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Abstract

In this thesis, a new chemical modification of cellulose on the macro, nano and molecular scale
was performed and various applications of the modified celluloses were explored. On the
macroscale, we synthesized a new cationic cellulose derivative fiber called diaminocellulose fiber
(DAmF). DAmF was prepared by a two-step process; first by oxidizing the polymeric chains of
pulp by a periodate reaction, followed by a reductive amination reaction to convert aldehyde
groups to primary amine. The resulting fiber had a dark brown color, and its amine content was
double that of chitosan (a well-known bio-renewable cationic polymer). Like chitosan, DAmF can

also be solubilized at low pH which gives the molecular scale form, diaminocellulose (DAmMC)

On the nano scale, a new member of the hairy nanocellulose (HNC) family was developed. We
refer to this new HNC as aminated nanocrystalline cellulose (ANCC). ANCC consists of a
crystalline rod-like body and amorphous cellulose chains (“hairs™) at both ends that contain
primary amine groups. To synthesize ANCC, dialdehyde modified cellulose (DAMC) was
prepared by partial periodate oxidation of cellulose and subsequently the aldehyde groups of
DAMC were converted into primary amines by reductive amination reaction, which yielded
diamine modified cellulose fiber (DAmMF). DAmMF were subjected to an acidic hot-water

treatment to isolate amine-functionalized hairy nanocellulose.

Finally, DAmF and DAmC were used in the purification of dyed wastewater and in the removal

of lead from water and ANCC was used for its anti-microbial property.
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Résumé (French abstract)

Dans cette theése, une nouvelle modification chimique de la cellulose a 1'échelle macro, nano et
moléculaire a été réalisée et diverses applications des celluloses modifiées ont été explorées. A
I’échelle macro, nous avons synthétisé une nouvelle fibre dérivée de cellulose cationique appelée
fibre de diaminocellulose (DAmF). Le DAmF a été préparé selon un processus en deux étapes ;
d'abord en oxydant les chaines polyméres de la pate par une réaction au périodate, suivie d'une
réaction d'amination réductrice pour convertir les groupes aldéhyde en amine primaire. La fibre
résultante avait une couleur brun foncé et sa teneur en amine était le double de celle du chitosane
(un polymeére cationique bio-renouvelable bien connu). Comme le chitosane, le DAmF peut
¢galement étre solubilis¢ a faible pH, ce qui donne la forme a I'échelle moléculaire, la

diaminocellulose (DAmMC).

A 1’échelle nanométrique, un nouveau membre de la famille des nanocelluloses poilues (HNC) a
¢té développé. Nous appelons ce nouveau HNC cellulose nanocristalline aminée (ANCC).
L'ANCC se compose d'un corps cristallin en forme de batonnet et de chaines de cellulose amorphes
(« poils ») aux deux extrémités qui contiennent des groupes amine primaire. Pour synthétiser
I'ANCC, de la cellulose modifiée par du dialdéhyde (DAMC) a été préparée par oxydation
périodate partielle de la cellulose, puis les groupes aldéhyde de la DAMC ont ¢été convertis en
amines primaires par réaction d'amination réductrice, ce qui a donné une fibre de cellulose
modifiée par une diamine (DAmMMEF). Les DAmMEF ont été soumis a un traitement acide a 1'eau

chaude pour isoler la nanocellulose poilue fonctionnalisée par une amine.

Enfin, le DAmF et le DAmC ont ¢été utilisés dans la purification des eaux usées teintes et dans

I'élimination du plomb de I'eau et ' ANCC a été utilisé pour ses propriétés antimicrobiennes.
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1.

Contribution to Original Knowledge

Synthesis of Diaminocellulose

Here we developed a new protocol for functionalizing cellulose with primary amine
groups. This involves the periodate oxidation of cellulose pulp followed by a reductive
amination reaction in the presence of excess ammonia and absence of water. With this
process, we were able to produce diaminocellulose fiber (DAmF) and Diaminocellulose
(DAmC) with amine content of 9.5 mmol g!. We explored their application in wastewater
treatment and discovered that DAmF is a green alternative to petroleum-based reusable
adsorbent.

An addition to hairy nanocellulose - Aminated nanocrystalline cellulose (ANCC)
Animated nanocrystalline cellulose (ANCC) is a new type of hairy nanocellulose (HNC)
that we synthesized. ANCC has polymeric chains sticking out of the ends like “hairs™ that
contain primary amine groups. This process involves partial periodate oxidation and
subsequent reductive amination of cellulose fibers, followed by acidic hot-water treatment
and addition of cosolvent to isolate the particles. ANCC is confirmed to be electrosterically
stable and shows antibacterial activity, significantly higher against Gram-negative bacteria

than Gram-positive ones.

Xi
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Chapter 1

THESIS RATIONALE



In materials science, the availability, reusability, and biodegradability of cellulose have provided
researchers motivation to investigate this organic biopolymer. Cellulose has frequently been
studied for its utility in various industries because of the ever growing need to manufacture
materials in a sustainable way. It has gained a lot of attention due to its distinctive physical
characteristics, which include high mechanical strength, low mass density, and excellent stability
in harsh environments (such as acid or high temperature). Additionally, because cellulose has
accessible functional groups, it is easy to functionalize it, in order to modify its chemical properties
to suit the required application. Many parts of the world have easy access to various types of
carbohydrates and cellulose, which are produced in high abundance by plants, bacteria, and marine
life. Due to these outlined reasons, researchers have shown interest in modifying and exploring
carbohydrates in various forms in order to employ them for a wide range of unique applications.

This thesis contributes to novel derivatives and applications of cellulose.

1.1. Research Objectives

The main goal of this thesis is to develop a protocol for synthesizing aminated cellulose with high

amine content and to explore some of its potential applications.

To achieve the main objective, the project was divided into sub objectives as follows:

(a) Develop a protocol for the functionalization of cellulose with primary amine groups

(b) Synthesize the various forms of aminated cellulose and study its properties. The forms of

cellulose are cellulose fiber, dissolved cellulose, and cellulose nanocrystals.

(c) Utilize aminated cellulose by taking advantage of its high primary amine content for water

purification.



1.2. Outline and Scope of the thesis.

This is a manuscript-based thesis consisting of 1 published paper (Chapters 5)

Chapter 2 provides some information about cellulose and its various derivatives, the main
chemical modifications that were used in this thesis, a brief literature review on the use of
fibers, dissolved cellulose and nanocellulose for biomedical and industrial applications and some
chemical analytical techniques employed to characterize the materials qualitatively and

quantitatively.

Chapter 3, we demonstrate the development of the protocol in synthesizing aminated cellulose.
Here we synthesized DAmF and DAmC and utilized them in dye removal. We studied the effect

of various environmental conditions on dye removal such as ionic strength, pH, etc.

Chapter 4, we used DAmF and its precursor diiminocellulose (DImC) to adsorb lead ions form

solution. We studied the effects of pH, time, and concentration on adsorption.

Chapter 5 We employed the protocol in synthesizing a new type of hairy nanocellulose, ANCC
and study its properties such as size, morphology, zeta-potential and antimicrobial property against

Gram-positive and Gram-negative bacteria.

This chapter has been published (Koshani, R.; Eiyegbenin, J. E.; Wang, Y.; van de Ven, T. G. M.,
Synthesis, and characterization of hairy aminated nanocrystalline cellulose. J Colloid Interface Sci
2022, 607, 134-144). The first two authors contributed equally to the paper as evidenced by the

attached letter of Roya Koshani.

Chapter 6 provides concluding remarks on the three manuscripts and protocols developed, with

suggestions on future work to be done.



1.3. Contribution of Authors.

Chapter 2: Introduction and literature review of cellulose, modifications, and utilization of

cellulose-based materials.

Chapter 2 was researched and written entirely by Jane E. Eiyegbenin, with prof. van de Ven helping

with final editing of text.

Chapter 3: The removal of anionic dye in wastewater treatment by adsorption on

diaminocellulose.

Eiyegbenin, J. E.; Nguyen C.; and van de Ven, T. G. M., The removal of anionic dye in wastewater

by treatment by adsorption on diaminocellulose. (To be submitted)

Contributions: Jane Ebosetale Eiyegbenin designed and performed all experiments,
characterization, data analysis, wrote the manuscript and supervised Chouchou Nguyen, an
undergraduate student who helped in performing the experiment. Theo van de Ven supervised the

author, provided input during the research, and edited the manuscript.

Chapter 4: Sorption of lead using diimino- and diaminocellulose.

(b) Eiyegbenin, J. E.; and van de Ven, T. G. M., Sorption of lead using diiminocellulose and

diaminocellulose. (To be submitted)

Contributions: Jane Ebosetale Eiyegbenin performed all experiments, characterization, data
analysis and wrote the manuscript. Theo van de Ven supervised the author, provided input during

the research, and edited the manuscript.

Chapter 5: Synthesis and characterization of hairy aminated nanocrystalline cellulose



Reprinted (adapted) with permission from: Koshani, R.; Eiyegbenin, J. E.; Wang, Y.; van de Ven,
T. G. M., Synthesis, and characterization of hairy aminated nanocrystalline cellulose. J Colloid

Interface Sci 2022, 607, 134-144.

Contributions: Jane Ebosetale Eiyegbenin developed the protocol for aminating cellulose, Roya
Koshani is the expert in nanocellulose. Jane and Roya Koshani performed all experiments except
the antibacterial tests, wrote, and edited the manuscript. Yixiang Wang reviewed and edited the
manuscript and Theo G. M. van de Ven supervised the project, provided input during research, and

edited the manuscript.

Chapter 6. Conclusions and future work.

Chapter 6 was researched and written entirely by Jane E. Eiyegbenin, with prof. van de Ven helping

with final editing of text.



Chapter 2

INTRODUCTION AND LITERATURE REVIEW OF CELLULOSE, MODIFICATIONS,

AND UTILIZATION OF CELLULOSE BASED MATERIALS



Cellulose has been extensively researched and modified for industrial, medical, food, etc.
applications. Depending on the type of chemical modification and degree of substitution, different
forms of cellulose can be obtained and utilized for several applications, namely, fibers
(macroscale), cellulose microfibrils (microscale), nanocellulose (nanoscale), and dissolved

cellulose (molecular scale). These materials will be discussed below.

2.1. Cellulose fibers — The macroscale

In this section, we discuss cellulose fibers extracted from wood fibers because we used Domtar
softwood kraft pulp sheets with 86.8 % Alpha cellulose, 12 % Gamma cellulose, 0.9 %
hemicellulose, 0.15 % lignin, and 0.2 % ash in the development of the thesis. This can and will be

used interchangeably with pulp.

Wood fibres are long slender hollow cylinders with lengths, widths and wall thickness ranging
from 0.5-4 mm, 20-50 pum, and 2-10 pm respectively'. They are mostly obtained from branches
and tree trunks are composed of 40-60% cellulose, 20-30% lignin, and 10-30% hemicellulose
depending on the source?. Cellulose serves as the fibre backbone in a hemicellulose and lignin
matrix and is primarily responsible for the mechanical strength of wood fibres. Hemicelluloses are
branched carbohydrates while lignin is a complex biopolymer composed of varying amounts of
three monolignols (p-coumarylalcohol, coniferyl alcohol, and sinapyl alcohol) depending on the
source’. As illustrated in Fig. 2- 1, wood fibers are composed of bundles of cellulose microfibrils

which are bundles of cellulose nanofibrils.



Wood fiber

Nanofibril

/

Microfibril

100—-300 nm

Crystalline region Amorphous region

cellulose nanofibril

Fig. 2- 1. Schematic representation of the hierarchy of cellulose from macroscopic down to the nano level (nanofibrils (4-10 nm),

microfibrils (50-100 pm), and wood fiber (2-3 um)). Ref* with some modifications

In wood fiber as shown in Fig. 2- 2, there are three layers that surround the lumen (the hollow
cavity inside the fibre). Moving outward from the lumen, the secondary layer (S) is the first layer
that consist mostly of cellulose and hemicellulose and this layer is subdivided into S1, S2 and S3.
The outer most layer is the primary wall that contains predominantly lignin. The fibers in wood
are separated by the middle lamella, which is almost entirely lignin and binds the neighbouring

cells.



Secondary wall
$1, 82, S3

Primaryf
\—'—” wall I

Middle lamella — e

Cell membrane
Fig. 2- 2. Different layers in cell wall of a wood fiber’. Copyright © 2022 American Society of Plant Biologists

One of the most common methods for producing cellulose fibres (a.k.a. pulp) is by kraft pulping
and bleaching process. Kraft pulping is a process of treating wood fibers with sodium hydroxide
and sodium sulfide under pressure to dissolve lignin without disrupting the cellulose backbone as
much as possible®. A bleaching step is then performed to remove any residual lignin and achieve
brightness. This results in a loss of 20-30% in total weight of the original fiber and a more porous
structure is attained, considerably improving chemical accessibility. After the pulping process,
only the S layers survive, and consequently, when kraft fibres are utilised as a starting material like
in this thesis, it is only the S layer that is being studied’. This S layer consists of microfibrils which
are bundles of nanofibrils with alternating amorphous and crystalline regions with a degree of

polymerization up to 20,000 units and varying crystalline sizes depending on the source®. At room



temperature and pressure, its high degree of H-bonding makes cellulose fiber insoluble in water or

dilute acids and alkalis.

2.2. Cellulose Microfibrils — The microscale

Cellulose microfibrils are hierarchical structures formed by the aggregation of cellulose
nanofibrils’. They have lateral dimensions of up to 100 nanometers and axial dimensions of
micrometers'®. Within plant cell walls, cellulose microfibrils provide the structural framework that
contributes to the mechanical integrity of the plant. These microfibrils consist of bundled
nanofibrils, held together by hydrogen bonding, and van der Waals forces (nanofibrils is discussed
in section 2.3.1). The arrangement of cellulose microfibrils contributes to the unique properties of

various natural materials, including wood, cotton, and other fibrous plant tissues.

2.3. Nanocellulose — The nanoscale

Nanocellulose is a fibrous material with at least one dimension on the nanometric scale (1-100
nm), with interesting properties such as large specific surface area (typically >30 m?g ! depending
on the type'"), aspect ratios, and simple surface functionalization'?2. With the advancement in
nanotechnology, nanocellulose has attracted the interest of researchers all over the world due to its
low cost, biocompatibility, renewability, exceptional reactivity, and ideal physical properties such
as light weight, high stiffness, tensile strength, strength-to-weight ratio, optical transparency, and
low thermal expansion'® ', Depending on the source of cellulose and processing conditions,
cellulose nanostructures have been classified into four distinct groups: cellulose nanofibrils also
called cellulose nanofibers (CNFs)!°, Cellulose nanocrystals (CNCs)'S, bacterial nanocellulose
(BNC)", and hairy nanocellulose (HNC)'®. However, we only discuss CNFs, CNCs and HNCs as

they can all be produced from cellulose fibers. In BNCs synthesis, it is a bottom-up approach with
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the use of bacteria such as Acetobacter to synthesize pure nanocellulose unlike the others which

are plant derived and the focus of this thesis '°.

2.3.1. Cellulose Nanofibrils

Cellulose nanofibrils (CNFs) also known as nanofibrillar cellulose or cellulose nanofibers are
micron-sized fibres with nano-dimension cross sectional structures or nano-sized fibres that are
less than 100 nm wide, but typically around 5nm*. Due to CNFs retaining both its crystalline and
amorphous regions, they have longer length with high aspect ratios (length to diameter) in
comparison to CNCs or HNCs?!. CNFs has been used in different applications such as additives
in coating??, hydrogels?, rheological modifiers*, etc. They can be extracted through mechanical

25,26 qultra-fine friction

disintegration of cellulose fibers by high pressure homogenization
grinding®’, refining process®®, twin-screw extrusion?® high speed grinding®, ultrasonication®!,

cyrocrushing??, ball milling® or aqueous counter collision (ACC)**.

They can also be manufactured chemically. Chemical processes involve first loosening the
crystalline domains and interfibrillar interactions in cellulose raw materials before facile
mechanical separation into nanofibrils®>. The most common chemical process, TEMPO (2,2,6,6-
tetramethylpiperidin-1-oxyradical) catalytic oxidation is performed with a combination of
TEMPO, NaBr and NaClO in water at pH 10 — 11. This reaction selectively oxidizes the hydroxyl
groups on the Cg position to carboxylate salt via aldehydes on the surface of the crystalline regions
of the fibrils*®. The introduction of carboxylate salts creates negative charges on the fibril surface
which helps to repel and stabilize fibrils in suspension when they are separated from the fibril
bundles through subsequent mechanical refining such as blending or high-pressure
7

homogenization®’. The resulting nanofibrils have a narrow size distribution. Other chemical

processes similar to TEMPO to produce CNFs is by carboxymethylation® and periodate-chlorite

11



oxidation®® that also introduces carboxylates on the fibril surface. Other chemical processes

include sulfonation*’, quaternization*', solvent-assisted pretreatments*>-4
9 9

2.3.2. Cellulose nanocrystals (CNCs)

Cellulose nanocrystals (CNCs) also called nanocrystalline cellulose (NCC) are rigid cellulose
nanorods measuring 3-10 nm in width and 100-200 nm in length*>. CNCs are synthesised through
the hydrolysis of the amorphous regions in the cellulose chains leading to the liberation of
nanocrystals*. The synthesis of CNC is most commonly achieved through sulfuric acid-mediated
hydrolysis. This method involves the use of sulfuric acid to break down the amorphous cellulose
segments and hydrolyze the glycosidic bonds, while simultaneously esterifying the surface
hydroxyl groups to form sulfate half-ester groups. A study by Mukherjee and Woods identified the
concentration of sulfuric acid (specifically 64 wt. %) as an important factor in producing sulfated
cellulose nanocrystals (sSCNC, see Fig. 2- 3a)*’. Other acids have also been used for this process
such as phosphoric acid*®, hydrobromic acid*, hydrochloric acid®’, maleic acid®!, etc. Currently,
several companies produce sCNC using forestry pulp feedstocks. Some notable ones include
Alberta-Pacific Forest Industries, GranBio, and the industry-leading Celluforce. These companies
utilize sulfuric acid hydrolysis to produce sSCNCs on a large scale. In Canada, Anomera and Blue
Goose Biorefineries are the leading industrial producers of CNCs specifically carboxylated
cellulose nanocrystals (cCNCs — see Fig. 2- 3d). Anomera utilizes a hydrogen peroxide-assisted
method while Blue Goose Biorefineries uses a transition-metal-catalyzed process®> >3
Carboxylated cellulose nanocrystals (¢cCNCs) exhibit comparable colloidal stability, uniform
nanoscale lengths, and high crystallinity to sulfated cellulose nanocrystals (SCNCs). Like the

sulfate half-ester groups found in sCNCs, cCNCs possess carboxyl groups that enhance the

electrostatic repulsion between neighboring CNCs, preventing their aggregation. An intriguing

12



characteristic of cCNCs is the potential for these carboxyl groups to undergo further reactivity,
allowing for surface modifications that can customize the properties of the nanomaterial to suit
specific downstream applications®®. Some other non-acid hydrolysis methods to produce CNCs

57-59

include the use of TEMPO-H,0,°, ammonium persulfate*®, ionic liquids®’°, enzyme®, and deep

eutectic solvents (DES)®!.

In our lab, we developed a new class of nanocellulose known as hairy nanocellulose (HNC). Unlike
the CNCs described in the previous paragraphs, HNCs consist of crystalline rods (which we refer
to as NCC) with amorphous regions protruding from both ends. HNCs are produced via a partial
oxidation of cellulose fibers using periodate followed by either chlorite oxidation or reductive

amination 2.

# N ; o
1 . o
o o
T 4 b d.

(b) SNCC (¢) ENCC

N /

Cellulose nanofibrils o

e — e ., —

(d) cCNC
SN ST b ——amen JM
- oo H.N NH, - -
v T d\

A (H ANCC (e) BNCC

(a) sCNC

re (2) CNCC

Fig. 2- 3. Diagram showing the different types of CNCs and HNCs made from cellulose nanofibril. The various HNCs are discussed

in the text below.
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2.3.3. Hairy nanocrystalline cellulose (HNC)

The van de Ven research group developed a new class of nanocellulose called hairy nanocellulose
(HNC). HNCs can also be considered as nanocrystalline cellulose (NCC) because these particles
contain both a crystalline region with polymeric amorphous chains sticking out its ends like
“hairs”®. Hairy nanocelluloses are rod-shaped particles that are 100-200 nm long and 5-10 nm
wide and can withstand high ionic strength without flocculation®. HNC synthesis involves partial
sodium periodate oxidation of pulp in which the C,-C3 bonds of the glucose chains are broken,
thereby cleaving the cellulose chains in the amorphous region. These amorphous chains are

kinetically accessible and can be functionalized with different functional and charge groups.

