavage of the amine protecting group

I,

0]

NH,
26

Poly(2-(3-(Boc-amino)propyl)-2-oxazoline), 24 (0.09 mmol) was dissolved in dry CHCl; (5 mL) and then
trifluoroacetic acid (TFA) (1 mL) was added. The solution was stirred at room temperature overnight, and
subsequently, the product was dry at reduced pressure. The crude product deprotected pAmOx (26) was
redissolved in DCM and the polymer was precipitated by dropping the reaction solution into petroleum ether:

diethyl ether (1:1), collected by centrifugation, and dried in vacuo. Yield: 98%.
Characterization data

'"H NMR (600 MHz, CDClLy): § = 3.44 (NCH:CH.), 3.16 (HNCH:CH,), 2.46 (CH,CH,CO), 1.83
(CHzCHgCHz) ppm.
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5.4.2 Cleavage of the carboxyl protecting group

h;
HON o
oz
Poly((2-(3-ethyl propanoate)-2-oxazoline), 25 (0.09 mmol) was dissolved in 10 mL of a 5% KOH solution and
stirred overnight at room temperature. Then, ~ 850 pL of glacial acetic acid was added to neutralize residual
KOH, and the product (deprotected pEstOx, 27) was dialysed (cut off 3.5 kDa) against milli-Q-grade water for
7 days changing the solvent 14 times. After lyophilization the product was obtained in 96% yield.

Characterization data

IH NMR (600 MHz, D;0): § = 3.51 (NCH>CH>), 2.57 (COCH>CH>CO) ppm.
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5.5 Organic compounds adsorption with PolyPhOx, 23

High-Performance Liquid Chromatography (HPLC) Calibration Curves
Ibuprofen (29), aspirin (28), metoclopramide (30), pyramidone (31) oestradiol (32) and indomethacin (33)

were dissolved in CH3OH or ACN and after proper dilution the calibration curve was performed with different

elution programs using as mobile phase various ratios of ImM HCIO4 H,O, CH30H, and ACN at either 0.5 or

ImL min™ as flow rates.

20000 E=
m  jbuprofen
175004 @ aspirin
4  metoclopramide
15000 | v pyramidone
¢ oestradiol
125004 € indomethacin
% 10000 ~
c(i.g 7500
5000 .
X e e
5005 v’ P ;_7.,, SRR S
NI =
0 50 100 150 200 250
Concentration / mg L
Compound Retention time A (nm) Slope Value Standard Error R?
ibuprofen (29) 6.7 235 7.9 0.12 0.999
aspirin (28) 13.5 275 13.7 0.02 1
metoclopramide (30) 4.0 254 25.2 0.20 1
pyramidone (31) 4.1 254 79.1 0.06 1
oestradiol (32) 9.9 235 1.9 0.20 0.999
indomethacin (33) 13.5 275 0.3 0.01 0.999

Preparation of pharmaceuticals solutions

The proper amount of pharmaceutical compound (28, 29, 30, 31, 32,and 33) was separately weighted and
transferred in a conical flask equipped with a magnetic stir bar, then the solvent (hydroalcoholic mixture) was
added, and the system was hardly stirred under heating at 35 °C through an oil bath. After complete dissolution

of drugs, the solution was cooled down to 25 °C and employed in adsorption experiments.

Adsorption experiments

Adsorption experiments were done in triplicate under batch operation conditions targeting pharmaceutical
compounds. First, an amount of 5 mg of polyPhOx (23) was added into 2 mL reaction tubes. Then, 2 mL of
pharmaceuticals standard solutions with concentrations ranging from 10 to 200 mg L' were loaded into the
cartridge. To allow homogenous adsorption on the polymer surface, the tubes were incubated in a thermostatic
shaker (50 rpm for 24 h) Triplicate controls, which consisted of solutions of the corresponding pharmaceutical
in the absence of any adsorbent and in the same conditions, were run in parallel. Finally, the supernatants were

filtered using PTFE filters, transferred into glass vials, and analysed by HPLC-DAD.
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5.6 Composite materials with Graphene Oxide (GO) and poly(2-oxazoline)s
5.6.1 Graphene Oxide preparation

