Cationic Cellulose Nanocrystals for the Flocculation of
Mature Fine Oil Sands Tailings

by
Salha Alharthi

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirements for the degree of
Doctor of Philosophy
in

Chemical Engineering (Nanotechnology)

Waterloo, Ontario, Canada, 2021
© Salha Alharthi 2021



Examining committee membership

The following served on the Examining Committee for this thesis. The decision of the Examining

Committee is by majority vote.

External Examiner NAME: Hu Xiao
Title: Professor

Supervisor NAME: Michael K. C. Tam
Title: Professor

Internal Member NAME: Boxin Zhao
Title: Professor

Internal Member NAME: Ting Tsui
Title: Professor

Internal-external Member NAME: Jean Duhamel
Title: Professor

i



Author’s declaration

This thesis consists of material all of which I authored or co-authored: see Statement of
Contributions included in the thesis. This is a true copy of the thesis, including any required final
revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

il



Statement of Contributions

The work presented in this thesis is the result of work performed by the author and several
scientific collaborators. Contributions from each researcher and the resulting publications are
described here. The manuscripts for each part were written by me and edited by the supervisor
Prof. Michael Tam.

The work in Chapter 4 has been accepted as: Salha Alharthi, Nathan Grishkewich, Dr. R. M. Berry
and Prof. Michael Tam. (2020). Functional cellulose nanocrystals containing cationic and thermo-
responsive polymer brushes. Carbohydrate polymers, 246, 116651. Salha performed all the
experiments and wrote the manuscript. Nathan helped in revising the manuscript. Dr. Berry
proofread the manuscript. Prof. K.C. Tam edited the manuscript. The work in Chapter 5 has been
performed by Salha. Prof. K.C. Tam edited the manuscript. The work in Chapter 6 has been
performed by Salha. Prof. K.C. Tam edited the manuscript. The work in Chapter 7 has been
performed by Salha. Yingzhan Li helped in functionalization of CNC. Mohankandhasamy
Ramasamy helped me in the conductometric titration settings. Prof. K.C. Tam edited the

manuscript.

v



Abstract

As the volume of oil sands tailings continues to increase each year with a concurrent need for
better flocculants to replace the inorganic electrolytes and synthetic polymers, natural polymers
are being considered as good substitutes. Cellulose nanocrystals (CNCs) possess interesting
properties such as high specific area, biodegradability, surface functionalization capabilities and
their large scale availability. This thesis explores the development of CNC-based flocculants for
bentonite clay removal.

Cationic and thermo-responsive CNC-based copolymers were prepared via the free radical
polymerization technique. The thermo-responsive characterization of the CNC-g-
poly(oligo(ethylene glycol) methyl ether methacrylate) (CNC-POEGMA) indicated that the LCST
could be tuned by adjusting the poly(2-methacryloyloxyethyl) trimethyl ammonium chloride
(PDMC) content. The cloud point measurements revealed that the LCST of CNC-POEGMA
decreased in the presence of salt following a typical salting-out effect. Additionally, CNC-
POEGMA-PDMC displayed two salt-responsiveness behaviors depending on the DMC content.
CNC-POEGMA-PDMC with low DMC ratio displayed salting-in effect at low salt concentrations
due to the extension of adsorbed PDMC caused by the screening of negative charges on CNCs by
sodium cations. On the other hand, higher salt concentrations led to salting-out effect due to the
strong ion-pair formation that removed the hydration shell around PDMC along with the
polarization of water around POEGMA. The flocculation results of CNC-POEGMA-PDMC
revealed that the thermo-responsive property could facilitate the formation of compact flocs at low

dosage.



The use of CNC-PDMCs cationic copolymers synthesized via the Activators ReGenerated by
Electron Transfer polymerization (ARGET-ATRP) as flocculants for bentonite removal was also
investigated. CNC-PDMC with different chain length demonstrated pH and salt-responsiveness.
The hydration and conformation of the CNC-PDMC were more sensitive in the presence of salt
due to the higher hydrophobicity of the ion-pair formed between the chloride ions and the
quaternary ammonium groups. The flocculation results indicated that CNC-PDMCs had better
performance compared to inorganic electrolytes at low dosage. The flocculation performance of
the CNC-PDMCs and inorganic electrolytes after 5 min settling followed the Hofmeister series,
and the flocculation behavior after 24 h settling agreed with DLVO theory.

Three cationic-biopolymers were synthesized: CNC-g-PDMC, PDADMAC-coated-CNC and
PDADMAC-coated-CNF. The CNC-g-PDMC prepared via the ARGET-ATRP possessed a
branched-cationic structure while the other two polymers prepared via physical adsorption had a
flat-cationic structure. The effect of cationic charge distribution of three cationic-biopolymer based
flocculants on bentonite removal was evaluated. The flocculation results indicated that the cationic
charge distribution affected the performance of the flocculants. The extended-cationic brushes of
CNC-PDMC possessed better approachability toward bentonite particles compared to the coated-
cationic layer of PDADMAC-CNC and PDADMAC-CNF. These findings are in agreement with
the Singh’s model on the dependence of flocculation efficiency on the conformation of the
flocculants. The microscopic images showed that the flocs formed with CNC-PDMC were more
compact compared to flocs formed with the PDADMAC-CNC and PDADMAC-CNF.

The effect of brush sequence, charge density and salt concentration on the thermo-responsive
behavior of cationic and thermos-responsive CNC-based copolymers was studied. The LCST of

CNC-PMEO:;MA was found to be 24.5 °C, and after grafting with two different ratios of PDMC
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brushes on PMEO>MA brushes, the LCST could be tuned by adjusting the PDMC content. The
CNC-PMEO;MA-PDMC with a relatively low PDMC content exhibited a broad phase transition
and the LCST increased to 28.5 °C. However, the CNC-PMEO;MA-PDMC with higher PDMC
content, resulted in a sharp transition behavior similar to the CNC-PMEO:>MA and the LCST was
25 °C. The observed trend was due to steric hindrance of the polymer brushes. The higher the
grafting density yielded brushes with lower hydration and the stronger hydrophobic interactions
between the polymethacrylate backbone of the chains being densely grafted on the CNC substrate.
For the copolymers with the opposite sequence, CNC-PDMC-PMEO:MA, the LCST was very
close to CNC-PMEO:;MA indicating that the presence of PDMC brushes on the inner layer had no
effect on its thermo-responsive property. The addition of salt tuned the LCST of the CNC-
PMEO:;MA leading to a typical salting-out effect as the chloride ions polarized the water
molecules around the polar groups of PMEO>2MA. On the other hand, the CNC-PMEO;MA -
PDMC and CNC-PDMC-PMEO:;MA displayed similar salt-responsiveness behavior; displaying

a salting-out effect at low salt concentrations and salting-in effect at high salt concentrations.
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Chapter 1. Introduction

1.1 Statement of problem

Tailings are by-products in many mining operations. After bitumen extraction, the remaining
water mixtures contain coarse sands, fine clays and residual bitumen, which is defined as tailings.
Tailings are discharged and stored in large structures above ground, known as tailing ponds, or in
former mine pits awaiting reclamation. Upon discharge of tailings, the coarse solids settle rapidly
to form beaches along the pond edge, while the fines (silts and clays) settle slowly to form a fine
tailings zone, which after several years of consolidation becomes mature fine tailings (MFT) that
trap a substantial quantity of water. The water trapped could potentially be recovered and reused
as recycled water to extract bitumen. Despite all the economic advantages associated with oil
sands, the development of the oil sands industry is hindered by environmental challenges and
societal perception. The greenhouse gas (GHG) emission, the use of clean water, and the tailings
are the three key environmental issues that have to be addressed. Amongst these challenges, tailing
operations present the most significant challenge to the oil sands extraction process. Tailings ponds
have generated environmental and engineering issues as summarized below. First, the production
and accumulation of large volumes of fine tailings poses a major environmental concern.
Approximately 3.3 m? of tailings are produced from one barrel of bitumen. Second, MFT contains
toxic compounds, including naphthenic acids, polycyclic aromatic hydrocarbons, phenolic
compounds, ammonia, and other trace metals that pose risks to the environment. Third, the large

quantities of water required to extract and process bitumen from the oil sands has become an issue.



On average, three barrels of fresh water are consumed to produce one barrel of bitumen. Because

of the expansion of the oil sands industry, there is also a growing demand for water. Therefore, we

should develop processes that minimize the use of fresh water by ensuring that the water can be

recovered from the tailings and recycled.

1.2 Objectives and Scope of Research

The current doctoral research focuses on studies aimed at managing the oil sands tailings

using sustainable nanomaterials, replacing synthetic chemicals or polymers as flocculants. The

main objectives of the research are to:

1-

2.

Functionalize CNCs with poly(oligo(ethylene glycol) methyl ether methacrylate) brushes.
Modify the prepared copolymer, CNC-g-POEGMA (CP), with a cationic monomer (2-
methacryloyloxyethyl) trimethyl ammonium chloride (DMC).

Examine the physical properties of various CNC-g-POEGMA-g-PDMC systems and the
impact of DMC composition and its role on the thermo-responsive characteristics of
modified CNC-g-POEGMA systems.

Investigate the effect of polymer addition, CNC-PDMC and CNC-g-POEGMA-g-PDMC
(CPD), on the flocculation of oil sands tailings using bentonite as a model.

Prepare three cationic biopolymer-based flocculants: PDADMAC-coated-CNCs,
PDADMAC-coated-CNF via physical adsorption and CNC-PDMC via ARGET-ATRP.
Examine the effect of cationic charge distribution (flat-coated layer versus grafted-brushes)
of these copolymers on the flocculation of bentonite.

Design CNC-based copolymers with different cationic and thermo-responsive brushes

sequences using ARGET-ATRP technique.



8- Investigate the influence of cationic and thermo-responsive brushes sequence, the

monomer composition and the addition of salt on their phase transition behavior.

1.3 Outline of the thesis

This thesis consists of 7 chapters. The results from all the research work carried out as part of
this thesis are reported in the manuscript format in Chapter 4 through Chapter 7. The scope and
contents of the chapters are listed as follows: Chapter 1 introduces the research objectives and the
outline of the thesis. Chapter 2 describes the literature review of the types of flocculants and
coagulants applied to waste-water treatment and the underlying principles as well as the
background information on cellulose nanomaterials. Chapter 3 provides a short description of the
analytical instruments used in this study, and Chapter 4 summarizes the study on functional
cellulose nanocrystals containing cationic and thermo-responsive polymer brushes for bentonite
removal. This is then expanded to examine the flocculation of bentonite by cationic cellulose
nanocrystals as documented in Chapter 5. Chapter 6 describes the evaluation of cationic
biopolymer-based flocculants on bentonite removal: effect of cationic charge distribution, and
Chapter 7 examines the effects of chain architecture and grafting density on the thermo-responsive
behavior of cationic and thermo-responsive copolymers. Chapter 8 documents the key findings

and the recommendation for future studies.



Chapter 2. Literature Review

2.1. Oil sands extraction processes

Oil sands as a mixture of sand, clay, water, and a type of heavy oil referred to as “bitumen”
have become one of the world’s leading sources of non-conventional petroleum. Compared with
the conventional crude oil, bitumen features a higher viscosity and specific gravity, lower
hydrogen-to-carbon ratio, and higher nitrogen, sulphur and metal content. The major
accumulations of oil sands are distributed in eight countries including Canada, Venezuela, the
United States, and Russia. The proven remaining reserves of the crude oil sands are estimated to
be 27.5 billion cubic meters. Canada has the third largest oil reserves, behind only Saudi Arabia
and Venezuela. There are two main industrial processes for bitumen extraction for oil sands:
Steam-Assisted Gravity-Drainage (SAGD) and the Clark Hot Water Extraction (CHWE). CHWE
incorporates the basic science developed by Dr. Karl Clark in collaboration with the Research
Council of Alberta almost a century ago. This process is mostly used as the standard extraction
process for open pit mining when the bitumen is buried less than 70 meters below the surface.
Steam Assisted Gravity Drainage (SAGD) is most commonly used for extracting oil sands that are

more deeply buried .

2.1.1. Clark hot water extraction process (CHWE)

The recovery of bitumen from oil sands, is mainly achieved by the Clark Hot Water Extraction
process, where hot water and sodium hydroxide are used to separate the bitumen from sands.
CHWE results in accumulation of fluid waste defined as oil sands tailings. Figure 2.1 shows the

generalized processing scheme for oil sands extraction *.
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Figure 2. 1. Schematic flowsheet of Clark Hot Water Extraction process (CHWE) for oil sands *.
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2.2.2 Steam assisted gravity drainage process (SAGD)

In the late 1970s, Roger Butler and his colleagues at Imperial Oil developed the Steam-Assisted
Gravity-Drainage (SAGD) for bitumen recovery since around 80% of the oil sands resource is
located underground (around 300 m) at depths that cannot be reached by open pit mining. In
SAGD, a pair of wells with horizontal sections of between 500 m and 1,000 m are drilled at an
exact distance of 5 m between each other. The extracting process involves heating the oil sands
layer by continuously injecting high-temperature and high-pressure steam into the horizontal well

injector to liquefy to the bitumen, which in turn flows down to the horizontal well producer, and

Recycled
water

the bitumen subsequently is recovered along with hot water as illustrated in Figure 2.2 5.
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Figure 2. 2. Schematic diagram of Steam Assisted Gravity Drainage (SAGD) process °.

2.2 Environmental issues posed by oil sands processing

Despite all the economic advantages associated with oil sands, the development of the oil sands
industry is limited by various environmental issues. The greenhouse gas (GHG) emission, the
usage of clean water, and the tailings are the three environmental concerns to be addressed.
Amongst these challenges, tailings operations present the most significant of all to the oil sands

extraction process .

2.2.1 Issues related to tailings management

Several key issues are related to the disposal of fine tailings that pose challenges to the oil sands
industry that are summarized as follows. First, the production and accumulation of large volumes
of fine tailings poses a major environmental concern. Approximately 3.3 m? of tailings are
produced from one-barrel bitumen. It is estimated that Suncor will have 800 million m? of tailings

accumulated by 2033. Currently, the existing tailings ponds occupy 176 km? land in northern



Alberta, and the operation to maintain the tailings ponds costs a large amount of energy and money
6, Second, MFT contain toxic materials, including naphthenic acids, polycyclic aromatic
hydrocarbons, phenolic compounds, ammonia, and other trace metals that pose risks to the
environment. The pollutants reported to be emitted from oil sands tailings ponds which have
adverse acute and chronic effects on aquatic organisms and wildlife in areas surrounding the MFT
storage sites. It has been estimated that the inventory of MFT will reach two billion cubic meters
in 2034 if the production proceeds as planned. Third, the large quantities of water required to
extract and process bitumen from the oil sands has become an issue. On average, three barrels of
fresh water is consumed to produce one barrel of bitumen. The very slow settling of the fine solids

in the tailings ponds coupled with the water holding capacity of MFT and zero water discharge

back into the environment, leads to the accumulation of a large water and solids waste inventory

4,5

2.2.2 Current industry practices for tailings treatment

In response to the challenge of fluid fine tailings management considering the sustainable
development of the oil sands industry, various efforts have been made to improve the settling rate
of fine solids and to recover the maximum volume of water in order to reduce the total MFT

inventory *>7

. The following discussion is limited to current chemical tailings treatment practices
as the only technologies that have been commercially used in large-scale operations to treat oil

sands tailings, which are respectively consolidated tailings technology and thickened tailings

technology.



2.2.2.1 Consolidated/composite tailings technology (CT)

Consolidated Tailings (CT) technology has been practiced for MFT treatment to produce non-
segregated thickened tailings. In this process, MFT is mixed with the coarse sands from extracted
tailings and treated with a coagulant aid, such as gypsum as shown in Figure 2.3. The tailings are
then discharged to the pond. With the gypsum ions destabilizing the tailings suspension, fine solids
and coarse sands consolidate into a non-segregating deposit with fast release of water. However,
the recycled water contains a considerable amount of calcium ions which have a detrimental effect
on the recovery of bitumen extraction and generate scaling in the process units and corrosion in
metallurgy 8. Therefore, alternative tailings treatment technologies remain of great interest in

order to improve the transformation of fluid fine tailings.
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Figure 2. 3. Schematic diagram of consolidated/composite tailings (CT) technology '.



2.2.2.2 Thickened tailings/paste technology

Thickened tailings process has been a step-forward for MFT treatment without introducing
gypsum or any divalent ions to the released water. During the operation, the high molecular weight
polymeric flocculants are used to rapidly thicken fresh tailings and recover the warm water. The
advantages of thickened tailings technology are that the rapidly released processed warm water
can be immediately reused for the extraction process, therefore reducing energy cost and
greenhouse gas emission, and this technology shortens the time of gravity settling. However,
thickened tailings obtained through the polymer flocculants treatment still contain large volume of
water that cannot be easily removed without the use of an external force due to the loosely packed

structure of the flocs formed !*.

2.3 Theory of coagulation and flocculation

The consolidated tailings technology is based on the coagulation concept. Coagulant aids used
in CT process can change the surface charges of colloidal particles; therefore, reduce the energy
barrier. The thickened tailings technology is based on flocculation, where the flocculants can
bridge the gap between particles and reduce the energy barrier of agglomeration 7. Although the
terms coagulation and flocculation have been used indiscriminately to describe the process of
reducing electrical double layer forces between particles, allowing attractive van der Waals forces
to dominate, there is a clear distinction between the two concepts *!°. Coagulation usually refers
to the destabilization process of colloidal suspension to neutralize the surface charge leading to the
formation of large particles called submicroscopic flocs by adding inorganic multivalent cations
or low molecular weight cationic polyelectrolyte known as coagulants or primary coagulants. The
destabilization process using inorganic coagulants (primary coagulants) is known as adsorption-

charge neutralization as illustrated in Figure 2.4 (a), while the destabilization process using



polyelectrolytes (primary coagulants) is known as electrostatic patch as shown in Figure 2.4 (b).
Flocculation is defined as the formation of macroscopic flocs of suspended particles through the
adsorption of high molecular weight polymeric flocculants onto a number of colloidal particles
and bridging the gap between the particles. During bridging flocculation, long-chain segments of
polymeric flocculants are initially adsorbed onto one or more particles with the loops and tails
extending in solution to overcome the energy barrier of agglomeration, which gives the possibility
of attachment of these dangling polymer segments to other particles; thus, bridging particles
together to form macroscopic flocs '''2 . A schematic diagram of particles bridged by flocculation

is given in Figure 2.4 (c).

Figure 2. 4. Schematic diagram of charge neutralization mechanism using inorganic coagulants
(a), electrostatic patch mechanism using cationic polyelectrolyte (b) and bridging mechanism
using polymeric flocculants (c) !!.

2.3.1 Types of additives used

Coagulants and flocculants can be comprised of a variety of chemical compounds and their

properties can be tailored based on the need of the application (shown in Figure 2.5). The
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coagulants can be inorganic salts that precipitate in water as insoluble hydroxides, or cationic
polyelectrolytes that can coagulate particles by electrostatic patching. Inorganic coagulants (salts
of multivalent metals like aluminum and iron) are commonly being used because of their low cost,
and availability. Nevertheless, their high dependence on pH, high sludge and high dosage
requirement are drawbacks for their wide adoption and usage. Cationic polyelectrolytes induce the
rapid formation of flocs that are larger and stronger than inorganic flocs. The polymer dosage
requirement for cationic polyelectrolytes is less than inorganic salts 1013,

The flocculants used in waste-water treatment can be divided into three categories; (i) chemical
synthetic flocculants, (ii) natural bio-flocculants and (iii) grafted flocculants. According to the
polymer charge type, polymeric flocculants can be further classified into four groups: anionic,
cationic amphoteric and non-ionic flocculants. Synthetic flocculants are mostly linear water-
soluble polymers, in most cases, derived from oil-based and non-renewable raw materials 4.
Polymers can vary in structure (linear versus branched), molecular weight, charge type, amount of
charge, and composition. Although water-soluble synthetic polymers find wide applications as
flocculants, their usage is debatable because their application may cause environmental
consequences and health hazards that influence their widespread adoption by the industry. Toxicity
of synthetic polymers used in waste-water treatment generally arises from unreacted chemicals

used to produce the monomer units (such as dimethylamine, formaldehyde and epichlorohydrin)

and residual unreacted monomers (such as acrylamide, ethyleneimine) '°.
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Figure 2. 5. Classification of additives used for waste-water treatment.
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13,16 “and their

Furthermore, most synthetic polymer structures are resistant to biodegradation
degraded products are considered extremely hazardous because the monomers could enter the food
chain and may cause health problems !’

As the demand for environmentally friendly materials in treating waste-water continues to
increase; natural bio-flocculants have emerged as promising alternative materials to replace
synthetic flocculants. Natural organic flocculants based on polysaccharides have been extensively
explored because they are safe, biodegradable, fairly shear stable, easily available from
reproducible agricultural resources and produce no secondary pollution compared to synthetic
flocculants 3. In addition, since biopolymers are biodegradable, the sludge formed can be

18,19 However, natural bio-flocculants have low

efficiently degraded by microorganisms
efficiencies and thus higher concentrations or higher dosage are needed 2°. Thus, grafted
flocculants have emerged as new polymers that offer tremendous potential in treating waste-water
due to their superior performance compared to the original components (synthetic polymeric
flocculants and natural bio-flocculants) 3. The modification of polysaccharides has been explored

as a way of combining their best properties with those of synthetic polymers to enhance the

aggregating power of the flocculants formed !'3-21-22,

2.4 Mature fine tailings composition

Oil sands contain 7-13 wt.% bitumen, 3-7 wt.% water, and 80-85 wt.% mineral solids
comprising coarser sand, silt, and fine clay particles (> 44 um) !. Upon discharge of the tailings,
the coarse solids settle rapidly to form beaches along the pond edge, while the fines settle slowly
to form a fine tailings zone that after a few years of consolidation is defined as mature fine tailing

(MFT) that traps a substantial quantity of water. MFT is a gel-like suspension containing 60 wt.%
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of water and about 35 wt.% of solid materials. Figure 2.6 presents the typical compositions of
MFT compared to oil sands. The solids are mostly comprised of different clay types with over
90% of the solids with a particle diameter smaller than 44 um. Clays in MFT are mainly kaolinite
and illite, as well as mixed-layer clays. Furthermore, MFT contains small amounts of smectite
which has high water holding capacity due to its swelling characteristics, although this type of clay
is not present in significant quantity and may not be found in certain samples. Depending on the
downstream positions of tailings and the depth of these ponds, the MFT samples will vary among

the different tailings 3.
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Figure 2. 6. Composition of mature fine tailings compared to that of oil sands ?*.

2.5 Mature fine tailings stability

The high stability of MFT has been attributed to the presence of clay components 22326, Since
the majority of clays in MFT are negatively charged kaolinite clays, and the process of oil sands
extraction has a pH of 8, the electrical charge on each particle produces an electrostatic repulsion

force leading to the stabilization of the suspension. Beside electrical repulsion, the absorption of
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water molecules on the particle surface forms hydration layers that repel each other and prevent
settling. In addition, the size of ultrafine clays (<0.3 um) afforded MFT its structure and impedes
consolidation. In some studies, the stability of MFT is linked to the organic matter, consisting of
chemical structures similar to humic and fulvic acids 2’. The proposed conceptual model on the
roles of Ca?" and Fe** ions in the complexation of carboxylic acid groups of the organic compounds
to bitumen and clay surfacesis shown in Figure 2.7. Another reason for the stability of MFT might
be the presence of residual bitumen during the extraction process. The unrecovered bitumen blocks
the pore spaces between particles and binds the clay particles together, which decreases the
hydraulic conductivity of MFT by forming restricted pathway between particles preventing water

release and impeding consolidation as shown in Figure 2.8 28,

Heavy ‘ Fe*
1

Figure 2. 7. A model for the interactions between bitumen, minerals, and non-bitumen
combustibles (NBC) in tailings >,
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Figure 2. 8. The organic model for MFT stability and the role of bitumen 28,

2.6 Suspensions and particle dynamics

A colloidal dispersion refers to a system containing small particles that range in size from 1
nanometer to several tens of micrometers. The particles form a homogeneously dispersed mixture
in water. The complete settling of clays is hindered due to the size of the fines comprising mainly

of clay minerals !.

2.7 Clays and their behavior in suspension

The unit structure of clays is composed of silicon-oxygen tetrahedron (T) and aluminum or
magnesium-oxygen octahedrons (O) sheets connected together in layers. Figure 2.9 shows three
different types of clay structures. There are four main unit structure arrangements. (1:1) layering,
with one tetrahedral and one octahedral sheet; (2:1) layering, with two tetrahedral sheets
surroundings the octahedral sheet; (2:1:1) layering, with two tetrahedral surrounding a gibbsite or
brucite octahedral sheet, with another octahedral sheet between the 2:1 mica layers. The fourth
type consists of amorphous clay minerals, which do not have a specific long-range arrangement in

their layering. Table 2.1 summarizes the typical structure of ideal specimens of each group 2°-3!.
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Figure 2. 9. Three-dimensional structure of the clay minerals *.

Table 2. 1. The chemical structures of clay minerals>'.

Mineral Name Compound Name Empirical Chemical Formula Crystal
Formula System

Kaolinite Aluminum Silicate Hydroxide ALH,0,Si, ALSi,0(OH), Anorthic

Nacrite Aluminum Silicate Hydroxide ALH,0,Si, ALSi,0(OH), Monoclinic

Halloysite Aluminum Silicate Hydroxide ALH,0,Si, ALSi,0(OH), Hexagonal

Kaolinite- Sodium Aluminum Silicate ALH Na .O,Si; | Naj,AlSiO (OH), H,O Unknown

montmorillonite Hydroxide

Illite-montmorillonite HydratePotassium Aluminum Al ,HKO,Sig K_Al,(SiAl)O,,(OH),H,0 Unknown

Silicate Hydroxide Hydrate
Dickite Aluminium Silicate Hydroxide ALH,0,Si, ALSi,0(OH), Monoclinic
Nontronite Sodium Calcium Iron Aluminum | Fe,H/Na ,0,,Si, (Na, Ca), ,Fe, (Si, Al),0,, (OH),H,0 | Monoclinic

Silicate Hydroxide Hydrate

Rectorite Sodium Aluminum Silicate Al HNaO, Sig NaAl,(Si, Al),0,(OH), , H,0 Hexagonal
Hydroxide Hydrate

The major clay minerals in the oil sands tailings are kaolinite and illite with minor amounts of
montmorillonite, chlorite, and mixed-layer of clays 3!. Kaolinite clay consists of (1:1) layers. In
the octahedral sheet, oxygen atoms and hydroxyl groups are arranged around a central aluminum
atom. In the tetrahedral sheet, the oxygen atoms surround a silicon atom °. The sheets are bonded
covalently by sharing oxygen atoms, and the layers are held by van der Waals attractive
forces. Kaolinite particles have a plate-like structure and consist of two basal planes that are
negatively charged due to the isomorphous substitution where high valence cations are substituted
by cations of lower valence (AI** for Si**, or Mg?" for AlI**). The charges on the T-basal plane are
assumed to be permanent and independent of pH. On the edge of the plate, the primary alumina-
silica bonds are broken and become positively charged in water; hence, the edge faces show pH-
dependent behavior as shown in Figure 2.10. In alkaline conditions, the edge of the kaolinite is

negatively charged and in acidic conditions, it is positively charged. At low pH, the negatively
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charged basal plane may interact with the positively charged edges leading to an “edge-face”
interaction (between Al-edge and Si-surface), forming a “house of cards” structure that can entrap
large amounts of water within the associations and lead to the long-lasting structure of the oil sands
tailings as shown in Figure 2.11 (B). At high pH, the edge charge is negative, causing the edge-
face electrostatic attraction to weaken resulting in the formation of a perfect crystal as shown in

Figure 2.11 (C) 3>%.
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Figure 2. 10. Schematic view of clay platelets and their anisotropic charging behavior. The faces
(basal planes) exhibit permanent negative charge, whereas edge faces show amphoteric, pH-
dependent behavior similar to oxide minerals 3
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\
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Figure 2. 11. Bentonite in solution A) swelling, B) “house of card structure” at low pH(below 7)
and C) platelets dispersion at pH above 733,

Although smectite is not present in significant quantity, the high water holding capacity due to
its swelling characteristics is of practical importance. The smectite consists of (2:1) layering, with
a dioctahedral gibbsite sheet situated between two silica tetrahedral sheets 4. Bentonite is
composed dominantly of a smectite clay minerals. In this type of clays, the charge deficiency is
due to the isomorphous substitution of a small fraction of the tetrahedral Si atoms by Al and/or a
fraction of the octahedral atoms (Al or Mg) by atoms of lower oxidation number *°. The anionic
charge of the alumina-silicate layer is neutralized by hydrated cations, (e.g. Na*, Ca*" and/or
Mg?"). These layers are linked together by shared oxygen atoms, and the thickness of the smectite
plates is less than 1 nm 3°. The swelling capacity of bentonite depends on the sodium content where
it increases 700-1000% by treating calcium bentonite with 0.25% of Na>CO;3 3%, A schematic

diagram of the smectite structure is shown in Figure 2.12.
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Figure 2. 12. (a) Molecular structure of MMT containing exchangeable sodium ion (MMT-Na+),
(b) high aspect ratio clay platelet, and (c) schematic representation of side view between layers °.
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To understand the effectiveness of the flocculation or coagulation, it is crucial to study the surface
properties of clay particles that affect the stability of the colloidal system and the interaction

between clay particles, electrolytes, and additives like coagulants or flocculants.