The types of HNCs that have been synthesized so far are illustrated in Fig. 2- 3: (b) sterically
stabilised hairy nanocellulose (SNCC) is a neutral HNC functionalized with aldehyde groups,
which are highly reactive and can be used as an intermediate to react with other compounds or
functional groups®’; (c) electrosterically stabilised hairy nanocellulose (ENCC) is functionalized
with carboxyl group which has a negative charged and a carboxylic content of about 6 mmol per
gram®; (e) bifunctional nanocrystalline cellulose (BNCC) is functionalized with both carboxyl
and aldehyde groups®; (f) aminated nanocrystalline cellulose (ANCC) is functionalized with
primary amine groups and has an amine content of 5.5 mmol per gram®’; (g) cationic
nanocrystalline cellulose (CNCC) is functionalized with quaternary amine®®. SNCC in solution is
stabilized by the steric repulsion between the polymeric chains while ENCC, CNCC, BNCC and
ANCC are stabilised by both steric and electrostatic repulsions (a.k.a. electrosterically stabilized
HNCs (eHNC)). Fibres functionalized with carboxyl groups must have a minimum charge content
of 3 meq per gram to spontaneously disintegrate into nanocellulose without mechanical or heat

treatment, while fibres functionalized with aldehyde or amine groups need heat treatment ®. It
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must be emphasized that the charge content of HNCs can be tuned by trimming the hairs via acid

hydrolysis.

In comparison to CNCs, HNCs show a higher stability at high ionic strengths as shown by Lenfant,
et al. (2017)7. In this study, the stability of SCNC and ENCC suspensions (both negatively
charged) were studied at various monovalent (Na*) and divalent (Ca*") salt concentrations. It was
demonstrated at sSCNCs form gels at low salt concentrations (ionic strength I = 20 mM) due to
agglomeration while ENCC could withstand much higher salt concentrations. Precipitation
occurred with Na* at I = 200 mM and gelation with Ca** due to bridging of the carboxyl groups

when [Ca?'] = [COOH]/2.

We can measure the size and morphology of HNCs by AFM and TEM, but the protruding hairs on
HNCs cannot be detected by these techniques. The presence of the hairs can be concluded from
the hydrodynamic size variations of these particles under specific conditions. When
electrosterically stabilized HNCs (ENCC, CNCC, ANCC) are placed in varying ionic strengths

solutions,®* ¢7- 68

or a cosolvent (e.g. propanol) is added to sterically stabilized HNC (SNCC)
solution®®, we can measure the change in particle size by dynamic light scattering (DLS). For
example, when salt is added to ENCC, the ions partially screen the charges and “folds” the hairs
of these particles (reduces their expanded state), thereby decreasing their effective diameter. After
full charge screening, ENCC starts to aggregate at a specific salt concentration (~2 M). This
method can confirm the presence of hairs, but not their position, therefore, a few studies have been
performed on hydrolyzed ENCC (HENCC). HENCC, when cross-linked with diamine or azide—
alkyne showed that the particles formed end-to-end linkages, thus proving that the carboxyl groups

were located in the protruding hairs”'. In another study, a micro-sized network was formed from

covalently linking positively charged PAMAM dendrimers to HENCC particles, to which
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negatively charged latex beads were attached. AFM images showed the latex beads were
predominantly located at the extremities of HENCC particles where PAMAM dendrimers resided,

confirming again that the hairs are located at both ends of the particle’.

2.4. Dissolved cellulose — The molecular scale

In this thesis, we define dissolved cellulose as a cellulose derivative that is completely soluble in
water and has no crystallinity, we consider this as “cellulose at the molecular scale”. As earlier
mentioned, cellulose is insoluble in water and in most solvents, but can be made soluble with
chemical treatment or modifications. Dissolved celluloses are useful in numerous applications

)73

such as making of gels (hydrogels, sol-gels or aerogels)’, as natural dispersants, flocculants’®,

emulsifiers’>, thin film fabrication’®, etc.

Solubilization of cellulose can be done in three ways; solubilization in solvent (such as ionic
liquid”’), solubilization of cellulose chains as a by-product of nanocellulose synthesis’® and
solubilization by chemical modification of cellulose pulp. We would only emphasize solubilization

by chemical modification as that is the focus of this thesis.

One of the most successful ways to dissolve cellulose is via the viscose process. This process
developed by Cross et al. converts cellulose to cellulose xanthate by a reaction with carbon
disulfide in sodium hydroxide, and this derivative is soluble in a NaOH solution'®. Although the
process is widely used today, the process is environmentally tasking and harmful to human health
due to the liberation of CS, which has led to documented hysteria’, developments of coronary

heart disease®, strokes®!, leukemia®

, etc. among factory workers. In addition, it has been
uncovered that the main viscose suppliers, who are primarily located in Asia, dump untreated CS>

wastewater into neighbouring lakes and rivers, jeopardising the livelihoods of residents®’.
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Therefore, extensive research has been done on environmentally friendlier methods of dissolving

cellulose.

Introducing hydrophilic groups on cellulose can result in dissolution but to achieve amorphization
of cellulose, the degree of substitution has to be high so as to completely disrupt the intra- and
inter- hydrogen bonds holding the polymeric chains together. Such modifications are mentioned

in section 2.6.

2.5. Cellulose — The building block

In this section, we will discuss the biopolymer, cellulose, which serves as the building block for
the materials discussed in sections 2.1 - 2.5. Cellulose is a natural, highly insoluble polymer
consisting of repeating units of cellobiose as shown in Scheme 2- 1. This monomer is 1.03nm in
length and is a dimer of glucose (also called D-anhydroglucopyranose unit (AGU)) linked via a
(1—4) glycosidic bond®*. The number of B 1-4 glycosidic bonds determines the degree of
polymerization (DP), which is in the range of 10, 000 and 15,000 depending on the material from

which the cellulose is sourced *°.

OH
OH OoH 9
HO 0 HO
HO d 0 o H
OH
OH OH
Y J
Non- reducing end Cellobiose unit Glucose unit Reducing end

Scheme 2- 1. Molecular structure of a cellulose unit, showing the cellobiose repeat unit, the glucose monomer and reducing and

non-reducing end. Ref* with some modifications
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The ends of the cellulose chain are chemically distinct with one end having a free OH-group at C4
(nonreducing end), while the other end has reducing properties and a free hemiacetal or aldehyde
group at the C1 position®”. The hydroxyl groups on C2, C3 and C6 give the structure chemical
reactivity and hydrogen bonding (inter- and intramolecular), in addition to self assembly in
crystalline and amorphous regions, which is taken advantage of in both chemical and physical
modifications®. Infrared and C-Nuclear Magnetic Resonance investigations of native cellulose
indicated that intramolecular H-bonds are formed between the OH-group at C3 and the
neighbouring ether oxygen (O5) of the AGU, and between the OH-group at C6 and the adjacent
OH-group of C2. Intermolecular bonds, on the other hand, are generated primarily between the
OH-group at C6 and the oxygen atom in C3 of nearby cellulose chains’'. These bonds are

1llustrated in Scheme 2- 2.

Scheme 2- 2. Intramolecular (- - - -) and intermolecular (- - - -) hydrogen bonding networks in cellulose structure. Ref'? with some

modifications.
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This biopolymer can be found in nature in wood, plants, animals, algae, fungi, and bacteria, with
wood and cotton being the two most abundant sources of cellulose®. It is also one of the most
abundant material on earth and the most common organic polymer, representing about 1.5 x
10'2 tons of the annual biomass production. Cellulose is considered an almost inexhaustible source
of raw material for the increasing demand for environmentally friendly and biocompatible
products > **. As a naturally important material, cellulose has been the subject of extensive
research into its formation, chemical and physical structures, isolation and purification, and
chemical modifications. These studies have resulted in a better knowledge of its nature, behaviour,

and the development of value-added products in modern society.

Modification of cellulose is usually done on the hydroxyl groups on carbons at positions 2, 3, and
6 which have different reactivities. The extent to which these are modified greatly influences the
chemical and physical properties of the cellulose derivative. As a result, a method for determining
the average degree of substitution (DS) based on polymerization degree and probability of
attaching to C2, C3, and C6 atoms was developed. The degree of substitution (DS) in cellulose
refers to the average number of substituent groups attached per base unit of cellulose (substitution
of OH group at the three positions). It provides information about the extent of chemical
modification or derivatization of cellulose®. The maximum DS that can be achieved is 3 (~18.5
mmol g!), this implies that all three OH groups have been substituted. When oxidation reaction is

performed on cellulose, the degree of oxidation (DO) can be used in place of DS.

2.6. Modifications of Cellulose

Chemical modification can be done to an extent to which the fibers are intact and insoluble in

water, and this can be advantageous in textile making, paper making, manufacture of water
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purification adsorbent, wood and metal coating, thin film fabrication, antimicrobial wound

dressing etc. Some of these modifications include.

1.

Carboxylation by carboxymethylation'®, periodate-chlorite oxidation'®, TEMPO-mediated
oxidation!”, etc. This introduces negative charges on pulp because carboxylic acids have
pKa in the range of 1.5-5%; therefore, DS should be less than 0.5 to prevent the dissolution
of fibers at room temperature and neutral pH.

Amination by grafting!® or direct synthesis (to be discussed later on). This introduces
positively charged amines on the fibers, but DS can be higher because simple alkyl amines
are generally weak bases (pKaH in the range of 9.5-11)°7 and therefore would not have a
high charge content at neutral pH.

Other modifications include esterification®®, etherification®, nitrification'®, silylation'‘!,

polymer grafting!'%?, phosphorylation'®*, thiolation'*, etc.
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Scheme 2- 3. Flow diagram showing some modification on the cellobiose monomer of cellulose.

2.6.1. Periodate oxidation

The base reaction for the amination reactions performed on cellulose in this thesis is the periodate
reaction. This reaction is a stereospecific oxidative cleavage of 1,2-diols that results in the creation
of two carbonyl compounds, aldehydes or ketones, by the formation of a cyclic intermediate that
results in the cleavage of the C-C bond'®. Scheme 2- 4 depicts the simplified mechanism of the
oxidation of cellulose (carbohydrates) by acting on the hydroxyl groups in the 2,3-positions,
resulting in anhydro D-glucopyranose ring opening and the formation of 2,3-dialdehyde cellulose
(DAC). The degree of oxidation (DO) is controlled by the amount of periodate used and/or the
time of reaction. The DO determines the physical and chemical properties of the produced DAC.
The more reactive aldehyde groups are further explored to make various products for different

applications, i.e., water purification and textiles 3% %,
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Scheme 2- 4. Mechanism for periodate oxidation reaction of a glucose monomer of cellulose

One major drawback of this reaction is the high cost of periodate. This can be combated by
regenerating periodate chemical by secondary oxidation agents or electrochemical reactions. The
electrochemical regeneration of periodate has been explored in production of dialdehyde starch!%®.
Electrochemical oxidation is not ideal for periodate regeneration due to high operating costs and
electrode sensitivity. Electrode sensitivity may also be related to the partial breakdown and
degradation of cellulose (and other polysaccharides) during periodate oxidation, resulting
in regeneration difficulties. It has been shown that under mild oxidation conditions (A.C = 0.4
mmol/g) hypochlorite has been used as a secondary oxidation agent to regenerate 100 % of used
periodate!”’. The regenerated periodate had the same oxidation capability as in the first cycle.
However, when the oxidation duration (and hence the aldehyde concentration) was increased,
regeneration efficiency declined significantly. It was thought that the loss in regeneration
efficiency was related to the production of a small fraction of dissolved cellulose degradation that
could not be eliminated by ultrafiltration. However, hypochlorite was shown to be a good chemical
for periodate regeneration and might reduce the cost of the oxidation phase from around 16,500
€/ton to approximately 450 €/ton. The study using ozone was also very promising as it was able to

regenerate 90% periodate quite rapidly at high pH (pH > 13)!%,
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Periodate reaction of cellulose can be used to produce DAC fiber on a macro scale, SNCC on a

nano scale and dissolved DAC on a molecular scale.

2.6.1.1. Dialdehyde cellulose (DAC) and dialdehyde modified cellulose (DAMF) fibers.

The periodate oxidation reaction product, 2,3-dialdehyde cellulose is fibrous and insoluble in water
at room temperature and its look and texture is similar to pulp. Fully oxidized product has a degree
of oxidation (DO) = 2 which translates to an aldehyde content of 12.5 mmol g'. This means that
the two hydroxyl groups on C; and C; of each monomer in the polymeric chain have been
converted to aldehyde groups (see (a) in Scheme 2- 3). Depending on the degree of oxidation, the
product can be referred to as DAC with an aldehyde content (AC) > 9.0 mmol g™ or dialdehyde
modified cellulose fiber (DAMF) with AC of 3 - 8 mmol g''. Due to the higher aldehyde content,
DAC fiber has reduced hydrogen bonding, is more reactive than cellulose, highly soluble at > 60
°C and cannot be mercerized. Mercerization is a process that involves treating cellulose with a
strong alkali solution to improve tensile strength, luster, hygroscopic property, dye uptake, etc. of
the fabric'®. During periodate reaction, severe depolymerization occurs which leads to a decrease
in crystallinity and structural integrity which is integral for mercerization!!* ''!. DAMF with low
DO (~3 mmol/g) has a very low solubility at >60 °C and retains similar chemical properties to
cellulose due to a low degree of modification. Solubility via mercerization can be achieved without
decomposition®®. From now on, wherever DAMF is mentioned, we mean DAMF with an AC ~6.5

-8 mmol g!' (DO ~ 1-1.3)

The ability to further modify DAC and DAMEF fibres to incorporate carboxylic acid, alcohol, and
primary amine groups is just one benefit of the aldehyde groups' reactivity, which is further

discussed in this chapter. The fibres have also been used to remove dyes.!'!?
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2.6.1.2. Sterically stabilized nanocrystalline cellulose (SNCC)

SNCC is a type of hairy nanocellulose that has aldehyde groups on the hairs protruding from its
ends. DAMF is synthesized and solubilized at high temperature after which propanol is added into
the solution to precipitate out SNCC®. This HNC is sterically stable in water because the
protruding polymeric chains creates an entropic repulsion between the nanoparticles. SNCC has

been successfully used to develop antibacterial wound dressing!!3.

2.6.1.3. Dissolved dialdehyde cellulose (DDAC)

Dissolved DAC is produced by heating DAC with high DO at 80 °C for 1 hour at which all the
fibers go into solution. The process is irreversible upon cooling, as the solubilized product is
thermodynamically stable ''*. DDAC is a robust polymer with a wide variety of applications. It
has been studied as a natural based adhesive for wood to replace fossil based adhesives!''>. With

the ability to form cross-linked structures, DDAC has also been used in fabricating thin films'!,

118 119

vitrimers'!”, hydrogels''® and aerogels

2.6.2. Periodate oxidation - chlorite oxidation reactions

After periodate oxidation on cellulose pulp to produce DAC fiber, an oxidation reaction with
sodium hypochlorite can be used to convert the aldehyde groups to carboxylate groups. Scheme
2- 3(b) shows this modification on the cellobiose monomer. This reaction produces HCI as a
byproduct as shown in mechanism in Scheme 2- 5 below, therefore the pH of the solution has to

be monitored and maintained above 5 to ensure that the reaction goes to completion.
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Scheme 2- 5. Mechanism for chlorite oxidation reaction

Because this reaction introduces negative charges in the fiber, dissolution occurs and therefore we

can produce ENCC on a nanoscale and DCC on a molecular scale.

2.6.2.2 Electrostatically stabilized nanocrystalline cellulose (ENCC)

Chlorite oxidation of DAMC fibers lead to the introduction of negative charges on the fiber leading
to dissolution. ENCC is produced when a cosolvent such as ethanol is added to the solution to
precipitate ENCC'?°. ENCC is a type of HNC that has carboxylic groups in the amorphous chains
protruding from its ends (see (c) in Fig. 2- 3). This HNC is electrosterically stabilized by steric
repulsion of the polymeric chains and electrostatic repulsion via the negatively charged carboxyl

groups.

2.6.2.1. Dicarboxylated cellulose (DCC)

DCC is an anionic soluble polymer synthesized from the chlorite oxidation of DAC fibers. DCC
is completely amorphous, as this modification causes a decrease in crystallinity and molecular

weight which can be advantageous'?!. Structure-property relationship of polymer studies show that
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amorphous and low molecular polymers are more biodegradable than crystalline and high

122

molecular weight polymers'“. DCC has been used to make functionalized hydrogels and aerogels.

Its anionic property makes it useful in absorbing positively charged compounds such as cationic

124

dyes'?, heavy metals'?*, clay'?’, etc.

2.6.3. Periodate oxidation - reductive amination

Here in lies the focus of this thesis, where we introduce primary amine groups on cellulose. To the
best of our knowledge, this type of diaminocellulose has never been synthesized before. In
previous research, primary and secondary amine compounds underwent successive oxidation and
reductive amination processes to successfully link secondary and tertiary amines to cellulose
strands. However, primary amines are more useful because they are more reactive and easily
functionalized!?® %7, As previously documented, attaching primary amines to cellulose chains with
diamine-compounds is inefficient in creating primary amines since it results in low primary amine

content due to cross-linking!?®.

After periodate oxidation of pulp to DAC, the aldehyde groups are reacted with excess ammonia
through a Schiff base reaction to produce imine groups. After which a reduction reaction with
NaBH4 converts the imine bonds to amine, thereby producing primary amine groups. A simplified

reaction scheme is shown in Scheme 2- 6 below.
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Scheme 2- 6. Mechanism for reductive amination reaction



This reaction can be used in producing DAmF on a macroscale, ANCC on a nano scale and DAmC

on a molecular scale.

2.6.3.1. Diaminocellulose fiber (DAmF)

DAmF is made from the reductive amination of DAC and the resulting fiber is a brown and
insoluble in water at room temperature. Like chitosan, the solubility can be increased by acid
and/or heat treatment. It is soluble at low pH when charges are introduced via the protonation of

the amine groups.

2.6.3.2. Aminated nanocrystalline cellulose (ANCC)

ANCC is a type of hairy nanocellulose that has amine groups on the hairs protruding from its ends.
DAMF is synthesized followed by a reductive amination reaction. The product diamino modified
cellulose fiber (DAmMF) is solubilized at 60 °C and pH 3, after which propanol is added into the
solution to precipitate out ANCC®’. ANCC is electrosterically stable in water because the
polymeric chains coupled with cationic amine groups create entropic and electrostatic repulsion

between the nanoparticles.

2.6.3.3. Dissolved diaminocellulose (DAmC)

DAmC is produced by heating DAmF at 60 °C for 1 hour at pH 3 at which all the fibers go into
solution. The process is irreversible upon cooling, as the solubilized product is thermodynamically
stable via electrostatic stabilization. DAmC is a robust polymer that can be used in fabricating thin

films and gels.

2.7. Applications of cellulose-based materials.

Going forward, the term cellulose-based materials refer to every form of cellulose including

cellulose fiber, nanocellulose, cellulose composites, hydrogels, aerogels, etc.

27



2.7.1. Water treatment
Water is one of the most basic necessities for life to exist. According to the United Nations, the
world's estimated population of 8 billion in 2022 is putting increasing strain on the world's limited

water resources'?’

. However, even as more water is consumed, the quality of water is deteriorating
due to the massive amounts of pollutants dumped into the world's river systems, lakes, and oceans
every day. Heavy metals, dyes, and oils are some of the contaminants that are contributed by

industries'*’. It is imperative that treatments are developed to adequately remove these toxic

substances.

Wastewater treatment technology was designed to treat and clean wastewater based on type and
extent of contamination while being cost-effective. Water treatment systems have evolved from
conventional media filters to high-efficiency centrifuge filters, disc filters, membrane filtration
(micro and ultra-filtration), and non-membrane filtration systems'>!. However, traditional
materials and wastewater treatments have failed to meet environmental standards and have been

ineffective in removing heavy metals at low concentrations in some instances'>2.

The use of natural fibres as raw materials is becoming increasingly popular as people become more

concerned about environmental sustainability. In recent years, bio-based materials have seen

133

increased demand in the market and industries*>°. Natural fibers are non man-made fibers that are

134

derived from plant or animal sources such as lignocellulose, chitin, etc'>*. One of the most utilized

natural fibers is cellulose due to its abundance, high porosity, non-toxicity, good mechanical

properties, biocompatibility, and biodegrability!>.