GO

Graphite (5 g) and 3.8 g of NaNOs are introduced in a 2 L flask equipped with a magnetic stir bar. Then, H>SO4
(375 mL) was added at 0 °C (ice bath), and the solution was stirred until homogeneous (1 h). KMnOj4 (25 g)
was slowly added over 1 h, keeping the temperature below 10 °C. After 2 h, the solution was allowed to warm
up at room temperature and stirred. After 5 days (colour change from dark green to brown) 700 mL of H>SO4
(5%) were added dropwise, keeping the temperature below 40 °C and the mixture was stirred for 2 h. Then 20
mL of H,O, (30%) were added dropwise. After 2 h, the solution was diluted to 2 L with 5% H,SOs and after
one day of sedimentation, 1 L of the supernatant was removed and replaced with water (1 L), and 10 mL of
H,0, (30%) were added. After 18 h of sedimentation, the supernatant was removed and the solid was washed
with 5% H>SO4 and 0.3% H»O; solution (12 times), then with HCI 4% (3 times) and finally with deionised
water (10 times). The solid was filtered and washed with deionised water, suspended in acetone, and recovered

after centrifugation. The product (7g) was dried in vacuo before use.

Characterization data of Graphene Oxide (GO)
ATR-FT-IR: ¥ = 3400, 1733, 1622, 1053 cm"!
UV-vis: A= 235, 300 nm
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5.6.2 Preparation of amine terminated poly(2-oxazoline)s, 35
H
{\N/\/}N\/\/\/\NHZ R= BLLJ\ ' ¥~ NHBoc
R/&O "

35

A two-neck round bottom flask equipped with an efficient reflux condenser and a magnetic stir bar was charged
with the monomer (iPOx, 11 or AmOx, 18) (20 mmol) and anhydrous ACN (12 mL). The system was kept
under argon atmosphere, 600 puL of a solution 1:10 methyl tosylate (2): ACN was added to start the
polymerisation, and the reaction mixtures was stirred 24 h for PiPOx (8) or 48 h for pAmOx (24) at 90 °C.
After, the reaction was quenched by addition of 10 eq. to initiator of 1,6-hexamethylenediamine (34) solution
in anhydrous ACN (4 mL), and the resulting mixture was stirred at the same temperature for 2 h. Finally, the
solvent was reduced under vacuum and the residue was added to a solution of petroleum ether: diethyl ether
(1:1). The polymer was recovered as a white precipitate, the supernatant was removed, and the product was
washed twice with the petroleum ether: diethyl ether solution and dried in vacuo. Finally, the polymer was

dialysed (cut off 3.5 kDa) against methanol for 5 days changing the solvent 10 times. Yield 85-90%.

Characterization data of 35 with R=iPr
'"H NMR (600 MHz, CDCl;): & = 3.45 (NCH.CH), 2.92, 2.67-2.69 (CH3),CHCO, NHCH,CH,,
CHzCHzNHz), 1.87 (CHzCHzNHz) 1.41 (HNCHzCHzCHzCHz CHz), 1.11((CH3)2CH) ppm.

Characterization data of 35 with R= Pr-NHBoc

'H NMR (600 MHz, CDCl): § = 3.44 (NCH,CH.), 3.15 (HNCH,CH,), 2.69 (NHCH,CH,, CH,CH:NH,) 2.46
(CH,CH>CO), 1.82 (CH,CH-CH,NH), 1.67 (CH>-CH,NH,) 1.41 ((CH;3):0C0O, HNCH>CH,CH>CH; CHa) ppm.
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5.6.3 Linkage of amine terminated poly(2-oxazoline)s (35) onto GO

GO-poly(2-oxazoline)

R= }LLJ\ ’ & _~_-NHBoc

A two-neck round bottom flask equipped with an efficient reflux condenser and a magnetic stir bar was charged
with amine terminated polymer (35) (1.4 g), 400 mg of dicicloesylcarbodiimmide DCC, 450 mg of GO, and
anhydrous ACN (30 mL). The system was sonicated for 1 h, then placed in an oil bath at 90 °C and stirred
overnight. After, the solvent was removed with a rotatory evaporator and the precipitate was washed three
times with Tetrahydrofuran (THF) and recovered after centrifugation (GO-PiPOx 955 mg or GO-pAmOx 920
mg).

Characterization data of GO-PiPOx
ATR-FT-IR: v = 3323, 2926, 2849, 1162, 1084 cm!

GO-PiPOx

Abs [ %
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Cleavage of the amine protecting group
The GO-pAmOx was deprotected by stirring the substate, dispersed in anhydrous CHCl3, overnight after the
addition of 400 pL of TFA. The solvent was removed under vacuum and the final product was washed three

times with THF, recovered after centrifugation and dried in vacuo (yield 910 mg).