2.8 Colloid - electrolyte interactions

The interaction between clay particles and electrolyte can be explained in terms of the formation
of an electrical double layer. The clay particles exhibit negative electrical charges in water which
is considered as the primary factor in controlling clay dispersion *’. Due to the charge variations
at the interface of electrolyte and clay particles, an ionic cloud is formed around the negative clay
particles called electrical double layer (EDL). As the term suggests, the EDL consists of two layers;
the inner region (Stern layer) where the counter-ions (cations) and positive hydrogen ions of water
molecules are firmly bonded and an outer region (Gouy—Chapman diffuse layer), where the cations
are loosely held to the colloidal particles. In the Gouy—Chapman diffuse layer, the concentration
of the cations gradually decreases and that of the co-ions (anions) increases until a charge
equilibrium is attained. The distribution of cations and anions around the clay surface and the
corresponding electric profile are shown in Figure 2.13. The thickness of the two layers is termed
the Debye length represented by 1/x ,and « is known as Debye—Hiickel parameter. The value of

the Debye length can be calculated using the following Equation (2.1):

1o (LokDT Yy Equation (2.1)

Zenv2

where, 1/k is the double layer thickness, €, the permittivity of vacuum (8.854 x 10712 C? J'' m!),
k the Boltzmann constant (1.38 x 1072* J K*!), D the dielectric constant of the medium, T the

temperature (K), e, the electronic charge (1.602 x 107! C), n, the ion concentration, and v the
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ionic valence. According to this equation, the thickness of the double layer varies directly with the
temperature and is inversely proportional to the ionic valence and the square root of the ionic
concentration. By altering the concentration of electrolyte, the thickness of the electrical double
layer can be attenuated to destabilize the clay particles. This means that the higher the ion
concentration, the smaller is the EDL. The potential at the Stern plane is called the Stern potential.
Within the Gouy—Chapman diffuse layer, Brownian motion of electrolytes produces a shear plane
that strongly separates the ions associated with the fixed layer and the potential at the shear plane
is known as zeta potential ({). The magnitude of the zeta potential varies with the double layer
thickness. The thicker the EDL, the higher is the zeta potential. The zeta potential is determined to
control the stability of the colloidal system and characterize the EDL. The negative charge on the
clay particles is the primary factor in the stability of clay dispersion. Therefore, to overcome the
electrostatic repulsion and flocculate the clay dispersion, the net negative charges must be reduced;
hence, a reduction in zeta potential magnitude must be attained. At zero zeta potential, the surface

charge is balanced out by the counter ions which indicates the aggregation of clay particles 3840,
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Figure 2. 13. Schematic illustration of the electrical double layer *°.

2.9 Colloid particles interactions

The stability of a colloidal system also depends on how the colloidal particles interact with each
other. The DLVO theory, named for the research of Derjaguin and Landau in 1941 and Verwey
and Overbeek in 1948, is used to quantify the net force between these particles and the distance
separates them. Based on the DLVO theory, attractive van der Waals and the repulsive electrostatic
double layer forces are considered the two balancing forces to induce dispersion or flocculation of
the particles. The van der Waals forces caused by the formation of dipoles between particles and
depend on the distance between particles (R) and the nature of the two colloidal particles as given
in the following Equation (2.2) *!:

U=CR™® Equation (2.2)
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where C is the constant depending upon the nature of the particles. The repulsive forces that are
induced by the formation of the electric double layer of the colloid particles depend on the changes
in cation valence, dielectric constant, electrolyte concentration and pH. Both the attraction and
repulsion forces between the colloidal particles vary in magnitude with separation distance and
energy barrier (Figure 2.14). If the attractive van der Waals forces overweigh the repulsive
electrostatic double layer forces, the system is unstable and the particles are prone to aggregation.
On the other hand, if the repulsive electrostatic double layer forces overweigh the attractive forces,
the net force is repulsive and the particles will be dispersed and the system is stable and well
dispersed; hence, an energy barrier in a suspension that prevents the aggregation of particles will
occur. As a result, the colloidal particles must provide sufficient kinetic energy to overcome the
potential energy barrier in order to aggregate. Based on the potential curve, that gives the sum of
all the potential energy in correlation with the distance between two particles in the colloids,
particles are held firmly together by van der Waals forces at the primary minimum, whereas the
particles are more loosely bound in a reversible fashion at the secondary minimum. An energy
barrier called the primary maximum is located between the primary and secondary potential
minimum preventing the particles getting close enough to each other to experience the deep
attraction at the primary minimum. The energy barrier represents the electrostatic repulsion and is
related to the zeta potential: hence, the stability of the colloidal particles can be anticipated by

measuring the zeta potential 334042,
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Figure 2. 14. Schematic of repulsive and attractive potential as a function of distance between
particle surfaces 2.

2.10 Colloid - Polymer Interactions

The presence of polymers in a colloidal system has a profound influence on its stability. Several
processes may occur when a polymer solution is added to a colloidal system *3:

1- Transportation of polymer to the solid-liquid interface.
2- Adsorption of the polymer on the solid surface.
3- Rearrangement of adsorbed polymer chains on the solid surface.

4- Collision between coated colloidal particles which can cause flocculation.
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Polymer chain adsorbed on the solid surface can have one or any combination of three
conformations depending on the affinity of the polymer to the surface. Figure 2.15 schematically

shows the different possible conformations of polymers at solid-liquid interfaces:

1- Thin layers with a low adsorbed layer thickness.
2- Coils and loops with a moderate adsorbed layer thickness.

3- Trains, loops, and tails with a high adsorbed layer thickness.

A train describes the conformation where the polymer chain is directly attached to the solid
surface; a loop refers to the conformation in which the polymer chains are bound by trains at either
end; and a tail refers to one end of polymer chains bound to trains with the other end extended into
the colloidal system as presented in Figure 2.16 (a). The uncharged polymers are considered a
poor flocculants of a dilute aqueous clay system because the polymer segments adopt a random
coil rather than extended conformation unless the segment dimension is of the order of the mean

interparticle separation. As a result, increasing the flocculant molecular weight can enhance the

flocculation efficiency 44,
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Figure 2. 15. Possible conformations of polymer chains at solid-liquid interfaces: (a) thin layers
with a low adsorbed layer thickness; (b) coils and loops with a moderate adsorbed layer thickness;
(¢) Trains, loops, and tails with a high adsorbed layer thickness 4.
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The driving force for the adsorption of uncharged polymers adsorption on the clay surface is the
translation entropy (Figure 2.17). The positively charged polymers are effective flocculants of
negatively charged colloids. The flocculation occurs due to the collision of particles; hence, the
collision and the adsorption of cationic polymers neutralize the surface charge of the colloids and
form bridges to hold the coated particles together. On the other hand, the anionic polymers can
form bridges because the polymer segments forming hydrogen bonds are adsorbed on the particle
surface and generate greater loops extending from the solid surface; accordingly, flocculation
occurs. The mutual charge repulsion between polymer segments and the negatively charged
colloids promotes the extension of polymer chains leading to an increase in the collision
probability. The formed network through adsorption results in flocculation #°.

DLVO theory describes the stability of colloidal particles by predicting the critical coagulation
concentration (CCC). The C.C.C refers to the point where the potential energy barrier opposing
coagulation disappears. For effective flocculation to occur, fractional surface coverage must be
obtained whereas complete surface coverage re-stabilizes the colloids (Figure 2.16 (b)).
Extremely low dosage does not result in flocculation because of insufficient polymer to form
bridging links between the dispersed particles. When an over dosage is used, excess polymer
overly coats the particle surface such that no sites are available to bridge with other particles
leading to a reduction in the flocculation efficiency because of steric stabilization '°. Here the

particles are said to be re-stabilized as shown in Figure 2.16 (c).
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Figure 2. 16. (a) Adsorption of polymer and formation of loops available for binding. (b) Polymer
bridging between particles (aggregation). (c) Re-stabilization of colloid particles (floc breakup) '°.

External
(bulk)
solution

s

Interface
Clay
surface
v
Key:
Polymer in solution
O  Wwater molecule @@ (random coil)

O Exchangeable cation ww Polymer adsorbed

. train—! tail
@ Negative surface charge (wain-loop-tall)

Figure 2. 17. Diagram showing the series of events when an uncharged, flexible polymer adsorbs
at a clay mineral surface from a dilute aqueous solution. (A) Polymer in solution adapting a random
coil conformation; (B) on adsorption, the polymer chain uncoils and adopts a train-loop-tail
conformation, displacing relatively ordered water molecules from the interface into the external
(bulk) solution 43,

2.10.1 Effect of polymers on zeta potential

Polymers can affect the zeta potential through charge neutralization and shear plane

displacement. Zeta potential measurement is useful to predict and control the stability of colloids;
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hence, it is able to characterize flocculation efficiency of polymers. The magnitude of zeta potential
depends on the double layer thickness %46, Accordingly, the thickness of EDL determines the
engineering performance of the polymer flocculants. Indeed, the thinner the EDL, the lower the
zeta potential; therefore, the stronger the tendency of flocculation. At the optimum dosage, the
observed reduction in the zeta potential of colloids by uncharged polymers is ascribed entirely to
shear plane displacement. The adsorption of uncharged polymers on a negatively charged particle
alters the structure of EDL around the target particles where the presence of trains modifies the
Stern layer and both loops and trains modify the Gouy—Chapman diffuse layer as illustrated in
Figure 2.18. Positively charged polymers can effectively enhance flocculation mainly by
electrostatic attraction. Therefore, the reduction in the zeta potential can be attributed to the charge
neutralization that causes a compression in the thickness of EDL. On the other hand, the adsorbed
anionic polymers form bridging contacts between particles via hydrogen bonding, and the
reduction in zeta potential can be ascribed as the shear plane displacement. The adsorbed anionic
polymers change the properties of the EDL and produce a hydrodynamic effect as the ions in the

diffuse double layer might be displaced from the Stern layer 104,
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Figure 2. 18. The effect of adsorbed uncharged homopolymers on the structure of the electrical
double layer at a negatively charged (clay mineral) surface °.
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2.11 Cellulose

Cellulose is the most abundant, renewable, and sustainable material in the world, and it can
be extracted from wood and plant fibers, tunicate and bacterial cellulose 478, The cellulose chains
are homopolymers of anhydroglucose units, where the repeating segments are connected via the
B-1,4-glycosidic linkages as shown in Figure 2.19 ¥-5!, These linear homopolymers are linked
together via the van der Waals forces as well as inter- and intra-molecular hydrogen bonds to form
hierarchical assemblies as shown in Figure 2.20 (a) *°. Hence, the cellulose materials are insoluble
in water as the hydroxyl groups in the chains are bonded to each other. The individual chains
assemble to form microfibrils, that further assemble into macrofibers and fibers, and each

microfiber consists of crystalline and amorphous regions 4%,
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Figure 2. 19. Chemical structure of cellulose chains *°.

The acid hydrolysis of cellulose fibers disrupts its amorphous regions leaving the rigid
crystalline regions intact as shown in Figure 2.20 (b) *“**2. Due to the unique properties of
cellulose, and stemming from its surface chemistry, mechanical robustness, biocompatibility, and

its biodegradability, cellulose has been widely applied in various industrial sectors 3!->2,
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Figure 2. 20. (a) Structural hierarchy of the cellulose fiber components from the tree to the
anhydroglucose, (b) preparation of nanocrystals by selective acid hydrolysis of the disorganized
regions of cellulose microfibrils *°.

2.11.1 Cellulose nanocrystals

Cellulose nanocrystals are unique nanomaterials derived from cellulose by the controlled
acid hydrolysis of disordered regions, releasing individual rod-like rigid crystallites called
cellulose nanocrystals (CNC) #°-*2, The conditions of hydrolysis during the extraction process (such
as the type of acid, acid concentration, temperature, and duration) plays a critical role on the
surface morphology of the CNCs. When the hydrolysis is performed with hydrochloric acid (HCI),
additional carboxyl groups are produced; as a result, the suspended CNCs easily agglomerate due
to hydrogen bonding between crystallites forming micron size agglomerates. When H>SOj is
employed, negatively charged sulfate ester groups are decorated on the surface of the crystallites
preventing agglomeration and yielding a stable suspension (Figure 2.21) . The resulting
crystalline regions (CNCs) are rod-like in shape, having nano-scale dimensions (length from 200
— 1000 nm and diameters of 5 — 15 nm). Cellulose nanocrystals possess excellent physical
properties, including high tensile modulus, similar to steel or Kevlar (100 to 160 GPa), low density

(0.8 to 1.5 g /cm®) and a large surface area (~250 m?/g) >*%, The high aspect ratio of CNCs gives
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rise to percolation at low concentration which will promote floc formation. In addition, the rigidity
of the CNCs minimizes gelation, preventing entanglement and improving processability >7-8, The
surface of the rod-shaped nanocrystals are decorated with hydroxyl groups and these unique
properties provide an ideal platform for surface modification to prepare nanocomposite materials
with desired surface characteristics customized for a wide range of applications including waste-

water treatment >%-%,
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Figure 2. 21. Schematic representation of the isolation of CNC 3.

2.11.2 Modification of cellulose nanocrystals

CNCs have very high surface area with a large number of hydroxyl groups which make it
suitable for a wide variety of functionalization, depending on their desired application>!->2, In most
cases surface modification of CNCs can be conducted to (1) prevent self-aggregation and achieve
a good dispersion of the nanoparticles in most common polar solvents or hydrophilic polymeric
matrices; (2) improve the compatibility when used along with organic or hydrophobic polymer
matrices by tuning the surface energy characteristics of nanocrystals; (3) introduce chemical
functionality on nanocrystals for advanced functional applications ®!. The main challenge is to
perform surface modification on the nanocrystals while preserving the original morphology and

maintaining the integrity of the CNCs.
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Surface modification of CNCs can be conducted by attaching small molecules or polymer
brushes via covalent bonds (chemical interactions) or non-covalent bonds (physical interactions).
There are various techniques that can be applied to functionalize CNCs, including physical
absorption of polyelectrolytes or surfactants, chemical derivatization by coupling hydrophobic
small molecules, or chemical grafting of polymeric chains and advanced functional molecules as
shown in Figure 2.22 %2, The physical absorption is the simplest method, in comparison to
chemical modification, and it is used mainly to prepare uniform dispersion of CNCs in
hydrophobic solvents and polymers. This can be achieved by coating the surface of nanocrystals
with surfactants, where the hydrophilic end of the surfactant molecules adheres to the surface of
CNCs, while the hydrophobic end extends out providing a non-polar surface. In the field of
chemical modification, polymer grafting can be performed using two approaches, namely,
“grafting-to” and “grafting-from” as shown in Figure 2.23. The grafting to approach involves the
attachment of pre-synthesized polymer to the hydroxyl groups of the CNC surface. In the grafting
from approach, the polymer chains are grown from the surface of the CNCs, which first has to be
functionalized with an initiator prior to performing the graft polymerization in the presence of
monomers. In the first strategy, the most common approaches are: (1) the isocyanate-mediated
reaction, where isocyanates are used to graft polymeric chains onto the surface of nanocrystals;
(2) the carboxylation-amidation reaction in which a covalent amide bond between a primary
amine-terminated polymer and carboxylated CNCs is created; (3) click chemistry where
nanocrystals with advanced functions, such as fluorescent labeling, gene delivery or photo-
bactericidal effect are produced. In the second strategy, different approaches have been examined
including conventional free radical polymerization (CRP), ring-opening polymerization (ROP),

ionic polymerization, and reversible-deactivation radical polymerization (RDRP) methods.
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Another chemical modification method is derivatization, which has been proven to improve
the dispersibility and compatibility of nanocrystals in polymeric matrices and solvents. Commonly
used strategies for modifying CNCs are sulfonation, acetylation/esterification, silylation, TEMPO
oxidation, cationization, and carbamation. In the sulfonation reaction, H>SOj4 is used to produce a
highly stable suspension because of the incorporation of sulfate groups onto the nanocrystals.
Surface esterification or acetylation of CNCs imparts an ester functional group, COO™ on the
surface of nanocrystals by the condensation of the carboxylic acid group (COOH) and alcohol
group (OH). As depicted in Figure 2.23, CNCs can be silylated with organo-silanes having
different alkyl lengths. TEMPO oxidation reaction leads to the formation of surface-carboxylated
CNCs that could be further modified to introduce more moieties by several approaches. For
example, the amidation of CNCs is one approach where oxidized CNCs are used as the starting
material to be amidized. Cationization of CNCs is another important chemical modification, and
glycidyltrimethylammonium chloride (GTMAC) or derivatives have been widely utilized to
cationize the surface of CNCs. In the carbamation reaction, isocyanates can be employed for the

modification of CNCs ©2.
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2.12 Introduction to stimuli-responsive polymers

The chemical composition of synthetic polymers has been adjusted to generate a variety of
functional forms to match the requirements of the industrial and scientific applications. Synthetic
polymers can have different chemical structures and properties and on the basis of the chemical
properties can be classified into different categories. Out of these, “stimuli-responsive” materials
have the ability to respond to external stimuli and are also known as “smart,” or “environmental-

(3

sensitive” or ‘‘intelligent” polymers %6, The uniqueness of these polymers resides in their
reversible responses that are manifested as changes in shape, size or solubility at the macroscopic
level from hydrophilic to hydrophobic state. The driving force behind the reversible responses can
be classified into three categories as presented in Figure 2.25: (i) chemical (pH), solvent, ionic
strength; (ii) physical (temperature, magnetic field ,light, ultrasound, mechanical deformation);

(iii) biological (receptors and enzymes) %7, Stimuli-responsive polymers possess the appropriate

hydrophilic-hydrophobic balance in the molecular structure to yield such characteristics 6%,
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Figure 2. 25. Schematic illustration of stimuli for stimuli-responsive polymers ¢’.
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The stimuli-responsive polymers can be categorized into three classes according to their
physical forms as shown in Figure 2.26. They are (i) linear free chains in solution, (ii) covalent

cross-linked reversible and physical gels, and (iii) chain adsorbed or surface grafted form ‘smart’

surfaces or membranes 771,
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Figure 2. 26. Schematic example of the different types of responses of “stimuli” polymer systems
to environmental stimuli 7.

The exploitation of polymer responses to stimuli finds wide-ranging application in the
biomedical fields and non-biologically related fields that include water treatment and food
packaging. There have been a number of biomedical applications in medicine and biotechnology
for such smart polymers due to their unique properties, such as the ability to mimic the bio-

polymers adaptive behaviors, high stability, and loading capacity 7.
2.13. Thermo-responsive polymers

Synthetic thermo-responsive polymers have been extensively investigated, since temperature is

an easy external stimuli to implement . The thermo-responsive behavior can be divided into two
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classes; those possessing a lower critical solution temperature (LCST) and upper critical solution
temperature (UCST) as shown in Figure 2.27. Polymers with a LCST display a miscibility gap at
high temperatures that induces phase separation due to the disruption of polymer-water
interactions above the LCST. The responsivity of a system with UCST displays a phase separation
upon cooling due to the strong polymer-polymer interactions. For example, aqueous solutions of
poly(N-isopropyl acrylamide) (PNiPAAm), undergo a coil-to-globule transition upon heating
beyond their respective LCST close to the physiological temperature of about 37 °C 74, Compared
to the widely studied thermo-responsive PNiPAAm, poly(ethylene oxide) (PEO) and its
derivatives are a new class of uncharged, nontoxic and water-soluble bio-compatible polymers

that possess LCSTs with a broader temperature range of 26 to 95 °C 7>,
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Figure 2. 27. Phase diagram for polymer solution (A) lower critical solution temperature (LCST)
behavior and (B) upper critical solution temperature behavior 7°.

2.13.1. Thermodynamics of thermo-transitions
The thermodynamic reasons for phase separation can be understood on the basis of the Flory-

Huggins theory that has been the foundation for the more elaborated theories. Flory-Huggins
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theory can distinguish the thermodynamics of mixtures of macromolecules in comparison with
their small molecule analogues, and it can also determine the interaction forces that lead to the
phenomenon of phase transition. Mixing a polymer in a solvent is accompanied with changes in
certain thermodynamic factors; specifically, enthalpy and entropy. In the Flory-Huggins theory,
the solute-solvent system was modeled as a lattice structure, considering the solvent (water) as

component 1 and the solute (small molecule) as component 2 as shown in Figure 2.28 77.
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Figure 2. 28. Placement of solute molecules on a lattice. (Left) N> small molecules. (Right) A
polymer chain occupying N> cells 7%,

The number of possible ways to put N solute molecules on a lattice leads to the well-known Flory-
Huggins expression for the entropy of mixing in a polymer solution (Equation (2.3)):

A Spix = —k (NjInn; + N, Inn,) Equation (2.3)
Where n;, and N;j are the mole fraction and the number of molecules of component i respectively.
In the case of a polymer chain composed of x segments or repeat units, and each segment occupies
a cell, the above equation is rearranged as shown in Equation (2.4):

A Spix = —k (N;Invy + Ny Inv,) Equation (2.4)

Here vj is the volume fractions of component i and can be defined by Equations (2.5) and (2.6):

N4

v = No+xN, Equation (2.5)

40



__ xN, .
v, = N, +xN, Equation (2.6)

This equation indicates that the number of ways that one component is arranged on the lattice sites
is reduced when one of the components exists as a long chain. In this model the enthalpy of mixing
AHx for the same polymer-solvent system can be defined using Equation (2.7):

AH iy =y = (€11+€22—€12)
KTN,v, KT

Equation (2.7)
The interaction parameter () is related to the difference between the mixed interaction energy
(€12) and sum of the pure component energies (€11 and €22) according to Equation (2.7). This
interaction parameter is known as the Flory-Huggins interaction parameter, and it describes the
miscibility, swelling equilibria of polymer solutions 770, The Flory Huggins interaction
parameter is related to the free energy of mixing according to Equation (2.8):

A Gpix = —kT(N;Inv; + N, Inv, + yN; v,) Equation (2.8)
The first two terms represent the entropy gain on mixing a polymer, while the last term represents
the enthalpic contribution to the free energy.

Two major features that can be derived from Equation (2.8) to distinguish between the
thermodynamic of polymer mixtures in comparison with their small molecules: (i) polymer
mixtures can undergo phase separation upon heating through a lower critical solution transition
(LCST) unlike most of the small molecules analogs, (ii) the reduced entropy of mixing that
originates from the random distribution of chains results in immiscibility in the absence of
favorable enthalpic interactions. In addition, the Flory-Huggins interaction parameter (y) describes
the behavior of stimuli-responsive polymers at different temperatures. For values of ¢ greater than

0.5, the polymer-polymer interactions are more favorable than the polymer-solvent interactions

and the solvent is known as a bad solvent. Accordingly, For values of y less than 0.5, the polymer-
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solvent interactions are more favorable than the polymer-polymer interactions and the solvent is
known as a good solvent. The Flory-Huggins interaction parameter () of 0.5 is considered to
represent the Flory 0-solvent condition in which the polymer-solvent interactions are identical to
the polymer-polymer interactions 7.

2.13.2. Phase transition behaviors

The thermodynamic reasons for phase separation can be understood on the basis of the Gibbs
free-energy of mixing Equation (2.9), where a negative value implies that the polymer-solvent
system is homogeneous.

AGuix=0H—-TAS Equation (2.9)

For polymers possessing a lower critical solution temperature (LCST), both the enthalpy of mixing
AH and the entropy of mixing AS are negative. At low temperature the term AH exceeds the AS;
thus, AGmix 1s negative and the polymer-solvent system is miscible. When increasing the
temperature, the entropy of water is increasing; thus, AGmix is positive where the “hydrophobic
effect” takes place rendering the polymer-solvent system is immiscible. On the other hand, for
polymers possessing an upper critical solution temperature (UCST), both the enthalpy of mixing
AH and the entropy of mixing AS are positive and the same assumption can be applied to explain
phase separation upon cooling 7.

The phase transition behaviors of polymers with LCST-type transition will be explained in this
section since it is related to the current study. Polymers with LCST-type transition can exhibit two
phase transition behaviors: (i) a coil-globule transition (described as intramolecular aggregation),
and/or (ii) agglomeration (described as intermolecular aggregation) 3!. A coil-globule transition is
described as a process by which an expanded chain in a random coil conformation transitions to

polymer a collapsed globule due to a change in temperature as shown in Figure 2.29(A). Below
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the LCST, the polymer chains are completely dispersed and adopt a random coil conformation by
the formation of hydrogen bonds with the water molecules. Above the LCST, the polymer-water
hydrogen bonds are disrupted and the polymer chains adopt a globular conformation. The poly(N-
isopropylacrylamide) PNiPAAm can undergo a coil-globule transition at 32 °C and dynamic light

scattering (DLS) studies were performed for its aqueous solutions below and above the lower

critical solution temperature which showed a coil to globule transition behavior 32 as shown in
Figure 2.29 (B).
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Figure 2. 29. Schematic illustration of the four thermodynamic stable states of (PNiPAAm)
homopolymer, and the typical hydrodynamic radius distribution as a function of temperature for
(PNiPAAm) (B) 2.

Several studies were also conducted to examine the solution behavior of temperature-responsive
molecular brushes. One example of such polymers is poly(N,N-dimethylacrylamide) (PDMA),
which displays an LCST above 100 °C, and has shown both types of phase transition behaviors.
In this study, a concentration-dependent LCST behavior was also observed as shown in Figure
2.30. When a 0.1 w% solution of the brush was warmed above the LCST, a decrease in
hydrodynamic diameter was observed (with Dy = 57 nm at 20 °C leading to Dy =47 nm at 55 °C)

because of the side chains dehydrated on heating and favored intramolecular aggregation. On the
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other hand, when the concentration of the copolymer was increased by an order of magnitude, to
1.0 w%, the hydrodynamic diameter increased as a function of temperature (Dy = 104 nm at 55

°C) because of the favored dehydration and subsequent intermolecular aggregation 83.
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Figure 2. 30. Temperature dependence of the apparent hydrodynamic average diameter for
poly(BPEM-graft-DMA -stat-BA molecular brush, 0.1wt% and 1.0 wt% solutions concentrations
83

Amphiphilic block copolymers that consist of covalently bonded hydrophobic and
hydrophilic blocks can undergo a disorder-order transition (micellization) depending on the
polymer concentration such as poly(2-ethoxyethyl vinyl ether-b-2-hydroxyethyl vinyl ether)
(poly(EOVE-b-HOVE)) 31:84. At low temperature, the copolymer chains are dispersed a random
coil conformation as shown in Figure 2.31. However, when the copolymer chains are warmed

through the critical micelle temperature, a macro-lattice formation is observed as shown in Figure

2.31.
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Figure 2. 31. Concentration dependence of the conformational changes of amphiphilic block
copolymer 34,

The structure of the thermo-responsive copolymers determines their thermo-transition
behaviors. For example, copolymers consisting of a hydrophobic substrate and a thermo-
responsive segment can switch on and off the formation of the micelles by manipulating the
temperature as shown in Figure 2.32(A). On the contrary, copolymers consisting of a hydrophilic
substrate and a thermo-responsive segment can control the formation of micelles as shown in

Figure 2.32(B) 8'.

45



(A) Below the LCST Above the LCST

Hydrophobic blockgﬁ( j@}‘/ Temp. s
PNIPAAM-based
block

Type A: Block copolymer consisting of
thermosensitive outer corona
and hydrophobic inner core

(B)

Below the LCST Above the LCST

Hydrophilic block —»/ Temp. f ;
ool —
PNIPAAM-bascd—b\ -

block

Type B: Block copolymer consisting of
thermosensitive inner core

and hydrophilic outer corona

Figure 2. 32. Schematic illustration of two types of the micellar structure of a block copolymer
containing PNiPAAm in aqueous dispersion 3!,

2.13.3. Types of phase separation behaviors

There are three types of phase separation behaviors for thermo-responsive polymers in an
aqueous dispersion that are detected with a UV-Visible spectrometer equipped with a temperature
controller: (i) a fast phase separation with an overlap heating-cooling cycle curve (Figure 2.33 A),
(i1) a fast phase separation with a hysteresis heating-cooling cycle curve (Figure 2.33 B), and (iii)
a slow phase separation with a noticeable hysteresis heating-cooling cycle curve (shallow
transition) (Figure 2.33 C). The shape of the transmittance curves depends on how fast the phase
separation is and how the reversible process (the cooling cycle in case of LCST-type polymers)

responds to the change in the temperature 813,
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Figure 2. 33. Schematic illustration of three types of the thermo-responsive polymers in aqueous
dispersion %.

The first type of phase separation occurs in homopolymer with appropriate hydrophobic-
hydrophilic balance such as poly(phosphoester)s, acrylate- and methacrylate-based polymers, such
as the copolymer poly(2-(2’methoxyethoxy)ethyl methacrylate-co-oligo(ethylene glycol)
methacrylate) (P(MEO:MA-co-OEGMA)). The appropriate hydrophobic-hydrophilic balance of
these polymers allows the solvation below the LCST; however, increasing the temperature above
the LCST causes the disruption of hydrophobic-hydrophilic balance leading to a phase separation.
The second type of phase separation often occurs in PNiPAAm or PNiPAAm copolymers as an
example. The hysteresis in the transmittance curve is attributed to the slow diffusion of water
molecules in the hydrophobic aggregates formed above the LCST due to the formation of
interpolymer hydrogen bonding. The third type of phase separation often occurs in block
copolymer such as poly(styrene-b-(N-isopropyl acrylamide)) di-block copolymers or P(S-b-
NIPAAm) that are able to form micelles when the critical micelle concentration (CMC) is reached
at low temperature. The micelles subsequently collapse above the LCST causing a decrease in the

transmittance as shown in Figure 2.34 81:86,
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Figure 2. 34. Transmittance curve of a 0.2 mg/ml aqueous dispersion of P(S-b-NIPMA) #¢.

2.13.4. Factors affecting the LCST

Thermo-responsive polymers can be designed to meet the specific need for different
applications by introducing monomer structures that contain specific functional groups and by
varying the composition of these comonomers. The LCST or UCST of the thermo-responsive
polymers can be further adjusted by changing the polymer chain architecture and/or the solvent
conditions %7, The effect of chain architecture, solvent conditions, and ionic interaction on the

phase separation of LCST-type polymers will be illustrated in this section.