2.7.1.1. Dye adsorption.
Dyes are a significant category of pollutants that have a detrimental impact on the environment,

particularly when they enter aquatic systems'®,!*’. The complex molecular structure of dyes, along
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with their synthetic origins, makes them highly stable and resistant to degradation'®

. As a result,
the presence of dyes in water bodies can render it unsuitable for use and poses challenges for water
treatment processes. Dyes are extensively used in industries such as textiles, cosmetics, printing,
and plastics to add color to products, resulting in the generation of a large volume of colored

wastewater'>’

. The persistence of dye molecules in aquatic environments can be attributed to their
low biodegradability, resistance to photolysis and oxidizing agents'*’. This persistence further

contributes to the environmental impact of dyes.

Dyes can be broadly classified into two types: natural and synthetic. Natural dyes are derived from
sources such as plants, animals, minerals, and insects without undergoing chemical treatment'*!,
On the other hand, synthetic dyes are chemically synthesized and are highly stable and toxic to
living organisms'*?. Commercial synthetic dyes can be classified in various ways, such as based
on color, chemical structure, or application methods'*. One method of classification is based on
their charge after dissolution in aqueous medium. Dyes can be categorized as cationic (positively
charged), anionic (negatively charged), or non-ionic (no charge). This classification helps

understand the affinity of different dyes towards different types of fibers and the dyeing process

conditions. Fig. 2- 4 shows some toxic effects of these dyes on human health.
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Fig. 2- 4. Hazardous effects caused by different classes of dyes (modified from on'37)

The dyes are non-biodegradable. Therefore, neither primary nor secondary conventional systems
are suitable for the treatment of these effluents!”- 14, Scientists have explored alternative treatment
processes for dye wastewater, including advanced oxidation and biological processes. Advanced
oxidation processes (AOPs) have shown some effectiveness in reducing chemical oxygen demand
(COD) and removing suspended solids but are ineffective in removing color from wastewater. On
the other hand, biological processes face challenges due to the complex composition and high
organic load of dye wastewater, leading to inefficiency in treatment and purification. To address
these limitations, various treatment techniques have been employed, including

flocculation/coagulation, biological treatment, advanced oxidation processes, ozonation,
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adsorption, and membrane filtration. However, these methods have their limitations in terms of
high operating costs, limited performance, and environmental impact, making them unsuitable for

industrial applications'#> 146,

Among these methods, adsorption has proven to be the most suitable due to several advantages.
Adsorption techniques offer high efficiency in removing a wide range of dyes from wastewater.
They are versatile and can be applied to different types of wastewater with various dye
compositions. Adsorption is also cost-effective, with some adsorbents being readily available and
inexpensive!'*’. The simplicity of the adsorption process allows for straightforward implementation
in existing wastewater treatment systems, and certain adsorbents can be regenerated and reused
multiple times, reducing overall costs and environmental impact. Moreover, adsorbents can exhibit
selectivity towards specific dyes, allowing for targeted removal in complex dye mixtures. The high
adsorption capacity of many adsorbents ensures efficient removal, even at low concentrations of
dyes!*. A detailed compilation of cellulose based materials and their adsorption removal efficiency

of different dyes has been reported by Kausar et al'’.

2.7.1.2. Heavy Metal scavengers

Since the 1990s, researchers have focused on investigating the potential of cellulose-based

materials for metal ion adsorption'*’

. While cellulose itself has limited capacity to adsorb metal
ions, it can be modified either physically or chemically to produce nanoscale materials or surface-
functionalized variants that are environmentally friendly and possess enhanced metal ion
adsorption capabilities. Chemical modification and surface functionalization techniques are
employed to modify the properties of cellulose-based materials. Common methods include

esterification'®®, halogenation'®!, oxidation'*?, silylation'*?, amination, sulfonation, and

phosphorylation'>*. These modifications introduce functional groups, resulting in increased metal
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ion absorption and adsorption capacities. The interaction between metal ions and the modified

cellulose-based adsorbents occurs through both chemical and physical mechanisms.

The sorption capacity of cellulose-based materials is influenced to a greater extent by the size and

characteristics of the surface groups rather than the specific surface areas. Table 2- 1 summarizes

the functional groups of cellulose-based adsorbents that have been reported to bind to heavy metals

and haven been classified into hard, soft or intermediate bases'** *. Promotion of adsorption is

facilitated by the formation of covalent bonds or coordination complexes between specific groups

and metal ions. These groups, such as those containing chelating atoms like N, P, O, and S, play a

key role in enhancing adsorption processes.

Table 2- 1. Principal binding groups of cellulose-based adsorbents. Reprinted from ref!>> Copyright (2022), with permission from

Elsevier.

Binding groups

Structural formula

HSAB classification

Oxygen (O) containing functional groups

Hydroxyl —OH hard base
Carbonyl >C=0 hard base
Carboxyl —COOH hard base
Nitrogen (N) containing functional groups

Amine —NH: intermediate base
Amide —CONH: intermediate base
Acrylamide >C = C—C(=0)—NH; intermediate base
Imine =NH intermediate base
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Imidazole Nf;'f\N_ soft base
@
Amidoxime —C(=N—OH)—H intermediate base

Sulfur (S) and Phosphorus (P) containing functional groups

Thiol —SH soft base
Sulfonate —S0s hard base
Thiocarbamate and Dithiocarbamates >N—C(=S)—S— soft base
Thioether —S— soft base
Xanthate —O0—C(=S)—SNa soft base
Phosphonate —P(OH), =0 hard base

Pearson's hard and soft acids and bases (HSAB) theory categorizes metals based on their
preference for association with hard or soft bases. According to this theory, metals can be classified
as hard, soft, or borderline/ intermediate'>®. This classification is shown in Table 2- 2. Tsezos et
al. applied this classification to examine the binding preferences of metal ions for sites and found
that hard acids tend to associate with hard bases, while soft acids prefer to associate with soft
bases!’. Its been reported that the mechanisms of adsorption in biosorbents can occur through
various processes including chemisorption, complexation, adsorption on surfaces and pores, ion
exchange, chelation, adsorption by physical forces, and entrapment in inter- and intra-fibrillar

capillaries and spaces'>® 1%,

Table 2- 2. Classification of metal ions as hard, soft, and borderline acids. Reprinted from ref!>> Copyright (2022), with permission

from Elsevier.
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Types Metal ions

Hard acids Li*, Na*, K*, BeZ*, Mg?*, Ca®*, Sr¥*, AlI?*, Cr3*, Crb*, Sc3*, Ce3*, Lu3Y, Ti*, Zr*, UO,",
etc.

Soft acids Cu*, Agt, Cd?*, Pd?*, Pt?*, Pt*, Au*, Hg** etc.

Borderline FeZ*, Co?*, Ni%*, Cu?t, Zn?*, Ru?*, Rh?*, Sn?*, Sb3*, Rh3*, Ir3*, Pb3*, Pb?*, Bi3*, etc.

acids

In the interaction between metal ions and adsorbents, both physical and chemical forces come into
play. Metal ions can be adsorbed onto the surface of the adsorbent through physical mechanisms
such as ion exchange, electrostatic attraction, and van der Waals forces. Chemically, metal ions
can form coordination complexes with functional groups on the adsorbent surface such as thiol,
phenolic, carboxyl, methoxy, and/or carbonyl groups'®. The lone pairs of electrons on N, P, O,
and S act as electron donors and can form coordinate covalent bonds with metal ions. The presence
of these lone pairs facilitates the formation of relatively stable complexes between the derivatives
and metals'®!. The detailed mechanism of the metal adsorption process is discussed in the literature
by different authors'®> 63, Surface complexation and ion exchange are common mechanisms
mentioned in these discussions. Surface complexation involves the interaction between metal ions
and functional groups on the adsorbent surface, forming strong bonds through coordination'®*. Ion
exchange occurs when metal ions in solution replace exchangeable ions on the adsorbent surface.
It is important to note that the specific mechanisms of metal adsorption can vary depending on
various factors such as pH, temperature, concentration of metal ions, and the characteristics of the

1165

adsorbent material ®. A synopsis of some cellulose modifications that have been implemented to

adsorb heavy metals is provided in Table 2- 3.
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Table 2- 3. Source, modification methods, and adsorption capacity of chemically modified cellulose (reprinted with some

modifications from Ref'6°),

Bio-adsorbents Source of Methods for chemical Metal | Optimum | Maximum Ref.
cellulose modification on cellulose ions pH adsorption
capacity
(mgg™)
Grafted cellulose | Raw cornstalk | Keto-alcohol free-radical Cd 7 Cd 21.37 167
(AGCS-Cell) initiation by KMnOs, graft-
copolymerization with
acrylonitrile monomer and
N,N’-methylenebis
(acrylamide) as cross-linker
Carboxylated Pineapple leaf Modified with EDTA Cd 6 Cd33.2 168
cellulose (Cell- fiber, cellulose dianhydride at C-6 atom Pb Pb41.2
EDTA) extracted by
soda process
Carboxymethyl Pineapple leaf Modified with Cd 6 Cd 23.0 168
cellulose (Cell- fiber, cellulose | carboxymethyl group using Pb Pb 63.4
CM) extracted by sodium monochlorite and
soda process acetic acid C-6 atom
Schiff base Natural NalOs oxidation followed Cu 6 Cu 80.35 169
cellulose (Cell-Hy) cellulose by acid-catalyzed Pb Pb 81.32

condensation of dialdehyde
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cellulose with p-

aminophenol

Schiff base

cellulose (Gu-Mc)

Cellulose

powder

KIO4 oxidation and
condensation with alcoholic
N-aminoguanidine
hydrochloride in presence of

triethylamine

Cu

Cd

Pb

Cu 83.0

170

Cd 68.0

Pb 52.0

Schiff base

cellulose (MTC)

Cotton
(Gossypium

hirsutum L)

K104 oxidation followed by
condensation with N(4)-
morpholino

thiosemicarbazide

Cu

Cu 106.38

171

Grafted cellulose

(pAHA-cellulose)

Cotton fibers

Keto-alcohol free-radical
initiation by CAN, grafting
with EMCA monomer
followed by oximation with
hydroxylamine and sodium

hydroxide

Cu

5.5 (Cu)

Cu 3953

172

Pb

5.4 (Pb)

Pb 333.3

Grafted cellulose

(CMC)

Cellulose

CAN initiation grafting with
vinyl monomer glycidyl
methacrylate to form epoxy
cellulose functionalized

with thiosemicarbazide

Cd

5.2 (Cd)

Cd 279.33

173

Cd

5.6 (Cd)

Cd 217.39

174
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Grafted cellulose Microcrystal- | Grafting succinic anhydride Pb 5.0 (Pb) Pb 357.14
(PEI/SA-MCCwmv) line cellulose on pretreated MCC with
(25 mm) microwave H>O; and then
with polyethyleneimine
Cross-linked Native Cross-linked cellulose— Cu 5.5 Cu177.1 175
cellulose (PEI- Cellulose sodium alginate modified Pb Pb 234.2
RCSA) (cotton linter, | with polyethylene imine via
alpha-cellulose) | glutaraldehyde cross-linking
Cross-linked Commercial Derived from chitosan- Cu 5.5 Cu 142.95 176
cellulose (CSECM) | carboxymet-hyl carboxymethyl cellulose
cellulose cross-linked with EDTA
Multifunctionalized | Commercial Multifunctional group Cd 4 Cd 401.1 177
cellulose cellulose insertion
Multifunctionalized | Raw corn stalk | Etherification followed by Cd 5.1 Cd 54.71 178
cellulose (TMCS) amination, sodium
sulfide/DMF
Multifunctionalized Corncob Schiff base formation by Cu 5.0 (Pb) Cu 159.5 179
cellulose (PEI-g- grafting polyethylenimine Cd |55(Cu,Cd)| Cd212.6
00) on oxidized corncob and Pb Pb 224.0
reduced with NaBH4
Carboxylated Filter paper— Modified with EDTA Cd 7 Cd 102.0 180
cellulose Whatman grade dianhydride Pb Pb 2273
(Cellulose-EDTA) 6 (42.5 mm)
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Carboxylated Microcrystalline |  Modified with BTCA at Pb 5 Pb 1155.0 181
cellulose (MMCC) cellulose high temperature
(50 mm)
Carboxymethylated | Softwood kraft Modified with Cu - Cu 64.15 182
cellulose (CMF) pulp fibers carboxymethyl group
Carboxylated Water hyacinth Citric acid-modified Cu 6.0 Cu 77.98 183
cellulose (CWH) cellulose

2.7.2. Anti-bacterial applications

Infectious diseases generated by germs such as bacteria, viruses, and fungi remain the principal
health hazards that can cause widespread socio-economic difficulties, despite significant
advancements in the healthcare profession and medical technology standards. Also, conventional
antibiotics promote the development of drug-resistant bacteria!®* '*°. To address these issues,
researchers have been developing and manufacturing novel antibacterial compounds'®¢. Several

187.188 "antibacterial peptides'®’, and natural and

novel materials, such as antibacterial nanoparticles
synthetic cationic polymers'®’, have been created to replace conventional antibiotics. Furthermore,
conventional antibiotics act on specific targets, such as inhibiting microbial protein synthesis,
whereas these new antimicrobial materials electrostatically act on the entire cellular membrane,

resulting in the insertion of their component into the cell membrane and the formation of pores in

the microbial cell that finally results in cell rupture, cytoplasmic leakage, and cell death!*!.

However, there are limitations to modern antibacterial agents. Some metal nanoparticles used as
antibacterial agents can have cytotoxic effects on mammalian cells'®?. Also, proteins in free form

can undergo changes and aggregation, diminishing their antibacterial properties over time'®>.
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Covalently attaching these antibacterial agents to surfaces can also hinder their effectiveness by
impacting certain functional groups. To address these issues, some antibacterial agents are non-
covalently attached to carriers and released in specific areas. However, long-term use is hampered
by the gradual release of the grafted antibacterial agent, as its concentration in the substrate
decreases below the threshold value, rendering it ineffective against bacteria'®*. Additionally,
conventional antibacterial drugs, including synthetic antibiotics, raise concerns about their
environmental impact when they enter municipal wastewater, threatening humans and aquatic
organisms. Antibacterial agents can leach from carriers and end up in wastewater, necessitating
further filtration and treatment processes to mitigate the potential risks'®>. To address the
challenges mentioned above, an alternative strategy is to focus on developing biomaterials that
exhibit long-lasting antibacterial activity without leaching of the antibacterial agents. This
approach involves creating materials with a non-leaching mechanism of action, ensuring the

preservation of antibacterial efficacy over extended periods of time.

Cellulosic-based antibacterial materials are one of the innovative applications of cellulose. Unlike
certain other biopolymers with intrinsic biocidal activity (e.g., chitosan'®®), cellulose is not biocidal
by nature!”’. Therefore, cellulose has been chemically modified or grafted with organic or
inorganic antibacterial agents such as metal nanoparticles (silver'*3, zinc!®, etc.), antibiotics>®,
and proteins®®! for this purpose. Fig. 2- 5 below summarizes the applications of cellulose-based

materials as antibacterial agents.
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Fig. 2- 5. Cellulose based materials as antibacterial agents®®?

Surface modification with functional groups such as carboxylic groups®®, aldehyde**, amine®’,

alkylamine?®®, and quaternary ammonium groups>’® can improve the antibacterial properties of

pure cellulose. Cellulose can also be modified with photoactive compounds that can trigger

photodynamic inactivation (PDI) of bacteria by converting light radiation to thermal energy or

generate reactive oxygen species?’” 28, Chemical modification of cellulose with organic bioactive

molecules such as antibiotics??® 20% 21 antimicrobial peptides®!!: 212, N-halamines®!®, aminoalkyl

groups!4, bacteriophages®!”, and polymers®!'® can improve its antibacterial activity. Table 2- 4

provides a summary of several antibacterial agents that have been synthesised utilising cellulose-

based materials.
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Table 2- 4. Antibacterial applications for cellulose-based materials (Reprinted from ref2°2)

Preparation Effici
Materials Form Microorganism Methods Time Mechanism | Ref.
Methods ency
1. Mechanical
grinding
2. Enzyme
Zone
treatment
inhibition
3. S. aureus Drop-in pH
DANFC Mat Plate 24 h 100% 204
NalOg4 oxidatio MERSA value
counting
n
method
4. Dialysis
5. Freeze-
drying
The formation
1. TEMPO Plate
P. aeruginosa of a network
TOCNF oxidation Suspension counting 24 h 71% 217
S. aureus surrounding
2. Oxygenation method

the bacteria
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1. TEMPO
oxidation
2. Autoclaving
(121 °C, 20

min)

Gels

CNC-

Porphyrin

1. HBr acid
hydrolysis of
Whatman filter
paper
2. Cu(I)-
catalyzed
Huisgen—
Meldal-
Sharpless 1,3-
dipolar

cycloaddition

Suspension

Mycobacterium
smegmatis,
S. aureus,

E. coli

24 h

71%

Increase in
aldehydes,
drop in pH

value

218

60 min

>99%

Generation of
ROS,

photodynamic

208
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S. aureus,

VER,
Cu(D)- Enterococcus
catalyzed faecium,
Porphyrin-
Huisgen— Acinetobacter
cellulose Paper
Meldal— baumannii,
paper
Sharpless P.
cycloaddition aeruginosa, Kle
bsiella
pneumoniae
MRSA,
Cyanuric VER,
NFC-
chloride Paper E. faecium,
Porphyrin
coupling A. baumannii

K. pneumoniae

>99.9
30 min
%
99.99
30 min
9%

219

220
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1. Immersion

precipitation
CHPTAC- technique
Cellulose 2. Alkaline
triacetate hydrolysis
3.
Membrane
Esterification
BC-
Stirring for 5 h
aminoalky
at 25 °C
|
1.
NalO4 oxidatio
DAC/CTS n Fibers
2. Stirring

3. Filtration

S. aureus

E. coli

78.7—
89.0% Cationic
24 h 221
64.7— charge
76.6%
Dynamic
>99.9 Increase in
shake flask 24 h 222
% lipophilicity
method
Plate
95.1% | Drop in pH,
counting 24 h 223
90.2% | cationic CTS
method
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T7 phage- | Electrospinnin Plaque- Release of
log(P
Cellulose | gofcellulose | Membrane E. coli forming units | 24 h phage and 224
FU/m
acetate acetate (PFU) hydrolysis
L)
1. Ammonium
M. lysodeikticus,
Am-CNC- persulfate Time—kill
Corynebacteriu
HEWL oxidation study with
Suspension m sp., 24h | 100% 225
Am-CNC- 2. Alamar Blue
E. coli,
T4L Modification assay
P. smendocina
3. Coupling
Lytic activity
1. Sulfuric acid
hydrolysis
CNC- 2. E. coli Diffusion
Thin film 24 h 0% 226
Lysozyme | Evaporation- S. aureus assays

induced self-

assembly

45




5.7+

0.29
In situ Inhibition mm
Sheets 24 h 227
synthesis zone 29+
ZnO-BC 0.75
mm
Formation of
ROS
Ex situ Inhibition 34-41
Film 24 h 228
synthesis zone mm
E. coli
Optical
Ex situ
TiO,-BC Pieces density 12h 60% 229
synthesis
(ODe00)
E. coli, Standard FS
Faujasite-
Hydrothermal | Membrane Enterococci ISO9308 and 80% 230
cellulose
Clostridium ISO17025
Impregnation P. aeruginosa,
Commercial Zone 6.5
SSD/BC and E. coli 24 h 231
membrane inhibition mm
ultrasonication S. aureus

46




In this thesis, we focused on investigating the antibacterial activity of cationic cellulose
compounds, specifically ANCC. Therefore, we will delve into a more comprehensive analysis of
the antibacterial properties exhibited by these compounds. Similar to chitosan, cationic cellulose
compounds show inherent antibacterial characteristics. This is attributed to the negative charge
present in the cell walls of both Gram-positive (G+) and Gram-negative (G-) bacteria. The negative
charge is primarily due to the presence of phosphate groups in the peptidoglycan of G+ bacteria
and phospholipids in the outer membranes of G- bacteria. To effectively combat bacterial cells, it
is necessary to develop materials that can efficiently adsorb and strongly bind to them. Cationic
cellulose materials are capable of electrostatically binding and interacting with the bacterial cell
membrane, causing disruptions in membrane integrity. This interaction ultimately leads to the
release of cytoplasmic content and, consequently, cell lysis!®”> 232, By compromising the integrity
of bacterial cells, cationic cellulose compounds offer a promising approach for antibacterial

applications.

2.8. Characterization methods

These are the characterization methods that were used in Chapters 3-5. These methods were X-ray
Photoelectron Spectroscopy (XPS), Fourier Transform-infrared (FT-IR) and conductometric
titration. Atomic Force Microscopy (AFM) was used to investigate the morphology of the
materials. Since these techniques may be unfamiliar to the reader, we provide a concise explanation

of the FT-IR, XPS, DLS and conductometric titration in the following paragraphs.
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Fourier transform infrared (FT-IR) spectroscopy.