Characterization data of GO-pAmOx
ATR-FTIR: v = 3327, 2978, 2938, 1679, 1629, 1220, 1170, 1136 cm'!
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5.6.4 Organic compounds adsorption with GO-pAmOx

High-Performance Liquid Chromatography (HPLC) Calibration Curves

Ibuprofen (29), aspirin (28), metoclopramide (30), pyramidone (31), ketoprofen (36), etoperidone (38). and
benzoic acid (37) were dissolved in CH30H or ACN and after proper dilution the calibration curve was
performed with different elution programs using as mobile phase various ratios of ImM HCIO4 H,O, CH30H,

and ACN at either 0.5 or 1 mL min'! as flow rates.

20000 -] T«
18000 4 m ibuprofen
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Concentration / mg L

Compound Retention time A (nm) Slope Value Standard Error R?
ibuprofen (29) 6.7 235 7.9 0.12 0.999
aspirin (28) 13.5 275 13.7 0.02 1
ketoprofen (36) 4.5 275 22.8 0.6 0.997
benzoic acid (37) 18.2 285 8.1 0.01 1
metoclopramide (30) 4.0 254 25.2 0.20 1
pyramidone (31) 4.1 254 79.1 0.06 1
etoperidone (38) 12.3 254 44.7 0.10 1

Preparation of pharmaceuticals solutions

The proper amount of pharmaceutical compound (28, 29, 31, 30, 36, 37, and 38) was separately weighted and
transferred in a conical flask equipped with a magnetic stir bar, then the solvent (hydroalcoholic mixture or
water) was added, and the system was hardly stirred under heating at 35 °C through an oil bath. After complete

dissolution of drugs, the solution was cooled down to 25 °C and employed in adsorption experiments.

Adsorption experiments

Adsorption experiments were done in triplicate under batch operation conditions targeting pharmaceutical
compounds. First, an amount of 10 mg of the GO-pAmOx (or GO) was added into 6 mL reaction tubes. Then,
5 mL of pharmaceuticals standard solutions with concentrations ranging from 25 to 250 mg L' were loaded
into the cartridge. To allow homogenous adsorption on the polymer surface, the tubes were incubated in a
thermostatic shaker (50 rpm for 12 h) Triplicate controls, which consisted of solutions of the corresponding
pharmaceutical in the absence of any adsorbent and in the same conditions, were run in parallel. Finally, the

supernatants were filtered using PTFE filters, transferred into glass vials, and analysed by HPLC-DAD.
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5.7 Composite materials with cellulose and poly(2-oxazoline)s

5.7.1 Synthesis of chlorinated cellulose, 39

L‘&&/o\) R= OH or Cl
R R n

39

1.0 g of microcrystalline cellulose (AVICEL PH 101) (6 mmol of anhydroglucose unit) was dried overnight
in oven at 60 °C prior to use. Then 20 mL of anhydrous DMF were added in a two neck round bottom flask
equipped with a magnetic stir bar and a reflux condenser, and the mixture was heated at 130 °C for 2 h. Then,
reaction mixture was allowed to cool down at room temperature and 2 mL of thionyl chloride (1 eq.) were
added dropwise and the reaction mixtures was stirred overnight at room temperature. The resulting mixture
was added dropwise to into 1 L of water. The precipitate was filtered, washed with 1 L of water, then washed
with 500 mL of 3.3% NHj3 solution, and finally with milli-Q-grade water. The product was recovered after
drying in 99% yield.

Characterization data

ATR-FTIR: v =3343,2969, 1738, 1645, 1366, 1218, 1159, 602 cm'!
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5.7.2 Synthesis of brominated cellulose, 40

o)

OAc n
40

1.0 g of microcrystalline cellulose (AVICEL PH 101) (6 mmol of anhydroglucose unit) was dried overnight
in oven at 60 °C prior to use. Then 50 mL of anhydrous DMA were added in a two neck round bottom flask
equipped with a magnetic stir bar and a reflux condenser, and the mixture was heated at 160 °C for 1 h. Then,
9.0 g of LiBr was added and the mixture was slowly allowed to cool down at room temperature and stirred
for another 2 h. Then, 6.45 g of triphenylphosphine (4 eq.) and 4.4 g of N-bromosuccinimmide (4 eq.)
dissolved in anhydrous DMA were added, and the reaction temperature was adjusted to 70 °C. After 2 h, 6
mL of acetic anhydride (10 eq.) were added, and the reaction mixture was stirred at 70 °C overnight. The
solutions was precipitated in 2 L of water:methanol 1:1, the precipitate was washed with water, then with
ethanol. Then was resuspended in CHCI; and precipitated again in ethanol. The product was recovered after

filtration and ethanol wash, in 88% yield after drying.