2.13.4.1. Chain architecture

2.13.4.1a. Number-averaged molecular weight

The dependence of phase transition on the number-averaged molecular weight M, (or refer to
as the degree of polymerization DP) is mainly driven by entropy ®’. For aqueous polymer solutions,
the entropy of mixing (AS,,,) is the sum of the the combinatorial entropy (AS,,,, which is positive)

and the entropy loss caused by the hydrophobic effect (AS;,, which is negative). When Mx
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increases at a constant polymer concentration, the number of macromolecules (n2) is lower which
causes AS,,,, to decrease as indicated in Equation (2.10):
AScom =—R (nInv, +n, Inv,) Equation (2.10)

where R is the ideal gas constant, n the molar number, v; the volume fraction, and the subscripts 1
and 2 denote the solvent and the polymer, respectively. For LCST-type polymers, a higher My
leads to a more negative AS,, which in turns decreases the LCST. For example, the LCST of
PNiPAAm decreases from 40 to 36 °C as the M, is increased from 2.8 to 26.5 kDa as shown in
Figure 2.35 8. In the case of high hydrophobic thermo-responsive polymers, the effect of Mj on
the LSCT has a narrow window compared to highly hydrophilic thermo-responsive polymers. For
example, the cloud points (T¢p) of poly(2-hydroxyethyl methacrylate) (PHEMA) decreases from

39 to 28 °C as the DP increased from 3.9 to 5.9 kDa as shown in Figure 2.36 %.

0 10 20 30
Mo nur (KDa)

Figure 2. 35. The effect of M, on the LCST of narrow-disperse PNiPAAm samples 88,
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Figure 2. 36. The effect of M, on the LCST of PHEMA samples .

When two LCST-type polymers with different M, are mixed, a cooperative aggregation
behaviour is observed if these polymers show a strong weight-averaged molecular weight (My)
dependence on their transition temperatures. The mixture produces a single turbidity curve with
cloud point lying between the locations of each component. The potential to produces polymers
with a cooperative aggregation of four LCST-type polymer by a simple mixing was studied. The
polymers used in the study can be categorized into two types (i) My-dependent LCST (poly(N-
vinylpiperidone) (PVPip), poly(N-vinylcaprolactam) (PVCap), PNiPAAm) and (i) My-
independent LCST (POEGMA). The study confirmed the hypothesis where the polymer-solvent
interaction is dependent on the My ; as a result, mixing thermo-responsive polymers with different
My, can fine-tune the cloud points of the LCST-type polymers. Figure 2.37 shows the turbidimetry
analysis of PNiPAAm and POEGMA blends, the first polymer has a cooperative aggregation

behavior while the POEGMA does not *°,
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Figure 2. 37. Turbidimetry curves of (A) PNiPAAm blends and (B) POEGMA blends *°.

2.13.4.1b. Crosslinking and branching

The dynamics of hydrophobic aggregation, ionic-interactions and hydrogen bonding are
affected by the structure of amphiphilic polymers which then can determine the thermo-
responsiveness of the polymers. For LCST-type polymers, addition of intramolecular crosslinking
can hinder the formation of hydrophobic aggregation resulting in a less negative mixing entropy
and therefore higher LCST. Several studies explored the topology effect by generated loops on the
initial linear polymer chains °! or the formation of cyclized block copolymers °>% against their
linear counterpart. In the first case, PDMAEMA polymer chains were functionalized with
coumarin side groups that hindered the interchain entanglement at high temperature causing an
increase in the LCST °! (Figure 2.38). In the second case, the formation of a cyclized poly(butyl
acrylate)-block-poly(ethylene oxide) demonstrated a drastic elevation of the cloud point by 40
degrees compared to the linear counterpart. The upward shift of the cloud point temperature in
these studies was attributed to the presence of the ring structures that favor the formation of
intrachain H-bonds between the polymer chains restricting the intermolecular aggregation 2. A
similar observation was made in the case of PNiPAAm solutions, where the cloud point

temperature of the cyclic-PNiPAAm increased compared to the linear-PNiPAAm. Furthermore,
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the cloud point temperature of the cyclic-PNiPAAm increased further as the ring size decreased

due to the reduction in the transition enthalpy with decreasing ring size as shown in Table 2.2 °3.

0 r ! L L 1 1 1
0 20 40 60 80 100

Dimerization Degree (%)

Figure 2. 38. The effect of cross-linking on the cloud point of PDMAEMA with different
dimerization degrees of coumarin groups °'.

Table 2. 2. The effect of cross-linking on the cloud point temperature of linear and cyclic
PNiPAAm samples *°.

M2 I\ AH* Tr?

sample (kDa) M, /M2 °C) (I/mol) (°C)
I-PNIPAM-6K 68 1.10 (55)° 403 6.06 370
c-PNIPAM-6K 69 1.11 458 386 404
I-PNIPAM-12K 127 108 (110* 366 6.40 348
c-PNIPAM-12K 127 1.11 416 447 38.1
I-PNPAM-19K 192 109 (165> 356 6.40 341
c-PNIPAM-19K 194 1.16 396 538 363

2.13.4.1c. Statistical copolymers

The statistical polymerization can facilitate the preparation of thermo-responsive polymers with
cloud points that lie between that of their parent homopolymers as shown in Figure 2.39 (A) %7
The hydrophilic poly(2-isopropenyl-2-oxazoline) (PiPOx) can be converted into a thermo-

responsive copolymer with a tunable LCST by partially or completely modifying its chain units
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with aliphatic acids **. If the pendant 2-oxazoline side chains of PiPOy are partially modified
with aliphatic acids, the cloud point of the resulting PiPOx copolymers shows a non-linear
correlation with the content of the hydrophilic acids **. However, if the pendant 2-oxazoline side
chains of PiPOy are completely modified with multiple carboxylic acids, the cloud point of the
resulting PiPOx copolymers shows a negative-linear correlation with the content of the acid
comonomers *°, In the case of statistical copolymers of methacrylic acid (MAA) and OEGMA | 100,
the cloud point temperature is in the 22-98 °C range and can be adjusted by varying the monomer
contents although the parent homopolymers do not show any LCST behavior because of the
intramolecular hydrogen bonding interactions °¢. However, the LCST of some copolymers
consisting of a hydrophilic comonomer and a hydrophobic comonomer does not follow a simple
logic of increased or decreased overall hydrophilic-hydrophobic balance because of intra-chain or
inter-chain self-assembly ¥’. For example, random copolymers of methoxy-tetraethyleneglycol-4-
vinylbenzylether (MOTEGVBE) and butyl maleimides yield amphiphilic copolymers with a poly-
soap structure that tend to form intramolecular aggregates with distinct hydrophobic microdomains
in the butyl maleimide units. The LCST of these copolymers is close to that of poly(MOTEGVBE).
It is attributed to the hydrophobic groups in these microdomains, which are mostly shielded from
contact with water and do not participate in the collapsing of the MOTEGVBE chain segments
and therefore do not affect the phase transition temperature °’. The presence of both hydrophobic
microdomains and ionic microdomains in random copolymers made of species containing groups
with opposing thermal responses shows a profound impact on their solubility and their thermo-
responsiveness. For example, a ternary copolymer of poly(2-vinyl-4,4-dimethylazlactone)
(PVDMA) grafted with zwitterionic sulfobetaine amine, THF amine, and benzyl amine display a

dual LCST < UCST double thermo-responsiveness. The complete hydration of THF groups is
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responsible for the solubility at low temperature while the complete hydration of the sulfobetaine
amine is responsible for the solubility at high temperatures °®. Some UCST copolymers can be
switched into a LCST type by incorporating monomers that are able to form different types of H-
bonds. For example, a series of random copolymers with tunable compositions have been
synthesized by copolymerization of N-acryloylglycinamide (NAGA) and diacetone acrylamide
(DAAM) that show a UCST-type transition with 90—100 mol% NAGA and a LCST-type transition
with 35—55 mol % NAGA. The LCST phase transition is reported to be associated with the H-
bonds and hydrophobic effect of the polymer chains *°. A random copolymer made of comonomers
from a LCST polymer and a zwitterionic UCST polymer can show both transition by the variation
of the composition in the copolymer as shown in Figure 2.39 (B). For example, a series of
copolymers consisting of PDMAEMA and 1,3-propanesultone (PDMAPS) shows a strongly
composition-dependence thermo-responsiveness. The LCST values increased with the molar
fraction of sulfobetaine while the UCST values increased with the molar fraction of dimethyl
amine groups in the copolymer as the sulfobetaine is more hydrophilic than the dimethyl amine
group ',

(A) (B)

>

Transmittance
Transmittance

Figure 2. 39. Schematic illustrations of transmittance curves of random thermo-responsive
copolymers (dashed lines) compared to their parent homopolymers (solid lines): (A) a LCST-
LCST random copolymer, (B) a LCST-UCST random copolymer. In (B) the red and blue colors
represent the UCST and LCST blocks ¥7.
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2.13.4.1d. Block copolymers

The application of temperature can alter the amphiphilicity of block copolymers, this in turn
leads the copolymer chains to self-assemble into micelles as one or more of its blocks becomes
insoluble. The hydrophilic (shell) blocks are oriented towards the aqueous medium while the
hydrophobic (core) blocks are shielded from the solvent '°!. The solubility of each block is
determined by the type of interactions between the core block and the shell block and their
thermodynamic properties. Block copolymers with at least two LCST blocks can exhibit sequential
changes in the temperature-dependent assembly behavior. For example, a triblock copolymer of
N-n propylacrylamide (nPA), (NiPAAm), and N,N-ethylmethylacrylamide (EMA) shows a
stepwise aggregation behavior at different temperatures. PnPA is the first block starts to
dehydrated at 28 °C followed by PNiPAAm at 47 °C and the PEMA is the third block to collapse
at 57 °C. The phase transition of the triblock copolymer involves a multiple self-assembly behavior

as shown in Figure 2.40 02,

0,
papa__ pipA PEMA ~28 °C

- e %
Du=~10 nm J}
PDI =0.119 [ v ~47°C/ p,=~130 nm
D=~ 140 nm PDI = 0.089
PDI = 0.038 ’
~57°C 4 '
—
Dh=~110 nm Dn=~120 nm
PDI = 0.066 PDI = 0.072

Figure 2. 40. Schematic illustration of the phase transitions of PnPA124-b-PiPAgo-b-PEMA44
triblock copolymer at different temperatures in aqueous solution 192,

The phase transition of block copolymers exhibits a general trend where the phase transition of

the lower-T¢p block occurs at a temperature higher than the LCST of its parent homopolymer,
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while the higher-T, block occurs at a temperature lower than the LCST of its parent homopolymer
as shown in Figure 2.41 ¥’. This phenomenon can be explained based on the interaction between
two blocks. First, the aggregation of the lower-T¢, block is restricted by the higher-T, block, as
the later block is still hydrated creating a surface energy barrier for the aggregation. Second, the
aggregation of the higher-T¢, block is induced by the hydrophobic interaction between the two
blocks rendering the higher-T¢, block less soluble. However, if the hydrophilic block is long
enough, the phase transition of the other block will be masked due to the increased overall
hydrophilicity . H-bonding of the two blocks can also affect the self-assembly of the block
copolymers and consequently the phase transition. For example, the block copolymers of the
PnPA-b-PEMA block copolymer shows two cloud points and a complex self-assembly behavior.
The first cloud point occurs because of the transition of unimers to clusters, and the H-bonding
determines the formation of clusters. As the temperature continues to increase, these clusters
dissociate and restructure into smaller clusters because of the disruption of H-bonding and the

dehydration of PnPA block. The second cloud point occurs because of the PEMA block induces

2 104

further clustering and aggregation as shown in Figure 2.4

Transmittance

Figure 2. 41. Schematic illustrations of transmittance curves of a LCST-LCST block thermo-
responsive copolymers (dashed lines) compared to their parent homopolymers (solid lines) .
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Figure 2. 42. Schematic illustration of the self-assembly structures of PnPA84-b-PEMA42 with
increasing temperature 1%,

The block copolymers displaying both LCST and UCST behaviors can form two distinct
micellar structures in aqueous solution at different temperatures and are known as ““schizophrenic”
or doubly thermo-responsive block copolymers. Doubly thermo-responsive copolymers can be
classified into two categories based on the type of phase transition: (i) LCST-UCST, or (ii) UCST-
LCST block copolymers. For the first type LCST-UCST block copolymers, when the temperature
is below the LCST of the copolymer, the block copolymer form micelles where the UCST-block
forms the core and LCST-block forms the corona. When the temperature is increased above the
LCST but below the UCST of the copolymer, both blocks aggregate forming an insoluble phase.
As the temperature continues to increase above the UCST, a reversible micelle structure forms
where the LCST-block forms the core and the UCST-block forms the corona. The possible self-
assembly structure for LCST-UCST block copolymers is presented in Figure 2.43 87195 The
LCST-UCST type of behavior was found with poly(N -acryloyl-L -proline methyl ester)-b -(N -
acryloyl-4-trans -hydroxy-L -proline) (P(A-Pro-OMe)-b -P(A-Hyp-OH)) diblock copolymer and
is attributed to the H-bonding association and dissociation between the two block units. The block
copolymer exhibits both LCST- and UCST-type transitions in acidic water that are affected by the

comonomer compositions and the pH. Interestingly, this diblock copolymer can be converted into
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a system exhibiting a LCST-LCST transition after methylation reaction. The proposed mechanism

of the soluble-insoluble-soluble transitions are illustrated in Figure 2.44 1%,
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Figure 2. 43. Schematic illustrations of transmittance curves of a LCST-UCST block thermo-
responsive copolymers (dashed lines) compared to their parent homopolymers (solid lines). The
red and blue colors represent the UCST and LCST blocks ¥7.
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Figure 2. 44. Schematic illustrations of self-assembly behavior of P(A-Pro-OMe)-b -P(A-Hyp-
OH) diblock thermo-responsive copolymer. The blue line represents the poly(A-Hyp-OH) chains
and the orange line represents poly(A-Pro-OMe) chains 1%,

For the UCST-LCST type, the copolymer forms micelles with the UCST block as the core and
LCST block as the corona at low temperature. When the temperature is increased above the UCST
and below the LCST, the copolymer forms unimers. As the temperature continues to increase
above the LCST, a reversible micelle structure forms where the LCST-block forms the core and

the UCST-block forms the corona as shown in Figure 2.45 3719 Example of UCST-LCST type
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of behavior was found with block copolymers of 2-(2-methoxyethoxy)ethyl methacrylate
(MEO;MA),oligo(ethylene glycol) methacrylate (OEGMA), and N-(3-(dimethylamino) propyl)
methacryl- amide (DMAPMA) (poly(OEGMA-co-MEO:>MA)-b-poly(DMAPMA)). The LCST of
the block copolymer can be adjusted by the ration of OEGMA units while the UCST can be

adjusted by the degree of quaternization 7.
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Figure 2. 45. Schematic illustrations of transmittance curves of a UCST-LCST block thermo-
responsive copolymers (dashed lines) compared to their parent homopolymers (solid lines). The
red and blue colors represent the UCST and LCST blocks ¥7.

2.13.4.2. Solvent conditions

Thermo-responsive polymers respond differently under different solvent conditions such as
dispersion concentration and salt concentration. These factors will be illustrated in this section.
2.13.4.2a. Dispersion concentration

In general, LCST-type polymers exhibit similar concentration dependence where the LCST
shifts to lower temperatures as the concentration increases and shifts to higher temperatures as the
concentration decreases. This phenomenon is ascribed to enhanced polymer-polymer interactions

at higher dispersion concentrations and thus a drop in LCST is predicted. On the other hand, a
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dilute dispersion reduces the interactions of the polymer segments resulting in phase separation
and thus an increase in LCST is predicted. When the dispersion concentration is more dilute, the
polymer may loss its thermo-responsive property 108109 The concentration dependence of

poly(methoxydiethylene glycol methacrylate) (PmDEGMA) illustrates the phenomenon as shown

in Figure 2.46 .

LCST increases

Transmittance /%

Temperature /°C

Figure 2. 46. The effect of dispersion concentration on the cloud point of PmDEGMA ¢,

2.13.4.2b. Salt concentration

The phase transition of thermo-responsive polymers depends on the hydrogen bonding
interactions between the solvent molecules and polymer segments. In addition, the type of
additives such as salt, surfactant or co-solvent can alter the solvent quality and therefore the
hydrophilic/hydrophobic balance. Hence, it is important to understand the “specific ion effects” of
different ions on the structure of hydrogen bond network in water and polymer stability.
Electrolytes dissociate in water to form hydrated ions that can cause the water molecules to
rearrange around the ions. The Debye and Huckel model assumes that the interactions are

electrostatic and considers the electric charge only which is unable to distinguish between ions of
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the same surface charge density but different size or shape. On the other hand, the Hofmeister or
lyotropic series explains the influence exerted by ions on the neighboring water molecules based
on the type of charge and surface charge density. In the Hofmeister series, ions have been classified
based on their ability to interact with water molecules into two main groups: (i) chaotropes having
the ability to disrupt hydrogen-bonding networks between water molecules and (ii) kosmotropes
having the ability to create water-molecule patterns. On the basis of relative intensity of interaction
of ions with the surrounding water molecules, ions are ordered accordingly as shown in Figure
2.47. Then, this ranking of ions was later used to explain the effect of salts on the solubility of
polymer segments in water. According to this series, ions to the right known as the most
destabilizers because of their ability to bring order to the water molecules around themselves and
therefore they can decrease the phase separation temperature. On the other hand, ions to the left
known as the most stabilizers because of their ability to remove water molecules around

themselves and therefore they can increase the LCST required for phase separation 7687-110,

Negligible effect anion

weak interaction with water strong interaction with water

weak interaction with water strong interaction with water

Negligible effect cation

Figure 2. 47. Schematic of relative intensity of interactions of ions with the surrounding water
molecules '1°.
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2.13.5. Thermo-responsive cellulose nanocrystals-based copolymers

CNCs have been the subject of extensive research for a wide range of applications because of
their interesting properties including high specific area, high aspect ratio, ease of modification.
Incorporating CNCs into thermo-responsive systems results in smart hybrid materials with more
unique properties. The following discussion covers some recent research on CNC-containing
thermo-responsive surface modifications. Particularly, the fabrication method employed to
synthesize the CNC-based thermo-responsive systems and their target application. PNiPAAm is
the most widely studied smart material that undergoes a coil-to-globule transition upon heating
above its LCST close to the physiological temperature of about 37 °C 74, A CNC-PNiPAAm
copolymer was synthesized using the RAFT technique for controlling the growth and release of
cancer spheroids in hydrogel !'!. The encapsulation of the cancer spheroids was achieved by
forming the hydrogel at 37 °C from CNC-PNiPAAm aqueous suspension and the release was
achieved upon hydrogel cooling. It is considered that PNiPAAm is potentially toxic which has
caused a delay in its future biomedical applications. Therefore, scientists have tried to explore the
possibility of using other polymers in lieu of PNiPAAm. Poly(ethylene oxide) (PEO) and its
derivatives represent a new class of uncharged, nontoxic and water-soluble bio-compatible
polymers that possess LCSTs with a broader temperature range from 26 to 95 °C 7°. Inspired by
the biocompatibility of POEGMA, a nanocomposite material composed of CNC-POEGMA and
embedded within a poly(vinylacetate) (PV Ac) matrix was synthesized for biomedical applications.
The prepared CNC-POEGMA/PV Ac material showed a dramatic increase in stiffness (>300 MPa)
upon exposure to warm water while it softened as it cooled (<1 MPa) !''2. Another thermo-
responsive polymer used for biomedical application is Poloxamer 407 (PM) which is also referred

to as Lutrol (LF 127) or Pluronics (PF 127). PM is composed of 70% of oxyethylene (OE) units
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and 30% of polyoxypropylene (OP) units and is soluble at 4 °C. PM-CNC was utilized to deliver
ophthalmic pharmaceutical compounds where CNCs were incorporated to enhance the gelation
due to their hydrophilicity '!*. Beside the biomedical applications, hybrid materials of thermo-
responsive CNC-based polymers have been designed for optical devices. For example, PNiPAAm-
CNC hydrogel films were prepared through UV initiated free radical polymerization that exhibted
tunable optical properties. The incorporation of CNCs was to improve the mechanical properties
and to control hydrogel molecular bonding. The hydrogel films were transparent below the LCST
and turned opaque above the LCST due to the hydrophobic interactions inducing the PNiPAAm
to change its conformation 4. In other study, CNCs films were used as support for the 4'-
(hexyloxy)-4-biphenylcarbonitrile (HOBC) coating. The coated films displayed a chiral nematic
organization, conductivity, and a thermal response. The CNCs were integrated in the films to
utilize their characteristic chiral nematic structure ''>. CNC-based thermo-responsive polymers
have been also utilized in other applications including wound dressing !¢, thermal sensors 7, and

CNCs dispersion stabilization 8119,
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Chapter 3. Analytical Instruments
The following section provides a brief overview on the major experimental techniques used to

characterize the resulting polymer grafted cellulose nanocrystals.

3.1. Fourier Transform Infrared Spectrometry

FTIR stands for Fourier Transform Infrared spectroscopy, which is an analytical technique used
to determine the structures of organic and inorganic molecules. In particular, FTIR enables the
characterization of the chemical bonds connecting atoms. Covalent bonds in molecules experience
various types of vibrations and rotations where the bonds behave like springs stretching and
bending which are known as vibrational modes as shown in Figure 3.1. The basic theory of FTIR
is that bonds within molecules tend to vibrate with frequencies that correspond to the
electromagnetic radiations in the infrared region. When a material is exposed to infrared radiation,
sample molecules selectively absorb energy that causes the change of dipole moment of the sample
molecules. Consequently, molecules become excited and transitions occur from a ground
vibrational state to an excited vibrational state. The energy difference between the ground and
excited vibrational states is associated with the wavelength of the absorbed light. Eventually the
molecules return to their ground state, and the energy absorbed is released as heat. In the
spectrometer, infrared light with frequencies ranging from about 10'3 to 10!* Hz is passed through
an unknown sample. Some infrared radiation is absorbed while some of it is transmitted. A detector
records the intensity of transmitted or reflected light as a function of its wavelength. The number
and intensity of absorption peaks is related to the frequencies of vibrations between the bonds of
the atoms making up the material which is a direct identification of different types of functional
groups in the material. Most molecules that absorb infrared light are known as infrared active due

to the high dipole change in the vibration and rotation of these molecules. On the other hand,
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several homonuclear diatomic molecules with symmetrical bonds, such as O2, N> and Cl, do not
absorb the infrared light and they are known as infrared inactive due to the zero dipole change in
the vibration and rotation of these molecules. The FTIR technique results in a spectrum presented
as a plot of intensity versus wavenumber (the reciprocal of the wavelength). The FTIR
spectroscopy can be employed for a range of wavenumbers between 14000 and 4 cm™!. The range
can be divided into far infrared (4 — 400 cm™'), mid-infrared (400 — 4000 cm™') and near infrared
(4000 — 14000 cm™") regions based on the selected beam splitters and detectors. The common range
used is the mid-infrared (400 — 4000 cm™') because most organic and inorganic compounds absorb

the radiation within this region 2°,

Stretching asymmetric vibration Stretching symmetric vibration
In-plane scissoring due to bending vibration In-plane rocking due to bending vibration

Out-plane Out-plane In-plane Out-plane,

motion motion motion motion

Out-of-plane wagging due to Out-of-plane twisting due to
bending vibration bending vibration

Figure 3. 1. Examples of the vibrational modes occur at characteristic frequencies that are detected
using FTIR spectroscopy '2!.

As shown in Figure 3.2, there are three basic FTIR components as follow:

1. Radiation source: An infrared beam is emitted from a broadband source in a range of

frequencies.
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2. Interferometer: The commonly used interferometer is the Michelson which consists of a
beam splitter, a fixed mirror and a moving mirror. The beam splitter divides the FTIR beam
into two optical beams. One beam is transmitted to the fixed mirror while the second beam
is reflected toward the moving mirror. After the two divided beams are reflected from the
two mirrors, they recombine at the beam splitter. As a result of changes in the relative
position of the moving mirror to the fixed mirror, an interference pattern is generated. This
modulated beam then passes through the sample where it is absorbed at different
wavelengths depending on the molecular structure of the sample.

3. Detector: The beam is eventually focused on the detector which is designed to measure
the interferogram signal. The two most popular detectors are deuterated triglycine sulfate
known as pyroelectric detector, and mercury cadmium telluride known as photon or
quantum detector. The resultant interferogram is then Fourier transformed, where the
intensity versus time signal is converted to the intensity versus frequency spectrum.
Eventually, the ratio of the single-beam sample against a reference spectrum is taken to
remove the background contributions to produce the typical infrared

absorbance/transmission spectrum.

Fixed mirror

X Moving mirror
»

color codes:

Figure 3. 2. The optical layout of an FTIR spectrometer !2!.
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3.2. Dynamic Light Scattering (DLS)

3.2.1. Particle size

The DLS stands for dynamic light scattering, which is also known as photon correlation
spectroscopy (PCS). The DLS provides information on the hydrodynamic diameter (Dp),
distribution of particles and polymers by measuring the scattered light due to Brownian motion.
The relationship between the size of a particle and its motion is defined by the Stokes-Einstein

Equation (3.1):

_ kpT )
= Sennr Equation (3.1)
where

* D is the hydrodynamic diameter

= D is the translational diffusion coefficient
= kg is Boltzmann’s constant

= T is the absolute temperature

» 1 is the dynamic viscosity

The calculations are handled by the instrument to determine the translational diffusion coefficient
(Dy). The basic principle behind the DLS is that the sample is illuminated with a laser beam and
the intensity fluctuations in the scattered light is analyzed at a known scattering angle 0 by a fast
photon detector. The rate at which these intensity fluctuations occur is inversely proportional to
the size of the particles. As shown in Figure 3.3, the large particles cause the intensity to fluctuate
less rapidly than small ones. Within the DLS instruments, a signal comparator called a digital
correlator that measures the degree of similarity between two signals at varying time intervals. The
particles can scatter light in all directions; therefore, the detector can be placed in any position

(angle). The DLS used in this thesis can measure the mean particle size at 90° in a limited size
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range (Inm to 3um). The optical signal (noise) obtained by the correlator shows the random
changes due to the random Brownian movements of the particles.

A .
Large particles Small particles

MMM

L.
>

Time Time

Intensity
Intensity

Figure 3. 3. Schematic illustration of the typical intensity fluctuations 22

The software of the DLS instrument uses algorithms to extract the particle size and distribution.
Figure 3.4 (A) schematically shows the size distribution graph where the y-axis represents the
relative intensity of the scattered light while the x-axis represents a distribution of sizes. The
obtained graph is known as an intensity distribution that can be converted to a volume distribution
using the Mie theory which can be further converted to a number distribution as shown in Figure

3.4 (B),(C) 122,123'
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Figure 3. 4. Schematic illustration of the typical intensity (A), number (B), and volume (C)
distribution 2.
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As shown in Figure 3.5, the six basic DLS components are as follow:

1.

Laser: The laser source provides a light with low noise, the commonly used ones are
helium-neon gas or diode lasers of 633 nm wavelength.

Cell: The DLS cuvettes are made of glass or disposable plastic. They should contain 1-2
ml of sample to obtain good quality data. The translucent disposable plastic cuvettes can
be provided with inbuilt electrodes which are suitable for size and zeta potential
measurements.

Detector: The DLS instruments are equipped with detectors placed at either 90°or 173° to
measure the intensity of the scattered light.

Attenuator: The attenuator is place in front the light source to alter the power of the laser
and therefore adjust the intensity of the scattered light within a specific range.
Correlator: The correlator is designed to measure the degree of similarity between the
scattering intensity at successive time intervals and then pass the information to the
computer.

Computer: The computer is equipped with the Nano software to analyze the data and

derive the size distribution 3.
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Figure 3. 5. The optical layout of the DLS instrument 23,

3.2.2. Particle charge

The zeta potential is known as electro-kinetic potential used to measure the colloidal stability
and to verify the presence of charged functional groups incorporated during copolymerization. The
zeta potential reflects the potential difference between the electric double layers (EDL) of particles
being in contact with the liquid. Figure 3.6 illustrates the basic concept of zeta potential. The inner
layer of EDL called stern layer consists of ions/molecules with opposite charge to that of the
dispersed particle and remain fixed at the particle surface. The outer layer of EDL is called the
Guoy-Chapman or diffuse layer and it consists of ions/molecules with both similar and opposite

charges extending beyond the Stern layer 12124,
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Figure 3. 6. Schematic illustration of the basic concept of zeta potential 24,

When an electric field is applied across such dispersion, the charged particles are attracted towards
the electrode of opposite charge. Within the diffuse layer there is an imaginary plane known as
shear/slipping plane which acts as the interface between the moving particles, due to the applied
voltage, and the dispersant phase. The potential on the particle surface is known as the Nernst
potential (yo) and cannot be measured. On the other hand, the potential at the stern layer and the
potential at a distance x from the Stern layer are denoted as (yq) and (y) respectively. According
to the Debye law, the electrostatic field decreases with the distance (x) from the particle surface as

described in Equation (3.2).

Y =YPge™™ Equation (3.2)
When the shear plane is close to the Stern layer, the surface potential at the Stern layer is equal to

the zeta potential; hence, Equation (3.2) can be rearranged as shown in Equation (3.3).

P = (e Equation (3.3)
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The exponential constant (k) known as (Debye-Hiickel parameter) varies according to Equation
(3.4), and it has a unit of the reciprocal length; therefore, the (1/x) is known as the double layer

thickness.

2 _ Npe?l

€r€oKT Equation (3.4)

where

= Naj is the Avogadro number

= ¢ is the elementary charge

= [ is the ionic strength

= g is the permittivity of free space

* g is the relative permittivity of the medium
= k is the Boltzmann constant

= T is the absolute temperature

As illustrated in Equation (3.4), the double layer thickness (1/x) depends inversely on the ionic
strength; therefore, the double layer becomes compressed and the zeta potential decreases as the
ionic strength increases. The electrophoretic mobility is obtained by the Laser Doppler
Velocimetry (LDV) technique which is used together with the DLS through Malvern Zetasizer
instrument as an example. The basic component of the micro-electrophoresis system is a
disposable cell with inbuilt gold-plated copper electrodes at either end, where an electric field is
applied as shown in Figure 3.7. When an electric field is applied to the sample, the particles move
toward the opposite electrodes and scatter the incident laser beam. The scattered beam from the
particles is combined with the reference beam to obtain the Doppler shift. The magnitude of the
particle velocity is obtained by Equation (3.5) where V is the particle velocity and E is the electric

field strength.