The Fourier transform infrared spectroscopy (FTIR) technique is extensively utilized for the
identification of distinct functional groups in a compound. FTIR is a rapid and non-destructive
method employed for the qualitative and quantitative analysis of biomass constituents in the mid-

infrared spectral range®*

. With its ability to provide insights into molecular fragments and the
presence or absence of specific functional groups, FTIR spectroscopy offers a comprehensive
understanding of fiber structure. When coupled with an Attenuated Total Reflectance (ATR) unit,

FTIR enables the reduction of incident light and allows for the acquisition of infrared spectra

without the interference of aqueous background absorbance?*.

This thesis uses FT-IR to confirm the modifications performed on cellulose. The difference in the
functional groups of cellulose (starting material), dialdehyde cellulose (intermediate) and
diaminocellulose (product) can be confirmed by this method. For cellulose, the broad peak around
3330 cm! is characteristic for stretching vibration of the hydroxyl group in polysaccharides and
also includes also inter- and intra-molecular hydrogen bond vibrations in cellulose **>. The band
around 2890 cm!is attributed to CH stretching vibration of all hydrocarbon constituents in
polysaccharides. Other typical bands assigned to cellulose are observed in the region of 1630 - 900
cm ! The peaks located at 1630 cm ™' correspond to vibration of water molecules absorbed in

cellulose?*® ¥ In dialdehyde cellulose, a band around 1730 cm !

, which is characteristic of the
carbonyl group, typically appears®*®. This band disappears in diaminocellulose, but we do not

observe the characteristic N-H bands in the 3330 cm™ region, most likely because it merged with

the OH band. The amine groups are confirmed by XPS and conductometric titration.
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X-ray photoelectron spectroscopy (XPS)

The surface chemical characterization technique known as XPS provides information about the
surface properties, elemental makeup, and electronic state of the elements that are present inside a
substance. By exposing the sample to an X-ray beam and instantly counting the number of
electrons and their kinetic energy, the XPS spectrum is created. In conjunction with IR
spectroscopy, XPS has typically been used to evaluate the elemental composition and chemical
bonding present in materials. XPS is a widely used characterization method for identifying the
functional groups and elemental composition as it provides information on the individual atomic
units present in a given compound, such as nitrogen-, oxygen-, and carbon-bonded units present
on the surface, in addition to illuminating the functional groups present on the external surface?°.

It can also be used to detect and measure metallic elements such as Pb, Na, Cu, etc?*.

In this thesis, XPS was used to verify the introduction of amine groups to cellulose structure and
confirm attachment of Pb ion (in chapter 4). We were also able to determine the amine content of

DAmC using its chemical composition percentage.

2.8.1. Dynamic light scattering (DLS)

DLS (Dynamic Light Scattering) is a widely used non-destructive technique for measuring particle
size?*!. It has been commonly employed to measure the size of CNCs and HNCs in various
studies®** 23, However, it is important to adopt a critical approach when using DLS for HNCs
dimensions. The hydrodynamic diameter obtained from DLS represents the effective size of the
particles in solution, including any adsorbed or surrounding molecules. Therefore, the
hydrodynamic diameter reported by DLS instruments should not be confused with their actual size,
length, or mean diameter. In chapter 5, we use DLS to confirm the presence of hairs in ANCC

using the same protocol by Yang, et al. ** 8, The change in the hydrodynamic diameter is measured
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with the change in ionic strength of the solution. Since the hair is electrosterically stable, HNCs
are very stable in water due to steric stabilization. When salt is added to a charged HNC like ENCC,
the ions partially screen the charges and “folds” the hairs of these particles thereby decreasing their
effective diameter. After full charge screening, the measured hydrodynamic radius increases as

ENCC starts to aggregate at a specific salt concentration (~2 M)%.

2.8.2. Conductometric titration

Charge density represents the electric charge per unit mass and serves as a quantitative indicator
of charged groups within the molecular structure of biomacromolecules. These groups can be
positively or negatively charged. Various methods are utilized to determine charge density, with
electrophoretic and light scattering techniques, colloidal titration, and pH titration being the most
commonly employed techniques. These methods offer valuable insights into the distribution and
extent of charged groups, aiding in the characterization of biomacromolecules. Conductometric
titration is an analytical technique that relies on the difference in mobility of ions. It offers several
advantages over acid-base or potentiometric titrations, especially when studying specific systems.
These systems are characterized by the formation of highly soluble products or hydrolysis products
at the equivalence point***. Conductometric titration also maintains its accuracy in both dilute and
concentrated solutions. Additionally, it can be used to analyze both colorless and colored solutions.
One important aspect of conductometric titration is the use of measurement electrodes. Unlike
indicators in acid-base titrations, these electrodes do not interact with the system or introduce
contamination?*: 2%, They play a crucial role in monitoring the changes in electrical conductivity
during the titration process. On the other hand, conductometric titration does have a disadvantage
related to the system under study. It is not suitable for systems with high concentrations of foreign

electrolytes, as these can interfere with the reaction and reduce the precision of the results**®. The
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amine content of a cellulose based material and chitosan have been measured using this method as

was done by Tavakolian, et al. and Farris, et al. respectively?*® 24

2.9. Concluding remark

In this chapter, we reviewed cellulose on four different scales. macro, micro, nano, dissolved. On
the macroscale, we looked at the properties of cellulose fibers, on the microscale, we discussed
cellulose microfibrils (CMF), and, on the nanoscale, we studied a variety of nanocellulose. We
also discussed different modifications that can be performed on cellulose and some of its
applications. In this thesis, we studied on the macroscale - diaminocellulose fibers (DAmF),
nanoscale - aminated nanocrystalline cellulose (ANCC) and on the dissolved cellulose -
diaminocellulose (DAmC). In addition, we discussed the techniques used to characterize these

materials.
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Chapter 3

THE REMOVAL OF ANIONIC DYE IN WASTEWATER TREATMENT BY

ADSORPTION ON DIAMINOCELLULOSE
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Preface

The water treatment industry has a critical requirement for the development of adsorbents that are
renewable, biodegradable, easily-regenerable, and possess a high capacity. The majority of the
existing commercial adsorbents are non-renewable and, in certain instances, pose a threat to the
environment and human well-being due to their toxicity. This chapter introduces the utilization of
aminated cellulose fibers as a highly promising alternative to address the limitations associated
with existing commercial adsorbents. This chapter has been published in the Journal of Colloid

and Interface Science.

3.1. Abstract

Diaminocellulose fiber (DAmF) was synthesized by periodate oxidation of Kraft pulp, followed by
a reductive amination reaction. DAmF was dissolved in water at 60 °C and pH 3 to produce
diaminocellulose (DAmMC). At room temperature, both DAmF and DAmC are present in water. The
presence of amine was confirmed by FT-IR, (-potential measurements and XPS. Amine content of
diaminocellulose was determined by conductometric titration and was found to be 9.5 mmol g’
which is double the amine content in chitosan, another cationic biopolymer. DAmC and DAmF were
investigated for their ability to remove an anionic dye, Procion Red mx-5B (PR), from wastewater.
DAmC and DAmF showed good adsorption capacity for the anionic dye, PR. The Langmuir model
was used for describing the adsorption isotherm of PR on DAmF, with the maximum adsorption
capacity for PR being 3.72 g g'!. NaOH was used to desorb the adsorbed dye and regenerate the

biosorbent. The adsorption-desorption test demonstrated the good reusability of this fiber.
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3.2. Introduction

Synthetic dyes are vital in the manufacturing of cosmetics, drugs, textiles, food, leather, and paper.
They are more advantageous than natural dyes because of their simple synthesis, lower cost, higher
colour fastness, broader spectrum of colour availability, and ability to dye synthetic fibres'. Yearly,
800,000 tons of dyes are produced annually, of which 10-15% are lost during utilization; therefore,
pollution of surrounding water bodies is inevitable. There are over 100,000 types of dye with about
70% of them being azo dyes that have complex structures which are non-biodegradable?>. Azo dyes
are characterized by having one or more azo groups (-N=N-) and substituted aromatic groups in
their chemical structure. Pollution caused by these dyes in the environment includes aesthetic
damage to water bodies, decrease in the rate of aquatic plants’ photosynthesis due to reduced
sunlight penetration, and diminished vitality of aquatic life from reduced dissolved oxygen levels®
7. Many azo dyes undergo cleavage reactions to form aromatic amines which have been linked to
various forms of cancers, specifically bladder and liver cancer®. Since azo dyes do not biodegrade
naturally and are resistant to conventional wastewater treatments such as aerobic biodegradation,
the need for treatment of wastewater containing synthetic dyes is imperative’. Different methods

10, 11

have been employed in treating dyed wastewater, including biodegradation'™ "', advanced oxidation

)12 13 adsorption, chemical coagulation and flocculation with sedimentation'*.

processes (AOPs
Flocculation and adsorption are most attractive because of their low cost of operation, non-
selectivity of pollutants, simplicity in design and operation, and with an added advantage of
reusability to the later. Both methods have been successfully employed for the removal of dyes from
wastewater!>!”.

Wastewater treatment often uses precipitation to remove contaminants by process of coagulation/

flocculation due to its low capital cost. This process typically removes heavy metals, dyes, and other
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pollutants that can harm the environment or human health. Chemicals added during precipitation
react with wastewater contaminants to form solid particles that can be sedimented or filtered out.
The effectiveness of this process depends on the type of contaminants in wastewater, their
concentration, and the type and dosage of chemicals used. Flocculation followed by sedimentation
i1s a process of separating colloids and suspended particles from aqueous suspension. Organic
flocculants are polymers which can absorb and bridge particles and are economic as well as efficient
in water/wastewater purification, especially for removing low molecular weight and hydrophilic
substances'® 1. Polymers are advantageous over inorganic coagulants like salts because they are
large enough to screen electrostatic forces and can strongly adsorb onto several particles, causing
flocculation by polymer bridging, and lower dosages are required and in addition, they are effective
over a wider pH range?’. Common organic anionic and cationic flocculants employed are anionic
polyacrylamide (aPAM) and cationic polyethylene imine (PEI)?!. But these synthetic polymers are
non-biodegradable, environmentally unfriendly and toxic, therefore, there is a need for new “green”
flocculants.

Adsorption is a surface phenomenon where adsorbates (atoms, molecules, or ions) are attracted to
the surface of an adsorbent material through chemical, physical or electrostatic interactions. The key
parameters of a promising adsorbent include high surface area, high selectivity, good regeneration
capacity, and low cost'”-?2, Exploration of adsorbents that meet industrial water treatment standards
while also being cost-effective, environmentally friendly, highly efficient, and widely available is
essential’*?’. Dye adsorption on the adsorbent surface occurs via various mechanisms such as
hydrogen bonding, n-m interactions, electrostatic attraction, and hydrophobic interaction?-3°,

The process of desorption involves the liberation of molecules that have been adsorbed onto an

adsorbent material®!. By understanding the desorption process, researchers can develop methods to
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release the dye from the adsorbent, allowing for the reuse of the material. Desorption and
regeneration of the adsorbent are beneficial as they decrease processing costs by eliminating the
need for frequent replacement of the adsorbent material. The desorption process often involves the
use of solvents, both organic and inorganic, to break the interactions between the adsorbent and the
dye molecules. Common solvents used in desorption include methanol, ethanol, isopropanol, acid
and base solutions, sodium chloride (NaCl), nitric acid (HNOs3), and hydrogen peroxide (H202)**3*.
The choice of desorption solvent depends on the specific adsorbate and adsorbent being used. This
has significant implications for cost savings, environmental sustainability, and resource efficiency
in various applications such as water treatment, air purification, and gas separation processes>*.

Cellulose and its derivatives in various forms have extensively been used in the treatment of
wastewater including for the removal of dyes***7. Nanocellulose provides a high surface area per
mass (surface-to-volume ratio), and unique mechanical, thermal, and optical properties that are
different from cellulose fibers, which can result in a higher adsorption capacity?®. Still, these benefits
often come with higher production costs and handling challenges. Cellulose fibers offer the
convenience of being easier to handle and separated from a medium after adsorption, due to their
larger size compared to nanocellulose, which may require additional processes for complete
separation’. Cellulose fibers offer low-cost adsorbent for dyes because of its very large internal and
external (200-300 m? g'!') surface area, ease of separation after adsorption, and reusability>**!.
Macromolecular (dissolved) cellulose offers the advantages of low capital cost, being able to capture
fine particles, large enough to screen charges and flexible to strongly absorb unto several particles'®.
Cationic cellulose, an important cellulose derivative, finds wide applications in various fields such

as papermaking, cosmetics, adsorbents, and antibacterial agents*>**. The three common methods of

preparing cationic modified fibers involve direct cationization of the fiber, coupling of cationic
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oligomers (short chain polymers) to the fiber surface, and graft copolymerization of cationic
polymers to the fiber surface**. These methods result in different links between the cationic groups
and the fibers, which ultimately impact the fiber morphology and performance*. The choice of
method depends on the desired properties of the modified fibers and their specific application
requirements. Direct cationization is usually done through the introduction of quaternary amine
groups on cellulose***¥. These materials were synthesized by attaching quaternary amines to the
surface of cellulose and used for the adsorption of anionic dyes, but quaternary amines are
permanently charged, unlike primary amines. This implies that although they are good adsorbents
at all pHs, the desorption of anionic dyes during the recovery process would be difficult due to
electrostatic interaction. Materials with primary amines that can be easily tuned by pH (they are
protonated at low pH and deprotonated in alkaline solution) would serve as better reusable
biosorbents.

In this study, we aim at synthesizing a new cationic modified cellulose fibre (DAmF) by a sequential
periodate oxidation and reductive amination reaction of cellulose pulp. Dissolution of DAmF (which
are still in fiber form after these reactions) coupled with heat in acidic media leads to a water-soluble
polymer, DAmC. DAmF and DAmC each contain a high amount of primary amine groups which
are very reactive and easily protonated/deprotonated. To be more specific, DAmC is the solubilized
version of DAmF, as both compounds share the same chemical structure. DAmC is diaminocellulose
that has been solubilized using heat and pH 3, whereas DAmF is diaminocellulose that has not been
broken down and is in the form of fibres. Characterization of these adsorbents was done by FTIR
spectroscopy, conductometric titration and XPS. The target molecule for dye adsorption used in this
study was procion Red mx-5B dye (PR) also known as reactive red 2, shown in Fig. 3- 1. This dye

is a highly soluble anionic dye that is utilized in the textile industry for dyeing cellulose, nylon, silk,
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and wool. It offers excellent colorfastness and has a wide range of applications due to its vibrant
and long-lasting red color®. The dye was selected due to its complex chemical structure
(C19H10Cl2NgNa207S2), high molecular weight (615.33 g/mol), high solubility in water and its
persistence once it is discharged into natural environment®®>!. We have also used this dye in an
adsorption study published by our research group®?>. We aim to utilize DAmF as a reusable
biosorbent to remove this dye and investigate the adsorption mechanism by its adsorption on the
macromolecular counterpart (DAmC). The effect of pH, ionic strength and fibre reusability were
investigated in this work. To our best knowledge, no studies have been conducted on the direct
cationization of cellulose by our method and the removal of procion red MX-5b dye from aqueous

solutions by the produced diaminocellulose fiber.
3.3. Materials and methods

3.3.1. Reagents and Materials.

Cellulose softwood kraft pulp (Domtar, Canada) was used as the starting material to synthesize
DAmF. Sodium periodate (NalO4), ethylene glycol (= 99%), ammonium acetate (NH4sOAc),
ammonium in ethanol (2M), sodium borohydride (NaBH4), and hydroxylamine hydrochloride
(NH2OH-HCI) were purchased from Sigma-Aldrich. Sodium chloride (NaCl) was purchased from
ACP. Sodium hydroxide (NaOH) and hydrochloric acid (HCI) solutions of various concentrations
were purchased from Merck. Anhydrous ethanol (EtOH) was purchased from Greenfield Global.
Deionized (DI) water (resistivity ~ 10 MQ cm) was used in all experiments, unless otherwise
specified. The adsorbate, procion Red MX-5B (PR) was procured from Sigma—Aldrich. The dye
structure is given in Fig. 3- 1. Molecular formula: C19H190Cl2N¢Na>,07S,; molecular weight: 615.33
g mol™!'; CAS number: 17804-49-8; Amax 538 nm (wavelength at maximum light absorption); Dye

purity of 40%. This low purity is because the contained impurities are similar in structure to the dye
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and difficult to separate. In industrial applications, the same unpurified dye is used. The same
unpurified dye was used in a several publications’!:>*>¢. Because of the difficulty in purifying the
dye, we used it as supplied. We assume that the impurities are structurally similar to that of PR,

therefore the calculations were based on 100% PR.

O O
0\5// \\/O
NaJ %Na

N%N

Fig. 3- 1. Chemical structure of procion red MX-5B (PR) dye®’

3.3.2. Periodate oxidation of cellulose pulp

Dialdehyde cellulose (DAC) was synthesized with the protocol developed in our lab with minor
alterations®®. DAC was prepared under the following reaction conditions: Pre-soaked kraft pulp
(10.0 g) was added to a solution containing 26.4 g of NalO4 (12.3 mmol based on 2 mol per 1mol
glucose unit), 29.3 g NaCl and 500 mL DI water. The reaction mixture was stirred at room
temperature in the dark for 6 days. Ethylene glycol was added to the reaction mixture to quench the
residual periodate. DAC fibres were rinsed thoroughly with DI water 5 times and filtered through a
4 um pore nylon cloth. DAC was dried in the oven at 50 °C and a small amount of DAC was set

aside for aldehyde content determination.
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3.3.3. Reductive amination of DAC fibres to produce DAmF and DAmC

Dangerfield, et al. developed the methodology for protecting-group-free synthesis of primary
amines®. In their study, they converted methyl iodo-glycosides to primary amines in a single step
using ammonia and a nitrogen source. To the best of our knowledge, this is the first time that this
protocol has been applied in modifying cellulose. 10g of DAC, 4.2 g NH4OAc (3 mol per 1 mol -
CHO), 625 mL 2M NHj3 (10 mol per mol -CHO) was added to 100 mL of dry methanol (methanol
was dried with 4 A activated molecular sieves). The mixture was stirred at 80°C under reflux for 18
hrs, then cooled in an ice bath and sodium borohydride (1 g) was added and stirred at room
temperature for one hour. 20 mL 0.1 M NaOH solution was used to quench the reaction and the
aminated fibres were washed with DI water 5 times and dried at room temperature. A small amount
of DAmF was taken for amine content determination.

To prepare DAmC, 4 g of DAmF was stirred in water at pH 3 at 60 °C for 1 hour after which all

DAmF dissolved resulting in the water-soluble polymer.

3.3.4. Characterization of DAC and DAmF

3.3.4.1. Determination of aldehyde content.

The aldehyde content before and after amination was determined by the hydroxylamine
hydrochloride method®®. A known amount of DAC was dissolved in water (2%) at 80°C for 6 hrs.
After solubilization, the pH was adjusted to 3.5 by HCI. The pH of a solution of NH.OH-HCI (5%
w/w) was also adjusted to 3.5 before adding it to the sample solution. The pH of the reaction was
maintained at 3.5 with the addition of 10 mM NaOH. NaOH was added until the pH remained
constant at 3.5, indicating the complete conversion of aldehydes to oximes. The aldehyde content

was determined by equation 1

—1) _ Nnaon*VNaon

Aldehyde content (mmol g W 1



Here, Nnaon is the normality of base (mmol L), Vnaon is the volume of base used and W is the

weight of the sample used for titration.

3.3.4.2. Determination of charge content.

Conductometric titration with a standardized HCI solution on an 836 Titrando titrator (Metrohm,
Switzerland) was used to determine the amine content of DAmF. A known amount of DAmF was
distributed in 100 mL milli-Q water (ion content), and the pH was adjusted to 11.5 with 0.1 M
NaOH. The addition HCIl and data collection were controlled by a computer system. 45mL of
standardized 10 mM HCI solution to the solution at a rate of 0.1 mL min™' until the pH reached
3.5. The amine (charge) content in mmol per gram of DAmF was estimated using the middle
portion of the titration curve, which represented the volume of HCI solution used to neutralize the

weak base®!.

3.3.4.3. Fourier Transform Infrared (FTIR) Spectroscopy.

To confirm the change in functional groups, Fourier transform infrared spectra were measured
from dried fibres (pulp, DAC and DAmF) using ATR method in a Bruker ALPHA FTIR
spectrometer (Bruker Optics Inc., Billerica, USA) with single bounce diamond crystal and standard
room-temperature LiTaO3 MIR detector in the spectral region of 400 cm-1 to 4000 cm-1 using 32
scans at the best resolution of 4 cm™!. Peak fitting was done using OriginPro 2018b software

(OriginLab, Northampton, USA).

