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Abstract

Polysaccharides are polymeric carbohydrates with long chains of monosaccharide units
linked by glycosidic bonds. Some of the most prevalent polysaccharides in nature include starch
and chitin. For the work reported in this thesis, amylopectin was used either in nanoparticle
(fragmented) or cooked forms, while chitin was used in its deacetylated (chitosan) form. The
work focuses on developing synthetic techniques to chemically modify starch and chitosan for
bitumen extraction, dye degradation, and cell growth and extraction.

Starch nanoparticles (SNPs) were modified with carbon disulfide in the presence of NaOH
to form xanthated SNPs, which were reacted with methyl-2-bromopropionate to form novel
starch-based RAFT (reversible addition-fragmentation chain transfer) macroinitiators with
different degrees of substitution (DS). The starch-based RAFT agents were then used to graft
thermoresponsive poly(di(ethylene glycol) methyl ether methacrylate) (PMEO:MA) onto the
SNPs. RAFT polymerization was found to be an efficient method for the synthesis of
thermoresponsive polymer-grafted SNPs, providing straightforward control over the number and
length of grafted PMEO>-MA segments, as well as the hydrophilic-lipophilic balance (HLB) of
the nanoparticles in solution.

Temperature-dependent solubility of the PMEO:MA-grafted SNPs was observed, as the
SNPs were amphiphilic above their lower critical aggregation temperature (LCAT), forming
micellar aggregates dispersed in water that were useful to extract bitumen from the sand and silt
components in oil sands. The optimal SNP-g-PMEO;MA composition, structure, and

concentration were determined through cycles of bitumen extraction. The addition of 0.5 M NaCl
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was shown to minimize the interference of fines with the extraction process, increasing the
bitumen extraction efficiency to ~80% under optimal conditions.

In another application, starch was used to stabilize iron nanoparticles serving in the Fenton
reaction. The photocatalytic Fenton reaction uses hydrogen peroxide and Fe?* under relatively
acidic conditions (pH 2-3) to produce hydroxyl radicals as strong oxidant. The low pH, used
partly to maintain solubility of the iron catalyst, is problematic because it leads to the generation
of large volumes of decontaminated, yet very acidic water. Cooked starch, being hydrophilic,
was investigated as a colloidal stabilizer for iron (Fe?*/Fe’") oxide nanoparticles. The
photocatalytic Fenton reaction, investigated at a pH significantly higher than usual (pH 4),
enabled the efficient degradation of methylene blue. It was shown that the starch-stabilized
catalysts could be reused in several degradation cycles, thereby providing an environment-
friendly and cost-effective method to degrade residual dyes in water.

PMEO:;MA chains were also grown from chitosan films modified with RAFT-active sites
of the same type used for the SNPs, thus making the chitosan films thermoresponsive. The length
of the grafted PMEO>;MA chains was controlled by varying the degree of substitution (DS) of
the chitosan-based RAFT agent and the amount of monomer added in the grafting reaction, as
determined by gel permeation chromatography (GPC) analysis of the chains cleaved from the
chitosan substrates. The growth of cells on the films, and their detachment at low temperatures
were confirmed in cell growth studies combined with fluorescence microscopy.

The reported results demonstrate that the hydroxyl groups of amylopectin starch and

chitosan can be utilized to obtain novel materials useful in different application areas.
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Chapter 1

Foreword, Background and Literature Review

1.1 Opening Remarks

Starch is a renewable, biodegradable material and the most common carbohydrate in
human diet, but it also has multiple non-food applications. For example, it is currently used as a
filler in petrochemical-based materials to generate plastics with enhanced biodegradability.!
Starch is added to yarns to improve their mechanical strength and resistance to moisture.? It also
serves in the soap industry, to produce skin-friendly biodegradable detergents.> Due to the
presence of hydroxyl groups in its glucopyranose (Gpy) units, starch is hydrophilic and can be
modified by conducting reactions in water for the development of new starch-based products.

Chitosan is another polysaccharide derived from naturally occurring chitin, the second
most abundant polysaccharide,* through partial deacetylation. Chitosan has several industrial
and biomedical applications in areas such as food products, pharmaceuticals, packaging,
cosmetics, textiles, and agriculture.® It is non-toxic, biodegradable, biocompatible, and has
antimicrobial properties.® Its main drawback is that at physiological pH, it is insoluble; it can be
dispersed in dilute acidic solutions, which limits somewhat its potential applications, but it has
nevertheless remarkable film-forming properties. These films are transparent and have
good mechanical properties; thus chitosan-based composites are now being utilized for
packaging.” Chitosan has hydroxyl groups like starch, but also highly reactive amino groups that

may be exploited to make a range of new products.



1.2 Research Objectives and Thesis Outline

The common objective of the projects described in this thesis was to modify two common
polysaccharides, namely starch and chitosan, for specific applications. Unmodified starch has
been used widely as a colloidal stabilizer in the formation of complexes with metallic salt
nanoparticles in solution. Thermoresponsive polymers are also of interest for various
applications. The combination of polysaccharides with thermoresponsive polymers should lead
to unique properties, combined with high biocompatibility and biodegradability. Some of these
materials have been used, among others, in biomedical applications such as gene delivery and
tissue engineering.® “Living” radical polymerization methods, also known as reversible-
deactivation radical polymerization (RDRP) techniques, have been mainly employed to
synthesize thermoresponsive polymers.

The thesis consists of six chapters. Following this brief foreword, a literature review is
presented which provides background information subdivided into sections on starch, chitosan,
thermoresponsive polymers, and their modification in relation with applications. The synthesis
of thermoresponsive starch nanoparticles (SNPs) by grafting with poly(di(ethylene glycol)
methyl ether methacrylate) (PMEO:;MA) is described in Chapter 2. The synthetic methods
developed provide easy control over the characteristics of the grafted SNPs (number and length
of grafted PMEO;MA segments), and therefore over the hydrophilic-lipophilic balance (HLB)
of the nanoparticles. The application of these modified SNPs in the extraction of bitumen from

tar sands on a laboratory scale was explored in Chapter 3. These amphiphilic nanoparticles



provide a sustainable alternate method for the treatment of oil sands. The preparation and the use
of starch-stabilized iron (Fe?*/Fe*") oxide nanoparticle complexes as catalyst systems for Fenton
reactions is investigated in Chapter 4. The hydrophilicity of starch allowed the formation of
colloidally stable iron oxide nanoparticles in aqueous solutions, enabling Fenton reactions to
degrade methylene blue at pH values closer to neutrality. Chapter 5 concerns the development
of thermoresponsive chitosan films grafted with PMEO2MA, and their application in cell culture.
Thermoresponsive chitosan allowed the cells to grow at physiological temperature, to be released
at temperatures below the lower critical solution temperature (LCST) of the modified
thermoresponsive chitosan.

This thesis is concluded in Chapter 6 with a general overview of the results obtained,
concluding remarks drawn from the results, a summary of original contributions to knowledge,
and suggestions for future work.

In agreement with the University of Waterloo thesis guidelines, Chapters 2—5 are written
in the format of individual manuscripts to be submitted for publication in scientific journals.
Each chapter includes an abstract, an introductory section providing background related to the

topic explored, detailed experimental methods, the discussion of results, and conclusions.

1.3 Background Information

Polysaccharides have sparked a lot of interest in recent decades as biodegradable polymers

in a variety of applications. These biomaterials are essentially polymeric carbohydrates,
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consisting mainly of monosaccharide units connected through glycosidic linkages. The resulting
chains can be linear or branched, depending on the linking mode of the building blocks.
Polysaccharides are widespread in plants, bacteria, algae, fungi, and animals.” Structural
polysaccharides like chitin and cellulose serve as scaffold materials in crustaceans and plants,
respectively, while starch is used for energy storage in plants.!? In turn, humans use starch as an
energy source and store excess energy as glycogen, a material chemically similar to starch but
with a more densely branched structure.!! In nature, bacterial polysaccharides can also engulf
bacteria to form biofilms causing dental plaque and metal corrosion, or serve as support for the
growth and the propagation of disease-causing pathogens.’

One of the most pressing eco-technological issues is the treatment of plastic waste.!?
Polysaccharides can serve as substitutes for some petroleum-based products, allowing the
development of more sustainable and environmentally friendly products due to their ability to
be degraded by microorganisms and enzymes.!? Plasticized starch products are an interesting
option to achieve this, in that they are entirely biodegradable materials containing more than
40% starch, with the balance made up of biodegradable additives. Their mechanical properties
can be comparable to polypropylene and other popular plastics. These materials are currently
used in food processing and by food services. Starch has been investigated extensively to prepare
biodegradable plastics, but other notable plastics derived from polysaccharides include cellulose
acetate, chitosan, and soy-based plastics.!? Polysaccharides are also essential for applications in

the pharmaceutical industry.!* For example, starch is a precursor in the synthesis of cyclodextrins



serving as complexing agents,'> and cellulose has been used for drug delivery.!® Another option
being explored is the addition of starch as a filler in synthetic petroleum-based plastics, to
facilitate their disintegration.!” This is because starch degradation generates pores in starch-resin
blends, which can accelerate the slow degradation of synthetic plastics.!” Chitosan can be
modified to create mucoadhesive polymers for the treatment of gastrointestinal infections.!®
Other applications of chitosan include treating lead and mercury poisoning,' as coagulating
agents,?® and in drug delivery.!8 Polysaccharides are therefore not only valuable food ingredients,
but also have many other uses. While research is ongoing to scale-up laboratory processes, many
of these materials are already marketed by the industry and are being mass-produced.
Polysaccharides thus provide cost-effective and environmentally safe long-term solutions for

various applications.

1.4 Starch

Plants generate and store starch as a long-term energy source. Starch is made up of two
main polymers, amylose and amylopectin, and is a natural, biodegradable material. Amylose is
a mostly linear polysaccharide that accounts for 15-35% of plant starch granules.! It is made up
of D-anhydroglucose units linked together by a-(1,4) glycosidic linkages (Figure 1-1).
Amylopectin, unlike amylose, has a branched structure with a backbone made up of a-(1,4)
glycosidic linkages, and about 5% of a-(1,6) linked branches (Figure 1-1). Amylose-rich starch

typically has a molecular weight of 10°-10° g/mol, while the molecular weight of amylopectin-
ypically g g
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rich starch can reach over 107 g/mol.?! Starch can be isolated from rice, oat, peas, wheat, tapioca,
potatoes, corn, and other plants.! In year 2000, starch production was about 48 million tons per
year.?? This shows that starch is of interest to the industry and academia for high-value

applications.
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Figure 1-1: Chemical structure of a) amylose and b) amylopectin. The carbon atoms in the

(a)

GPy unit of amylose are numbered from 1—6.

Starch granules consist of concentric alternating amorphous and semi-crystalline growth
rings, as determined by X-ray diffraction (XRD) and microscopy, and shown in Figure 1-2. The
granules (a) include growth rings (100-500 nm) (b), made up of blocklets (d) comprising

alternating amorphous and crystalline lamellae (c), containing glucose units (0.3—0.5 nm) in



amylopectin (g) and amylose chains (h).?> The amorphous core of the starch granules consists
mostly of amylose in non-waxy starches, and disordered amylopectin surrounds the amylose in
a concentric pattern, while the blocklets are semi-crystalline domains containing amylose and
amylopectin arranged in crystalline and amorphous lamellae alternating every 9—-11 nm (Figure
1-2). The organization of amylose and amylopectin in blocklets is the key to the reactivity of
starch granules.?*?> Reactions may occur on the surface, or in the interior of the granules,
depending on the ability of reagents to penetrate them. The polar nature of the granule surface,
and capillaries between the granules allow starch to absorb solvent and to swell, improving their
reactivity.?® As shown in Figure 1-2, the most commonly accepted model for amylopectin is a
tree-like structure, where helical clusters are surrounded by longer chain segments.?> Amylose

chains are scattered around the amylopectin clusters, facing the outside of the granules.?
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Figure 1-2: Structure of a starch granule. Reprinted with permission from reference 22.

Copyright (2010) American Chemical Society.

Starch in its native granular form has several limitations such as a high viscosity and
limited dispersibility in water. Gelatinization is a process whereby starch is subjected to heat in
the presence of water and shear forces.”* During heating water diffuses into the amorphous
regions, and along with heat and shear, disrupts the crystalline regions.?*> The native starch
granules swell as water occupies the tightly bound amylopectin regions, and the amylose chains

start to dissolve. The crystalline regions then become amorphous and gradually collapse to form



a paste.”> When the starch paste is cooled, the amylose and amylopectin chains can realign and
start forming crystalline domains again (albeit not to the extent present in the starch granules),
whereby the starch molecules aggregate to form a gel in a process known as retrogradation.?’
The gel is formed due to hydrogen bonding between water, amylose, and amylopectin.
Amylopectin forms a soft gel, while the gel formed by amylose is more rigid. Starch undergoing
gelatinization (and potentially retrogradation) is commonly known as cooked starch. Instruments
such as a Brabender Viscoamylograph or a differential scanning calorimeter can be used to
examine the properties of starch during and after gelatinization and retrogradation.?®

Starch can be a more versatile material in the absence of crystalline domains. Since pure
starch cannot flow below its decomposition temperature, plasticizers facilitate its uses in a more
malleable form.? Plasticizers are additives that decrease the viscosity of starch by increasing its
free volume. They are essentially solvents with low volatility, reducing intermolecular forces
between the polymer chains.>® Thermoplastic starch is a plasticized form of starch which can
flow at moderate temperatures. It is typically prepared with low water contents, using heat and
shear forces in the presence of polyol plasticizers such as glycerol and sorbitol.?! This reduces
the glass transition temperature of starch, making it more ductile at lower temperatures, and

improves its resistance to impact.>!



1.4.1 Starch Nanoparticles (SNPs)

Starch nanoparticles are starch fragments with a size on the order of 100 nm, and properties
different from cooked starch. The botanical origin, preparation technique, and the
amylose/amylopectin ratio of the starch granules all influence the size of the SNPs obtained. For
higher amylose concentrations, larger nanoparticles are typically obtained.*? Reactive extrusion,
in which the starch is exposed to water or other plasticizers under high pressure, temperature,
and shear, in the presence of cross-linking agents, is the most common industrial method to
produce SNPs.* For example, Liu et al. employed a high-pressure homogenization process to
disperse starch granules in water. After subjecting a 5% starch slurry to 20 homogenization
cycles through a specifically built microfluidizer at a pressure of 207 MPa, the size of the starch
particles was reduced from 3—6 pum to 10-20 nm.** The SNPs formed had improved dispersibility
in water, while maintaining a crystalline structure and thermal stability comparable to starch
granules.** Giezen et al. were granted the first patent on starch nanoparticle production by starch
extrusion in year 2000, whereby a twin-screw extruder was used to generate particles in the 400
nm range,> while Song ef al. was able to bring the size down to 160 nm by introducing a cross-
linking agent in the process.>’ Giezen et al. demonstrated that a high yield of SNPs was
achievable at high solids contents (~ 65%), making the process environmentally friendly due to
the use of a substantially lower quantity of water.’> Eco-Sphere™ are SNPs commercially
produced by EcoSynthetix. They are currently used as binder in paper mills, by replacing

petroleum-based products such as styrene-butadiene and styrene-acrylate polymer latexes. The
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use of EcoSphere leads to price stability, as its price does not depend strongly on oil prices,
leading to savings and most importantly, environmental benefits.*® The biobased nanoparticles
are synthesized by extruding the starch granules in a continuous process, whereby the solid
granules are converted into a thermoplastic melt phase, and then cross-linked into starch
nanoparticles.*®

Beyond mechanical treatments, milder methods have also been developed to produce
starch nanoparticles. For example, Ma et al. obtained SNPs by precipitating gelatinized starch
in ethanol.?” The SNPs obtained were smaller when a surfactant was added in the process, with
sizes in a range of 50-100 nm.?” After determining that enzymatic hydrolysis was insufficient
on its own, Sun ef al. used a combination of enzymatic hydrolysis and recrystallization to create
SNPs with sizes between 20 and 100 nm.>® Gelatinized starch was allowed to retrograde for 12
hours before it was digested with pullulanase, after which a high yield of SNPs was attained.®
Kim et al. were successful in further reducing the size of SNPs to 10-20 nm by combining n-
butanol precipitation with enzymatic hydrolysis.>

SNPs are safe for human consumption, but can also serve in industries catering non-food
applications. For example, modified SNPs have been employed as novel drug carriers and
emulsion stabilizers.’?> Beyond their application as binders and for paper coating in paper mills,
by replacing petroleum-based products such as styrene-butadiene and styrene-acrylate polymer
latexes,*® SNPs have also been used in the replacement of poly(vinyl acetate), commonly used

as wood glue.*¢
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1.4.2 Chemical Modification of Starch

The chemical modification of starch mostly takes advantage of the many hydroxyl groups
present in the molecules. The extent of modification in starch is often described by the degree of
substitution (DS), defined as the average number of hydroxyl groups modified per GPy unit of
starch. The GPy units in amylose contain a primary hydroxyl group at the C6 position and
secondary hydroxyl groups at the C2 and C3 positions. Each -(1,6) branching in amylopectin
reduces the number of primary hydroxyl groups at C6 by one. Thus, due to the presence of 3
hydroxyl groups per GPy unit, the maximum theoretical degree of substitution (DS) of starch is
3.

Some of the techniques used to characterize the chemical modification of the hydroxyl
groups on starch include 'H nuclear magnetic resonance (NMR) and Fourier-transform infrared
(FTIR) spectroscopy. For 'TH NMR, the anomeric proton on C1 is usually compared with protons
on the modified groups attached to starch. A limitation of this technique is that there should be
protons present on the modified groups, and they should not overlap with the anomeric proton
signal. For example, in xanthated starch (Scheme 1-1a), there are no detectable protons on the
xanthate group attached to starch. 3C NMR may still be used, but compared to 'H NMR, it has
a lower sensitivity and requires a longer analysis time. Another example is fatty acid starch esters
synthesized by Muljana ef al., for which the olefinic protons of fatty acid chains overlapped with

the anomeric proton signal.*® FTIR analysis can also serve to detect modified groups on starch.
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For example, the etherification of starch with maleic acid derivatives produced starch-diethyl
maleate, starch-dipropyl maleate, and starch-dibutyl maleate.*! The presence of absorption bands
at 1721, 1550 and 1126 cm’! representing the stretching of the maleate C=0, the C-H adjacent
to the carbonyl group, and the C-O-C groups, respectively, in the modified starch confirmed the
success of the reactions,*! while these peaks were not observed in the FTIR spectrum of the
unmodified starch. Forrest ef al. analyzed the extent of hydroxypropylation after reacting starch
with propylene oxide (Scheme 1-1b, where R represents a methyl group), since the absorbance
bands specific to the methyl group were identified as a C-H deformation at 13501475 ¢m™!, and
a C-H stretch at 2850-3000 cm'.*? Even though this characterization method for
hydroxypropylation was relatively easy and quick, it was not suitable for quantification due to
the contribution of the C-H stretch from unmodified starch at 2974 ¢cm™.*? Some of the chemical
modifications of starch such as esterification, etherification, oxidation, and grafting of vinyl

monomers to starch are discussed in Sections 1.4.2.1—-1.4.2.4.26:43.44

1.4.2.1 Esterification and Etherification

The hydroxyl groups of the starch backbone can be esterified with acids or carboxylic acid
derivatives. There are two types of starch esters, namely organic and inorganic.*?

Starch phosphates naturally occur in the amylopectin of potato starch, where phosphate
groups are attached to the primary alcohol of one out of every 212-273 GPy units.?¢ Starch

nitrates are the oldest starch derivatives produced commercially, which can be obtained by
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dissolving starch in chilled nitric acid and precipitating the product by adding water.*> They were
considered excellent explosives used for mining and quarrying.*> Starch sulfates can be formed
by esterifying starch with sulfuric acid.*> Both starch nitrates and sulfates have molecular
weights lower than native starch, as the starch backbone is prone to hydrolysis when exposed to
acids. Xanthation is another form of esterification, whereby thiocarbonylthio groups are
introduced by reacting starch with carbon disulfide in the presence of a base (Scheme 1-1a).4
The properties of starch xanthates are determined by reaction conditions such as the reagent
concentration, temperature, and duration. To obtain 5-20% xanthation per GPy unit (DS = 0.05—
0.20), 20-25 mL of carbon disulfide can be reacted with 10 g of starch and 3 moles of NaOH at
room temperature for 24 h.?6 The reaction temperature is a critical parameter, as sodium
hydroxide reacts with carbon disulfide to form trithiocarbonate above 49 °C.*’ Xanthates can
serve as flocculants for coal powder,* to collect heavy metal ions,*® and as solvents to produce
sulfide dyes.? Xanthates are also used as additives in the paper industry, to improve the strength
and foldability of paper.?®

The hydroxyl groups in starch can be deprotonated with a base, and nucleophilic attack of
the alkoxide anions on the carbonyl group of acid anhydrides, cyclic anhydrides (Scheme 1-1¢),
and acid chloride (Scheme 1-1d) yields organic starch esters. For example, starch can be reacted
with acetic anhydride in the presence of pyridine, serving as both catalyst and solvent, to produce
starch acetate.*” The presence of water is one of the most significant limitations in organic starch

ester synthesis, as it competes with the hydroxyl groups of starch and forms carboxylic acids by
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reacting with acid chlorides and anhydrides. As a result, low DS starch esters are formed in
water, which are less hydrophobic.’® When reactions are carried out in an organic solvent such
as pyridine, the starch esters have a high DS, increased thermoplasticity, and hydrophobicity.*
The etherification of starch can improve its thermal stability.** Typically, starch is
etherified with alkenyl oxides (Scheme 1-1b) or alkyl chlorides (Scheme 1-1e) in water or
DMSO. Commercially, starch etherification conducted in water results in DS levels up to 0.4,
while maintaining the granular structure of starch.’! Similarly to cyclic anhydrides, nucleophilic
attack of the deprotonated hydroxyl groups on the epoxide ring of alkenyl oxides results in ether
linkage formation and generates another hydroxyl group, with no by-products in the reaction.?!
In contrast, reactions with alkyl chlorides results in the formation of chloride ions (e.g. NaCl)
that need to be removed to purify the etherified starch. Cationic and anionic starches can also be
produced by etherification. The cationic modification of starch is typically achieved by
introducing ammonium groups,>? and amylopectin-rich starch yields a higher DS. For example,
Almonaityte et al. modified starch with 3-chloro-2-hydroxypropyltrimethylammonium chloride
and achieved DS values of up to 0.84 in the presence of calcium oxide, but the DS dropped to
0.28 in the absence of calcium oxide.>® It was found that calcium oxide allowed the reaction to
proceed in the deeper layers of the starch granules, resulting in a more uniform distribution of
cationic  groups.”®> Haack et al similarly reacted starch with  3-chloro-2-
hydroxypropyltrimethylammonium chloride in a sodium hydroxide solution and obtained DS

values up to 1.05, which did not increase further upon increasing the reagent concentrations, due
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to starch swelling leading to a gel-type consistency in the initial stage of the reaction.>* Cationic
starches are effective flocculants for wastewater sludge, whose effectiveness strongly depends
on the DS.>* Recently, these materials were also explored as flocculants for oil sands mature fine
tailings.>® Anionic ether starches such as carboxymethyl starch (CMS) are manufactured on a
large scale to serve as thickeners, binders, and emulsifying agents.** Stojanovic et al. synthesized
CMS by reaction with monochloroacetic acid in the presence of sodium hydroxide. For a reaction
mixture with monochloroacetic acid and NaOH in a molar ratio of 6.83, the highest DS obtained
was 0.6.°° Hydrolysis of the alkyl halide is a side reaction that can be regulated by reducing the
amount of water used in the reaction, although some water is required to swell the starch

granules.
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Scheme 1-1: Reaction of starch with a) alkenyl oxide, b) carbon disulfide (xanthation), c)
cyclic anhydride, d) acid chloride, and e) alkyl halide, where R is an aliphatic group and X is

a halide.
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1.4.2.2 Oxidation

Different reagents such as NaOCIl, H,O», and ozone can be used to oxidize starch. The
paper industry has been using NaOCl to oxidize starch for over 150 years, using it as sizing agent
to improve the mechanical properties of paper and paper board.>” Starch oxidation can take place
at the C2, C3, and C6 positions, whereby the hydroxyl groups are first converted to carbonyl
groups, and then to carboxylic acids. The extent of oxidation is determined by the proportions
of carbonyl and carboxylic functional groups present. The oxidation of starch by NaOCl depends
on several factors such as the pH, the reaction time and temperature, the NaOCl concentration,
and the origin of the starch.>” Partial depolymerization can take place as the hydroxyl groups are
oxidized to carbonyls and carboxylic acids, with amylose being more prone to degradation than
amylopectin.’® NaOCl oxidation is strongly pH-dependent,’” and mildly to moderately alkaline
conditions are preferred due to the production of carboxyl groups, which stabilize the viscosity
of the starch solutions and prevent their retrogradation.’” For example, Sanchez-Rivera et al.
obtained a high DS of 0.33 for carboxyl groups in the oxidation of banana starch with NaOCI at
pH 11.5 for 4 h, as compared to a DS of 0.08 at pH 7.5.>° On the other hand, Sangseethong et al.
reported higher DS values of carbonyl (0.25) and carboxyl groups (0.85) for cassava starch at
pH 7-8, regardless of the reaction duration from 25-300 min.®® Thus, not only the pH and the
reaction time, but also the origin of the starch are critical for starch oxidation. Kuakpetoon ef al.
oxidized potato, rice, and maize starch with NaOCIl by dispersion in water with 8 wt% NaOH

and 2 wt% of NaOCl at pH 9.5. When the reaction was allowed to proceed for 50 min, the highest
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DS (0.21) was achieved for potato starch, followed by rice and maize starch.®! It was shown by
small-angle X-ray scattering that oxidation occurred mainly in the amorphous regions, and that

62,58 H,0, has also been used to oxidize

the crystalline domains were more difficult to oxidize.
starch, albeit not commercially. In contrast to NaOCl, H2O> does not form any harmful
byproducts. In the presence of a metal catalyst, H>O; readily decomposes to hydroxyl radicals,
a potent oxidizing agent. Tolvanen et al. thus oxidized potato starch with 30 wt% H20- and iron
tetrasulfophthalocyanine as catalyst in a semi-batch glass reactor at 55 °C.%* At pH 7 the catalyst
was inactive, but the highest DS of 0.53 for carbonyls was achieved at pH 8.4, while the
maximum DS of 0.16 for carboxyl groups was obtained at pH 10.%> While NaOCl and H>O> are
the most extensively studied oxidizing agents, they may lead to undesirable by-products.
Oxidation with ozone is a cleaner technique, as the final products are carbon dioxide, water, and
less toxic by-products. This was achieved by Chan et al. for corn, sago and tapioca starch over
10 min in a reaction vessel connected to an ozone generator.** The DS of the oxidized starches
ranged from 0.061-0.25, with a combination of carbonyl and carboxyl groups.®* Significant
limitations of ozone oxidation include a decrease in molecular weight due to depolymerization,
and an increase in polydispersity index (PDI) as compared to the unmodified starch.® It can also
be expensive to set up and operate an ozone generator, and ozone readily decomposes to

hydroxide ions in alkaline media.®> Some by-products of starch oxidation with ozone are small

molecules including glucaric, glucuronic, gluconic, and oxalic acids.?®
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1.4.2.3 Metal Starchates

The stabilization of metallic nanoparticles with starch, acting as ligand for the metal, is
relevant to many applications in the pharmaceutical and biomedical areas.®® Since starch is
soluble in water, its incorporation as a steric stabilizer improves the dispersibility of metallic
nanoparticles in aqueous environments.®” Hydrogen bonding in starch can inhibit metallic
nanoparticle aggregation and shield them from external environmental stresses.’® As a result,
such complexes are stable in liquids for extended time periods in comparison to bare metallic
nanoparticles. The weak starch-metal OH group interactions are reversible at high temperatures,
allowing particle separation and surface modification via ligand exchange.®” The lone electrons
of the oxygen atoms in starch can form Werner complexes through coordination, in which case
amylose and amylopectin act as ligands for the metal atoms.!* The secondary alcohols on the C2
and C3 atoms of the GPy units are primarily involved in coordination.!* For example, metal
alkoxides of Cr(III), Mg(II), Mo(V), V(III), and W(V) were reacted with pregelatinized starch
(1:1 molar ratio) under solid-state conditions in a microwave-assisted process.® This resulted in
cross-linking of the starch, as the metals can coordinate with two GPy units on different starch
chains. The Cr(IIT) and V(III) complexes were found to hydrolyze entirely in water, while the
other metal complexes only hydrolyzed partially.®® Werner complexation depends upon the
orientation of the ligating groups, and complex stability is related to the dimensions of the
ligands.”® Thus, Cu(Il) forms stable starch-Cu(II) complexes in the presence of acetate and

chloride counter-ions, but not in the presence of nitrate counter-ions,”® while Ni(Il) coordinates
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with the GPy units irrespective of the counter-ion type present.'* Werner complexes of starch
with Mn(II), and Co(II) were found most stable.!* With the exception of lithium, most alkali
metal ions form Werner complexes with starch.!#

In particular, starch has been documented as a “capping” agent in the precipitation of
mixtures of ferric and ferrous salts to produce iron oxide nanoparticles, as starch can bind to the
metal oxide under certain conditions,”! or with heat treatment.”? For example, Somsook et al.
heated an aqueous starch suspension at 90 °C for 1 h before adding an FeCls solution and
adjusting the pH to 9 with NaOH. After stirring for 2 h the solution was centrifuged, and the
starch-stabilized iron oxide particles were washed and collected. The authors could not
determine how the Fe®" ions interacted with starch with certainty, but suggested two models.”
In the site-binding (Werner complex) model, the hydroxyl groups of starch were assumed to
coordinate Fe** individually along the polysaccharide backbone. Conversely, the colloidal model
assumed that iron precipitated as FeOOH colloidally stabilized by the hydrophilic starch in
solution.” Janardhanan et al. dissolved starch and FeSO4-7H,0 in water for 30 min before the
solution was evaporated and then calcinated at 800 °C for 2 h, thus using starch as a template for
the synthesis of iron oxide nanoparticles.”? The average size of the iron oxide nanoparticles was
130 nm, much smaller and more uniform than in the absence of starch.”?

In the textile industry, starch-metal complexes are used for dyeing.!* These complexes can
also absorb heavy metal ions from solutions.’” Starch in combination with d-group metal ions

has been used as curing agent for burns and wounds, and a few skin and hair care products
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contain starch-metal complexes.” Aluminium starchate has been tested to treat gastrointestinal
ulcers.”® Anti-mold additives include arsenous, cupric, and titanium starchates to manufacture

paperboard and plywood.'*

1.4.2.4 Polymer-grafted Starch

While starch is a high molecular weight polymer of GPy units, graft polymerization further
increases its molecular weight.?® Graft polymerization uses an initiator to create radical sites on
the starch substrate, to which vinyl monomers are added through radical polymerization.”’
Irrespective of the exact method employed to generate radical centers, graft polymerization
involves initiation, propagation, and termination as essential steps. The radicals are introduced
on starch by hydrogen radical transfer to the initiator in the initiation process. The radical sites
on the starch then react multiple times with vinyl monomers in the propagation step. The
termination of chain growth can involve two reactive radical-carrying chains, chain transfer to
the initiator, or other side reactions. The polymer-grafted starch can be purified by removing any

homopolymer contaminant, for example by Soxhlet extraction or dialysis.”®

1.4.2.4.1 Free Radical Polymerization

Cerium(IV), or ceric salts, can form redox initiator systems with alcohols, thiols, glycols,

aldehydes, and amines.” Cerium(IV) is thought to form intermediate complexes with starch
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before undergoing reduction to Ce(Ill), generating radical centers on the starch backbone
(Scheme 1-2).77 This is the most commonly used initiator system to graft polymers onto starch
by a free radical mechanism. One significant advantage of this approach is that the product
obtained may contain very little, if any, non-grafted polymer because the radicals are only
generated on the starch backbone. Furthermore, the reaction can also be carried out at room
temperature.’” On the other hand, the Cerium(IV)-starch system can only be applied to a limited
number of monomers. For example, the reaction with a mixture of styrene and acrylonitrile
yielded starch-g-poly(acrylonitrile-co-styrene), while styrene by itself did not react.’ Other
monomers that could be grafted with different degrees of success by that approach are vinyl
acetate, acrylates, alkyl methacrylates, and acrylic acid.®"-" Li ef al. grafted methyl methacrylate
(MMA) onto corn starch with cerium (IV) ammonium nitrate (CAN) as initiator at 40 °C for 3
h.32 The reaction had a 92% grafting efficiency for a GPy to MMA molar ratio of 0.67, dropping
to 75% when the ratio was decreased to 0.43.3% As expected, the molecular weight of the grafted
product increased with the MMA concentration in the reaction. Lai ef al. used gelatinized starch
and vinyl acetate in combination with a 0.6 M of CAN and 0.5 N nitric acid solution at 50 °C for
4 h.%* The monomer conversion reached 85%, but the grafting efficiency was only 16%. This is
because VAc can also homopolymerize in the presence of CAN, which creates radicals directly

on the monomer.%
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Scheme 1-2: Reaction of starch with Ce(IV) to generate radicals on the starch backbone.

The thermal decomposition of free radical initiators can be used to graft polymers onto
starch by abstracting hydrogen radicals from the substrate, albeit in that case a significant amount
of homopolymer contaminant is also formed due to direct initiation of the polymerization by the
initiator radical fragments. The reaction is conducted at a temperature providing a sufficient rate
of thermal initiator decomposition, but while an increase in the number of radicals generated
promotes propagation, it also increases the rate of termination. Thus, for each initiator, there is
an optimal temperature maximizing the grafting efficiency. Benzoyl peroxide was used
successfully to graft poly(acrylic acid), poly(methyl methacrylate), and polymethacrylamide on
hydrolyzed starch at temperatures above 70 °C.”® Other thermal initiators such as potassium or
ammonium persulfate were also used to generate active sites on starch above 60 °C, and to graft
poly(alkyl methacrylates) onto starch.”®% The grafting efficiency was found to decrease as the
length of the methacrylate alkyl chain increased, presumably due to steric hindrance, similarly
to Ce(IV) activation.”®% Acrylamides, acrylic acid, methacrylic acid, and styrene are several

other monomers grafted onto starch with potassium persulfate as initiator.¢%7-88 The grafting
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efficiency was less than 70% in most cases with thermal initiators. Hebeish et al. compared the
grafting of acrylamide onto starch with potassium persulfate and benzoyl peroxide. When the
reaction was performed for 4 h at 60 °C with potassium persulfate the grafting efficiency reached
a maximum of 32%, as compared with 25% when the reaction was carried out at 75 °C for 6 h
with benzoyl peroxide.

Cobalt-60 as a source of y-irradiation has been investigated to generate active radical sites
on starch, among others to graft polystyrene.®® Fanta et al. achieved 68% grafting efficiency for
poly(VAc) using 0.87-0.67 Mrad/h cobalt radiation for 2 h in the presence of the monomer.*°
The same group achieved a similar grafting efficiency of 70% for the grafting copolymerization
of VAc with MMA.*° UV radiation has likewise been used to graft acrylic acid onto starch.”!
Other radical initiation methods include ozone treatments, enzymatic initiation and hydrogen
peroxide, all of which can generate active radical sites on the starch backbone.” The molecular
weight of the grafted polymer chains can be determined by gel permeation chromatography
analysis, provided that the high molecular weight starch component is degraded (by enzymatic

or acid hydrolysis) prior to the analysis.”®

1.4.2.4.2 Reversible Deactivation Radical Polymerization

Reversible deactivation radical polymerization (RDRP) is a chain polymerization
technique in which propagation takes place with radicals that are deactivated reversibly, such

that the radical species are involved in an equilibrium between active and dormant states
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minimizing termination. This results in controlled growth of the polymer chains, and in many
cases a low PDI. RDRP is also popularly known as “living” radical polymerization, albeit this
term is discouraged by the International Union of Pure and Applied Chemistry (IUPAC) because
radical polymerization is never truly living — there is always some degree of termination.®?
Popular RDRP techniques include reversible addition-fragmentation chain transfer (RAFT)
polymerization, atom transfer radical polymerization (ATRP), and nitroxide-mediated
polymerization (NMP).”* Each technique will be reviewed below in relation to the formation of

starch-based graft polymers.

1.4.2.4.2.1 Reversible Addition-Fragmentation Chain Transfer (RAFT)

The RAFT technique uses thiocarbonylthio compounds to polymerize monomers by a
chain transfer mechanism.”* The number of radical centers present remains constant during the
course of the reaction, and a small amount of an initiator is required to start the chain reaction.”*

RAFT is considered one of the simplest polymerization methods currently available. It
does not require the use of extreme temperatures nor metal catalysts, and thus can serve in
biological applications.”> RAFT allows the synthesis of well-defined polymers because the
number of side reactions occurring is limited. The monomers generally do not require functional
group protection, and the polymers obtained can be subjected to further modification if
necessary. To achieve a low PDI it is important to maintain a low initiator concentration

relatively to the RAFT agent in the reaction, so as to generate a low number of initiator-derived
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polymer chains and maintain control over the polymerization reaction.”® Compatibility of the
monomer with the RAFT agent is critical for controlled polymerization. This is achieved by
carefully selecting the ‘R’ and ‘Z’ groups in the RAFT agent in Scheme 1-3. The ‘R’ group,
which plays an important role in RAFT reactions, should be a good homolytic leaving group that
can re-initiate polymerization.”” The chain transfer constant of the RAFT agent, which is the
ratio of the chain transfer and propagation rate constants in the polymerization reaction, is
determined by steric and polarity variables.”® The ‘R’ group may also stabilize the radical
intermediate, but to a lesser extent than the ‘Z’ group. When RAFT agents with the general
structure S=C(Ph)S-R were used for the polymerization of MMA at 60 °C, the polymerization
efficiency strongly depended on the structure of the ‘R’ group in the order -C(alkyl)CN
~ -C(CH3)2Ar > -C(CHj3)2C(0)(O(alkyl) > -C(CH3).C(O)NH(alkyl) > -C(CH;3).CH>C(CHj3)3
> -C(CH3)HPh > -C(CHs); ~ -CH»Ph.”” The cumyl (-C(Ar)(CH3)2) and cyanoisopropyl
(-C(Ar)2CN) groups were found to be most efficient in the reinitiation step for the polymerization
of most monomers.”” For example, a very low PDI of 1.07 was obtained when MMA was
polymerized using 2-cyanoprop-2-yl dithioester at 60 °C, with 96% monomer conversion
attained after 16 h.!2 When the ‘R’ group was -C(CH3).CO2R’ or -CHCH3CO:R’ the
polymerization was well-controlled for styrene and acrylate derivatives, but not for
methacrylates.”” This is because the polymethacrylate radical is a better leaving group than the
‘R’ group, shifting the equilibrium to the left in Step II of Scheme 1-3. Farmer ef al. polymerized

MMA with a thiobenzoyl-2-thiopropionate having a -CHCH3;CO2CH3 ‘R’ group and obtained a
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PDI of 1.64 with M, = 49,000 g/mol, when the reaction was allowed to proceed for 16 h at 60
°C.!'%! Thus, cumyl and cyanoisopropyl ‘R’ groups are certainly more effective at controlling
MMA polymerization, while the -CHCH3CO,CH3 ‘R’ group yielded a more polydisperse
product. Nonetheless, non-polar and bulky ‘R’ groups are not recommended for RAFT
polymerization.®’

The ‘Z’ group must be likewise carefully designed, as it influences the stability of the
thiocarbonylthio intermediate and its reactivity toward radical addition (Scheme 1-3).1%2 The
stability of the thiocarbonylthio group must be fine-tuned to favor ‘R’ group fragmentation,
yielding the Re radical which can add to the monomer and form a polymeric radical chain, Py®
or Pne in Scheme 1-3. Good compatibility of the RAFT agent and the monomer is essential to
obtain polymers with low PDI values. Overall, the phenyl group is considered an ideal ‘Z’ group
for most monomers as it efficiently stabilizes and allows the fragmentation of R from the RAFT
agent. Benzyl group-based RAFT agents were shown to be useful to polymerize styrene,!®?