Equation (3.5)
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Then, the zeta potential can be calculated by determining the electrophoretic mobility and then

applying Henry Equation (3.6).

__ 2¢e{f(ka)

U
E 3

Equation (3.6)

where

= (is the zeta potential

= Uk is the electrophoretic mobility
= ¢ is the dielectric constant

= 1) is the viscosity

= f(ka) is the Henry’s function

The Henry’s function uses two values as approximations either, 1.5 or 1.0, depending on the type
of media. For aqueous media, f(ka) is 1.5 which is referred to as the Smoluchowski approximation.
On the other hand, f(ka) is 1.0 and is referred to as the Huckel approximation in non-aqueous

media 123,124'
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Figure 3. 7. Schematic showing the cell used for zeta potential measurement by Laser Doppler
Velocimetry technique '22.
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3.3. Transmission Electron Microscopy
A transmission electron microscopy (TEM) is a powerful imaging technique that uses a high
energy beam of electrons to visualize specimens and generate a highly magnified image. Hence,
TEM enables the determination of morphological features, crystallographic data, and chemical
compositions. The TEM operates on the same working principle as the light microscope but uses
electrons to focus and produce an image instead of light. Electrons have a shorter wavelength
compared to light; therefore, the optimal resolution obtained by TEM images is about 1000x better
than light microscope. TEMs employ a heated tungsten filament in the electron gun to generate
electrons that are then focused by the condenser lenses on the specimen. Then, the magnetic lenses
focus the electrons into a very fine beam that passes through the specimen. On reaching the
specimen, the electrons either scatter and focus on the magnetic lenses to produce a clear image or
hit a fluorescent screen to form a polychromatic image. An image of the specimen appears in
different shades depending on the density of material being examined. The more transparent the
specimen, the less electrons scatter forming a brighter image because more electron reache the
screen for visualization 2312, As shown in Figure 3.8, the basic TEM components are as follows:
1. Electron Source: Known as electron gun and used to generate a high coherence electron
beam.
2. Condenser lenses: A set-up of different magnetic lenses controls the illumination area on
the specimen.
3. Objective lens: The most important lens in the microscope that images the specimen and
generate the first intermediate image. The resolution of the final image depends on the

quality of the objective lens.
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4. Intermediate lens: The intermediate lens changes the modes between imaging and
diffraction.

5. Projector lenses: These lenses magnify the image and generate the second intermediate
image.

6. Vacuum system: An ultra-high vacuum is essential to remove gas particles to avoid the
strong scattering of the electrons in the electron gun. In addition, the vacuum system is
necessary to avoid electric discharge between the cathode and anode that results in the

failure of the filament.
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Figure 3. 8. General layout of a typical TEM %5,
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3.4. Ultraviolet-Visible (UV-Vis) Spectroscopy

Ultraviolet-visible spectroscopy is a considered a quantitative and qualitative technique in
analytical chemistry that can be applied to characterize organic compounds and inorganic molecules
or complexes. For instance, UV-Vis spectroscopy can detect the presence of functional
chromophores in a specimen, identify the extent of conjugation in polyenes, detect the
configurations of isomers and determine the purity of a material. The UV-Vis region for the
electromagnetic spectrum spans 6.2-1.5 eV which corresponds to a wavelength range of 200-800
nm. The technique observes the absorbance of light energy resulting from the excitation of the
electrons from the ground state to a higher energy state with respect to the absorbance of a reference
sample or blank. Materials containing m-electrons or n-electrons can absorb the energy in the
ultraviolet-visible region and these electrons are excited to higher non-bonding levels. The possible
types of transitions are (n—n*, n—n*, and n—c*). The Beer-Lambert Law can be used to determine
the concentration of a chemical from its absorbance based on the linear relationship between the
absorbance and the concentration of a sample as shown in Equation (3.7):

A = €bc Equation (3.7)
where

= A: stands for the absorbance (unitless)
* & is the molar absorptivity of the molecule in solution (M-'cm™!)
= ) is the path length of the cuvette or sample holder (usually 1 cm)

= ¢:is the concentration of the solution (M)
Each wavelength of light has a particular energy that is enough to promote the outer electrons of
the substance to higher energy levels. The absorbance (A) is defined as the ratio of the intensity of
the incident light to the transmitted light (Io/I). The Beer-Lambert Law can be expressed in terms

of the intensity as shown in Equation (3.8) 27128,
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A= 1og’7° Equation (3.8)
As shown in Figure 3.9, the four basic components of a typical spectrophotometer are:

1. Light source: The standard light source consists of a deuterium arc (190-330 nm) and a
tungsten filament lamp (330-800 nm) which cover the whole UV-Vis region.

2. Monochromator: The monochromator is composed of prisms that split the light into
several component wavelengths and slits that transmit only the desired wavelengths.

3. Detector: The detector is composed of two photocells, one photocell receives the beam
from the sample cell while the second photocell receives the beam from the reference cell.

4. Amplifier: The main function of the amplifier is to increase the signals generated by the

photocells.

There are two types of spectrophotometers based on the beam configuration: single and double
beam. In the single beam spectrophotometer, the components are aligned in single beam order and
the absorbance of the sample and the reference are measured separately. In a double beam
spectrophotometer, the light from the source is divided into two beams after grazing on the grating

in the monochromator. Hence, the measurement becomes independent for the sample and reference

127,128
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Figure 3. 9. Basic structure of single (A) and double (B) beam spectrophotometers !2%.

In this thesis, the UV-Vis spectrometer has a special application. It was used to study the phase
transition behaviour of thermo-responsive copolymers to determine the cloud point (T¢p). For this
application a Varian (Cary 100 Bio) UV-vis spectrometer equipped with a temperature controller
was used. The spectrometer is equipped with a software to control the heating or cooling rates and
cycles during which the transmission of the sample was constantly measured. To determine the
cloud point, a solution of the copolymer was filled into a cuvette and placed in the spectrometer
after adjusting the temperature range. The measured transmittance (%T7T) values were plotted versus
temperature to draw the phase diagram, and then the cloud point was identified as the critical

temperature at 50% transmittance °.

3.5. Conductometric titration
Conductometric titration is a quantitative technique in analytical chemistry used to estimate the

concentration of an ionizable functional groups. The principle of conductometric titration states
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that ions have different conductivity values and during the titration, one of the ions is replaced by
other ions resulting in a change in the conductivity. Conductometric titration involves two
processes: (1) a gradual addition of a titration agent that reacts with the ionizable functional groups
in the sample and (2) simultaneous measurement of the corresponding change in the conductivity
of the sample. The conductivity of the sample depends on the number of free ions in the solution
and their ionic charge. During the titration experiment, a sudden change in the conductivity is
observed which implies that the end point has occurred. At the end point, an equivalent
concentration of the titration agent has been added to the sample which is located by graphically
plotting the change in conductivity versus the volume of titrant added.

According to the nature of the chemical reaction between the sample and the titration agent,
there are four types of titrations: (1) precipitation titrations, (2) acid-base titrations, (3) complex-
formation titrations, (4) oxidation-reduction (redox) titrations '?°. In this thesis, the first type is
used to estimate the amount of quaternary ammonium groups grafted. The principle behind the
precipitation titrations is that the chemical reaction between the sample and the titration agent
yields ionic compounds of limited solubility. For example, to determine the concentration of
quaternary ammonium groups in a sample, silver nitrate is added. After all the chloride ions
(associated with the quaternary ammonium groups) have been precipitated as white silver chloride,
the first excess of silver nitrate agent results in the sudden increase in the conductivity as shown
in the following reactions:

Ag*(aq) + Cl~(aq) — AgCl(s) |
AgNO;(aq) — Ag*(aq) + NO;3 (aq)
The titration data revealed two stages that were delineated by the conductivity inflection point (end

point) as shown in Figure 3.10. The first stage displayed a slight linear decrease due to the reaction
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between silver cations and chloride counterions of the quaternary ammonium groups to form silver
chloride precipitates. The second stage displayed a sharp increase as a result of the dissociation of
silver nitrate to form free silver cations and nitrate anions, which occurred only after the
consumption of all the chloride counterions. The point of intersection corresponded to the volume
of silver nitrate consumed, which was used to calculate the quaternary amine content based in

Equation (3.9)!3%13!,

41 (mmol\ _ Magnos (mM) x(Vagnos) (1) .
[NH3 1 ( : )= e Equation (3.9)

where

= M: is the molarity (mmol/L) of the titrant
= V:is the volume (mL) of the titrant

*= Wi is the weight of the sample
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Figure 3. 10. The change in the conductance of a sample containing chloride ions during titration
with added AgNO3 solution.
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Chapter 4. Functional Cellulose Nanocrystals Containing Cationic and
Thermo-Responsive Polymer Brushes for Bentonite Removal
Abstract
Cationic and thermo-responsive polymer brushes were grafted from the surface of cellulose
nanocrystals. Di(ethylene glycol) methyl ether methacrylate (MEO:MA) and polyoligoethylene
glycol methyl ether acrylate (OEGMA300) and (2-methacryloyloxyethyl) trimethylammonium
chloride (DMC) were grafted from cellulose nanocrystals (CNCs) via free radical polymerization.
The CNC-g-POEGMA (CP) possessed a tunable lower critical solution temperature (LCST) of
about 50 °C, and cloud point measurements confirmed that the LCST of the nanoparticles could
be manipulated within the range of 40-47 °C by adjusting the DMC content. The salt effect was
also investigated, and the results revealed a typical salting-out effect for the CNC-g-POEGMA
after the introduction of KCl. On the other hand, the CNC-g-POEGMA-g-PDMC (CPD)
copolymers displayed two salt-responsive characteristics; polyelectrolyte effect at lower salt
concentrations, followed by the salting-out effect at higher salt concentrations. The flocculation
performance of CNC-based copolymers in removing bentonite particles was examined. The
effectiveness of the CNC-based copolymers was determined by measuring the zeta potential of the
sediments, and the turbidity of the supernatant in two sets RMRS and RMHS to study the effect
of the thermo-responsive property of the flocculants on their performance. The RMRS refers to
mixing and settling at 25 °C, which was below the two copolymers LCSTs. The RMHS refers to
mixing at 25 °C and settling at 50 °C, which was above the two copolymers LCSTs. The results
revealed that copolymers with higher ratio of cationic brushes are more effective in the removal
of bentonite, with maximum flocculation efficiency (95% at 21 mg/g). The thermo-responsive

property of the copolymers offered a possibility to overcome the limitations of the RMRS
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flocculation process as the efficiency of the same copolymer increased to 99% at lower dosage (18

mg/g) when the settling was conducted at 50 °C using the RMHS protocol.

*This chapter is partially adapted from “Alharthi, S., Grishkewich, N., Berry, R. M., & Tam, K. C. (2020). Functional
cellulose nanocrystals containing cationic and thermo-responsive polymer brushes. Carbohydrate polymers, 246,
116651.
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4.1. Introduction

Cellulose nanocrystals (CNCs) derived from cellulose, typically via sulfuric acid hydrolysis,
possess attractive properties, including high tensile modulus, similar to steel or Kevlar (100 to 160
GPa), low density (1.5 g /cm?) and a large specific surface area (~250 m?/g) 1*2-134, The surface of
the rod-shaped nanocrystals have many hydroxyl groups and these provide an ideal platform for
surface modification to prepare customized nanomaterials with desired surface characteristics for
a wide range of applications 13>13¢, Recent advances in cellulose nanocrystals have focused on the
use of nanocellulosic substrates as nanocarriers with responsive functionalities for drug-delivery
and sensing applications 6. Related materials can respond to external stimuli, such as heat, light,
and pH +748L137 Synthetic thermo-responsive polymers have been extensively investigated, since
temperature is one of the most common external stimuli '*3, Thermo-responsive polymers are a
class of polymers with the appropriate hydrophilic-hydrophobic balance that impart thermo-
responsive characteristic to the substrates ®%%°, The thermo-responsive polymers can be divided
into two classes; those possessing a lower critical solution temperature (LCST) and those
possessing an upper critical solution temperature (UCST). Polymers with a LCST display a phase
separation at high temperatures due to the disruption of polymer-water interactions above the
LCST. Systems with a UCST display a phase separation upon cooling due to the strong polymer-
polymer interactions. For example, aqueous solutions of poly(N-isopropyl acrylamide) PNiPAAm,
undergo a coil-to-globule transition upon heating beyond their respective LCST close to the
physiological temperature of about 37 °C 7, Compared to the widely studied thermo-responsive
PNiPAAm, polyoligoethylene glycol methyl ether acrylates are a new class of uncharged, nontoxic
and water-soluble biocompatible polymers that possess LCSTs with a broader temperature range

26t095°C 7.
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The thermo-responsive polymers have been utilized in a vast array of applications in various
research areas, including waste-water treatment. The first cationic thermo-responsive polymers
used to flocculate suspended clays when the solution temperature is below the LCST were
prepared from N-loweralkyl substituted acrylamides!?®. Similarly, the flocculation efficiency of
poly(N-isopropylacrylamide) (PNiPAAm) increased the settling rate of kaolinite clay from nearly
zero to 2.0 m/h upon the addition of the optimum PNiPAAm dosage of 500 ppm *°. Another
application for thermo-responsive polymers includes oil sands extraction and tailings treatment.
PNiPAAm was tested for processing oil sands, and it improved the bitumen recovery and the
settling rate of tailings due to the coil-globule transition '*!. The flocculation mechanism in the
presence of thermo-responsive polymers is considered to be related to bridging and hydrophobic
interactions. Polymer bridging can take place at a temperature below the LCST where the polymer
segments are adsorbed on the particles surface resulting in loops and tails suspended in the
solution. As the temperature increases above the LCST, the polymer changes its conformation
from an extended to agglomerated state where the hydrophobic attraction facilitates the formation
of compact flocs !. Several studies used AFM to examine the adhesion force between kaolinite
particles below and above the LCST. The experimental results revealed that the adhesion force
between kaolinite particles is very low upon the addition of PNiPAAm below the LCST resulting
in minimal aggregation. However, the adhesion force between kaolinite particles increases from
nearly zero to 3.5 mN/m after the addition of PNiPAAm at room temperature followed by a
temperature increase to 40 °C due to an extra space available on the coil-like structure of
PNiPAAm 40, Although the results from the solid-liquid separation studies are promising, the
utilization of thermo-responsive polymers as flocculants are being re-examined due to the need to

impart a thermal switch 42, In addition, the application of synthetic polymers is debatable because
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of their toxicity that arises from residual unreacted monomers (such as acrylamide, ethyleneimine)
which are resistant to biodegradation, and their degraded products are considered to be hazardous
16,143,144 Nevertheless, the utilization of warm oil sands tailing can reduce the energy cost since
the tailings temperature is between 30-50 °C which could be adjusted by mixing fresh tailings with
room temperature tailings to the desirable temperature *2. On the other hand, natural bio-
flocculants have emerged as promising alternative materials for replacing synthetic flocculants.
Natural organic flocculants, based on polysaccharides have been extensively explored because
they are biodegradable, available from agricultural resources and produce no secondary pollution
compared to synthetic flocculants '#4, In addition, since they are biodegradable, the sludge formed
can be efficiently degraded by microorganisms 43146, However, natural bio-flocculants have low
efficiencies and thus higher dosages are needed 2°. Thus, grafted flocculants have emerged as a
new class of polymers that offer tremendous potential in treating waste-water due to superior
performance compared to original components (synthetic polymeric flocculants and natural bio-
flocculants) '*4. The modification of polysaccharides has been explored as a strategy of combining
their best properties with those of synthetic polymers to enhance the aggregating capacity of the
modified flocculants 21144147198 T ]ight of this optimisation, this study is conducted to overcome
the environmental footprint of oil sands operations by developing thermo-responsive polymers
that are biodegradable, capable of inducing better sediment consolidation and recovering the water
for reuse in the oil sands extraction. Several studies on the thermo-responsive CNC systems with
polymeric brushes, such as PNiPAAm, PEO, poly(N,N-dimethylaminoethyl methacrylate)

(PDMAEMA) and poly(oligo(ethylene glycol)) methacrylate (POEGMA) have been reported

74,149-151
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Inspired by these nanocomposite structures, we prepared a series of cationic and thermo-
responsive CNC-based copolymers by grafting of poly(OEGMA)s from the CNC surface via the
conventional free radical polymerization process. Subsequently, different ratios of
(2-methacryloyloxyethyl) trimethylammonium chloride (DMC) monomer were grafted from the
CNC-g-POEGMA using a conventional free radical polymerization strategy. The effect of cationic
brush composition, and ionic strength on the thermo-responsiveness of the prepared copolymers
were examined by UV-vis spectroscopy. In addition, the current research aimed at managing the
oil sands tailings using sustainable nanomaterials as flocculants, and replacing synthetic
flocculants. The effectiveness of the thermo-responsive CNC-based copolymers was determined
by measuring the zeta potential of the sediments, and the turbidity of the supernatant. The
measurements were conducted at two settling temperatures below and above the LCST of the
flocculants to study the effect of the copolymers coil-globule transition on flocculation

performance.

4.2. Experimental section

4.2.1. Materials

Cellulose nanocrystals were kindly provided by CelluForce Inc. with an average charge density
of 0.26 mmol/g. Di(ethylene glycol) methyl ether methacrylate (MEO:MA, 95%), poly(ethylene
glycol) methyl ether methacrylate (average Mn 300, OEGMA300), and (2-methacryloyloxyethyl)
trimethyl ammonium chloride (DMC), were purchased from Sigma-Aldrich. Cerium(IV)
ammonium nitrate (CAN), ammonium persulfate (APS), and potassium chloride were used as

received from Sigma-Aldrich.
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4.2.2. Preparation of CNC-g-POEGMA

The desired copolymer was synthesized using the solution polymerization technique with
ammonium persulfate (APS) as the initiator. CNC (1.0 g) was dispersed in 150 mL of deionized
water in a 250 mL three-neck flask equipped with a magnetic stirrer and the mixture was stirred
for 15 min and purged with high purity nitrogen for 1 h. Ammonium persulfate (100 mg) was
charged to the flask and the temperature of the reaction mixture was slowly increased to 65 °C.
MEO:>MA (4 mmol, 0.75 g) and OEGMA30 (1 mmol, 0.3 g) (mole ratio of 4:1) were mixed with
5 mL ethanol and added dropwise to the reaction flask. After the reaction, the solution mixture
was kept overnight at room temperature and the final product was dialyzed in a 0.1 micron dialysis
membrane against Millipore water with regular changes of water until the conductivity of the water
remained constant to remove unreacted monomers. The CNC-g-POEGMA dispersion with a

measured solid content was recovered and stored in the refrigerator for future use.

4.2.3. Preparation of CNC-g-POEGMA-g-PDMC

The dual functionalized CNCs were synthesized by post-polymerization on CNC-POEGMA.
CNC-POEGMA (1.0 g) in 80 mL aqueous dispersion was mixed in a three-neck flask with 0.5 mL
of 70 wt% HNO3 and gently stirred and purged with nitrogen for 1 h. The cerium(IV) ammonium
nitrate (CAN) (0.1 g) was added to the reaction flask and the cerium ions produced free radicals
on the CNCs backbone. After 10 minutes, the DMC monomer (0.45 mL) was introduced to initiate
the polymerization (CNC-g-POEGMA:PDMC = 1:0.5), and the reaction mixture was maintained
at room temperature. Acetone was then added to the mixture at a 1:1 volume ratio, and dialyzed

against deionized water until the measured water conductivity remained constant.
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4.2.4. Characterization

Fourier transform infrared (FTIR) spectra were recorded to confirm the new functional groups
of CNC-g-POEGMA and CNC-g-POEGMA-g-PDMC. Freeze-dried samples were
homogeneously mixed with KBr powder at a 1:100 weight ratio and pressed into transparent
pellets. The measurements were conducted using a Tensor 27 BRUKER machine at a resolution
of 4 cm™!, sample scan time of 32 s, and background scan time of 32 s, with the data ranging from
4000 to 500 cm .

Transmission electron microscopy (TEM) was conducted on a Philips CM10 at an acceleration
voltage of 60 keV. The TEM samples of CNC, CNC-POEGMA, and CNC-POEGMA-PDMC were
prepared from their aqueous dispersions by drop coating onto copper grids and dried at ambient
temperature.

Dynamic light scattering (DLS) and zeta potential experiments were conducted using a Malvern
Zetasizer Nano series at a nanoparticle concentration of 0.04 wt%. The zeta potentials were
determined from the average of 3 measurements, consisting of 12 runs per measurement.

The thermal responsive properties were evaluated by performing turbidimetric measurements
on a Varian (Cary 100 Bio) UV-vis spectrometer equipped with a temperature controller. All the
measurements were performed at a rate of 1°C/min and a wavelength of 500 nm.

The amounts of quaternary amine groups on the CNC-g-POEGMA-g-PDMC was determined
using a Metrohm 809 Titrando auto-titrator. In brief, a 50 mL solution was prepared using 20.0
mg of the solid CNC-g-POEGMA-g-PDMC (1:1.25) sample and it was stirred at 25 °C. Silver
nitrate (AgNO3, 10 mM) was used as the standard titrant dosing into the sample at a rate of 0.05

mL/min. The conductivity as a function of the titrant volume was recorded. The degree of
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quaternization was determined from Equation (4.1) 3%13! where M and V are the molarity

(mmol/L) and the volume (mL) of the titrant, respectively, and W is the weight of the CPD.

+1 (mmol\ _ Magnos (mM) X(V agnos) (L) .
[NH3]( 5 )— — Equation (4.1)

4.3. Results and Discussion
4.3.1. Preparation and characterization of the CNC-g- POEGMA-g-DMC

During the purification step in the first stage of the synthesis route, the resulting copolymer
(CNC-POEGMA) was dialyzed in a 0.1 micron dialysis membrane against Millipore water. Thus,
CNC were retained while the unreacted chemicals were removed. In the second stage of the
synthesis route, cerium(IV) ammonium nitrate (CAN) was used as an initiator because it offers
many advantages compared to other types of redox initiators due to its high grafting efficiency. In
addition, the initiation sites for grafting are formed on the cellulose backbone as shown in Scheme
4.1. Therefore, no homopolymer should be produced, as the radicals are almost exclusively located
on the cellulose backbone as reported in the literature %2133, After these considerations, the
purified CNC-g-POEGMA (CP) and CNC-g-POEGMA-g-PDMC (CPD) were characterized by
FTIR, TEM, zeta potential, and TGA. The first step of the synthesis route was the grafting of
thermo-responsive monomers from cellulose nanocrystals, which was followed by the second step
of grafting DMC monomer from the CP. Figure 4.1 shows the FTIR spectra obtained for the
unmodified CNCs, CP, and CPD. Aside from the characteristic peaks from the stretching
vibrations of hydroxyl groups on the CNCs at 3400 and 1058 cm! and the sulfate groups at 1249
cm!, the FTIR spectra of CP and CPD exhibited a new peak appearing at 1730 cm! that
corresponded to the ester linkage between the methacrylate and oligoethylene glycol side chains
of the POEGMA brushes, and the vibrating absorption of carbonyl groups in the DMC

respectively. In addition, the FTIR spectra of CPD possessed two new absorption peaks at 1480
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and 950 cm™! which could be assigned to the methyl groups of the quaternary ammonium groups
and the stretching vibration of the (C-N) bond in DMC. The appearance of new peaks in the
spectra of CP, and CPD indicated that the two-step synthetic route was successful.

The possible changes in the morphology of CNC before and after modification was studied by
TEM, as shown in Figure 4.2. The CNC-POEGMA and CNC-PDMC retained the rod-like
morphology of pristine CNC and were well-dispersed. However, the surface grafted CNCs became
slightly larger, which could be due to the presence of polymer brushes.

The successful cationization of CP was confirmed by zeta potential measurements as shown in
Figure 4.3. The zeta potential followed the expected trend, which was initially negative for pristine
CNCs with an average zeta potential of -48 mV, while the POEGMA brushes were neutral. The
zeta potential of CPD was reversed to a positive value (+28 mV) due to the DMC (0.5) possessing
quaternary ammonium groups with positive charges. The zeta potential of CPD increased
continuously from approximately -26 mV using 0.25 ratio of DMC to +35 mV when the ratio of

DMC was increased to 1.25.
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Scheme 4. 1. (A) Graft polymerization of MEO;MA and OEGMA 300 with Ammonium persulfate
initiator from the surface of Cellulose nanocrystals and (B) Graft polymerization of DMC with
Ceric (IV) Ammonium Nitrate initiator from the surface of CNC-POEGMA, the generally
accepted mechanism for the formation of a radical site on cellulose through persulfate and ceric

ion initiators adapted from !4,
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Figure 4. 1. FTIR analysis of pristine CNCs, CNC-g-POEGMA, and CNC-g-POEGMA-g-PDMC.

Figure 4. 2. TEM images of CNC (A), CNC-g-POEGMA (B), and CNC-g-POEGMA-g-PDMC
(©).
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Figure 4. 3. Zeta potential of CNC-g-POEGMA, and CNC-g-POEGMA-g-PDMC.

Thermogravimetric analysis was also conducted to investigate the thermal stability and
chemical changes of the CNCs following each modification step. Figure 4.4 (A) shows the thermal
decomposition profiles of the unmodified CNC, CP, CPD. The unmodified CNCs exhibited an
initial onset pyrolysis temperature of 285 “C, which is characteristic of CNCs produced via sulfuric
acid hydrolysis "*. It was observed that the polymer grafting lowered the thermal stability of the
nanoparticle. The reduction of the onset decomposition temperature was previously reported for
cellulosic systems that underwent modification via chemical oxidation !, The thermogram of CP
displayed a two-stage decomposition, with the first stage being the initial pyrolysis of CNCs, and
the second stage being the decomposition of grafted POEGMA chains. By differentiating the
weight-loss thermograms in Figure 4.4 (B), distinct thermal onsets could be determined. The
thermal stability of the CNC was reduced by the grafting of POEGMA, where the first weight loss

occurred at a lower temperature compared to the CNCs. The second weight loss occurred at a
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temperature of 316 °C for the decomposition of POEGMA side chains. From the first derivative of
the curves obtained from thermogravimetric analysis of Figure 4.4 (B), it was possible to estimate
the amounts of grafted POEGMA brushes on the CNCs by integrating the area under peak 1 (from
250 °C to 305 °C) and peak 2 (305 °C to 430 °C), which was found to be 34.7% and 44.2%
respectively. Taking the first peak to be the pyrolysis of CNCs and the second as the decomposition
of POEGMA side chains, a ratio of the two peaks should yield the grafting ratio of POEGMA,
which was calculated to be approximately 1.3 g POEGMA/g CNCs. Compared to CP, CPD started
to decompose at a temperature of approximately 188 °C which is substantially lower than that of
pristine CNC samples and CNC-g-POEGMA. In addition, CPD displayed a terminal combustion
temperature of 267 °C, which could be attributed to the decomposition of quaternary ammonium
groups (QA) in the copolymer as the degradation of the QA groups in the side chain was reported
to be between 170 to 280 °C '°6, It could be noted that the unmodified CNCs retained 3-5% of their
mass in the form of a charred carbon residue, whereas the CP, and CPD almost completely
combusted. The TGA analyses provided an indirect confirmation of successful grafting of polymer

brushes on CNCs.

100 2.0
—— CNC (B) —— CNC
— CNC-g-POEGMA 1.8 —— CNC-g-POEGMA
80 —— CNC-g-POEGMA-g-PDMC 164 —— CNC-g-POEGMA-g-PDMC

)

. 1.4
3 X

< 60+ = 121

S 2 1.0
— )
> =

= 40- - 0.8

‘= 0.6 1
a

20 0.4 1

0.2 1

0.0

0 T T T T T T T T T T T T
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)

Figure 4. 4. TGA analysis of pristine CNCs, CNC-g-POEGMA, and CNC-g-POEGMA-g DMC
(A) and the first derivative of thermogravimetric data (B) to assess the amount of (POEGMA)
grafted from cellulose nanocrystals surface.
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The amount of quaternary amine groups grafted on the CP were quantified by conductometric
titration with 10 mM AgNOs solution. The titration data revealed two stages that were delineated
by the conductivity inflection point as shown in Figure 4.5. The first stage displayed a slight linear
decrease due to the reaction between silver cations and chloride counterions of the quaternary
ammonium groups to form silver chloride precipitates. The second stage displayed a sharp increase
as a result of the dissociation of silver nitrate to form free silver cations and nitrate anions, which
occurred only after the consumption of all the chloride counterions. The point of intersection
corresponded to the volume of silver nitrate consumed, which was used to calculate the quaternary
amine content on the CPD. The concentration of quaternary ammonium groups was found to be
0.8 mmol/g for the ratio (1:0.25), 2 mmol/g for the ratio (1:0.5), and was 5 mmol/g for the ratio

(1:1.25) indicating that the degree of quaternization increased with DMC ratio.
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Figure 4. 5 Conductometric titrations of CNC-g-POEGMA-g-PDMC at different ratios of DMC.
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4.3.2. Thermo-responsive characteristics of the copolymers

To investigate the thermo-responsive properties of the prepared copolymers and determine their
LCST, different techniques were used. The transmittance-temperature profiles determined at a
heating rate of 1 °C/min for the systems at different concentrations are shown in Figure 4.6. The
general observation is that the phase transition (cloud point - T¢,) shifted to lower temperatures for
high concentration solutions (Figure 4.6 (A), (B)) which were reported in the literature and
attributed to greater polymer-polymer interaction at higher concentration. It is also reported that
the higher observed T¢, for low concentration solutions (Figure 4.6 (C),(D)) is ascribed to the
UV-Vis spectrophotometry technique that detects relatively large phase separated aggregates that
were not present at the early stages of the phase separation . For high concentration samples, a
sharp transition was observed up to 0% transmittance because of the high mass of polymer
aggregates that formed which contributed to high turbidity and 0% transmittance.