3.3.4.4. X-ray photoelectron spectroscopy (XPS).

XPS was used to quantitatively determine the formation of primary amine groups onto the DAmC.

Fibers were characterized by K-Alpha™ XPS instrument (Thermo Scientific, USA) using
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monochromatic Al Ka radiation under a 10~ mbar vacuum. DAC and DAmF fibers were dried
under vacuum before XPS measurement. All measurements were made on copper strips. The X-
ray Photoelectron Spectroscopy (XPS) analysis was performed with the flood gun on, meaning
that the surface charge of the insulating samples was neutralized. This is important to ensure
accurate measurements of the sample's electronic structure. The X-ray emission angle used in the
analysis was 90 degrees with respect to the specimen surface. Spectra were recorded from at least
three points on each sample, with the diameter of the analyzed area being 400 um. Single survey
scans with a pass energy of 200 eV were conducted to measure the elemental composition. High-
resolution scans with a pass energy of 50 eV for N 1s peaks were recorded. The obtained spectra
were deconvoluted using the Avantage Data System software®®. The software utilized a
combination of Gaussianand Lorentzian functions to deconvolute the spectra. Before
deconvolution, the spectra underwent background subtraction using the Shirley method. After
deconvolution and background subtraction, the resulting curves were attributed to different types
of bonds based on their binding energy values. Binding energy values were calculated relative to
the C (1s) photoelectron peak at 285.0 eV. Integration of the obtained curves allowed for the

determination of the percent nitrogen content.

3.3.4.5. Particle size analysis by dynamic light scattering (DLS)

The effective diameter of DAmC polymer was determined by a Brookhaven dynamic light
scattering (DLS) instrument BI9000 AT with a digital correlator. The concentration of DAmC was
kept at 0.1 wt. %. The effect of pHs of 2, 4, 5.5, 7.5 and 10.5 on the size of DAmC polymer was
studied. All experiments were carried out by monitoring the scattered light intensity at 90°
scattering angle at 25 °C. DAmC was observed to be soluble in solution at all pH with the exception

of pH 7.5, where it precipitated out of solution.
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3.3.4.6. Electrophoretic mobility (u) by electrophoretic light scattering (ELS)

To study the effect of pH changes, the average electrophoretic mobility of a 0.1 wt. % polymer
solution of DAmC was measured using Zeta-sizer Nano ZS (Malvern Instruments Ltd., U.K.).
DAmC was observed to be soluble in solution at all pH except for pH 7.5, where it precipitated
out of solution. The electrophoretic mobility results were not converted to -potentials, as no theory
for weak base cationic polyelectrolytes as a function of pH and heterogeneity in charge group

contents is available.

3.3.4.7. Study of irreversible partitioning between DAmF and DAmC in the absence of Dye.

It was observed that depending on the pH of solution, DAmF dissolves to form DAmC. This is
likely due to the dissolution of a fraction of diaminocellulose polymers with high charge content
and low molecular weight, as diaminocellulose was obtained in a heterogenous reaction, which
causes a non-uniform distribution of diamino groups. This dissolution is irreversible as DAmC in
the supernatant does not convert back to DAmF (unless at pH 7.7, sec section 3.4.). Partitioning
between DAmF and DAmC was studied at different pH at room temperature. All 20 mL glass vials
used for this experiment contained 20 mg DAmF and 5 mL water. The pH was adjusted with 0.1
M HClI or 0.1M NaOH as needed. The suspensions were shaken at 175 rpm in a Thermo Scientific
Precision TSSWBI15 Shaking Water Bath at 25°C for 12 hours. At different time intervals, fibres
were allowed to sediment for 5 mins, and the absorbance of the supernatant was determined with
ultraviolet—visible spectrophotometry (UV—vis) at a wavelength of 271 nm with a quartz cuvette

(see Fig. 3- 6b below).
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3.3.5. Removal of Procion MX red (PR) from water

3.3.5.1. Dye adsorption on DAmF.

All adsorption experiments were carried out as batch studies. Typically, 20 mg of dry DAmF
(unless stated otherwise) and 20 mL of Procion Red MX-5B (PR) test solutions (1 g L) were
placed in 40 mL glass vials. The initial pH of the solutions was controlled by adding 0.1 M HCI or
NaOH to achieve the desired pH. The mixtures were shaken at 175 rpm in a Thermo Scientific
Precision TSSWB15 Shaking Water Bath at 25°C for 10 hours. The equilibrium was determined
experimentally as there was no change in adsorption when experiments were run for longer periods
of time. Afterwards, separation of the adsorbent from the solution was done by centrifugation at
1000 rpm for 5 min and the supernatant was taken for UV-Vis measurement at 536 nm (the

experimental absorption maximum wavelength of the PR, close to value reported in literature®’).

The amount of dye removed by DAmF at equilibrium, g (g g™!) was calculated by the equation 2

below.

Dye removed g, = W 2

Here Cy is the initial dye concentration (g L), C. is the dye concentration in solution at equilibrium
(g L), V is the volume of dye solution used (L) and m is the initial mass of DAmC in solution

(@)

The percentage of dye removal was calculated using equation 3 below.

Percent Dye removal (%) = * 100

(C, — Ce)
C

0
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The effect of initial dye concentrations was studied by adding 20 mg of DAmF into PR solutions
with different initial concentrations at 298 K and at optimum pH (pH 2) and measuring the
concentration of PR solutions before and after adsorption by UV—vis at a wavelength of 536 nm.
After adsorption, we did not observe any dissolution of diaminocellulose fibers, therefore, Amax did

not change.

The effect of salt was also studied by performing adsorption experiments in the presence of 0.5 M
and 1 M NaCl at different PR concentrations (0.25 — 10 g g'!). Due to the hypochromic effects of

PR in NaCl, new calibration curves were employed for each salt concentration to compute de.

3.3.5.2. Adsorption isotherm

Adsorption isotherms offer valuable information about the characteristics of adsorption active sites
and are interconnected with the thermodynamic properties of the adsorption process. We
investigated dye adsorption on DAmF using Langmuir kinetics, which assumes that adsorption
occurs at uniformly distributed sites on a solid surface, with the adsorbent surface being
homogeneous. It also assumes that adsorbed molecules do not interact, and that all adsorption
follows the same mechanism®. The linearized form of the Langmuir isotherm is given in equation

4 below.

1 K
—_— =4 — 4
de dm Ce

Here qe is the amount of PR adsorbed per g of DAmF (mg g!), qm is the maximum adsorption
capacity (mg g!), C. is the concentration of PR in solution at equilibrium expressed in mg of dye

per g DAmF, K is the equilibrium constant that relates to the affinity of the dye to the binding sites
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Kges

and equals , With kaes and kags being the desorption and adsorption rate constants respectively.

ads

K and gm were determined from the slope and intercept respectively, from the plot of qi Vs. Ci
e e

3.3.5.3. Dye desorption and DAmF regeneration.

For regeneration tests, 50 mg of DAmF was used with 20 mL of 0.5 g L' PR solution at pH 2.
After adsorption, desorption experiments were carried out by stirring dyed DAmF in 20 mL of
water at pH 10. The mixture was stirred for 30 mins, after which the fibres sediment, and the

absorbance of the supernatant measured by UV-Vis. Results were expressed as equation 5.

C
Percent dye desorbed = C—d * 100 5
0

where cq is the concentration of dye desorbed, co is the initial concentration used during the
adsorption experiments.

DAmF was rinsed three more times with pH 10 DI water until there was no more color observed
in the rinse water. DAmF was dried in the oven overnight at 50 °C and reused for dye adsorption
experiments. There was a ~5 % fiber loss after every desorption cycle as we rinsed the fibres with

pH 10 DI water.

3.3.5.4. Dye adsorption by DAmC.
All adsorption experiments were carried out in batch studies. 1% DAmC solution was produced
by dissolving 200 mg DAmF in 20 mL distilled water at pH 3 and stirred at 60 °C for 1 hour. The

solution was stable when cooled to room temperature and was used in all adsorption experiments.

To determine the effect of pH on adsorption, 200 pL of 1% DAmC solution was added to 5 mL of

Procion Red MX-5B (PR) test solutions (0.5 g L") in 15 mL centrifuge vials (pH ranged from 2 -
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12). The pH of the solutions was decreased or increased by adding 0.1 M HCI or NaOH
respectively. The solutions were shaken at 175 rpm in a Thermo Scientific Precision TSSWB15
Shaking Water Bath at 25°C (large flocs formed almost immediately when the two solutions were
mixed). Afterwards, the solution was centrifuged at 1000 rpm for 5 min. The flocs collected at the

bottom of the centrifuge vail, while the supernatant was taken for UV-Vis measurement at 536 nm.

After centrifugation, the sediment contains precipitated DAmC with adsorbed dye. The
supernatant contains both non-precipitated DAmC with dye attached and non-adsorbed dye. We
observed a shift of Amax of PR, when both DAmC and dye were present in solution due to their
interaction. Therefore, we only plotted the raw data (e.g., abs. vs. pH) since all measurements were

taken at 536 nm.

The effect of initial dye concentrations was studied by adding 200 pL of 1% DAmC solution into
different initial concentrations of 5 mL PR solution ranging from 0.1 to 4 mg L™! at 298 K and at

optimum pH (pH 2).

Dosage of flocculant was studied by adding various volumes (0.1 —3 mL) of 1% DAmC solution

to SmL of 1 g L"! PR solutions.

The effect of salt was also studied by performing adsorption experiments in the presence of 0.5 M

and 1 M NaCl.

3.4. Result and discussion

3.4.1. Synthesis of DAmF.

The protocol for oxidation of cellulose pulp to dialdehyde cellulose by periodate oxidation has

been developed in earlier works® %495, Hydroxyl groups on the C2 and Cs positions on the glucose
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ring are converted to aldehyde groups and the C-C bond is broken resulting in a flexible dialdehyde
cellulose polymer (Scheme 3- 1a). The process employed to convert aldehyde groups to primary
amine groups was first reported by Dangerfield, et al.”® In this protocol (Scheme 3- 1b), a Schiff
base reaction occurs between the aldehyde group of DAC (dialdehyde cellulose fiber) and
ammonia resulting in the formation of an imine. Excess NH3OAc and NH3 are used to prevent
over-alkylation reaction and maintain the pH of the reaction to 12°°. This helps in the selectivity
of primary amines over secondary and tertiary. Also, the reaction must be devoid of moisture to
prevent the neutralization of nucleophilic ammonia, hence the solvent exchange with methanol.
NaBHy is added to reduce the resulting imine (C=NH) from the Schiff base reaction to amines (C-

NH», Scheme 3- Ic¢).
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Scheme 3- 1. Reaction schematic of (a) oxidation of cellulose to DAC, (b) amination reaction of DAC to imine and (c) subsequent

reduction of imine to DAmF

The image in Fig. 3- 2b shows the physical state of the DAmF after reductive amination. The
colour of the fibres changes from white (DAC) (Fig. 3- 2a) to dark brown (DAmF). This colour
change strongly indicates that the fibres have undergone chemical modification with the addition

of the amine groups.
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(a) (b)

Fig. 3- 2. Photographs of (a) DAC fiber and (b) DAmF

To produce DAmC, DAmF was mixed in water and heated to 60 °C and stirred for 1 hour after
which all DAmF fully dissolved. The DAmF fully dissolves at pH 3 because the presence of
positive charges on the fiber and heat increases solubility. After the solution of DAmC is cooled
to room temperature, DAmC is stable in solution and does not precipitate because it is kinetically
stable due to its positive charges leading to a high energy barrier which prevents DAmC from

reverting back to DAmF.

3.4.2. Characterization of DAC and DAmC

3.4.2.1 Aldehyde and Amine content.

The aldehyde content of DAC was 10.9 + 0.3 mmol g'!. This equates to a degree of oxidation (DO)
of 1.74 (max DO = 2). The amine content was determined by the curve produced by a

conductometric titration (Fig. 3- 3a). Prior to titration, a strong base (NaOH) is used to fully
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deprotonate the amine groups by raising the pH of the fibre suspension to ~11.5. This is followed

by titration with a strong acid (HCI) (Scheme 3- 2).

o

OH

(0]

Low pH

High pH

OH

L ’ *
H,N
2 HyN
NH,

- - n

Scheme 3- 2. Schematic of protonation and deprotonation DAmC in acidic and alkaline media respectively.

The charge (amine) content of DAmF was determined by conductometric titration to be 9.5 + 0.5
mmol g! (DO = 1.5). For comparison, the amine content of chitosan is 4.7 mmolg ! (degree of
deacetylation D.D. = 84 %)°!. The pKy values corresponds to the points of inflection on the pH
curve and were determined by plotting the first derivative of pH vs. HCL added. From Fig. 3- 3b,
the two maxima, corresponding to pKy values of the amines located on the C> and Cs positions of
the polymeric chains of diaminocellulose, are found to be 5.7 and 8.5. These correspond to pKa
values of 5.5 and 8.3 for both amine groups. The reason for the two pKa values is that the vicinity
of a second amine group affects the pK. of the first amine. The same is seen in compounds having
two neighbouring carboxyl groups, such as hydrolyzed polystyrene maleic anhydride®®. Also, from
the aldehyde content of DAC, it can be concluded that the efficiency of reductive amination

reaction 1s = 87 %.
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Fig. 3- 3. (a) Conductometric titration of DAmF using 10 mM HCI, indicating ~15 + 1 mL of acid (shown by arrows) is needed to
neutralize the weak base, implying a charge content of 9.5 mmol of -NH2 per gram of DAmF with two pKy values shown by blue

arrows. (b) first derivation of pH titration curve indicating the points of inflection and hence, the locations of pKb.

3.4.2.2. Fourier Transform Infrared (FTIR) Spectroscopy.

To confirm the changes in functional groups, FTIR spectra of cellulose pulp, DAC fibre and DAmF
were collected, and the data are presented in Fig. 3- 4. Characteristic peaks in cellulose are a broad
peak at 3300 cm™! (-O-H stretching vibration), and peaks at 2927 cm™!(—C—H stretching vibration),
1630 cm™! (vibration of water molecule absorbed by cellulose) and 1012 cm™ (—~C—O—C pyranose
ring skeletal vibration)®”’’. DAC spectrum shows a peak at 1725 cm™ which is characteristic of
an aldehyde carbonyl stretch. This band disappears in DAmF and the band at 1630 broadens due
to the overlap of the N-H bending vibration and the absorbed H-O-H vibration band’!. The usual
two bands around 3300 cm™ that are characteristics of primary amines do not show up on the

spectrum due to its overlap with the broad -OH peak.
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Fig. 3- 4. FTIR spectra of cellulose pulp, DAC fiber and DAmF.

3.4.2.3. XPS analysis.

To further confirm the addition of amine groups, XPS was employed to investigate the atomic
chemical composition of DAmF (Fig. 3- 5). The peak at 400 eV represents nitrogen, which is due
to amine groups in the fibre. Cls and N1s peaks were deconvoluted into their constituent sub-
peaks to understand the nature of carbon and nitrogen bonds in DAmC. For Cls (Fig. 3- 5b), the
peak at 286.0 = 0.1 eV is deconvoluted into 284.4 £ 0.1 eV, 285.7 £ 0.1 eV and 287.9 + 0.1 eV and
they are assigned to C-C/C-H, amine (C-N)/ hydroxyl (C-O) and glycosidic bond (C-O-C)
respectively. Pure cellulose does not contain any C-C bonds, (this component originates from

carbon atoms that have no neighbouring oxygen), and consequently, DAmF should have no C-C
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bonds. Therefore, this bond at 284.4 eV can be assigned to either sp® C-H bond or, as Hua et al
suggested, it may originate from the C-C-O contributions (C4 and C5 in the pyrose ring) which
have a lower binding energy compared to hydroxylic carbon’® 73, The N1s peak at 399.1 £ 0.1 eV
(Fig. 3- 5¢) is deconvoluted into 398.1 = 0.1 eV and 401.7 + 0.1 eV and are assigned to residual
imine groups that were not reduced by NaBH4, and primary amine. These assignments are
consistent with other studies reported in the literature’* 7°. The peak area for both curves were
12.12+4.1 and 87.9 £ 4.1 % respectively. From these data, the efficiency of the reduction reaction

with NaBHa4 is about 88 %.
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Fig. 3- 5. (a) XPS spectrum of DAmC (atomic composition- 63.3% C1, 21.3% Ols and 15.2% N1s); (b) Cls signal deconvoluted

into C-O-C, C-0O, C-C and C-N; (c) N1s signal deconvoluted into residual imine and primary amine groups
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3.4.2.4. Stability of DAmC in solution.

To investigate the stability of DAmC in solution, 0.1 M HCl and 0.1 M NaOH were added to 0.1%
DAmC solutions and visually inspected (pH 3, 5, 7.7 and 10). DAmC was stable in solution across
all pH ranges except pH 7.7 (see Fig. 3- 6a) where it was converted back to DAmF and crashed
out of solution. This is due to DAmC reaching the point of zero charge as confirmed by
electrophoretic mobility measurements. The full scan UV-Vis spectra in Fig. 3- 6b show that there
is a reduction in DAmC in solution at pH 7.7, as seen by the drop in intensity of the absorbance

peak at 271 nm.

Fig. 3- 6¢ shows the effect of pH on the charge density and effective diameter of DAmC polymer
in solution. At low pH, such as pH 2 and 4, the particle size of DAmC was ~6500 and ~2400 nm
respectively. This large effective diameter is likely due to protonation of amines of the cellulose
chains, leading to ‘rigid rod’ structure. Additionally, DAmC chains could associate with each other
through H-bonding between adjacent polymers. As the pH increases the hydrodynamic radius of
DAmC decreases due to the reduction in the density of positive charges on the polymer and the
polymer conformation changes from a straight rod at high charge density to a random coil at low
charge density. At pH 7.5, DAmC polymer is at the point of zero charge (PZC) at which the higher
molecular weight DAmC polymers precipitate out of solution, leaving the lower molecular weight
polymer in solution. This results in the lowest hydrodynamic radius of 103.2 nm at pH 7.7. After
the PZC, the effective diameter increases due to the development of negative charge density on the

polymer.

At pH 2, the amine groups on DAmF undergo complete protonation (-NH,—-NH3"), leading to a
high electrophoretic mobility. The electrophoretic mobility at pH 4 (u = +3.5) is higher than at pH

2 (u = +2.5) at which pH the ionic strength is higher, leading to more charge screening. The PZC

105



of DAmC is determined to be at pH 7.5 + 0.1, which is the pH at which we observed DAmC
precipitate out of solution. For pHs above PZC, DAmC becomes negatively charged, possibly due
to the deprotonation of hydroxyl groups and alkaline hydrolysis of the cellulose backbone. This

result is consistent with electrophoretic mobility measurement of cotton treated with PEI and other

amine functionalized cellulose systems’® 7.
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Fig. 3- 6. a) Photo showing 0.1 % DAmC solutions at pH 3, pH 5, pH 7.7 and pH 10. All solutions were stable for over 30 days,
except for pH 7.7 at which a precipitate formed immediately after pH change, and the solution became clearer. The other solutions
are brown because of the presence of DAmC (b) The corresponding UV-Vis spectra for the corresponding solutions. We observe
a peak at 271 nm which was set at Amax for quantifying DAmC in solution. (c) equivalent spherical diameter and electrophoretic

mobility of DAmC under different pH conditions, measured at T~25 °C by DLS and electrophoretic light scattering, respectively
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3.4.2.5. Partitioning between DAmF and DAmC at room temperature in the absence of dye.

To understand the stability of DAmF in water over a range of pH, DAmF suspensions were studied
to better understand the nature of the fibre. At room temperature, 20 mg of DAmF were placed in
5 mL of water at various pHs (1 -12) and the amount of fibre dissolved was measured over time.
The graphs in Fig. 3- 7 represent the findings. In very acidic media, pH 1 and 2, dissolution of
DAmF or conversion to DAmC is higher because of the complete protonation of amine groups as
illustrated in Fig. 3- 7a. Like other amino-containing compounds such as chitosan, the primary
amine groups on DAmF makes the fibers cationic in acidic media.”® 7®. As protonation increases,
electrostatic repulsion between the polymeric chains in the fibre intensifies, resulting in polymer
separation and dissolution. The considerable difference in dissolution at pH 1 versus pH 2 is likely
due to the extremely acidic media in pH 1, hydrolyzing the cellulose chain, causing the cellulose
chains to shorten, resulting in a low average molecular weight thereby increasing the polymer's

solubility.