Characterization data

ATR-FT-IR: v =2947, 1739, 1631, 1366, 1218, 1033, 902, 592 cm!
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5.7.3 Synthesis of tosyl cellulose, 42

RO

QTs

° O\) R=HorTs

OR n

42

1.0 g of microcrystalline cellulose (AVICEL PH 101) (6 mmol of anhydroglucose unit) was dried overnight

in oven at 60 °C prior to use. Then 40 mL of anhydrous DMA were added in a two neck round bottom flask

equipped with a magnetic stir bar and a reflux condenser, and the mixture was heated at 130 °C for 2 h. Then,

1.0 g of LiCl was added and the mixture was stirred for another 2 h and then allowed to cool down at room

temperature and stirred until a transparent and homogeneous solution was obtained. Then, 5 mL (5.5 eq.) of

Et;N were added and the reaction temperature was adjusted to 4 °C. Finally, a solution of 5.7 g (5 eq.) of

Tosyl Chloride, 41 in anhydrous DMA (10 mL) was added dropwise during 1 h, and the mixture was stirred

at this temperature for 48 h. The resulting mixture was added dropwise to into 1 L of cold water. The

precipitate was filtered, washed with 1 L of water, then washed with 500 mL of ethanol. The precipitate was

added to 500 mL of water and the resulting suspension was stirred overnight at room temperature. Then the

suspension was filtered and washed again with water and finally with ethanol. The product was recovered

after drying in 91% yield.

Characterization data

ATR-FTIR: v = 3325, 2888, 1595, 1427, 1165, 1107, 1052, 1029 815, 664, 547 cm™!
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5.7.4 Polymerisation of iPOx (11), AmOx (18), and EstOx (21) monomers onto activated cellulose

oiN)\@
552.0)

R= ﬁ?ﬂj\ LN, W/\[(OH Z= OH or OTs or PAOx
o

A two-neck round bottom flask equipped with an efficient reflux condenser and a magnetic stir bar was charged
with monomer (11 or 18 or 21) (10 mmol), with 80 mg of chlorinated cellulose (39) or brominated cellulose
(40) or tosyl cellulose (42), and anhydrous ACN (5 mL) and the reaction mixture was stirred at 90 °C from 48
to 72 h. After, the reaction was quenched by addition of 10 eq. to initiator of 1M NaOH and the resulting
mixture was stirred at the same temperature for 2 h. Finally, the solvent was reduced with a rotatory evaporator
and the residue was added to a solution of petroleum ether: diethyl ether (1:1). The product was recovered as
a pale yellow to white precipitate, the supernatant was removed, and the product was washed twice with the
petroleum ether: diethyl ether solution, then with methanol (three times) and recovered after centrifugation

(5000 rpm, 10 min) in 80-120 mg yield.

Characterization data of cell-PiPOx from tosyl cellulose (42)
ATR-FTIR: v = 3335, 2896, 1735,1633, 1599, 1427, 1165, 1107, 1052, 1029 815, 664, 547 cm™!
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Cleavage of the amine protecting group for cellulose-pAmOx made starting with tosyl cellulose (42)

Cellulose-pAmOx (120 mg) was dissolved in dry DCM (5 mL) and then trifluoroacetic acid (80 pL) was
added. The solution was stirred at room temperature overnight, and subsequently, the product was dry at
reduced pressure. The crude product was redissolved in DCM and precipitated by dropping the reaction
solution into petroleum ether: diethyl ether (1:1), then the product (105 mg) was washed with methanol and
collected by centrifugation.

Characterization data of cell-pAmOx

ATR-FTIR: v= 3330, 2891, 1679,1637, 1427, 1165, 1107, 1052, 1029 815, 664, 547 cm™!
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Cleavage of the carboxyl protecting group for cellulose-pEstOx made starting with tosyl cellulose (42)
Cellulose-pEstOx (120 mg) was dispersed in 5 mL mL of a 5% KOH solution and stirred overnight at room
temperature. Then, ~ 425 puL of glacial acetic acid was added to neutralize residual KOH, and the product (110
mg) was washed milli-Q-grade water several times, and dried.