105 with monomer conversions over 80%,

N-isopropyl acrylamide (NIPAM),!** and acrylamide,
and PDI values of 1.5, 1.07, and 1.3, respectively. Since benzyl group-based RAFT agents are
less stable than phenyl-based RAFT agents, they poorly control the polymerization of more
reactive monomers such as styrene, as compared with NIPAM and acrylamide. When the
thiocarbonylthio group is directly attached to a nitrogen or oxygen atom in the ‘Z’ group, the

electron pairs on N or O are delocalized on the -S=C double bond.”® This lowers the reactivity

of the thiocarbonylthio group towards the addition of propagating radicals Pn* or Pm* (Scheme
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1-3) which may lead to polymers with higher PDI values, or poor control over the molecular
weight. Conversely, these RAFT agents may be effective for monomers that are electron-
withdrawing such as VAc. Thus xanthate derivatives, where the -S=C group is directly attached
to an oxygen atom, were used to polymerize VAc to molecular weights exceeding 5x10* g/mol
and PDI < 1.2 over 10 h.!%

Overall, a general classification of ‘Z’ groups in terms of their compatibility with different
monomers is as follows: Dithiobenzoates, dithioesters and trithiocarbonates are effective at
controlling the polymerization of so-called more activated monomers (MAM, or monomers
more reactive in radical addition) such as methyl methacrylate, styrene, methyl acrylate,
acrylamide and acrylonitrile, while inhibiting or delaying the polymerization of less activated
monomers (LAM, or monomers less reactive in radical addition) such as VAc and its
derivatives.”® RAFT agents such as xanthates and N,N-dialkyl or N-alkyl-N-aryl
dithiocarbamates effectively control the polymerization of LAMs but are ineffective at
controlling the polymerization of MAMs. *%%8

The relative stability of the RAFT adduct radical (P,-S-C¢(Z)-S-Pn) and its fragmentation
products, namely S=C(Z)S-P, and the polymeric radical (Pw*), influence the position of the main
RAFT equilibrium (Step V in Scheme 1-3). When the formation of the RAFT adduct radical is
sufficiently thermodynamically favorable, the concentration of active species Pne is decreased

to the point where the rate of monomer addition is also reduced. Under these conditions the rate

of initiation is far higher than the rate of propagation, such that the rate of RAFT polymerization
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(the rate of monomer conversion into polymer) is primarily determined by the rate of the
propagation reaction. The rate of propagation is proportional to the concentration of active
species [Pe], while the rate of termination, which is second-order, is proportional to [P+]2. This
implies that the rate of termination is suppressed more than the rate of chain growth in RAFT

polymerization.”

l. Initiator ——— 2Inite

Inite + Monomer —— > P.*

S-R S-R S
Il. P* + 8=C —= P,—S-C¢ —<———= P,—S-C + Re
Z Z z
1 2 3 4
m Re Monomer> P
S, SenrP S
V. Ppreve  + .,,C SwP, ~———— PpmwS—C? —_—— Pva\rS—Ci/ + P e
O 7 z :
Monomer 3 5 6 Monomer

IV. le Re Ps® P, 2, 5 ——> Dead polymer

Scheme 1-3: General reaction mechanism for RAFT polymerization. Reprinted with

permission from reference 95. Copyright (2015) American Chemical Society.

RAFT polymerization has several benefits. The polymers synthesized are metal-free and
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thus easier to purify. The RAFT polymerization is insensitive to many impurities including
water, allowing the reaction to be performed under less challenging conditions, while the
exclusion of oxygen is critical to radical-based chemistry. Even though RAFT-mediated grafting
has several advantages, few reports are available in the literature concerning the use of RAFT to
graft polymers onto starch. The complexity in designing suitable starch-based RAFT agents and
the limited availability of commercial RAFT agents make it unpopular for grafting polymers
onto starch. Lu et al. nevertheless developed a starch-based RAFT agent by first reacting starch
with bromoacetyl bromide to form a brominated starch derivative, which was reacted with
potassium ethyl xanthogenate to form a starch-based RAFT agent. A VAc conversion of 70%
was achieved when the reaction was allowed to proceed for 14 h, the poly(VAc) having a My of
104,000 g/mol and a PDI of 1.19.1%7 The same group refluxed the starch-g-poly(VAc) product
with a mixture of NaOH/methanol to obtain starch-g-poly(vinyl alcohol).!®® While starch-g-
poly(VAc) self-assembled to micelles in water, starch-g-poly(vinyl alcohol) formed hydrogels
due to hydrogen bonding.!9719% VAc¢ was the only monomer in the literature reported to be
grafted onto starch by RAFT polymerization. In Chapter 2 of this thesis, a starch-based RAFT
agent was synthesized by a relatively simpler procedure, namely the introduction of
thiocarbonylthio groups with carbon disulfide, followed by reaction with methyl 2-

bromopropionate.
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1.4.2.4.2.2 Atom Transfer Radical Polymerization (ATRP)

Similarly to RAFT polymerization, ATRP relies upon an equilibrium between dormant
and active states of the polymer chain ends. In the dormant state (halide-capped chains) the
radicals are trapped in a covalent C-Br bond, so they are protected from termination and cannot
participate in polymerization.!® The radicals are produced when the dormant species react with
a transition metal complex in its lower oxidation state, Mt"/L in Scheme 1-4, where Mt"
represents the transition metal species in oxidation state n, and L is a ligand, such that the metal
becomes oxidized to the n+1 state.!'” While in the active state, the radical propagating centers
can continue to grow by inserting monomers for a short time before returning to the dormant
state in the reverse reaction. The goal is to release only a small number of radical chains at any

time, and to recapture them quickly so as to prevent termination.

Pn-X + MtV/L-—=2 Pn*+ X-Mt"™/L

Kdr*ac(
Q")Monomers a~ termination

Mt = transition metal
L = complexing ligand
Pn = polymer chain

X =Bror(Cl

Scheme 1-4: Mechanism of ATRP. Reprinted with permission from reference 109. Copyright

(2014) Elsevier.
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In the first reported application of the ATRP technique to graft polymers on starch, Liu et
al. first modified the hydroxyl groups by esterification with bromoacetyl bromide.!! The
macroinitiator was activated with CuBr and 1,10-phenanthroline to graft poly(butyl acrylate)
onto the modified starch. After 5 h of reaction, 21% of poly(butyl acrylate) was grafted onto
starch by weight,''® and a linear increase in poly(butyl acrylate) content over time confirmed
that the polymerization was controlled or “living”. Moghaddam ef al. also used starch modified
with bromoacetyl bromide, and CuBr with N,N,N’,N" N"-pentamethyldiethylenetriamine
(PMDETA) to graft polystyrene and acrylamide by ATRP.!!! Similarly, Avval ef al. performed
ATRP using a chloroacetylated starch macroinitiator to graft poly(acrylic acid) and poly(2-
hydroxyethyl acrylate).!!? In both cases the grafting efficiency was not determined, but grafting
of the polymers was confirmed by FTIR, differential scanning calorimetry, and
thermogravimetric analysis.!!''2 PMMA was also grafted on acylated starch oligomers by
ATRP, using a starch-isobutyryl bromide initiator. Activation of the macroinitiator with CuBr
and bipyridine resulted in 31% conversion.!!3 A starch-isobutyryl bromide macroinitiator was
also used to graft glycidyl methacrylate with a PMDETA/CuBr:; catalyst system to obtain 70%
monomer conversion and PDI values of 1.3—1.6 for the grafted chains.!!* Fan et al. synthesized
a starch-based macroinitiator by reacting waxy potato starch with 2-bromopropionyl bromide,
which was then used to copolymerize NIPAM and acrylamide by activation with Cu

powder/tris[2-(dimethylamino)ethyl]amine.!'> Over 80% conversion was accomplished for both
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monomers at 65 °C over 48 h.!15

Even though ATRP allowed the controlled grafting of polymers to starch, the monomer
conversion attained was low in most cases. The most significant drawback of the ATRP
technique is that it is tedious and expensive to remove the metal catalyst, which limits its
commercial applications.!'® It can also be difficult to graft acidic monomers, as they require

protection before the ATRP reaction.

1.4.2.4.2.3 Nitroxide-mediated Polymerization (NMP)

NMP also follows the general process of reversible deactivation of the propagating
polymer radical, in this case by capping with nitroxide radicals. Cleavage of the C-ON bond
produces reactive carbon-centered radicals, which may react with the alkene group in monomers
to extend the polymer chain, or recombine with a nitroxide radical to regenerate a dormant
alkoxyamine end group.!!'” NMP was used on a few occasions to modify dextrans, cellulose and
chitosan, but was implemented on starch for the first time by Cazotti ef al. to graft methyl
acrylate, MMA, styrene, and acrylic acid on starch nanoparticles (SNPs) in 2019.!'® The SNPs
were modified with a vinylbenzene group that was reacted with an alkoxyamine to form an NMP
macroinitiator. For reactions carried out for 2 h at 115 °C, 120 °C, and 90 °C, the monomer
conversion for methyl acrylate, acrylic acid and an MMA-styrene mixture reached 71%, 39%,

and 71%, respectively.!!®
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1.5 Chitosan

Chitosan is the deacetylated form of chitin, including both 3-(1,4) linked D-glucosamine
and N-acetyl-D-glucosamine units (Scheme 1-5). Chitin exists as ordered crystalline microfibrils
serving as structural material in crustaceans, some insects, fungi, and yeast cell walls.!"® It is the
second most abundant biopolymer, next to cellulose.* It is generally a white, hard, inelastic
nitrogen-rich polysaccharide sometimes causing pollution in coastal areas such as beaches.!® The
extraction from crustacean shells is the most cost-effective way to produce chitin with molecular
weights ranging from 1 to 2 MDa.'?° Impurities such as minerals and proteins are also found in
the shells. The minerals are extracted from the ground shells with a dilute acid solution, while
residual protein is removed with a dilute base solution.'?! To obtain a colorless material,
bleaching with KMnOs is typically carried out as the final step.!?! The purified chitin is then

122 The degree of

boiled for several hours under nitrogen in a 40-50% NaOH solution.
deacetylation and molecular weight of the chitosan are determined by the NaOH concentration,

the temperature, and the duration of the treatment.
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Scheme 1-5: Deacetylation of chitin to form chitosan.

Since NaOH is used to deacetylate chitin, the molecular weight decreases.!?* At about 50%
deacetylation, the material can be dispersed in aqueous acidic media and is known as chitosan.!??
The solubility of the polymer increases for increasing deacetylation levels. Protonation of the
amino groups of chitosan under acidic conditions makes it a polyelectrolyte soluble in aqueous
media.* This allows the use of chitosan in various forms including films, gels, and fibers. Other
factors affecting the dispersibility of chitosan are the molecular weight and the distribution of

acetyl groups along the chains.*
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1.5.1 Molecular Structure of Chitosan

X-ray crystallography was used by Clark and Smith in 1936 to determine the structure of
chitosan fibers derived from lobster tendon chitin, thus named the “tendon” model (Figure 1-
3).124 Each chitosan chain can adopt a two-fold helix or zig-zag structure. The white circles in
Figure 1-3 represent carbon atoms, the dark-shaded circles are nitrogen atoms, the dashed lines
represent hydrogen bonding interactions, and W represent the oxygen atoms of water molecules.
The chitosan chains are shown in Figure 1-3a along the c-axis arranged in an antiparallel fashion,
where the chains are stabilized by intramolecular O3-O5 hydrogen bonding. The b-axis
represents hydrogen bonding between the up-chain and the down-chain connected by NH2-O
hydrogen bonding. This forms sheets of chitosan stacked on the a-axis. The hydrated chitosan
crystals include water molecules between the sheets, which stabilize the crystal structure by
hydrogen bonding.!?> The X-ray pattern shown is for a hydrated crystal, due to the presence of
water. This crystal pattern is typical for commercially available chitosan, albeit the degree of

crystallinity can vary.
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Figure 1-3: Packing arrangement of hydrated tendon chitosan project along the (a) bc plane,
and (b) a axis. Dark circle are nitrogen atoms, white circles are carbon and dashed lines are

hydrogen bonds. W represents oxygen atoms of water molecules. Reprinted with permission

from reference 125. Copyright (2003) Elsevier.
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1.5.2 Chitosan Solubility and Film Forming Properties

When using a solvent casting process to make films, the proper dispersion of chitosan is
crucial. Chitosan is insoluble in water or basic solutions due to its high molecular weight,
partially crystalline structure, and inter- as well as intramolecular hydrogen bonding.!?® Unless
it is functionalized by alkylation or acylation, chitosan is insoluble in halogenated, aromatic, or
common organic solvents such as DMSO, dimethylformamide (DMF), and tetrahydrofuran
(THF).!2” On the other hand, chitosan dissolves easily in dilute aqueous organic and mineral acid
solutions, including acetic and hydrochloric acids. This is due to protonation of the amino groups
and electrostatic repulsions, which cause chitosan to swell and break apart by disrupting
hydrogen bonds.® Regardless of the acid used, chitosan requires a minimum of 50% protonation
for dispersion.'?® Residual acid counterions affect the film microstructure and material
properties. As the water evaporates during the casting process, the acid and chitosan
concentrations rise, creating a gel and then a film. Thicker films result from larger acid
counterions, which disrupt the packing of chains and recrystallization.® Begin et al. studied the
effects of 0.1% w/v HCI, and of 2 % w/v acetic acid, formic acid, citric acid, and lactic acid on
film formation.® Films cast from HCI and formic acid solutions were strong but brittle. Citric
acid and lactic acids form thicker but weaker films. Citric acid can form multiple interactions
during film formation, but it does not improve film strength.® Films prepared with acetic acid
have much better strength than with lactic acid and citric acid, and comparable to HC] and formic

acid. They are excellent barriers against moisture, oxygen and carbon dioxide, and have better
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mechanical properties (tensile strength and elastic modulus) than films produced with other acid.

Thus, acetic acid is the most popular choice to prepare chitosan films.

1.5.3 Chemical Modification of Chitosan

The reactive groups of chitosan are -NH» (C2), -OH (C3), and -OH (C6). The primary
amino group can react twice with a methyl halide to yield secondary and tertiary amines,'?’
giving chitosan a theoretical maximum degree of substitution of 4.13° The consensus on relative
reactivity is NH, > OH (C6) > OH (C3).!? Modifications on the backbone of chitosan are
difficult due to the limited dispersibility of chitosan.!3! Thus, whereas homogeneous reactions
occur in dilute acid solutions, heterogeneous reactions occur in non-acidic solvents, as the
reactions occur mainly on the surface of chitosan. Some of the more common chitosan
derivatives include carboxymethylchitosan, trimethylchitosan, chitosan 6-O-sulfate, chitosan N-
sulfate, alkylated chitosan and polymer-grafted chitosan.*

For example, Bidgoli ef al. synthesized amphoteric carboxymethylchitosan by reacting
chitosan with NaOH and monochloroacetic acid in water/2-propanol (1:4) for 4 h at 50 °C.!32
Chitosan potentially could be carboxymethylated at either the O or the N positions (Scheme 1-
6a). The overall DS achieved was 0.96, and FTIR analysis showed that the amide (C-N) stretch
at 1321 cm! did not change as compared to unmodified chitosan, indicating that no significant

amount of N-carboxymethylation occurred.!* It was suggested that in a polar protic solvent like

water or 2-propanol, the amino groups are surrounded by more water molecules than the
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hydroxyl groups, resulting in the OH groups being more reactive. The C6 OH, being attached to
a methylene spacer, is also less sterically hindered than the C3 OH and the NH> groups, both
attached directly to the GPy ring. The presence of two hydroxyl groups per GPy unit, as
compared to one amino group, further contributes to making O-carboxymethylation the
dominant product. Interestingly, O-carboxymethylated chitosan is known to be a better
antimicrobial agent than N-carboxymethylated chitosan, because substitution of the hydroxyl
groups at C6 and C3 positions enhances protonation of -NH; group.!'*?

Trimethylchitosan was synthesized by reacting chitosan with methyl iodide and sodium
iodide in the presence of NaOH (Scheme 1-6b).!3 The reaction was conducted in N-
methylpyrrolidone, a polar aprotic solvent, which resulted in the quaternization of chitosan.!3?
This is because in an aprotic organic solvent like N-methylpyrrolidone, the amino group is a
stronger base than the hydroxyl group, favoring its nucleophilic attack on methyl iodide and
resulting in quaternized chitosan as the dominant product. These derivatives are cationic
polymers used as flocculating agents, among others to settle clays in tailings.!3* Alkylated
chitosan is also used as a papermaking additive, and can form gels when alkylated with long-
chain hydrocarbons.!3%#

Chitosan can be sulfated at either the N or O positions to form chitosan N-sulfate or

chitosan 6-O-sulfate, respectively (Scheme 1-6¢). When the reaction is carried out in

pyridine-SOs, an aprotic polar solvent which also takes part in the reaction, the N position of
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chitosan needs to be protected to obtain chitosan 6-O-sulfate. Both sulfated derivatives are good

anticoagulating agents.!3>-13
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Scheme 1-6: Reaction of chitosan with a) chloroacetic acid, b) methyl iodide and sodium

iodide, and c) pyridine-S0Os.
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1.5.4 Polymer-grafted Chitosan

Different initiators such as ceric ions, gamma radiation, and Fenton's reagent have been
explored to introduce radicals on chitosan for grafting.!3” Pourjavadi et al. thus reacted chitosan,
acrylonitrile and ceric ammonium nitrate (CAN) in a 1 wt% acetic acid solution for 2 h at 50 °C
and achieved a grafting efficiency of 80%, with only 2% homopolymer formed in solution.!3®
Chitosan grafted with polyaniline (PANI), which may increase sensitivity in chemical sensor
applications,'* was obtained from chitosan and aniline in 0.5 M HCI solution. Ammonium
persulfate served as initiator and a grafting efficiency of 70% was achieved after 1 h at 25 °C.
Because PANI-grafted chitosan/indium/tin oxide electrodes can be used to detect changes in
current due to DNA hybridization, they are regarded as potentially useful for the early detection
of breast cancer (gene BRCA1).!40

Casimiro et al. grafted 2-hydroxyethyl methacrylate onto chitosan using y-radiation in a
heterogeneous reaction.!*! To this end, chitosan was suspended in a methanol solution of 2-
hydroxyethyl methacrylate, the dispersion was purged with nitrogen, and irradiated at 7.4 kGy/h
with a cobalt-60 source. The grafting efficiency reached 38% when the reaction was carried out
for 7 h at room temperature.'*! Lagos et al. also grafted MMA onto chitosan using Fenton’s
reagent (Fe** and H»05), by dispersing chitosan and MMA in water before adding Fe and H>O»
ina 0.01 : 1 ratio.!*? For a reaction performed for 2 h at 70 °C, a maximum grafting efficiency

142

of 57% was obtained, with 20% homopolymer remaining in solution.'** The Fenton reaction

produces hydroxyl radicals in solution which can contribute to chain transfer reactions, while
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exposure to y-radiation may lead to depolymerization and poorly defined structures.!3®
Consequently, the highest grafting efficiency and lowest homopolymer contents were obtained
with CAN-initiated graft polymerization. Similarly to starch, CAN generates radicals efficiently
on the chitosan backbone, while minimizing chain transfer reactions during polymerization.

Grafting of polymers on the surface of chitosan was also achieved via RAFT
polymerization. For example, Abbasian et al. modified chitosan by esterification with S-1-
dodecyl-S'-(a,0’-dimethyl-a'"-acetic acid)trithiocarbonate to obtain a chitosan-based RAFT
agent, which was used to polymerize acrylic acid.!*’ The reaction had a grafting efficiency of
60%, and an M, of 12000 g/mol was achieved for the grafted polymer after 6 h.!43 Abbasian et
al. also modified chitosan with 4-cyano-4-[(phenylcarbothioyl)sulfanyl]pentanoic acid to serve
as RAFT agent and graft poly(acrylic acid) . The reaction was allowed to proceed at 4 °C for 20
min, but the molecular weight and PDI obtained were not determined in that case. The chitosan-
g-poly(acrylic acid) samples were used to stabilize silver nanoparticles in solution and tested on
Escherichia coli, showing good antibacterial activity.

ATRP was used to graft polymers on chitosan via its -OH and -NH: functional groups.
Tahlawy et al. synthesized a chitosan-based ATRP macroinitiator by reaction with 2-
bromoisobutyryl bromide in heterogeneous reactions on films.'** The amino group was protected
by modifying it into an imine prior to the reaction, so that coupling with the acid bromide
occurred only at the -OH groups. The macroinitiator, activated with 2,2’-bipyridine and Cu(I)Br,

was used to polymerize ethylene glycol methyl ether methacrylate efficiently, as 90% monomer
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conversion was achieved over 1 h at 25 °C.!* The polymerization was controlled, and a PDI of
1.6 was obtained for grafted chains with My = 140 kg/mol.'** ATRP was also investigated to
synthesize chitosan-g-polyacrylamide beads by using chitosan modified with 2-bromoisobutyryl
bromide as the macroinitiator. Since the amino group was not protected in that case, the
modification reaction took place at both hydroxyl and amino groups. The grafting efficiency was
not determined, but the chitosan-g-polyacrylamide beads were determined to adsorb 323 mg of
mercury per g of chitosan-g-polyacrylamide.'*> As compared with unmodified chitosan, the graft
polymer had a higher mercury adsorption capability, and at pH < 6 it preferentially adsorbed
mercury over lead, while the unmodified chitosan displayed no such selectivity.!* Starting from
a chitosan macroinitiator obtained by reacting chitosan with bromoacetyl bromide and
triethylamine in THF, with 1,10-phenanthroline and Cu(I)Br as catalysts, ATRP was also used
to graft polystyrene on chitosan, although the grafting reaction proved to be ineffective, with
only 19% monomer conversion reached after 5 h.!4¢

One example of the application of nitroxide-mediated polymer grafting on chitosan was
provided by Garcia-Valdez et al, who reacted 1-oxoammonium-4-hydroxy-2,2,6,6-
tetramethylpiperidinium bromide with chitosan in the presence of triethylamine to form 4-
hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl =~ (TEMPO)-functionalized = chitosan. =~ The
macroinitiator was tested in the copolymerization of styrene and maleic anhydride via NMP,'%’
at 130 °C in supercritical CO2 with camphorsulfonic acid. After 5 h, the monomer conversion

was a mere 3.8%, but an excess of monomer (monomer : TEMPO initiating site molar ratio of
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63) was used to ensure that chains were grafted on the chitosan.'*” The M, of the chains was still
estimated to be only 1640 g/mol, assuming that all the nitroxide moieties were able to initiate
the radical addition of monomers. The same group functionalized chitosan with glycidyl
methacrylate and then prepared a chitosan-based macroalkoxyamine by addition of [N-(2-
methylpropyl)-N-(1-diethylphosphono-2,2-imethylpropyl)-O-(2-carboxylprop-2-yl)hydroxyla-
mine], commonly known as BlocBuilder. This NMP macroinitiator was used to graft
polystyrene, poly(butyl acrylate), and poly(acrylic acid).!#’ For reactions carried out for 3 h at
100 °C, conversions of 22%, 23%, and 51% were achieved for polystyrene, poly(butyl acrylate),
and poly(acrylic acid) grafting, respectively. The reaction was well-controlled, as the PDI of the
grafted polymers ranged from 1.13-1.19, while their My, ranged from 3760-3980 g/mol.'4’

All the techniques mentioned so far are “grafting from” strategies, whereby polymer chains
are grown from the chitosan-based macroinitiator. The amino groups of chitosan also enable
“click” chemistry reactions, for example between an azide and alkyne to form a covalent bond,
and allow the coupling of preformed polymer chains with a chitosan substrate in a “grafting
onto” scheme. Chitosan was thus azidated as shown in Scheme 1-7 to achieve degrees of
azidation of up to 0.4.'*® PEG monomethyl ether was coupled with propargyl bromide to
introduce an alkyne chain end. The N-PEGylation of chitosan was achieved by reacting the
azidated chitosan substrate with the O-propargyl PEG (Scheme 1-7).!* The “click” chemistry
reaction was very efficient, as the DS of the product correlated with the degree of azidation of

the chitosan substrate, at least when O-propargyl PEG was used in excess.!*® Unfortunately, the
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complexity of the reactions involved to obtain the final product would make this approach less

practical than the “grafting from” techniques described earlier.
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Scheme 1-7: N-PEGylation of chitosan via ''click"” chemistry reaction. Reprinted with

permission from reference 148 . Copyright (2009) Elsevier.

1.6 Thermoresponsive Polymers

Thermoresponsive polymers undergo reversible changes in their physical or chemical
properties triggered by subtle changes in temperature.!*® Heat as a trigger can be used to create
smart materials for a variety of applications. Some of these materials are ideal for biomedical
applications, because they are biocompatible. Shape-memory polymers, liquid crystalline

polymers, and responsive polymer solutions are the three main types of thermoresponsive
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materials. Due to their direct relevance to the projects described in this thesis, only basic concepts
of responsive polymer solutions will be reviewed here.

The lower critical solution temperature (LCST) and the upper critical solution temperature
(UCST) are temperatures at which abrupt changes in polymer dispersibility (solubility) are
observed. Above a specific temperature, thermoresponsive polymers with an LCST appear to
precipitate; this is also known as the cloud point. UCST polymers are insoluble below a specific

temperature, and dissolve above that temperature (Figure 1-4).

T 1 phase UCST
E 2 phases
¢Polymer
T 2 phases LCST
1 phase
¢Polymer

Figure 1-4: The LCST and UCST are concentration-dependent; ¢ represents the volume

fraction of the polymer in the solution.

The LCST typically depends upon H-bonding between the polymer and water molecules.

Below the LCST, the ordered arrangement of water molecules around the polymer reduces their
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entropy (ASmix is negative), and hydrogen bonding between the polymer and the water molecules
ensures that AHmix is likewise negative.!>* In the Gibbs equation (AGmix = AHmix — TASmix), the
AHnmix term represents the main contribution to AGmix. As a result, at low temperatures AGmix of
the system is negative overall and the polymer remains dispersed as a homogeneous solution.
Hydrogen bonding between the polymer and the water molecules is disrupted as the temperature
rises above LCST, such that the enthalpy of mixing becomes less negative. This also increases
the entropy of the water molecules, to the point where the polymer collapses into a globule and
phase-separates from the solvent. Above the LCST, entropic effects outweigh enthalpic
effects.’”® The terms lower critical aggregation temperature (LCAT) and lower critical
aggregation temperature (LCST) are interchangeable to some extent. The LCAT is the point at
which the phase separation process is initiated, while the inflection point (change in the shape
of the curve from concave to convex) represents the LCST in UV-visible spectroscopy
transmittance measurements as a function of temperature (Figure 1-5). In contrast, the
occurrence of a UCST is driven by enthalpic effects.!>! It is dependent on inter- and
intramolecular interactions, whereby polymer-polymer and water-water interactions are favored

over polymer-water interactions below the UCST.!>!
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Figure 1-5: Plot of transmittance vs temperature depicting the LCST and LCAT.

1.6.1 Factors Affecting the LCST

The LCST of thermoresponsive polymers depends on several factors such as the types of
hydrophobic and hydrophilic groups present in the polymer, the molecular weight, the polymer
concentration, and the presence of small molecules such as salts. These parameters can be tuned
to obtain polymers with desired LCST/LCAT values. PNIPAM is the most widely studied
thermoresponsive polymer; it has an LCST value of 32 °C.!>? The influence of the parameters

listed above on the LCST of PNIPAM is discussed in Sections 1.6.1.1-1.6.1.4.
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1.6.1.1 Effect of Hydrophobic and Hydrophilic Groups

The LCST of a polymer is determined by the balance of hydrophobic and hydrophilic
components in its structure. The transition temperature of polymers containing more
hydrophobic groups is lower than for polymers with more hydrophilic moieties. A few N-alkyl-
substituted polyacrylamides (PAMs) display LCST behavior, thus PNIPAM (NR!R? = NH-(CH-
(CH3)2) in Table 1-1) is not unique.'>® Since intermolecular H-bonds exist between
neighboring amide groups, they also regulate the LCST of PAMs. Above their LCST, the
polymers precipitate due to the disruption of H-bonds between the amide groups and water, with
increasing interactions between the hydrophobic alkyl groups.!

An increase in size of the hydrophobic groups R!' and R? decreases the LCST, as seen in
Table 1-1. The contribution of alkyl groups to hydrophobicity can be observed in the
characterization of its association with surfactants.!>® As compared with their linear equivalents,
cyclic or ring structures have a lower conformation energy and are more stable in aqueous
solutions,!>® thus the polymers exhibit higher LCST values. By copolymerizing
thermoresponsive acrylamide monomers with hydrophilic or hydrophobic monomers, the LCST

of thermoresponsive PAMs can be likewise adjusted.
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Table 1-1: LCST of various N-alkyl substituted PAMs. Reprinted with permission from

reference 153. Copyright (1999) The Society of Polymer Science, Japan.
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1.6.1.2 Effect of Molecular Weight and Concentration

As the LCST is in principle inversely related to the molecular weight, the influence of
molecular weight on the LCST is mostly noticeable for lower molecular weight polymers. When
the molecular weight reaches the hundreds kg/mol range, the impact of molecular weight on the
LCST is significantly reduced. Thus as the My of poly(N,N-diethylacrylamide) increased from
13 kg/mol to 58 kg/mol, Lessard et al. observed a 2 °C decrease in LCST (32.9 to 30.9 °C).!%*
When the molecular weight was increased from 593 kg/mol to 1300 kg/mol, no change in LCST
was observed.!** The LCST of PNIPAM was also reported to vary slightly (< 1 °C) with the
polymer concentration in the high molecular weight range:!>* For My, = 350 kg/mol, the LCST

decreased by 0.2 °C as the polymer concentration was increased from 10 to 100 mg/mL.!%¢

1.6.1.3 Effect of End Groups

The effect of end groups such as 2-chloropropionamide (CP), N-isopropyl-2-
chloropropionamide (i-PrCP), methyl 2-chloropropionate (MCP), ethyl 2-chloropropionate
(ECP), and N-phenyl-2-chloropropionamide (PhCP) on the cloud point/LCST was evaluated for
PNIPAM modified at one of the chain ends, in both the low and high molecular weight ranges
(Figure 1-6)."57 The effect of the end groups was again more prominent at low molecular weights.
Thus PNIPAM with My = 3 kg/mol and a hydrophilic CP end group had an LCST of 46 °C,
decreasing to 40.6 °C for PNIPAM with the same molecular weight but with a hydrophobic ECP

end group.'”” When the molecular weight of PNIPAM-CP was increased from 3 to 16 kg/mol,
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the LCST decreased from 45.3 to 34.4 °C. The drop in LCST was much less dramatic (from 37.4
to 32.8 °C) for PNIPAM-PhCP, however, when the molecular weight was increased from 3.2 to
18.3 kg/mol. The LCST only decreased by 1.6 °C, from 34.4 °C for PNIPAM-CP to 32.8 °C for
PNIPAM-PhCP with 1618 kg/mol.'>” Thus for longer PNIPAM chains, the influence of the end
groups decreased substantially. Overall, hydrophilic end groups increased the LCST of
PNIPAM, while hydrophobic end groups decreased the LCST more significantly in the lower

molecular weight range.
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Figure 1-6: Effect on the cloud point of PNIPAM of single end group modification: 2-
chloropropionamide (CP), N-isopropyl-2-chloropropionamide (i-PrCP), methyl 2-
chloropropionate ~ (MCP), ethyl 2-chloropropionate (ECP), and N-phenyl-2-
chloropropionamide (PhCP). Reprinted with permission from reference 157. Copyright (2006)

American Chemical Society.
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1.6.1.4 Effect of Salts

Salts can significantly impact the LCST of thermoresponsive polymers (Figure 1-7). The
LCST of PNIPAM is 32 °C. In 0-0.8 M NaCl, NaBr, and NaF solutions, the transition
temperature of PNIPAM (at a concentration of 1.4 wt%) dropped to 25, 28, and 17 °C,
respectively. This is because only the outer hydration shell of PNIPAM interacts with salts.!®
Nal did not affect the LCST much, but the other salts decreased the LCST more significantly.
Cations have a strong affinity for the oxygen atom in the amide group, and the polymer cannot
form hydrogen bonds as efficiently with water.!>® Anions can also influence the LCST, but they
do not interact with the polymer directly. The anions lower the LCST of the polymer by

interacting with water and promoting association among the water molecules, while also

competing with the polymer for hydration.!®
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Figure 1-7: Effect of salts on cloud point of PNIPAM. Reprinted with permission from

reference 161. Copyright (2011) Taylor & Francis Group.

1.6.2 Applications of Thermoresponsive Polymer Solutions

PNIPAM is a thermoresponsive polymer characterized by the presence of amide

(-CONH-) and propyl (-CH(CH3)2) groups in its structural units (Figure 1-8a). PNIPAM is a

very promising thermoresponsive polymer due to its well-defined structure, properties, and its

LCST close to the human body temperature, which can be fine-tuned by different methods.

Consequently, PNIPAM has found many applications in aqueous media, but it nevertheless has
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several drawbacks. For example, PNIPAM hydrogels are not biodegradable and need to be
surgically removed after drug delivery'>® and tissue engineering applications.!®® The hydrogels
also swell to a high degree, which leads to poor mechanical strength due to a low density of
polymer chains.'® Moreover, the NIPAM monomer is toxic and has a strong odor. An interesting
alternative to PNIPAM is PMEO>MA (Figure 1-8b). The MEO>2MA monomer is non-toxic and
costs about 10 times less than NIPAM. For analogous polymethacrylate systems with an
oligoethylene glycol monoether side chain, the LCST increases with the length of the
oligoethylene glycol segment.'®! In contrast to PNIPAM, it has been found that the molecular
weight of PMEO;MA has a minimal influence on the LCST, but lower My, chains tend to have
broader phase transitions than the longer chain materials.'®® In turbidity measurements,
PMEO:;MA displays good reversibility in the heating and cooling cycles, in contrast with the
large hysteresis that is observed upon cooling for PNIPAM.!6? These characteristics may make
PMEO;MA a better candidate for certain thermoresponsive applications. Some of the

applications of PNIPAM and PMEO:MA are discussed in this section.
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Figure 1-8: Structure of a) PNIPAM b) PMEO:MA.

PNIPAM became popular in part because of its sharp and rapid phase transition in aqueous
solutions at 32 °C,'>® and it has been explored for drug delivery applications due to its LCST
close to body temperature. The interactions of drugs with PNIPAM are an essential factor in
using that material as a drug carrier.'® Some of the drugs tested for delivery with PNIPAM
include benzoate, diltiazem, vitamin B-12, calcitonin, insulin, and many others.!%>!%¢ The drug
can be loaded in PNIPAM at temperatures below 32 °C, and the PNIPAM solution is then
injected to form a hydrogel in the body, where the temperature is around 3637 °C. The volume
of the PNIPAM hydrogels rapidly decreases after injection, which results in release of the drug
(Figure 1-9). Block copolymers of poly(NIPAM-b-butyl methacrylate) were also used to form

167

micelles and tested for drug delivery.'®’ The hydrophobic poly(butyl methacrylate) block was

found to interact with hydrophobic drugs even at temperatures below the LCST, while PNIPAM
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remained hydrophilic, forming the shell of the micelles. After injection of the micelles in the
body, where the temperature is above the LCST of PNIPAM, the outer hydrophilic PNIPAM
shell became hydrophobic, resulting in deformation of the micelles, and rapid but sustained
release of the drugs.!®’

PNIPAM has also been employed in tissue engineering, by encapsulating cells in PNIPAM
gels to repair damaged tissues. To this end PNIPAM serves as a 3D porous hydrogel structure,
which is seeded with live cells and growth factors to promote cell proliferation, and finally
transplanted into a patient.!®* PNIPAM has likewise been tested as a medium for cell culture,
allowing detachment of the cells from the surface by changing the temperature. PNIPAM was
thus covalently grafted onto culture dishes, and cells were allowed to grow and proliferate at
37 °C, as PNIPAM was hydrophobic and provided an adhesive surface for cell growth. Upon
reducing the temperature to 20 °C, the PNIPAM became hydrophilic and the cells spontaneously
detached from the PNIPAM surface as a single sheet.!®’

There are a few limitations to using PNIPAM for biomedical applications. In drug delivery,
where interactions between the drug and the polymer are essential, the sharp phase transition of
PNIPAM at its LCST may hinder controlled release of the drug. PNIPAM also can have a slow
response to stimuli under certain conditions, and can undergo biodegradation before reaching
the target site. Furthermore, the high toxicity of the NIPAM monomer makes it difficult to purify
PNIPAM sufficiently after its synthesis to make it suitable for biomedical applications.

Consequently, none of the PNIPAM-based biomedical applications have been commercialized.
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Figure 1-9: Role of PNIPAM hydrogels in drug delivery. Reprinted with permission from

reference 170. Copyright (2016) Springer.