(b)

Percentage of DAmF dissolved / DAmC formed (%)
Percentage of DAmF dissolved / DAmC formed (%)

16

Time (hr) Time (hr)

Fig. 3- 7. (a) Graph showing the dissolution of DAmF and partitioning between DAmF and DAmC in solution. DAmC is formed
when DAmF dissolves. 20 mg of DAmF was added to 5 mL of water at pH 1-12 at room temperature and stirred over 12 hrs (b)

graph a zoomed in at pH 3-12
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As shown in Fig. 3- 7b, an increase in pH decreases DAmF solubility because the cellulose chains
in DAmF become less charged as the amine groups are deprotonated. At pH >10, solubility slightly
increases due to weakened intramolecular hydrogen bonds within its chains, that results from

deprotonation of hydroxyl groups, therefore leading to its partial solubility in alkaline solutions®’.

3.4.3. Removal of PR from water by adsorption on DAmF

As was mentioned earlier, diaminocellulose fibre, DAmF, maintains its integrity in water at
ambient temperature over a wide range of pH. Therefore, it can be employed as a reusable green

adsorbent for the removal of PR from water.

3.4.3.1. Effect of pH.

In this study, the effect of pH was evaluated for pHs between 2 and 11 and the results are shown
in Fig. 3- 8a. Dye adsorption on DAmF was shown to be optimum at pH 2 but decreases as the pH
increases. This result is similar to chitosan, another known biopolymer with amine groups, for
which the adsorption of anionic dyes is more pronounced at low pH*. DAmF have solid interfaces
with many adsorption sites. The two main mechanisms for dye adsorption on pulp fibers are ion
exchange and adsorption on specific sites of the external and internal fiber surface®! #2. Specific
adsorption of negative PR ions on cationic protonated amine sites is the likely mechanism because
a similar adsorption occurs on DAmC (see below), in which ion exchange with ions in pores is
impossible. Adsorption is highest at pH 2, because at pH 2, PR is weakly charged, DAmF is highly
charged, and more PR is needed to reach charge neutralization. Dye adsorption decreased from
0.8 g g at pH 2 to less than 0.2 g g! at pH 5 because at higher pHs the charge of PR is higher,
resulting in less PR required to reach charge neutralization. Furthermore, it was observed that
DAmF, despite being slightly soluble in distilled water at a pH of 2 (refer to Fig. 3- 7a), exhibits
remarkable stability in dyed water. The insolubility of the fibres is plausibly attributable to charge
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neutralisation by the dye and the rate of association with the dye surpasses that of DAmF

dissolution at pH 2.
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Fig. 3- 8. (a) Dye adsorption of PR on DAmF as a function of pH showing optimal adsorption at pH 2 (20 mg DAmF with 20 mL
of 1g L' PR); (b) Adsorption of PR by DAmF as a function of initial concentration of dye in different concentration of NaCl(20
mg DAmF with 20 mL of 0.1 - 10 g L' PR at pH 2); (c) Percentage PR removed as a function of initial concentration of dye in
different concentration of NaCl(20 mg DAmF with 20 mL of 0.1 - 10 g L' PR at pH 2); (d) Adsorption at pH 2 and desorption at

pH 10 of PR from DAmF over 5 cycles. Error bars represent 2 standard errors of the mean (N=3)

3.4.3.2. Effect of ionic strength.

To understand the effect of ionic strength on the adsorption of PR-MX on DAmF, NaCl was added
to PR solutions at various concentrations (0.1 — 10 g L!) at pH 2 before adding the fibres. We
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observed that the addition of salt led to a decrease in adsorption spectra (see Fig. S3- 1a).
Therefore, different calibration curves were utilized for PR experiments done at 0.5 M and 1.0 M
NaCl concentrations (see Fig. S3- 1b and Table S3- 1). As shown in Fig. 3- 8 b and c, the uptake
of the dye decreases as the concentration of NaCl increases because salt screens the surface charge
of the fibers, resulting in less PR molecules needed for charge neutralization on DAmF. Although
high concentrations of NaCl results in the formation of microflocs (aggregates) of PR, as observed
in the flocculation experiments (discussed in section 3.4.4.4.), these aggregates were probably too

big to enter the pores of DAmF and thus did not end up on the fibers.

3.4.3.3. Adsorption isotherm

We investigated PR adsorption and compared the results with a Langmuir isotherm. Fig. 3- 9a
shows that as the equilibrium concentration C. increases, the amount of dye adsorbed . rapidly
increases until Ce ~ 0.5 g L', After this point, PR adsorption beings to reach the saturation point.
The adsorption isotherm is an example of a finite affinity isotherm, implying a dynamic
equilibrium between adsorption and desorption. The maximum adsorption capacity of DAmF at
room temperature and pH 2 is 3.72 g ¢!, and K is 0.1966 and has no units, implying the adsorption
rate constant is about 5 times the desorption rate constant. The maximum adsorbed amount qm

obtained from the Langmuir isotherm is not close to the theoretical value calculated by charge
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stoichiometry (qm()). If we assume that at pH 2, 1 mol of SO3;~ on PR is required to neutralize 1

mol of NH4+" on DAmF, then, gm() is calculated as:

1mol NHf oc mmol 06169 599
= —F——— %0, * (). — = 0.9—
m© = Tn0l S0; g mmol g

The reason that the maximum amount of adsorbed dye is less than the theoretical maximum is

likely due to that not all the amine groups in the pores of DAmF are accessible to PR.
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Fig. 3- 9. PR uptake isotherms and the Langmuir fit. (a) The relation between the amount of adsorbed PR per unit mass of DAmF
and PR concentrations at equilibrium derived from experimental data for PR adsorption by DAmF in water. (b) Linear fit to the

Langmuir isotherm. Ce is in mg of PR at equilibrium per unit mass of DAmF utilized.

Because the literature on the adsorption of procion Red mx 5B onto cellulosic materials is limited,
Table S3- 2 contains a compilation of alternative biosorbents. Our material has a greater capacity
for PR adsorption than the majority of the sorbents on this list. Comparatively, the max. adsorption

capacity of our material inherently resembles that of the biosorbent Dendritic Fibrous Colloidal

Silica Internally Cross-linked by Bivalent Organic Cations (DDS)*%. Despite having a charge
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content of 4.5 mmol g!, which is half that of DAmF, DDS exhibited a maximum dye adsorption
capacity of 3.19 g g’!, which was comparable to ours. As explained, this might be due to some
amines in DAmF not being accessible to PR molecules. Tertiary amine-containing DSS was an

effective sorbent, but our material may have an advantage of reusability.

3.4.3.4. Regeneration test.

To study the recyclability of the adsorbent, dyed DAmF was stirred in a 20 mL aqueous solution
at pH 10 for 30 mins after which the absorbance of the supernatant was measured. At pH 10, there
is an abundance of OH" ions that replace PR molecules on DAmF, thereby releasing the dye
molecules. This can then be washed off and the adsorbent regenerated after drying. As shown in
Fig. 3- 8d, the adsorbent is viable after 5 uses. 100% recovery of dye was not achieved probably

due to dye molecules not having enough time to diffuse through the pores of DAmF.

3.4.4. Removal of PR from water by adsorption on DAmC

To understand the adsorption mechanism of PR on diaminocellulose, we also utilized the
macromolecular (dissolved) form of DAmF, DAmC for the removal of PR from water. The
adsorption of PR on DAmC led to the formation of precipitates that contained PR and DAmC.
When the amount of PR adsorbed on DAmC was not enough to lead to precipitation, there was a
red-shift in the absorption spectrum of PR as shown in Fig. S3- 2. The absorbance peak at 536 nm
in PR solution alone is shifted to 550 nm in a PR-DAmC solution. Metachromasia is a phenomenon
in which the absorption or emission properties of a substance is altered, leading to a change in the
spectral band position of the molecule. The shift can either be bathochromic (redshift- move to
longer wavelength/ lower energy) or hypochromic (blue shift- move to shorter wavelength/ higher
energy). The strength of this interaction can be measured by the magnitude of metachromasia
induced in its spectroscopic profile®® 8. Due to the bathochromic (red) shift of 14 nm observed in
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the spectra of DAmC-PR, we were not able to correctly estimate the amount of free PR molecules
still left in solution after the adsorption experiments. This has led us to represent our data in
adjusted absorbance. Adjusted absorbance is defined as the absorbance value at 536 nm, that has
been corrected for the dilution that was done to the sample, before UV-vis measurements were

taken.

Polyelectrolyte—dye complexation in solution has been extensively studied and reviewed.®*-
85 Electrostatic forces between the polymer and the dye, the persistence length or conformational
adaptability of the polymer, and the degree of cross-linking of the polymer are hypothesised to
have a significant impact on these interactions. Here we study the effects of pH, ionic strength,

polymer concentration and dye concentration on DAmC-PR complexation.

3.4.4.1. Effect of pH.

Dyes typically have a pH range in which adsorption onto a specific material is advantageous. The
optimal pH value is determined by the adsorbent's properties and the interaction between the
adsorbate and the solid surface. The pH effect was measured from 2 to 12 with 200 pL of 1%
DAmC and 5 mL of 0.5 g L"! PR. The graph in Fig. 3- 10a shows the effect of pH on the removal
of dye by adsorption on DAmC. During this experiment, a precipitate of DAmC and PR was
formed shortly after mixing both solutions together. This precipitate could be easily isolated from
the solution by sedimentation or filtration. At 536 nm, the adjusted absorbance of a 0.5 g L' PR
solution was 10.9. The highest amount of dye removed from the solution occurred at pH 2. Under
these conditions all the dye is adsorbed on the modified cellulose chains in solution, and all the
DAmC with the adsorbed dye precipitates out, evidently because the charge of the cellulose chains

with adsorbed dye was much reduced and the chains were no longer water-soluble. We chose this
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pH as the optimal pH and the rest of the experiments were carried out at pH = 2. There is an upward
trend from an adjusted absorbance of ~0 at pH ~3 to 1.05 g g! at pH 9 which further increases to
~6 at pH 12. This is because the anionic dye, PR displayed in Fig. 3- 1, has a pK, of 2.5 and at a
pH below the pKa, PR is less negatively charged than at a pH above the pK,, i.e., the charge of PR
increases with pH. DAmC on the other hand is positively charged as the pK, of the primary amines
on the polymeric chains are 5.5 and 8.3. Precipitation occurs as a result of an electrostatic attraction
between the opposite charges on DAmC and PR, resulting in charge neutralization thereby leading
to destabilization. Precipitation, and thus dye removal from water, increases as pH decreases
because the charge density of PR decreases and the charge density of DAmC increases. This leads
to DAmC requiring a higher adsorption of PR to reach neutralization and thus precipitation. There
is a decrease in dye removal as pH increases because the charge density on DAmC decreases with
pH and requires lesser amounts of PR to precipitate. Significant dye removal is still observed when
the pH of the solution is at or above the point of zero charge (PZC) of DAmC, where the polymer
is either neutral or negatively charged. This suggests that the binding forces are not just based on
electrostatic interaction, but also involve other mechanisms, particularly via hydrogen bonds

formation and van der Waals forces.
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Fig. 3- 10. PR removal from water by adsorption on DAmC (a) as a function of pH showing optimal dye removal at pH 2 (200 pL.
of 1% DAmC with 5 mL of 0.5 g L-1 PR); (b) as a function of DAmC dose at pH 2(100 — 3000 pL of 1% DAmC with 5 mL of 1
g L-1 PR); (c) as a function of concentration of dye a pH 2 (200 pL of 1% DAmC with 5 mL of 0.1 -10 g L-1 PR); (d) In the

presence of 0.5 - 1 M NaCl at pH 2 (200 pL of 1% DAmC with 5 mL of 0.1 - 4 g L-1 PR) solution.

3.4.4.2. Effect of flocculant dosage.

The graph in Fig. 3- 10b shows the effect of DAmC concentration. In these experiments, we varied
the volume of 1% DAmC added (100 — 3000 pL) to a constant concentration and volume of PR (1
g L'and 5 mL respectively) at pH 2. At 536 nm, the adjusted absorbance of a 1.0 g L'! PR solution
was 21.8. According to the graph, 500 - 750 uL of 1% DAmC removed the most dye and was

optimal for precipitation and produced a colourless solution, most likely due to sufficient cellulose
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chains present in solution to allow all the dye to adsorb. Hence, all dye was adsorbed on DAmC,
which became water-insoluble and precipitated out. As the concentration of DAmC increased, the
removal of dye decreased because there were not enough PR molecules adsorbed on the polymeric
chains to precipitate out all the DAmC chains. It was also visually observed that at DAmC
concentration of 2 and 3 mL, precipitation was significantly reduced because all PR dye was

attached to DAmC chains, which remained in solution due to their remaining high charge content.

3.4.4.3. Effect of initial concentration of dye.

The graph in Fig. 3- 10c shows the effect of the initial concentration of dye on precipitation of
DAmC, the case that 200 puL of 1% DAmC solution was added to various concentrations of dye,
ranging from 0.1 g L to 4 g L' at pH 2. We assumed that when the dye concentration was 0.75 g
g'! or higher, there were no longer DAmC-PR chains in solution, therefore Amax did not change.
For this case, we were able to determine the efficiency of dye removal, represented by the red
curve on Fig. 3- 10c. As the dye concentration increases, the percentage of dye removed decreases
from 80 % at 0.75 g g! to 20 % for 4 g g’!, as the amount of PR molecules present in solution is

significantly greater than that of DAmC.

3.4.4.4. Effect of ionic strength.

To understand the effect of ionic strength on the adsorption of PR by DAmC, NaCl was added to
dye solutions to make 0.5 and 1 M solutions before adding DAmC. The results are shown in Fig.
3- 10d, and it was observed that adding salt increased precipitation. The persistence length of a
polyelectrolyte (a stretched-out polymer is expected to complex small molecules less effectively
than a coiled one), as well as the double-layer thickness of charged objects in solution (interactions
between charges are believed to strongly influence complexation) can be affected by ionic

strength®. Linford, et. al. observed that at low ionic strength and very high ionic strength,
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polyelectrolyte-dye binding was reduced in their system. This is due to polymer stiffness at low
ionic strength, and polymer complexing the ions in solution instead of PR dye at very high ionic
strength. They suggested that there was an optimum salt concentration or set of concentrations that
facilitated the adsorption of dye®®. We believe that 0.5 M and 1.0 M NaCl fall in that optimum
range as the precipitation was higher in these systems in comparison to when no salt was added.
At 0.5 M and 1.0 M, NaCl screens the charges on DAmC, leading to shorter persistent length and
more flexible polymer, which is more effective in absorbing PR than the stiff DAmC polymeric

chains (in the case of no salt).

Furthermore, NaCl ions screen the charges on the PR, resulting in less electrostatic repulsion
between the PR molecules, ensuing in microflocs of dye which deposit on the DAmC chains,
forming macroflocs by bridging the chains, that can be readily centrifuged. The evidence of
aggregation is presented by the graph in Fig. S3- 1a. When the concentration of NaCl increases,
the total absorbance of PR decreases, implying that there are fewer absorbing species in solution.
Hamlin, et. al. also observed this hypochromic shift (decrease in absorption) when PR was in 60 g
L (~1.03 M) NaCl solution®’. In the absence of DAmC no PR precipitation was observed, which
implies that PR aggregates did not grow to very large sizes. These favourable conditions led to the

higher adsorption (i.e., lower absorbance values at 536 nm) of PR molecules on DAmC.

3.5. Conclusions

Diaminocellulose fibre (DAmF), a new modified cellulose polymer with lots of primary amine
groups, was synthesized from Kraft cellulose pulp by periodate oxidation and subsequent reductive

amination. Diaminocellulose (DAmMC) was produced by dissolution of DAmF in water at pH 3 and
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60 °C. Both had an amine content of ~9.5 mmol g'! (measured by conductometric titration) which
is twice the amine content in chitosan. Successful functionalization of cellulose with primary
amines was confirmed by electrophoretic mobility measurements, FTIR, XPS and conductometric
titration by strong acid. DAmF and DAmC which are in form of fibres and solubilized polymer
respectively were used for the removal of an anionic dye, Procion Red MX-5B (PR), from
wastewater. DAmF showed good adsorption capacity of 3.72 g g’! at the optimal pH of 2. At pH
10 desorption occurred, making DAmF a potential reusable sorbent for anionic dyes. In
comparison to other biosorbents displayed in Table S3- 2, DAmF is a better alternative for
adsorption. Diaminocellulose has potential applications in industrial and biomedical industries,
such as in packaging and drug delivery, due to the accessibility of its primary amine groups to
chemicals and because they can be further functionalized by Schiff base or bioconjugation

reactions.
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3.7. Supplementary Information
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Fig. S3- 1. (a) UV-vis spectra of 0.1 gL-1 PR in no salt, 0.5 M NaCl and 1 M NaCl. (b) Calibration curve of PR at 536 nm

Table S3- 1. Trendline equation and R? values for the calibration curve in Fig. S3- 1b

Conc. of NaCl (M) Trendline equation R?

0.0 y=21.081x +0.0432 0.9986
0.5 y =18.815x + 0.0408 0.9948
1.0 y=17.79x + 0.0413 0.9991
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Fig. S3- 2. UV-vis spectra of 0.1% DAmC, 0.1gL PR and a mixture of DAmC and PR

Table S3- 2. Comparison of the maximum monolayer adsorption capacities of PR-MX (without purification) on various adsorbents

by Bivalent Organic Cations (DDS)

Adsorbent Maximum adsorption | Ref.
capacity (mg/g)

Diaminocellulose fibers (DAmF) 3720 This work

Dendritic Fibrous Colloidal Silica Internally Cross-linked | 3190 52
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Activated peach carbon. 297.2 >4
Commercial activated carbon 174.0

Oil palm empty fruit bunch (OPEFB) 20.70 88
Silylated-OPEFB 208.33

TiO»/ kaolin 158 53
Activated carbon-Fe304 composite 278 89
Chitosan 136.1 %
Chitosan-linked p-tbutylcalix[4]arene 147.4
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Chapter 4

SORPTION OF LEAD USING DIIMINO- AND DIAMINOCELLULOSE
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Preface

In Chapter 3, the main focus was on the process of animating cellulose directly to create
diaminocellulose fiber (DAmF), which contains a substantial amount of primary amine groups. In
order to further explore the potential applications of this fiber, DAmF, as well as its precursor
diiminocellulose (DImF), were examined for their capacity to remove heavy metals from water.

This is attributed to the substantial nitrogen and oxygen content present in the fibers.

4.1. Abstract

Cellulose pulp was functionalized with nitrogen to produce diiminocellulose fiber (DImF) and
diaminocellulose fiber (DAmF). DImF and DAmF contain two imine and two amine groups
respectively. Aldehyde content determination, conductometric titration, XPS and FT-IR were used
to characterize the fibers. DImF and DAmF contain approximately 9.5 mmol g™ imine content
and 9.3 mmol g! amine content respectively. Imine content was determined by titration of the
residual aldehyde groups before reduction of imine groups by NaBH4, while the amine content
was determined by conductometric titration. The fibers were employed for sorption of Pb** ions,
with an investigation conducted on the effect of pH, initial concentration and sorbent dosage.
Sorption was affected by pH with the highest sorption at pH 8 due to reduction of positive charges
in and on the fibers. DAmF had slightly higher sorbed amounts (mg g') than DImF at all pHs
except 7 and 8 possibly due to ring closure in the polymeric chain. Kinetic studies showed that the
sorption of the metal at pH 5.5 was slow due to establishment of a Donnan equilibrium, which
causes much lower Pb?" concentrations in the pores id the fibers than in the bulk. Depth profile
analysis by XPS was used to confirm that amination and adsorption did not only occur on the

surface of the fibers but also in the pores as well.
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4.2. Introduction

The presence of heavy metals in the environment can have substantial consequences for both
human health and the ecosystem, mostly because of their non-biodegradable properties and
tendency to accumulate over time. The issue of water resource contamination caused by the
discharge of contaminants, such as heavy metals, from industrial activities is a significant concern,
particularly in developing nations" 2. Anthropogenic sources of heavy metals encompass a range
of activities, including mining, smelting, combustion of fossil fuels, incineration of solid waste, as
well as the manufacturing processes involved in batteries, paints, electronics, ceramics, and glass
industries. Natural events, including forest fires, volcanic activity, mineral weathering, and

erosion, play a significant role in the presence of heavy metals® 4.

Lead (Pb) is a heavy, soft, and malleable metal that occurs naturally in the Earth's crust. It is
typically found in the form of metal oxides. It has been used for a variety of purposes throughout
history, primarily in car batteries, plumbing, pottery, etc.’ Aside from its many applications, lead
and its compounds are toxic to humans and other organisms. Lead is a potent neurotoxin that binds
to various proteins (such as enzymes) in the human body and replaces calcium in life-sustaining
processes, causing extensive damage. Lead poisoning has been reported since antiquity and
scientifically established since the nineteenth century. Lead is now largely eliminated from
applications involving human exposure in developed countries, such as lead paints, piping, and
anti knocking agents in gasoline. Legislation varies in developing countries; despite a general
tendency to limit lead exposure, lead poisoning cases still occur.® Lead is believed to be quickly
sorbed in the blood stream and affects every organ of the body leading to devasting effects in both
children and adults. Children are extremely sensitive to low levels of lead which may contribute

to lower IQ, behavioral problems, and learning deficits’. In pregnant women, exposure may lead
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to miscarriage or premature birth and chronic exposure in men may lead to reduced male fertility?®.
Prolonged exposure to lead can also lead to anaemia, increase in blood pressure, severe damage to

the brain and kidney, etc.