Characterization data of cell-pEstOx
ATR-FTIR: v = 3326, 2899, 1730,1623, 1427, 1165, 1107, 1052, 1029 815, 664, 547 cm™!
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5.7.5 Heavy metal ions adsorption with cell-PiPOx, cell-pAmOx, cell-pEstOx

Inductive Coupled Plasma Emission Spectroscopy (ICP-OES) calibration curves

Calibration curves were prepared by serial dilution (with 0.5% HNO3 milli-Q-grade water) of a multi-element

stock standard solution (ICP grade in 5% HNO:s), with final concentrations ranging from 1 to 60 mg L.
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Concentration / ppm

Heavy Metal A (nm) Intercept Value  Slope Value Standard Error R2
Lead (Pb++) 266 -0.0216 97 0.006 0.999
Cadmium (Cd++) 228 -0.6200 12655 0.362 0.997
Cobalt (Cot+) 238 -0.1864 10546 0.009 0.999
Chromium (Cr+++) 205 -0.5269 6283 0.300 0.998
Mercury (Hg++) 184 -0.9533 589 0.178 0.999
Nickel (Ni++) 216 -0.2401 4386 0.004 0.999

Preparation of heavy metal ions solutions

To give a cation concentration of 50 ppm, separately the proper amount of the corresponding chloride salts
(PbCl,, CrCls, CdCls, CoCly, NiCl,, and HgCl») was weighted and transferred in a plastic volumetric flask, then
HC10.01M milli-Q-grade water was added. After complete dissolution of salt, the solution was equilibrated at

25 °C and employed in adsorption experiments.

Adsorption experiments

Adsorption experiments were done in triplicate under batch operation conditions targeting the heavy metal
ions. First, an amount of 4 mg of the cellulose, cell-PiPOx, cell-pAmOx, and cell-pEstOx were added
separately into 15 mL falcon tubes. Then, 10 mL of heavy metal ion standard solutions with concentrations of
50 ppm were added. To allow homogenous adsorption the tubes were incubated in a thermostatic shaker (50
rpm for 12 h) Triplicate controls, which consisted of solutions of the corresponding heavy metal ion solution
in the absence of any adsorbent and in the same conditions, were run in parallel. Finally, the supernatants were

filtered using PTFE filters, additionally acidified with 1 uL of concentrated HNO3 and analysed by ICP-OES.

85



5.8 Composite materials with lignin and poly(2-oxazoline)s

5.8.1 Synthesis of tosyl lignin, 43

HO,S 19:
OTs
~0 >
OTs
43

2.5 g of commercially available lignin (obtained by Kraft process) is stirred in water dispersion overnight at
room temperature with 3.8 g (2 eq.) of p-toluensulfonilchloride (41) and 4.2 mL (3 eq.) of EtsN. After this
period, the reaction mixture was cooled down to 4 °C and filtered. The precipitate was washed with cold water,

then with ethanol and recovered as brown powder in 90% yield.

Characterization data

ATR-FTIR: v=12942, 1599, 1365, 1261, 1173, 1087, 1032, 851, 809, 665, 547 cm’!
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5.8.2 Synthesis of lignin-PiPOx

HO.S % O})\
M:]

~0 ol "

A two-neck round bottom flask equipped with an efficient reflux condenser and a magnetic stir bar was charged
with monomer iPOx (11) (10 mmol), with 72 mg of tosyl lignin (43) and anhydrous ACN (5 mL) and the
reaction mixtures was stirred at 90 °C for 48 h. After, the reaction was quenched by addition of 10 eq. to
initiator of 1M NaOH and the resulting mixture was stirred at the same temperature for 2 h. Finally, the solvent
was reduced with a rotatory evaporator and the residue was added to a solution of petroleum ether: diethyl
ether (1:1). The product was recovered as a light brown precipitate, the supernatant was removed, and the
product was washed twice with the petroleum ether: diethyl ether solution, then with THF and recovered after

centrifugation in 85 mg yield.

Characterization data of lignin-PiPOx

ATR-FTIR: v=2967, 2929, 2870,1726,1649,1590, 1365, 1261, 1173, 1087, 1032, 851, 809, 665, 547 cm'!
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