High molecular weight PMEO2MA has an LCST of 26 °C, detected as the temperature at
which an aqueous solution of the polymer becomes turbid,!”! and that material also has been
explored recently as a drug carrier. For example, Zhu et al. prepared a dual responsive block
copolymer of poly(MEO>MA-b-2-(tert-butylaminoethyl) methacrylate), where PMEO;MA was
the thermoresponsive component, and poly(2-(fert-butylaminoethyl) methacrylate) was a pH-
responsive segment.!’”? The block copolymer was found to have excellent blood compatibility,
low toxicity, and antibacterial activity. At 37 °C it formed highly protective vesicles for the
controlled release of doxorubicin, making it a suitable drug delivery carrier for the safe delivery
of the drug.!”? Huang et al. used micelles of an amphiphilic block copolymer PEG-b-PMEO:MA
to encapsulate erythromycin.!” The size of the PEG-b-PMEO>MA micelles was found to

increase three-fold after loading with erythromycin. The release rate of erythromycin was stable
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over 3 h, demonstrating that erythromycin-loaded micelles had good, sustained release
characteristics.

Finally, Yang et al. explored the extraction of bitumen from oil sands with PEG-b-
PMEO>;MA.!"* An aqueous dispersion of PEG-b-PMEO;MA was added to the oil sands with a
small amount of toluene, and the mixture was gently shaken for 24 h at a temperature above the
LCST. This allowed interactions of the bitumen droplets with the hydrophobic PMEO:MA
segments, while the hydrophilic PEG segments allowed the block copolymer micelles to remain
dispersed in solution. As the mixture was cooled below the LCST, the bitumen droplets were
released by the hydrophilic PMEO:MA segments, and floated to the surface of the aqueous
solution to be skimmed off.!”* This application is further explored in Chapter 3 of this thesis,

using starch in replacement for PEG as a hydrophilic component.

1.6.3 Applications of Thermoresponsive Starch

Starch has not been investigated extensively as a substrate for thermoresponsive
modifications, despite being an inexpensive and biodegradable polymer. Smart starch
microspheres with sulfonic groups were nevertheless modified by grafting with poly(N-
isopropyl acrylamide-co-N,N-dimethyl acrylamide), with an LCST around 36 °C. The
microspheres were complexed with metoclopramide, and encapsulated in cellulose acetate
butyrate microcapsules by an oil-in-water solvent evaporation process.!’”> These may be useful

as implanted drug delivery systems triggered by local hypothermia: As the body temperature is
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locally brought below normal physiological levels, the implants can become swollen by body
fluids. The microcapsules burst open and release the drug, while keeping vital organs
functional.'”> Zheng et al. used butene oxide to modify starch nanoparticles into
thermoresponsive hydroxybutylated SNPs. The LCST of these particles could be tuned through
their butene oxide content, as well as added solvents and salts. These could potentially be used
in drug delivery applications.!”®

ATRP was investigated to graft copolymers of acrylamide and NIPAM onto starch
functionalized with 2-bromopropionyl bromide, using Cu powder and tris[2-
(dimethylamino)ethyl]amine as catalysts. It was suggested that these modified starches may be
useful in the paint industry, due to their high viscosity and salt resistance at temperatures above
their LCST.'"> Finally, Dai et al. developed a thermoresponsive hydrogel containing sodium
alginate and 2-hydroxy-3-isopropoxypropyl starch to remove Cu(Il) from aqueous solutions.!”’
A maximum adsorption capacity of 26 mg Cu(Il)/g was achieved for the hydrogels, which could
be reused for five adsorption cycles, even though the adsorption capacity gradually decreased to

12 mg Cu(Il)/g by the fifth cycle.!”’

1.6.4 Applications of Thermoresponsive Chitosan

Chitosan has been mainly grafted with PNIPAM for thermoresponsive applications,
including hydrogels which can imitate soft tissues.!”® They have a low surface tension, which

allows the movement of cells, and the diffusion of oxygen, nutrients and waste products across
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the tissue implant boundary. The cartilage and meniscus of knee joints, which cannot repair on
their own, can be replaced with chrondocytes and meniscus cells by that approach. When these
cells are cultivated as monolayers, they take on a flat, fibroblast-like shape and excrete incorrect
extracellular matrices, resulting in damaged tissues.!” According to Chen et al., this may be
remedied by employing 3D chitosan-g-PNIPAM hydrogels to stimulate in vitro cell
development, where the injectable hydrogel may serve as a chondrocyte and meniscus cell
carrier.!” To this end, NIPAM was polymerized by free-radical polymerization in the presence
of mercaptoacetic acid as a chain transfer agent to obtain PNIPAM-COOH, which was reacted
with the amine groups of chitosan to form amide linkages and graft the PNIPAM chains. The
grafting efficiency achieved by that method was as high as 89%.!7° The hydrogel obtained was
found to have a comb-like structure. Solutions of chitosan-g-PNIPAM with different PNIPAM
contents were free-flowing below their LCST, and formed hydrogels at body temperature (37
°C).!7 These hydrogels displayed good mechanical strength without defects appearing during
the sol-gel transition, in contrast to pure PNIPAM hydrogels.

Chitosan has been found to accelerate wound healing.!®® This is because the high tensile
strength of chitosan increases collagen production by fibroblasts, and it is bacteriostatic and
fungistatic. Unfortunately, pure chitosan has the disadvantage of adhering tightly to injured
tissues, thereby worsening the wounds. Chitosan-g-PNIPAM might provide better control over
chitosan adhesion to the wound. These materials were grafted onto polypropylene fabric, using

direct current pulsed oxygen plasma to introduce acrylic acid units on the surface of the fabric,

63



that were used to produce polypropylene-g-chitosan-g-PNIPAM.!# The PNIPAM chains of the
graft polymer were hydrophobic and adhered to the wound at body temperature (> LCST), but
could be peeled off easily by locally lowering the temperature below the LCST, which caused
PNIPAM to become hydrophilic, swell up with water and detach from the tissue.!®® Miguel ez
al. also developed a comparable system for wound healing, in which agarose served as
thermoresponsive component instead of PNIPAM, making the system fully biocompatible and
biodegradable.!'®!

Thermoresponsive chitosan can also act as a flocculating agent to remove pollutants from
water.!82 Poly(N-n-propylacrylamide)-COOH (PNNPAM-COOH) was grafted on chitosan by
coupling in the presence of tetrabutylammonium, N-hydroxysuccinimide, and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide  hydrochloride.'®?> The chitosan-g-PNNPAM
product, containing 20% PNNPAM, was soluble in water below the LCST of PNNPAM (~25
°C). Above the LCST, chitosan-g-PNNPAM coordinated with Cu(Il) and hydrogen-bonded with
itself, creating flocs that phase-separated from the water and precipitated from the aqueous
solution together with the Cu(II). The salt was removed from chitosan-g-PNNPAM by treatment
with a 0.04 M HCl solution in acetone, and the chitosan-g-PNNPAM could be reused for another

cycle of Cu(Il) extraction.!®? In the first extraction cycle and at a flocculant dosage of 0.4 g/L,

93% of Cu(II) at a concentration of 0.7 g/L could be removed.'#?
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Chapter 2

Synthesis of Thermoresponsive Starch Nanoparticles Grafted with

Poly(di(ethylene glycol) Methyl Ether Methacrylate)

2.1 Abstract

Polysaccharides, known for their good biocompatibility and biodegradability, can be
modified by grafting with thermoresponsive polymers to take advantage of their unusual solution
properties. In the current investigation, starch nanoparticles (SNPs) were modified to yield novel
starch-based reversible addition-fragmentation chain transfer (RAFT) initiators.
Poly(di(ethylene glycol) methyl ether methacrylate) (PMEO2MA) segments were then grown
from the SNPs by RAFT polymerization. Since PMEO>MA exhibits an LCAT (lower critical
aggregation temperature), the polymer-grafted SNPs are hydrophilic below the LCAT, but
amphiphilic above the LCAT of the thermoresponsive polymer. The degree of substitution (DS)
of the starch-based RAFT agent and the amount of monomer added in the reactions were varied
to control the characteristics of the grafted SNPs (number and length of the grafted PMEO:MA
segments), and therefore their hydrophilic—lipophilic balance (HLB). The addition of a shell of
poly(2-hydroxyethyl acrylate) (PHEA) segments to increase the hydrophilicity of the grafted
SNPs was also investigated. 'H NMR analysis confirmed the efficient grafting of PMEO,MA
and PHEA on the SNPs. The polymer-grafted SNPs were characterized by UV-visible

spectroscopy and dynamic light scattering (DLS) to determine their LCAT. The core-shell
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structure of SNP-g-PMEO:>MA was analyzed by transmission electron microscopy (TEM). The
grafted PMEO,MA chains were also cleaved from the starch substrates for analysis by 'H NMR
and gel permeation chromatography (GPC), so that the structure and composition of the grafted

SNPs could be correlated with their LCAT behavior.
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2.2 Introduction

Starch, the second most common polysaccharide found in nature after cellulose, is a
mixture of amylose, a linear polymer where anhydroglucose units are connected through o-1,4
linkages, and amylopectin, also containing o-1,6 linkages introducing branching in the
molecules. The proportions of amylose and amylopectin depend on the source of starch, such
that amylose-rich maize contains over 50% amylose, whereas waxy maize only has about 3%.!
However in most cases amylopectin typically accounts for 70-80% of the starch composition,
the balance being amylose.? Starch can be modified easily due to the secondary hydroxyl groups
present at the C2 and C3 positions of the glucopyranose residues, and the primary hydroxyl
group at the C6 position.® The reactivity of native starch is limited by its granular nature, as the
penetrating ability of a reagent determines whether the reaction takes place on the surface or
inside the granules. Starch reactivity can be altered by hydrothermal treatment, whereby the
granules are heated with water, ideally in the presence of shear forces (such as in extrusion) to
destroy their crystallinity in a process is known as gelatinization. As the starch is cooled, it may
undergo partial recrystallization or retrogradation yielding ordered structures, albeit not at the
level present in the native granules. The extent of gelatinization and retrogradation depends on
the source of the native starch, the duration of heating, the temperature, the magnitude of the
shear forces, and the cooling rate.*

The research-grade starch nanoparticles (SNPs) used in this project were prepared by

extruding starch granules in a continuous process, whereby the solid granules are converted into
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a thermoplastic melt phase in the presence of a cross-linker.® These nanoparticles mainly consist
of amylopectin, as illustrated in Figure 2-1, where the darker regions represent clusters of double
helices, and the lighter regions (small circles) are more flexible single helix strands. The use of
SNPs as materials is advantageous, as their price is not strongly correlated with oil prices, but
also for its environmental benefits. For example, it has been estimated that the production of

SNP-based latexes produce 73% less CO, emissions than petroleum-based latexes used in paper

coating for the same mass of latex.®

Figure 2-1: Pictorial Representation of a SNP. Reprinted with permission from reference 7.

Copyright (2020) L. Li.

The main objective of the current project was to synthesize thermoresponsive SNPs,

through grafting with a thermoresponsive polymer, such that they could serve in the extraction
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of oil from tar sands. Thermoresponsive polymers exhibit a lower critical aggregation
temperature (LCAT), representing the temperature at which they become insoluble in water.®
Poly(N-isopropylacrylamide) or PNIPAM is by far the most widely investigated
thermoresponsive polymer, partly because its LCAT (32 °C) is close to physiological conditions,
making it useful for biomedical applications such as drug delivery and tissue engineering.’
Interestingly, another family of thermoresponsive polymers, the poly(oligo(ethylene glycol)
methacrylate)s (POEGMA), were also investigated more recently and found to be advantageous
over PNIPAM for similar applications.!® For example, the monomer di(ethylene glycol) methyl
ether methacrylate (MEO2MA) costs about 10 times less than NIPAM, while NIPAM is also
toxic and has a strong odor.!! The LCAT of the PMEO>MA homopolymer is 26 °C, close to that
of 32 °C for PNIPAM, but the LCAT of these materials can also be tuned through the
copolymerization of oligo(ethylene glycol) methacrylates with different oligomer chain lengths
to yield POEGMA copolymers, and the resulting materials also have a good biocompatibility.
Moreover, while PNIPAM was found to display hysteresis in the coil-globule transition
occurring at the LCAT, POEGMA copolymers exhibited more gradual thermal transitions and
better reversibility than PNIPAM.!?

To regulate the characteristics of the PMEO:MA-grafted SNPs synthesized by RAFT,
different techniques were used and the hydrophilic-lipophilic balance (HLB) was controlled by
varying the DS and the monomer content. A hydrophilic polymer block can be added to improve

the colloidal stability of these modified SNPs in water if required.
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2.3 Experimental Procedures

2.3.1 Materials

Research-grade starch nanoparticles (SNPs), with M, = 102,000 g/mol and M, = 304,000
g/mol, were provided by EcoSynthetix (Burlington, ON, Canada). Methanol (ACS reagent, >
99.8 %), N,N-dimethylformamide (DMF, HPLC, > 99.9 %), LiCl (> 99%), deuterium oxide
(99.9 % atom), deuterated DMSO (99.9 % atom), CS> (ACS reagent, > 99.9 %), potassium
persulfate (ACS reagent, > 99.0%), NaOH pellets (ACS reagent, > 98%), methyl 2-
bromopropionate (98%), di(ethylene glycol) methyl ether methacrylate (MEO:MA, 95%), 2-
hydroxyethyl acrylate (2-HEA, 96%), hydrogen peroxide (30 % w/w in H20), aluminium oxide
and inhibitor remover cartridges were purchased from Sigma-Aldrich (Oakville, ON, Canada).
Spectra/Por dialysis tubing with 50 kDa molecular weight cut-off (MWCQO) was purchased from
Spectrum Laboratories Inc. (Shewsbury, MA, USA). The inhibitors in MEO,MA and 2-HEA

were removed with neutral alumina and inhibitor remover columns.

2.3.2 Synthesis of Xanthanted SNPs

Starch nanoparticles (7.2 g, 6.15 g dry weight or 38 mmol of glucopyranose units) were

dispersed in water (18 mL) in a 50-mL round-bottom flask (RBF). The mixture was vortexed for
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15 min and stirred with a magnetic stir bar for 30 min to disperse the nanoparticles. A 2 M
solution of NaOH (4.5 mL, 9.0 mmol) was then added and the dispersion was stirred for 30—60
min. CS> (0.24 mL, 3.97 mmol, for a target DS = 0.105) was then added dropwise and the flask
was placed in a water bath at 35 °C. The solution, which turned reddish-orange after 2 h, was
allowed to cool to room temperature and precipitated in methanol. The precipitate was collected
by suction filtration, allowed to dry in a fume hood overnight, and dried in a 60 °C vacuum oven

overnight.

2.3.3 Synthesis of Starch-based RAFT Agent

The xanthated SNPs (6.14 g, 37.5 mmol glucopyranose units) were added to deionized
(DI) water (19.2 mL) in a 50-mL RBF. The solution was vortexed for 15 min and stirred for 60
min, until the polymer was fully dispersed. Methyl 2-bromopropionate (1.20 mL, 10.8 mmol)
was then added dropwise and the flask was placed in a water bath at 80 °C for 40 min. The
dispersion turned light yellow by the end of the reaction. The product was collected by
precipitation in methanol and suction filtration to obtain a powder that was further dried in a

vacuum oven overnight at 60 °C.
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2.3.4 Synthesis of SNP-g-PMEO;MA

The starch-based RAFT agent (1.0 g, 5.44 mmol, DS 0.022, 0.12 mmol initiating sites)
was added to 9.5 mL of DI water in a 25-mL RBF. The solution was vortexed for 15 min and
stirred for 30 min until the solid was fully dispersed in water. Potassium persulfate (19 mg, 0.069
mmol) and MEO>2MA (176 mg, 0.935 mmol, for a target PMEO>MA content of 15%) were added
to the solution, which was then degassed with gentle N> bubbling for 30 min and placed in an
80 °C water bath for 60 min. The solution turned milky white by the end of the polymerization
reaction but became transparent again upon cooling to room temperature. The crude product was
purified against water using a Spectra/Por dialysis bag with 50 kD MWCO overnight. The
polymer was dried under a N> stream, and then in a vacuum oven at 60 °C overnight. The yield
was 1.11 g (94%), with PMEO,MA content of 14 wt% by 'H NMR analysis. PMEO:MA
contents of 7.5 wt% and 30 wt% were also targeted by varying the amount of MEO>MA added
in the reaction. The products were characterized by '"H NMR, UV-visible spectroscopy and DLS

analysis.

2.3.5 Synthesis of SNP-g-PMEO:MA-b-PHEA

The starch-based RAFT agent (1.0 g, DS 0.022, 0.12 mmol initiating sites) was added to
9.5 mL of DI water in a 25-mL RBF. The solution was vortexed for 15 min and stirred for 30
min until the solid was fully dispersed in water. Potassium persulfate (19 mg, 0.069 mmol) and

2-HEA (176 mg, 1.52 mmol, for a target PHEA content of 15 wt%) were added to the solution,
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which was then degassed with gentle N> bubbling for 30 min and placed in an 80 °C water bath
for 60 min. The crude product was purified against water in a Spectra/Por dialysis bag with a 50
kD MWCO overnight. The polymer was dried under a N stream, and then in a vacuum oven at
60 °C overnight. SNP-g-PHEA (309 mg, 15 wt% PHEA) was then mixed in 4 mL of water with
MEO:;MA (54.5 mg, 0.28 mmol, for a target PMEO>2MA content of 15 wt%) in a 10-mL RBF
by stirring with a magnetic stir bar for 15 min. Potassium persulfate (6.6 mg, 0.024 mmol) was
added, the flask was capped and the solution was degassed by bubbling N> gently for 30 min.
The flask was then placed in a water bath at 80 °C for 60 min. The solution turned milky white
at the end of the reaction but became clear again upon cooling. The mixture was purified against
water in a Spectra/Por dialysis bag (50 kD MWCO) overnight. After dialysis the polymer
solution was first air-dried, and the solid residue was placed in an oven at 60 °C overnight. The
product was characterized by 'H NMR and UV-visible spectroscopy. A sample denoted as
SNP(DS 0.022)-g-PMEO>MA(30%)-b-PHEA(15%) was prepared and characterized by the

same procedures.

2.3.6 Cleavage of PMEO:MA from SNP-g-PMEO;MA

A 400-mg sample of SNP-g-PMEO:MA (15%, DS 0.022) was dispersed in 4 mL of DI
water in a 10-mL RBF. A 1-mL aliquot of H2O2 (30 wt% H202, 32 mmol) was added and the
reaction was stirred at 70 °C for 48 h. A white precipitate formed, while the supernatant turned

from cloudy to clear over the course of the reaction. The precipitate was separated from the
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supernatant and both fractions were air-dried in a fume hood, and then in a vacuum oven at
60 °C overnight. The supernatant and precipitate fractions were analyzed by 'H NMR. The

precipitate was also dispersed in DMF for GPC characterization.

2.3.7 Characterization Techniques

The modified SNPs were characterized by 'H NMR, UV-visible spectroscopy, DLS and

TEM. GPC analysis was used to characterize the grafted polymer chains.

2.3.7.1 'TH NMR

The samples (20 mg) were dispersed in 1 mL of deuterated solvent. Most spectra were
recorded at 25 °C on 300 MHz Bruker instrument, but a 500 MHz Bruker spectrometer was also
used for temperature-dependent measurements with 128 scans averaged. The polymer-grafted
SNPs and the cleaved SNPs were dispersed in D>O, and the cleaved polymer chains were
dissolved in DMSO-ds for the analysis. The reported chemical shifts are relative to the solvent

protons at 4.74 ppm for H>O and 2.50 ppm for DMSO-ds

2.3.7.2 UV-visible Spectroscopy

Polymer-grafted SNP samples were prepared in water at a concentration of 1 mg/mL for

SNP-g-PMEO:>MA and SNP-g-PMEO:MA-b-PHEA and loaded in a 1 cm path length cuvette.
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The lower critical aggregation temperature (LCAT) of the samples was determined on a Carry
4000 spectrometer at 500 nm wavelength, using a temperature ramp of 1 °C /min. The LCAT
was taken as the temperature at which aggregation started, depicted by an initial drop in %

transmittance.

2.3.7.3 DLS Analysis

Dynamic light scattering measurements were conducted on a Malvern Zetasizer Nano S
instrument with Non-invasive Back Scatter technology. An aqueous solution of SNP-g-
PMEO:;MA (15%, DS 0.022) was prepared at a concentration of 1 mg/mL and loaded ina 1 cm
path length cuvette. A concentration of 1 mg/mL was selected (to obtain a count rate over 100
kcounts/s) and the samples were filtered at 25 °C through 0.45 um polytetrafluoroethylene

membrane filters with a syringe prior to the measurements, taken at 5 °C intervals.

2.3.7.4 Transmission Electron Microscopy (TEM)

The SNP and SNP-g-PMEO:;MA (15%, DS 0.022) samples were diluted to 0.1 mg/mL in
DI water. An 8-uL aliquot of the solution was deposited onto a 400-mesh grid coated with
carbon-formvar and was allowed to dry overnight. On the following day, 5 mg of iodine was
placed with the TEM grid in a covered petri dish to stain the SNPs overnight. The sample was

then imaged at 60 kV on a CM10 Philips microscope with a charge-coupled device camera.
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2.3.7.5 Gel Permeation Chromatography

The number-average molecular weight (Mn) and polydispersity index (PDI = Mw/M,;) of
the grafted polymer chains was determined using a Hewlett Packard 1100 high-performance
liquid chromatography (HPLC) system with a refractive index (RI) detector and two Jordi
Resolve columns (model number R15076 with 5 um bead size), each with 300 mm length x 7.8
mm internal diameter. The instrument used DMF with 0.1% LiCl as the mobile phase at a flow
rate of 0.9 mL/min and 40 °C, and the samples were injected at a concentration of 3 mg/mL after
filtration through 0.2 pm polytetrafluoroethylene membrane filters. Polystyrene standards were

used to calibrate the instrument.

2.4 Results and Discussion

Two different strategies were developed to control the characteristics of the target SNP-g-
PMEO:;MA particles, using SNPs modified with functional groups acting as reversible addition-
fragmentation chain transfer (RAFT) initiator for the methacrylate monomer. The first approach
was to vary the degree of substitution (DS) of the starch-based RAFT agent, while maintaining
a constant SNP-g-PMEO:;MA composition. A RAFT agent with a high DS should generate many
short polymer chains due to its multiple reactive sites, while a low DS would generate longer
polymer chains due to the presence of fewer initiating sites for a same monomer and SNP
concentration. The other approach was to vary the amount of monomer added to the starch-based

RAFT agent for a set DS, since the length of the PMEO>-MA chains should increase with the
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amount of monomer added to the reaction. An additional strategy to control the solution
properties of the materials was the addition of a block of poly(2-hydroxyethyl acrylate) (PHEA)
forming a hydrophilic shell on the particles. It was expected that PHEA, being hydrophilic, may

prevent macrophase separation of the thermoresponsive SNPs above their LCST.

2.4.1 Synthesis of the RAFT Agent and SNP-g-PMEO:MA

The first step in the synthesis involved the modification of the SNPs to introduce
thiocarbonylthio groups, serving as RAFT initiating sites. This was done by first reacting the
hydroxyl groups of the glucopyranose units with carbon disulfide in the presence of sodium
hydroxide. The resulting xanthated starch was then reacted with methyl 2-bromopropionate to
obtain the RAFT agent (Scheme 2-1). Methyl 2-bromopropionate was selected because the
methyl 2-propionyl group is known to be an efficient free radical homolytic leaving group in
RAFT agents.!>!* It is polar due to the presence of carbon-oxygen bonds and is less bulky than
aromatic substituents. It generates a secondary radical, which provides good control over
methacrylate monomer polymerization. It is also comparable in structure to the methacrylate
propagating radical centers, and thus should be capable of initiating the polymerization

efficiently.!®
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Scheme 2-1: Synthesis of the SNP RAFT agent.

The number of sodium xanthate groups introduced on the SNPs in the first step was
controlled by varying the concentration of CS; in the reaction. The DS was determined in the
second step, after reacting the xanthated SNP with methyl 2-bromopropionate. The degree of
substitution (DS) achieved in the second reaction step, corresponding to the number of
thiocarbonylthio groups per glucopyranose unit, was calculated by integrating the signal for the
anomeric C-1 proton (1H, 5.0-5.5 ppm) of starch and the three methyl protons (3H, 1.4-1.7 ppm)
of the methyl 2-propionate fragment, as shown in Figure 2-2a. The peak at 4.5-4.8 ppm is from
residual water in the D,O used as solvent.!® RAFT agents with different DS were synthesized by
varying the amount of CS; used in the first step of the reaction, while keeping all other variables
constant. Using the spectrum provided in Figure 2-2a as an example, the DS of the RAFT agent

was calculated from the Equation 2-1.
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Figure 2-2: '"H NMR spectra in D0 at 25 °C for a) starch-Based RAFT agent, b) SNP-g-

PMEO:MA (15%, DS 0.022).

It was assumed that the amount of CS; used determined the outcome of the two-step
reaction. Indeed, as the amount of CS> in the xanthation step was increased, the DS of the RAFT

initiator was observed to increase (Figure 2-3). Unfortunately, the DS attained in the xanthation
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step could not be determined, as no distinct 'H signals were observed in the NMR spectrum of
the product. 3C NMR was also considered for the DS analysis, but the signal was too noisy due
to the low concentration of initiating sites. The overall reaction efficiency for the combined
xanthation and bromide displacement steps is provided in Figure 2-3. The reaction was not very
efficient, decreasing from 97% to 27% as CS: concentration was increased. There was clearly
variability in the reaction, causing the error bars from successive data points to overlap with each
other. This may be partly because the reaction was heterogeneous, but also because of relatively
large integration errors on the small peaks obtained at the very low DS values (0.01—- 0.02) used
in most cases. The solubility of CS; in water is very low (2 g/L at 20 °C), and that compound
can also react with NaOH to form carbonates and thiocarbonates as by-products. For example,
Weeldenburg et al. showed that 1 mol of CS; reacting with 2 mol of NaOH yielded sodium
trithiocarbonate and carbonate in a 2:1 ratio. Since this reaction is known to be dominant at
temperatures over 49 °C, the xanthation step was done at 35 °C.!7 Similar observations were
made for cellulose, where the reactions of CS; with NaOH competed with xanthation. Cellulose
xanthation was shown to follow a complex mechanism with different consecutive and parallel
reactions, until equilibrium was attained.!® Starch degradation is also possible in the presence
of NaOH, albeit it was shown that while amylose is sensitive to NaOH, amylopectin is more
stable under alkaline conditions.!” Potential side reactions of starch, following deprotonation of
the hydroxyl groups by NaOH, are breakdown of the glucopyranose units into formic, acetic,

glycolic, 2-hydroxybutanoic, 2-hydroxy-2-ethylpropanoic and 2-hydroxypentanoic acids.!® This
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is the reason why the xanthated starch intermediate was isolated by precipitation prior to the

reaction with ethyl 2-bromopropionate in the synthesis of the RAFT agent.
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Figure 2-3: Control of degree of substitution (DS) of RAFT agents by varying the amount of

CS: added in the xanthation step.

RAFT agents were synthesized with DS values ranging from 0.012 to 0.06, to maintain
good water dispersibility and to generate relatively few thermoresponsive polymer chains per
starch nanoparticle. A RAFT agent with a low DS should generate longer grafted polymer

chains, due to the presence of fewer initiating sites in the reaction (Figure 2-4 left). On the other
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hand, it was also observed that SNP-g-PMEO:>MA derived from a RAFT substrate with a higher
DS (0.06) had poor water dispersibility, even at room temperature. While shorter polymer chains
could be expected to have increased ability to hide within the SNPs at temperatures above the
LCST, thus maintaining better water dispersibility, a large number of chains may have more
difficulty rearranging within the SNPs due to steric limitations. Increased intramolecular
hydrophobic interactions between neighboring grafted SNPs may also have led to poor

dispersibility in water.

For a given SNP-g-PMEO,MA composition For a given DS of RAFT agent

Low monomer content

Figure 2-4: Control of SNP-g-PMEQ:MA characteristics through variations in the DS of the

RAFT agent (left) and the amount of monomer added (right).
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'"H NMR analysis was performed for the SNP-g-PMEO>,MA samples prepared by RAFT,
and a spectrum is provided in Figure 2-2b as an example. The weight fraction of PMEO:MA in
the samples was calculated by integrating the methyl protons (3H, 0.71-1.14 ppm) along the
polymethacrylate backbone and the anomeric proton peak for the SNP (1H, 5.00-5.55 ppm). An

example of PMEO>-MA weight fraction (wt%) calculation is provided below.

Area of PMEO,MA peak
W% PMEO,MA = 3 X MWo;ma x 100% (2 —2)
0 2 Area of PMEO,MA peak 0
Mngucopyranose unit 3 X MWMEOZMA
0.3£ X 188.2
Wt% PMEO,MA = - x 100% = 14.0 % 2-3)
162.16 + (=3~ x 188.2

The monomer conversion in the RAFT reaction was calculated as follows:

Experimental wt% PMEO,MA  14.0%
Theoretical wt% PMEO,MA ~ 15%

Monomer convesion % = =93.3% (2-4)

This indicates that most of the monomer was successfully grafted to the SNPs. The
conversion of the MEO2MA monomer was monitored by removing aliquots 7, 15, 30, 45 and 60

min after the beginning of the reaction. These samples were dialyzed and the '"H NMR spectra

83



obtained for these samples are provided in Appendix A-1. The polymer peak at 0.71-1.14 ppm
increased in intensity with time, confirming the growth of the grafted polymer chains. The

monomer conversion was almost complete (> 90 %) after one hour (Figure 2-5).
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Figure 2-5: Conversion of MEO:MA with time.

'"H NMR measurements were conducted at temperatures ranging from 5 to 25 °C for the
characterization of SNP-g-PMEO;MA samples. Since high molecular weight PMEO>;MA has an
LCST of 26 °C?° and is prone to aggregation at higher temperatures, it was decided to carry out
the measurements below that temperature to determine the optimal conditions for composition
quantification. The composition, expressed as the percentage of grafted PMEO:MA in the
material by weight, was calculated from the NMR spectra of the dialyzed products, by

integrating the signal for the methyl group of PMEO2MA (3H, 0.71-1.14 ppm) and the anomeric
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C-1 proton of the glucopyranose units (1H, 5.0-5.5 ppm) shown in Figure 2-2b. The results of
the temperature-dependent analysis, attempted for three representative samples at five different
temperatures, are summarized in Table 2-1. The NMR spectra confirmed that the grafted
polymer content increased with the amount of monomer added in the reactions, and that the
apparent composition (wt% PMEO;MA) did not vary significantly between 5 and 25 °C. For
example, the composition obtained for SNP-g-PMEO:MA (DS 0.038, 15%) varied from 15.1%
at 5 °C to 14.9% at 25 °C, which is comparable to the expected (theoretical) value in both cases.
A similar trend was observed for SNP-g-PMEO;MA (DS 0.038, 30%). The larger variations in
composition observed for SNP-g-PMEO;MA (DS 0.038, 7.5%) at 5 and 10 °C is attributed to
decreased mobility of the starch component in water at low temperatures.?! A temperature of
20-25 °C therefore appears optimal for the analysis of the samples, since the NMR composition

data agree best with the target compositions.
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Table 2-1: Comparison of experimental compositions determined by 'H NMR analysis of

SNP-g-PMEO:MA in D0 at different temperatures.

PMEO:MA Wt% PMEO:MA Wt% PMEO:MA Wt%
Temperature  (7.5%)/SNP PMEO,MA (15%)/SNP PMEO,MA (30%)/SNP  PMEO,MA
(°C) Integral Ratio by NMR Integral Ratio by NMR Integral Ratio by NMR
5 0.10 3.7 0.46 15.1 1.17 31.2
10 0.08 3.0 0.35 12.0 1.24 325
15 0.13 4.8 0.45 14.9 1.04 28.8
20 0.13 4.8 0.47 15.5 1.07 29.4
25 0.14 5.1 0.45 14.9 1.12 30.3

2.4.2 Cleavage of PMEO:MA from SNP-g-PMEO;MA

The RAFT polymerization mechanism involves the addition of monomer units at the C-S
bond of the RAFT agent connected to the starch substrate. The resulting polymer therefore
retains the thiocarbonylthio group, derived from the xanthated SNPs in this case. The
thiocarbonylthio group can be cleaved from the attached polymer chain,?> however, such that
characterization of the grafted PMEO;MA chains by GPC analysis would be possible after
cleavage from the starch substrate. Thiocarbonylthio groups can undergo different reactions such
as nucleophilic addition, aminolysis, ozonolysis, thermolysis, and cleavage through the addition
of excess initiator.2? It should also be considered that the ether (C-O-C) and ester linkages in the

glycol side chains of PMEO2MA can be cleaved in the presence of a strong acid and/or
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nucleophile. Consequently, radical-induced cleavage was selected to isolate the PMEO,MA
chains from the starch substrate, using H>O; as a water-soluble reagent. In the presence of heat
and/or UV light, the peroxide breaks down to -OH radicals that can penetrate the grafted SNPs
and degrade the thiocarbonylthio groups, inducing the cleavage reaction. These conditions are
also mildly acidic, since H2O: solutions are maintained slightly acidic to improve their stability.
The use of H>0: is interesting because water and oxygen are the only by-products generated in
the reaction.?*?* The polymer-grafted SNP samples were thus heated to 70 °C in the presence of
H>0, for 48 h to cleave the thiocarbonylthio moieties in SNP-g-PMEO-MA (15%, DS 0.022).
Two fractions were visible at the end of the reaction: A white sticky precipitate was formed at
the bottom, while the supernatant was a clear liquid that did not exhibit an LCST upon heating.
Analysis by 'H NMR spectroscopy in D,O of the sample fraction remaining soluble in water at
70 °C (Figure 2-6d), well above the LCST of PMEO:;MA, showed that the SNPs underwent
oxidative degradation to shorter chains and/or oxidized saccharide derivatives. Since the -OH
radicals are also strong oxidants, they are indeed capable of oxidizing the primary and secondary
alcohol moieties in starch to carbonyl groups, more specifically aldehydes for primary alcohols
and ketones for secondary alcohols. The proposed mechanism for the formation of oxidized
starch is shown in Scheme 2-2b, where a secondary alcohol oxidized to form a ketone.> The
intensity of the anomeric proton signal (1H, 5.0-5.5 ppm) was strongly decreased, and the Hy
proton peak at 8.0-8.3 ppm likely corresponds to an aldehyde group.?® The sample fraction

insoluble in water at 70 °C was only partially soluble at room temperature, so it was analyzed by
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"H NMR spectroscopy in DMSO-ds (Figure 2-6¢) and corresponded to cleaved PMEO:MA
chains: The methyl protons (0.71-1.14 pm) and the diethylene glycol groups (3.25-3.50 ppm)
from PMEO:;MA are clearly visible, while there is no peak at 5.0-5.5 ppm, confirming that the

polymer was cleaved from the SNPs.

H, H,=anomeric proton in SNP
H,=methyl proton of PMEO,MA
H,=aldehyde proton in SNP
a) SNP-g-PMEO,MA (15%, DS 0.022) .
!
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Figure 2-6: 'TH NMR spectra for a) SNP-g-PMEO:MA (15%, DS 0.022), b) PMEO:MA, c)

cleaved PMEQO:MA precipitate, d) oxidized and degraded starch supernatant at 25 °C.
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Scheme 2-2: Possible reactions in the radical-induced cleavage of SNP-g-PMEO:MA with

H>0:.

SNP-g-PMEO>;MA with a DS of 0.022, with 7.5, 15 and 30 wt% target PMEO:MA
contents, and SNP-g-PMEO:MA with 15 wt% target PMEO2MA content at DS 0.012, were
analyzed to demonstrate control over the molecular weight of the grafted PMEO>MA chains as
a function of the reaction conditions used. The apparent M, of the cleaved PMEO;MA chains
for SNP-g-PMEO:;MA with a 7.5 to 30 wt% target PMEO>MA and DS of 0.022 increased from
30.8 to 57.5 kg/mol, with polydispersity index (PDI) values of 1.59—1.64 (Table 2-2). The SNPs

had a comparatively higher PDI of 3.0. A PDI of 1.3 was obtained by Pfukwa et al. when the Z
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group was removed by heating a RAFT-synthesized poly(N-vinylpyrrolidine) with H,O.2*
Nevertheless, the grafted PMEO:;MA chains obviously increased in length when more monomer
was added at constant DS in our system. The cleaved PMEO:MA chains of SNP-g-PMEO:MA
(15%, DS 0.012) had an M, = 58.6 kg/mol (PDI = 1.86), as compared with M, = 43.3 kg/mol
(PDI = 1.64) for SNP-g-PMEO>;MA (15%, DS 0.022 (Table 2-2). The PMEO>;MA chains were
therefore shorter for the DS 0.022 substrate as compared to DS 0.012. This is expected, as a
RAFT SNP substrate with a higher DS should generate more shorter polymer chains due to its
numerous reaction sites, while a lower DS will produce fewer longer polymer chains due to its
decreased number of reaction sites.

The theoretical M, values estimated from NMR analysis, by considering the DS of the
substrate and the amount of monomer added in the reactions, were much lower than the apparent
M, values obtained by GPC analysis with a polystyrene standards calibration curve. The
theoretical M, calculations assumed that all the RAFT initiating sites participated in the
polymerization reaction (initiation efficiency = 1). This was clearly not the case, as the
experimental M, (from GPC) was much higher than the theoretical M, in all cases. The large (up
to 50-fold) M, differences simply cannot be explained using a polystyrene calibration curve in
the GPC analysis, but more likely by the fact that very few RAFT sites on starch initiated the
polymerization. The ratio of experimental to theoretical M, values corresponds to initiator
efficiencies of 0.020-0.055 (2.0-5.6%), indicating that polymerization only involved a small

fraction of the RAFT sites on starch (Table 2-2). This could be due to the inability of the
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MEO:MA monomer to reach the RAFT sites present within the SNPs. Since the reaction was
carried out at 80 °C, monomers added to the hydrophobic PMEO:;MA chains on the surface of
the SNPs would have favored their growth, while RAFT sites buried within the SPN substrates

would have become increasingly inaccessible.

Table 2-2: Comparison of the number-average molecular weights (M,) obtained from GPC

and NMR.