The maximum permissible limit (MPL) of lead in drinking water and wastewater, according to the
World Health Organization (WHO) and Environmental Protection Agency (EPA) is 0.05 mg per
liter”. Pb concentrations in industrial wastewaters can reach 200-500 mgL™!' and must be reduced
to the EPA standard before being discharged into water bodies or sewage systems'® !, As a result,
finding a safe and effective way to remove lead from wastewater is critical. Precipitation'?,
coagulation-flocculation'?, ion-exchange!®, electrodialysis'>, adsorption', and other approaches
have all been investigated in the fight against lead water pollution. Among these approaches,
sorption is thought to be the most cost-effective and efficient, with no drawbacks such as sludge

development, low metal ion retention, high energy consumption, etc”.

Cellulose is the most abundant biopolymer on earth that is also environmentally friendly,
renewable, and biodegradable. Cellulosic materials like rice husk and sawdust have been used as
green adsorbent for heavy metals due to the presence of hydroxyl groups on the cellulose chain'’.
However, cellulose has a low metal retention due to the inability of D-glucose units to form stable
metal complexes. To improve the efficacy of cellulose in adsorbing heavy metals from wastewater,
processes such as esterification, halogenation, etherification, grafting, oxidation, and others can be
used to modify the biopolymer with "ligand" binding groups. Atoms such as S, N, and O serve as
ligand atoms in chemical groups such as —SH, —S-S, —-NH», =NH, —OH, -OPO3H, and >C=0"3,
Numerous scholarly publications have explored the application of imino- and amino- modified
cellulose for the purpose of adsorbing Pb*" ions. A method of enhancing the adsorption of Pb**

was observed through the functionalization of cellulose using diaminoguanidine!®. Additionally,
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the adsorption of cellulose towards Pb*" ions was improved through the complexation of cellulose
with ethylene diaminetetraacetic dianhydride (EDTAD)?. Also, the adsorption of Pb** ions was
further improved through the modification of cellulose using 1,2-pheneylnediamine?!. Table 2-3

in Chapter 2 provides more examples of imine and amine modified cellulose-based Pb** sorbents.

The goal of this study is to modify cellulose fibres into a new type of heavy metal ion adsorbent
by functionalizing them with amines and imines. To add these functional groups unto cellulose
fibres, we use a periodate oxidation reaction followed by an amination and reductive amination
reaction to synthesize diiminocellulose fiber (DImF) and diaminocellulose fiber (DAmF)
respectively. The effects of pH, dosage amount, contact time, and initial concentration on the
sorption of lead from water are investigated using these cellulose fibre derivatives. To the best of
our knowledge, diimino- and diaminocellulose, have never been used to adsorb Pb*" ions in

wastewater treatment.
4.2. Materials and methods

4.2.1. Reagents and Materials.

Softwood kraft pulp (Domtar, Canada) was used as the starting material to synthesize DAmC.
Sodium periodate (NalOs), ethylene glycol (>99%), ammonium acetate (NH4OAc), ammonium in
ethanol (2M), sodium borohydride (NaBHj4), hydroxylamine hydrochloride (NH>OH-HCI), and lead
nitrate (Pb (NOs)2) were purchased from Sigma-Aldrich. Sodium chloride (NaCl) was purchased
from ACP. Sodium hydroxide (NaOH) and hydrochloric acid (HCIl) solutions of various
concentrations were purchased from Merck. Anhydrous ethanol (EtOH) was purchased from

Greenfield Global. Deionized water (DI) was used in all experiments unless otherwise specified.
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4.2.2. Preparation of adsorbents

4.2.2.1. Periodate oxidation of cellulose fibers

Dialdehyde cellulose (DAC) was synthesized with the protocol developed in our lab with minor
alterations?>. DAC was prepared under the following reaction conditions: Pre-soaked kraft pulp
(10.0 g) was added to a solution containing 26.4 g of NalO4 (12.3 mmol based on 2 mol per 1mol
glucose unit), 29.3 g NaCl and 500 mL DI water. The reaction mixture was stirred at room
temperature in the dark for 6 days. Ethylene glycol was added to the reaction mixture to quench the
residual periodate. DAC fibers were rinsed thoroughly with DI water 5 times and filtered through a
4 um pore nylon cloth. To prepare DAC for the reductive amination reaction, wet DAC was placed
in 200mL of methanol for solvent exchanges. Solvent exchange was carried out 5 times in methanol
to ensure that there was no residual water to interfere with the amination reaction. A small amount

of DAC was set aside for aldehyde content determination.

4.2.2.2. Synthesis of DImF and DAmF
To synthesize diiminocellulose fiber (DImF), 10.0 g of DAC fibers (dry weight) was added to a
solution containing 4.2 g NH4OAc (3 mol per 1 mol -CHO), 625 mL 2M NH3 (10 mol per mol -
CHO) and methanol. The mixture was stirred at 80°C under reflux for 18 hrs and the product was
washed with water three times with distilled water. After drying DImF, half of it was used to
synthesize diaminocellulose (DAmMC). 5.0 g DImF was dispersed in methanol and placed in an ice
bath, then sodium borohydride (1 g) was added. After the addition, the mixture was stirred at room
temperature for one hour. NaOH solution was used to quench the reaction and the DAmC fibers
were washed with DI water 5 times and dried at room temperature. A small amount of DAmF was

taken for amine content determination.
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4.2.3. Characterization of adsorbents

4.2.3.1. Determination of aldehyde content.
A known amount of DAC sample was dissolved in water (2%) at 80 °C for 6 hrs. After solubilization,
the pH was adjusted to 3.5 by HCI. The pH of a solution of NH>OH-HCI (5% w/w) was also adjusted
to 3.5 before adding it to the sample solution. The pH of the reaction was maintained at 3.5 with the
addition of 10 mM NaOH. NaOH was added until the pH remained constant at 3.5, indicating the
complete conversion of aldehydes to oximes. The aldehyde content was determined by the following

equation 1.

_1~ _ NNaoH * VNaon
)= w

Aldehyde content (mmol g

Here, Nnaon is the normality of base, Vnaon is the volume of base used and W is the weight of the
sample used for titration.
This same procedure was followed for aldehyde determination in DImF, as the residual aldehydes

in DAmF would undergo reduction to hydroxides after reaction with NaBHa.

4.2.3.2. Potentiometric and conductometric titration.

Amine (charge) content of DAmF was measured by conductometric titration by a standardized
HCI solution on an 836 Titrando titrator (Metrohm, Switzerland). A known amount of fiber was
dispersed in 100 mL milli Q water and the pH was adjusted to ~11.5 with 0.1 M NaOH. The
addition HCI and data collection were controlled by a computer system. 45mL of standardized 10
mM HCI solution to the solution at a rate of 0.1 mL min™! until the pH reached ~3. The amine
content in mmol per one gram of fibers was calculated from the middle part of the titration curve

representing the volume of the HCl solution that neutralized the weak base. Potentiometric titration
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of DImF followed this same protocol. The pKy values of DImF and DAmF were determined from

the first derivative of the pH curve.

4.2.3.3. Fourier Transform Infrared (FTIR) Spectroscopy.

In order to verify the change in functional groups, Fourier transform infrared spectra were obtained
from dried fibers (Pulp, DAC, DImF, and DAmF) using the attenuated total reflectance (ATR)
technique on a Bruker ALPHA FTIR spectrometer (Bruker Optics Inc., Billerica, USA). The ATR
method employed a single bounce diamond crystal and a standard room-temperature LiTaO3 mid-
infrared (MIR) detector, covering the spectral range of 400 cm™ to 4000 cm™!. The spectra were

acquired by performing 32 scans at a resolution of 4 cm™.

4.2.4.4. Electrophoretic mobility (u) by electrophoretic light scattering (ELS)

In order to investigate the impact of pH variations on the charge density of DAmF and DImF, the
electrophoretic mobility of a 0.1wt % polymer solution (DAmC and DImC) was determined using
the Zeta-sizer Nano ZS instrument (Malvern Instruments Ltd., U.K). Prior to taking measurements,
solutions of 1 wt. % DImC and DAmC were prepared by dissolving quantitative amounts of DImF
and DAmF in water at a pH of 3 and a temperature of 60 °C. The solutions were further diluted
to a concentration of 0.1 wt. % using distilled water. The pH of the solutions was then adjusted by
adding either 0.5 N HCI or NaOH. DImC and DAmC were observed to be soluble in solution at
all pH measured, with the exception of pH 7.5, where they precipitated out of solution. Prior to all
measurements, the samples were ultrasonicated for 3 mins to ensure homogeneity in the solution.

Each experimental point is a mean of three independent replicates.
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4.2.4.5. X-ray photoelectron spectroscopy (XPS).

Pulp, DAC, DImF, DAmF were analyzed by X-ray photoelectron spectroscopy (XPS) to confirm
modification done on the fibers. After Pb** adsorption, the DImF and DAmF were analyzed again
to confirm binding with Pb*" ions. The fibers were subjected to characterization using the K-
Alpha™ XPS equipment (Thermo Scientific, USA). This instrument employed monochromatic Al
Ko radiation and operated under a vacuum of 10~® mbar. The DImF and DAmF fibers underwent
a vacuum drying process prior to XPS analysis to stabilize the water content of the fibers. All
measurements were conducted using copper strips. The X-ray Photoelectron Spectroscopy (XPS)
study was conducted with the flood gun activated, so ensuring the neutralization of surface charge
on the insulating samples. Ensuring precise measurements of the electronic structure of the sample
is of paramount importance. The investigation employed an X-ray emission angle of 90 degrees
relative to the surface of the material. Spectra were obtained from a minimum of three points on
each sample, where the diameter of the investigated region measured 400 um. The elemental
composition was measured using single survey scans with a pass energy of 200 eV. The
experimental procedure involved the acquisition of high-resolution scans for N 1s peaks, with a
pass energy of 50 eV. The spectra acquired in this study were subjected to deconvolution using the
Avantage Data System software. The software employed a hybrid approach, using Gaussian and
Lorentzian functions, to perform spectral deconvolution. Prior to deconvolution, the spectra
underwent background subtraction via the Shirley method. Following the processes of
deconvolution and background subtraction, the resultant curves were assigned to distinct
categories of bonds, determined by their respective binding energy levels. The binding energy
estimates were computed with respect to the C (1s) photoelectron peak at 285.0 eV. The estimation

of the percentage of nitrogen content was facilitated through the integration of the acquired curves.
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Depth profile analysis by XPS was conducted on DAmF with adsorbed Pb*". An argon gun with
an energy of 500 eV (monoatomic mode) and low current was used for surface etching. This was
performed for a total etch time of ~1000 s with 33 observation cycles. XPS was performed on each
etching level with the flood gun on, with a delay of 5 sec after each etch, before the spectrum was

recorded. The etch rate was estimated as 0.03 nm s™!.

4.2.4. Sorption studies

4.2.4.1. Preparation of metal ion solution

A stock solution of lead (II) ions concentration 1,000 ppm was prepared by dissolving a
quantitative amount of 1.6 g Pb (NO3) in 1 L deionized water. Other concentrations prepared from
stock solution by dilution varied between 50 and 500 mg/L and the pH of the working solutions

was adjusted to desired values with 0.1 N HCl or 0.1 N NaOH.

4.2.4.2. Batch sorption studies.

In this study, a batch sorption approach was used; all experiments were carried out in (45 mL)
centrifuge vials that were placed in a water bath with a shaker at 23 °C with no pH adjustment (~
pH 5.5) and contact time of 300 min except stated otherwise. To study the effects of metal ion
concentration on sorption, the following conditions were used: 10 mL of 50 to 1000 ppm Pb** and
10 mg adsorbent. To investigate the effect of pH, pH was varied from 2.5 to 8 (10 mg adsorbent,
10 mL 1000 ppm Pb?"). To investigate the effect of adsorbent dosage, the dosage was varied from
5 to 100 mg with 10 mL 1000 pm Pb*" solution. The samples analyzed were filtered through a
0.45um syringe filter and tested for residual metal ion concentration after each sorption
experiment. To quantify residual Pb?" ion concentration, a microwave plasma atomic emission
spectrometer (MP-AES, Agilent) at the wavelength of 405 nm was used, characteristic of Pb peak

in the spectrum?®. All analysis investigations were done in triplicate, with the mean of the three

142



runs given; standard deviation was < 3.5 % in all runs. The amount of metal ions sorbed by the
DImF and DAmF per gram of sorbent, qe (mg/g) and the percentage of ions removed from solution

were determined using equation 2 and 3 respectively:

(Co—Cp) *V
Qe =—""""— !
m
Co—C,)*xV
R(%):%*mo 8
0

Co and Ce are the initial and equilibrium Pb concentration (ppm) respectively, qe is the equilibrium

sorption capacity (mg g!), V is the volume of metal solution used (L) and m is the mass of fiber

(@)

Sorption kinetics

Sorption kinetics were investigated by collecting and measuring multiple samples over time. The
initial Pb? concentration was varied from 50 to 1000 ppm (40 mL), while the adsorbent dose was
50 mg (dry mass). Samples were taken from 15 to 300 minutes for each initial dye concentration

and measured by MP-AES, q; was calculated by equation 4.

(Co—CH*V

Qt——m 9

where q; and C; are the amount of Pb** sorbed and concentration of Pb*" in solution at time t

respectively.
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4.3. Results and discussion

4.3.1. Characterization of DImC and DAmC.

Softwood kraft pulp (Domtar, Canada) was used as the starting material to synthesize DImF and
DAmF. DAC was synthesized from pulp according to the procedure developed previously at our
laboratory?2. The schematic of the reaction is shown in Scheme 4- 1. Aldehyde content of DAC
fiber was determined to be 10.5 mmol g’!. By reacting the aldehyde groups with ammonia to form
imine bonds, DAC fiber was converted to diiminocellulose fibers (DImF). The amount of aldehyde
converted to imine was determined by measuring the amount of residual aldehyde left in
diiminocellulose fibre, which was found to be 0.5 mmol g!, hence imine content in DImF was
10.0 mmol/g. DAmF was synthesized by converting imine bonds to amine bonds in a reduction
reaction with NaBH4 as shown in Scheme 4- 1. Charge content of DAmF was determined to be

9.3 mmol g! by acid titration. Thus ~93% of the imines were converted to amines.
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Scheme 4- 1. Schematic of conversion of cellulose to DImF and DAmF

4.3.1.1. Potentiometric titration of DImF and DAmF

The results gotten from the potentiometric titration of DImF and DAmF are presented in Fig. 4- 1.
From the graph, DImF has pKy values of 6.34 and 8.82 which translates to pKa values of 5.18 and
7.66. For DAmF the values are 5.79 and 8.72 which translates to pKa values of 5.28 and 8.21.
Generally, amines are relatively more basic than imines, thus having a higher pKa. This can be

t2*. The sp? orbitals of an imine nitrogen

explained by molecular orbital theory and inductive effec
are approximately 67 % s character (1 part s, 2 parts p) while the sp® orbitals of an amine nitrogen

are only 25% s character (one part s, three parts p). Sp? hybridization has a greater electronegativity

than sp® hybridization because the s atomic orbital holds electrons in a spherical shape, closer to
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the nucleus than a p orbital. This implies that sp? nitrogen is less likely to donate electrons than sp?
nitrogen, therefore it is less basic. For the inductive effect, more electronegative atoms absorb
electron density more easily, leading to increased acidity. Protonated imines are more acidic than

protonated amines, therefore imines are less basic.
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Fig. 4- 1- Potentiometric titration of DImF and DAmF using 10 mM HCI, amine content of DAmF was 9.3 mmol of -NH2 per
gram of DAmF (a) volume of 10 mM HCI vs. pH (b) first derivative of pH titration curve indicating the maxima which are the

points of inflection on the pH curves and hence, pKb values.

4.3.1.2. FT-IR spectroscopy

The FT-IR spectra of pulp, dialdehyde cellulose (DAC), diiminocellulose fiber (DImF),
diaminocellulose fiber (DAmF), are shown in Fig. 4- 2a. The IR spectrum of the pure cellulose
(Fig. 4- 2a) shows a strong broad band at 3310 cm™!, and a band at 1644 cm™! corresponding to the
stretching and bending modes of the surface OH; the peak at 2884 cm™ signifies the stretching
vibration of C-H in a pyranoid ring, and the broad absorption peak 1059 cm™' is attributed to the
C-O-C stretching of B-glycosidic linkage?>. DAC has a band at 1729 cm™ which indicates the

carbonyl (C=0) stretch of the aldehyde group. There was no significant difference between the IR
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spectra of DImF and DAmF, but we observed the disappearance of the carbonyl stretch on both
DImF and DAmF IR spectra. The IR spectrum of DImF (Fig. 4- 2b) shows a peak at about 1597
cm’! indicating the presence of C=N. The IR spectrum of DAmF shows a broad sorption peak at
about 3249 cm ™! which originates from O-H or N-H stretching vibrations, and the peak at 1634
cm™! could be attributed to the overlap of the N-H bending vibration and the absorbed H-O-H

vibration band?®.
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—— DImF

3310
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Fig. 4- 2. FT-IR spectra of (a) pulp, DAC fiber, DImF and DAmF (b) DImF and DAmF to display more clearly the differences

between both of them.

4.3.1.3. Electrophoretic mobility (1) and point of zero charge (PZC)

Electrophoretic mobility (n) measurements of DImC and DAmC are plotted in Fig. 4- 3. From the
graph, DImC and DAmC are positively charged until they reach the isoelectric point, which is a
measure of the point of zero charge (PZC). PZC of DImC and DAmC are pH 8.0 + 0.1 and 7.5 +
0.1 respectively. Past the PZC, both polymers become negatively charged. At pH below the PZC,
the imine and amine groups on DImC and DAmC are protonated, thereby acquiring a positive

charge. From potentiometric titration, the two pKa values of DImF are 5.18 and 7.66, and 5.28 and
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8.21 for DAmF. We would expect that at some pH greater than the pKa values, DImC and DAmC
should be neutral since the imines and amines would be deprotonated. But we observe negative
values past the PZC (n = -2x10® m*V-!s! for DImC at pH 9 and p = -2.5 x10®* m*V-Is! for
DAmC at pH 10.5). This is likely due to deprotonation of hydroxyl groups naturally present in
cellulose?’. This result is comparable to that observed in Pereira, et. al. study in which cellulose
was aminated with ethylenediamine?®. The addition of imine and amine groups on cellulose results

in positive and negative charge densities at pH below and above the PZC respectively.
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Fig. 4- 3. Electrophoretic mobility of DImF and DAmF. From the graph, the point of zero charge (PZC) of DImF and DAmF are

7.5+£0.1 and 8.0 = 0.1 respectively. Error bars represent 2 standard errors of the mean (N=3)

4.3.1.4. XPS

As shown in Fig. 4- 4, X-ray photoelectron spectroscopy allows for the characterization of the
surface of sorbents as well as their interactions with metal ions. Fig. 4- 4a shows the XPS survey

of cellulose pulp, DAC fiber, DImF and DAmF. The prominent peaks, namely Cls, N1s, and Ols

148



are observed at ~ 286.1 = 0.1 eV, 399.9 + 0.1 eV, and 532.3 £+ 0.1 eV respectively, in the XPS
spectra. The atomic percentages (AP) were calculated and displayed in Table 4- 1. Cellulose pulp
has a greater C 1s and lower O 1s AP than theoretical ‘pure cellulose’ (see Table S4- 1 for the
calculated values). This is likely due to impurities contained on the surface of cellulose fiber since
there was no additional prep done on the fiber before measurements were taken (fiber was taken
from cellulose sheet without washing or any chemical treatment). Calcium was also detected in
cellulose at 352 + 0.1 eV, most likely because of the presence of CaCOs retained in the fiber during
the cooking stage of kraft pulping process®’. The absence of calcium in DAC, DImF, and DAmF
can be attributed to its likely dissolution during the chemical modifications conducted in water. C
Is and O 1s ap. on DAC is very close to the theoretical value at 55.2 £ 0.2 % and 44.5 + 0.2 %
respectively. DImF and DAmF have a new peak at 399.9 £ 0.1eV which is characteristic of
nitrogen in an XPS spectrum. From Table 4- 1, the AP of C, N, O of DImF and DAmF are very
similar (C 1s=61.6 £ 1.1 %, 60.4 £0.7 %; N 1s =14.7+ 0.1 %, 14.7+ 0.5 %; O 1s=22.7+ 0.7
%, 23.4 £ 0.1 % respectively). Pure DImF/ DAmF AP is calculated to be C 1s = 54.5 %, N 1s =
18.2 %; O 1s = 27.3%. The higher-than-expected C content in DImF and DAmF may be to
surfactant-like impurities, adsorbed on to the positive charge of amine groups. Fig. 4- 4b and ¢
also show the XPS curves for DImF and DAmF subjected to Pb*" solutions: the presence of two
doublets at 138/143 + 0.1 eV corresponds to Pb 4f7,/4f5,, respectively and 414/437 + 0.1 eV
corresponds to Pb 4ds;/4dsn, respectively®. This confirms lead binding on the fibers. All fibers
were found to contain trace amounts of silicon and fluorine. The presence of silicon is most likely
attributed to contamination by airborne dust particles, while the presence of fluorine is likely a
result of the water utilized in the studies (as non-washed cellulose pulp exhibited and absence of

fluorine).
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Fig. 4- 4. XPS survey of cellulose fibers (a) cellulose pulp, DAC, DImF and DAmF (b) DImF and DImF- Pb showing bands of C,
N, O at 286.1 £ 0.1, 399.9 + 0.1 and 532.3 + 0.1 eV respectively and Pb 4F at 139 eV for the later (c) DAmF and DAmF-Pb

showing bands of C, N, O at 286.1 £ 0.1, 399.9 £ 0.1 and 532.3 £ 0.1 eV respectively and Pb 4F at 139 eV

Table 4- 1. Atomic percentage by XPS of C, N, O, Ca, Pb, F and S of cellulose fibers. F and S are contaminants in the samples.