To determine the LCST of the copolymers using the UV—Vis spectrophotometry technique, two
proposed approaches have been used to map the phase diagram '°7. The first method is to obtain
the phase diagram from the cloud point (T¢p) determined from the temperature versus the
transmittance plot, where Tc, was identified as the critical temperature at 50% transmittance. Using
this method, the LCSTs for CP and CPD were determined to be 50 °C and 43 °C, respectively, as
shown in Figure 4.7 (A) & (B).

Since some of the samples possessed transmittance that displayed smaller changes, and the
inflection point was determined from the differentiation of the turbidity-temperature curve
(identified as the second method) to identify the cloud point or LCST, as shown in Figure 4.8 (A-

D). The LCST for CP and CPD was 48 and 43 °C, respectively, as shown in Figure 4.9 (A), (B),
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which is close to the results obtained from the temperature versus the transmittance plot (the first

method).
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Figure 4. 6. The cloud point (T¢,) values obtained from the transmittance—temperature (Tr—T)
curve of CNC-g-POEGMA, and CNC-g-POEGMA-g-PDMC at high concentrations (A), (B) and

at low concentrations (C), (D). Insets: the corresponding photographs of the copolymers at
different temperatures.
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Figure 4. 7. Phase diagram of CNC-g-POEGMA (A) and CNC-g-POEGMA-g-PDMC (B)
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Figure 4. 9. The phase diagram of CNC-g-POEGMA (A) and CNC-g-POEGMA-g-PDMC (B)
aqueous solutions obtained by the derivate of the Tr—T curve.

Another technique used to identify the LCST is dynamic light scattering (DLS). Compared to
the UV—vis spectrophotometry, DLS provides information on the particle size of the nanostructure.
Figure 4.10 shows the DLS data describing the hydrodynamic radius of different concentrations
of CP and CPD as a function of temperature. The size of the nanoparticles was between 40 and 80
nm at low temperatures followed by a sharp transition which became more accentuated at higher
polymer concentrations. For the higher concentration solutions (0.5-1.0 wt%), interparticle-chain
association was dominant, leading to the surfaces of the CNCs becoming hydrophobic, inducing
the aggregation of the nanoparticles. This led to an increase in the R, when the temperature was
increased, showing a maximum in the temperature range between 50-55 °C for CP and 45-55 °C
for CPD. In addition, Rn displayed a decreasing trend, which remained unstable when the
temperature continued to increase. This behavior could be attributed to the inter-chain association
amongst the CNCs, resulting in the decrease in Ry (contraction of the chains or shrinkage). For the
lower polymer concentration (0.35 wt%), Ry increased with increasing temperature until it
approached a maximum over the temperature range of 60—65 °C. At higher temperatures, Rx

remained constant, reflecting the cessation of intra-chain association. In the most diluted solutions
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(0.1 wt%, 0.07 wt%), there was no clear transition due to the low molar mass, where aggregation
cannot occur. The LCST of CP and CPD using DLS was 44 °C and 36 °C respectively as shown
in Figure 4.11 (A),(B) respectively. The lower LCST value obtained using DLS compared to UV—
vis spectrophotometry could be ascribed to the higher sensitivity of the DLS to detect the
aggregation, which did not contribute to the solution turbidity. The proposed mechanism for the

effect of temperature on the aggregation and contraction behavior in solutions of CP is depicted in

Scheme 4.2.
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Figure 4. 10. Temperature dependences of the apparent hydrodynamic radii of CNC-g-POEGMA,
and CNC-g-POEGMA-g-PDMC (1:0.5) at high concentrations (A),(B) and at low concentrations
(C),(D).
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4.3.3. The effect of DMC composition on the thermo-responsive properties of CNC-g-
POEGMA-g-PDMC

To investigate the effect of the cationic monomer (DMC) on the LCST of the CP, different

ratios of DMC were grafted from the surface of CNC-g-POEGMA. The transmittance-temperature

of CPD at different ratios of DMC subjected to a heating rate of 1 °C/min are shown in Figure
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4.12 (A), (B). From the phase diagrams in Figure 4.12 (C), (D), we observed that the LCST for
the lower ratio of DMC (CPD (1:0.25)) was 40 °C, while at higher DMC ratio (CPD (1:1.25)) the
LCST was increased to 47 °C.

Using the inflection point in the derivative of T vs. T curves (Figure 4.13 (A), (B)), the LCSTs
values for CPD (1:0.25) and CPD (1:1.25) was determined to be 41, and 46 °C respectively as

shown in Figure 4.13 (A), (B), which were close to the obtained values at 50% transmittance.
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Figure 4. 12. The cloud point (T¢p) values obtained by the transmittance—temperature (Tr-T) of
CNC-g-POEGMA-g-PDMC (1:0.25) (A), CNC-g-POEGMA-g-PDMC (1:1.25) (B), and the
corresponding phase diagram (C), (D) respectively.
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corresponding phase diagram (C), (D).

4.3.4. The effect of salt on the thermo-responsive properties of CNC-g-POEGMA-g-PDMC
The influence of KCI on the LCSTs of the CNC-copolymers were also examined. For the CNC-
g-POEGMA, a typical salting-out effect was observed after the addition of KCI. As shown in
Figure 4.14, the LCST decreased with increasing salt concentration due to chloride ions polarizing
the adjacent water molecules, which in turn, weakened the interactions between the POEGMA
brushes and surrounding water molecules resulting in the dehydration of the polymer chains and

consequently a reduction in the LCST as illustrated in Scheme 4.3 (A). The salt effect in this case
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is related to the Hofmeister series as reported for PNiPAAm '8

. For the cationic copolymers with
lower ratios of DMC, different salt-responsive characteristics were observed at low and high salt
concentration. For example, the LCST of CNC-g-POEGMA-g-PDMC (1:0.5) increased to 53 °C
at low salt concentration (102 M), however it decreased to 37 °C at high salt concentration (1 M).
This phenomenon is explained by two types of interactions of salt ions with the PDMC, POEGMA
brushes and their hydration shells. First, low concentrations of salt anions (CI") induced ion-pair
interaction with the quaternary ammonium groups of the PDMC brushes, which facilitated the
diffusion of salt cations (K*) to the surface of CNCs, screening the negatively charged sulfate
groups. This in turn released the electrostatically bound PDMC polymer on the surface of CNCs
from the surface, adopting an extended chain conformation, as seen in Scheme 4.3 (B)(1). This
translated to an increase in the LCST as the surface of the copolymer is further protonated from
the extended PDMC brushes and forms stronger interactions with surrounding water molecules.
Several studies have reported the effect of salt addition on the stability of CNCs, resulting in a
gradual reduction in the zeta potential with increasing salt concentration due to electrostatic
screening 1310, However, higher anion concentrations led to increased ion-pair interactions with
PDMC brushes that became sufficiently strong in removing the ionic hydration shells, and also
increased the polarization of water molecules around the POEGMA brushes causing them to adopt
a collapsed chain conformation (Scheme 4.3 (B)(2)). As a result, the decrease in the interaction
between PDMC and water culminated in a reduction in the LCST as more salt anions removed the
hydration shells around PDMC and POEGMA brushes. However, for the cationic copolymer with
the highest ratio of DMC, the LCST decreased with increasing salt concentrations. This behavior
is associated with the high steric hindrance (high grafting density), where the salt anions could

only form ion-pair interactions, resulting in the dehydration of the polymers chains , causing them
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to adopt a collapsed chain conformation since the salt cations could not diffuse to the CNC surface
(Scheme 4.3 (C)). The effect of chloride ions on the hydration and conformation of PDMC
homopolymer was reported to be associated with the presence of high chloride ions that led to

chain dehydration because of the ion-pair interactions 61162,
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Figure 4. 14. The effect of salt concentration on the cloud points of CNC-g-POEGMA and CNC-
g-POEGMA-g-PDMC.
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The effect of salt on the thermal behavior of the copolymers was also evaluated using the zeta
potential measurements to further confirm the observed phenomenon as shown in Figure 4.15. For
the CNC-g-POEGMA and CNC-g-POEGMA-g-PDMC (1:1.25), the zeta potential decreased
sharply from -37mV and -25mV to -8.5 mV and -2.6 mV respectively, reflecting the low stability
as a result of the salting-out effect of the copolymers with the introduction of salt. In the case of
the CNC-g-POEGMA -g-PDMC with ratio (1:0.5), the zeta potential increased to +32 mV at 1072
M KCl due to the release of the absorbed PDMC brushes from the CNC surface as the sulfate ester
groups were screened. In the presence of increasing amounts of KCI (1 M), the zeta potential of
the copolymers decreased sharply, indicating the lower stability of the copolymers because of the

high degree of ion-pairing interactions and the salting-out effects causing the dehydration.
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Figure 4. 15. The effect of salt concentration on the zeta potential values of CNC-g-POEGMA
and CNC-g-POEGMA-g-PDMC.

4.3.5. The effect of dosage on the turbidity removal efficiency

The flocculation performance of two copolymers , i.e. CNC-g-POEGMA-g-PDMC (1:1.25)
(CPDI1) and CNC-g-POEGMA-g-PDMC (1:0.5) (CPD2) was examined for the removal of
bentonite particles. The copolymers were added to bentonite suspensions at different temperatures
to study the effect of the copolymers coil-globule transition of the copolymers on flocculation
performance. Two settling conditions were considered: RMRS and RMHS. The RMRS refers to
mixing and settling at 25 °C, which was below the LCST of the two copolymers. This procedure
will be referred to as 25M25S. The RMHS refers to mixing at 25 °C and settling at 50 °C, which
was above LCST of the two copolymers. This procedure will be referred to as 25M50S. Control
experiments using bentonite only at 25 °C and 50 °C resulted in turbidities of 0.3 and 0.5
respectively as shown in Figure 4.16. The increase in the turbidity at 50 °C is consistent with the
experimental evidences of increased stability of bentonite colloids with temperature reported in

another study !9, This observation was explained based on the increase in the repulsion potential
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of the particles with temperature, which is in consistent with the DLVO model predictions. Two
critical observations can be noted from Figure 4.16. Firstly, the temperature of settling had a
significant effect on bentonite stability and flocculation efficiency. Secondly, the copolymers
displayed a similar trend at a different dosage, turbidity removal increased along with increasing
flocculant dosage, but then the turbidity removal efficiency slightly decreased with the further
dosage after the optimal treatment efficiency was obtained. The maximum in the turbidity removal
efficiency for (CPD1) and (CPD2) using the RMRS protocol were 95% and 84% at optimum
dosage of CPDI1-21 mg/g and CPD2-30 mg/g respectively. On the other hand, the flocculation
efficiency using the RMHS protocol increased about 4% and 6% for CPD1 and CPD2 at lower
dosages. The optimum flocculation efficiency for the two copolymers was directly proportional to

the content of quaternary ammonium groups of the copolymers.
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Figure 4. 16. Effect of CPD1(A), CPD2 (B) on the turbidity and the corresponding turbidity
removal percentage (C), (D) of bentonite as a function of dosage at different settling temperatures.
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4.3.6. The effect of dosage on the zeta potential

Adsorption bridging and charge neutralization are the main mechanism of the flocculation
process. The zeta potential of the flocculation system provides direct information on the charge
neutralization effect. The zeta potentials after flocculation using the RMRS protocol were
increased with the increased dosage of CPD1and CPD2 (Figure 4.17). However, the zeta potential
values for samples treated with CPD2 were high negatively charged although the flocculation
efficiencies were high (>80%). The CPD1 copolymer yielded better treatment efficiency because
of synergistic effect between bridging and cationic brush structure could effectively facilitate the
flocculation process. The highest zeta potential of floc treated with CPDI indicated that the
concentrated distribution of cationic units on the CPD1 copolymer chain possessed the stronger
charge neutralization capability compared to the CPD2 with less cationic charges. This
phenomenon confirmed that charge neutralization played an important role in the flocculation with
CPDI1 while bridging mechanism was dominant for CPD2 . The zeta potential of samples treated
with CPD1 and CPD2 using the RMHS protocol were slightly higher than those treated using the
RMRS protocol indicating that adsorption bridging significantly contributed to the flocculation
mechanism in RMHS.

5 [~=-RMRS ¥ ts i — RMRS
- RMHS . —=— RMHS
0 i/ -0 15 4
5 ./ |- «—"

=)
o

T
[}

S = ~ -

S s s — S
E 10 wEED — «—q [PE
g s i -3 2 S 3
E p § 52 -/ 25 €
g 20 {/ 0383 %- g
o} S © 1]
25 25 S 8 30 ./7 30 8
N LA S i R

Ay
a

J
N

\
<

Al B[

T T T T T T T T 40 T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 0 10 20 30 40

A
S
8

Copolymer dosage (mg/g) Copolymer dosage (mg/g)

Figure 4. 17. Effect of CPD1 (A) and CPD2 (B) on the zeta potential of bentonite as a function of
flocculant dosage at different settling temperatures.
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Figure 4.18 shows the optical microscopic images of bentonite at 25 °C and 50 °C and the
dependence of floc size on the copolymer dosage and the settling temperature. In terms of the
copolymer dosage, the average size of bentonite particles at 25 °C was 650 nm, while the size
decreased to 580 nm at 50 °C. By increasing the copolymer dosage, the percentage of small
particles decreased while the percentage of larger aggregates increased until the maximum
flocculation was achieved. The opposite case was observed beyond the optimum dosage, where
the flocs became smaller and the percentage of small particles increased. In terms of the settling
temperature, an increasing compactness in the flocs was observed by the darkness of the elongated
structures of flocs formed. This observation implies that the floc structure changed at high
temperature (cloud point Tcp). Presumably, the floc size reduced at the cloud point, which
strengthened the bridging adsorption capability through inter-molecular hydrophobic association.
The influence of the coil-globule transition on the settling rates was clearly visible for CPD1 than

CPD2.
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Protocol
RMRS(25M25S ) RMHS (25M508S)

Bentonite Sample Dosage 40x 20x 40x 20x
259 <optimum dosage
CPD1 =optimum dosage
>optimum dosage
50 °C
CPD2 <optimum dosage

=optimum dosage

>optimum dosage

Scale bar 50p

Figure 4. 18. Effect of the CPD1 and CPD2 on the flocs size of bentonite as a function of dosage
at different settling temperature.

4.3.7. Proposed mechanisms

The pictures taken at the optimum dosage of CPD1 and CPD2 using different protocols revealed
the compactness of the flocs and the mechanism of flocculation as shown in Figure 4.19. The flocs
obtained with CPD1 were large and considerably light, thus presenting a higher tendency to float.
On the other hand, the flocs obtained with CPD2 were heavier and more compact which might be
the result of hydrophobic interactions. In addition, the microscopic images illustrated the different
mechanisms of flocculation using the CPD1 and CPD2. As can be seen in Scheme 4.4, the CPD1

(A) formed larger flocs, while CPD2 (B) formed flocs of smaller sizes. This observation suggested
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that CPD1 brushes bound to the bentonite particles via electrostatic interactions between the
negatively charged silanol groups and positively charged quaternary ammonium groups, which
was accompanied by chain bridging of the bentonite particles. The large flocs formed by CPDI
cross-linked together via bridging and hydrophobic association at 50 °C due to the temperature
mediated coil-globule transition, making the flocs denser as shown in Scheme 4.4 (C). By contrast,
charge neutralization played a dominant role in the earlier stage of flocculation because of the
reduction in the positive charge density of CPD2. First, negative charges on bentonite particles
were reduced by the positive charges. Second, CPD2 flocculant continued to sweep and enmesh
bentonite particles with reduced charge mainly via hydrophobic interactions between POEGMA
brushes as shown in Scheme 4.4 (B). The structure of the flocs did not change with RMHS
confirming that the bridging was the dominant mechanism for CPD2 as shown Scheme 4.4 (D).
The proposed mechanism is in agreement with the zeta potential measurements, as there was no
significant change in the zeta potential values for both protocols (RMRS and RMHS). The
temperature mediated coil-globule transition in the RMHS should make the flocs denser, where
the cloud point of the optimum dosage for CPD1 and CPD2 were 50 and 45 respectively. As a
result, better flocculation performance was obtained using the RMHS protocol for both

copolymers.

CPD1 CPD2

RMRS RMHS RMRS RMHS RMRS RMHS RMRS RMHS
18 mg/g 21 mglg 25 mglg 30 mgl/g

Figure 4. 19. Flocs formed at optimum dosage of CPD1 and CPD2 using RMRS and RMHS
protocols.
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Scheme 4. 4. Schematic representations of the proposed mechanisms responsible for the
flocculation of CPD1 and CPD2 using RMRS and RMHS protocols.

4.4. Conclusions

CNC-g-POEGMA (CP) and CNC-g-POEGMA-g-PDMC (CPD) were synthesized via free radical
polymerization techniques. The first step of the synthesis route was the grafting of thermo-
responsive monomers (MEO;MA and OEGMA3(0) from the cellulose nanocrystals, followed by
the grafting of DMC monomer from the CNC-g-POEGMA. The CNC-g-POEGMA and CNC-g-
POEGMA-g-PDMC were characterized by FTIR, TEM, zeta potential and TGA, which confirmed
the successful grafting of the polymer brushes on the CNC. The cloud points and LCST were

determined by UV—Vis spectrophotometry and dynamic light scattering (DLS) techniques. The
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lower LCST value obtained from DLS compared to UV—Vis spectrophotometry was ascribed to
the higher sensitivity of the DLS in detecting aggregation, which did not contribute to the turbidity
during the phase transition of the polymer brushes. The CNC-g-POEGMA (CP) possessed tunable
lower critical solution temperature (LCST) of about 50 °C, and cloud point measurements
confirmed that the LCST of the nanoparticles could be tuned by adjusting the DMC content. A
typical salting-out effect was observed for the CNC-g-POEGMA after the addition of KCI, where
the LCST decreased because of the partial dehydration caused by the chloride anions. On the other
hand, the CNC-g-POEGMA-g-PDMC copolymers displayed different salt-responsive
characteristics depending on the content of the cationic monomer (DMC). For the copolymer with
the lower (DMC) content, the LCST increased at low salt concentration because of the ion-pair
interaction that facilitated the release of the absorbed PDMC brushes from the CNC surface as the
sulfate ester groups were screened. However, higher salt anion concentrations led to increased ion-
pair interactions that became sufficiently strong to remove their ionic hydration shells, and also
increased the polarization of water molecules around the POEGMA causing the LCST to decrease.
For the copolymer with the higher (DMC) content, the LCST decreased as the salt concentration
increased which could be attributed to the high steric hindrance where the salt anions could only
form ion-pair interactions with PDMC brushes while the salt cations could not diffuse to the
surface of the CNCs. This coupled with the polarization of water molecules around POEGMA
brushes which resulted in the dehydration of the polymers chains. The flocculation efficiency of
two CNC-based copolymers for bentonite removal were compared using two settling temperatures
defined by the protocols RMRS and RMHS. CNC-POEGMA-PDMC [1:1.25] (CPD1) with higher
ratio of cationic brushes (DMC) was more efficient than CNC-POEGMA-PDMC [1:0.5] (CPD2)

in bentonite removal with maximum flocculation efficiency (95% at 21 mg/g) versus 84% at 30
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mg/g respectively. The thermo-responsiveness of the copolymers resulted in higher flocculation
efficiency at lower dosage and the microscopic images indicated that the copolymers yielded more

compact flocs.

115



Chapter 5. Flocculation of Bentonite by Cationic Cellulose Nanocrystals

Abstract
Cellulose nanocrystal-based flocculants with various brush lengths were synthesized via the
Activators ReGenerated by Electron Transfer polymerization (ARGET-ATRP). In this study, [2-
(methacryloyloxy) ethyl]trimethylammonium chloride (DMC) was used to prepare cationic
brushes on the CNC. The resulting material was characterized by zeta potential and hydrodynamic
size using dynamic light scattering (DLS). The degree of substitution was determined by
conductometric titration and the brush grafting by Fourier transform infrared spectroscopy (FTIR).
The hydration and chain conformation of the material was responsive to pH and salt due to the
specific anion effects on the hydrophobicity of ion pairs formed with the quaternary ammonium
groups. The flocculation efficiency of cationic cellulose nanocrystals (CNC-PDMC) was
evaluated in a jar test filled with 1 wt% of bentonite and compared to the flocculation efficiency
of four inorganic electrolytes NaCl, KCl, CaClb.2H>O and AICI3.6H,O. The cationic cellulose
nanocrystals destabilized the bentonite particles at the dosage 3 mg/g and the flocs fully settled
within 5 min with up to 95% efficiency. The flocculation efficiency increased slightly after 24 h
of settling. The flocculation efficiency of inorganic electrolytes varied between 17-73% at 5 min

settling and increased to 77-99% after 24 h of settling at higher dosage range 3.75-90 mg/g.
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5.1. Introduction

As worldwide demand for energy increases, increasing attention is paid to non-conventional
fuel resources. However, non-conventional oils extraction, upgrading and export are hard to
process. Several technologies have been proposed for the processing of oil sands with varying
recovery levels. Open-pit mining technique is used mostly to extract oil sand ore which is a
naturally occurring mixture of bitumen, water, sand and clays !»?426, To separate the bitumen, oil
sand ore is mixed with hot water and sodium hydroxide to liberate the bitumen and this also
releases natural surfactants which aid in the flotation process. After bitumen extraction, the
remaining mixture of water, coarse sands, fine clays and residual bitumen (defined as tailings) are
discharged and contained in large structures above ground, known as tailings ponds. Upon
discharge of tailings, the coarse solids settle rapidly to form beaches along the pond edge, while
the fines (silts and clays) settle slowly to form a fine tailings zone that after a few years of
consolidation is defined as mature fine tailings (MFT) !164-166,

The development of the oil sands industry is limited by various environmental issues 67:168
The greenhouse gas emission, the usage of clean water, and the accumulation of tailings are the
three environmental issues to be addressed. Amongst these challenges, tailings operations present
the most significant of all in the oil sands extraction process. Tailings ponds generated
environmental and engineering problems which are summarized as follows. First, the production
and accumulation of large volumes of fine tailings poses a major environmental concern.
Approximately 3.3 m? of tailings are produced from one barrel of bitumen. Second, the large
quantities of water required to extract and process bitumen from the oil sands has become an issue.
On average three barrels of fresh water is consumed to produce a barrel of bitumen °. Third, the

mature fine tailing MFT contains toxic materials, including naphthenic acids, polycyclic aromatic
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hydrocarbons, phenolic compounds, ammonia, and other trace metals that pose risks to the
environment. The MFT is considered the major reason why the tailing ponds cannot be reclaimed.
The high stability of MFT has been attributed to the presence of clay components 3. Since the
majority of clays in MFT are negatively charged clays, and the process of oil sands extraction has
a pH of 8-9, the electrical charge on each particle produces electrostatic repulsive force that leads
to the stabilization of suspension. Beside electrical repulsion, the adsorption of water molecules
on the particles surface forms hydration layers that repel each other and prevent settling 1%, In
addition, the size of ultrafine clays (<0.3 um) gives MFT its structure that impedes the
consolidation.

The major clay minerals in the oil sands tailings are kaolinite and illite with minor amounts of
montmorillonite, chlorite, and mixed-layer of clays 7. Smectite is not present in significant
quantity, but the high water holding capacity due to its swelling characteristics is of practical
importance 7!, Bentonite is composed predominantly of a smectite clay minerals. The high-
negative zeta potential value of bentonite is due to two reasons: the isomorphous substitution of a
small fraction of the tetrahedral Si atoms by Al and/or a fraction of the octahedral atoms (Al or
Mg) by atoms of lower oxidation number, and the edge faces show pH-dependent behavior 7%173,
Under alkaline conditions (pH 9), the octahedral AI-OH and tetrahedral Si—~OH groups at the edges
are deprotonated.

MEFT traps water in the pores of the fine solids !74. Therefore, one of the main objectives of
tailings treatments is to increase the settling rate of the clays so that liquid-solid separation can
occur in a reasonable time. Another key objective is to recover the maximum volume of water with

appropriate quality to be reused in the bitumen extraction process.
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In pursuit of increasing the settling rate and the water recovery, paste technology (PT) was
introduced 75176, With the assistance of polymeric flocculants, paste technology is used to rapidly
thicken the fresh fine oil sands tailings. Although water-soluble synthetic polymers find wide
applications as flocculants, their market cost, and their debatable usage influence their
development 177178 n this respect, significant efforts have been devoted to prepare biopolymer-
based flocculants from natural sources as substitutes for the synthetic flocculants 73179,

Because flocculation performance highly depends on the choice of flocculants, ideal flocculants
should be biodegradable as the biodegradability determines their long-term ecological effects. Of
all the natural polysaccharides, cellulose accounts for the largest proportion of organic matter on
earth 13180181 ‘The hydrolysis of cellulose using strong acids removes the amorphous regions of
cellulose and leaves behind the highly crystalline regions that are less accessible to acid
degradation '>4, Cellulose nanocrystals demonstrate excellent properties, including high tensile
modulus, similar to steel or Kevlar (100 to 160 GPa), low density (0.8 to 1.5 g /cm?) and a large
specific surface area (~250 m?/g) 1327134, The high aspect ratio of CNC gives rise to percolation at
low concentration which should improve floc formation. In addition, the rigidity of the CNC
reduces gelation, preventing entanglement and improving processability 7-!82, The surface of the
rod-shaped nanocrystals are covered with hydroxyl groups and these unique properties provide an
ideal platform for surface modification to develop nanocomposite materials with desired surface
characteristics customized for a wide range of applications 8183, Since the majority of clays in

t 23. Therefore, in

MFT are negatively charged clays, cationic modification of CNC is of interes
this study, we synthesized a highly efficient and environmentally friendly flocculant, where the

CNC surface was modified with a cationic monomer (2-methacryloyloxyethyl) trimethyl

ammonium chloride (DMC) for use as flocculating agent for the negatively charged oil sand
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tailings. The effectiveness of the polymeric flocculants for tailings treatment will be determined

by measuring the zeta potential of the sediments, and the turbidity of the supernatant.

5.2. Experimental section

5.2.1. Materials

Cellulose nanocrystals were kindly provided by CelluForce Inc. with an average charge density
of 0.26 mmol/g. 4-(Dimethylamino)pyridine (DMAP, 99%), a-bromoisobutyryl bromide (BIBB,
98%), triethylamine (TEA), 2,2 -bipyridyl (Bipy, >99%), ascorbic acid (AsAc, >99%), copper(1I)
bromide (CuBr2, 99%) (2-methacryloyloxyethyl) trimethyl ammonium chloride (DMC), N,N-
Dimethylformamide (DMF) HPLC >99.9%, ethanol (EtOH), and isopropyl alcohol (IPA), were
purchased from Sigma-Aldrich. The DMC monomer was passed through a neutral aluminium

oxide column prior to use.

5.2.2. Synthesis of the brominated CNC macroinitiators (CNC-Br)

The macroinitiators CNC-Br were synthesized by the esterification of CNC with (BIBB) as
described previously '¥*. In detail, CNC (500 mg) was dispersed in DMF (50 mL) by sonication.
After the addition of TEA (2.3 mL) and DMAP (1 g), BIBB (3 mL) was added dropwise to the
suspension at 0 °C. After 24 h, ethanol was added to terminate the esterification. The resulting
CNC-Br was centrifuged with ethanol till a clean supernatant was obtained and then it was washed
twice with water. In the end, the CNC-Br was obtained by freeze-drying.

5.2.3. Synthesis of the CNC-PDMC

ARGET-ATRP of DMC was then conducted by grafting from the CNC-Br. CNC-Br was

disperse in a 1:1 isopropyl alcohol : water mixture (50 mL,v/v) in a two-neck flask under a nitrogen
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atmosphere for 1 h. Then the DMC monomer (110-440 mg) was introduced. After 20 min, a
solution of deoxygenated CuBr: (6 mg) and AsAc (90 mg) in 1:1 isopropyl alcohol : water mixture
(5 mL,v/v) was then injected into the flask and the content stirred under a nitrogen atmosphere for
20 min followed by the addition of deoxygenated Biby (80 mg). After 24 h at room temperature,
the flask was vented to terminate the ARGET-ATRP polymerization. The resulting CNC-PDMC
was centrifuged twice with ethanol and water respectively.

5.2.4. Characterization

Fourier transform infrared spectra (FTIR) were conducted to confirm the functional groups of
CNC-Br and CNC-PDMC. Freeze-dried samples were homogeneously mixed with KBr powder
under a 1:100 weight ratio and pressed into transparent pellets. The measurements were conducted
using a Tensor 27 BRUKER machine at a resolution of 4 cm™!, sample scan time of 32 s, and
background scan time of 32 s, with the data ranging from 4000 to 500 cm™!.

Transmission electron microscopy (TEM) was conducted on a Philips CM10 at an acceleration
voltage of 60 keV. The TEM samples of CNC and CNC-PDMC were prepared from their aqueous
dispersion by drop coating onto copper grids and dried at ambient temperature.

Dynamic light scattering (DLS) and zeta potential experiments were conducted using a Malvern
Zetasizer Nano series at nanoparticles concentration of 0.05 wt%. Values for zeta potential were
determined from the average of 3 measurements, consisting of 12 runs per measurement.