Sample M, from PDI Theoretical Initiator
GPC M, Efficiency
(kg/mol) (kg/mol)

SNP-g-PMEO:2MA (30%, DS 0.022) 57.5 1.60 3.21 0.056

SNP-g-PMEO:MA (15%, DS 0.022) 43.3 1.64 1.33 0.031

SNP-g-PMEO:2MA (7.5%, DS 0.022) 30.8 1.59 0.61 0.020

SNP-g-PMEO:MA (15%, DS 0.012) 58.6 1.86 2.41 0.041

2.4.3 Synthesis of SNP-g-PMEO:MA-b-PHEA

Since RAFT polymerization involves the insertion of monomer units at the C-S bond
connected to the starch substrate, SNP-g-PHEA had to be synthesized first, so as to insert the
PMEO;MA block between the SNP and the PHEA chain segment. The idea was indeed to
produce nanoparticles with a SNP core, PMEO>;MA chains attached to it, and a shell of

hydrophilic PHEA segments. Since PHEA increases the hydrophilicity of SNP-g-PMEO:MA, it
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should prevent macrophase separation above the LCST which might be helpful for some
applications.?

Sample SNP-g-PMEO;MA-PHEA (30 wt% PMEO:MA, 15 wt% PHEA), derived from
the RAFT substrate with DS 0.022, was analyzed by '"H NMR. The grafted PHEA content was
determined after dialysis, by integration of the CH signal from the PHEA backbone (1H, 2.3

ppm) and the anomeric proton (1H, 5.0-5.5 ppm, Figure 2-7).
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Figure 2-7: 'H NMR spectrum of SNP-g-PMEO:;MA-PHEA in D:;0 at 25 °C.
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An example of PHEA weight fraction calculation is provided in Equations 2-5 and 2-6:

Area of PHEA peak X MWyg,4
Wt% PHEA = PMEO- A X 100% (2 —5)
Mngucopyranose unit + Area Of (PHEA X MWHEA + 3 2 X MWPMEOZMA)

Wt% PHEA = 035 x 11612 X 100% = 15.6 % (2 — 6)
° T 162.16 + ((0.35 x 116.12) + (0.90/3 = 188.2)) 0T e

The monomer conversion in the polymerization reaction was calculated according to

Equation 2-7, its value corresponds to full conversion within experimental error limits:

Experimental wt% PHEA ~ 15.6%
Target Theoretical wt% PHEA ~ 15%

Monomer convesion % = =104% (2-7)

2.4.4 UV-visible Spectroscopy

The series of polymer-grafted SNPs synthesized were characterized by UV-visible
spectroscopy to determine their lower critical aggregation temperature (LCAT), corresponding

to the temperature at which aggregation of the thermoresponsive particles begins.

The LCAT (or more accurately the cloud point of the system) is the temperature above
which the polymer becomes insoluble and precipitates out of the solution. This involves a steep
decrease in %transmittance for a thermoresponsive polymer solution. The LCAT, and more
generally the lower critical solution temperature (LCST) of a polymer solution typically depends
upon H-bonding between the polymer and water molecules. The water molecules bind to the

polymer chains below the LCST, which results in a decrease in the enthalpy of mixing (AHmix
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negative) favorable to solubility, but ASmix which is the entropy of mixing also becomes negative
due to enhanced ordering of the water molecules.?® The Gibbs free energy of mixing, AGmix =
AHnix — TASmix, will be favorable (negative) below the LCST because the AHmix term is
dominant, such that the polymer remains dispersed. As the temperature increases above the
LCST, AHnix becomes less negative due to the disruption of hydrogen bonding between the
polymer and water molecules, such that AGmix becomes positive (unfavorable) overall, inducing
the collapse of the polymer chains.

In the current case of the polymer-grafted SNPs, the thermoresponsive PMEO:MA
segments covalently bound to hydrophilic starch should confer thermoresponsive character to
the starch. A drop in transmittance is indeed observed for the PMEO,MA-grafted SNPs (Figure
2-8), albeit the transition is different from the sharp transitions observed for thermoresponsive
homopolymers such as PNIPAM, likely due to the presence of the hydrophilic SNP component.?’
Variations in the LCAT, reflecting changes in the LCST of the materials, was defined as the
temperature at which particle aggregation was initiated, leading to an initial drop in
Y%transmittance.

Since the LCAT is concentration-dependent, the measurements were performed at 1
mg/mL, which is the same concentration at which the DLS analysis was conducted.!? The weight
fraction of PMEO2MA and the DS of the substrates were varied to determine their influence on
the LCAT of the samples. The influence of a hydrophilic PHEA block forming a shell on the

aggregation of SNP-g-PMEO:MA (15%, DS 0.022) was also investigated. The LCAT values
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indeed varied with the structure and the composition of the grafted SNPs (Table 2-3). For
example, as the PMEO2MA content increased from 15 to 30 wt% at DS 0.022 (or as the
PMEO:;MA chains became longer), the LCAT decreased from 32 to 20 °C. Interestingly, the
LCAT or LCST of thermoresponsive polymers is normally only Ms-dependent in the low M,
range. For example, Lessard et al. observed a mere 2 °C decrease in LCST from 32.9 °C to 30.9
°C as the My of poly(N,N-diethylacrylamide) increased from 13 kg/mol to 58 kg/mol. The
change in LCST was even less significant as the molecular weight was increased further, with
no change observed from 593 to 1300 kg/mol.?® As the PMEO;MA content was increased from
7.5 to 15 wt%, the LCAT increased from 28 °C to 32 °C which could be due to the ability of
these longer chains to hide within SNPs delaying the hydrophobic interactions between the
chains themselves but as the temperature was further increased, SNP-g-PMEO>:MA (15 wt%)
had a larger drop in transmittance than SNP-g-PMEO:MA (7.5 wt%).

Comparisons can be done among the samples, for example at constant PMEO>MA content
while the DS is varied, to understand the influence of the number of PMEO;MA segments
grafted on the LCAT: The LCAT increased from 32 to 36 °C when the DS was increased from
0.022 to 0.038. This is expected, since shorter PMEO>MA chains formed at DS 0.038 than 0.022
due to the larger number of initiating sites. Shorter chains should take longer to aggregate
through intramolecular hydrophobic interactions, but the extent of aggregation above the LCAT
was also lower (or the %transmittance higher) for SNP-g-PMEO>MA (15%, DS 0.038; Figure

2-8). Furthermore, no clear LCAT was observed for SNP-g-PMEO:MA (15%, DS 0.06), but
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rather a gradual increase in turbidity (Figure 2-8). This is attributed to the presence of a large
number of initiating sites on that substrate, forming shorter chains. Aggregation of the shorter
PMEO:;MA segments through intramolecular hydrophobic interactions is expected to be more
difficult, as these can more easily rearrange to hide within the SNPs above the LCAT. Finally,
the addition of a PHEA block to SNP-g-PMEO>;MA (30%, DS 0.022) decreased aggregation
significantly above the LCST. This is inferred from the corresponding curves in Figure 2-8, as
the %transmittance above the LCST increased by over 30% for the sample including the PHEA

shell relatively to the SNP-g-PMEO:;MA substrate.

100 -

. -‘\ — SNP-g-PMEO,MA (15%, DS 0.022)
| : = SNP-g-PMEO;MA (7.5%, DS 0.022)
80 |

SNP-g-PMEO,MA (30%, DS 0.022)

70 = SNP-g-PMEO,MA (30%)-b-PHEA (15%, DS 0.022)

%Transmittance

SNP-g-PMEO,MA (15%, DS 0.060)
60
SNP-g-PMEO,;MA (15%, DS 0.038)

501 = PEG-g-PMEO,MA

40

15 25 35 45 55 65 75
Temperature (°C)

Figure 2-8: Transmittance curves as a function of temperature for the polymer-grafted SNPs.
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Table 2-3: LCAT values obtained from the transmittance curves in Figure 2-8.

PMEQO,MA-grafted Sample LCAT (°C)
SNP-g-PMEO,MA (15%, DS 0.022) 32
SNP-g-PMEO,MA (7.5%, DS 0.022) 28
SNP-g-PMEO,MA (30%, DS 0.022) 20

SNP-g-PMEO,MA (30%)-b-PHEA (15%, DS 0.022) 26

SNP-g-PMEO,MA (15%, DS 0.060) ;
SNP-g-PMEO,MA (15%, DS 0.038) 36

PEG-g-PMEO,MA 32

2.4.5 DLS Analysis

The hydrodynamic diameter of the SNP-g-PMEO;MA samples was monitored as a
function of temperature, to explore the use of DLS as an alternate method to determine the
LCAT. In contrast to the UV-vis measurements, where the temperature was ramped continuously
at 1 °C/min, it was necessary to set a temperature and wait for equilibration before the DLS
measurements, which made that method much more time-consuming, such that measurements
were only carried out at 5 °C intervals in that case. In spite of the rather crude approach used, a
sharp increase in the number-average diameter was observed (Figure 2-9) at temperatures

comparable to the LCAT determined in the UV-vis measurements. This is understandable, as
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the polymers become hydrophobic at their LCAT, which promotes aggregation. For example,
the transition temperatures between 35-40 °C for SNP-g-PMEO:MA (15%, DS 0.038) and 30—
35 °C for SNP-g-PMEO>;MA (15%, DS 0.022) determined by DLS are consistent with the LCAT
obtained by UV-visible spectroscopy (36 and 32 °C, respectively). As expected, the sample with
a DS of 0.022 and longer PMEO>;MA chains began aggregating at a lower temperature than the
sample with a DS of 0.038. In addition, the size distribution of the aggregated thermoresponsive
SNPs was narrower than below the LCAT, as shown in Figure 2-9: The PDI values decreased to
0.16 for the sample with a DS of 0.022 and 0.25 for the sample with a DS of 0.038, indicating
the formation of micellar aggregates of more uniform size. It therefore appears that DLS
measurements are equivalent to the UV-visible method for the determination of the LCAT, albeit
the technique would be much more time-consuming if comparably accurate results were desired,

which would require carrying out DLS measurements at less than 5 °C intervals.
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Figure 2-9: Temperature-dependent variations in size and polydispersity of SNP-g-

PMEO:MA (15%) with a DS of (a) 0.022 and (b) 0.038.

2.4.6 Transmission Electron Microscopy

The core—shell structure of the unmodified SNP and SNP-g-PMEO:MA (15%, DS 0.022)

samples was visualized after staining the starch component with iodine (Figure 2-10). It is clear
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that the dark core in Figure 2-10a, corresponding to the SNPs, is surrounded by a lighter shell of

PMEO:;MA chains in Figure 2-10b.

(a) (b)

Figure 2-10: TEM pictures corresponding to the unmodified SNPs (a) and SNP-g-PMEO:MA

(15%, DS 0.022, b) stained with iodine.

2.5 Conclusions

RAFT polymerization was successfully applied to the synthesis of thermoresponsive
polymer-grafted SNPs which provided an easy control over the characteristics of modified SNPs
in terms of the number and length of the PMEO>;MA segments and the hydrophilic-lipophilic
balance (HLB) of the nanoparticles. These materials formed micelles over their LCAT, due to
the hydrophobicity of PMEO>MA and the hydrophilic nature of SNP. Moreover, the LCAT of
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the particles could be controlled by adjusting either the DS of the RAFT macroinitiator or the
monomer content. Hydrophilic PHEA segments also increased the LCAT of SNP-g-PMEO:MA
and stabilized the nanoparticles in solution. Different types of thermo-responsive polymers with
various combinations of smart monomers offer a new class of bio-relevant applications by
utilizing many benefits such as their ‘on—off' reversible switching and ‘on-demand' controllable
and repeatable properties in response to temperature changes. Drug and gene delivery, tissue
adhesion prevention, and wound covering are only a few of the uses.?’ Every application has its
own set of requirements, and the ability to alter the polymer's properties may make PMEO:-MA -

grafted SNPs a viable smart material choice.
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Chapter 3
Thermoresponsive Starch Nanoparticles for the Extraction of

Bitumen from QOil Sands

3.1 Abstract

Starch nanoparticles (SNPs) grafted with thermoresponsive poly(di(ethylene glycol)
methyl ether methacrylate) (PMEO2MA), synthesized with systematic variations in grafting
density and PMEO;MA chain length, were investigated for the extraction of bitumen from oil
sands. Because PMEO>MA exhibits temperature-dependent solubility, the polymer-grafted
SNPs are amphiphilic above their lower critical aggregation temperature (LCAT) and form
micellar aggregates remaining dispersed in water, while interacting with and solubilizing the
bitumen component from the sand and silt mixture in the extraction process. Upon cooling below
the LCAT, the PMEO2MA domains become hydrophilic again and the grafted SNPs partition to
the water phase, which enables their recovery and reuse in additional extraction cycles, while
the extracted bitumen can be skimmed off from the aqueous phase. The performance of the
thermoresponsive SNP additives was investigated with an oil sand sample containing 10.5 wt%
bitumen and 2 wt% fines, by tumbling oil sand—water—SNP mixtures and a small amount of
toluene diluent in vials at 45 °C. The optimal SNP-g-PMEO:MA composition, structure and
concentration were determined through multiple cycles of bitumen extraction. The addition of

0.5 M NaCl was also shown to be beneficial to precipitate fines and improve the bitumen
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extraction efficiency, which reached over 80% under optimal conditions. The extraction
efficiency was maintained over 4 cycles by adding incremental amounts of PMEO>;MA -grafted

SNPs to compensate for losses in the extraction process.
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3.2 Introduction

Oil sands or tar sands are loose, incoherent deposits of sand containing petroleum in the
form of bitumen. The bitumen deposits in Canada are considered to be among the largest in the
world, with about 175-300 billion barrels of bitumen covering over 141,000 km? in the province
of Alberta."> The formation of petroleum is an extremely lengthy process involving the
accumulation of dead organisms on the Earth’s surface, and sedimentary rock deposits creating
extreme heat and pressure. Over millions of years, these organic deposits transformed into
bitumen which can be processed into oil today. Most of the Athabasca bitumen is located in the
McMurray Formation, deposited about 110 million years ago.?

When bitumen is found beneath the earth surface, it is mixed with quartz sand, clay and
water. Bitumen is a dense, viscoelastic material with a semi-solid texture. It is the heaviest form
of petroleum, needing to be purified, treated and upgraded to obtain gasoline, jet fuel, heating
oil and diesel fuel.? It has a color that varies from dark brown to black, a high molecular weight
and a low hydrogen to carbon ratio, in addition to nitrogen, oxygen, sulfur, trace metals and
organometallic compounds.* Rich oil sands can reach up to 18% bitumen by weight, but the
average for Alberta’s Athabasca oil sands is 12%.> An oil content of 5-10% is considered
intermediate, while 2-5% oil is lean.? Bitumen forms a continuous phase in oil-rich sands and
the quartz sand forms the bulk phase, while lean oil sands tend to have more water than bitumen

in their continuous phase.’
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There are currently two main methods used to extract bitumen from oil sands. The open-
pit mining strategy involves transporting the oil sands from the deposit to the processing plant,
where a large amount of hot water is added to allow the bitumen to float on the water, and the
quartz sand to settle by gravity. This process, known as the Clark hot water extraction (CHWE)
process, was commercialized by Karl Clark in the 1920s (Figure 3-1). It involves crushing lumps
of the mined ore into smaller aggregates, followed by mixing with water and sodium hydroxide
in rotatory drums at 50-80 °C.® Strong hydration forces acting at the surface of the sand grains
result in the release of bitumen from the sand particles. Chemical additives such as polymers,
and air are introduced into the slurry to separate the bitumen by floatation. Separation vessels
with a conical shape are used to allow the sand to settle at the bottom, while the aerated bitumen
floats to the top to be skimmed off.>” The slurry, still containing a lower amount of bitumen
(middling), is collected from the vessel to be mixed with coke naphtha and centrifuged to
separate the remaining bitumen from minerals and water. The sand, clay and water are disposed
in a tailing pond, and the water is partly recycled.” This extraction method is only suitable for
oil sands close to the ground surface. When they are located deep underground transporting the
oil sands to the surface becomes inefficient, thus the steam-assisted gravity-drainage (SAGD)
process was implemented.® This in situ method can extract bitumen from underground deposits
by injecting high-temperature steam into the sand, causing the bitumen to melt. The melted
bitumen and the hot water rise to the ground surface, while the heavy quartz sand remains deep

underground.®
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Figure 3-1: The Clark hot water extraction (CHWE) process. Reprinted with permission from

reference 6. Copyright (2013) American Chemical Society.

The CHWE is typically operated at 75—80 °C to reduce the viscosity of the bitumen which
favors the separation of the sand from the bitumen.® NaOH is commonly used to neutralize
organic acids and to improve the wettability of the bitumen. This releases natural surfactants
acting at the water-bitumen interface. It can also prevent the attachment of air bubbles to the
bitumen particles, however, which is necessary for separation by floatation. Clay minerals,
especially fines, also hinder the separation of bitumen from the sand.? They bind to the surface
of the bitumen droplets and prevent the attachment of air bubbles, thus impeding bitumen
floatation. Poor clay flocculation is the primary reason for reduced bitumen recovery. For that
reason, the addition of 0.01 to 0.2 wt% NaOH is required to achieve an optimal pH, around 8.5,

for efficient bitumen recovery.’
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While the extraction processes described above have been broadly applied to oil extraction,
they cause significant environmental issues. The CHWE and SAGD techniques use large
volumes of water heated to over 50 °C, resulting in the consumption of large amounts of energy
to produce the crude oil. As the bitumen is separated from the water and quartz sand components
in the processing plant, large volumes of residual water contaminated with extremely fine sand
particles and oil residues are produced. The fine particles (fines), in particular, can take 30-40
years to settle. The contaminated water is dumped into large engineered dams (tailing ponds), in
the form of an oil-in-water emulsion' containing large amounts of sodium hydroxide, in addition
to other harmful chemicals including ammonia, mercury and naphthenic acids, which have
detrimental effects on wildlife, especially marine organisms.!! The water consumption can be
reduced in oil extraction, but this involves using large amounts of paraffinic and naphthenic
solvents to reduce the viscosity of the bitumen and separate it from the sand component, which
is even less environmentally friendly and further complicates water treatment.'?

The above-mentioned issues may be alleviated by using polymeric surfactants exhibiting
temperature-dependent solubility behavior in the form of a lower critical solubility temperature
(LCST) or lower critical aggregation temperature (LCAT). These polymers become
hydrophobic, and either adopt a globular conformation or form aggregated species at
temperatures above the LCAT. Yang ef al. indeed demonstrated that block copolymers of
poly(ethylene glycol) and poly(di(ethylene glycol) methyl ether methacrylate) (PEG-b-

PMEO:;MA) could serve to extract bitumen from oil sands. It was suggested that since PEG-b-
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PMEO:;MA becomes amphiphilic above the LCAT of PMEO:MA, the PEG component favors
the formation of micelles in water while PMEO>MA can interact with bitumen, facilitating its
extraction.!® Unfortunately, this system was only effective for low clay oil sands samples. The
PEG-h-PMEO:MA copolymer was also relatively expensive to synthesize. In the current
investigation, the hydrophilic PEG component of PEG-6-PMEO:MA was replaced with starch,
by grafting starch nanoparticles (SNPs) with PMEO>MA, such that the graft polymer would be
soluble in water below the LCAT. Above the LCAT, the hydrophobic PMEO:MA domains
should interact with oil, in analogy to the PEG-b-PMEO:;MA system, while maintaining
sufficient water dispersability.* It will be shown that these characteristics can be exploited for

the efficient extraction of bitumen from oil sands at relatively low temperatures.

3.3 Materials and Methods

3.3.1 Materials

Research-grade starch nanoparticles (SNPs) with M, = 102,000 g/mol and My, = 304,000
g/mol provided by EcoSynthetix (Burlington, ON, Canada) were modified by grafting with
PMEO:;MA, and in some cases with poly(2-hydrohyethyl acrylate) (PHEA) as described in
Chapter 2. The characteristics of the SNP-g-PMEO-MA and SNP-g-PMEO:MA-b-PHEA

samples investigated for bitumen extraction are provided in Table 3-1. The sample nomenclature
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used refers to the composition of the modified SNPs and the degree of substitution (DS) of the

starch-based RAFT agent used to synthesize them. For example, the sample identified as SNP-

g-PMEO:MA (15 wt%, DS 0.022) has a PMEO>;MA content of about 15% by weight, and was

derived from a SNP-based RAFT with a DS = 0.022.

Table 3-1: Characteristics of PMEO:MA- and PHEA-grafted SNPs used in the bitumen

extraction experiments.

Sample Description PMEO:MA PHEA DS LCAT
Number (wt%) (wt%) (°O)
1 SNP-g-PMEO:MA (15 %, DS 15 0 0.022 32
0.022)
2 SNP-g-PMEO:MA (30 %, DS 30 0 0.022 20
0.022)
3 SNP-g-PMEO:MA (30%)-b- 30 15 0.022 26
PHEA (15%, DS 0.022)
4 SNP-g-PMEO:MA (15%)-b- 15 7.5 0.022 28
PHEA (7.5%, DS 0.022)
5 SNP-g-PMEO:MA (15%, DS 15 0 0.038 36
0.038)
6 SNP-g-PMEO:MA (15%, DS 15 0 0.06 -

0.060)
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Methanol (ACS reagent, > 99.8 %), tetrahydrofuran (THF, HPLC grade, > 99.9 %),
cumene (98%), toluene (ACS reagent, > 99%), and NaCl (ACS reagent, > 99%) were purchased
from Sigma-Aldrich (Oakville, ON, Canada). Oil sands samples, labelled as SBos and 10os,
were obtained from the Alberta Innovate Technology Futures Sample Bank (Edmonton, AB,
Canada) and from Imperial Oil (Edmonton, AB, Canada), respectively. HiSol-10, HiSol-15 and

D-40 were obtained from Whitaker Oil (Atlanta, GA, USA).

3.3.2 Measurement of Fines and Bitumen Contents in I0Qos and SBos

A 1.00 g oil sands sample was loaded in a 20-mL vial and toluene (10 mL) was added. The
vial was vortexed for 5 min to dissolve the bitumen and suction filtration was used to separate
the dissolved bitumen from the quartz sand and clay components. The solid residue was air-dried
for 30 min, water (10 mL) was added and the sample was vortexed for 5 min. The mixture was
then allowed to settle on the benchtop for 7 h for a qualitative analysis based on the turbidity of
the solution.

Soxhlet extraction was used to determine the bitumen content of the oil sand samples. Filter
paper was wrapped around the 1 g oil sands sample and loaded in the Soxhlet extractor. The
extraction was performed with refluxing THF in a 50 mL tared round bottom flask for 3 h. After
extraction the THF was evaporated under a nitrogen flow, leaving a film of bitumen in the flask.

The sample was dried in a vacuum oven at 70 °C. The mass of bitumen recovered divided by the
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mass of the oil sands sample was used to estimate the bitumen content of the sample. The
experiments were repeated three times to determine the oil content of each type of oil sand. The
remaining solid residue of sand particles, passed through a sieve with a mesh size of 44 pm after

bitumen extraction, was used to distinguish fine particles from coarse sand particles.

3.3.3 Bitumen Extraction Procedure

In a typical extraction experiment, 15 mg of SNP-g-PMEO:MA or SNP-g-PMEO:MA-b-
PHEA was dispersed in water (15 mL) in a beaker by stirring for 30 min. When used, NaCl (0.44
g, 7.53 mmol) was added to the dispersion and stirring was continued for 5 min. An oil sand
sample (1.00 + 0.01 g) was loaded in a 61 mm x 28 mm screwcap vial, after removing large
stones and debris by hand. The SNP-g-PMEO:;MA solution was then added to the vial, followed
by toluene (60 mg). The amounts of polymer and toluene used were varied to investigate the
effects of these parameters on the extraction process. Triplicate samples were prepared for each
experiment and the vials were mounted on a mechanical rotating arm in an oven at 45 °C. The
vials were tumbled in the oven for 24 h at 53 rotations/min. The vials were then removed and
left to stand on the bench to allow the sand, bitumen and water to separate for 24 h.

After the mixture settled, drops of toluene were added with a Pasteur pipette to remove the
bitumen on the walls of the vial and the cap. The bitumen layer at the top was removed with a
Pasteur pipette, a mixture of THF and toluene (1:4 ratio by volume) was used to extract the

bitumen remaining in the top and middle (emulsified) layers with a Pasteur pipette, and the two
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sample fractions were combined in a clean tared vial for quantification. Residual bitumen in the
bottom layer, mixed with the quartz sand, was extracted with THF and transferred to a clean
tared vial for quantification. The bitumen solutions in the collection vials were dried on a hot
plate at 120 °C overnight and weighed. The bitumen extraction efficiency was calculated as the
mass of bitumen from the top and middle layers over the total amount of bitumen collected (Eq.

3-1).

mtop layer + Mmiddle layer

Extraction Ef ficiency = 3-1)

mtop layer + Mpottom layer + Mniddie layer

3.4 Results and Discussion

The purpose of this investigation was to achieve efficient bitumen extraction from oil sands
using the SNPs grafted with thermoresponsive PMEO2MA as described in Chapter 2, whose
most relevant characteristics are summarized in Table 3-1. These samples were derived from
SNPs functionalized with RAFT initiating sites at different DS, and grafted with PMEO:MA of
different chain lengths. Most samples are best described as having a core—shell morphology
(with a SNP core and a shell of PMEO;MA segments), but two samples also included an
additional corona of PHEA chains (Figure 3-2). These thermoresponsive polymer-grafted SNPs
are therefore hydrophilic below their LCAT, but become amphiphilic above it. The goal was to

optimize the characteristics of the grafted SNPs for efficient oil recovery. Longer PMEO2MA
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chains, for example, may have enhanced interactions with bitumen droplets, but also a lower
water solubility above their LCAT, whereas shorter chains should lead to higher LCAT values
and water solubility. Varying the DS at constant PMEO>MA content should not only affect the
length of the grafted PMEO:;MA chains, but it may also alter the dispersibility of the samples. It
is indeed expected that, for high DS samples, it may be more difficult for the hydrophobic
PMEO:;MA chain segments to hide within the SNPs above their LCAT, resulting in lower
dispersibility. An ideal PMEO;MA-grafted SNP would therefore maintain an optimal
hydrophilic-lipophilic balance (HLB) to extract bitumen efficiently over its LCAT, such that it
can be reused multiple times due to its temperature-dependent dispersibility and polymer-

bitumen interactions.

A 2 7
S
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Figure 3-2: Blocks of PHEA (blue) and PMEO:MA (red) grafted to SNP by RAFT

polymerization.
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Yang et al. previously showed that thermoresponsive PEG-g-PMEO:MA block
copolymers can serve to extract bitumen from oil sands.!* The proposed extraction mechanism
for that system relied upon the fact that PEG-g-PMEO;MA becomes amphiphilic above its
LCAT, leading to the formation of polymeric micelles with hydrophobic PMEO:MA segments
in their core and a hydrophilic PEG shell. Above the LCAT, the hydrophobic PMEO-MA
domains can associate with bitumen droplets, shuttling them through the water phase to the air-
water interface (Figure 3-3). When the mixture is again cooled to room temperature, the micelles
dissociate and PEG-g-PMEO:MA becomes completely soluble in the water phase. The sand
mixture is found at the bottom of the vial, while the bitumen and toluene collect on the water
surface, and the aqueous phase contains most of the hydrophilic PEG-g-PMEO>;MA copolymer,
but is also turbid due to unsettled sand particles. PEG-g-PMEO:MA was found to work well
with the Imperial Oil low-fines oil sand (I0os) sample, but did not work with the high-fines
SBos sample.'* The synthesis of SNP-g-PMEO>MA was thus considered for comparison with
PEG-g-PMEO:MA in the extraction of bitumen from oil sands, but also because the cost of
synthesizing PEG-g-PMEO>MA makes it economically impractical to implement in the

industry.!3
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Figure 3-3: Proposed mechanism for the extraction of bitumen from oil sands with PEG-g-
PMEO:MA. Reprinted with permission from reference 13. Copyright (2015) American

Chemical Society.

The most widely investigated thermoresponsive polymer is poly(N-isopropylacrylamide)
(PNIPAM), but applying PNIPAM to bitumen extraction would have several disadvantages. The
polymer is toxic, so using large amounts of PNIPAM for bitumen extraction could create
potential environmental hazards.!> Furthermore, when investigated earlier, PNIPAM failed to
extract bitumen from tar sands.!*> Consequently, a more environmentally-friendly and lower cost
polymer with a low LCST was selected for oil extraction, namely PMEO;MA. The PMEO:MA-
grafted SNPs were designed to be amphiphilic similarly to PEG-g-PMEO2MA, but would extract
bitumen from oil sands in a more environment-friendly manner since the particles are partly
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biodegradable, easy to scale-up, and can reduce energy consumption as compared with the

previously mentioned conventional extraction methods.

3.4.1 Determination of Bitumen and Fines Contents of IQos and SBos

Fines are clay particles in the water-bitumen interfacial layer that are smaller than 44 um.'¢
They form a layer around the sand particles and are embedded within the bitumen droplets. Due
to their strong interactions with bitumen, the fine solids can affect the extraction process
adversely, among others by making it difficult for air bubbles to attach to the bitumen droplets.
The presence of fines thus hinders bitumen floatation and decreases the consistency of the
froth.!¢ The two available samples, namely the Imperial Oil oil sand (IOos) and the Athabasca
Sand Bank oil sand (SBos), were tested for their fines contents after removal of the bitumen
component.

Soxhlet extraction!” yielded bitumen contents in I0os and SBos of 11.1 (+0.1) and 10.5
(£0.2) wt%, respectively. The two samples were therefore comparable in terms of bitumen
contents. Separation of the solid sample on a sieve with a mesh size of 44 um yielded a fines
content of 2% by weight for the SBos sample, while the amount measured for the IOos sample
was negligible (< 0.05%). Most of the fines consist of clay particles that can impact the extraction
of bitumen from oil sands.'*

After extraction of the bitumen, the solid component was redispersed by vortex mixing

with water and allowed to settle on the benchtop for 7 h. After that time the supernatant of the
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I00s sample was comparatively clear, since much of the quartz sand and clay settled at the

bottom of the vial, while the SBos supernatant remained much more turbid (Figure 3-4).

Imperial Oil tar sands

Tar sand residue air-dried, ¥ V-
water added, vortexed
and allowed to settle for

120 s
Add Suction /
toluene, Filtration
vortex -
Oil Sand )y —) \

Q Sample Bank tar sands

Figure 3-4: Qualitative comparison of fines settling in the SBos and I10o0s samples after 7 h.

3.4.2 Bitumen Extraction

Established extraction methodologies include using high-temperature water (about
80-90 °C) to extract the bitumen from oil sands. These are the CHWE and SAGD methods,
which consume large quantities of energy and water, and are also responsible for tailing pond

formation. At a much lower temperature (45 °C), the thermoresponsive polymer-grafted SNPs
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were able to extract efficiently bitumen from oil sands, so they could represent an alternative to
traditional methods.

Yang et al. used a shaker to extract bitumen from the IOos sample with PEG-g-
PMEO:;MA." Since I0os did not contain fines, it was relatively easy to extract the bitumen, but
PEG-g-PMEO>MA was unable to extract bitumen from SBos.!* Moreover, the synthesis of PEG-
g-PMEO:;MA is not commercially viable, and that compound is not biodegradable. We wanted
to develop a more environment-friendly and economical system for bitumen extraction from oil
sands with high fines contents. For example, SNP-g-PMEO:MA (15%, DS 0.022) used for the
extraction contained 85% starch by weight. Furthermore, a tumbler system was used to carry out
the bitumen extraction, which is closer to the commercial process being used. A clamp attached
to a motor was used to tumble the oil sand mixtures in the vials at 53 rotations per minute in an
oven maintained at 45 °C (Figure 3-5). Tumbling ensured better mixing of the polymeric
surfactant, the organic solvent and the aqueous phase for a more efficient extraction process.
Extraction with the shaker was also investigated and while the influence of the polymer could

be noted, the overall extraction efficiency with the shaker was much lower than by tumbling.'4
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Figure 3-5: Left: Vial containing 1 g of SBos oil (10.5 £ 0.2% bitumen content), 15 mg SNP-
g-PMEO:MA (15%, DS 0.022), 0.5 M NaCl, 60 mg toluene and 15 mL water attached to a

tumbler arm in an oven at 45 °C Right: Bitumen floating to the surface 24 h after extraction.

The composition of polymer-grafted SNPs, the organic co-solvent, the salt content, and
the extraction temperature were crucial parameters needing to be optimized for the effective
bitumen extraction from oil sands. SNP-g-PMEO:>MA (15%, DS 0.022) was first investigated in
control experiments, because its temperature-dependent UV-Vis profile was similar to that of
PEG-g-PMEO>MA synthesized by Yang et al. to extract bitumen from the I0o0s sample.!* Both
samples also had the same LCAT value of 32 °C. The NaCl concentration was set to either 0,
0.05 or 0.5 M to evaluate its effects on fines settling and the bitumen extraction efficiency. To

assist in the bitumen extraction process, different non-polar solvents were tested including D40,
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HiSoll5, HiSol10, and cumene, although toluene was found to yield the highest extraction
efficiency and reproducibility. A temperature of 45 °C was selected because it is higher than the
LCAT of the different polymer-grafted SNPs tested, and below 50 °C, which is considered the
minimum for the industrial extraction of bitumen from oil sands, resulting in lower energy

consumption. Moreover, Yang et al. also used toluene and performed their extractions at 45 °C.!3

3.4.2.1 Effect of Toluene Mass on Bitumen Extraction Efficiency

Toluene was added in most cases to decrease the viscosity of the bitumen at the relatively
low temperatures used in this investigation (22—45 °C), but it can also affect the interactions
between the polymeric surfactant and bitumen. The influence of the amount of toluene added on
the extraction efficiency will be discussed in this section. To this end 15 mL of SNP-g-
PMEO:;MA (15%, DS 0.022) solution at 1 mg/mL concentration, 0.5 M NaCl, and variable
amounts of toluene were used in the extraction procedure. From the results reported in Table 3-
2, it can be seen that the extraction efficiency strongly depended on the amount of toluene added,
improving considerably as the amount increased. Toluene can potentially extract all the bitumen
from the oil sands at high levels, but the goal in the current investigation was to use a minimum
quantity of toluene. Thus, in subsequent extraction experiments, 60 mg of toluene was

conservatively selected.
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Table 3-2: Extractions with SBos, 0.5 M NaCl, 15 mg SNP-g-PMEO:MA (15%, DS 0.022), 15

mL water and different amounts of toluene.

Number of Trials Toluene Added (mg) Extraction Efficiency
(%)
3 50 56£5
6 55 71£3
6 60 78+£3
3 65 84+1
3 70 89+2

Analysis of variance (ANOVA) was used to confirm the influence of toluene on bitumen
extraction statistically. The ANOVA test was applied to determine whether the correlation
between the bitumen extraction efficiency and the amount of toluene added was significant. The
data from the 1 extraction cycle was analyzed, for a total of 21 extractions separated into five
different groups, depending on the mass of toluene added (Appendix B-1, Table B1-2). The F
statistic (50) was found to be greater than the critical F value (6) for a confidence interval p <
0.01, which shows that the amount of toluene had a very significant influence on the extraction

efficiency. More information about ANOVA can be found in Appendix B-1.8
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3.4.2.2 Controls for Efficient Bitumen Extraction

In this set of experiments, modifications to the standard procedure were used to examine
the influence of the polymer-grafted SNPs, toluene and NaCl on the bitumen extraction
efficiency, to determine the optimal extraction conditions.

Preliminary controls were done by comparing 0.05 and 0.5 M NaCl solutions in the
separation of the SBos sample. Accelerated settling of the sand and fines was observed in the
presence of NaCl (Figure 3-6). The addition of NaCl clearly helped to flocculate the fines, which
would favor interactions between the bitumen particles and the polymer. While in the absence
of NaCl the fines tended to remain suspended in the water, 0.5 M NaCl led to settling of most of
the fines after 20 min, while partial settling was observed with 0.05 M NaCl. Consequently, 0.5
M NaCl was selected as the preferred condition for conducting bitumen extraction from oil

sands.
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a) 0.05 M NaCl b) 0.5 M NaCl

Figure 3-6: Qualitative comparison of fines settling for SBos at a) 0.05 M and b) 0.5 M NaCl.

UV-visible spectroscopy was used to evaluate the LCAT of SNP-g-PMEO:MA (15%, DS
0.022) at 1 mg/mL and varying NaCl concentrations. As the concentration of NaCl was
increased, the LCAT decreased (Figure 3-7). When NaCl is present in a solution, the LCAT of
thermoresponsive polymers generally shifts to a lower temperature.!” Because the Na* cations
have a greater affinity for binding to the polymer than the Cl" anions, direct contact between the
Na* ions and PMEO;MA plays an essential role in the LCAT change. The ions are known to
impact the hydration shell nearest to the polymer, not the bulk water structure around it.!” Indeed,
it was shown in a study of PNIPAM with different salts by Du er al.?’ that cations had a
significant affinity for the oxygen atom in amide groups, while the anions had no contact with
the polymer. Although, the anions of salts are classified as kosmotropic or chaotropic based on

their influence on LCAT.2! Kosmotropic anions substantially reduce the LCAT of a
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thermoresponsive polymer by forming strong connections with water while reducing polymer-
water interactions and hence polymer stability in solution.?! Chaotropic anions are less efficient
in lowering LCAT than kosmotropic salts, and can occasionally stabilize the thermoresponsive
polymer in solution. Some examples of kosmotropic anions are CH3COx", F-, OH", HPO4, COs*
and SO4> while examples of chaotropic anions are CI, I, Br, SCN- and ClO4.?! Thus, the
decrease in LCAT from 32 °C in pure water to 24 °C in 0.5 M NaCl observed for sample SNP-
g-PMEO:MA (15%, DS 0.022) is attributed to decreased hydration of the PMEO>MA chains in

the presence of the Na* ions.
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Figure 3-7: Transmittance curves as a function of temperature for 1 mg/mL solutions of SNP-

2-PMEO:MA (15%, DS 0.022) at various NaCl concentrations.
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In the absence of both NaCl and modified SNPs, the extraction efficiency was limited to
20% with 60 mg toluene (Trial #1, Table 3-3), increasing to 34% when the amount of toluene
was increased to 70 mg (Trial #2). In the absence of modified SNPs, but utilizing 60 mg of
toluene and 0.5 M NaCl, the extraction efficiency was 31% (Trial #3). Adding unmodified SNPs
did not improve the efficiency of bitumen extraction (Trial #4). After investigating a range of
polymer-grafted SNP compositions (discussed later), a high bitumen extraction efficiency of
78% was eventually reached with 60 mg toluene and 15 mg of SNP-g-PMEO>MA (15%, DS
0.022) in 15 mL of 0.5 M NaCl (Trial #5). These were the optimized conditions for bitumen
extraction at a modified SNP concentration of 1 mg/mL and on a 1 g scale. These results show
that the addition of SNP-g-PMEO:>MA (15%, DS 0.022) improved the extraction performance
markedly.