The number of quaternary ammonium groups on the CNC-PDMC was determined using a
Metrohm 809 Titrando auto-titrator. In brief, a 50 mL solution was prepared using 50 mg of the
solid sample CNC-PDMCs and stirred at 25 °C, 10 mM silver nitrate (AgNO3) was used as the
standard titrant dosing into the sample vial at a rate of 0.05 mL/min. The conductivity as function

of the titrant volume added was recorded. The degree of quaternization was determined from
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Equation (5.1), where M and V are the molarity (mmol/L) and the volume (L) of the titrant,

respectively, and W is the weight of the CNC-PDMC !30:131,

[NH;] (mr;ol) _ Magnos (mM) x(V agnos) (L) Equation (5.1)

Wene-pmc (9)
5.2.5. Flocculating characteristics
The flocculation experiment was conducted according to method previously reported in the

185 Simulated waste-water was prepared by dispersing 1 wt% bentonite in Milli-

literature
Q water (zeta potential =-30 mV, the average particle size = 650 nm). The original pH value of
the bentonite suspension was 9, and it was adjusted using either 0.1 M HCI or 0.1 M NaOH. The
flocculation tests of CNC-PDMCs and inorganic salts were conducted in a 20 mL glass vial at
room temperature. The waste-water (10 mL) was transferred to vials, and a predetermined dosage
of flocculant was added. Rapid agitation was carried out at 380 rpm for 1 min to mix the flocculant
with the bentonite suspension. Next, the flocculant solution was then transferred to a 15mL
graduated cylinder which was inverted 5 times to conduct the settling tests. After that, the solutions
were left for 5 min or 24 h. This period of time represented the settling time. At the end of the
settling time, 3 mL of supernatant liquid was withdrawn from a depth of 1 cm and the absorbance
of the supernatant liquid was measured in the Varian (Cary 100 Bio) UV-vis spectrometer. The
tests were carried out at a wavelength of 500 nm. Subsequently, 3 mL of sediment liquid was
removed from a depth of 1 cm and the zeta potential of the sediment was measured in a Malvern

Zetasizer Nano. The absorbance of the supernatant liquid, and the zeta potential of sediment of

each sample was the average value of 3 test results performed at the same test conditions.
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5.3. Results and discussion

5.3.1. Preparation and characterization of CNC-PDMC

The synthesis of the cationic cellulose nanocrystals was carried out according to Scheme 5.1.
In the first step (i), the CNC surface was modified with BIBB to produce the brominated CNC
macroinitiators (CNC-Br). In the second step (ii), a series of polymerization of CNC-PDMC
polymers were conducted using the ARGET-ATRP of DMC in isopropyl alcohol:water at room
temperature. The quaternary ammonium content of CNC-PDMC was controlled by adjusting the
feed ratio of DMC to CNC-Br macroinitiator. FTIR spectroscopy was used to confirm the
successful grafting of isobutyryl bromide groups from the surface of CNC as well as the
polymerization of DMC. Figure 5.1 shows FTIR spectra obtained for the unmodified CNC, CNC-
Br and CNC-PDMC of two ratios. Beside the characteristic peaks from the stretching vibrations
of hydroxyl groups on the CNC at 3400 and 1058 cm™!, the FTIR spectra of CNC-Br, and CNC-
PDMC exhibited a new peak appearing at around 1730 ¢cm! that corresponded to the carbonyl
groups of BIBB and the vibrating absorption of ester groups in DMC respectively. In addition, the
FTIR spectra of CNC-PDMC possessed two new absorption peaks, at 1480 and 950 cm™!, which
were assigned to the methyl groups of the quaternary ammonium groups on the DMC. The
appearance of new peaks in the spectra of the CNC-Br, CNC-PDMC indicated that the two steps

of the synthesis route were successful.
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Scheme 5. 1. Schematic illustration of synthesis procedure of (i) CNC-Br and (ii) CNC-PDMC.
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Figure 5. 1. FTIR spectra of CNC, CNC-Br and CNC-PDMC.

The morphology of the CNC-PDMC was characterized by TEM. As shown in Figure 5.2, the
CNC-PDMC retained the rod-like morphology of the pristine CNC. The successful cationization
of CNC-Br was confirmed using zeta potential measurements as shown in Table 5.1. The zeta
potential of pristine CNC was initially negative with an average zeta potential of -48 mV, whereas
CNC-Br was less negatively charged (-13 mV) because some hydrophilic hydroxyl groups (-OH)
at the CNC backbone were replaced with relatively hydrophobic halogen-containing ATRP
initiation groups as reported in other studies '3¢!87, The zeta potential of CNC-PDMC was reversed

to a positive value due to the DMC possessing quaternary ammonium groups with positive charges.
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Figure 5. 2. The TEM images of CNC (A) and CNC-PDMC (B).

Table 5. 1. Zeta potential and Z-average of CNC, CNC-Br and CNC-PDMCs.

Sample Zeta potential (mV) Diameter (nm)
CNC -48 200
CNC-Br -13 1120
CNC-PDMCI1 (1:0.5) +41 643
CNC-PDMC2 (1:1) +42 644.5
CNC-PDMC3 (1:2) +43 696.5

The amounts of quaternary amine groups grafted from the CNC-Br were quantified by
conductometric titration with AgNOj3 as the titrant. The titration data revealed two stages that were
delineated by the inflection point on the conductivity curve as shown in Figure 5.3. The first stage
shows a sharp linear decrease due to silver cations binding with chloride counterions of quaternary
ammonium groups to form silver chloride precipitates. The second stage displayed a sharp increase
as a result of the dissociation of silver nitrate to form free silver cations and nitrate anions, which
occurred only after the consumption of all the chloride counterions. The point of intersection
corresponded to the volume of silver nitrate consumed, which was used to calculate the quaternary

amine content of the CNC-PDMCs. The concentration of quaternary ammonium groups was found
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to be 3 mmol/g for the ratio (1:0.5), 3.5 mmol/g for the ratio (1:1), and was 4 mmol/g for the ratio

(1:2) indicating that the degree of quaternization increased with DMC ratio.
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Figure 5. 3. Conductometric titrations of CNC-PDMC at different ratios of DMCs.

5.3.2. The effect of pH on the pH-responsiveness of CNC-PDMCs

The pH-responsive properties of CNC-PDMC were examined by zeta potential and size
measurements using the DLS. From Figure 5.4(A), it is evident that the zeta potential of CNC-
PDMC brushes exhibited three distinct regimes with increasing pHs. In the first regime, the zeta
potential decreased as the pH increased from 2.5 to 4.5 (CNC-PDMC1), 5.5 (CNC-PDMC2), 6.5
(CNC-PDMC3). In the second regime, the zeta potential increased when increasing the pH was
increased to 5.5 (CNC-PDMC1), 6.5 (CNC-PDMC2), 8 (CNC-PDMC3). In the third regime, the
zeta potential only decreased slightly with increasing pH. The three-regimes in the zeta potential
corresponded to the three-stage hydration states of the CNC-PDMC brushes. That is, the hydration
of the brushes decreased in the first regime, and then gradually increased in the second regime,

and finally decreased in the third regime.
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As the pH increased in the first regime, the concentration of (OH") associating with the cationic
brushes (DMC) increased. Therefore, the hydroxide anions (OH") formed interchain hydrogen
bonds and weakened the interactions between the PDMC brushes and surrounding water molecules
resulting in the dehydration of CNC-PDMC. These findings agree with reported studies based on
the Manning’s counterion condensation theory '8-1°0, The different grafting ratios of DMC led to
different pH responsiveness of the CNC-PDMC. The hydrogen bond formed by hydroxide anions
and the carbonyl groups on the DMC was enhanced in the following order; CNC-PDMC3 > CNC-
PDMC2 > CNC-PDMCI1. However, in the second regime, the zeta potential increased for the
CNC-PDMC which indicated that the brushes were hydrated. The hydration of the brushes was
caused by the further protonation of the CNC-PDMC as the adsorbed PDMC brushes were released
from the CNC surface. Several studies have reported the effect of salt addition on the stability of
CNC, where a gradual reduction in the zeta potential with increasing salt concentration was
reported due to the electrostatic screening effect 1°%1%°. Consequently, the observed reduction in
the zeta potential in the third regime could be attributed to the dehydration of the released brushes
with increasing pH resulting in more interchain hydrogen bonds between the bound hydroxide and
carbonyl groups on the PDMC brushes.

The change in the size was examined at different pH as shown in Figure 5.4(B). The size
gradually decreased as the pH was increased suggesting the collapse of the PDMC brushes
triggered by dehydration of the polymer chains. Since the dehydration of the PDMC brushes was
dominant over the swelling of the absorbed PDMC brushes from the CNC surfaces, negligible
increase in the size was observed with increasing the pH. The proposed mechanism of the
conformational change of CNC-PDMC brushes induced by the pH change is illustrated in Scheme

5.2.
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Figure 5. 4. Effect of pH on the zeta potential (A) and the size (B) of CNC-PDMC brushes.
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Scheme 5. 2. Schematic illustration of the conformational change of CNC-PDMCI brushes
induced by change in the pH.

5.3.3. The effect of salt on the stability of the CNC-PDMC

The effect of salt on the stability of CNC-PDMC was examined using NaCl as shown in Figure
5.5. As the salt concentration was increased, the CNC-PDMC brushes also exhibited a three-
regime change. However, the extent of dehydration (first regime), the hydration (second regime)
and dehydration of the released PDMC brushes (third regime) after the introduction of CI ions
was much higher compared to the OH" effect. To understand these findings, specific anion effects
on the hydrophobicity of the ion pairs was considered. The CI" is a strong chaotropic anion and
OH- is a relatively strong chaotropic anion as located in the Hofmeister series °!.As a result, the

electrostatic interactions between Cl” and the quaternary ammonium groups are sufficiently strong
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to remove their ionic hydration shells to form a contact ion pair as reported in other study !2.
Figure 5.5(A) shows the reduction in the zeta potential as a result of the dehydration of CNC-
PDMC brushes in the presence of Cl in the first regime. Such a strong dehydration is associated
with the collapse of the brushes, as indicated by the sharp reduction in the size (Figure 5.5(B)). In
the second regime, the hydration of the CNC-PDMC was observed as the zeta potential increased
sharply. These findings indicated that more PDMC brushes were released from the CNC surface
due to the strong ion pair interactions of the Cl" ions allowing more Na' ions to penetrate and
screened the negative charge on the CNC surface. The size measurement confirmed this
phenomenon as shown in Figure 5.5(B). The size increase for the CNC-PDMC1 was due to the
hydration and swelling of the released PDMC. Consequently, the released DMC brushes were
prone to dehydration as the salt concentration increased and more ion pairs were formed as
indicated by the reduction in the zeta potential and size. The TEM also confirmed the collaps of
the chain conformation in the presence of high salt concentration as shown in Figure 5.6(C). In
conclusion, a more chaotropic counterion Cl- would induce the collapsed of the chains and the
dehydration of PDMC brushes caused by the stronger hydrophobic interactions between the ion
pairs. These findings are in agreement with other studies conducted on the same cationic monomer
in the presence of chloride ions '®%!%8, The proposed mechanism on the influence of salt

concentration on the conformational change of CNC-PDMC brushes is illustrated in Scheme 5.3.
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Figure 5. 5. Effect of salt on the zeta potential (A) and the size (B) of CNC-PDMC brushes.

Figure 5. 6. The TEM images of CNC (A), CNC-PDMC (B) and CNC-PDMCI1 with 6 mM of
NaCl (C).
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Scheme 5. 3. Schematic illustration of the of the possible influence of salt concentration on the
conformational change of CNC-PDMCI1 brushes.
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5.3.4. The effect of dosage on the flocculation of bentonite clay

The maximum of the turbidity removal efficiency of bentonite clay after 5 min settling for
CNC-PDMC1, CNC-PDMC2 and CNC-PDMC3 was 95%, 96% and 97% at optimum dosage of
3.75 mg/g, 3mg/g and 3 mg/g respectively (Figure 5.7(A)). After 24 h of settling, the turbidity
removal efficiency slightly increased at the same optimum dosages. On the other hand, the
flocculation efficiency increased significantly by about 50-60 % at low dosage (< 3 mg/g) after 24
h settling as shown in Figure 5.7(B). The optimum flocculation performance for the three
flocculants after 24 h settling was as follows: CNC-PDMC1 > CNC-PDMC2 > CNC-PDMC3.
The trend was inversely proportional to the content of quaternary ammonium groups on the
copolymers. Excessive CNC-PDMC:s re-stabilized the suspended bentonite particles; however, the

turbidity removal efficiency exhibited a very slight reduction.
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Figure 5. 7. Effect of flocculant category on the turbidity removal of bentonite as a function of
flocculant dosage at different settling time 5 min (A) and 24 h (B).

132



5.3.5. The effect of dosage on the zeta potential

Adsorption bridging and charge neutralization are the main mechanism in the flocculation
process. The zeta potential of the flocculating system provides direct information on the charge
neutralization effect of the flocculant 1. The zeta potentials after the flocculation process using
CNC-PDMC were increased as the dosage was increased (Figure 5.8). This phenomenon indicated
that charge neutralization played an important role in the flocculation process. At the same dosage,
the zeta potential of bentonite particles flocculated by CNC-PDMC3 was always higher than that
of CNC-PDMC2 and CNC-PDMCI1, as CNC-PDMC3 possessed a greater charge density than the
other two flocculants. Isoelectric dosage (IED) is the dosage at which the charge reversal occurs
192 and the IEDs for CNC-PDMC1, CNC-PDMC2 and CNC-PDMC3 were 4.5, 3, and 3 mg/L
with different turbidity removal efficiency. Thus, the charge neutralization capability has the
following order: CNC-PDMC3 > CNC-PDMC2 > CNC-PDMCI.

After 5 min settling, the zeta potential for samples treated with CNC-PDMC2 and CNC-
PDMC3 at optimal dosages (maximum turbidity removal) were higher than the isoelectric point
(0 mV), indicating that charge neutralization significantly contributed to the flocculation
mechanism (Figure 5.8(A)). On the other hand, the zeta potential for samples treated with CNC-
PDMCI1 was below the isoelectric point indicating that charge neutralization played a less
important role. With the increase in settling time (after 24 h), the zeta potential of the flocculated
systems at the optimum dosage did not change significantly as shown in Figure 5.8(B). The
increase in the removal efficiency after 24 h of settling implied that the bentonite was flocculated

first by charge neutralization followed by bridging.
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Figure 5. 8. Effect of flocculant category on the zeta potential of bentonite as a function of
flocculant dosage at different settling time 5 min (A) and 24 h (B).

5.3.6. Proposed mechanisms

The results of the flocculation studies using the CNC-PDMCs suggest that the adsorption of a
cationic copolymer is rapid at the initial stages of the treatment, thereafter it became slower as
reported for the kinetics of cationic starch adsorption in kaolin suspension '3, Therefore, at the
short settling time (5 min), the charge neutralization occurred first, followed by bridging. CNC-
PDMC chains are absorbed on the bentonite surface via electrostatic interactions between the
negatively charged silanol groups and positively charged quaternary ammonium groups.
Additionally, hydrogen bonding interactions between the silanol and aluminol OH groups on the
bentonite surface and ester functional groups on PDMC chains produced large floc structures. The
charge repulsion generated by cellulose nanocrystals resulted in the extension of the polymer
chain, which promoted the polymer bridging between the bentonite clay particles.

At low dosage (< 3 mg/g) of the CNC-PDMCs, the coverage of the bentonite particles with

CNC-PDMCs was low because of the low amounts of adsorbed flocculants as reflected by the high
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negative zeta potential. Under these conditions, the conformation of the adsorbed chains may
evolve toward a flat conformation and the flocculation was not efficient as the turbidity removal
was less than 2%. After 24 h settling, the zeta potential remained at the same level; however, the
flocculation efficiency increased sharply 50-60%. This was thought to be due to the collision
caused by the interactions between the particles due to the Brownian motion that facilitated the
polymer bridging.

At the optimum dosage of 5 min settling, the surface coverage increased with increasing initial
flocculant concentration. Under these conditions the electrostatic attraction between the positively
charged CNC-PDMC chains and negatively charged bentonite surface is expected to increase;
therefore, the flocculation efficiency increased beyond 95% as shown in Figure 5.7(A). After 24
h of settling, the zeta potential remained at the same level; however, the flocculation efficiency
increased by 3-4% indicating that the polymer bridging had occurred. In addition, the flocculation
systems comprising of CNC-PDMC3 and CNC-PDMC?2 with higher charge density showed lower
flocculation performance after 24 h at the optimum dosage whereas the CNC-PDMClwith the
lowest charge density was more effective. These findings could be explained based on the
electrostatic attraction between the positively charged CNC-PDMC chains and negatively charged
bentonite surface. Because the electrostatic attraction between the positively charged CNC-PDMC
chains and negatively charged bentonite surface increased with surface charge, hence the number
of attachment points (quaternary ammonium groups) between the CNC-PDMC chains and
bentonite surface were higher for case (B) (CNC-PDMC2,3) than case (A) (CNC-PDMCI)
(Scheme 5.4). Therefore, bridging was diminished as the adsorption rate increased, because the

surface sites available for bridging were reduced. As a result, the polymer bridging in case (A) was
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more efficient than in case (B). The flocculation with the CNC-PDMCI likely involved multiple

adsorption points, and stronger polymer bridging.

Scheme 5. 4. The effect of cationic charge on the adsorption and bridging mechanism for bentonite
(A) Low charge density, (B) High-charge density.

5.3.7. The effect of different electrolytes on the zeta potential of bentonite clays

The effects of various inorganic electrolytes with mono-, di-, and tri-valent cations on the zeta
potential of bentonite clay were examined. Zeta potential variations according to each electrolyte
concentration are shown in Figure 5.9, where the zeta potential curves followed a similar trend at
different settling times (5 min (A), 24 h (B)). The only electrolyte that could transform the
negatively charged surface bentonite into a positively charged surface was AIC13.6H20 (+3.4 mV).
The trend of the increasing zeta potential with increasing in the electrolyte concentration was
similar as in the presence of mono-valent cations (K*, Na*) (-22, -23 mV), and the zeta potential

was higher with di-valent cation (Ca** =

-9.3 mV) at the optimum dosage. This behavior is
consistent with the classical theory developed by Derjaguin, Landau, Verwey and Overbeek
(DLVO). According to the DLVO theory, the electrostatic repulsion can be overcome by the
addition of salt to screen the electrostatic repulsion, which lowers the energy barrier against

aggregation '°*. Considering that the particle interactions are affected by the valence of the ion,

one major aspect of the DLVO theory described by the Schulze-Hardy rule on the dependence of
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the critical coagulation concentration (CCC) on valence of electrolytes. The destabilizing power

of the electrolyte according to the Schulze-Hardy rule follows a mathematical relationship shown

in Equation (5.2),, where z is the valence of the counter ion 9319,
Constant .
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Figure 5. 9. Effect of ionic strength type on the zeta potential of bentonite as a function of dosage
at different settling time 5 min (A) and 24 h (B).

5.3.8. The effect of different electrolytes on the turbidity removal efficiency

The turbidity removal efficiencies of inorganic electrolytes for treating the bentonite clays was
evaluated under different doses and settling times. It can be seen from Figure 5.10 that the
flocculation efficiency increased with increasing electrolytes concentrations until the optimum
dosage, which then decreased slightly as the concentrations continuously increased due to the re-
stabilization. After 5 min settling, the maximum turbidity removal efficiency for Al*3, Ca™, K*
and Na* was 73%, 17%, 38% and 27% at optimum dosage of 3.75 mg/g, 7.5 mg/g, 7.5 mg/g and
90 mg/g respectively as shown in Figure 5.10(A). The turbidity removal performance of the

inorganic electrolytes varied according to the following order: AICI3 > KCI > NaCl > CaCl,. After
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24 h settling, the turbidity removal efficiency increased significantly and approached about 99.6%,
99.8%, 99.8% and 77% for A1, Ca*?, K* and Na*, at the dosage of 3.75 mg/g, 7.5 mg/g, 90 mg/g
and 90 mg/g respectively as shown in Figure 5.10(B). The turbidity removal efficiency followed

the following order: AlCl3> CaCl,> KCl > NaCl.
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Figure 5. 10. Effect of ionic strength type on the turbidity removal of bentonite as a function of
dosage at different settling time 5 min (A) and 24 h (B).

5.3.9. Proposed mechanism
After 24 h settling, a reduction in the optimum dosage with ionic valence was observed which

is in accordance with the Schulze—Hardy rule '’

. Therefore, ions of higher valences AI** and Ca?*
are more effective in destabilizing bentonite clays compared to ions of lower valences K and Na*.
On the other hand, the same inorganic electrolytes resulted in different flocculation efficiency after
5 min settling except AI**. Such a deviation from the DLVO theory was explained by the influence
exerted by ions on the neighboring water molecules (Hofmeister effects) 1°%. Several studies have
investigated the aggregation of colloidal particles influenced by electrolyte concentration, ionic
valence, water-withdrawing power of ions and pH '°%. However, the DLVO theory considers only

the valence and the concentration of the counter ions in solution. Moreover, the DLVO theory

predicts equal CCC for the same particles dispersed in different monovalent salt solutions 198199,
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However, large number of experimental literature data shows that the CCC values determined for
the same-valent ions in various aggregation studies differed significantly '°°. In the Hofmeister
series, ions have been classified based on their ability to interact with water molecules into two
main groups: (i) chaotropes having the ability to disrupt hydrogen-bonding networks between
water molecules and (ii) kosmotropes having the ability to create water-molecule patterns 200292,
Based on the hydration effect of the cations, they obeyed to the following trend:

(CH3)sN-"< NH4" <K' < Na' < Li* < Mg?" < Ca** < AI**. Therefore, K* ions had the lowest CCC
and the highest flocculation efficiency being the less hydrated cation compared to Na' and Ca?*.

Tons of higher valence, such as AI** follow the Schulze—Hardy rule, and the same observation was

reported for the aggregation of clay °°.

5.3.10. Comparison between the flocculation behavior of CNC-PDMC and inorganic
electrolytes

The flocculating activities of CNC-based flocculants and inorganic electrolytes against
bentonite particles (1 wt%, pH= 9) were performed under two conditions: 5 min and 24 h of
settling. In both experiments, the flocculation efficiency was examined and compared in terms of
changes in the turbidity and zeta potential at their optimum dosages as shown in Table 5.2. Overall,
the different flocculation efficiency among the CNC-based flocculants and the inorganic
electrolytes evaluated in this study is attributed to two factors: the structural characteristics, the
size and ion specific hydration. The CNC-based flocculants possess different grafted chain lengths,
depending on the DMC ratio to CNC over the grafting polymerization. The prepared CNC-PDMCs
have branched pendent chains bearing a number of quaternary ammonium groups. The cationic

brushes and rigid core of CNC could generate more robust flocs after the primary particles of
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bentonite were flocculated within 5 min of settling; therefore, no significant increase in the
flocculation efficiency was observed after 24 h of settling. In addition, the nanometric dimension
of the CNC-PDMC, promotes a greater surface area of contact with the bentonite particles. The
flocculation mechanism of CNC-based flocculants is mainly driven by charge neutralization
between the anionic-charge bentonite and cationic PDMC chains grafted on CNC. Moreover, the
cationic PDMC chains could promote the bridging where these chains would extend beyond the
thickness of the electric double layer and adsorb onto bentonite particles to produce flocs.

For inorganic electrolytes, the electrostatic patch coagulation is the dominant mechanism for
inducing the aggregation of bentonite particles. The metal cations could compress the double layer
of bentonite particles, weaken the repulsive force and reduces the distance between the particles
that lowers the energy barrier for aggregation and accelerates the precipitation process.

For the second factor affecting the flocculation mechanism, the Hofmeister series describes the
effect of the hydration of cations on their interactions. As discussed earlier, the Hofmeister series
rationalizes the observed dependencies of the critical coagulation concentration (CCC) on the size
and hydration of ions. From the results obtained in the present study, the flocculation efficiency of
the flocculants followed the following order: CNC-PDMC ((CH3)3N*-) > AI3*> K*> Na* > Ca*".
The quaternary ammonium groups in CNC-PDMC led to the lowest CCC and the maximum
reduction in the turbidity. This phenomenon could be elucidated on the basis of the hydration size
of the cations. The poorly hydrated quaternary ammonium groups ((CH3)3sN*-) on the CNC-PDMC
chains adsorb strongly to the bentonite surface, thereby reducing the surface charge, and the CCC.
The Ca®* (a highly hydrated cation) used in the study yielded a low flocculation efficiency

compared to the mono-valent cations K*, Na". However, after 24 h settling the flocculation
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efficiency of the flocculants follows the trend: CNC-PDMC ((CH3)sN*-) > AI**> Ca?*>K*> Na"
with the CNC-PDMC being the most efficient one, which obeys the DLVO theory.

Table 5. 2. Comparison between the flocculation efficiency of CNC-PDMCs and inorganic salts
used in the study at their optimum dosages.

Settling time 5 min 24 h
Sample O(?(t)lsr:;;n po%:r:ztiial Turbidity Ogct)lsr:;em po%:r:?ial Turbidity
(mg/g) (mV) removal (%) (mg/g) (mV) removal (%)
CNC-PDMC1 3.75 -1.1320 0.8 95.4 3.75 -1.03+0.05 99.6
CNC-PDMC2 3 1.6+0.5 96.6 3 0.67+0.9 99.2
CNC-PDMC3 3 1.840.9 97 3 1.34+0.17 98.7
AICl, 3.75 3.38+0.9 72.8 3.75 -0.6£0.15 99.6
CaCl, 7.5 -9.34£2 16.6 7.5 -9.740.2 99.8
KCl 7.5 -21.840.6 383 90 -18.6+0.6 99.8
NaCl 90 -2340.6 27 90 -23+0 77

5.4. Conclusions
The conclusion from this study can be summarized as follows:
1. The hydration and conformation of the CNC-PDMC are sensitive to both salt and pH.
2. The extent of the sensitivity of CNC-PDMC to the CI" is much higher than the increase in

the pH due the higher hydrophobicity of the ion-pair formed between the chloride ions and
the quaternary ammonium groups compared to ion-pair formed by hydroxyl groups.

3. The flocculation behavior of bentonite particles after 5 min settling agrees with the
Hofmeister series based on the hydration of cations.

4. The flocculation behavior of bentonite particles after 24 h settling follows the classical
DLVO theory based on the valence of cations.

5. CNC-PDMC flocculants had the advantages of low dosage amount with the highest

flocculation efficiency up to 95% within 5 min of settling compared to inorganic
electrolytes.
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Chapter 6. Evaluation of Cationic Biopolymer-Based Flocculants on Bentonite
Removal: Effect of Cationic Charge Distribution

Abstract
Three cationic polyelectrolytes grafted bio-polymers were prepared. In the first two systems, the
surface of cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs) were physically
modified with poly(diallyldimethylammonium chloride) (PDADMAC). The obtained
PDADMAC-CNC and PDADMAC-CNF have a flat-cationic layer structure. In the third system,
the CNCs surface was chemically modified by grafting [2 (methacryloyloxy)ethyl]
trimethylammonium chloride (DMC) from the surface using Activators ReGenerated by Electron
Transfer (ARGET-ATRP). The obtained CNC-PDMC has a branched-cationic structure. The three
systems were added at varying dosages to a colloidal bentonite to quantify the effect of the cationic
charge distribution on their flocculation efficiency. The CNC-PDMC was found to be the most
effective with 99% of the bentonite removal at concentrations as low as 3.5 mg/g. These results
indicated that the concentrated distribution of cationic units on the branches (PDMC) extended
from the CNC surface facilitated the interaction with bentonite particles. On the other hand, the
flat conformation of cationic PDADMAC chains on the CNCs and CNFs limited their ability to

bind and flocculate the bentonite particles.
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6.1. Introduction

Coagulation/ flocculation is an important separation process applied in the primary purification
of industrial wastewater to remove the suspended colloidal particles and various dissolved
contaminants. Coagulation refers to the destabilization process of a colloidal suspension to
neutralize the surface charge to form large particles called submicroscopic flocs by adding
inorganic multivalent cations or low molecular weight cationic polyelectrolytes known as

10203 The destabilization process using inorganic

coagulants or primary coagulants respectively
coagulants (primary coagulants) is known as adsorption-charge neutralization, while the
destabilization process using polyelectrolytes is known as electrostatic patch. Flocculation is
defined as the formation of macroscopic flocs of suspended particles through the adsorption of
high molecular weight polymeric flocculants onto a number of colloidal particles bridging the
distances between the particles. During the bridging flocculation, long-chain segments of
polymeric flocculants are initially adsorbed onto one or more particles with the loops and tails
extending in the solution that overcome the energy barrier of agglomeration, allowing the
possibility of dangling polymer segments binding to other particles to form macroscopic flocs '+12.
The conventional coagulation/ flocculation process, using inorganic polyelectrolytes, such as
polyaluminium chloride (PAC), and polyacrylamide fails to align with the increasing demand for
environmentally friendly reagents and technologies. The structure of these substances is resistant

to biodegradation 316

, and their degraded products are considered to be hazardous due to the
release of monomers that could enter the food chain and may cause health problems !’. Many
reports addressed the concerns about the potential of adverse health effects on their exposure to

waste-water, which has been linked to renal failure, tremors and nervous system disorders

204 Therefore, the search has shifted to a better alternative with the goal of minimizing the
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detrimental health, and environmental effects associated with the use of such substances. Natural
bio-flocculants have emerged as promising alternative materials to replace synthetic flocculants.
Natural organic flocculants, based on polysaccharides have been extensively explored because
they are safe, biodegradable, readily available from agricultural resources and produce no
secondary pollution 3. In addition, since they are biodegradable, the sludge formed can be
degraded by microorganisms '%!°, However, natural bio-flocculants have low efficiencies and thus
higher dosages are needed 2°. Thus, modified flocculants have emerged as a new class of polymers
that offer tremendous potential in treating waste-water due to superior performance compared to
original components (synthetic polymeric flocculants and natural bio-flocculants) !3. The
modification of polysaccharides has been explored as a strategy in combining their best properties
with those of synthetic polymers to enhance the aggregating capacity of the modified flocculants
13.21.22.205 Tn many studies, cationic polyelectrolytes have been highlighted as effective coagulants
or flocculants since most natural colloid particles are negatively charged.
Poly(diallyldimethylammonium chloride) (PDADMAC) is a cationic polymer that can be obtained

in different MW ranges to facilitate the flocculation process '0-206-208

. It was observed that using
low molecular weight PDADMAC can enhance the flocculation of lignosulfonate of neutral sulfite
semi-chemical (NSSC) pulping process more than the PDADMAC with high molecular weight
209 PDADMAC was also assessed for the harvesting of microalgae and compared to chitosan and
cationic polyacrylamide (Superfloc 496). It was found that PDADMAC is the most effective in
harvesting 90% of the algae at lower dosage (5mg/L) within one hour 2°. Another cationic
polyelectrolyte that has been utilized as a flocculant and antimicrobial agent is poly(2-

methacryloxyethyl trimethylammonium chloride) (PDMC) or known as (PMETAC) 219211, The

primary factors affecting the flocculation mechanism and efficiency of biopolymers with
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polyelectrolytes are structure (linear, branched), charge density, molecular weight, and dosage.
The biopolymers can be modified physically or chemically. The physical modification process
includes the blending of two or more types of the polymer to obtain the requisite properties. On
the other hand, chemical modification includes polymer grafting where the monomer is covalently
grafted to the polymeric substrate. This study aims to evaluate the flocculation efficiency of three
modified natural polymers with different structures as an alternative technology to remove clays
from wastewater. First, cationization of the surface of cellulose nanocrystals (CNCs) and
cellulose nanofibers (CNFs) with PDADMAC using the physical modification to obtain cationic
biopolymers-based flocculant. Second, cationization of the surface of cellulose nanocrystals with
DMC using chemical modification (ARGET-ATRP). The first two systems PDADMAC-coated-
CNCs and PDADMAC-coated-CNFs have a coated and flat-cationic layer while the third system
CNC-PDMC has a branched-cationic structure. The objective of this study is to examine the effect
of cationic charge distribution on the biopolymers on their flocculation efficiency. The
effectiveness of the polymeric flocculants for bentonite removal will be determined by measuring

the zeta potential of the sediments, and the turbidity of the supernatant and the flocs size.
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6.2. Experimental section

6.2.1. Materials

Cellulose nanocrystals were kindly provided by CelluForce Inc., and cellulose nanofibrils
(CNFs) were purchased from the Process Development Center (University of Maine).
Poly(diallyldimethylammonium chloride) (PDADMAC) (20 wt % solution in water; MW =
100,000—20,000 g.mol!) was purchased from Sigma-Aldrich. 4-(dimethylamino)pyridine
(DMAP, 99%), a-bromisobutyryl bromide (BIBB, 98%), triethylamine (TEA), 2,2 -bipyridyl
(Bipy, >99%), ascorbic acid (AsAc, >99%), copper(Il) bromide (CuBrz, 99%) (2-
methacryloyloxyethyl) trimethyl ammonium chloride (DMC), N,N-dimethylformamide (DMF)
HPLC >99.9%, ethanol (EtOH), and isopropyl alcohol (IPA), were purchased from Sigma-
Aldrich. Prior to use, the DMC monomer was activated by passing it through a column of neutral
aluminium oxide.