To examine the influence of temperature the extraction process was attempted at 22 °C,
below the LCAT of SNP-g-PMEO:;MA (15%, DS 0.022) of 24 °C in presence of 0.5 M NaCl
(Figure 3-9). The extraction efficiency dropped to 41% at 22 °C (Trial #7), a 37% decrease in
efficiency from extraction at 45 °C. This is presumably the result of reduced interactions between
PMEO:;MA and the bitumen phase, as the grafted PMEO2MA chains should remain hydrophilic
below the LCAT; so their ability to interact with, solubilize and shuttle bitumen droplets to the

surface of water would be limited.
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For bitumen extraction from oil sands in the presence of toluene, surfactants are expected
to orient their polar component to be in contact with water, and their non-polar component with
toluene and bitumen, so as to minimize the surface tension.?? This can also result in the creation
of stable bitumen in water emulsions. Salts are known to increase the interfacial tension in the
case of non-ionic surfactants, but to decrease it for ionic surfactants.>> While oil sand mixtures
can have salt concentrations reaching > 2000 mg/L,? this is clearly insufficient to destabilize
emulsions, besides the fact that the salts can also participate in flocculating the clay particles.
Bitumen also contains asphaltenes, decreasing the surface tension by acting as natural ionic
surfactants favoring the formation of emulsions. Because SNP-g-PMEO;MA essentially acts
like a non-ionic surfactant above its LCAT, an increased interfacial tension in the presence of
salt may be a dominant driving force for the coalescence of bitumen droplets, resulting in
improved bitumen separation from the aqueous phase.?? Furthermore, it was confirmed that
PEG-g-PMEO:;MA, previously used to extract bitumen from 10os, did not perform well with

SBos (Trial #9).
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Table 3-3: Bitumen extraction under different conditions.

# Trials Extraction Conditions Extraction
Efficiency
(%)
1 3 No Salt, no polymer, 15 mL water, 60 mg toluene, 45 °C 20+1
2 3 No Salt, no polymer, 15 mL water, 70 mg toluene, 45 °C 3444
3 3 0.5 M NaCl, no polymer, 15 mL water, 60 mg toluene, 45 °C 312
4 3 0.5 M NaCl, 15 mg SNP, 15 mL water, 60 mg toluene, 45 °C 334
5 3 0.5 M NaCl, SNP-g-PMEO;MA (15%, DS 0.022), 15 mL water, 78+3
60 mg toluene, 45°C
6 3 No Salt, SNP-g-PMEO;MA (15%, DS 0.022), 15 mL water, 60 48+3
mg toluene, 45 °C
7 12 0.5 M NaCl, SNP-g-PMEO;MA (15%, DS 0.022), 15 mL water, 41+5
60 mg toluene, 22 °C
8 6 15 mL recycled SNP-g-PMEO:MA (15%, DS 0.022) solution, 82+3
60 mg toluene, 45 °C
9 3 0.5 M NaCl,15 mL PEG-g-PMEO:;MA solution, 60 mg toluene, 36+5

45 °C
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Figure 3-8: Appearance of bitumen extractions corresponding to Table 3-3 after 24 h settling.

3.4.2.3 Optimal SNP-g-PMEO;MA Composition and Structure

In this series of experiments, 15 mg of modified SNPs were tested with 0.5 M NaCl, 60
mg of toluene, and 15 mL of water at 45 °C for SNPs with various characteristics (PMEO,MA
contents and SNP substrate DS) as listed in Table 3-1. It was assumed that an optimal
hydrophilic-lipophilic balance (HLB) would lead to more efficient bitumen extraction from the
oil sands, and that the copolymer would redisperse in the water phase upon cooling. The results
obtained for the different samples are compared in Figure 3-9. Overall, SNP-g-PMEO:MA
(15%, DS 0.022) performed best. It also had a similar UV-visible LCAT profile to that of PEG-
g-PMEO:MA synthesized by Yang et al. to extract oil from 10o0s.!* The poor extraction
efficiency of SNP-g-PMEO>MA (15%, DS 0.038) illustrates that the PMEO;MA chain length is
critical in achieving a high bitumen extraction efficiency. That sample also exhibited the highest

LCAT among all the samples investigated, at 36 °C (Table 3-1), but still significantly below the

extraction temperature (45 °C). Because of the larger number of chains on the DS 0.038 vs. a
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DS of 0.022, the starch nanoparticles should be more rigid, resulting in poorer interactions with
the oil droplets at 45°C. While the addition of PHEA to PMEO:MA (30%, DS 0.022) to obtain
SNP-g-PMEO>:MA (15%)-b-PHEA (7.5%, DS 0.022) considerably reduced the LCAT and
stabilized the material in solution, as shown previously in Figure 2-8, it did not enhance
extraction efficiency. This further confirms that the PMEO:MA chain length is a critical
parameter controlling the interactions with bitumen, as well as to maintaining suitable water
dispersibility during the extraction. While sample SNP-g-PMEO:MA (30%, DS 0.038) was
synthesized for comparison with SNP-g-PMEO:;MA (15%, DS 0.038), it was not dispersible in
water at the required concentration of 1 mg/mL. This may be due to the increased amount and
length of PMEO2MA chains in the SNPs, which made rearrangements of the whole structure
difficult. The addition of PHEA segments to SNP-g-PMEO>MA (30%, DS 0.022) to obtain SNP-

g-PMEO:MA (30%)-b-PHEA (15%, DS 0.022) did not improve the extraction efficiency either.
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Figure 3-9: Bitumen extraction efficiency with 15 mg of polymer-grafted SNPs, 0.5 M NaCl,

15 mg of water and 60 mg of toluene at 45 °C for various polymer-grafted SNP samples.

3.4.2.4 Effect of Other Organic Solvents on the Bitumen Extraction Efficiency

In the experiments described so far, toluene was used as a solvent to dilute and decrease
the viscosity of the bitumen phase, thereby facilitating its separation from the oil sands. Other
potentially useful non-polar organic solvents examined in replacement for toluene were cumene,

and the commercial solvents HiSol10, HiSol15, and D40. Cumene is structurally very similar to
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toluene, while HiSol10, HiSoll5 and D40 contain naphtha and other hydrocarbons. The
extractions were performed using 15 mg of SNP-g-PMEO>;MA (15%, DS 0.022), 0.5 M NaCl
and 15 mL of water in combination with 60 mg of one of these solvents. The highest (76%)
extraction efficiency was obtained using D40 (Figure 3-10), which is dearomatized naphtha,
while HiSol10 and HiSol15 contained about 70% naphtha. Naphtha is commonly used to dilute
bitumen, to facilitate its transport. The bitumen extraction results obtained with D40 were

therefore comparable with toluene.?*
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Figure 3-10: Bitumen extraction efficiency with 15 mg SNP-g-PMEO:MA (15%, DS 0.022),

0.5 M NaCl, and 15 mg water at 45 °C with 60 mg of different organic solvents.
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3.4.2.5 Effect of SNP-g-PMEO:;MA (15%, DS 0.022) Concentration on Bitumen Extraction

Efficiency

Bitumen extraction experiments were attempted at different concentrations of SNP-g-
PMEO:;MA (15%, DS 0.022), using solutions at concentrations of 0.75, 1.00, 1.25 and 1.50
mg/mL, while the amounts of water and toluene were maintained at 15 mL and 60 mg,
respectively. It should be noted that the polymer concentration used in all the experiments
discussed so far was 1 mg/mL (15 mg polymer in 15 mL water). As can be seen in Figure 3-11,
the extraction efficiency increased with the SNP-g-PMEO>MA (15%, DS 0.022) concentration
up to 1.25 mg/mL, but dropped at 1.5 mg/mL. Since the LCAT of thermoresponsive polymers
is known to be concentration-dependent, it is postulated that at a concentration of 1.5 mg/mL,
the LCAT of SNP-g-PMEO:MA (15%, DS 0.022) was lowered to the extent that it became too
hydrophobic at the extraction temperature. This result again suggests the existence of an optimal
hydrophilic-lipophilic balance (HLB) for efficient bitumen extraction. The optimal
concentration for efficient extraction (= 80 %) is therefore 1.00-1.25 mg/mL, within

experimental error limits.
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Figure 3-11: Bitumen extraction efficiency of SNP-g-PMEO:MA (15%, DS 0.022) at different

concentrations with 0.5 M NaCl, 15 mg water, and 60 mg toluene at 45 °C.

3.4.2.6 Recycling of SNP-g-PMEO:;MA (15%, DS 0.022) for Bitumen Extraction

SNP-g-PMEO:MA (15%, DS 0.022) was found to perform best among the polymer-
grafted SNP samples investigated. While a large volume of toluene can essentially extract all the
bitumen from oil sands by itself, 60 mg of toluene was conservatively selected for that purpose.
It was also observed that the extraction efficiency increased to ~ 80% at SNP-g-PMEO:MA
concentrations up to 1.25 mg/mL. It would be still essential to recycle and reuse the aqueous

polymer solution to make the extraction economically viable and environmentally sustainable.
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The optimized conditions for bitumen extraction from 1 g of oil sands, using 15 mL of 1.25
mg/mL SNP-g-PMEO:MA (15%, DS 0.022), 0.5 M NaCl and 60 mg toluene, were used in four
successive cycles of bitumen extraction, reusing the aqueous phase recovered in the process. The
extraction efficiency was found to decrease to 59% for the 3™ cycle, and further to 54% for the
4™ cycle under these conditions (Figure 3-12). This is attributed to the loss of of polymer-grafted
SNPs as more extraction cycles are conducted. This hypothesis was confirmed, as an increase in
extraction efficiency was observed when the equivalent of 0.25 mg/mL of SNP-g-PMEO>-MA
(15%, DS 0.022) was added to the aqueous polymer solution for the 3™ and 4" cycles, leading

to less pronounced decreases.
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Figure 3-12: Polymer solution recycling in four cycles of bitumen extraction with SNP-g-

PMEO:;MA (15%, DS 0.022), with and without polymer addition in the 3" and 4™ cycles.

3.4.2.7 Oil Extraction from I10os

As expected, it was much simpler to recover bitumen from the I0os sample, which did not
contain detectable amounts of fines. In the presence of 15 mL of SNP-g-PMEO>;MA (15%, DS

0.022) at 1 mg/mL concentration, and using only 50 mg of toluene for 1 g of IOos, an extraction
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efficiency of 86+4 % was achieved (Figure 3-13). It should be noted that not only was the
addition NaCl to flocculate fines unnecessary, but it also only required 50 mg of toluene, as
compared with 60 mg for the SBos sample. This clearly demonstrates that the presence of fines

in oil sands has a significant negative impact on the recovery of bitumen from tar sands.

Figure 3-13: Appearance of bitumen extraction from 10os using 15 mg of SNP-g-PMEO:MA

(15%, DS 0.022), 15 mg water, and 50 mg toluene at 45 °C.

3.5 Conclusions

Extractions were performed mostly with the high clay SBos sample, representing a worst
case scenario in bitumen extraction. While the fines present in SBos oil sands reduced the
extraction efficiency, it was shown that the addition of 0.5 M NaCl enabled the efficient
flocculation of fines and increased the extraction efficiency with PMEO.MA -grafted SNPs at

45°C. Due to the hydrophobicity of PMEO2MA and the hydrophilic nature of the SNPs, these
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materials were found to form micellar aggregates above their LCAT. It was shown in Chapter 2
that by changing the DS or the composition of the modified SNPs, the LCAT could be regulated,
and the influence of these parameters on bitumen extraction was investigated. The best
performing modified SNPs had an LCAT similar to PEG-g-PMEO;MA, previously used to
extract bitumen from [0o0s. Using ANOVA, it was shown that a higher amount of toluene
resulted in higher extraction efficiency, but good performance (ca. 80 percent) could still be
achieved using 60 mg of toluene per g of oil sands with SNP-g-PMEO:MA (15%, DS 0.022) in
15 mL of water and 0.5 M NaCl. The bitumen extraction performance of common napthenic-
organic solvents such as D40 was close to that of toluene. Due to the presence of stones, debris
and fines, the SBos sample was most difficult to handle. For lower clay samples like 10o0s, the
extraction efficiency was greater (86+4) and much easier. Most significantly, the aqueous phase
can be reused over 3 extraction cycles, thereby minimizing the consumption of water and

thermoresponsive SNPs in the process.
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Chapter 4
Starch-stabilized Iron Nanoparticles for the Photocatalytic

Degradation of Methylene Blue

4.1 Abstract

By creating a powerful oxidant in the form of hydroxyl radicals, the photocatalytic Fenton
reaction is an effective oxidation method for degrading most organic contaminants in water. The
Fenton reaction involves hydrogen peroxide and Fe*" ions under relatively acidic conditions
(typically pH 2-3). The low pH required for the reaction, partially to maintain high solubility of
the iron catalyst, is troublesome due to the creation of large volumes of decontaminated, yet
highly acidic water. Starch-stabilized iron (Fe**/Fe*") oxide nanoparticles were synthesized to
serve as a colloidally stable catalyst system, as the hydrophilic starch effectively prevents
precipitation of the nanoparticles under less acidic conditions. To evaluate the usefulness of this
catalyst system for the photo-Fenton degradation of methylene blue as a model dye, the synthetic
technique used and the iron loading in the starch were varied. Not only was the starch-stabilized
catalyst able to decolorize the dye, but also to mineralize it in part, that is to degrade the dye to
carbon dioxide and water. 'H nuclear magnetic resonance (NMR), dynamic light scattering
(DLS), transmission electron microscopy (TEM), total organic content (TOC) analysis, UV-
Visible and fluorescence spectroscopy were used to characterize the water-dispersible starch-

iron complexes. The photocatalytic Fenton reaction, investigated in the pH range, under
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conditions much closer to neutrality than typical, enabled the efficient degradation of methylene
blue. In addition, the catalysts could be reused in several degradation cycles. This demonstrates
that starch is an efficient stabilizer for iron oxide nanoparticles in aqueous media, enabling their

use as environmentally friendly and cost-effective photo-Fenton catalysts.

139



4.2 Introduction

Natural dyes have been in use to dye fabrics for a long time, but the colors obtained are
generally dull and limited in range. The first synthetic dyes were discovered by Perkins in 1856,
and led to the developed of bright colors and shades, whose use and production culminated
during the industrial revolution.! More than 10,000 dyes are currently used in the textile business.
While dyes represent a minor percentage of water pollution, their color in solution makes them
highly noticeable, which prompted governments to impose severe laws requiring textile firms to
cleanse their colored effluent water.> Depending on the type of dye used, dye loss in effluent
water can vary from 2 to 50 %.? Out of the roughly 800,000 tonnes of dyes produced worldwide
yearly, it is estimated that about 10-15% is lost in various processes used in the textile industry.*

Color removal from textile industry effluents is not an easy task, as dyes absorb light
strongly at visible wavelengths and can be detected visually at concentrations below 1 mg/L.>
Decolorizing dyes typically requires several steps, as no single commercially feasible treatment
exists. There are three main methods for textile wastewater treatment: physical, chemical, and
biological. Physical techniques include filtration, flocculation, and adsorption, which are
generally costly and ineffective. Advanced oxidation processes (AOPs, which include the Fenton
reaction) and chemical oxidation are two types of chemical methods.® The production of iron
sludge in the Fenton reaction, owing to flocculation of the catalyst and the dye, as well as the
high energy cost of various other chemical oxidation processes, are major disadvantages of the

chemical techniques. Enzymatic and microorganism-based approaches can be both cost-
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effective and efficient, but the degradation timeframe can be longer than 24 hours.> For optimal
effectiveness, it has been suggested that AOP could be combined with biological remediation.”

The Fenton reaction is an AOP creating hydroxyl radicals from H20O: and iron salts
(Fe**/Fe*") under acidic conditions. One of the benefits of this reaction is that the iron catalysts
used in the process are inexpensive and readily available. Furthermore, the only other component
in the reaction is H>O», which is potentially capable of degrading dyes into CO, and H>O to
achieve complete mineralization. The reaction times are typically short, and the process can be
carried out at ambient temperature and pressure. The Fenton reaction involves multiple reactions
that can de classified into three categories, namely initiation, propagation, and termination (Table
4-1). The initiation stage generates radicals such as ‘OH, HO»- and Oy that initiate the oxidation
process, while the propagation stage involves radical reactions with organic compounds to
produce, and further transform alkyl (R-) and alkyl peroxide (RO") radicals. In the termination
process, the reactive intermediates react to be deactivated (Table 4-1). The key challenge with
Fenton reactions is to take advantage of the initiation and propagation steps, and to delay the

undesirable termination step as much as possible.
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Table 4-1: Possible reaction steps in the Fenton process.

Step Reaction Rate constant (M s7) References
Initiation Fe?t + H,0, » Fe3* + HO - +OH™ 40 — 80 8.9.10
Fe3* + H,0, » Fe?* + HOO - + H* 0.001 — 0.01 8910
HOy o HY +0; - pKa = 4.8 810
Propagation H,0, + HO - - HO, - +H,0 (1.7 — 4.5) x 107 910
H,0, + HO, - — 0, + H,0 + HO - 0.5,3 K
H,0,+ 0, "= 0, + 0H™ + HO - 16,0.13 K
RH+HO-- R+ H,0 108 — 10° 8.9
R-+0, > RO, - — K
R-+Fe?** - RH + Fe3* - 910
R-+Fe3t - R* + Fe?* - 910
Termination Fe3* + HO,-— Fe** +0, + H' 10% — 107 8.9.10. 11
Fe?* + HO-— Fe®* + OH™ 3.2 x 108 910
HO-+HO - — H,0, 5.5 x 10° 910
HO-+HO - H,0 + 0, 7.15 x 10° 910
R-+R-—> R—R - 910
HO, - +HO,-— H,0, + 0, 2.3 x 10° %10
HO,+ +HO -— H,0 + 0, 7.1 x 10° K
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The photo-Fenton reaction involves the use of ultraviolet (UV) light in combination with
iron (Fe>*3*) salts and H,O,. It has been shown that the irradiation of Fe**/H>O, with UV favors
the formation of strong oxidant radicals, capable of degrading organic matter.® An important
characteristic of the photo-Fenton reaction is the acceleration of the reduction of Fe** to Fe?*
with the energy provided by light, as shown in Figure 4-1. The UV irradiation also results in the

direct photolysis of H,O», accelerating the production of hydroxyl radicals.!?

FONERD

Figure 4-1: Oxidation of pollutants by the photo-Fenton process. Reprinted with permission

from reference 12. Copyright (2019) Elsevier.

Homogeneous photo-Fenton reactions only use Fe?**%), H,0,, and UV light under acidic
conditions. Since Fe?' is easily oxidized, most of the iron species exist as Fe**. A pH of 2-3 is
considered optimal for homogenous Fenton reactions, to avoid the formation of insoluble
Fe(OH)**.!? Possible sources of UV light include UVA (A = 315-400 nm), UVB ( A = 285-315

nm), and UVC (A <285 nm); in all cases, the yield of hydroxyl radicals varies with the intensity
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of the light source.!® This process has been employed to treat several contaminants such as

pesticides and pharmaceuticals,!*!

albeit with possible drawbacks. The stability of iron and
H>O> decreases as the pH increases, which makes the Fenton process strongly pH-dependent.
Other disadvantages include the formation of oxohydroxides above pH 3, which precipitate as
iron sludge.!®

A solid support is used in the heterogeneous photo-Fenton process to increase the effective
surface area of the iron species, by using a matrix promoting the dispersion of the iron
nanoparticles. There are some benefits to heterogeneous photo-Fenton reactions over the
homogeneous forms. The substrate is selected to improve the catalytic activity of iron and to
prevent its leaching in the aqueous environment, and thus minimizes the formation of sludge.!’
Since most heterogeneous catalysts use porous substrates, the pollutants can be adsorbed on their
surface, resulting in increased rate of pollutant degradation. It also makes it possible to conduct
the reaction over a wider pH range, in contrast to the homogeneous Fenton reaction.!?

Starch has been used as a support for iron catalysts.!® Starch is a natural, renewable,
biodegradable, and non-toxic material consisting of two key polymers: amylose and
amylopectin.!® Starch is hydrophilic and can stabilize colloidal iron particles in solution. Starch
is already used for wastewater treatment, in the adsorption of heavy metals and dyes.!® The

ability of starch to adsorb dyes may facilitate their degradation by concentrating them close to

the iron catalyst.
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In the current investigation, methylene blue (MB) was used as a model pollutant to study
dye degradation by starch-supported iron oxide catalysts. It is a dark green crystalline solid
which dissolves in water to form a bright blue solution, even at concentrations below 1 ppm. It
absorbs strongly at 650-670 nm, which makes degradation easy to quantify with UV-visible
spectroscopy measurements.?’ Starch was used in different amounts to stabilize iron oxide
nanoparticles in solution. The starch-stabilized iron oxide nanoparticles were found to exhibit
exceptional catalytic activity for the degradation of MB with H>O». The main objective of the
work was to use a minimal amount of starch substrate to stabilize the nanoparticles, while
achieving an optimal MB degradation efficiency. These starch-stabilized iron oxide
nanoparticles have several advantages over conventional homogeneous Fenton catalysts, in that

they are non-toxic, biodegradable, and reusable.

4.3 Experimental Procedures

4.3.1 Chemicals and Materials

Research-grade cooked starch with M, = 2.2x10% g/mol and My = 4.4x10% g/mol was
provided by EcoSynthetix (Burlington, Canada). Methylene blue (certified biological stain) was
from Fisher Scientific (Mississauga, Canada). Trisodium citrate dihydrate (ACS reagent, > 99.9

%), iron(Il) chloride tetrahydrate (> 99.9 %), glacial acetic acid (> 99.9 %), ammonium
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hydroxide (30-33% NH3 in H>O), hydrogen peroxide (30 % w/w in H>O), 1,10-phenanthroline
(> 99.9 %), terephthalic acid (98%), iron(IIl) chloride (reagent grade, 97%), ferrous ammonium
sulfate hexahydrate (ACS reagent, > 99.9 %), NaOH (ACS reagent, > 98%, pellets), phenol
(ACS reagent, > 98%, pellets), sulfuric acid (99.999%), and sodium acetate (anhydrous, > 99.9
%) were all purchased from Sigma-Aldrich (Oakville, Canada). Spectra/Por dialysis tubing with
50 kDa molecular weight cut-off (MWCQO) was supplied by Spectrum Laboratories Inc.

(Shewsbury, MA).

4.3.2 Instrumentation

"H NMR spectra were obtained at 25 °C on a 300 MHz Bruker instrument, using 20 mg
samples dispersed in 1 mL of DO with 128 scans averaged. The reported chemical shifts are
relative to the solvent protons at 4.74 ppm for D20 and 2.50 ppm for DMSO-ds

A Malvern Zetasizer Nano S instrument with Non-invasive Back Scatter technology was
used to perform dynamic light scattering (DLS) measurements. Before the DLS characterization,
the colloidal dispersions were diluted to 3 mg/mL and transferred to a 1 cm path length cuvette.

For transmission electron microscopy imaging, the starch-stabilized iron NP samples were
diluted to 0.1 mg/mL in deionized water. An 8-uL aliquot of the solution was deposited onto a
400-mesh grid coated with carbon-formvar, which was allowed to dry overnight. The sample
was then imaged with a charge-coupled device camera on a CM 10 Philips microscope operating

at 60 kV acceleration voltage.
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A Hewlett Packard 8542A diode array spectrophotometer was used to acquire UV-Visible
absorbance spectra for the samples. Fluorescence measurements were carried out on a PTI
QuantaMaster 400 steady-state fluorescence system.

Total organic carbon (TOC) analysis was achieved on a Shimadzu TOC-L analyzer with a
20 pL injection volume. The combustion is done at 680 °C and the products are detected by a

nondispersive infrared sensor.

4.3.3 Synthesis of Starch-stabilized Iron (Fe?*/Fe*") Nanoparticles

Two different synthetic protocols were used to obtain the starch-stabilized iron oxide
nanoparticles. In each case, the starch content was varied to determine the optimal composition

for MB degradation.

4.3.3.1 Synthesis of Starch-Iron (St-Fe) Nanoparticles

A low iron content catalyst system was obtained by the method of Tang ef al. with
modifications.?! Cooked starch (300-1000 mg, 1.85-6.14 mmol glucopyranose units) was
dissolved in water (30 mL) by stirring for 2 h in a 50-mL round bottom flask (RBF). Trisodium
citrate dihydrate (90 mg, 0.3 mmol) was added, and the solution was stirred further for 15 min
before 2 M ferric chloride (1 mL, 2 mmol) was added, immediately followed by a concentrated

sodium hydroxide solution until a pH of 10 was obtained. This solution was placed in a water
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bath at 30 °C, stirred for 24 h, and then centrifuged at 10,000 rpm and 20 °C for 20 min. Finally,
the supernatant was dialyzed against water for 48 h in a Spectra/Por dialysis bag with 50 kD

MWCO.

4.3.3.2 Synthesis of Iron-Starch (Fe-St) Nanoparticles

A high iron content catalyst system was obtained starting from iron oxide nanoparticles
prepared by a modification of the co-precipitation method outlined by Krenkova et al.?? Iron (IT)
chloride tetrahydrate (0.3 g, 1.5 mmol), iron (III) chloride (0.82 g, 5.1 mmol), acetic acid (20
uL, 0.35 mmol) and trisodium citrate dihydrate (1.14 g, 4.4 mmol) were dissolved in 38 mL of
water in a 100-mL RBF. A 25% ammonium hydroxide (2.5 mL) solution was then rapidly added
under vigorous stirring at room temperature, followed by cooked starch (100-300 mg, 0.62—1.85
mmol), and stirring was continued for ~16 h. Finally, the solution was dialyzed against water for

48 h in a Spectra/Por dialysis bag with 50 kD MWCO.

4.3.3.3 Synthesis of Iron Nanoparticles (Fe3;O4)

Iron oxide (Fe3Os4) nanoparticles without starch stabilizer were prepared by the co-
precipitation method outlined by Krenkova et al.?? Tron (II) chloride tetrahydrate (0.3 g, 1.5
mmol), iron (III) chloride (0.82 g, 5.1 mmol), acetic acid (20 pL, 0.35 mmol) and trisodium

citrate dihydrate (1.14 g, 4.4 mmol) were dissolved in 38 mL of water in a 100-mL RBF. A 25%
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ammonium hydroxide (2.5 mL) solution was then rapidly added under vigorous stirring at room
temperature. The iron oxide colloid was precipitated with acetone (200 mL) and centrifuged at
12800xg for 10 min. The supernatant was discarded while the pellets were resuspended in water

(40 mL) by sonication. The process was repeated 5 times to eliminate excess citrate ions.

4.3.4 Quantification of the Iron Content

The iron content in the starch-stabilized iron nanoparticles was quantified according to the
method described by Pitarresi et al.?® To evaluate the iron sequestered in the starch-iron
nanoparticles, 0.3511 g (0.8954 mol) of ferrous ammonium sulfate (Fe(NH4)2(SO4)2-6H>0) and
5.0 mL of 6 M sulfuric acid were dissolved in water in a 500 mL volumetric flask. A 5.0 mL
aliquot of this solution was transferred to a 100 mL volumetric flask, 10 mL of acetate buffer
(5.0 M HC;H302, 0.5 M NaC>H30») was added, along with 10 mL of 10% w/v hydroxylamine
hydrochloride (NH,OH-HCI). After allowing the reduction of Fe** to Fe?* for 10 min, 10 mL of
0.1% 1,10-phenanthroline solution were added. The solution was diluted to the 100 mL mark
and allowed to sit for 10 min, until a stable reddish-orange color developed. The above steps
were repeated using 1.0, 2.0, 3.0 and 4.0 mL of the Fe(NHa4)2(SO4) standard solution. The same
preparation procedure was applied to a 0.3511 g sample of starch-iron nanoparticles for iron
quantification. The samples were analyzed in a UV-Vis spectrometer to determine their

absorbance at 510 nm. The standard samples were used to obtain a calibration curve, and the
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unknown sample was compared with the calibration curve to determine the amount of iron in

the unknown.

4.3.5 Photo-Fenton Experiments

The catalytic activity of the starch-iron and iron-starch catalysts produced was investigated
with methylene blue as a model pollutant. At pH values ranging from 2—4, a 10 mL aliquot of
methylene blue solution at varying concentrations (4-32 mg/L) was treated with different
amounts of Fe from the catalyst (9.9-580 pmol/L) and H>O; (45720 pumol/L). It should be noted
that due to the potential presence of different forms of iron oxides and hydroxides in the catalysts,
the catalyst content in the reactions is always expressed in pmol Fe/L. Four 350 nm Rayonet
tube lamps were used to irradiate the samples inside a UV box (150 cm x 60 cm x 90 cm) at a
distance of ~ 18 cm. The experiments were done in triplicate, the samples being measured every
15 min in a UV-Vis spectrometer to determine the residual MB concentration. The reactions
were stopped when at least 80% MB degradation was achieved.

The starch-stabilized iron nanoparticles synthesized were tested for their reusability, in
which MB at a concentration of 4 mg/L was degraded in multiple cycles. In that case, aliquots
of'a concentrated (1 g/L.) MB solution were added to bring the MB concentration back to 4 mg/L.

The additions were made every 60 min, to ensure complete degradation before the next addition.
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4.3.6 Spectrophotometric Detection of Hydroxyl Radicals

Terephthalic acid was used as a fluorescence probe for the quantification of hydroxyl
radicals. To that end 60 mL of 0.06 M terephthalic acid (CsHsO4), 6 mL of acetate buffer (pH
4.0, 0.1 M), 400 uL (9 mM) of H>O», and varying concentrations of 1000 mg St-Fe catalyst were
mixed to be analyzed in a fluorescence spectrometer. An excitation wavelength of 315 nm was

used, and the emission was monitored from 330 to 600 nm.

4.3.7 Colorimetric Test for Fe** Leaching

Different concentrations of starch-stabilized iron nanoparticles (0.005-0.01 M Fe) were

allowed to equilibrate with phenol (0.06 M) and analyzed in a UV-Vis spectrometer.

4.4 Results and Discussion

4.4.1 Synthesis and Characterization

Two different protocols were used to prepare starch-stabilized iron nanoparticles with
different iron : citrate : starch ratios. Spectrophotometry was used to quantify the iron content by
weight in the starch-stabilized iron nanoparticles (Table 4-2). To this end, Fe** was reduced to
Fe?* with hydroxylamine hydrochloride, since Fe*" forms a reddish-orange tris complex with

1,10-phenanthroline. The resulting compound absorbs light in the visible range, with maximum
151



absorption at about 510 nanometers. Starch, iron citrate, the oxygen component of iron oxide,
and potentially other impurities constituted the non-iron components of the catalyst, which were
calculated by subtracting the weight of iron from the total sample weight (Table 4-2). The St-Fe
NPs were formed in the presence of starch (in situ), but for the Fe-St NPs, starch was introduced
after the synthesis of the iron NPs (ex situ). The Fe-St nanoparticles were shown to contain more
iron than the St-Fe nanoparticles, as indicated in Table 4-2. This is most likely due to the
presence of a larger amount of sodium citrate in the Fe-St nanoparticles, serving as ligand for
Fe**ions. Sodium citrate may also act as a bridging agent between the iron ions and the cooked
starch in the reaction. Upon dialysis, however, the sodium citrate component may disassociate

and allow enhanced interactions between the iron and starch.?3

Table 4-2: Iron content of catalyst systems investigated.

Catalyst Iron Catalyst Initial mol ratio of Iron
(mg/mL) Stabilizer Iron : Citrate : Starch (% w/w)
(mg/mL)

1000 mg Starch 3.2 19.8 1:0.17: 0.93 14.0
St-Fe NPs
300 mg Starch 1.1 3.7 1:0.17: 0.28 22.9
St-Fe NPs
300 mg Starch 3.7 4.6 1: 0.66: 0.0025 44.5
Fe-St NPs
100 mg Starch 1.8 5.7 1: 0.66: 0.0008 24.0
Fe-St NPs
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The presence of starch in the St-Fe and Fe-St NPs was also confirmed by 'H NMR analysis
using the anomeric proton signal at 5.0-5.5 ppm, but due to the presence of paramagnetic iron
oxide, shimming of the samples proved problematic. As a result, the starch peaks in the Starch
St-Fe 1000 mg sample was particularly broad and overlapped (Figure 4-2b). The resulting
complexation in 300 mg Starch Fe-St sample may be diamagnetic because of the creation of a
low-spin situation (Figure 4-2a). This may be possible due to the presence of an even number of

Fe?*3* that may end up paired in certain situations.

a) 300 mg Starch Fe-St

b) 1000 mg Starch St-Fe

5 4
Chemical Shift (ppm)

Figure 4-2: '"H NMR spectrum for starch-based iron nanoparticles in D;0: a) 1000 mg St-Fe

NPs, b) 300 mg Fe-St NPs.
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To determine the average overall size of the starch-iron complexes, dynamic light
scattering (DLS) analysis was performed. For cooked starch and the 100 mg Starch Fe-St
catalyst, the Z-average diameter was 89 and 76 nm, respectively. The St-Fe complexes prepared
from 1000 and 300 mg starch St-Fe had Z-average diameters of 165 nm and 185 nm,
respectively, while the Fe-St catalyst with 300 mg starch had a diameter of 152 nm. The
intensity-weighed size distribution curves shown in Figure 4-3 clearly show that the St-Fe
sample prepared with 1000 mg of starch was aggregated, while the distribution became narrower
as the starch content was decreased for both sample types. The catalyst system with the lowest
starch content (100 mg Starch Fe-St NPs) had the least aggregation, with a size closest to the
starch substrate. While the presence of starch during the synthesis prevents the immediate
agglomeration of iron nanoparticles®®, increasing the starch concentration apparently favors
agglomeration of the starch-iron composite. This is clearly observed for 1000 mg St-Fe, which
contains the lowest amount of iron by weight and the highest amount of starch in the synthesis.

TEM imaging (Figure 4-4) clearly confirmed the presence of iron (Fe?>"/Fe*") oxide NPs
embedded within the starch matrix. In the images the dark spots/shaded areas are due to the iron
NPs, while the lighter shaded areas are for the starch. During imaging, it was occasionally
observed that the catalyst (most likely the starch component) would degrade due to exposure to
the high-intensity electron beam. The TEM images demonstrate the presence of a large number

of small particles with diameters much smaller than 50 nm, but agglomerated into particles with
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diameters sometimes over 50 nm (Figure 4-4). There may be a few reasons for the differences
in average particle sizes obtained by TEM and DLS analyses. Because the intensity of the DLS
signal relies on the size of a scattering center as I ~ 1%, the overall intensity contribution from
large particles is very large even though they may be present in large numbers. Because DLS

analysis is more sensitive to large particles, the DLS size distribution is always skewed toward

large sizes.?

25 -
——Cooked Starch (Z-Ave - 89 d.nm)
20 1 ——1000 mg Starch St-Fe (Z-Ave - 165 d.nm)
S
Q\_ 15 | ——300 mg Starch St-Fe (Z-Ave - 185 d.nm)
=
E 300 mg Starch Fe-St (Z-Ave - 152 d.nm)
=10 A
] ~——100 mg Starch Fe-St (Z-Ave - 76 d.nm)
=
~
5 -
0 .
0 200 300 400 500 600 700 800

Size (d.nm)

Figure 4-3: Dynamic light scattering measurements of starch-stabilized iron nanoparticles.
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= 100 nm = 100 nm

= 100 Nnm = 100 nm

Figure 4-4: TEM imaging of St-Fe and Fe-St NPs as identified above.

4.4.2 Heterogenous Photo-Fenton Degradation of Methylene Blue

The activity of the catalyst is known to decrease at pH values above 3 in homogenous
Fenton reactions, due to a decrease in concentration of photoactive iron hydroxide and dissolved
iron species. Dissolved iron indeed precipitates as iron hydroxide above pH 4. The stability of

iron oxide NPs in solution should be enhanced in the presence of starch in the heterogeneous
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Fenton reaction. The synthesis of Starch St-Fe nanoparticles involved significantly more starch
than Starch Fe-St nanoparticles (Table 4-2). As H>O; and iron oxide nanoparticles are the two
primary components of the Fenton reaction, the main goal of these experiments was to find out
how much of the starch-stabilized iron nanoparticles was needed to decolorize and mineralize
methylene blue. A H,O; : Fe?* ratio of 2:1 was established by Roudi et al. to be the optimal for
landfill leachate treatment,?” while another investigation on landfill leachate reported a H,O; :
Fe?* ratio of 5:2 as most favorable for the Fenton reaction.?® Various factors such as the nature
of the pollutants, the solution pH, the type of catalyst and the H>O> concentration likely affect
the optimal H>O : Fe?* ratio. In this study, the H>O» : Fe?' ratio was varied from 0.62 to 3.64,
to identify the minimal quantity of starch-stabilized iron nanoparticles necessary for the effective

degradation of methylene blue.

4.4.2.1 Degradation with 1000 mg Starch St-Fe Nanoparticles

The catalytic activity of starch-stabilized iron (Fe*"’Fe’*) NPs was studied with MB as a
model pollutant. Since pH 3 is considered optimal for Fenton reactions, control reactions were
completed at this pH. It should be noted that since the absorbance of a solution was proportional
to the MB concentration, the ratio of the absorbance at time t to the initial absorbance (Ay/A,)
was proportional to the relative concentration (Cy/C,), or the relative amount of dye left in the
sample. Control reactions were carried out by excluding one of the components required for the

reaction (catalyst, H>Oz or UV light), while the concentrations of catalyst and H-O» were set at
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290 pumol/L Fe and 360 umol/L, respectively, which are typical concentrations used in the
remainder of the investigation. As can be seen in Figure 4-5a, degradation of the dye was very
limited in the absence of catalyst, H>O2 or UV light. Fe3sO4 NPs prepared without starch stabilizer
were also ineffective in degrading MB, as they were colloidally unstable in aqueous solutions at
pH 3. Thus, the quick and efficient degradation of MB was only possible when the combination
of the developed catalysts, H>O, and UV irradiation was used.

The entire Fenton reaction involves more than 20 reactions, as discussed earlier, but the
core reaction is shown below.!? The hydroxyl radicals generated from the reaction are
responsible for MB degradation. These hydroxyl radicals are highly oxidizing in nature, as
portrayed by their strong oxidation-reduction potential of 2.8 V.?

Fe** + H,0,+ H* — Fe3* +-0H + H,0 4-1)

The hydroxyl radicals generated could be detected by fluorescence spectroscopy, using
terephthalic acid as a fluorescence probe. As expected, there was an increase in fluorescence
intensity over 60 minutes of radiation due to the increased production of hydroxyl radicals
(Figure 4-5b).

Hereafter all the Fenton reactions were done at pH 4, as efficient MB degradation was not
observed above that. One reason for this could be that H>O» is unstable above pH 4 and breaks
down into water and molecular oxygen.** Moreover, starch hydrolysis and the production of
hydroxide ions in the Fenton reaction (Equation 4-2) may lead to an increase in pH, which would

accelerate the H>O> decomposition.
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Fe? + HO-— Fe3* + OH- k=32x102  (4-2)

50000 -

45000 -
-~ Only Methylene Blue

40000 -

- No Fe 35000
—No UV
30000 —15 min UV
-~ No H,0, 3 —30 min UV
g 25000 1 —45 min UV
0.4 -+ Fe;0, NPs 20000 1 60 min UV
) + 15000 -
0.2 1 N - NoUV 10000 -
e : 5000
-2~ 1000 mg Starch St-Fe
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Figure 4-5: a) MB degradation control experiments (10 mL, 4 mg/L) at pH 3 with 290 umol/L
Fe 1000 mg Starch St-Fe, 360 umol/L of H20: and UV light unless mentioned otherwise in
the legend; b) Hydroxyl radicals detected using 44 uymol/L of 1000 mg Starch St-Fe NPs, 55
umol/L H>0; and 0.06 mol/L terephthalic acid at pH 4 after UV irradiation for the specified

time intervals.

The degradation of MB was examined under various conditions with the different catalysts
listed in Table 4-2. The influence of the irradiation source was also investigated by comparing
direct sunlight illumination with the Rayonet UV lamp sources (Figure 4-6a). A modest increase

in degradation efficiency was detected with direct sunlight (Waterloo, Ontario, October 10™,
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2019, 2:00 PM, 17 °C, 56% humidity), which might be related to a higher UV intensity from
sunlight, or else to the broader wavelength spectrum of solar radiation as compared with 350 nm
UV sources.'? Furthermore, in consideration of energy consumption and potential hazards,
sunlight is preferable over UV light. It may also significantly lower iron sludge formation and
improve H>O, breakdown.?!

The influence of the H>O> concentration was investigated using the 1000 mg Starch St-Fe
catalyst under UV irradiation at pH 4 and 290 umol/L Fe, as illustrated in Figure 4-6b. The
peroxide concentration appears to have little effect on the process, which actually seems to
proceed slightly faster at the lower H>O» concentration (180 umol/L). It has been suggested that
this negative impact is due to scavenging of the ‘OH radicals by H,O» as described by Equation
4-3, which affects the pollutant degradation efficiency.”!® Therefore, in addition to being
wasteful, an excessive peroxide concentration has a detrimental influence on the degradation
process. Because only a 10% drop in MB degradation occurred when the H>O> concentration
was tripled (Figure 4-6b), the H>O; : Fe ratio was allowed to vary among the experiments. In
addition to being wasteful, excess H2O2 can occasionally have a negative impact on the
degradation process.

H202+H0'_)H02'+H20 (4_3)
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Figure 4-6: a) Influence of sunlight on the degradation of 4 mg/L MB at 290 umol Fe/L of
1000 mg Starch St-Fe, 360 umol/L H>0: and pH 4; b) Influence of H>0: concentration on

the degradation of 4 mg/L MB at 290 umol Fe/L of 1000 mg Starch St-Fe and pH 4.

In the following series of experiments, 4 mg/L MB solutions were degraded with
different 1000 mg Starch St-Fe catalyst concentrations corresponding to 145, 290, and 580
umol/L of Fe at initial pH values of 2, 3 or 4, using a constant H>O> concentration (360 umol/L)
and UV irradiation, as shown in Figure 4-7. Despite varying the H>O; : Fe ratio from 0.62 to
2.48, effective (> 80%) degradation was observed in all cases after 60 min. While the degradation
reaction was slower at pH 4, the majority of the dye was still discolored after 60 min, particularly

when using a higher Fe concentration. Thus, the viable pH range of the Fenton process was
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successfully extended by one pH unit, representing a 10-fold decrease in acid concentration,

when using the starch-stabilized iron NP catalysts.

1 1
pH 2 pH3
0.8 1 145 pmol/L Fe 0.8 1 145 pmol/L Fe
~ 0.6 - =290 pmol/L Fe ~0.6 --290 pmol/L Fe
S 580 pmol/L Fe Q 580 pmol/L Fe
o 0.4 <04
0.2 1 0.2
0 . v ! 0 . . . s
0 15 .30 45 60 0 15 .30 45 60
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0.8 - {
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S 0.6 -
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Figure 4-7: Influence of 1000 mg Starch St-Fe catalyst concentration and pH on the

degradation of 4 mg/L MB solutions.

The effect of the dye concentration was studied by conducting degradation reactions at
MB concentrations of 1-32 mg/L, under UV irradiation and at pH 4. The H>O: : Fe ratio used in

the investigation ranged between 1.24—1.55. As shown in Figure 4-8, increasing the reagent
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concentrations to 290 umol/L Fe and 360 pumol/L H>O; allowed the degradation of MB at
concentrations of up to 32 mg/L. When the Fe concentration was reduced 10-fold (bottom right
pane), only up to 8 mg/L of MB could be degraded, i.e. 4-fold lower. Reaction 4-2 depicts the
formation of Fe** in the Fenton reaction, which may increase the absorption of UV light required

for the Fenton process.?? Excess H,O» may also lead to -OH radical scavenging.

290 pmol/L Fe and 360 pmol/L H,0, 145 pmol/L Fe and 180 pmol/L H,0,

-2 mg/L

-4 mg/L
8 mg/L

16 mg/L

0 10 20 30 40 50 60 o 10 2 30 % 0 60
Time (min) Time (min)

58 pmol/L Fe and 90 pmol/L H,0, 1 29 pmol/L Fe and 45 pmol/L H,0,

-2 mg/L

-»-4 mg/L <
8 mg/L >

-=-16 mg/L =

0 10 20 Tim:l()mm) 40 50 60 ) 10 20 nm;(()mi”) 40 50 60
Figure 4-8: Degradation of MB at different concentrations, using 1000 mg Starch St-Fe and
H0:;: Feratios of 1.24 : 1 (top) or 1.55 : 1 (bottom), and different overall reagent and catalyst

concentrations.
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An attempt was made to degrade 32 mg/L. MB at pH 4 under UV irradiation, by increasing
the H>O> concentration to 720 umol/L but maintaining the Fe concentration at 290 pmol/L, as
shown in Figure 4-9. There was a 10% increase in MB degradation upon doubling the H,O»
concentration. Such an increase was found to have an inhibitory effect at a MB concentration of
4 mg/L (Figure 4-6). The very modest increase in degradation efficiency observed in Figure 4-9
at the higher concentration of MB (32 mg/L) is therefore attributed to the excess hydroxyl
radicals formed from 720 pmol/L H»O> solution which were now being utilized to degrade

MB.3?

1 4
0.8
= 360 llmOl/L HzOz
- 720 pmol/L H,0,
%0.6 b %
S
S)
0.4 1
0.2 1
0 T T T !
0 15 30 45 60

Time (min)

Figure 4-9: Degradation of 32 mg/L MB at two different concentrations of H:>0:, using 290

umol Fe/L of 1000 mg Starch St-Fe nanoparticles under UV irradiation at pH 4.
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The effect of “excess” iron oxide nanoparticles on MB degradation was also studied, using
16 mg/L MB solutions at pH 4 (Figure 4-10). A 10-fold increase in iron concentration for 1000
mg Starch St-Fe, from 290 to 2900 umol/L, led to a 30% decrease in degradation efficiency.
This is attributed to the excess catalyst capturing hydroxyl radicals (Equation 4-5, rate constant:
3.2 x 108 M-!s'!), which is much faster than the formation of hydroxyl radicals by Fe?* (Equation
4-6, rate constant: 40-80 M!s!), in addition to making the reaction medium less acidic. Beyond
reducing the concentration of potent hydroxyl radicals present in the solution, this can also
decrease the stability of H,0,.2 % 1© The presence of excess iron nanoparticles may also have
absorbed light participating in the Fenton reaction.

Fe?* + HO-— Fe3t + OH™ (4-5)

Fe?* + H,0, » Fe3* + HO-+0H~ (4—6)

f{ +-2900 pmol/L 1000 mg
Starch St-Fe NPs

—=290 pmol/L 1000 mg
3 Starch St-Fe NPs

f
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Figure 4-10: Influence of over-saturation of Fe from 1000 mg Starch St-Fe NPs in the

degradation of a 16 mg/L aliquot of MB with 360 umol/L H>0; under UV radiation at pH 4.
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4.4.2.2 Degradation with 300 mg Starch St-Fe Nanoparticles

Because starch can also contribute to the consumption of HO- radicals in the photo-Fenton
reaction, the St-Fe catalyst was synthesized by decreasing the amount of added starch from 1000
to 300 mg in the procedure described in Section 4.3.3.1. Furthermore, Haddad et al. reported
that a H>O; : Fe ratio of 1:10 was optimal for the breakdown of Reactive Yellow 84 azo dye, in
contrast with the discovery by Tengrui ef al. that a ratio of 2.5 was optimal for the degradation
of landfill leachate.>>8 It therefore appears that the H,O» : Fe ratio may vary widely amongst
different catalyst systems and degradation substrates. A change in starch content may thus alter
the optimal H>O: : Fe ratios for MB degradation, and thus the optimal ratio may vary for each
of the four catalyst systems mentioned in Table 4-2. The influence of the H2O2 concentration
was investigated with the 300 mg Starch St-Fe catalyst under UV irradiation at pH 4 and 99
umol/L Fe, as illustrated in Figure 4-11. It was found that a H2O- : Fe ratio of 0.91 provided the
lowest degradation efficiency, but over 80% degradation was nevertheless achieved. For an H>O:
: Fe ratio of 3.64, the degradation efficiency was highest for the 300 mg Starch St-Fe NPs (Figure
4-11). The new catalyst system was further tested to degrade 4, 8, 16, and 32 mg/L solutions of
MB at pH 4 with 350 nm radiation, using different concentrations of iron catalyst while
maintaining a H>O; : Fe ratio of 3.64 : 1 (Figure 4-12). An Fe concentration of only 9.9 umol/L,
in combination with 45 umol/L H»O:, sufficed to degrade 95% of the MB in 60 min at a

concentration of 16 mg/L. This represents an Fe concentration almost 3-fold lower than used for
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the 1000 mg Starch St-Fe system, at a H>O» concentration of 45 pmol/L and a MB concentration
of 8 mg/L. Similar observations were made for the degradation of 32 mg/L MB. Since the iron :
starch stabilizer ratio is higher in 300 mg Starch St-Fe than in 1000 mg Starch St-Fe (Table 4-
2), increased accessibility of the iron catalytic sites can explain the higher activity of this sample.
The decreased amount of starch present also decrease the probability of reaction of starch with
the potent hydroxyl radicals in solution.?* Furthermore, it was shown in Figure 4-3 that a lower
amount of starch allowed better dispersion of the iron nanoparticles, due to reduced aggregation.
The increased surface area achieved under these conditions should lead to enhanced catalytic

performance, resulting in more efficient pollutant degradation.

--90 pmol/L H,0,
0.8 1 -~-180 pmol/L H,0,
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Figure 4-11: Influence of H>0: concentration on the degradation of 4 mg/L MB at 99 umol

Fe/L of 300 mg Starch St-Fe and pH 4.
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Figure 4-12: Degradation of MB at different concentrations, using 300 mg Starch St-Fe and

similar H>0; : Fe ratios (3.64 : 1), and different overall reagent and catalyst concentrations.

4.4.2.3 Degradation with 300 mg Starch Fe-St Nanoparticles

While the St-Fe nanoparticles were synthesized in the presence of starch (in situ method),
a different procedure was also developed whereby the starch was added after the formation of
the iron nanoparticles (ex situ method). The influence of the HO> concentration was investigated
using the 300 mg Starch Fe-St catalyst under UV irradiation at pH 4 and 165 pmol/L Fe, as

illustrated in Figure 4-13. An H>O; : Fe ratio of 2.18 yielded the lowest degradation efficiency,
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but nevertheless achieved more than 90% degradation (Figure 4-13). When the amount of H>O»
used was increased 4-fold to 720 pumol/L, the degradation efficiency dropped by ~5%. The
degradation rate (initial slope) was also faster at lower H>O»> : Fe ratios. According to Table 4-2,
the amount of starch used to make the Starch Fe-St NPs was less than 1% of the amount used
for the Starch St-Fe NPs. This can explain why the rate of MB degradation in the Fenton reaction
differed for the Fe-St and St-Fe catalysts. The Starch Fe-St NPs differed from the Starch St-Fe
NPs not just in terms of starch content, but also in how they were synthesized. The goal in
synthesizing the Fe-St NPs was to break down MB in the presence of the lowest possible amount
of starch, while maintaining concentrations of H>O> similar to those used in the Starch St-Fe NP
degradation tests. To investigate the influence of the dye concentration, these NPs were used to
degrade 4, 8, 16, and 32 mg/L solutions of MB at pH 4 with 350 nm radiation, at different
concentrations of 300 mg Starch Fe-St NPs, while maintaining H>O: : Fe ratios of either 1.09 :
1 or 1.36 : 1 (Figure 4-14). Over 90% degradation of the 16 mg/L MB solution was achieved in
60 min with 66 pmol/L of Fe and 90 umol/L H>O», using the 300 mg Starch Fe-St catalyst. For
the 1000 mg Starch St-Fe sample at a comparable iron concentration (58 umol/L Fe and 90
umol/L H>0,), up to 80% degradation of a 16 mg/L MB solution was achieved. Decreasing the
iron and H>O> concentrations to 33 and 45 pumol/L, respectively, therefore decreased the
efficiency to 80%. However, as compared with the St-Fe NPs, the degradation occurred much
faster at higher iron and H>O> concentrations, with over 90% degradation achieved in 15-30

minutes. This may be due to the lower quantity of starch in Fe-St NPs, requiring fewer HO-
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radicals to break down the starch component around Fe NPs. This is a significant result, as the
degradation time of MB was essentially cut in half when using the Fe-St NPs synthesized with
a lower amount of starch. Differences in the synthetic procedure, namely the addition of starch
after the formation of the iron nanoparticles and the use of a larger amount of sodium citrate
(complexing agent), apparently improved the accessibility of the iron nanoparticles to H>O» and
UV light. The 300 mg Starch Fe-St sample had almost the same iron content as the 1000 mg
Starch St-Fe sample, but the difference in the synthetic route affected the activity of the catalyst.
The presence of excess starch in 1000 mg Starch St-Fe, combined with enhanced aggregation,
would also have yielded a thicker starch coating around the iron NPs, and thus a less accessible

catalyst surface.

1 ¢
-+-180 pmol/L H,0,
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Figure 4-13: Influence of H:0: concentration on the degradation of 4 mg/L MB at 165 umol

Fe/L of 300 mg Starch Fe-St and pH 4.
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Figure 4-14: Degradation of MB at different concentrations, using 300 mg Starch Fe-St and
H;0:;: Fe ratios of either 1.09 : 1 (top) or 1.36 : 1 (bottom), and different overall reagent and

catalyst concentrations.

4.4.2.4 Degradation with 100 mg Starch Fe-St Nanoparticles

The amount of starch used for the synthesis of the Fe-St NPs was further reduced from 300
mg to 100 mg, to test the limits of iron NP stabilization with starch. The influence of the H>O»

concentration was investigated with the 100 mg Starch Fe-St catalyst under UV irradiation at pH
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4 and 165 pmol/L Fe, as illustrated in Figure 4-15. The H2O: : Fe ratio of 2.18 yielded the lowest
degradation efficiency, which nevertheless still reached over 95% degradation in 60 min (Figure
4-15). To investigate the influence of the initial dye concentration, these NPs were used to
degrade 4, 8, 16, and 32 mg/L. MB solutions at pH 4 under 350 nm radiation, at four different
concentrations of 100 mg Starch Fe-St NPs and H202, as shown in Figure 4-16. The H2O: : Fe
ratio was increased up to 3.64 to degrade higher concentrations of MB (up to 32 mg/L) with a
minimum amount of starch-stabilized iron catalyst. Because the Starch 100 mg Fe-St particles
were prepared with the least amount of starch relatively to the other samples, most of the HO-
radicals produced should be available to break down MB rather than the starch. The catalyst was
indeed found to be highly effective, as over 80% degradation was achieved for 32 mg/L. MB
within 30 min when using 32.4 pmol/L Fe and 90 umol/L H>O». Only 16.2 umol/L of Fe and 45
umol/L of H2O» still sufficed to achieve 90% degradation of 16 mg/L MB in 60 min. This is an
iron concentration similar to that used for the 300 mg starch St-Fe catalyst, likewise yielding
90% degradation for 16 mg/L of MB. However, since only 100 mg of starch was added in the
synthetic procedure, the starch encapsulation would be even thinner than for the 300 mg starch
St-Fe catalyst, leading to faster degradation rates. The catalytic efficiency of these particles is
time-dependent, i.e. the time taken to degrade >80% MB was indeed much higher than for the
other catalysts mentioned so far. Moreover, the 100 mg Starch Fe-St NPs were narrowly
dispersed, as seen in the DLS measurements (Figure 4-3). This means that minimal aggregation

was observed for these particles.
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Figure 4-15: Influence of H:0: concentration on the degradation of 4 mg/L MB at 165 umol

Fe/L of 100 mg Starch Fe-St and pH 4.
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Figure 4-16: Degradation of MB at different concentrations, using 100 mg Starch Fe-St and

Fe : H;O; ratios of 1.09-3.64 to 300 mg Starch Fe-St but different overall reagent and catalyst

There is clearly a relation between the synthetic route used, the starch content and the

174

colloidal stability of the nanoparticles, since the Fe-St NPs flocculated over time when stored in
the dark at 4 °C. Upon stirring the NPs immediately redispersed, however. The St-Fe samples,
on the other hand, did not show this behavior and were more stable. This suggests that there may

be a delicate balance between access to the iron catalyst and the colloidal stability of the NPs in



solution: The Fe-St NPs were more active for MB degradation, but at the expense of decreased
solution stability, while the St-Fe NPs were less active but were stable in solution, even after
months of storage. This indicates that in the St-Fe procedure, the iron NPs formed in the presence
of starch lead to stronger complexation between starch and Fe, or else to the physical

incorporation of starch segments around the NPs.

4.4.2.5 Repeated Additions of Methylene Blue

The different starch-stabilized iron nanoparticles were tested for their reusability, by
conducting successive degradation cycles of 4 mg/L. MB solutions as shown in Figure 4-14. To
this end a few pL of a 1 g/L (concentrated) MB solution were added every hour, so that the
reaction mixture contained 4 mg/L of MB at the beginning of each degradation cycle. The hourly
timing of the additions was to guarantee full dye degradation before re-addition. The number of
consecutive completed cycles (> 80% degradation) for each sample is provided in Table 4-3.

Even though the 1000 mg Starch St-Fe and 100 mg Starch Fe-St samples could degrade MB
at concentrations of up to 32 mg/L, they were only able to perform less than three degradation
cycles with 4 mg/L MB. This could be owing to a shortage of HO- radicals or a lack of Fe NP
accessibility, especially for the 1000 mg St-Fe NPs. Recombination of the HO- radicals to create
.9,10

water and oxygen is also a possibility:

H0'+H0'—)H20+02 (4'_7)
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Another reason might be the strong pH dependence of the self-decomposition of H>O:. In
practice, H2O2 is supplied as slightly acidic solutions (pH below 5) to avoid fast self-
decomposition at higher pHs:#1°

2H,0, = 2H,0 + 0, (4-18)

While the initial pH of the reaction was set to 4, it gradually increased to 4.20 after the
first degradation cycle and remained within 4.50 for subsequent cycles, presumably due to the
differences in rate constants for the following Fenton termination reactions favoring the
production of basic OH™ anions:

Fe** + HO-—> Fe3* + OH™ k =32x108 4-9)
Fe3* + HO, - Fe?** + 0, + H* k=103-10" (4—10)
This causes a large drift in the formation and consumption of H ions as the reaction proceeds.

The most successful catalyst in this test was the 300 mg Starch St-Fe NPs, which
completed seven MB degradation cycles at a concentration of 4 mg/L (Table 4-3, Figure 4-17).
Moreover, an increase in the rate of degradation was observed after the first degradation cycle,
while all the other catalysts had decreased degradation rates in successive cycles. This could be
due to degradation of the starch encapsulating the iron, allowing easier access to the catalyst.
The degradation of starch was obvious from the decrease in total organic carbon (TOC) in the
analysis of the blank after degradation, as shown in Table 4-4 for the 300 mg Starch St-Fe

catalyst, discussed in detail below.
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Table 4-3: Complete cycles of MB degradation at 4 mg/L.

Catalyst Number of Cycles
1000 mg Starch St-Fe NPs 2
300 mg Starch St-Fe NPs 7
300 mg Starch Fe-St NPs 3
100 mg Starch Fe-St NPs 2

290 pmol/L of Fe (1000 mg Starch St-Fe)

99 nmol/L of Fe (300 mg Starch St-Fe)

1 1
0.8 I ] 0.8
Q 0.6 ‘\‘\,\ ——1st Cycle 3 0.6 ——1st Cycle
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Figure 4-17: Degradation of MB in successive addition cycles for each catalyst (360 umol/L

H;03, 350 nm UV irradiation, pH 4) at 4 mg/L for each cycle.
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4.4.3 Total Organic Carbon (TOC) Analysis

The degraded samples were analyzed in a TOC analyzer after 60 min of UV irradiation.
Unfortunately it was not possible to inject the MB solutions into the TOC instrument for analysis
prior to degradation, since the dye could stain the tubing in the instrument. A blank for each
example, namely a solution of the starch-stabilized iron catalyst and H>O», was analyzed first.
The TOC of the blank solution was measured again after a 60 min of UV exposure as described
in Section 4.3.5, without MB. The initial organic carbon content of MB solutions at
concentrations of 4, 8, and 16 mg/L was calculated by adding the contribution from MB to the
blank reading. Finally, the TOC content was determined by injecting the degraded MB solutions
into the TOC analyzer. Even though starch and citrate degradation was only partial, the extent
of MB mineralization could be calculated by taking into account the residual TOC of the blank
according to the procedure described below. The theoretical (initial) TOC of the MB solutions
was calculated as follows:

Molecular weight of MB (C;,H18N3SCl) = 319.85 g/molL

Molecular weight of organic carbon in MB (C;oH18N3SCl) = 192.16 g/molL

192.16%
mot 1 — 60.1%

319.85-L
mol

% of organic carbon in MB (C;¢H18N3SCl) =
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Organic carbonin4mg L' MB =4mg L™ X 0.601 = 2.404mg L™ (4 —11)

Initial TOC of MB = Initial TOC of blank + 0.601 X conc.of MB (4 — 12)

The Final TOC value obtained after degradation was used to calculate the % mineralization

of MB as follows:

% Mineralized

_ (1 Final TOC of MB sample — Final TOC of blank
- TOC contribution from MB

) X100 (4 —13)

The starch-stabilized iron nanoparticles were tested at 4, 8, and 16 mg/L of MB and at
different concentrations of Fe and H>O, (Tables 4-4 through 4-8). The iron and H>O:
concentrations were selected based on the performance of the various starch-based iron NPs in
the UV-visible tests discussed above (Figures 4-11 through 4-16). It was not possible to test the
1000 mg Starch St-Fe catalyst, as the MB concentration was much lower than the starch

concentration in the samples (<10%), leading to large errors in the calculations.
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4.4.3.1 Degradation with 300 mg Starch St-Fe Nanoparticles

MB mineralization level of 40 — 57 % was observed (Table 4-4). A mineralization level of
56.7% was obtained when degrading 4 mg/L of MB, which dropped to 40.4% for 16 mg/L MB.
Although, as seen previously in the UV-visible experiments (Figure 4-17), the reaction rate and
efficiency increased in the second degradation cycle, which could lead to more promising results.
Albeit, due to instrumentation limitations, it was not possible to measure % mineralization for
successive cycles of MB degradation. The instrument is non-specific for the organic compounds
present in the solution, and unmineralized organic carbon from earlier cycles will add to the TOC
of subsequent cycles, limiting the accuracy of the findings. According to Table 4-2, the 300 mg
Starch St-Fe NPs contained the most starch of the three catalyst systems studied in these tests,
suggesting that HO- radicals may have aided starch oxidation/mineralization in addition to MB
mineralization. Although the starch is only partially degraded, as seen by the TOC values of the
blank before and after UV irradiation, this suggests that the affinity of HO- radicals for MB for

this catalytic system is higher than starch.
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Table 4-4: TOC results in the degradation of M B at various concentrations with 300 mg Starch

St-Fe 49.5 umol/L of Fe and 180 umol/L of H:O,.

Sample Initial TOC, prior Final TOC % MB
degradation after degradation = Mineralized
(mg/L) (mg/L)

Blank 4,127 3.353 -

4 mg/L MB 6.567 4.409 56.7

8 mg/L MB 8.935 5.878 47.5

16 mg/L MB 13.743 9.085 40.4

4.4.3.2 Degradation with 300 mg Starch Fe-St Nanoparticles

As seen in Tables 4-5 and 4-6, the amount of mineralization reduced dramatically as MB
concentrations increased. As seen by the TOC values of the blank before and after UV
irradiation, the catalyst support containing starch and citrate had undergone a higher percentage
of mineralization as compared to 300 mg Starch St-Fe NPs. At lower Fe concentrations, the %
mineralization was observed to be lower with these NPs compared with the 300 mg Starch St-
Fe NPs. This might be an instance where MB is degrading into smaller fragments but not getting
mineralized, as UV-visible tests revealed >80% degradation in an hour, as shown in Figure 4-
14. A much higher concentration of reagents (Fe and H>O>) might be required to degrade MB at

higher concentrations. Although, the relationship may not be linear as % mineralization
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decreased drastically for 8 and 16 mg/LL MB as the iron and H>O» concentrations were doubled

in Table 4-6.

Table 4-5: TOC results from degrading various concentrations of MB with 33 umol Fe/L 300

mg Starch Fe-St 45 umol/L of H0:.

Sample Initial TOC, Final TOC % MB
prior degradation after degradation = Mineralized
(mg/L) (mg/L)

Blank 1.409 0.4612 —

4 mg/L MB 3.813 1.658 50.2

8 mg/L MB 6.217 3.398 38.9

16 mg/L MB 11.025 7.750 24.2
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Table 4-6: TOC results from degrading various concentrations of MB with 66 umol Fe/L 300

mg Starch Fe-St and 90 umol/L HO..

Sample Initial TOC, Final TOC % Mineralized
prior degradation  after includes MB,
(mg/L) degradation starch and

(mg/L) citrate

Blank 2.148 0.621 —

4 mg/L MB 4.552 1.741 53.4

8 mg/L MB 6.956 5.036 8.2

16 mg/L MB 11.764 9.148 11.3

4.4.3.3 Degradation with 100 mg Starch Fe-St Nanoparticles

The 100 mg Starch Fe-St NPs showed a relatively higher percent mineralization than the

two catalyst systems previously tested. The percent mineralization improved significantly for 8

and 16 mg/L MB when the iron and H20: concentrations were doubled for 100 mg Starch Fe-St

NPs. (Table 4-7 and Table 4-8). The best TOC result (69.6% mineralization) was found with the

100 mg starch Fe-St when degrading 4 mg/L at 32.4 pmol/L of Fe and 90 umol/L H>O>. This is

a H2O: : Fe molar ratio of 2.78. For comparison, a similar degradation of methylene blue at pH

4 in a heterogeneous Fenton process reported by Zhou et al. degraded 50 mg/L of MB with 65%

mineralization using 17.9 mmol/L of Fe and 29.4 mmol/L H>O; with a paper sludge-derived

heterogeneous catalyst in 80 minutes.>* This is a H>O» : Fe molar ratio of 1.47. The amount of
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iron and H»O; used for starch-stabilized iron NPs is 552 times lesser in the order of pmol/L.
Thus, the results are comparable, but a much lesser amount of reagent was used for the starch-

stabilized iron nanoparticles.

Table 4-7: TOC results from degrading various concentrations of MB with 16.2 umol/L 100

mg Starch Fe-St and 45 umol/L HO..

Sample Initial TOC, Final TOC % Mineralized
prior degradation after degradation includes MB,
(mg/L) (mg/L) starch and

citrate

Blank 1.339 0.722 —

4 mg/L MB 3.743 1.452 69.6

8 mg/L MB 6.147 2.856 55.6

16 mg/L MB 10.955 7.562 28.9
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Table 4-8: TOC results from degrading various concentrations of MB with 32.4 umol/L 100

mg Starch Fe-St and 90 umol/L HO..

Sample Initial TOC, Final TOC % Mineralized
prior degradation after degradation includes MB,
(mg/L) (mg/L) starch and

citrate

Blank 2.115 0.700 —

4 mg/L MB 4.519 1.534 65.3

8 mg/L MB 6.923 2.485 62.9

16 mg/L MB 11.731 6.202 42.8

4.4.4 Tron Leaching from Starch-stabilized Iron NPs

The four catalyst systems being investigated were treated with phenol at different pH
values (2—5), and the UV-visible spectra obtained were compared with ferric chloride-phenol
standards to verify the occurrence of Fe** leaching (Figure 4-18). To this end, aliquots
corresponding to a 0.01 M Fe concentration for each catalyst were treated with 0.06 M phenol,
using H2SO4 to adjust the pH of the solutions. Only FeCls is known to form a dark blue complex
with phenol.?>> No leaching of Fe** was observed in any of the catalysts over the pH 2-5 range,

which shows that they are stable under these conditions.
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Figure 4-18: UV-Vis absorbance spectra for 0.01 M Fe aliquots of the different catalysts

treated with 0.06 M phenol at pH 2, 3, 4 and 5; 0.02 M ferric chloride was used as a control.

4.5 Conclusions

Two different synthetic routes were developed to prepare starch-stabilized iron oxide
(Fe?*3*) nanoparticles for the photocatalytic Fenton degradation of methylene blue. The four
catalysts were obtained with varying iron : citrate : starch ratios. The overall particle size of the

starch-stabilized catalysts determined by DLS analysis increased with the amount of starch used
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in their synthesis, presumably due to aggregation. The iron NPs dispersed in starch were
observed by TEM, and the presence of starch was confirmed by 'H NMR analysis.

The pH, H20> and dye concentration were varied in the degradation experiments. All four
catalyst systems could degrade methylene blue at concentrations up to 32 mg/L. These catalysts
are superior as compared with similar starch-based catalytic systems reported in the literature,>*
as a mineralization level of up to 69.6% was achieved for 4 mg/L MB under UV irradiation at
pH 4 when using 32.4 umol Fe/L and 90 umol/L H2O> with the 100 mg Starch Fe-St catalyst.
Catalyst reusability was also demonstrated for the 300 mg Starch St-Fe system, which remained
active in the degradation of up to seven aliquots of 4 mg/L MB in successive additions when 99
pmol Fe/L and 360 umol/L H20> was used. Furthermore, the hydrophilic starch increased
catalyst dispersibility across a broader pH range, and the small quantities of iron used in the
Fenton reactions result in no sludge formation. The catalysts were shown to be stable under
acidic conditions over a pH range of 2-5, as Fe*" did not leach out. Due to their successful
application to methylene blue degradation, it would be interesting to investigate these catalyst

systems in the degradation of other dyes.

187



Chapter S
Chitosan Grafted with Thermoresponsive Poly(di(ethylene glycol)

Methyl Ether Methacrylate) for Cell Culture

5.1 Abstract

Chitosan is a polysaccharide extracted from animal sources such as crab and shrimp shells.
In this work, chitosan films were modified by grafting with a thermoresponsive polymer,
poly(di(ethylene glycol) methyl ether methacrylate) (PMEO:MA). The films were modified to
introduce functional groups useful as reversible addition-fragmentation chain transfer (RAFT)
agents. PMEO:MA chains were then grown from the films by RAFT polymerization, thus
making the chitosan films thermoresponsive. The degree of substitution (DS) of the chitosan-
based RAFT agent and the amount of monomer added in the grafting reaction were varied to
control the length of the grafted PMEO;MA chains. The chains were cleaved from the film
substrates for characterization by 'H NMR and gel permeation chromatography (GPC)
analysis. Temperature-dependent contact angle measurements were used to demonstrate that the
hydrophilic/hydrophobic nature of the film surface varied with temperature. Due to enhanced
hydrophobic character as the PMEO:MA becomes hydrophobic its lower critical solution
temperature (LCST), the PMEO;MA-grafted chitosan films can serve as supports for cell
growth at 37 °C (incubation temperature). As the temperature is lowered, for example to 2—8 °C

(refrigeration temperature, below the LCST), the grafted chitosan films become less
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hydrophobic, and cell adhesion is decreased, facilitating their removal from the surface. Cell

proliferation on the modified chitosan films was assessed by microscopy using a live/dead assay.
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5.2 Introduction

The applications of biopolymers in different areas are increasing steadily. Chitin, a
polymer of acetylglucosamine units linked via 1,4-glycosidic bonds, is a structural
polysaccharide found mainly in crustaceans, fungi, and yeast. Chitosan is derived from chitin
via N-deacetylation to form glucosamine units, although the complete deacetylation of chitin is
difficult.!? The main functional groups present in chitin are therefore a primary alcohol, a
secondary alcohol and an amine group, with some acetamide groups remaining due to
incomplete deacetylation (Figure 5-1).2 Chitin can be deacetylated by hot alkali treatment with
NaOH, enzymatic deacetylation, or steam explosion; among these, treatment with NaOH is the
most common approach. About 70% deacetylation can be achieved by treating chitin with 40%
sodium hydroxide at 120 °C for 1-3 hours.? The alkali treatment also ensures the removal of
proteins, as chitin is mostly derived from the shell of crustaceans.®> While chitosan, as a structural
polysaccharide, is insoluble in water and most organic solvents,’ chitosan is obtained when the
deacetylation level is sufficient to make the material soluble in a dilute (1-5%) aqueous solution
of acetic acid. This is because at acidic pH, the NH» functional groups in the D-glucosamine

repeat units become protonated, transforming chitosan into a polyelectrolyte.?
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Figure 5-1: Structure of chitosan.

While the properties of chitosan differ depending on its molecular weight and degree of
deacetylation, its exceptional film-forming ability makes it ideal for a wide range of applications,
including wound healing and drug delivery."? Chitosan and chitin have been studied and used
for implants and wound care for a long time, as ancient Japanese fishermen used powdered crab
shells and the United States Army used it to treat battlefield injuries.* Chitosan was found to
associate with a large number of mitotic cells in the wound bed, to stimulate faster epithelium
growth at wound sites, and to promote collagen deposition.* Through increased cell attachment,
chitosan has also been found to contribute to cytokine and growth factor stimulation.>® Because
of its polycationic nature, chitosan also has antibacterial and antifungal properties.” All these
factors make chitosan films excellent cell growth supports.

The main goal of this project was to create thermoresponsive chitosan films, by grafting

with a thermoresponsive polymer, so that they could be used as substrates for cell growth at 37
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°C (incubation temperature). A potentially biocompatible polymer, poly(di(ethylene glycol)
methyl ether methacrylate) (PMEO:MA),? was selected as thermoresponsive component grafted
on chitosan, due to its LCST around 26 °C. The chitosan films were modified to form a chitosan-
based RAFT agent, followed by RAFT grafting of the di(ethylene glycol) methyl ether
methacrylate (MEO2MA) monomer. The characteristics of the grafted PMEO>MA chains could
be controlled by varying either the degree of substitution of the RAFT agent or the amount of
MEO:;MA added in the reaction. The aim was to allow the cells to interact with the PMEO;MA-
grafted chitosan films through hydrophobic interactions at 37 °C. Since PMEO2MA becomes
less hydrophobic as the temperature drops below its LCST, the attached cells should become
less adherent upon cooling, potentially enabling the PMEO:MA-grafted chitosan films to be

reusable supports for efficient cell growth and detachment.

5.3 Experimental Procedures

5.3.1 Materials

High molecular weight deacetylated chitosan (poly(D-glucosamine), molecular weight
310-375 kg/mol, >75% deacetylated), methanol (ACS reagent, > 99.8 %), N,N-
dimethylformamide (DMF, HPLC, > 99.9 %), LiCI (= 99%), deuterated DMSO (99.9 % atom),

CS2 (ACS reagent, > 99.9 %), potassium persulfate (ACS reagent, > 99.0%), sodium ascorbate

192



(ACS reagent, > 98%, crystals), NaOH (ACS reagent, > 98%, pellets), methyl 2-
bromopropionate (98%), di(ethylene glycol) methyl ether methacrylate (MEO:MA, 95%),
hydrogen chloride (30 % w/w in H>0), ethanol (HPLC, 95%), Dulbecco’s Modified Eagle’s
Medium (DMEM), aluminium oxide and inhibitor remover columns were all purchased from
Sigma-Aldrich (Oakville, ON, Canada). Tryple Express (1X) was obtained from ThermoFisher
Scientific (Waltham, MA, USA), and live/dead assay kits were purchased from Life
Technologies Inc (Carisbad, CA, USA). XTT cell proliferation kits were purchased from R&D
Systems (Mineapolis, MN, USA). Spectra/Por dialysis tubing with 100-500 Da molecular
weight cut-off (MWCO) was purchased from Spectrum Laboratories Inc. (Shewsbury, MA,

USA). The inhibitors in MEO>MA and 2-HEA were removed with neutral alumina and inhibitor

remover columns.

5.3.2 Synthesis of Chitosan Films

Deacetylated chitosan (2 g, 10.5 mmol glucosamine and acetylglucosamine units) was
added to deionized water (100 mL) in a 250-mL beaker, followed by acetic acid (0.6 mL, 0.01
mol). A propeller-type mechanical stirrer at 400 rpm was used to disperse chitosan
homogenously for 2 h until a gel-like consistency was achieved. To remove air bubbles from the
gel, it was centrifuged at 10,000 rpm for 10 min. The gel was then evenly distributed in 40 mm
x 5 mm polytetrafluoroethylene molds, each holding 15 mL of liquid. The water was allowed to

evaporate for 2 d and the films were washed with a mixture of methanol and 0.1 M NaOH (1:1
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by volume). The films were then dried in a vacuum oven at 60 °C. For cell growth studies, the

films were washed with only 0.1 M NaOH.