6.2.2. Preparation of the PDADMAC-coated CNCs (CNC-PDADMAC)

A method reported recently allows the synthesis of PDADMAC-Coated CNCs 2!2, In brief, 2
mL of PDADMAC solution (20 wt % in water) was added to the CNC suspension (200 mL, 0.1wt
%) under sonication. The sonication was continued for 1 h followed by stirring for 3h at room
temperature and purification by dialysis and repeated ultrafiltration.

6.2.3. Preparation of the PDADMAC-coated CNFs (CNF-PDADMAC)
The same method used for PDADMAC-Coated CNCs except that CNCs was replaced

with CNFs.

146



6.2.4. Synthesis of the brominated CNC macroinitiators (CNC-Br)

The macroinitiators CNC-Br were synthesized by the esterification of CNC with BIBB as
described previously '¥*. In detail, CNC (500 mg) was dispersed in DMF (50 mL) by sonication.
After the addition of TEA (2.3 mL) and DMAP (1 g), BIBB (3 mL) was added dropwise to the
suspension at 0 °C. After 24 h, ethanol was added to terminate the esterification. The resulting
CNC-Br was centrifuged with ethanol until a clean supernatant was obtained and then twice with
water. In the end, the CNC-Br was obtained by freeze-drying.

6.2.5. Synthesis of the CNC-PDMC

ARGET-ATRP of DMC was conducted from the CNC-Br. CNC-Br was disperse in a 1:1
isopropyl alcohol : water mixture (50 mL,v/v) in a two-neck flask under a nitrogen atmosphere for
1 h. Then the DMC monomer (110 mg) was then introduced. After 20 min a solution of
deoxygenated CuBr; (6 mg) and AsAc (90 mg) in 1:1 isopropyl alcohol: water mixture (5 mL,v/v)
was syringed into the flask and the content stirred under a nitrogen atmosphere for 20 min followed
by adding a deoxygenated Biby (80 mg). After 24 h at room temperature, the flask was vented to
the atmosphere to terminate the ARGET-ATRP process. The resulting CNC-PDMC was
centrifuged twice with ethanol and twice with water.

6.2.6. Characterization

Fourier transform infrared spectra (FTIR) were recorded to confirm the functional groups of
the prepared material. Freeze-dried samples were homogeneously mixed with KBr powder at a
1:100 weight ratio and pressed into transparent pellets. The measurements were conducted using
a Tensor 27 BRUKER machine at a resolution of 4 cm™!, sample scan time of 32 s, and background

scan time of 32 s, with the data ranging from 4000 to 500 cm ™.
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Transmission electron microscopy (TEM) was conducted on a Philips CM 10 microscope at an
acceleration voltage of 60 keV. The TEM samples were prepared from their aqueous dispersion
by drop coating onto copper grids and dried at ambient temperature.

Dynamic light scattering (DLS) and zeta potential experiments were conducted using a Malvern
Zetasizer Nano series at nanoparticles concentration of 0.05 wt%. Values for zeta potential were

determined from the average of 3 measurements, consisting of 12 runs per measurement.

6.2.7. Flocculating characteristics

The flocculation experiment was conducted according to a method previously reported in the
literature.!®> Simulated waste-water was prepared by dispersing 1 wt% bentonite in Milli-Q water
(zeta potential = -30 mV, the average particle size = 650 nm). The original pH value of the
bentonite suspension was 9, and it was adjusted using 0.1 M HCl or 0.1 M NaOH, as needed. The
flocculation performance tests of the three materials PDADMAC-CNC, PDADMAC-CNF, and
CNC-PDMC were carried out in a 20 mL glass vials at room temperature. The wastewater (10 mL)
was transferred to the vials, and a predetermined dosage of flocculant was added to the system.
Rapid agitation was conducted at 380 rpm for 1 min to mix the flocculant with the wastewater.
Next, the flocculant solution was then transferred to a 15 mL graduated cylinder which was
inverted 5 times to perform the settling tests. After that, the solutions were left for 24 h, and the
settling time was measured. At the end of the settling time, 3 mL of the supernatant liquid was
withdrawn from a depth of 1 cm and the absorbance of the supernatant liquid was measured using
a Varian (Cary 100 Bio) UV-vis spectrometer. The tests were carried out at a 500 nm wavelength.
Subsequently, 3 mL of sediment liquid was withdrawn from a depth of 1 cm and the zeta potentials

of the sediment was measured with a Malvern Zetasizer Nano. The absorbance of the supernatant
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liquid, and the zeta potential of sediment of each sample was the average value of 3 test results

under the same test conditions.

6.3. Results and discussion

6.3.1. Preparation and characterization of the CNC-PDMC, PDADMAC-CNC, and
PDADMAC-CNF

The formation of the cationic cellulose nanocrystals and cellulose nanofibers were conducted
according to Scheme 6.1. The molecular structure of the PDADMAC-CNC and PDADMAC-CNF
was investigated using FTIR spectroscopy as shown in Figure 6.1. From the spectra of CNC and
CNF, we observed that the (-OH) stretching was located at 3600-3200 ¢cm™!, the (C-H) stretching
at 2900 cm™!, the (-OH) bending at 1635 cm!, the (-CH>) bending and the (C-H) bending appeared
at 1430 cm™ and 1370 cm™! respectively. The pure PDADMAC displayed the characteristic peaks
at 1640 and 1450cm™! which corresponded to the stretching vibration of quaternary ammonium
group (N"R4) and the methyl groups respectively. The characteristic absorptions of the substrates
CNC and CNF besides PDADMAC could be found in the PDADMAC-CNC and PDADMAC-
CNF. As a result, we concluded that the surface of the CNCs and CNFs was successfully coated
with PDADMAC via the physical adsorption. For CNC-PDMC, in the first step (i), the CNC
surface was modified using BIBB to obtain the brominated CNC macroinitiators (CNC-Br). In the
second step (ii), the polymerization of DMC from CNC-Br polymers was then conducted by
ARGET-ATRP. FTIR spectroscopy was used to confirm the successful grafting of BIBB from the
surface of CNC as well as the polymerization of DMC. Beside the characteristic peaks from the
stretching vibrations the CNC hydroxyls, the FTIR spectra of CNC-Br, and CNC-PDMC exhibited
a new peak appearing at around 1730 cm™! that corresponded to the carbonyl group in BIBB and

the vibrating absorption of the ester group in the DMC. In addition, the FTIR spectra of CNC-
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PDMC possessed a new absorption peak, at 1480 cm!, which could be assigned to the methyl

groups of the quaternary ammonium group in DMC. The appearance of the new peaks in the

spectra of the CNC-Br, CNC-PDMC indicated that the two steps of the synthesis route were

successful.
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Scheme 6. 1. Schematic illustration of the synthesis procedure of (1) PDADMAC-CNC, (2)
PDADMAC-CNF and (3) CNC-PDMC.
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Figure 6. 1. FTIR spectra of CNC, CNF, PDADMAC, PDADMAC-CNC, PDADMAC-CNC,
PDADMAC-CNF, CNC-Br, and CNC-PDMC.

The measurement of the zeta potential is critical in monitoring the charge reversal assembly of
polyelectrolytes on surfaces. The CNC was initially negatively charged (-48 mV) due to the
presence of sulfate ester groups on the surface from the sulphuric acid treatment. The CNF was
also negatively charged (-22.5 mV) because of chemical components, such as hemicellulose
remaining after the pulping and bleaching processes 2!3. The zeta potential sign reversed when the
cationic polyelectrolyte PDADMAC was adsorbed on the surface resulting in a +54 mV and +34
mV for PDADMAC-CNC and PDADMAC-CNF respectively due to the presence of quaternary
ammonium groups on the surface of PDADMAC. The zeta potential of PDADMAC-CNF was less
positive than PDADMAC-CNC due to the lower negative charge of the CNF surface to induce the
physical adsorption compared to the high-negative CNC. Grafting of cationic DMC brushes from
the CNC surface was also demonstrated by the positive zeta potential (+41 mV) from the

quaternary ammonium groups on the surface of DMC. On the other hand, the Z-average of pristine
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CNC and CNF was about (200 nm) and (2340 nm) respectively, while that of PDADMAC-CNC
and PDADMAC-CNF was (276.5 nm) and (11400 nm) respectively. As expected, the adsorption
of PDADMAC on the CNC and CNF led to an increase in the particles size. The increase in the
Z-average of CNC-PDMC (643 nm) also demonstrated the grafting of DMC brushes from CNC
surface. The observed zeta potential reversal with a concurrent increase in the Z-average with each
subsequent adsorbed polyelectrolyte layer in the case of PDADMAC-Coated CNC and CNF or
grafting DMC from CNC, indicating the successful modification as shown in Figure 6.2.

TEM images shown in Figure 6.3(A) present the rod-shaped cellulose nanocrystals having an

aggregated morphology due the strong hydrogen bonding 2!*

. Grafting the DMC monomer from
the CNCs did not alter its morphology as shown in Figure 6.3(B). However, because of the
electrostatic repulsion induced by the positive charge on the surface of CNC-PDMC, the modified
CNCs tended to be more dispersed and displayed less aggregates. A similar behavior was also
observed for PDADMAC-CNC shown in Figure 6.3(C), underlining a good dispersion of these
cellulose nanocrystals which agreed with the zeta potential measurements. Figure 6.3(D) shows
the unmodified CNF with micrometric length and broad size distribution which could be due
attributed to heterogeneous mechanical treatment and the aggregation of individual fibers. The
TEM results of PDADMAC-CNEF in Figure 6.3(E), revealed that the lengths and widths of CNF

increased because of the interactions between anionic CNF and cationic PDADMAC via

electrostatic forces.
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Figure 6. 3. TEimages of CNC (A), CNC-PDMC (B), PDADMAC-CNC (C), CNF (E), and

PDADMAC-CNF (D).
6.3.2. The effect of dosage on the zeta potential

Adsorption bridging and charge neutralization are the main mechanism of the flocculation
process. The zeta potential of flocculation system provides information on the charge
neutralization effect '°!. The zeta potential after flocculation process using PDADMAC-CNC and
CNC-PDMC were increased with the increased dosage as shown in Figure 6.4. The zeta potential
of bentonite particles flocculated by the branched polyelectrolyte (CNC-PDMC) was always

higher than the coated polyelectrolytes (PDADMAC-CNC, PDADMAC-CNF) although
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PDADMAC-CNC had a higher charge density. The point of zero charge of the CNC-PDMC and
PDADMAC-CNC occurred at 3.5 mg/g and 33 mg/g respectively, while PDADMAC-CNF did
not reach the point of zero charge. At higher dosages, the zeta potential increased from -30 mV to
+9 and +6 mV for CNC-PDMC and PDADMAC-CNC respectively due to the excess polymer in
the solution. On the other hand, the zeta potential values for samples treated with PDADMAC-
CNF were still highly negatively charged (-27 mV) although the flocculation efficiencies were
high (>50%). This phenomenon indicated that charge neutralization played an important role in
the flocculation process for CNC-PDMC and PDADMAC-CNC while bridging was dominant for

PDADMAC-CNF.
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Figure 6. 4. Effect of flocculant types on the zeta potential of bentonite as a function of flocculant
dosage.
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6.3.3. The effect of dosage on the turbidity removal efficiency

Two critical observations are noted from Figure 6.5. Firstly, the highest turbidity removal was
attained with the branched polyelectrolyte (CNC-PDMC) at lower dosages compared to the linear
polyelectrolytes (PDADMAC-CNC, PDADMAC-CNF). Secondly, the three polymers displayed
a similar trend at different dosage, turbidity removal increased along with increasing flocculant
dosage, but then the turbidity removal efficiency slightly decreased with the further dosage after
the optimal treatment efficiency was obtained. The maximum of the turbidity removal efficiency
for CNC-PDMC, PDADMAC-CNC, and PDADMAC-CNF were 99%, 98% and 51% at optimum
dosage of CNC-PDMC-3.5 mg/g, PDADMA-CNC-30 mg/g and PDADMAC-CNF-27 mg/g

respectively.
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Figure 6. 5. Effect of flocculant types on the turbidity removal of bentonite as a function of
flocculant dosage.
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6.3.4. The effect of dosage on the floc size

A visual comparison of typical flocs formed by each of the systems is shown in Figure 6.6. It
can be seen that the flocs formed using CNC-PDMC were more compact than PDADMAC-CNC
and PDADMAC-CNF. The floc structures were examined using a digital microscope under 4x,
20x, and 40x magnifications as presented in Figure 6.7. The general observation is that with
increasing polyelectrolyte dosage, the percentage of small particles decreased while the percentage
of large aggregates increased until the maximum flocculation was obtained. The opposite case was
observed above the optimum dosage, where the flocs were smaller with a larger percentage of
small particles. In addition, the flocs formed using the branched CNC-PDMC were more compact
with a smaller number of non-flocculated bentonite particles compared to the flocs formed using
coated polyelectrolytes. The influence of the polymer structures on the flocculation efficiency and
the floc size is clearly visible. The branched CNC-PDMC displayed the best flocculation

performance amongst all the three flocculants examined in this study.
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Figure 6. 6. A comparative investigation on the flocculation performance in the presence of three
polyelectrolytes at different dosages.
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<optimum dosage 1.5 mg/g

=optimum dosage 3.5 mg/g

>optimum dosage 6 mg/g

PDADMAC-CNC

<optimum dosage 9 mg/g
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Figure 6. 7. Effect of the CNC-PDMC, PDADMAC-CNC, and PDADMAC-CNF on the floc size
of bentonite as a function of dosage.
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6.3.5. Proposed mechanisms

The flocculation systems using PDADMAC-CNC and PDADMAC-CNF showed lower
flocculation performance whereas the CNC-PDMC was more effective. These findings can be
explained based on the importance of the polyelectrolyte structures. The cationic branches of
CNC-PDMC were extended from the surface of the CNCs towards bentonite particles and were
capable to bind and bridge the bentonite particles according to the Singh model '¥215. According
to the Singh model of flocculation, grafted polysaccharides are superior flocculant compared to
linear polymers. Therefore, the flocculation in CNC-PDMC is more efficient as it involves
multiple adsorption points, and stronger bridging capability. In addition, the charge repulsion
generated by the cellulose nanocrystals resulted in the chain extension of the DMC brushes,
thereby improving the polymer bridging of the bentonite particles. On the other hand, the
configuration of the cationic PDADMAC coatings on the CNC and CNF for PDADMAC-CNC
and PDADMAC-CNF yielded a flat conformation on the CNC and CNF surface, respectively.
Therefore, the bridging is diminished since the surface sites available for bridging are reduced
because of the strong adsorption of cationic PDADMAC chains on the CNC and CNF surfaces.

The proposed mechanism is illustrated in Scheme 6.2.
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Scheme 6. 2. The effect of polyelectrolyte structures on the adsorption and bridging mechanism
for bentonite (A) CNC-PDMC, (B) PDADMAC-CNC and (C) PDADMAC-CNF.

6.4. Conclusions

Three types of cationic polyelectrolytes: CNC-PDMC, PDADMAC-CNC, and PDADMAC-CNF
were added at varying dosages to a colloidal bentonite to quantify their flocculation behaviour.
The CNC-PDMC possessed a branched-structure whereas PDADMAC-CNC, and PDADMAC-
CNF have a coated and flat-cationic layer. The flocculation results of the three systems indicated
that the polyelectrolyte structures had a strong influence on the flocculation efficiency. The grafted
brushes of CNC-PDMC displayed better bentonite removal at lower optimum dosage compared to
the other two coated-biopolymer systems (PDADMAC-CNC and PDADMAC-CNF). The higher
zeta potential values of the flocs treated with CNC-PDMC suggested that the distribution of

cationic charges on the DMC brushes extending from the CNC surface enhanced the binding and
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bridging of the bentonite particles. On the other hand, the flat conformation of the PDADMAC
chains on the CNC and CNF limited their interaction with bentonite particles. The zeta potential
measurements also confirmed that charge neutralization played an important role in the
flocculation process for CNC-PDMC and PDADMAC-CNC while bridging mechanism was
dominant for PDADMAC-CNF. The microscope images show that the flocs produced by the
CNC-PDMC are characterized by more compact structures compared to PDADMAC-CNC and

PDADMAC-CNF.
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Chapter 7. Effects of Chain Architecture and Grafting Composition on the
Thermo-responsive behavior of Cationic and Thermo-responsive Copolymers

Abstract
Cellulose nanocrystals (CNCs) grafted with cationic- and thermo-responsive polymers based on
[2-(methacryloyloxy)ethyl]trimethylammonium chloride (DMC) and diethylene glycol methyl
ether methacrylate (MEO;MA) via Activators ReGenerated by Electron Transfer (ARGET-
ATRP) polymerization are examined. Two grafting schemes of copolymers brushes were
considered by varying the di-block brushes sequence, for each sequence, two different grafting
ratio of the DMC were prepared. The resulting copolymers were characterized by zeta potential
and hydrodynamic size via dynamic light scattering (DLS); degree of substitution by
conductometric  titration and the main  functional  groups using  Fourier
transform infrared spectroscopy (FTIR) and proton nuclear magnetic resonance 1H NMR. The
influence of brush sequence, composition, and salt on the phase transition behavior was examined.
The lower critical solution temperature (LCST) shifted to high temperatures at low PDMC grafting
density on the outer layer. When the PMEO2MA brushes occupied the outer layers of the block
copolymers, the LCST was close to CNC-PMEO>MA and not affected by the PDMC located in
the inner layers. The prepared cationic and thermo-responsive copolymers exhibited a salting-out
at low salt concentrations and a salting-in effect at high salt concentrations. The cationic and
thermo-responsive copolymers did not show thermo-responsive behavior at very high salt

concentrations.
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7.1. Introduction

Stimuli-responsive polymers are defined as smart materials that respond to variation in the
surrounding environmental conditions, such as pH, CO, light, electricity or heat. These polymers
undergo physical changes by manipulating their chain conformation, structure and dynamics 2!¢-217,
These smart materials play an important role in a vast array of applications, for example in waste-
water treatment and medicine +?'8, Special attention has been steadily growing in the polymer
science to develop tunable thermo-responsive polymers and to understand the factors affecting
their phase transition behavior. The presence of appropriate hydrophilic-hydrophobic balance
imparts thermo-responsive characteristic to these polymers ®3%°, The thermo-responsive polymers
can be divided into two classes; those possessing a lower critical solution temperature (LCST) and
those possessing an upper critical solution temperature (UCST). Polymers with LCST display a
miscibility gap at high temperatures resulting in phase separation due to the disruption of polymer-
water interactions above the LCST. Polymers with UCST display a phase separation upon cooling
due to the strong polymer-polymer interactions. For example, aqueous solutions of poly(N-
isopropyl acrylamide) PNiPAAm, undergo a coil-to-globule transition upon heating beyond their
respective LCST close to the physiological temperature of about 37 °C ™. Compared to the widely
studied thermo-responsive PNiPAAm, poly(oligoethylene glycol) methyl ether acrylates are a new
class of uncharged, nontoxic and water-soluble biocompatible polymers that possess LCSTs with
a broader temperature range of between 26 to 95 ° C 7>, The balance between the hydrophilic and
hydrophobic components in the polymer structure has a strong effect on the phase transition
behavior and the corresponding LCST. Of relevance to this study, replacing the terminal methyl
group on the PEG side-chain by an ethyl group decreased the phase transition temperature to 20—

25 °C due to the lower hydration level of the side-chain 621%22°, Furthermore, the effect of the

163



chemical structure of both end groups on the LCST of POEGMA was investigated and the results
indicated that the presence of hydrophobic groups at either ends of the polymer chain decreased
the LCST and the influence is additive when the hydrophobic groups are located at both ends 2'6.
The cloud points of the thermosensitive polymer solutions are also affected by the presence of salts
221 In line with this, a study initiated to examine the effect of different types of salt on POEGMA
polymers revealed that the LCST depended on the nature and concentration of the salt. For

13

example, chaotropes “water structure breaker” as NaSCN caused the salting-in effect while
kosmotropes “water structure maker”, such as Na>xSOj caused salting-out effect of POEGMA co-
polymers 222, The results are in agreement with other studies conducted on PEG-methacrylates,
where the LCST decreased in the presence of NaCl or Na>SO4??!. Several studies have examined
the effect of chain architecture on the thermos-responsive behavior of polymers. It was found that
the LCST of hyperbranched POEGMA decreased to around 5-10 °C compared to the linear chains
223

A key scientific issue is the design of new smart materials that possess sensing capabilities
based on renewable natural resources. Of all the nanomaterials, cellulose nanocrystals (CNCs)
have received much attention due to their unique properties. Cellulose nanocrystals have high
tensile modulus, similar to steel or Kevlar (100 to 160 GPa), low density (0.8 to 1.5 g /cm?) and a

large specific surface area (~250 m?/g) 34135.181.224

. Therefore, CNCs are considered ideal substrate
for the design of thermo-responsive copolymers with tunable properties. In the present study,
ARGET-ATRP technique was employed to prepare cationic and thermo-responsive CNC-based
copolymers in order to investigate their phase transition behavior. In particular, the influence of

the cationic and thermo-responsive brushes sequence, monomers composition and the addition of

salt on the LCST were examined.
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7.2. Experimental section

7.2.1. Materials

Cellulose nanocrystals were kindly provided by CelluForce Inc. with an average charge density
of 0.26 mmol/g. 4-(Dimethylamino)pyridine (DMAP, 99%), a-bromoisobutyryl bromide (BIBB,
98%), triethylamine (TEA), 2,2 -bipyridyl (Bipy, >99%), ascorbic acid (AsAc, >99%), copper(1I)
bromide (CuBr2, 99%) (2-methacryloyloxyethyl) trimethyl ammonium chloride (DMC),
di(ethylene glycol) methylether methacrylate (MEO2MA, 95 %), N,N-dimethylformamide (DMF)
HPLC >99.9%, ethanol (EtOH), and isopropyl alcohol (IPA), were purchased from Sigma-
Aldrich. Prior to use, the DMC monomer was prior to use activated by passing it through a column

of neutral aluminium oxide.

7.2.2. Synthesis of CNC-macroinitiator (CNC-Br)

The macroinitiators CNC-Br were synthesized by the esterification of CNC with (BIBB) as
described previously '¥*. In detail, CNC (500 mg) was dispersed in DMF (50 mL) by sonication.
After the addition of TEA (2.3 mL) and DMAP (1 g), (BIBB) (3 mL) was added dropwise to the
suspension at 0 °C. After 24 h, ethanol was added to terminate the esterification. The resulting
CNC-Br was centrifuged with ethanol until a clean supernatant obtained and then twice with water.
In the end, the CNC-Br was obtained by freeze-drying.

7.2.3. Synthesis of CNC-PMEO;MA

Based on a method described elsewhere with slight modifications 223, the CNC-Br sample (200
mg) was dispersed in a mixture of DMF (12 mL), H>O (12 mL), MEO>-MA (0.01mol) inside a 50
mL round-bottom flask. After degassing with nitrogen for 30 minutes, degassed AsAc (91 mg),

Bipy (87 mg), and CuBr; (5.5 mg) were successively added to the mixture. The reaction was
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allowed to continue under constant stirring at 45 °C for 24h. The resulting dispersion was dialyzed
in a 0.1 pm dialysis membrane against Millipore water with regular changes of water until the
conductivity of the water remained constant. The copper catalyst was removed by passing the
reaction mixture through a column of neutral alumina before characterization. After drying to

constant mass, the conversion was determined by gravimetry.

7.2.4. Synthesis of CNC-PMEO;MA-PDMC

The CNC-PMEO;MA (500 mg) was dispersed in IPA (12 mL), H>O (10 mL), DMC (0.05 mol)
or (0.08 mol) inside a 50 mL round-bottom flask. After degassing with nitrogen for 30 minutes,
degassed AsAc (100 mg), TEA (0.2 mL), and CuBr; (5.5 mg) were successively added into the
mixture. The reaction was allowed to continue under constant stirring at room temperature for 24h.
The resulting dispersion was dialyzed in a 0.1 pm dialysis membrane against Millipore water with
regular changes of water until the conductivity of the water remained constant. The copper catalyst
was removed by passing the reaction mixture through a column of neutral alumina before

characterization. After drying to constant mass, the conversion was determined by gravimetry.

7.2.5. Synthesis of CNC-PDMC

Based on method described elsewhere with slight modifications 22, the CNC-Br sample (200
mg) was dispersed in a mixture of IPA (12 mL), H,O (12 mL), DMC (CNC-PDMCI1 0.05 mol) or
(CNC-PDMC2 0.08 mol) inside a 50 mL round-bottom flask. After degassing with nitrogen for
30 minutes, degassed AsAc (100 mg), Bipy (100 mg), and CuBr; (6 mg) were successively added
to the mixture. The reaction was allowed to continue under constant stirring at room temperature

for 24h. The resulting dispersion was dialyzed in a 0.1 pm dialysis membrane against Millipore
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water with regular changes of water until the conductivity of the water remained constant. The
copper catalyst was removed by passing the reaction mixture through a column of neutral alumina

before characterization. After drying to constant mass, conversion was determined by gravimetry.

7.2.6. Synthesis of CNC-PDMC-PMEQO:MA

The CNC-PDMC1 or CNC-PDMC2 (500 mg) was dispersed in a mixture of DMF (12 mL),
H>0 (12 mL), and MEO;MA (0.01 mol) inside a 50 mL round-bottom flask. After degassing with
nitrogen for 30 minutes, degassed AsAc (91 mg), Bipy (87 mg), and CuBr; (5.5 mg) were added
into the mixture successively. The reaction was allowed to continue under constant stirring at 45
°C for 24h. The resulting dispersion was dialyzed in a 0.1 pm dialysis membrane against Millipore
water with regular changes of water until the conductivity of the water remained constant. The
copper catalyst was removed by passing the reaction mixture through a column of neutral alumina

before characterization. After drying to constant mass, conversion was determined by gravimetry.

7.2.7. Characterization

Fourier transform infrared spectra (FTIR) were recorded to confirm the functional groups of
the prepared copolymers. Freeze-dried samples were homogeneously mixed with KBr powder at
a 1:100 weight ratio and pressed into transparent pellets. The measurements were conducted using
a Tensor 27 BRUKER machine at a resolution of 4 cm™!, sample scan time of 32 s, and background
scan time of 32 s, with the frequencies ranging from 4000 to 500 cm™.

Dynamic light scattering (DLS) and zeta potential experiments were conducted using a Malvern
Zetasizer Nano series at nanoparticles concentration of 0.1 wt%. The values for the zeta potential

were determined from the average of 3 measurements, consisting of 12 runs per measurement.
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The number of quaternary amine groups on the CNC-PMEO>:MA-PDMC and CNC-PDMC-
PMEO:;MA was determined using an 809 Titrando automatic potentiometric titrator, the Cole-
Palmer Silver/Sulfide Ion Electrode a burette drive and a magnetic stirrer. In brief, a 10 mL
solution was prepared using 0.5 mg of the solid sample and stirred at 25 °C, 10 mM silver nitrate
(AgNOs3) was used as the standard titrant dosing into the sample vial at a rate of 0.1 mL/min. Two
methods can be used to determine the endpoint. First: plotting the electric potential (mV) readings
(y-axis) against the AgNOs volume (mL) (x-axis) to obtain the titration curve. The endpoint is
determined at the steepest slope on the titration curve. Second: extracting the first derivative of the
titration curve and taking the peak maximum appears during the titration procedure when the
threshold value is exceeded as the equivalence point. The titration equivalence point corresponding
to the volume of titrant recorded is transferred to the Equation (7.1) for further calculations, where
V= sample volume (10 ml), V= titrant volume at equivalence point, C= titrant concentration
(mM).