5.3.3 Synthesis of Xanthated Chitosan Films

Two deacetylated chitosan films (250 mg, 0.350.40 mm thickness, 1.32 mmol glucosamine
and acetylglucosamine units) were dipped in water (5 mL) in a 10-mL round-bottom (RB) flask
to be vortexed and stirred with a magnetic stir bar, to allow the films to swell. NaOH (80 mg, 2
mmol) was then added and stirring was continued for 30-60 min before CS; (0.20 mL, 3.31
mmol) was added dropwise. The flask was transferred to a water bath at 35 °C for 2 h, during
which time the solution wrned reddish-orange. The mixture was allowed to cool to room
temperature, the xanthated chitosan (Chito-CS,) films were removed from the solution, washed
with a mixture of methanol and 0.1 M NaOH (1:1) several times, allowed to dry in a fume hood
for 4 h, and finally in a vacuum oven at 60 °C overnight. The films were transparent but had a
light red tint. A high DS sample was also made by doubling the amount of CS; used, but all other
reaction parameters were held constant. For the cell growth studies, the films were washed with

only 0.1 M NaOH.
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5.3.4 Synthesis of RAFT Agent

Two Chito-CS; films (250 mg) were added to DI water (5 mL) in a 10-mL RB flask and
the mixture was stirred with a magnetic stir bar for 30 min, to allow the films to swell. Methyl
2-bromopropionate (0.20 mL, 1.8 mmol) was then added dropwise and the flask was placed in a
water bath at 80°C for 40 min. The solution, which turned light yellow by the end of the reaction,
was then allowed to cool to room temperature. The resulting chitosan-based RAFT agent (Chito-
RAFT) films were removed from the solution, washed several times with a mixture of methanol
and water (1:1 by volume), allowed to dry in a fume hood for 4 h, and then dried in a vacuum
oven overnight at 60 °C. The Chito-RAFT films had a light-yellow color. For cell growth studies,

the films were washed with only 0.1 M NaOH.

5.3.5 Synthesis of Chito-g-PMEO:MA

A Chito-RAFT film (110 mg, 0.35-0.40 mm thickness) was added to DI water (5 mL) in
a 10-mL RB flask. The mixture was stirred with a magnetic stir bar for 30 min to allow the Chito-
RAFT film to swell. Potassium persulfate (11 mg, 0.04 mmol) and MEO>:MA (47.3 mg, 0.26
mmol, for a target PMEO>;MA content of 15 wt%) were added to the solution, before degassing
with a steady flow of N> gas for 30 min. Sodium ascorbate (9 mg, 0.045 mmol) was then added
to the reaction mixture which was placed in a water bath at 30 °C for 120 min. After the reaction
the solution was allowed to cool to room temperature, the PMEO2MA-grafted chitosan films

(Chito-g-PMEO;MA) were removed from the solution, washed several times with a mixture of
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methanol and water (1:1 by volume), allowed to dry in a fume hood for 4 h, and then in a vacuum
oven overnight at 60 °C. Different PMEO2MA contents were targeted (15 wt%, 30 wt% and 60%
of the total weight) by varying the amount of MEO2MA added in the reaction. The yield was
120 mg, with a PMEO:MA content of 8.7+1 wt% based on the mass increase. For cell growth
studies, the films were washed with only 0.1 M NaOH and then stored in DI water at 22 °C, as

drying in a vacuum oven was avoided.

5.3.6 Cleavage of PMEO:MA Chains from Chito-g-PMEO:MA

A 150-mg sample of Chito-g-PMEO:;MA film was stirred with 15 mL of 1 M HCl in a 25-
mL RB flask. A condenser was attached and the reaction was stirred at 95 °C for 12 h. A white
precipitate formed by the end of reaction, which redissolved upon cooling in an ice-water bath.
The solution of degraded chitosan (free D-glucosamine) and cleaved PMEO:MA chains was
dialyzed for 72 h in a 100-500 Da dialysis bag. The purified solution was air-dried in a fume
hood, and then in a vacuum oven at 60 °C overnight. The dry residue was dissolved in DMSO-

ds for 'H NMR analysis, and in DMF for GPC characterization.
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5.3.7 Characterization Techniques

The chitosan films were characterized at different steps of the reaction by ATR-FTIR
spectroscopy, swelling tests, and contact angle measurements. 'H NMR and GPC analysis were

used to characterize the grafted polymer chains.

5.3.7.1 ATR-FTIR

The chemical composition of the films and potential interactions between their
components were investigated using attenuated total reflectance-Fourier-transform infrared
(ATR-FTIR) spectroscopy. A PerkinElmer Spectrum Two FTIR Spectrometer was used,
equipped with a Universal ATR Two accessory of Diamond/ZnSe operating with single bounce
reflection. The software used was the PerkinElmer Spectrum IR version 10.6.2. The spectra were
generated by averaging 4 scans recorded with a LiTaOs detector at a resolution of 4 cm™! in the

range of 4000 to 370 cm.

5.3.7.2 'TH NMR

A sample of cleaved PMEO:>MA chains (20 mg) was dissolved in 1 mL of DMSO-ds for
the analysis. The spectra were recorded at 25 °C on a 300 MHz Bruker instrument, by averaging
128 scans. The reported chemical shifts are relative to the solvent protons at 2.50 ppm for

DMSO-ds.
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5.3.7.3 Gel Permeation Chromatography (GPC)

The apparent (polystyrene-equivalent) number-average molecular weight (M,) and
polydispersity index (PDI = My/M,) of the grafted polymer chains was determined on a Hewlett
Packard 1100 HPLC system equipped with a refractive index (RI) detector and two Jordi Resolve
poly(divinylbenzene) columns (7.8 mm internal diameter x 300 mm length). The instrument
used DMF with 0.1% LiCl as mobile phase at a flow rate of 0.9 mL/min and a temperature of 40
°C, and the samples were injected at a concentration of 3 mg/mL after filtration through 0.2 um
polytetrafluoroethylene membrane filters. Polystyrene standards were used to calibrate the

instrument.

5.3.7.4 Contact Angle Measurements

For the measurements, each film was rehydrated in 15 mL of water for 15 min. Excess
water was blotted away using filter paper, and the film was flattened by placing a heavy metal
block on it for 30 min. The wetting behavior of the chitosan samples was evaluated at different
points of the reaction through contact angle (6.) measurements on a customized apparatus with
a built-in camera (Basler scA 1000—30 fm). Images were recorded every second after the
deposition of a 8 puL. droplet with a syringe. The photos were recorded with a custom-made

LabVIEW version 14.0 program and processed with ImagelJ version 1.52 Java 1.8.0 112 (64-
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bit).” The wetting contact angles were determined using the ‘contact angle’ tool as the angle
formed by the liquid at the three-phase (liquid, gas, solid) boundary as shown in Figure 5-2. This
plug-in function, written by Brugnara at the UFI Innovation Center,! calculates the contact angle
of a drop on a flat surface using a sphere approximation and an ellipse approximation. The data
reported are the average of three independent measurements, and the error on the measurements

was taken as the standard deviation.

Figure 5-2: Sessile-drop contact angle (0.) determination using ImagelJ.
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5.3.7.5 Swelling Tests

Dry chitosan films (25-40 mg) with different PMEO>2MA contents were submerged in 10
mL of deionized water at room temperature at either 22 or 37 °C, until equilibrium swelling was
achieved (~ 2 h). After removing excess water by blotting with filter paper, the mass of the wet

sample was calculated. The Swelling index (SI) was calculated using the equation

W] +100% (5—1)

si=|
d

where W4 and Wy, are the masses of dry film and wet film, respectively.

5.3.8 Cells Adhesion, Viability and Proliferation on Chitosan Films

The experiments mentioned in this section were performed by co-op student Duo Sun (Fall
2020) under the supervision of Prof. Maud Gorbet in the Biomedical Engineering lab at the
University of Waterloo (Carl A. Pollock Hall, CPH 1335C). Three different cell lines were tested
for cell growth and proliferation on modified and unmodified chitosan films. They were also

grown on TCPS after temperature-dependent cell detachment.

5.3.8.1 Film Sterilization

Modified and unmodified chitosan films for the cell study were prepared by placing them
in a 50 mL tube and washing them for 5 min with sterile water. After decanting the water, the
samples were sterilized by washing under agitation (300 rpm) for 15 min in 70% ethanol, and

then again with 70% ethanol for 10 min, followed by decantation of the ethanol. The samples
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were then washed in phosphate-buffered saline (PBS) for 15 min, decanted, and stored in PBS
at room temperature in the dark.

On the day prior to the cell experiments, to provide a consistent surface area for cell
growth, discs of 8 mm diameter were cut with a sterile hole hunch under aseptic conditions. The
discs were placed in a 48-well tissue culture treated polystyrene (TCPS) plate. To improve cell
adhesion, the discs of modified and unmodified chitosan films were incubated overnight at 37°C
(5% CO) in 500 uL. DMEM supplemented with 50% fetal bovine serum (FBS) and 1%

penicillin/streptomycin (P/S). The unmodified chitosan films were used as controls.

5.3.8.2 Cell Culture and Seeding on Films

To assess cytotoxicity for a broad spectrum of cells, three types of immortalized cells were
tested: the NIH 3T3 murine fibroblast cell line (ATCC), the RAW264.7 mouse
monocyte/macrophage cell line, and the HPV-modified human corneal epithelial cell line
(HCEC, Gorbet lab). The cells were grown in a flask at 37°C (5% COy) until they were 90%
confluent, and the medium was changed every 2—3 d. DMEM supplemented with 10% FBS and
1% P/S (DMEM/FBS) was used for the NIH3T3 fibroblasts and RAW264.7 macrophages, while
the HCEC were grown in serum-free keratinocyte medium (KM) supplemented with growth
factors and P/S. On the day of the experiment, the medium was removed and 3 mL of Tryple
Express was added to the flask, which was then incubated at 37 °C for 12 min. The flask was

washed with 10 mL of DMEM/FBS or KM before the cell suspension was transferred to a 15
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mL centrifuge tube and centrifuged at 1300 rpm for 5 min. The supernatant was aspirated and
the cell pellet was resuspended in 2 mL of DMEM/FBS or KM. The cells were then counted
under the microscope. After removing the DMEM/50% FBS from all the wells, 30,000 cells
were added per well in a final total medium volume of 400 uL. As controls, cells were also
seeded in TCPS wells not containing any disc. The cells were then incubated at 37°C (5% CO»)

for up to 7 d, with the medium changed every 2-3 d.

5.3.8.3 Proliferation as Measured Using XTT Assay

Cell proliferation after 1, 3 and 7 d of culture was characterized with an XTT metabolism
test using  sodium  3,3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-
nitro)benzenesulfonic acid hydrate. On the day of the assay, to ensure that only cell proliferation
on the discs was measured, the discs were transferred to a new well in a 48-well plate. To this
end 600 pL of XTT solution was added to each well and the samples were incubated for 2.5 h at
37°C (5% COz). XTT solution was added also to 2 empty wells as background controls. After
2.5 h, the supernatant was transferred to a 96-well plate and the absorbance was measured at 490
nm with a reference wavelength of 630 nm on a SpectraMax Plus 384 Microplate Reader. The
results are expressed as corrected absorbance values (by subtracting the absorbance of the

background control solution from the sample absorbance).
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5.3.8.4 Live and Dead Assay

Following the XTT test, live/dead staining was performed. The modified and unmodified
chitosan films, as well as TCPS controls were incubated with 500 pL DMEM/FBS containing
0.25 pL of 1 mmol/L of calcein AM (stains live cells green) and 1 pL of ethD-1 (stains dead cells
red) for 25 min at 37 °C. The samples were then imaged with a Nikon Eclipse TS100

fluorescence microscope (Tokyo, Japan).

5.3.8.5 Temperature-induced Cell Detachments and Viability

After imaging of the NIH3T3 fibroblasts on day 3, and the RAW264.7 macrophages on
days 3 and 7 on the films, they were gently washed with PBS and transferred to a new 48-well
plate. Each well was filled with DMEM/FBS and the samples were incubated in a refrigerator
(2-8 °C) for 15 min. The medium was then thoroughly mixed with a pipette to collect suspended
(adherent/detached) cells. The cell suspension was centrifuged for 5 min at 1300 rpm in 15 mL
centrifuge tubes. The supernatant was aspirated, the cell pellet was resuspended in 500 puL. of
DMEM/FBS, and the cells were seeded into 24- or 48-well plates to be cultured for 3 d at 37 °C,

after which time the live/dead assay was repeated.
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5.4 Results and Discussion

5.4.1 Synthesis of Chitosan-based RAFT Agent and Chito-g-PMEO:MA

Chitosan was modified to add thiocarbonylthio groups, serving as RAFT-active sites, as
the starting point in the synthesis. This was accomplished by first reacting the hydroxyl groups
on the glucosamine units with carbon disulfide in a heterogenous reaction under alkaline
conditions, namely in the presence of NaOH. The RAFT agent was obtained by reacting the

xanthated chitosan intermediate with methyl 2-bromopropionate (Scheme 5-1).

S g CO,CHg
OH 0% CO:LHs o %s
: O CS, l o] Br ' O
(@) — @] —» O
HO NH2 \\ NaOH HO NH2 \\\ HO NH2 \\

Scheme 5-1: Synthesis of the chitosan-based RAFT agent.

The chitosan-based RAFT (Chito-RAFT) agent obtained was then used to graft
PMEO:;MA on the film. The RAFT polymerization mechanism involves a chain transfer agent
in form of a thiocarbonylthio functional group (RAFT agent) to control the molecular weight of

the grafted polymer in a free radical reaction.!! The free radicals necessary to initiate the reaction
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were generated with a redox system consisting of potassium persulfate and sodium ascorbate.
Liu et al. used this redox initiator to graft poly(2-methoxyethyl acrylate) onto a macromolecular
RAFT agent derived from poly(poly(ethylene glycol) methyl ether methacrylate). That initiator
system was found to be highly efficient at 30 and 40 °C, without induction period in either case,
and 90% conversion was accomplished within 1 h with a PDI = 1.10.'2

Attenuated total reflectance—Fourier-transform infrared spectroscopy (ATR—FTIR) was
used to characterize the chitosan substrate and the modified chitosan films. The carbonyl amide
(C=ONHR stretch) and amine (HN-H bend) bands at 1670 and 1590 cm!, respectively, are
characteristic for chitosan. Since the chitosan used was >75% deacetylated, the C=ONHR stretch
was used to normalize the different spectra shown in Figure 5-3. As expected, all four modified
chitosan films have a characteristic ester (OC=0 carbonyl stretch) band at 1728 c¢m™!, but
chitosan does not. Even though the results are only semiquantitative, the OC=0 band first
appeared when chitosan was modified to form the Chito-RAFT agent, and the absorbance
increased for a higher targeted DS, due to the nucleophilic substitution reaction between
xanthated chitosan and methyl 2-bromopropionate with bromine as leaving group. As seen in
Figure 5-3, due to the presence of ester groups in MEO2MA, the intensity of the ester stretch
band increased further as the targeted grafted PMEO2MA content was increased from 15 to 60

wt% for Chitosan-g-PMEO;MA (Chito-g-PMEO:;MA).
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Figure 5-3: FTIR spectra for unmodified and modified chitosan samples.

The PMEO;MA content in the PMEO;MA-grafted starch samples could be calculated by
'"H NMR analysis in Chapter 2, where PMEO,MA was similarly grafted to starch by RAFT
polymerization. Since chitosan is not dispersible in most organic and aqueous solvents, the
composition of the Chito-g-PMEO:;MA samples was rather determined by comparing the weight
of the films before grafting (Chito-RAFT agent) and after PMEO;MA grafting, to calculate the
percentage of grafted PMEO2MA in the product. A larger number of chains can be assumed to
be grafted on or near the surface of the film, because the aqueous reactions were heterogeneous
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in nature. However, since the films were swollen in the reaction medium before the reactions,
the occurrence of grafting inside of the films cannot be excluded.

The grafting efficiency was estimated using Equation 5-2
: . W, — W,
Grafting ef ficiency = [W—] * 100% (5-2)
m

and the PMEO>;MA content in the product, expressed as a weight % increase relatively to the

initial Chito-RAFT film, was calculated from Equation 5-3
W, - W,
PMEO,MA content = [T] * 100% (5-3)
i

where W: is the weight of the recovered PMEO:MA-grafted chitosan film, W; is the weight of
the chitosan-based RAFT agent film, and Wr, is the weight of monomer added in the grafting
reaction. The average grafting efficiency and the average PMEO2MA content were calculated
by taking the average of 3 trials for each sample type. As shown in Table 5-1, the grafting
reaction was not very efficient. The highest monomer grafting efficiency (49+2%) was observed
for Chito-g-PMEO>;MA (15 wt%), which decreased to 2943 % as the target PMEO>MA content
was increased to 60 wt%. The reaction was conducted for 2 h, during which time Chito-g-
PMEO;MA (15 wt%) and Chito-g-PMEO>MA (30 wt%) achieved 50% grafting efficiency
within experimental errors, while the remaining chains were not grafted onto chitosan and
remained in solution. The non-grafted chains in solution for sample Chito-g-PMEO;MA (60
wt%) were analyzed by GPC. The apparent M, of the soluble material was determined to be 135

kg/mol, with a PDI of 1.62. As discussed in more detail in Section 5.4.2, these values are
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comparable with the apparent M, and PDI measured for the cleaved PMEO>;MA chains of Chito-
g-PMEO:MA (60 wt%). The average PMEO:;MA content determined from the weight
measurements was 8.7+1 %, 20+1 %, and 43£3 % for the 15 wt%, 30 wt% and 60 wt% targeted
PMEO:MA contents, respectively. As the monomer content in the grafting reaction was
increased, the amount of PMEO>-MA grafted onto chitosan nevertheless still increased, as
indicated by the experimental Chito-g-PMEO:MA compositions reported in Table 5-1. The
reactions were reproducible, as standard deviations of 1-3 % were obtained for all three samples
for the average grafting efficiency and PMEO2MA content of the Chito-g-PMEO2MA samples.
For comparison, Tang et al. used RAFT polymerization to graft thermoresponsive PNIPAM onto
chitosan, using a RAFT agent obtained by modifying chitosan with phthalic anhydride and S-1-
dodecyl-S'-(0,0'-dimethyl-o"-acetic acid) trithiocarbonate.!®> It was reported that RAFT
polymerization yielded both grafted chains and soluble, untethered chains. A grafting efficiency
of 50% was likewise reported after 10 h, suggesting that some chains remained in solution at the
end of the reaction.!3

A calculation was made to determine whether PMEO>MA grafting occurred only on the
surface, or throughout the Chito-RAFT film. As an example, the initial weight of the Chito-
RAFT agent film was 110 mg for Trial 1 for the synthesis of Chito-g-PMEO:MA (60 wt%) in
Table 5-1, and the film had an initial thickness of 0.37 mm. If the density of chitosan and
PMEO;MA are assumed to be identical, an increase in PMEO2MA mass will increase the

thickness of the film to the same extent. Equation 5-4 may be used to compute this:
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W,
Grafted film thickness = WT * initial film thickness
i

_ 161
110

* 0.37 mm = 0.54 mm (5—-4)

The thickness of the PMEO2MA layer added on one side of the film would be given by Equation
5-5
Added thickness = [thickness of grafted film — initial film thickness]/2

= (0.54 — 0.37)/2 = 0.09 mm (5-5)

Using the data reported in Table 5-2 for the cleaved chains, the apparent degree of

polymerization (X,) of the PMEO>MA chains cleaved from Chito-g-PMEO>MA (60 wt%) was

M, 128000 g/mol
—] - — 680 (5-6)
M, 188.2 g/mol

X =|

where M, is the apparent number-average molecular weight of the PMEO2MA chains, and M,
is the molar mass of the MEO;MA monomer.

A maximum theoretical film thickness can be calculated'* with Equation 5-7 for

PMEO:;MA chains grafted strictly on the surface of the Chito-RAFT agent film if the polymer

chains are assumed to adopt a fully extended chain conformation

_ (0.8166x1%2Xy) _ 0.8166%1.535%10~ 7/ mm#*2*680
2 2

R = 0.00017 mm 5-7)

where / is the length of the carbon-carbon (C-C) bond and 0.8166 = sin (109.5°/2) is the

projection of each C-C bond on the main axis of the chain.!*
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In spite of the approximations used (using the apparent M, of the PMEO>;MA chains, and
equal density of chitosan and PMEO>MA in the calculations), it is clear that the maximum film
thickness increase expected for PMEO;MA chains grafted strictly on the film surface (0.00017
mm) is much smaller than the 0.09 mm increase expected based on the weight increase of the
film. Furthermore, polymers are not expected to remain in a completely stretched conformation
unless they are grafted densely on a surface, which would make the discrepancy between the two
values even larger. Consequently, grafting of the PMEO>2MA chains must have occurred
throughout the films rather than only on their surface. It nevertheless seems likely that due to the
greater accessibility of RAFT sites, the density of PMEO2MA chains grafted would be larger on

or near the surface of the films.
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Table 5-1: Grafting efficiency of PMEO:MA to chitosan using Chito-RAFT agent.

Sample Trial Chito-RAFT MEO:MA Recovered Average Average
agent (Wm, mg) (Wi, mg) grafting PMEO:MA
(Wi, mg) efficiency content
(%) (Wt%)
Chito-g- 1 110 19.5 120
PMEO:MA 5 113 19.9 123 4942 8.7+1
(15 wt%)
3 112 19.7 121
Chito-g- 1 110 47.3 132
PMEO:MA 5 110 473 134 47+3 20.3+1
(30 wt%)
3 113 48.4 134
Chito-g- 1 110 166 152
PMEO:MA 5 110 166 161 29+3 4343
(60 wt%)
3 112 168 162

5.4.2 Cleavage of PMEO:MA Chains from Chito-g-PMEO:MA

Using chitosan modified with functional groups acting as RAFT agent (Chito-RAFT) for
the methacrylate monomer, two different strategies were developed to control the chain length
and the composition of the target Chito-g-PMEO:MA films. The first strategy was to vary the
degree of substitution (DS) of the chitosan-based RAFT agent, while keeping the amount of
monomer used in the grafting reaction unchanged. To see whether that approach had an impact

on chain length, the target DS for the Chito-RAFT substrate used in the synthesis of Chito-g-
211



PMEO:;MA (60 wt%) was doubled. Due to the greater number of reactive sites present in the
film, a RAFT agent with a higher DS should generate a larger number of shorter polymer chains.
Conversely, a RAFT agent with a lower DS should generate longer polymer chains due to the
presence of fewer initiating sites. The other strategy investigated was to vary the amount of
monomer added to the Chito-RAFT agent for a given DS, since the length of the PMEO:MA
chains should increase as more monomer is added in the grafting reaction. To verify this
hypothesis, the target monomer (MEO2MA) content was varied from 15 to 60 % of the Chito-
RAFT film substrate weight.

The molecular weight of the thermoresponsive PMEO>;MA chains grafted to chitosan was
determined by GPC analysis after degrading the chitosan substrate into N-acetylated and
deacetylated glucosamine units, using 1 M HCL. The degradation rate of chitosan increases with
the acid concentration and the temperature,'® and refluxing in 1 M HCI for 12 h led to complete
degradation of the chitosan component while leaving the PMEO2MA chains unaffected. After
the reaction, PMEO>MA was separated from the degraded chitosan components by dialysis for
72 h. The integrity of the cleaved PMEO:MA chains was verified by NMR analysis (Figure 5-
4b). The integral of the peak for the methyl protons (3H, labeled 1) was in a 1.45:1 ratio to the
methylene protons in the glycol unit next to the ester group (2H, labeled 3) or identical, within
error limits, with the expected ratio of 1.5:1. This implies that the diethylene glycol units in
PMEO;MA were not cleaved during the reaction, and that only the glycoside linkages were

degraded. In the PMEO:MA sample recovered after degradation of the chitosan component
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(Figure 5-4b) an anomeric proton signal is also absent at 5.20 ppm, confirming the absence of
chitosan in the product. These results are consistent with a report by Aljbour et al., who
determined an average yield of 87% for the depolymerization of chitosan into monomers and
dimers of glucosamine when the reaction was conducted under reflux in 2 M HCI for 24 h.'6 It
was also shown that chitosan was deacetylated during depolymerization, such that the monomers
and dimers contained mostly deacetylated glucosamine units.!” The deacetylation and

depolymerization mechanism suggested by the authors is shown in Scheme 5-2.
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Figure 5-4: '"H NMR spectra for a) PMEO:MA, and b) PMEO:MA chains cleaved from Chito-

8-PMEO:MA (15 wt%) in DMSO-d6 at 25 °C.
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Scheme 5-2: Proposed reaction mechanism for the acid-catalyzed hydrolysis of N-acetyl and
glycosidic linkages in chitosan. (a) Hydrolysis of the N-acetyl linkage (Sn2 reaction). (b) Most
widely accepted mechanism for hydrolysis of the glycosidic linkage (SvI reaction) Reprinted

with permission from reference 17. Copyright (2001) Elsevier.
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Chito-g-PMEO;MA with 15, 30, and 60 wt% target PMEO>MA contents, as well as Chito-
g-PMEO:MA with 60 wt% target PMEO>MA content obtained with a higher DS Chito-RAFT
substrate, were studied by GPC to demonstrate control over the molecular weight of the grafted
PMEO:;MA chains as a function of the reaction conditions used (Table 5-2). The apparent
(polystyrene-equivalent) M, of the cleaved PMEO;MA chains for Chito-g-PMEO>-MA with
target PMEO>2MA contents of 15, 30 and 60 wt% were indeed 43, 85 and 128 kg/mol,
respectively, with PDI values in the 1.71-1.88 range (Table 5-2). Therefore when increasing
amounts of monomer were added to a constant DS Chito-RAFT substrate, the grafted
PMEO:;MA chains grew longer as expected. Furthermore, the PMEO:MA chains cleaved from
Chito-g-PMEO:;MA (60 wt%, high target DS) had an apparent M, of 105 kg/mol and a PDI =
1.88 (Table 5-2), somewhat shorter than for the low DS Chito-g-PMEO:MA (60 wt%) sample
(M, = 128 kg/mol). Due to the increased DS, shorter PMEO>MA chains were grown from the
chitosan substrate as expected, albeit the variation in M, was not as pronounced as in the situation
where the amount of monomer added was varied. Jiang et al. synthesized chitosan-based RAFT
agent to graft poly(N-isopropylacrylamide) (PNIPAM), and obtained a PDI of 1.28 for M, =
16.2 kg/mol.'® The molecular weights attained for the PMEO>MA chains are much higher in the

current investigation, but the PDI values are also higher.
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Table 5-2: Comparison of the apparent number-average molecular weights (M,) obtained by

GPC analysis of the cleaved PMEO:MA chains.

Cleaved Samples M, from GPC PDI
(kg/mol)

Chito-g-PMEO:;MA (15 wt%) 43 1.82

Chito-g-PMEO:;MA (30 wt%) 85 1.71

Chito-g-PMEO:;MA (60 wt%) 128 1.80

Chito-g-PMEO:;MA (60 wt%, High DS) 105 1.88

5.4.3 Contact Angle Measurements

The sessile water drop contact angle test was used to characterize the hydrophilic or
hydrophobic nature of the modified chitosan films above and below the LCST of the grafted
PMEO:;MA chains. Hydrophilic surfaces are generally considered to have water contact
angles below 90°, while hydrophobic surfaces have contact angles above 90°.! Contact angle
measurement results are compared for selected Chito-g-PMEO:>MA samples with different target
thermoresponsive polymer contents in Figure 5-5, and the quantitative results are summarized
in Table 5-3. A film of PMEO>MA synthesized by radical polymerization (Mx = 60.4 kg/mol,
PDI = 2.5) cast on a glass slide was also used as a control for comparison with the Chito-g-
PMEO:;MA samples. The experiment could not be carried out on unmodified chitosan films,
because they were too hydrophilic and readily absorbed the water droplets. Not surprisingly,

PMEO:;MA was found to be hydrophobic at 40 °C, above its reported LCST of 26 °C.2° An
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increase in hydrophobicity is also clearly seen for the different Chito-g-PMEO:MA samples as
their PMEO2MA content increases. The presence of a grafted PMEO:MA on the surface should
reduce the charge density of chitosan, resulting in lower hydrophilicity.?! Interestingly, the
contact angle of all the Chito-g-PMEO2MA samples is significantly higher than for the
PMEO:MA homopolymer reference, suggesting enhanced surface hydrophobicity for these
films. This may be explained in part by the much greater M, of the cleaved PMEO>MA chains
in the 30 wt% and 60 wt% samples than for the reference sample, which had a high contact angle
even under LCST. An increase in M, of the grafted PMEO:MA chains led to a decrease in the
LCAT/LCST of SNP-g-PMEO:;MA in solution in Chapter 2 (Table 2-2, and Figure 2-8). For the
30 wt% and 60 wt% Chito-g-PMEO:2MA samples, the contact angle measurements may have
been lower at temperatures < 22 °C, but the Chito-g-PMEO2MA samples tended to form gels
when stored in the refrigerator (4 °C) overnight. Furthermore, it was impossible to undertake
contact angle measurements below 22 °C (room temperature), due to the lack of a cooling system
on the instrument.

In the low temperature range (22 °C, below the LCST of the PMEO:MA chains), the
contact angles also varied in the order Chito-g-PMEO:;MA (15 wt%) < Chito-g-PMEO:>MA (30
wt%) < Chito-g-PMEO:;MA (60 wt%), especially at longer measurement times. This trend can
be rationalized in terms of the decreasing influence of the chitosan component of the samples as
their PMEO;MA content increases. Noticeably, the longer PMEO>MA chains grafted in the 30

and 60 wt% samples results in less drastic changes in contact angle, which may be related to the
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long PMEO2MA chains shielding the chitosan component more effectively from water than in
the 15 wt% sample. Furthermore, as seen in Table 5-3, contact angle changes at 40 °C are
insignificant within error limits over the 4-second time scale of the measurements, while a small
decrease is observed for the Chito-g-PMEO:MA samples at 22 °C. This is presumably due to
rearrangement of the hydrophilic chitosan component to contact the water phase, which is
facilitated by the increased mobility of the hydrated PMEO>MA chains at low temperature.
Finally, there is an obvious increase in contact angle for all the Chito-g-PMEO>-MA
samples as the temperature is increased from 22 °C (below the LCST of PMEO:MA) to 40 °C
(above the LCST), as expected for these thermoresponsive materials. Plunkett e al. similarly
observed that the water contact angle increased from 68.4°£0.4° to 79°+1° for PNIPAM
monolayers self-assembled on gold surfaces as the temperature was increased from below to
above the LCST of PNIPAM.?? The magnitude of the contact angle changes observed for the
Chito-g-PMEO;MA 15 and 30 wt% samples are larger than for PNIPAM monolayers,
presumably due to decreased shielding of the chitosan component by the grafted PMEO:MA

chains.
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Table 5-3: Contact angle (in degrees) from t = 0 to 4 s for selected samples at 22 and 40 °C.

Time | PMEO:MA on glass | SNP-g-PMEO:MA SNP-g-PMEO:MA SNP-g-PMEO:MA
(s) slide (15 wt%) (30 wt%) (60 wt%)

@22 °C | @40 °C @22 °C @40 °C @22 °C | @40 °C @22 °C | @40 °C
0 73+2 88+1 7543 103.7+2 9542 109+1.5 91+1.3 | 102+1.2
1 70.4+1.7 | 88.7+1.2 66+4.8 102.9£3.4 | 92.4+2 10742 92.5¢1 | 100.5+2
2 7242 89.2+1.5 62.7+5 103.5+4.7 | 86.7+4 106.8+2 91+1.2 | 102+2.7
3 73.6+1.5 | 85.142 62.2+4.3 102.3+4.9 | 81.744.7 | 106.9+2.1 |93.2+2 | 101+3
4 74.842.7 | 85.642.6 60.2+6 104.8+3.7 | 83.3£3.6 | 106.6+1.7 | 92.1+3 | 102+4.2

PMEQ,MA on a glass slide Chito-g-PMEO,MA (15%)
220C 40 °C 22¢C 40°C

Chito-g-PMEO,MA (30%)

22°C

40 °C

22¢C

Chito-g-PMEO,MA (60%)

40°C

Figure 5-5:Contact angle measurements at t=0 s for different samples at 22 and 40 °C.
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5.4.4 Swelling Tests

The swelling properties of modified and unmodified chitosan films are compared in Figure
5-6. The swelling index (SI) of chitosan, expressed as % swelling relatively to the weight of the
non-swollen samples, decreased substantially with the amount of PMEO;MA grafted to
chitosan, particularly for target PMEO:MA contents of 30 and 60 wt%. It is necessary to be
cautious in making comparisons due to variability in the measurements leading to large error
bars, however. The combination of hydrophilic hydroxyl and amino groups in chitosan allows
hydrogen bonding with water, leading to the highest SI for chitosan and Chito-RAFT at both 22
and 37 °C. Grafting PMEO:;MA on the chitosan films decreased their average hydrophilicity to
some extent, such that bulk swelling of the films was decreased significantly at the higher
PMEO:;MA contents, due to the decreasing contribution of the hydrophilic chitosan component.
The thermoresponsiveness of the samples manifests itself as a substantial decrease in SI at 37
°C, above the LCST of PMEO:;MA, even though the error bars overlap for Chito-g-PMEO:MA
(60%). This is clearly due to the grafted thermoresponsive PMEO>;MA chains accounting for a
significant portion of the sample weight, becoming hydrophobic at the higher temperature and
making the bulk material less hydrophilic on average. As mentioned earlier, the LCST of the
chains at the surface of the Chito-g-PMEO:MA (30%) and for Chito-g-PMEO>;MA (60%) films
could potentially be below 22 °C, which would explain why no drastic changes in SI were

observed as the temperature was increased from 22 °C to 40 °C.
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Figure 5-6: Swelling behavior of selected chitosan films.

5.4.5 Cells Adhesion, Viability and Proliferation on Chitosan Films

The cell culture experiments were performed on RAW264.7 macrophages, NIH3T3
fibroblasts and immortalized human corneal epithelial cells. The cells were allowed to proliferate
on polystyrene plates treated for tissue culture (TCPS) and unmodified chitosan films as controls,
as well as on chitosan films grafted with 30 and 60 wt% PMEO:>MA, for up to 7 days.

The live/dead assay provides a qualitative evaluation of the cytotoxicity of a biomaterial,

with calcein AM staining live cells green and EthD-1 staining dead cells red, which can be
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observed on a fluorescent microscope. Overall, the aim was to evaluate the cytotoxicity of the
films towards these cells. It is important to understand that a material might not be cytotoxic, but
also not necessarily biocompatible. Biocompatibility can be defined as the ability of a material
(e.g. the chitosan films) to perform its desired function (cell adherence and detachment) without
inducing any local or systemic adverse response by the cells.?? Thus it is not just the presence of
viable cells and the absence of dead cells which make a material biocompatible, but also the way
in which the cells adhere and proliferate in contact with the material. The thermoresponsive
properties of the modified chitosan films were evaluated with RAW264.7 macrophages and
NIH3TS3 fibroblasts. This was accomplished by lowering the temperature as described in Section
5.3.8.4, to detach the growing cells on the films. The cells were then cultured for 3 d on a tissue
culture plate and visualized by fluorescence microscopy with calcein-AM and EthD-1 staining

to determine live and dead cells, respectively.

5.4.5.1 Macrophages

The RAW 264.7 macrophage, originating from the Abelson leukemia virus derived from
BALB/c mice, are capable of performing pinocytosis and phagocytosis by producing nitric
oxide.?* Macrophages, in comparison to other types of cells, are difficult to remove from any
film surface; consequently, they were selected as a relevant cell type for the cell adhesion
experiments.?> As seen in Figure 5-7, the RAW 264.7 macrophages proliferated well on both

modified and unmodified chitosan, as demonstrated by the increase in absorbance values in the
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XTT assays between day 1 and day 7. Cell proliferation was further confirmed with the live/dead
assay (Figure 5-8); a significant increase in cell density can be observed between day 1 and day
7. It is important to note that despite the fact that an almost confluent layer of macrophages could
be seen on both TCPS and Chito-g-PMEO:;MA (30 wt%), the XTT absorbance values for Chito-
g-PMEO:MA (30 wt%) were about 30% of that for TCPS (Figure 5-9). This is because the
metabolized dye adsorbed on the films, and thus was not present in the supernatant. Indeed, it
can be seen in Figure 5-10 that as the XTT solution was metabolized, it was sorbed (adsorbed
and/or absorbed) on the chitosan films, and thus the values reported at day 7 are underestimating
the actual cell proliferation level. This was further supported by fluorescence microscopy (Figure
5-8), as cell proliferation at day 7 on Chito-g-PMEO>;MA (30 wt%) appeared to be very similar
to the control TCPS. The results from the live/dead assay (Figure 5-8, day 1) and XTT assay
(Figure 5-7) also suggest that macrophages adhere well on the modified chitosan films. At day
1, more dead cells were observed on Chito-g-PMEO;MA (60 wt%) (red-stained cells) as
compared with Chito-g-PMEO>;MA (30 wt%), indicating some initial cytotoxicity with Chito-g-
PMEO:;MA (60 wt%) (Figure 5-8). The number of dead cells was negligible by the end of day
7, however. The live/dead results indicate that the RAW?264.7 macrophage cells proliferated well
on the modified chitosan films, reaching a level of confluence similar to the TCPS control,
especially for Chito-g-PMEO:MA (30 wt%).

Overall, the results indicate that PMEO>MA-grafted chitosan films are excellent surfaces

for the growth of macrophages, displaying limited and no cytotoxicity for Chito-g-PMEO>2MA
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(60 wt%) and Chito-g-PMEO>MA (30 wt%), respectively. As seen in Figure 5-8, the cells appear
to grow as large clumps on both chitosan and Chito-g-PMEO;MA (60 wt%), with bare areas
(day 3 for Chito-g-PMEO:MA (60 wt%), day 7 for chitosan), suggesting that these films are not
as biocompatible as Chito-g-PMEO>:MA (30 wt%). Physicochemical properties such as the
surface roughness are important to optimize cell adhesion. Zan et al. studied the effects of the
surface roughness of chitosan microspheres on cell adhesion and found that Mouse MC3T3-El
osteoblasts preferred rough surfaces over smooth ones.? An increase in PMEO>;MA content
from 30 to 60 wt% may have led to increased film roughness, reducing the cytocompatibility of

the Chito-g-PMEO:MA (60 wt%) films.
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Figure 5-7: XTT assay for proliferation of RAW 264.7 cells on modified and unmodified

chitosan films.
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Tissue culture plate Chitosan Chito-g-PMEO,MA (30 wt%) Chito-g-PMEO,MA (60 wt%)
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Figure 5-8: RAW264.7 macrophage viability on chitosan, Chito-g-PMEO:MA (30 wt%),
Chito-g-PMEO:MA (60 wt%) and TCPS (control). Representative live/dead staining of cells
on chitosan films and TCPS at day 1, 3 and 7 days after seeding. Calcein AM stains live cells

green, and EthD-1 stains dead cells red.
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Figure 5-9: XTT assays for the proliferation of macrophage RAW 264.7 on chitosan films
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Figure 5-10: Sorption of the dye on the films.
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5.4.5.2 Fibroblasts

Fibroblasts are among the most common cell types used in cytotoxicity studies.?” Chitosan
and O-carboxymethylchitosan films were found to enhance the adhesion and proliferation of
fibroblasts.?® Cells can attach to the surface via specific adhesion proteins present in fetal bovine
serum (FBS), or through direct interactions with chitosan.?® The poor adhesion of fibroblasts on
the chitosan films was reflected in the XTT results (Figure 5-11), where cell proliferation
decreased drastically from day 1 to 7. A low number of adherent NIH3T3 fibroblasts were also
observed on the chitosan films as compared with TCPS on day 1 after seeding (Figure 5-12, day
1). Despite the low cell densities, the cells appeared to proliferate to some extent on the films
and to stay alive over the 7-day culture period. On the modified chitosan films, the adherent
NIH3T3 fibroblasts did not display the spindle cell morphology typical for fibroblasts, which
was observed on both the unmodified chitosan and TCPS substrates. Therefore while the
modified chitosan films were not cytotoxic (no red spots), they were definitely not
as biocompatible as for the RAW 264.7 macrophages. Cell adhesion and morphology have been
shown to depend on the presence of proteins and the properties of the surface, namely the
topography, roughness and stiffness of the material. 227 It is currently unclear which of these

factors played a role in the poor cell morphology observed on the modified chitosan films.
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Figure 5-11: XTT assay for proliferation of NIH3T3 cells on modified and unmodified

chitosan films.
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Tissue Culture Plate Chitosan Chito-g-PMEO,MA (30 wt%) Chito-g-PMEO,MA (60 wt%)
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Figure 5-12: Fibroblasts 3T3 viability on chitosan, Chito-g-PMEQO:MA (30 wt%), Chito-g-
PMEO:MA (60 wt%) and TCPS (control). Representative live/dead staining of cells on
chitosan films and TCPS at day 1, 3 and 7 days after seeding. Calcein AM stains live cells

green, and EthD-1 stains dead cells red.
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Figure 5-13: XTT assay of fibroblast NHI3T3 adhesion on chitosan films relatively to control

surface (TCPS).

5.4.5.3 Human Corneal Epithelial Cells (HCEC)

The HPV-modified human corneal epithelial cell line (HCEC) was selected for
cytotoxicity determination because it is highly sensitive to external stresses, such as the presence
of undesirable compounds or byproducts on the film surface.?” This was the reason why FBS
was not used to promote cell adhesion and proliferation in the experiments with HCEC. At day
1 after seeding, the modified films had a smaller number of adhering HCEC than the unmodified
chitosan films (Figure 5-14, day 3). After 3 days, it appears that the HCEC cells did not

proliferate much on the 30 and 60 wt% Chito-g-PMEO>;MA substrates; in fact, there was a
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significant drop in the number of cells for Chito-g-PMEO:MA (30 wt%), with a few dead cells
(red spots). The unmodified chitosan films, on the other hand, displayed enhanced in cell
proliferation over days 1-3. Benhabbour et al. studied the effects of hydrophilic hydroxyl-
terminated dendrons and PEG on HCEC adhesion to modified gold surface.** The authors
reported that the presence of oxyethylene moieties in PEG resulted in cell-resistant surfaces, due
to the absence of proteins promoting cell adhesion, but when the PEG chains were end-modified
with the hydrophilic dendrons, the high density of peripheral hydroxyl groups increased their
affinity for HCEC adhesion and proliferation.*® This may have been the case for the modified
chitosan films, where the density of grafted PMEO>MA chains (containing oxyethylene units)
on the surface may have reduced the exposure of hydroxyl groups from chitosan, thus reducing
the ability for HCEC to adhere and proliferate.

It should be noted that this observation is specific to HCEC, and the biocompatibility of
the material differed for other cell lines such as macrophages RAW 264.7 and fibroblasts

NHI3T3, as discussed in the previous sections.
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Figure 5-14: HCEC viability on chitosan, Chito-g-PMEO:MA (30 wt%), Chito-g-PMEO:MA
(60 wt%) and TCPS (control). Representative live/dead staining of cells on chitosan films and
TCPS at day 1 and 3 days after seeding. Calcein AM stains live cells green, and EthD-1 stains

dead cells red.

5.4.5.4 Temperature-induced Cell Detachment and Viability

Chen et al. synthesized chitosan films grafted with poly(acrylic acid) and PNIPAM to
make them thermoresponsive, and examined cell adhesion and detachability with fibroblast cells.
The films were found to be non-cytotoxic and allowed cell detachment as the temperature was
lowered.?! Similarly, the modified chitosan films were incubated for 15 min at 2-8 °C to test
their thermoresponsive properties, with the unmodified chitosan film used as control, to
determine whether cells would detach from the surfaces upon cooling, be viable and continue to

proliferate. These experiments were performed with RAW264.7 (cells detached on day 3 and
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day 7) and NIH3T3 (cells detached on day 3). Unfortunately, the chitosan films started
disintegrating when they were put in the refrigerator after day 7 of incubation with macrophages
RAW 246.7, and thus could not be imaged by fluorescence microscopy. The cells that detached
from the films were then cultured on TCPS for 3 days, after which live/dead staining was
performed. As seen in Figure 5-15, all the films produced viable cells, with no observable dead
cells. Unfortunately it was not possible to obtain quantitative results by the XTT assay, as the
chitosan films seemed to adsorb the dye, preventing it from being released in the supernatant.
Even though the analysis is only qualitative, it seems that Chito-g-PMEO2MA (60 wt%) yielded
a larger number of viable cells after day 3 of proliferation than Chito-g-PMEO:MA (30 wt%)
for both macrophages, and more so for the 3T3 fibroblast cells (Figure 5-15). As discussed
earlier, several factors may play a role in the interactions of chitosan with the cells, among which
the amino group in chitosan may be important. According to Freier et al., the adhesion of dorsal
root ganglion cells on chitosan was reduced as the acetylation level increased.’? Chitosan with
only 0.5% acetyl groups had the highest cell viability, approximately 8 times higher than for
chitosan with 11% residual acetyl groups.>? In the current case, the presence of the PMEO:MA
chains likely also have affected cell adhesion and detachment. Since Chito-g-PMEO:;MA (60
wt%) contained longer polymer chains than Chito-g-PMEO>MA (30 wt%), its interactions with
the cells via hydrophobic interactions at 37 °C (above its LCST) should have improved cell
adhesion relatively to the shorter PMEO>MA chains in Chito-g-PMEO;MA (30 wt%). This

would explain why higher cell densities were observed after culturing the cells detached from
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Chito-g-PMEO;MA (60 wt%). Nevertheless, it should be noted that hydrophobic interactions
are just one of the factors responsible for cell adhesion, while other parameters such as
fibronectin in FBS?* and film roughness?® may also make significant contributions to cell

adhesion.
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Figure 5-15: Fibroblasts and macrophages detached from chitosan (day 3), Chito-g-
PMEO:MA (30 wt%) (day 3 and 7), Chito-g-PMEQO:MA (60 wt%) (day 3 and 7) and seeded in
on TCPS. Representative live/dead staining of cells on TCPS after 3 days of incubation.

Calcein AM stains live cells green, and EthD-1 stains dead cells red.

5.5 Conclusions

RAFT polymerization was successfully applied to the synthesis of PMEO>MA-grafted
chitosan films, where the length of the PMEO;MA segments could be tuned by varying the DS

of the Chito-RAFT substrate and the monomer content in the reaction. The presence of
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PMEO:;MA chains on the surface of the modified chitosan films was confirmed by ATR-FTIR
spectroscopy, and contact angle measurements confirmed the thermoresponsive character of the
modified films. It was clearly shown, from mass balance calculations, that grafting of the
thermoresponsive polymer took place throughout the whole films rather than exclusively on their
surface, although the presence of a concentration gradient, with the formation of a PMEO;MA-
rich layer at or near the surface would be expected on the basis of reactive RAFT site
accessibility in the grafting reaction. Despite the successful grafting of PMEO2MA on chitosan
and the promising preliminary results obtained for cell adhesion, culture and detachment
obtained, the characteristics of these films still need to be optimized to improve their
performance in the cell culture experiments. Beyond tailoring the characteristics of the films
(DS of the substrate, length of the PMEO>MA chains), heat treatment of the films may also need
to be optimized by adjusting the temperature and duration of drying, to control swelling and
promote PMEO>MA grafting predominantly on the surface.

The films were found to be non-toxic to RAW 264.7 macrophages, NIH3T3 fibroblasts
and HCEC. While the results are preliminary, Chito-g-PMEO2MA (30 wt%) was found to be
most biocompatible for the RAW 264.7 cell line, while cell detachment was apparently easiest
for Chito-g-PMEO:;MA (60 wt%). The films were designed to allow the detachment of cells as
a function of temperature, but the results could not be quantified because chitosan seemed to
adsorb the XTT dye. Thus, a more robust method needs to be developed to allow the

quantification of cell growth and detachment from the modified chitosan films, so as to better
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understand the role of the PMEO>;MA chains grafted on the films in the interactions with the

different cell lines.
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Chapter 6

Concluding Remarks and Suggestions for Future Work

6.1 Original Contributions to Knowledge

The research presented in this thesis focused on the chemical modification of
polysaccharides, specifically starch nanoparticles and chitosan, under aqueous conditions. The
modified starch nanoparticles were investigated as amphiphilic polymers in the extraction of
bitumen from oil sands, and the modified chitosan as cell culture substrates. Starch was also
modified with iron oxide nanoparticles to serve as catalyst in the photo-Fenton degradation of

organic pollutants.

6.1.1 Starch Modification with Thermoresponsive Polymer

The first reaction involved modifying the hydroxyl groups of starch nanoparticles (SNPs)
with carbon disulfide to obtain xanthated starch, which was subsequently reacted with methyl 2-
bromopropionate to form starch-based reversible addition-fragmentation chain transfer (RAFT)
agents. While starch has been modified to serve as RAFT agent before,! this involved the
coupling of a RAFT-active molecule with starch to graft poly(vinyl acetate).!? The strategy
developed herein is much simpler and cheaper to implement, in that RAFT-active sites were

produced in situ on the starch substrate with simple reagents (CS: and methyl 2-
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bromopropionate). To synthesize thermoresponsive SNPs, RAFT polymerization was used to
attach a thermoresponsive polymer onto the SNP substrates. While PNIPAM is the most widely
investigated thermoresponsive polymer due to its lower critical aggregation temperature (LCAT)
of 32 °C? near body temperature, poly(di(ethylene glycol) methyl ether methacrylate)
(PMEO:2MA) was selected as thermoresponsive polymer in the current investigation. The LCAT
of the PMEO,MA homopolymer is 26 °C,* comparable to PNIPAM. The LCAT behavior of
these materials was also tuned for the first time by adding a block of hydrophilic poly(2-
hydroxyethyl acrylate), and the resulting materials were found to maintain improved water
dispersibility at high temperatures. Moreover, while PNIPAM was found to display hysteresis
in the coil-globule transition occurring at the LCAT, PMEO>MA exhibited more gradual thermal

transitions and better reversibility than PNIPAM.>

To investigate the efficiency of the functionalization reaction, RAFT agents with degrees
of substitution (DS) ranging from 0.012 to 0.06 were synthesized. One strategy examined to graft
PMEO:;MA in a controlled manner was to react RAFT agents with different DS with a set amount
of monomer, whereas the second approach involved varying the quantity of monomer added to
a starch-based RAFT agent with a set DS. The RAFT agents were found to be highly effective,
in that they enabled grafting of PMEO2MA on the SNPs with ~ 100% efficiency in 1 hour. This
approach was found to be very effective to control the characteristics of the SNP-g-PMEO>2MA
obtained. The PMEO;MA chains were cleaved from the SNPs using H>O> to generate -OH

radicals as powerful oxidant. GPC analysis of the cleaved chains revealed that as the DS of the
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RAFT substrate used for the synthesis of SNP-g-PMEO>:MA (15%) was reduced from 0.022 to
0.012, the apparent M, for the cleaved chains increased from 43.3 to 58.6 kg/mol. When the
monomer content was increased from 15 to 30% by weight at a constant DS of 0.022, the
apparent M, of the chains increased from 30.8 to 57.5 kg/mol. This clearly confirmed that due
to the presence of fewer RAFT initiating sites, a drop in DS or an increase in monomer content
in the reaction both increased grafted polymer chain length. This was also confirmed by dynamic
light scattering (DLS) and UV-visible measurements, where the SNP-g-PMEO:MA systems
with longer PMEO:;MA chains displayed lower LCAT values. All the samples, except for SNP-
g-PMEO:MA with DS 0.06, had good water dispersibility at temperatures both below and above

their LCAT, as no macrophase separation was observed.

To demonstrate further control over the solution properties of the SNP-g-PMEO:MA
systems, a hydrophilic PHEA block forming a corona outside the molecules was added to
decrease aggregation of the modified SNPs above their LCAT. The UV-vis transmission
measurements indeed confirmed that PHEA improved the dispersibility of the SNP-g-

PMEO;MA above their LCAT, as the turbidity was lowered at high temperatures.

Overall, the results obtained clearly demonstrated that the characteristics of these novel
thermoresponsive SNPs could be tuned by varying their DS and monomer content, and the
addition of hydrophilic PHEA segments, which provided a simple handle to control of the

hydrophilic-lipophilic balance in these thermoresponsive SNPs.
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6.1.2 Thermoresponsive SNPs for Bitumen Extraction from Oil Sands

In a former investigation, Yang et al. demonstrated the extraction of bitumen from Imperial
Oil oil sands (I0os) using thermoresponsive PEG-g-PMEO;MA block copolymers in the
presence of a small amount of toluene as diluent.* The IOos sample used had a bitumen content
of 11.1+0.1 wt% and no detectable amount of fines. Above its LCAT, amphiphilic PEG-g-
PMEO:;MA formed polymeric micelles, with the hydrophobic PMEO>MA segments in their core
and a hydrophilic PEG shell. It was postulated that the hydrophobic PMEO>MA segments above
the LCAT interacted with bitumen droplets, shuttling them through the water phase to reach the
air-water interface. The PEG-g-PMEO:2MA became mostly soluble in the water phase when the
mixture was cooled again, potentially allowing its reuse in the extraction process. The sand
mixture settled at the bottom of the vial, while the bitumen and toluene floating on top of the
water could be separated from the mixture. This procedure with PEG-g-PMEO2MA worked well

with the low-fines IOos sample, but not with high-fines Athabasca Sand Bank Oil Sands (SBos).

The SNP-g-PMEO:MA samples used in this project had similarities to PEG-g-
PMEO:;MA, in that the hydrophilic PEG core of the micelles was substituted with a hydrophilic
SNP substrate. The thermoresponsive SNPs are cost-effective materials since the SNP substrates
are inexpensive, whereas the synthesis of PEG-g-PMEO:;MA is relatively costly and impractical
to implement industrially. As discussed above, the characteristics and the LCAT of the SNP-g-
PMEO:;MA samples could be tailored by varying the DS or the composition of the modified

SNPs, and the impact of these parameters on bitumen extraction was examined. The SNP-g-
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PMEO:;MA samples were tested on SBos with a bitumen content of 10.5+0.2 wt% and a fines
content of 2 wt%. Fines have been shown to impede extraction by adhering to the bitumen
droplets and preventing them from floating to the surface.® It has been shown that this problem
could be solved by adding 0.5 M NacCl to the aqueous phase, which precipitates the fines and
allows polymeric surfactants to interact with the bitumen component.” This approach was used
for the bitumen extractions with SNP-g-PMEO:MA as thermoresponsive surfactant, by carrying
out the extractions on a 1-g oil sand sample scale in an oven at 45 °C, by tumbling the oil sand
mixtures in 20 mL vials. This temperature is much lower than in conventional extraction
methods, where the water temperature can reach up to 80 °C.® Toluene was used as diluent to
enhance the interactions of bitumen with SNP-g-PMEO:2MA in solution. It was demonstrated
with ANOVA analysis that toluene played a significant role in bitumen extraction, and that a
large increase in toluene can extract essentially all the bitumen from oil sands. However, since
excessive usage of organic solvents can be hazardous to the environment, but necessary to
facilitate transport of the bitumen, 60 mg of toluene were conservatively used in the extraction
process. The SNP-g-PMEO:>MA (15%, DS 0.022) sample was shown to perform the best among
the SNP-g-PMEO:MA compositions examined. Within experimental error limits, for 1 g of oil
sand mixtures, 15 mL of a solution containing 1.25 mg/mL SNP-g-PMEO:MA (15%, DS 0.022)
and 0.5 M NacCl, in combination with 60 mg of toluene, could extract ~ 80% of the bitumen from
tar sands in the presence of fines. The aqueous solution recovered after cooling, when utilized

for four extraction cycles, displayed a decrease in extraction to 54% by the 4" cycle. The
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extraction efficiency increased significantly when 0.25 mg/mL of SNP-g-PMEO:MA (15%, DS
0.022) was added to the 3™ and 4™ cycles, however, suggesting that the loss of polymer-grafted

SNPs was the cause of the decline in extraction efficiency.

Furthermore, it was shown that the SNP-g-PMEO:MA polymeric surfactants were highly
effective at extracting bitumen from 1Oos, that had no detectable fines. For 1 g of IOos, 50 mg
of toluene, and 15 mL of 1 mg/mL SNP-g-PMEO;MA (15%, DS 0.022) solution, an extraction
efficiency of 86+4% was attained. As compared with the SBos samples, the extraction of
bitumen from 10o0s did not require any NaCl addition due to the absence of fines, and a higher

extraction efficiency was achieved with lower amounts of toluene (50 mg).

The bitumen extraction procedure developed using the novel SNP-g-PMEO:MA
thermoresponsive surfactants therefore represents an interesting alternate method for the
treatment of oil sands, due to the low cost of the surfactants, the high efficiency of the extraction

process, and the ability to recycle the water used.

6.1.3 Starch-stabilized Iron (Fe?***) Oxide Nanoparticles for the Photocatalytic

Degradation of Methylene Blue

The homogeneous photo-Fenton reaction only uses Fe?*3"), H,O,, and UV light under
acidic conditions to generate hydroxyl radicals capable of degrading water contaminants such as

dyes, pesticides and pharmaceuticals.”!! The main drawback of that reaction is that the solubility
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of iron ions and H>O> decreases when the pH increases above 3, which makes the Fenton process
strongly pH-dependent. It also leads to the generation of iron sludge above pH 3 due to the
formation of oxohydroxide species.!?> While different catalyst supports such as zeolites,'? clays,'*
chitosan beads'> and polymers including polyethylene, polypropylene, poly(methyl
methacrylate) and polystyrene!® have been shown to improve the stability of iron nanoparticles
(NPs) in aqueous media above pH 3, starch was selected for this thesis work as an inexpensive
alternate stabilizer for iron oxide NPs. Starch being hydrophilic, it improved the stability of iron
(Fe**3") oxide NPs, increasing the surface area of the iron species and improving their dispersion
in water.

Two different protocols were examined to combine the starch stabilizer with iron oxide
nanoparticles. An in situ method involved the preparation of iron NPs in the presence of starch
(Starch St-Fe NPs), while starch was introduced after the synthesis of the iron NPs in the ex situ
method (Starch Fe-St NPs). These particles were used as photo-Fenton catalysts in the
degradation of methylene blue (MB) at pH 4. Both sets of particles were characterized by 'H
nuclear magnetic resonance (NMR), DLS, and transmission electron microscopy (TEM) which
confirmed the presence of starch and iron NPs. Since starch also contributed to the consumption
of -OH radicals during the reaction, catalysts were synthesized with lower amounts of starch to
enhance the effectiveness of the Fenton reaction, while at the same time maintaining good

dispersibility of the iron NPs in aqueous media.
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The H>O: : Fe ratio, which is a key parameter in the Fenton reaction, was optimized for
ratios ranging from 0.91 to 3.64. The Fenton reaction comprises several reaction steps that are
crucial in determining the optimal H>O> : Fe ratio. All four catalysts were capable of degrading
MB at concentrations up to 32 mg/L, with 100 mg Starch Fe-St NPs requiring only 32.4 umol/L
of Fe and 90 pmol/L H>O. When 99 umol Fe/L and 360 umol/L. H,O> were used, the 300 mg
Starch St-Fe system remained active in the degradation for up to seven aliquots of 4 mg/L. MB
in successive additions, demonstrating catalyst reusability. This showed that the in situ approach
may successfully contribute to iron NP stability, allowing the catalyst to be reused for numerous
cycles of MB degradation. Total organic content (TOC) measurements were conducted to
quantify the extent of mineralization achieved with these catalysts. For example, Zhou et al.
were able to degrade 50 mg/L of MB with 65% mineralization by using 17.9 mmol/L of Fe and
29.4 mmol/L H,O; at pH 4 with a paper sludge-derived heterogeneous catalyst in 80 minutes.!”
For comparison, the 100 mg Starch St-Fe catalyst, found to be the best performing catalyst, could
mineralize up to 70% of 4 mg/L. MB under UV irradiation at pH 4 when using only 32.4 pmol
Fe/L and 90 pmol/L H>O». Therefore using a 12.5-fold lower concentration in MB, a 552-fold
lower concentration of Fe yielded similar mineralization levels with our system. The TOC results
were in agreement with the UV-visible measurements. For the 300 mg Starch Fe-St catalyst, the
percent mineralization decreased drastically from 39% to 8.2% as the Fe and H>O> concentration
was doubled. This illustrates the fact that not only the H2O: : Fe ratio, but also variations in

starch and MB concentrations may affect the kinetics of the Fenton reaction. The catalysts were
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shown to be stable under acidic conditions over a pH range of 2-5, implying that Fe** ions were

well-coordinated with starch and did not leach out, as confirmed by UV-visible analysis.

The results obtained in this portion of the thesis demonstrated the preparation of starch-
stabilized iron oxide nanoparticles, and their use as photo-Fenton catalysts offering interesting
features in comparison with previously reported systems, namely a high activity even at pH 4,
which represents a 10- to 100-fold decrease in acid content in comparison with typical conditions

for these reactions.

6.1.4 Thermoresponsive Chitosan for Cell Culture

To date, chitosan-based RAFT agents have only been prepared by introducing fairly exotic
(and expensive) RAFT-active groups such as S-1-dodecyl-S’’-(a,0’-dimethyl-a’’-acetic acid)
trithiocarbonate and S,S’-bis(R,R’-dimethyl-R"-acetic acid) trithiocarbonate in chitosan to graft
poly(acrylic acid) and poly(N-(2-hydroxyethyl)prop-2-enamide), respectively.!®!” A much
simpler and cheaper method was developed in this work, namely the modification of chitosan
films into RAFT agents using carbon disulfide and methyl 2-bromopropionate. PMEO2MA
chains were then grafted on the films by RAFT polymerization, thus making the chitosan surface
thermoresponsive. FTIR analysis confirmed the formation of RAFT sites on the films, and the
grafting of PMEO:;MA, by the presence of a OC=0 carbonyl ester stretch band at 1728 cm!. In
comparison with the SNPs in Chapter 2, PMEO>MA grafting on chitosan was less efficient, with

29-40% grafting for a reaction time of 2 hours, and some ungrafted chains remaining in solution.
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Control over the chain length and the film composition were demonstrated by GPC analysis after
cleaving the chains by refluxing with 1 M HCl. The PMEO:MA chains cleaved from Chito-g-
PMEO:;MA (60 wt%) had an apparent M, = 128 kg/mol (PDI = 1.80), while the ungrafted chains
in solution had an apparent M, = 135 kg/mol (PDI = 1.62). Good control over the PMEO.MA
chain length was demonstrated, as shorter chains were obtained when the target DS of the RAFT-
functionalized film was increased (to introduce a larger number of reaction sites), or when the
monomer content in the reactions was decreased. The swelling index (SI), which quantifies film
swelling, was found to decrease as the grafted PMEO>MA content increased. From a comparison
of the film thickness increase for the modified films with the fully extended chain length R
calculated?® for the cleaved chains, it was clear that grafting of PMEO>MA occurred throughout
the films as opposed to exclusively on their surface. It nevertheless seems reasonable that since
the reactions were carried out under heterogeneous conditions, increased accessibility to the
monomers of RAFT sites at or near the surface would promote the grafting reaction at the

expense of the interior of the films.

The hydrophobicity of PMEO>MA -grafted chitosan films above the lower critical solution
temperature (LCST) of PMEO:MA was investigated with contact angle measurements. An
increase in contact angle was observed for Chito-g-PMEO;MA at 15, 30, and 60 wt%
PMEO:MA when the temperature was raised from 22 °C to 40 °C. A similar observation was

made for PMEO>MA homopolymer films cast on a glass slide.
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The novel grafting technique reported herein therefore appears promising for the
development of temperature-responsive cell culture substrates, as the characteristics of the films
(PMEO:MA grafted chain density and length) can be controlled conveniently and using

inexpensive reagents.

Modified chitosan films have been investigated as cell culture substrates on a few
occasions. For example, Kato et al. used hydroxybutyl-modified chitosan films spin-coated on
tissue culture plate (TCPS) and tested them for normal human dermal fibroblasts cell growth,
proliferation and detachment, while Nie et al. tested chitosan grafted with PNIPAM for the
adhesion and detachment of mouse fibroblast cells (L929) as a function of temperature.?!-??
Similarly, the thermoresponsive Chito-g-PMEO:;MA films were tested as cell culture substrates
for the RAW 264.7, NIH3T3 fibroblasts and HCEC cell lines in this thesis work. While the
results obtained are very preliminary, Chito-g-PMEO-MA (30 wt%) was found to be
biocompatible for macrophages RAW 264.7, but not as much for 3T3 fibroblasts or HCEC cells,
even though neither the modified nor the unmodified films were cytotoxic to any of the cell lines.
The thermoresponsive behavior was evaluated for the Chito-g-PMEO>MA (30 wt%) and Chito-
g-PMEO:MA (60 wt%) films, and more cells were found to proliferate on standard TCPS after
detachment from Chito-g-PMEO:MA (60 wt%). However, it should be emphasized that
hydrophobic interactions are only one of the factors contributing to cell adhesion, and that other

important parameters include the presence of fibronectin in FBS? and film roughness,?* beyond

the density and length of the thermoresponsive PMEO>MA chains on the surface of the films.
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Despite this, the fact that the films were found to be non-cytotoxic to cells, and that cells could
be successfully detached from the films when the temperature was lowered, are encouraging

results deserving further investigation.

6.2 Suggestions for Future Work

The synthetic techniques described in this thesis are environmentally friendly because they
are carried out in aqueous media, and the final products do not require complex purification
processes. The modified polysaccharides may be reusable in each of the three applications
described above. Nevertheless, the following suggestions might provide a better understanding
of these systems, and possibly improve their effectiveness in the desired applications, or may

pave the way to other applications for these materials.

6.2.1 Measurement of the Absolute M, of the cleaved PMEQO;MA chains

The PMEO:;MA chains cleaved from the SNPs and chitosan were analyzed by GPC in
Chapters 2 and 5, respectively. The absolute M, of the cleaved chains was not determined, since
the GPC system using DMF as eluent lacked a laser light scattering detector. A GPC instrument
operating with DMSO, equipped with a laser light scattering detector, was also used to analyze
the cleaved chains, but unfortunately the signal was too noisy as there was minimal light

scattering under these conditions. Consequently, the absolute M, could not be measured. The
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grafting density of PMEO2MA chains on SNP and on chitosan can be determined if the absolute
M., of the chains is available, to provide a better understanding of the PMEO;MA-grafted SNP
and chitosan systems. This could be achieved by using DMF as mobile phase on the GPC

instrument with the light scattering detector.

6.2.2 Scaling up Bitumen Extraction from Oil Sands

The current investigations were carried on a 1-g scale for the oil sands. This was attempted
to understand the influence of the characteristics of the PMEO:MA-grafted SNPs in the
extraction of bitumen from oil sands. The conditions were optimized using 1 g of oil sands in 61
mm x 28 mm screwcap vials, with a maximum volume of 20 mL. The next step in the
investigation would be to conduct oil extractions on a larger scale. The optimal conditions such
as the composition and concentration of SNP-g-PMEO:MA, salt, and toluene amount were
determined in Chapter 3 for 1-g oil sand samples and may serve as a starting point to conduct
extractions on a larger scale. The main challenge would be to design a bitumen extraction rotary
drum similar to that used in the industry, which should hold a temperature of 45 °C and rotate at
a constant speed over 24 hours. The dimensions and the rotating speed of the drum may be key
parameters for efficient mixing of the oil sands with the SNP-g-PMEO:2MA solution and toluene,
so that the grafted PMEO>;MA chains can interact with the bitumen component above the LCAT

for efficient extraction. As Yue ef al. pointed out, optimizing the rotary drum operating
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conditions for bitumen extraction, such as the drum speed and inclination, as well as the internal

and end-plate design of the drum, may be important to achieve high extraction efficiencies.?

6.2.3 SNP-g-PMEO:MA as a Polymeric Flocculant for Mature Fine Tailings

Zheng et al. used thermoresponsive hydroxybutylated corn starch with LCST values
ranging from 36 to 45 °C as flocculant for oil sands mature fine tailings.?® Above their LCST,
these starch-based thermoresponsive surfactants were found to be efficient flocculants. It was
suggested that as it became hydrophobic over its LCST, the modified corn starch absorbed clay
particles on its surface, causing it to flocculate due to hydrophobic interactions.?® Likewise, Li
et al. tested tailings settling with PNIPAM and obtained fast initial settling rates, reduced
solution turbidity, and more condensed sediments.?” PMEO;MA has thermoresponsive
properties comparable to PNIPAM, but it is also more environmentally friendly. The SNP-g-
PMEO:;MA particles, in the form of a polymeric surfactant with a large weight fraction of grafted
PMEO:MA by weight, might be an interesting alternative for the settlement of mature fine

tailings.

6.2.4 Developing a Method to Determine the TOC of Partially Degraded MB

The total organic content (TOC) of the degraded MB solutions and of a blank (without

MB) were determined to calculate the percent mineralization of MB. It was not possible to inject

251



partially degraded samples into the TOC analyzer, as MB would have stained the tubing inside
the instrument. Tubing with a hydrophilic coating on its interior would ensure that MB does not
adsorb on its surface and stain it. It was shown by UV-visible spectroscopy that 300 mg Starch
Fe-St NPs could discolor up to seven aliquots of 4 mg/L. MB. It would be insightful to determine
the percent mineralization of MB at each step of the experiment, and then compare it with the
performance of the other three catalysts which could degrade up to 3 aliquots of 4 mg/L. MB.
Commonly used silicon tubing may be made hydrophilic by flowing an aqueous solution of
sodium or ammonium hydroxide through it for a while, followed by rinsing copiously with
water.?® This procedure hydrolyzes some of the Si-O-Si or Si-C bonds and replaces them with
Si-OH groups, making the material less hydrophobic.?® The concentration of NaOH, and the
duration of the treatment are critical, as long exposures to high NaOH concentrations may

damage the tubing.

6.2.5 Optimizing the Synthesis of Chitosan Films for Surface Modification

The chitosan films obtained in the current work had a relatively high swelling index (SI),
in that they swelled by more than 150 percent of their dry weight in some cases. Because the
reactions took place in water, such high SI values suggest that the reaction may also be taking
place inside the chitosan films as well as on their surface. Murray et al., who produced chitosan
films from 5% acetic acid solutions, discovered that heating (annealing) the films between 150

and 200 °C reduced swelling, while increasing their degree of acetylation.?” It was suggested that
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during drying at high temperatures, the chitosan films underwent molecular alterations and
partial reacetylation, turning chitosan into a more chitin-like substance.?” In the current
investigation, excessive heating for an extended time period caused the films to become rough
and brittle, reduced swelling, and made it harder to conduct the reactions in water. Cell growth
on previously dried-out films also proved challenging. Consequently, it seems that the chitosan
films should be handled carefully, by partial drying under optimized conditions, so as to
minimize swelling and allow the grafting reaction to take place mostly on the surface, while still
being flexible enough to be rehydrated and used for cell culture. This could be achieved by
experimenting with various heat treatment temperatures and durations, until ideal film

characteristics are found.

6.2.6 Developing a Better Method to Quantify Cell Growth on the Films and Temperature-

induced Cell Detachment

The number of live cells on the surface of the films was determined by the XTT technique.
In the presence of metabolic activity, XTT is transformed into a colorful formazan dye which is
easily quantified in the cellular supernatant, as it is water-soluble.>® This is crucial in biofilm
research, since it enables the study of whole biofilms, as well as the testing of biofilm drug
susceptibility without disrupting the biofilm structure. Unfortunately, the formazan dye was
sorbed by the chitosan films, making its removal exceedingly difficult. The films were also

washed with DMSO in an attempt to disperse the formazan in solution, but this approach failed.
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MTT, which is similar to XTT, was also used, but the findings were similar since the formazan
dye was likewise sorbed by the films.>! The ATP concentration and DNA synthesis assays are
two alternate techniques to determine cell proliferation.’?** There is no ATP in dead cells, and
there is a linear relationship between the concentration of ATP in cell lysates and the number of
cells in a sample. In the presence of ATP, bioluminescent luciferase and its substrate luciferin
produce luminescence with an intensity proportional to the ATP concentration.? In the
laboratory, DNA synthesis assays are most accurate and reliable to quantify cell growth.
Radiolabeled 3H-thymine is usually incubated with the cells for many hours or overnight.>* The
radiolabels are incorporated into the DNA of newly proliferating cells, which may then be
quantified with a scintillation counter after elution.’® Thymidine (3H-TdR) has the benefits of
providing accurate and repeatable results, in addition to being extremely sensitive.** Scintillation
counters, on the other hand, are both costly and time-consuming. Another obvious disadvantage

is that handling radioactive materials is difficult and dangerous.

The cells were detached from the films, cultured on a TCPS, and then analyzed by
fluorescence microscopy after 3—7 days. Quantifying the cells remaining on the films after
detachment would also be informative if, as previously mentioned, a quantitative method to

determine cell growth on the films can be devised.
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Appendices

Appendix A-1: Conversion of MEO:MA Monomer as a Function of Time
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Figure AlI-1: '"H NMR spectra for SNP-g-PMEO:MA samples removed at different times.

302



Appendix B-1: ANOVA Test

The ANalysis Of VAriance, or ANOVA test, is commonly used in statistics to determine
whether several groups of data are statistically different from each other. In this section, the
detailed algorithm for the ANOVA test will be discussed.

Consider N individual data entries separated into £ groups. The number of data entries in
group 1, group 2, ..., and group k are defined as n;, n2, ..., and n, respectively. The data
contained in group j will be denoted as X;j, X,j, ..., and X(5,);. The null hypothesis in the
ANOVA test is that there is no difference between the mean of these groups.

To perform the ANOVA test, a value called the Sum of Squares (SS) within the groups

needs to be calculated as follows

ko
SS within group = Z(Z(XU - Xj)z)
j=1 i=1
where X] is the mean of the data in group j. The SS within a group indicates the variation in the

data within each data group. The degree of freedom (df) for the SS within a group is calculated
as:
dfwithin group — N—-k
Then, values named the SS between the groups and the degrees of freedom for the SS

between the groups are calculated as

k
SSbetween groups — Z(X] - X)Z
=1

dfbetwen groups — k-1
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where X is the mean for all the data. The SS between the groups is an indicator of the variation
of the data among each of the data groups.
After these numbers were evaluated, a F statistic is calculated as follows:

SSbetween group/dfbetween group

Y -

The F statistic value is crucial for the ANOVA test. If the F statistic value is low, it
indicates that there is little variation for the data within the same group, while the data variations
across different groups are large. Conversely, a large F statistic value indicates that there is much
variation for the data within the same group, and that the data variations across different groups
are relatively small.

A critical value for the test statistics, F' critical, can be found in an F statistics table,
commonly available in statistics textbooks. The F statistic table provides an F critical value for
a given a numerator degree freedom, a denominator degree of freedom, and a confidence interval
p- The dfpetwen group 18 used as the numerator degree of freedom, and dfyithin group 15 used as
the denominator degree of freedom. If the computed F statistic is greater than F critical, the null
hypothesis is rejected and the data in different groups are significantly different from each other.
The confidence interval p measures the degree of certainly with which the null hypothesis can
be rejected. If the F statistic computed is greater than F critical for p < 0.05, the null hypothesis

can be rejected with 95% confidence. This means that there is a 95% probability that the rejection
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of the null hypothesis is correct, and that the data in different groups are truly different from each
other.

Conventionally, the results of ANOVA tests are reported in a table similar to Table B1-1.

Table Bl-1. Reporting the results of the ANOV A test.

Source of SS df MS F P- F crit
Variation value
Between SSbetween group dfbetween group SSb@tW@@TL group F p F-
dfbetwen group .
Groups critical
Within SSwithin group dfwithin group SSWithiTL group

dfwithin group
Groups

Total SSbetween group dfbetween group

+ SSwithin group + dfwithin group

The ANOVA results for bitumen extraction are summarized in Table B1-2 below. The
much larger F statistic (50) in comparison with the critical F value (6) for a confidence interval
p <0.01 shows that the amount of toluene used had a very significant influence on the extraction

efficiency at a 99% confidence level.
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Table B1-2: ANOV A test results for bitumen extraction at the different toluene concentrations

reported in Table 3-2

ANOVA: Single SS dF Mean SMS F p-value F crit
Factor
Source of Variation 1804 3 601 50  9.35E-08 6
Between Groups 167 14 12
1970 17
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