Cg = (%)Ct Equation (7.1)

The thermal responsive characteristics were evaluated by performing turbidimetric
measurements on a Varian (Cary 100 Bio) UV-vis spectrophotometer equipped with a temperature
controller. All the measurements were performed at a rate of 1°C/min and a wavelength of 500

nm.

7.3. Results and discussion
7.3.1. Structural analysis
Freeze-dried CNCs were first chemically modified to introduce initiator sites for subsequent

ARGET-ATRP reaction. The hydroxyl groups on the surface of CNC were esterified with o-
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bromoisobutyryl bromide (BIBB) in DMF and DMAP as catalyst in the presence of base (TEA)
as shown in Scheme 7.1(A). The ester functionality, originating from the attachment of the
isobutyryl bromide groups could be clearly seen from the appearance of the carbonyl stretching
band at 1750 cm™! in the FTIR spectra (Figure 7.1). A grafting-from approach was employed to
polymerize PMEO>;MA and PDMC via ARGET-ATRP to impart thermo-responsive property and
cationic charges as shown in Scheme 7.1(B-E). Grafting of PMEO>MA was confirmed by the shift
of the peak corresponding to the carbonyl stretching from 1750 cm! to around 1730 cm™. In
addition, the clear change of the spectrum in the region around 2900 cm™! is a consequence of the
dominance of methylene groups in the ethylene glycol segments of CNC-PMEO:>MA. Grafting
PDMC was confirmed by the presence of two absorption peaks around 1480 cm™ and 950 cm'!
which could be assigned to the methyl groups of the quaternary ammonium groups and the
stretching vibration of the (C-N) bond in DMC. The change in the appearance of the carbonyl
stretching beside the presence of new peaks at 1480 cm™ and 950 cm™ demonstrates the successful

attachment of PMEO;MA and PDMC to the backbone of CNC-Br.
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Scheme 7. 1. Schematic illustration of the synthesis procedure of (A) CNC-Br, (B) CNC-
PMEO:;MA, (C) CNC-PMEO2MA-PDMC, (D) CNC-PDMC, and (E) CNC-PDMC-PMEO:;MA.
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Figure 7. 1. FTIR spectra of CNC, CNC-Br, CNC-PMEO;MA, CNC-PMEO:MA -PDMC, CNC-
PDMC, and CNC-PDMC-PMEO:MA.

The modifications were further confirmed by 'H NMR as shown in Figure 7.2. For CNC-Br,
the signals at 3.9 (H6) to 4.75 (H1) ppm are due to the cellulose backbone. The chemical shifts at
0 =1.85 ppm, 2 ppm (H3) are attributed to methyl groups in a-isobutyrate moieties. The chemical
shift at & = 3.4 ppm (H4), 6 = 3.5 ppm (H5), 3.6 ppm, & = 3.66 ppm (H6), and 6 = 4.1 ppm (H7) in
the 'H NMR spectra of CNC-PMEO;MA are assigned to the (OCH3), (CH2OCH3), (CH,OCH>),
and (COOCH,) groups, respectively. In the '"H NMR spectra of CNC-PMEO:MA-PDMC, a
significant increase in the intensity of the peaks at 1.2 ppm (H8) and 1.5 (H9) ppm corresponding
to the methyl and methylene groups on the backbone was observed. These finding suggested the
successful grafting of PDMC. Therefore, the spectroscopic results indicate that PMEO2MA and

PDMC brushes have been successfully immobilized on the CNC-Br.
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Figure 7. 2. |H NMR spectra of CNC-Br, CNC-PMEO;MA, CNC-PMEO>MA-PDMC, and CNC-
PDMC-PMEO:;MA.

The modifications were accompanied with a characteristic change in the dispersibility of the
CNCs. The dispersions in Figure 7.3 demonstrated the transition from pristine hydrophilic CNC
to hydrophobic CNC-Br (B) and then more hydrophilic for the thermo-responsive and/or cationic
copolymers. The hydrophobicity of CNC-Br was reported and attributed to the substitution of
some hydrophilic (-OH) groups with relatively hydrophobic isobutyrate groups. Such behavior is
characteristic of BIBB immobilization on substrates possessing (-OH) groups as reported in many

studies 186187,

Figure 7. 3. The change in the dispersibility due to surface modification of the CNC.
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The surface properties of pristine CNC, CNC-macroinitiator, the thermo-responsive and/or
cationic copolymers suspensions were analyzed using DLS (Figure 7.4). The magnitude of the
zeta potential (ZP) is an indicator of the stability and surface modification of the colloidal
suspensions. For pristine CNCs, the negative surface charge (ZP = - 48 £ 1 mV) is mainly due to
the sulfate groups resulting from the sulfuric acid treatment. After covalent immobilization of the
initiator, (a-isobutyryl bromide), on CNCs, a significant reduction in the zeta potential (ZP =+ 9
+ 2 mV) was observed compared to pristine CNCs due to the hydrophobic BIBB groups. The zeta
potential of CNC-PMEO;MA was slightly lower (ZP =-10 £+ 0.97 mV) compared to CNC-Br due
to the attachment of the hydrophilic PMEO;MA brushes. After grafting of the cationic PDMC
brushes, the zeta potential became positive (+32 + 2.5 mV), (+29 £ 2 mV) for CNC-PMEO:MA-
PDMC [1:5] and CNC-PMEO;MA-PDMC [1:8] respectively. For the other two copolymers with
different composition CNC-PDMC-PMEO:>MA [5:1] and CNC-PDMC-PMEO;MA [8:1] the zeta
potentials values were (+25 £ 1.3 mV), (+31 £ 1 mV) respectively indicating the presence of the
PDMC cationic brushes. The difference in the zeta potentials of the copolymers implied that the
PDMC content would result in an elevated degree of cationization on the surface of the substrate.

DLS was also used to determine the size of the prepared copolymers which were found to be in
the nanometer range indicating that the size distribution of the CNCs was retained after the
modifications as shown in Figure 7.4. With the exception of CNC-Br where the size was (2500
nm) due to the high hydrophobicity of BIBB, where the CNCs were no longer dispersible in water.
However, CNC-Br formed stable colloidal dispersions in a variety of organic solvents, such as
DMF and IPA, which are suitable solvents for the surface grafting polymerization of MEO:MA

and DMC monomers. These findings are in agreement with other studies conducted on CNC %7,
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Figure 7. 4. Zeta potential and Z-average of CNC, CNC-Br, CNC-PMEO;MA, CNC-PMEO;MA
-PDMC, CNC-PDMC, and CNC-PDMC-PMEO:MA.

The amount of quaternary ammonium groups grafted from the CNC-Br were determined from
the conductometric titration with AgNOs. The endpoint was determined at the steepest slope on
the titration curve or the maximum of the first derivative of the titration curve as shown in Figure
7.5. The concentration of quaternary ammonium groups was found to be 5.2 mM for CNC-
PMEO;MA-PDMC [1:5], 4 mmol/g for CNC-PMEO>;MA-PDMC [1:8], 2.6 mM for CNC-PDMC-
PMEO;MA [5:1], and 3.5 mM for CNC-PDMC-PMEO;MA [8:1]. These titration data were in
agreement with the zeta potential results for the effect of the monomer feed ratio (DMC) on the
quaternary ammonium groups content of CNC-PMEO;MA-PDMC. As the DMC content feed
ratio was increased, both the zeta potential and quaternary ammonium groups content decreased.
The steric hindrance of CNC-PMEO2MA and the high viscosity associated with feed ratio of DMC
impeded the propagation of chain radicals and resulted in a lower conversion. Therefore, the CNC-

PMEO:MA-PDMC [1:5] with lower feed ratio of DMC monomer showed higher zeta potential
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value (+32 + 2.5 mV) and had higher quaternary ammonium groups content (5.2 mM) compared

to CNC-PMEO,;MA-PDMC [1:8].
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Figure 7. 5. Conductometric titrations of (A) CNC-PMEO:MA-PDMC [1:5], (B) CNC-
PMEO:MA-PDMC [1:8], (C) CNC-PDMC-PMEO:MA [1:5], and (D) CNC-PDMC-PMEO,MA
[1:8] at different ratio of DMC.

7.3.2. Thermo-responsive characteristics of the copolymers

The thermosensitive properties of the prepared copolymers were characterized by recording the
change in transmittance of each sample in a concentration range of 0.15-1 wt%, with temperature
at a wavelength of 500 nm. The cloud points (T¢p) at each concentration were identified as the
critical temperatures at 50 % transmittance, which were used to determine the phase diagrams. The

LCST was associated with the lower critical solution temperature on the phase diagram. The
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general observation is that the cloud points shifted to lower temperatures for high concentration
solutions which was reported in the literature and attributed to greater polymer-polymer interaction
at higher concentration. It is also reported that the higher observed cloud points for low
concentration solutions are related to the UV-vis spectrophotometry technique that detects
relatively large phase separated aggregates that were not present at the early stages of the phase
separation %°. As shown in Figure 7.6(A) there was a sharp decrease in the transmittance for the
CNC-PMEO:;MA over the whole concentration range examined. CNC-PMEO;MA brushes
underwent a structural transition from the stretched to the collapsed conformation due to thermally
driven chain dehydration with temperature changing from below the LCST to above the LCST.
From the phase diagram Figure 7.6(B), the LCST was found to be 24.5 °C which was very close

to the value reported in another study '*°.
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Figure 7. 6. The cloud point values obtained from the transmittance—temperature (Tr—T) curve of
CNC-PMEO:;MA (A), and the corresponding phase diagram (B).

The phase transition of CNC-PMEO;MA was examined after the grafting of two different ratios
of PDMC brushes on PMEO2MA brushes as shown in Figure 7.7(A,B). Generally, the CNC-

PMEO:MA-PDMC [1:5] with higher PDMC content, resulted in a sharp transition behavior

176



similar to the CNC-PMEO;MA and the LCST was 25 °C (Figure 7.7(C)). However, the CNC-
PMEO;MA-PDMC [1:8] with a relatively low PDMC content exhibited a broad phase transition
as shown in Figure 7.7(B), and the LCST was higher (28.5 °C) as shown in the phase diagram
Figure 7.7(D). DMC is a cation and is strongly hydrophilic; therefore, it is expected that the high
degree of copolymerization of DMC from CNC-PMEO;MA would result in the elevation of the
LCST. However, this was not the case, and the LCST decreased with increasing PDMC content.
The lower LCST of CNC-PMEO:2MA-PDMC [1:5], containing higher PDMC, implied that the
copolymer had higher hydrophobicity. The enhanced hydrophobicity of CNC-PMEO;MA-PDMC
[1:5] was due to the higher grafting density of PDMC leading to steric hindrance of the PDMC
chain on the PMEO;MA brush segments. As a result, the hydrophobic interactions between the
side chains of PDMC and PMEO>MA brushes were enhanced while the repulsive forces between
the quaternary ammonium groups became weaker reducing the water solubility of the copolymer.
In addition, it was reported that the high grafting density may reduce the solvent interaction with
the polymer. Thus, the degree of hydration of the densely grafted CNC-PMEO>MA-PDMC [1:5]
was lower than the sparsely grafted CNC-PMEO;MA-PDMC [1:8]. Therefore, when the
temperature was increased, the dehydration rate of CNC-PMEO;MA-PDMC [1:5] was faster
compared to CNC-POEGMA-PDMC [1:8] with lower PDMC content. Whereas in
a sparsely grafted PDMC brushes of CNC-PMEO>MA-PDMC [1:8], the repulsive forces between
the quaternary ammonium groups stabilized the copolymer; therefore, lower polymer aggregates
were formed above the phase transition. In addition, the brushes remained fully hydrated at all
temperatures as confirmed by the gradual change in the optical density due to the non-restricted

solvent penetration within the polymer brushes. As a consequence, CNC-PMEO2MA-PDMC [1:8]
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exhibited a higher LCST at 28.5 °C due to the hydrophilic nature because of the repulsive forces

that retarded the dehydration. The proposed mechanism is shown in Scheme 7.2.
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Figure 7. 7. The cloud point values obtained from the transmittance—temperature (Tr—T) curve of
CNC-PMEO;MA-PDMC [1:5] (A) CNC-PMEO>:MA-PDMC [1:8] (B), and the corresponding
phase diagram (C) ,(D) respectively.
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Scheme 7.2. Schematic illustration of the aggregation observed of CNC-PMEO:MA-
PDMC([1:5](A), and CNC-PMEO;MA-PDMC(J1:8](B) during heating.

As the thermo-responsive behavior depends on the molecular architecture, the phase transition
of CNC-PDMC-PMEO:;MA with different ratios of PDMC was also examined as shown in Figure
7.8(A,B). The phase transition behavior of the two copolymers, CNC-PDMC-PMEO:;MA [5:1],
CNC-PDMC-PMEO:MA [8:1], was relatively sharp and the LCSTs were 24.2 °C and 23.8 °C
respectively. These findings indicated that the PMEO>MA brushes on the outer surfaces
dehydrated at the transition temperature of CNC-PMEO;MA. Meantime, the PDMC in the inner
surface interacted with PMEO;MA layers through strong hydrophobic interaction and were
hindered from penetrating into the surface explaining the sharp phase transition. The mechanism

behind these observations is illustrated in Scheme 7.3.
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Figure 7. 8. The cloud point values obtained from the transmittance—temperature (Tr—T) curve of
CNC-PDMC-PMEO;MA [5:1] (A) CNC-PDMC-PMEO;MA [8:1] (B), and the corresponding
phase diagram (C) ,(D) respectively.

180



CNC-PDMC-PMEO,MA

Hydrophobic interactionsinduce sharp phase transition.
>  Inter-molecularand Intra-molecularinteracti

| Hydrophobic interactions
annf—H (Intra-molecular) :
il H +Jf /J+ :

Inter-molecular hydrophobic interactions (aggregation)

Scheme 7. 3. Schematic illustration of the aggregation observed of CNC-PDMC-PMEO;MA
during heating.

7.3.3. The effect of salt on the thermo-responsive properties of the copolymers grafted on
CNCs

The phase transition behavior of the prepared copolymers was examined in the presence of KCI
(displaying a moderate salting-out effect) using a UV-vis spectrometer. The results presented in
Figure 7.9 (A,B) indicated that the addition of KCl to the aqueous solution of CNC-PMEO:MA
caused a typical salting-out effect. The cloud point decreased with increasing salt concentration
due to chloride ions polarizing the adjacent water molecules, which in turn, weakened the
interactions between the PMEO>MA brushes and the surrounding water molecules resulting in the
dehydration of the copolymer chains. The salt effect in this case is related to the Hofmeister series

as reported previously %8,
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Figure 7. 9. The effect of salt concentration on the cloud points of CNC-PMEO:MA (A), and the
corresponding phase diagram (B).

The effect of salt on the phase transition behavior of CNC-PMEO:MA-PDMC with two
different grafting ratios of PDMC was also examined as shown in Figure 7.10(A,B). Three main
regimes of the phase transition behavior were observed after the addition of KCl presented in
Figure 7.10(C,D). The first regime exhibits a decrease in the cloud points at low KCI
concentrations (salting-out effect). It is generally accepted that the addition of salt decreases the
miscibility of the polymers by breaking the hydrogen bonding between their polar units and water
(removing hydration shell) causing a coil-globule transition. It is also known that the effects are
more pronounced for anions than for cations 22”-?2%, The second regime results revealed that the
high KCI concentrations lead to a gradual increase in the cloud points (salting-in effect). This
phenomenon can be explained by the interactions between the salt ions and PMEO>MA brushes
and in turn their conformation on the CNC-Br surface. The presence of high KCI concentrations
polarize the water molecules around the PMEO>MA brushes causing them to adopt a collapsed

chain conformation on the CNC-Br; as a result, the repulsive forces between PDMC brushes
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stabilize the copolymers. The third regime occurred at very high KCl concentrations where the
phase transition cannot be observed any more.

The presence of higher KCI concentrations induced ion-pair interaction with the quaternary
ammonium groups of the PDMC brushes. Therefore, the electrostatic interaction of the quaternary
ammonium groups was screened with anions (Cl") causing the PDMC brushes to adopt a collapsed
chain conformation on the CNC-PMEO:;MA. This translated to a decrease in the brush molar mass
and an increase in the stability of the copolymers as the size of the copolymer decreased as shown
in the TEM image (Figure 7.11(B)). Subsequently, the flat brushes were not able to form inter-
chain interactions and the transition of the copolymer cannot be observed any more. It can be
observed that the change in the transmittance of CNC-PMEO>;MA-PDMC [1:8], containing less
PDMC, was broader and did not reach 0%. In addition, CNC-PMEO2MA-PDMC [1:8] loses its
thermo-responsiveness faster than the CNC-PMEO;MA-PDMC [1:5]. These observations can
confirm that the hydrophilicity of CNC-PMEO;MA-PDMC [1:8] was higher due to the sparse
grafting that facilitates the diffusion of solvent and the salt ions. Therefore, the brushes collapsed
on the surface and the size decreased in response to high salt concentration faster. The effect of
chloride ions on the hydration and conformation of PDMC homopolymer was reported to be
associated with the presence of high chloride ions that led to chain dehydration because of the ion-

pair interactions 161:162:229.230 The proposed mechanism is shown in Scheme 7.4(A).
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Figure 7. 10. The effect of salt concentration on the cloud point values obtained from the
transmittance—temperature (Tr-T) curve of CNC-PMEO>;MA-PDMC [1:5] (A) CNC-PMEO;MA-
PDMC [1:8] (B), and the corresponding phase diagram (C) ,(D) respectively.

Figure 7. 11. The TEM images of CNC-PMEO:MA-PDMC before the addition of KCI (A) and in

the presence of KCI (B).
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Figure 7.12(A,B) represents the effect of salt on the phase behavior of the other two copolymers
CNC-PDMC-PMEO;MA. As shown in the phase diagrams Figure 7.12(C,D), two regimes were
also observed which reveals that the salting-out effect took place first followed by the salting-in
effect. The salting-out effect resulted also from the salt anions polarizing the hydrogen bonding
between water and the polar groups of the copolymer causing the dehydration. On the other hand,
the salting-in effect resulted from the change in the conformation of the PDMC brushes penetrating
to the outer layer as the salt anions caused the PMEO:MA to collapse on the CNC-Br surface.
Therefore, the stability of the copolymers increased at higher salt concentrations till the
copolymers lost their thermo-responsiveness due to high repulsive forces between the quaternary
ammonium groups on the PDMC brushes inhibiting the dehydration. The proposed mechanism

was illustrated in Scheme 7.4(B).
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Figure 7. 12. The effect of salt concentration on the cloud point values obtained from the
transmittance—temperature (Tr—T) curve of CNC-PDMC-PMEO:MA [5:1] (A) CNC-PDMC-
PMEO:;MA [8:1] (B), and the corresponding phase diagram (C) ,(D) respectively.
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Scheme 7. 4. Schematic representations of the proposed mechanisms responsible for the phase
transition behavior of CNC-PMEO;MA-PDMC (A) and CNC-PDMC-PMEO;MA (B) in the
presence of KCl, (the numbers in black circles indicate the order of the events).

7.4. Conclusions

In summary, the synthesis of cellulose nanocrystals grafted with cationic- and thermo-responsive
polymers based on DMC and MEO;MA via ARGET-ATRP is reported. The CNC-PMEO;MA-
PDMC copolymer with high PDMC content exhibited a sharp transition behavior similar to the
CNC-PMEO;MA and the LCST was 25 °C. However, the CNC-PMEO>MA-PDMC copolymer
with low PDMC content showed a broad phase transition behavior and the LCST increased to 28.5
°C. These findings indicated that the higher the grafting density the less hydrated the brushes due
to steric hindrance. In addition, strong hydrophobic interactions between the methacrylate
backbone would take place above the LCST. For the copolymers with the opposite sequence,
CNC-PDMC-PMEO:MA, the LCST was very close to CNC-PMEO:MA implying that the
PMEO:;MA brushes dehydrated above the LCST and screened the PDMC repulsive forces. As

confirmed using UV—vis measurements, the addition of salt plays an important role in tuning the
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phase transition behavior of the prepared copolymers. The CNC-PMEO>MA copolymer showed a
typical salting-out effect. On the other hand, the CNC-PMEO>MA-PDMC copolymers showed
salting-out effect at low salt concentrations due to chloride ions polarizing the adjacent water
molecules resulting in the dehydration of the copolymer chains. At high salt concentrations, the
CNC-PMEO;MA-PDMC copolymers exhibited a salting-in effect because of the chloride ions
causing the PMEO:MA to adopt a collapsed chain conformation whereas the repulsive forces
between PDMC brushes stabilized the copolymers. However, the phase transition of CNC-
PMEO:MA-PDMC copolymers cannot be observed at very high salt concentrations due to the ion-
pair interaction between salt anions and the quaternary ammonium groups of the PDMC brushes
causing PDMC brushes to adopt a collapsed chain conformation on the CNC-PMEO:;MA. For the
CNC-PDMC-PMEO:;MA copolymers, the two regimes were also observed. The salting-out effect
resulted also from the salt anions destabilizing the hydrogen bonding between water and the polar
groups of the copolymer causing the dehydration. On the other hand, the salting-in effect resulted
from the change in the conformation of the PDMC brushes penetrating to the outer layer as the
salt anions caused the PMEO>MA to collapse on the CNC-Br surface. Therefore, tuning LCST of

the block copolymer by engineering the PDMC block length, and presence of salt is achieved.
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Chapter 8. Original Contributions and Recommendations for Future Studies

8.1. Original contributions to research

Oil sands tailings contain large amounts of toxic compounds and their volumes continue to
increase each year. The oil sands tailings are disposed to the environment and stored in large
structures known as tailings ponds. The exposure to the toxic substances present in these ponds
causes nervous system disorders and skin cancer. Therefore, the treatment of oil sand tailings is
urgent in order to protect biodiversity and to recover and recycle water for extracting oil sands.
The flocculation process based on inorganic electrolytes and synthetic polymers is limited due to
the possible link between Alzheimer’s disease and residual aluminum from the use of aluminum
salts or the risk of neurotoxic effects because of the presence of residual acrylamide from PAM.
Therefore, modified polysaccharides have been extensively studied owing to their sustainability,
biosafety and biodegradability. Cellulose nanocrystal is one of the most abundant materials and
has been the subject of extensive research to enhance their potential for water treatment processes.
This thesis seeks to develop CNC-based flocculants for use in oil sands tailings treatment process.

The main objectives of this study include:

(a) development of cationic and thermo-responsive CNC-based flocculants with a tunable
LCST in the range of oil extraction process and evaluate the effect of the copolymers
coil-globule transition in bentonite removal as a model.

(b) development of cationic CNC-based flocculants with different chain length and
evaluate effect of charge density in bentonite removal as a model.

(¢) development of cationic biopolymer-based flocculants and evaluate the effect of

cationic charge distribution in bentonite removal as a model.
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(d) development of cationic and thermo-responsive CNC-based copolymers and evaluate

the effect of brush sequence, composition, and salt on the phase transition behavior.
The study examines both the material synthesis of CNC-based flocculants as well as their
effectiveness in bentonite removal. The following sections summarize the major findings of this

doctoral research.

8.1.1. Functional Cellulose Nanocrystals Containing Cationic and Thermo-Responsive
Polymer Brushes for Bentonite Removal

This study focuses on the preparation of cationic and thermo-responsive CNC-based
copolymer, where CNC was modified with MEO;MA and OEGMA300 to impart thermos-
responsive property. The thermo-responsive CNC-based copolymer was further grafted with DMC
to provide a cationic charge on the CNC surface. The cloud point measurements indicated that the
LCST of the CNC-POEGMA could be manipulated by adjusting the DMC content. The effect of
salt on the thermo-responsive characteristics of CNC-POEGMA followed a typical salting-out
effect. The CNC-POEGMA-PDMC copolymers exhibited different thermo-responsiveness
depending on the DMC content. For the copolymers with low DMC grafting ratio, the presence of
low salt concentrations led to salting-in effect because of the released PDMC brushes as the
negative charge on the CNC surface was screened while high salt concentrations caused salting-
out effect due to the strong-ion pair interactions. The flocculation results indicated that the CNC-
POEGMA-PDMC with higher grafting ratio of DMC is more effective with maximum flocculation
efficiency of 95% at 21 mg/g. The thermo-responsiveness of the copolymers resulted in more
compact flocs at lower dosage because the enhanced bridging interactions as the temperature

increased above the LCST.
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8.1.2. Flocculation of Bentonite by Cationic Cellulose Nanocrystals

In this study, the ARGET-ATRP technique was employed to synthesize cationic CNC-based
copolymers with different chain lengths. The copolymers exhibited a pH and salt-responsiveness
and the extent of sensitivity was more pronounced in the case of salt. The flocculation performance
of CNC-PDMCs and inorganic electrolytes after 5 min settling followed the Hofmeister series
based on the hydration of cations. Whereas the flocculation behavior of CNC-PDMCs and
inorganic electrolytes after 24 h settling followed the classical DLVO theory based on the valence
of cations. The CNC-PDMC:s displayed better flocculation performance with up to 95% efficiency

compared to inorganic electrolytes at lower dosages within 5 min.

8.1.3. Evaluation of Cationic Biopolymer-Based Flocculants on Bentonite Removal: Effect of
Cationic Charge Distribution

In this study, three cationic CNC based flocculants: CNC-g-PDMC, PDADMAC-coated-CNC
and PDADMAC-coated-CNF were prepared. The first was synthesized using ARGET-ATRP
while the other two were prepared by physical adsorption. The CNC-g-PDMC possessed a
branched-cationic structure while the other two systems have a flat-cationic layer structure. The
CNC-g-PDMC was found to be the most effective in removing bentonite compared to the other
two coated-polymers. These findings are based on the Singh’s model that rationalized the
dependence of flocculation performance on the conformation of flocculants. The extended cationic
brushes from CNC-g-PDMC could approach and bind more effectively to bentonite particles while
the flat conformation of the cationic-coated layer on PDADMAC-CNC and PDADMAC-CNF had

limited capability due to the lower available sites for bridging.
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8.1.4. Effects of Chain Architecture and Grafting Composition on the Thermo-responsive
behavior of Cationic and Thermo-responsive Copolymers

In this study two cationic and thermo-responsive CNC-based copolymers with different brush
sequence were synthesized using ARGET-ATRP technique. For each sequence, two grafting ratios
of DMC were considered. The cloud point measurements revealed that the LCST of the CNC-
PMEO:;MA shifted to high temperature when the PDMC brushes occupied the outer layer. On the
other hand, when the PDMC occupied the inner layers of the copolymers (CNC-PDMC-
PMEO:;MA), the LCST was close to the one of the CNC-PMEO;MA and not affected by PDMC
brushes. The CNC-PMEO:MA exhibited a typical salting-out effect while the CNC-PMEO:MA -
DMC and CNC-PDMC-PMEO:MA exhibited a salting-out effect at low salt concentrations and a

salting-in effect at high salt concentrations.

8.2. Recommendations for future studies

Based on the results of the study conducted in this doctoral research, the following
recommendations are suggested for future studies.

In Chapter 3, the flocculation performance of CNC-POEGMA-PDMC was more effective when
the RMHS protocol was used; however, the flocculant dosage was considered to be high.
Therefore, it is recommended to use CNC-PDMC first and then CNC-POEGMA because the high
grafting density on the CNC substrate (in the case of CNC-POEGMA-DMC) could limit the
capability of PDMC brushes to neutralize the bentonite particles. In addition, the compactness of
the flocs could be higher after the addition of CNC-POEGMA since bentonite particles were
neutralized in the first step by CNC-PDMC. Consequently, the water recovery could be higher.
This recommendation is based on the results obtained in Chapter 4 where the use of CNC-PDMC

alone resulted in 95% bentonite removal at 3 mg/g dosage within 5 min settling.
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In Chapter 5, the CNC-PDMC showed better flocculation performance compared to inorganic
electrolytes with flocculation efficiency of 95% within 5 min settling. The next steps will be to
assess the efficiency of CNC-PDMC in the presence of inorganic electrolytes. The CNC-PDMC
exhibited salt-responsiveness behavior which could alter their flocculation performance. It is
recommended that we examine the validity of applying CNC-PDMC as a flocculant for wastewater
containing anionic particles.

In Chapter 6, two recommended steps could be taken into consideration. First, we should
compare and evaluate the flocculation performance of PDADMAC-coated-CNC and PDADMAC-
coated-CNF with only the PDADMAC, where the effect of charge density can be studied in detail.
Second, we should examine the flocculation efficiency of CNC-PDMC where the PDMC brushes
grafted from de-sulfated CNC is compared to CNC-PDMC with sulfated CNC substrate with the
same grafting ratio of PDMC. Will the presence of negative charges on CNC facilitates the
repulsion between CNC-PDMCs and therefore enhancing the flocculation performance? Is the
extended PDMC brushes critical to the flocculation performance of the system.

In Chapter 7, the prepared CNC-PMEO;MA-DMC and CNC-PDMC-PMEO;MA have a LCST
not in the range of oil sands extraction, therefore, we could not examine their flocculation
efficiency at the processing temperature. Hence, it is recommended that we graft OEGMA300 and
MEO:;MA from CNCs surface with the ratio 1:4 (mole ratio) as the results in Chapter 4 revealed
that the LCST was 50 °C. Subsequently, we should compare the flocculation efficiency of CNC-
POEGMA-PDMC with CNC-PDMC-POEGMA and evaluate the effect of chain architecture on

the floc formation.
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