Elements Cellulose DAC DImF DImF-Pb DAmMF DAmF-Pb

C (%) 682+48 |[552+£02 |6l.6+1.1 |62.7+02 |604+07 |63.0+0.7
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N (%) - - 147+0.1 [14.0+0.09 [147+05 [122+03
0 (%) 30.7+52 |445+02 [227+07 |21.7+02 |234+0.1 |22.7+04
Ca (%) 0.83+£0.36 | - ; : ) ;

Pb (%) - - - 0.48 +0.01 |- 0.40 = 0.01
F (%) - 0.42+0.30 | 0.77+£0.07 | 0.84+0.09 | 1.09+0.18 | 1.30 + 0.06
Si (%) 0.26£0.10 | 0.07£0.05 | 0.29+0.19 | 0.28+0.02 | 0.34+0.15 | 0.41 + 0.02

Following the adsorption of Pb ions, DAmF exhibited a decrease in its N content, decreasing from
14.7+0.1 % to 12.2 + 0.3 %. It was assumed that the reduction in N content was attributed to Pb
ion adsorbing on nitrogen and hence impeding the detection of emitted electrons from nitrogen.
Depth profile analysis was performed on DAmF with adsorbed Pb ions (DAmF-Pb) to probe this
assumption. The surface was subjected to 33 iterations of argon etching, resulting in the
measurement of 34 distinct levels. The results are displayed in Fig. 4- 5 below. It was observed
that Pb content increased from ~0.4 % to ~0.8 % by the third etch cycle and remained relatively
constant throughout the etch cycle. Conversely, N1s % increased at first, then slightly decreased
by the end of the experiment. C 1s % increased, while O 1s % decreased with each etching cycle.
This is most likely due to damage of bonds containing O and N by Ar" bombardment. This is
consistent with the observation made by Hofstetter, et. al.>! The researchers noted that by etching
organic polymers with the minimum energy of monatomic ions for a duration as little as 3 seconds,
the resulting damage to the polymer material extended further into the bulk than the probing depth
of XPS, which is 10 nm. Additionally, they showed that electronegative atoms, such as oxygen,
fluorine, and nitrogen, are especially susceptible to damage when exposed to monatomic Ar" ions,

resulting in an elevation of the C 1s peak. These bonds may be broken or weakened in a way that,
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when etched with a cluster argon source, they are selectively eliminated, resulting in a
misrepresentation of the polymer's original composition. A more pronounced detrimental effect on

oxygen compared to nitrogen or fluorine was observed in this study. The raw data is presented in

Table S4- 2).
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Fig. 4- 5. XPS depth analysis on DAmF with adsorbed Pb?", DAmF-Pb. (a) Atomic percentages of C, N, O, Pb and F of DAmF-

Pb up to 33 etch levels. (b Stacked atomic percentage versus etch level.

From this data, it is assumed that amination reaction and adsorption of Pb ions was uniform across

the fiber.

4.3.2. Pb** sorption studies

4.3.2.1. Effect of pH on Sorption

The sorption of Pb" on DAmF and DImF adsorbents with amine and imine groups are affected by
changes in pH due to competing sorption between heavy metals and H" at low pH. Fig. 4- 6 depicts
the effect of pH on the sorption of Pb*" from water. At low pH, the imine and amine groups become

protonated and electrostatic repulsion limits Pb?>" from approaching the active sites of the
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adsorbents, resulting in lower Pb*" sorption. As pH increases, the amine/imine groups are
deprotonated, reducing the electrostatic repulsion and these free groups can then operate as
surface-bound ligands to efficiently bind to Pb?" ions, resulting in an increase in sorption. It was
observed that when the pH of solution is above 8, white precipitate formed. This is most likely due
to the formation of Pb(NO3)>.5Pb(OH): salt, and therefore experiments were performed at pH <
832. On the lower end, sorption experiments were not performed lower than pH 2.5 because the
fibers dissolution is high at pHs < 2. All further sorption experiments were performed at pH 5.5

1.e., sorption experiments were done without pH adjustment.
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Fig. 4- 6. Effect of pH on sorption of Pb?". All experiments were performed using 10 mg of adsorbents, room temperature, no pH
adjustment (5.5) and 10 ml of 1000 ppm Pb?>". DAmF showed a higher sorbed amount at low pH (2.5 — 5.5) and DImF showed a

higher sorbed amount at higher pH (7-8). Error bars represent 2 standard errors of the mean (N=3)

DAmF sorbed a larger amount of Pb?* at acidic pH than DImF because amines are generally more
basic than imines, therefore attracting both more H" and Pb*" ions. At pH 7, DAmF shows a
reduced sorption capacity likely due to an intramolecular H-bond formed when one of the amines

is deprotonated and the other protonated. The schematic of this ring closure is shown in Scheme
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4- 2 below. This ring closure is similar to the ring closure polystyrene maleic anhydride, here a H-
bond is formed between the carboxyl groups of the (hydrolysed) maleic acid moieties at pH 7,

when one is protonated and one dissociated?”.

NH,

OH
HyN OH
t\o o NH, H.N
HN S/ © 0 0 /ﬁ NH,
- 0 _0
N, H,N S/ .
HO
HO

pH 7
OH D 4
~o o n/%\! NH, o H @/Hh“"\'ﬂ
S/ )jLC.‘@CG Y jL(,
HaN N ’"“5\u ﬁ'/‘ ~
® HO He=e- NH,

Scheme 4- 2. Proposed ring closure of DAmF. There exists a pH (pH 7.7) in which one of the amines is protonated and the adjacent

is not, thereby resulting in creation of hydrogen bonding which leads to a close structure and destabilization of the solution.

Presumably no ring closure occurs in DImF due to the higher sorbed amount and above pH 8, the

sorption of Pb?" on DAmC approaches that of DImC.

4.3.2.2. Effect of initial concentration of Pb?"

The initial concentration of Pb*" as varied from 50 -1000 pm while the solution pH, contact time
and adsorbent dosage were fixed at 5.5, 300 mins and 50 mg respectively. Fig. 4- 7a shows that as
the amount of Pb?" increased in solution, the sorbed amount (mg/g) increased, as typical in sorption
experiments. No plateau was reached, due to the entering of Pb>* ions in the pores of the fiber wall.
The initial linear part of the curve corresponds to adsorption on the external surface. At higher
concentrations, Pb?>" ions adsorb on sites in large pores, adsorption in nanopores is negligible on
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the time scale of the experiments. Because the adsorption in Fig. 4- 7a only consists of two linear
parts, the data cannot be analyzed in terms of adsorption isotherms, which require an approach to
a plateau value, which is not yet reached. As illustrated in Fig. 4- 7b, the percentage removal
dropped after reaching a maximum, as the initial metal concentration increased. Throughout,

DAmF showed a higher sorption because the pH was at 5.5 and DAmF has higher sorption at that

pH.
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Fig. 4- 7. Effect of initial metal concentration. (a) amount sorbed metal ions versus initial concentration of metal ion (b) Percentage
ion removal versus initial concentration. All experiments were performed using 50 mg of adsorbents, room temperature, no pH
adjustment (5.5) and 40 mL of Pb2+ concentrations ranging from 50 — 1000 ppm. Error bars represent 2 standard errors of the mean

(N=3)

*The measured maximum adsorption capacity of DImF and DAmF was limited due to the fact that
the curve depicting the amount of sorbed material vs the concentration of Pb ion in Fig. 4- 7 did
not approach a plateau. Consequently, the data could not be fitted to an isotherm, and as a result,
gmax Was not determined. The maximum adsorption capacity (qmax) observed for DImF and DAmF

is comparable to that of the amine modified cellulose sorbent shown in Table 4- 2. Pb** sorbent
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with higher maximum adsorption also contained carboxylic acid groups which would induce

negative charge density on the surface of sorbent that facilitates the adsorption of positive Pb ions.

Table 4- 2. Comparison of the maximum monolayer adsorption capacities of Pb ions on cellulose-based adsorbents. Modified form

ref’4.

(pAHA-cellulose)

CAN on cotton fibers, grafting with

EMCA monomer followed by oximation

Bio-sorbents Modification Optimum | gc (mg | Ref
pH g"

Carboxylated Modified pineapple leaf fiber with | 6 41.2 33
cellulose (Cell-EDTA) | EDTA dianhydride at C-6 atom
Carboxymethyl Modified pineapple leaf fiber with | 6 63.4 33
cellulose (Cell-CM) carboxymethyl group using sodium

monochlorite and acetic acid C-6 atom
Schiff base cellulose | NalO4 oxidation of cellulose pulp | 6 81.32 |3
(Cell-Hy) followed by acid-catalyzed condensation

of dialdehyde cellulose with p-

aminophenol
Schiff base cellulose | KIO4 oxidation of cellulose powder and | 6 52.0 37
(Gu-Mc) condensation  with  alcoholic  N-

aminoguanidine  hydrochloride  in

presence of triethylamine
Grafted cellulose | Keto-alcohol free-radical initiation by | 5.4 3333 38
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with  hydroxylamine and sodium

hydroxide

Grafted cellulose | Grafting  succinic  anhydride on |5 357.14 | ¥

(PEI/SA-MCCwmv) pretreated MCC with microwave

H>0; and then with polyethyleneimine

Cross-linked cellulose | Cross-linked cellulose—sodium alginate | 5.5 234.2 40

(PEI-RCSA) modified with polyethylene imine via

glutaraldehyde cross-linking

Carboxylated Modified MCC with BTCA at high | 5 1155.0 |4

cellulose (MMCC) temperature

Diiminocellulose NalOg4 oxidation of cellulose pulp | 5.5 84.8 * | This
followed by s Schiff base reaction with work
NH3

Diaminocellulose NalOg4 oxidation of cellulose pulp | 5.5 116.8* | This
followed by a Schiff base reaction with work

NH3 and reduction with NaBH4

4.3.2.3. Effect of adsorbent dosage

The effect of adsorbent dosage on the sorption of Pb*" ion in aqueous solution as investigated by
varying the adsorbents added from 5 mg to 100 mg for constant starting concentration, solution
pH, and contact duration, 1000 ppm, 5.5, and 300 min, respectively. It was observed that as dosage
of adsorbents increased, the percentage of Pb** sorbed from solution increased because there were

more active sites that the metal ions can adhere to. Inversely, the sorbed amount is reduced because
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of equation Fig. 4- 8a, where there is an increment of the denominator (mass of adsorbent) when
compared with the numerator values. we observed a drop from 208 mg g (10.4 %) and 116 mg
g (5.8 %) at 5 mg of adsorbent to 40.4 mg g (40.4 %) and 32.5 mg g (32.5 %) at 100 mg
adsorbent for DAmF and DImF respectively. The decrease in adsorption capacity with increasing
adsorbent dose can also attributed to the high number of unsaturated adsorption sites, as well as

overlap of adsorption sites and overcrowding of adsorbent particles*’.
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Fig. 4- 8. Effect of adsorbent dosage (a) dosage versus amount of metal removed (b) dosage vs. percentage removal. Error bars

represent 2 standard errors of the mean (N=3)

4.3.2.5. Sorption kinetic study

The amount of Pb ions that sorbed on the DImF and DAmF increased as the reaction time
increased. Therefore, we investigated the process of adsorption over time while keeping the
amount of sorbent, the concentration of Pb**, and the volume of the solution constant at 50 mg, 50

- 1000 ppm, and 40 mL, respectively (see Fig. 4- 9). During the time interval of 0 to 50 minutes,
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there was a quick adsorption of Pb?" due to the presence of an ample number of adsorption sites,
hence the rapid increase in the sorption capacity. Nevertheless, as the reaction time increased, the
rate of sorption declined due to a scarcity of adsorption sites, despite the rise in adsorption capacity.

After a duration of 120 minutes, the rate of sorption of Pb reached a steady state.

(a) (b)
100 — T T T T T T 140 T T T T T T
—a— 50 ppm | —=— 50 ppm
—e— 100 ppm 120 I—*— 100 ppm |
80 | —*— 250 ppm | |—4&— 250 ppm
Ly —¥v— 500 ppm Lo 100 1—7— 500 ppm
‘éﬁ —#— 1000 ppm E’E —#—1000 ppm
E 60f - E
= = 80 + -
- - |
<] =
g sl 1 E 60t |
3 3 e
£ £ ___._.——-——'——_'_—'_._H_
5 40t |
175] W
20 + g
20 H E
0 1 1 1 1 1 1 O 1 1 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Contact time (min) Contact time (min)

Fig. 4- 9. (a) Sorption kinetics of DImF (b) Sorption kinetics of DAmF (The initial Pb>* concentration as varied from 50 to 1000

ppm (40 mL) at pH 5.5, while the DImF and DAmF dose as 50 mg (dry mass).

The initial slopes of the curve are approximately proportional to concentration. Initial slope is the
adsorption on the external surface and absorption into large pores of the fiber. Pb*" ions also diffuse
into the lumen through pit holes in the fiber wall, but this process is relatively fast, and these ions
are washed out in the desorption experiments. At pH less than 5, metals are mainly in their ionic
form and in their hydrated form at higher pH. Pb*" ionic radius is 0.112 nm, while its hydrated
radius is 0.401 nm** %, These experiments are carried out at pH ~5.5 and Pb*" is most likely in its

hydrated state. Assuming Pb?" can readily penetrate large pores, the accessible surface area and
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total surface area are approximately 15 m? and 300 m? per gram of fiber respectively®. The time

of lumen loading can be estimated from
x? = 2Dt
where t is the time, x the root mean square distance (~ 15um), D is the diffusion constant given by

Do kT 4.1x107%1 41011 m?
T 6ma  6mx 1073 4.01x10-10 % s

where T, k, 1 and a are the absolute temperature, Boltzmann constant, solvent viscosity, and radius
of a hydrated lead ion, which is 4.01 x107'° m. Hence the time for lumen loading is approximately.

x? _ (15x107°)?

P St P S
2D 2 *54x10-11 >

Thus, the time for an ion to diffuse into the lumen is very short, as is the time to diffuse out of the
lumen during washing of the fiber. Hence, lumen loading plays no role in the adsorption
experiments. If one Pb?" ion is adsorbed per modified glucose group, the maximum adsorption

capacity is 4.65 mmol g!, corresponding to 0.95 g g!. The adsorption capacity of external surface

and large pores is about %XOQS § = 475 %, which is larger than 85 mg g and 120 mg g’!, the

maximum adsorbed amount observed for DImF and DAmF respectively. 15 m? g'! is the specific
surface area of the large pores and the external area, and 300 m? g’! is approximately the total
specific surface area of cellulose fiber*®. Of this, adsorption on the external surface is about 30 mg
g'!, which is reached for the highest Pb?>" concentration. Likely, the initial linear increase in
adsorption is due to adsorption on the external surface of the fibers and the second linear increase

is due to adsorption in large pores (micropores).
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Modeling a fiber (of length 2 mm and diameter 30 pm) as a sphere with the same surface area, and
a Pb ion as a sphere with a diameter twice its hydrated radius (0.401 nm), one can calculate the
collision rate between fibers and lead ions from Smoluchowski (diffusion-controlled) kinetics,
which leads to 3.5%x10!? collisions of lead ions with a single fiber per second (the calculations are
shown in the supplementary section - 4.6.1.). The maximum observed amount of lead ions for
DAmF is 120 mg g™! or about 1.2x10™* mg per fiber, or 3.5x10'* lead ions per fiber. If each collision
would be effective, an adsorbed amount of 120 mg g! would be reached in about 100 seconds.
Instead, it takes 5 hours, showing that the kinetics is extremely slow. There are two reasons for
this. One reason is that at pH 5 most amine and imine groups are protonated. This protonation is a
dynamic process where protons continuously leave and re-associate. At a given time there is a
distribution of protonated sites, with most neighboring amines or imine protonated, some having
one protonated site and there are a very limited number non-protonated neighboring amine or
imine sites. Pb*" adsorption preferentially occurs on these non-protonated sites and thus is a slow
process. This explains why adsorption on the external surface is slow. Another reason is that
adsorption in pores is very slow as well. The pores have walls, which bare positively charged
groups and it is difficult for cations to penetrate the pores. The distribution of cations inside the
pores and in the bulk solution, is governed by a Donnan equilibrium. The concentration of cations
in the pores can be orders of magnitude slower than in the bulk, again slowing down the kinetics
substantially. After 6 hours, the sorption continues to increase, because we are far from saturation
which is around 550 mg g™ (assuming 1 Pb** per 2 amines/ imines) and little or no penetration has

occurred yet in the nanopores.
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4.4. Conclusions

DImF was successfully synthesized by periodate oxidation of cellulose pulp to produce DAC
followed by a Schiff base reaction with ammonia. DAmF was synthesize by reducing the imine
bonds (C=NH) in DImF to amine bonds (C-NH>). Aldehyde content determination validated the
conversion of pulp to DAC and the subsequent conversion of DAC to DImF, while conductometric
titration confirmed the conversion of DImF to DAmF. At pH 5.5, the obtained fibers ere
successfully employed for the sorption of Pb?" ions from solution, with the maximum measured
sorbed amounts of 84.8 and 116.8 mg g ! for DImF and DAmF respectively. XPS was used to
confirm that the sorption was facilitated by the coordination effect of N heteroatoms in the
polymeric chain of the fibers with Pb** ions. Kinetics study showed that sorption was slow, and
saturation was not reached during the time studied due to Donnan equilibrium, which limits the

concentration of Pb ions in the pores.
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4.6. Supplementary information

Table S4- 1. Theoretical atomic percentage calculated from molecular structure of cellulose and modified cellulose.

Elements Cellulose DAC DImF DAmF
C 54.5 54.5 54.5 54.5
N - - 18.2 18.2
0] 45.5 45.5 27.3 27.3

Table S4- 2. Atomic percentage (ap) by depth profile analysis by XPS of DAmF-Pb for a total of 33 etch cycles.

Etch Level | Cls (%) Pb4f (%) N1s (%) Ols (%) Fls (%)
0 66.5 0.416 9.16 225 1.33
1 66.3 0.616 12.6 19.2 111
2 67.1 0.691 13.5 17.5 .12
3 67.7 0.725 13.6 16.3 1.53
4 68.0 0.748 14.2 15.7 1.16
5 69.6 0.764 13.6 15.1 0.84
6 69.3 0.771 14 14.6 1.22
7 69.9 0.782 13.9 14.1 1.22
8 70.1 0.792 13.6 13.9 1.51
9 71.4 0.792 13.3 13.3 1.06
10 71.2 0.806 13.8 13.0 1.03
11 71.6 0.807 13.6 12.7 1.14
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12 72.1 0.803 13.5 12.4 1.06
13 72.4 0.807 13.1 12.3 1.33
14 72.5 0.807 13.5 12.0 1.01
15 72.6 0.806 13.5 12.1 0.950
16 72.7 0.793 13.1 12.1 1.10
17 73.1 0.804 12.9 12.1 0.970
18 73.2 0.814 13.3 11.6 0.880
19 73.5 0.808 13.1 11.5 0.910
20 74.0 0.813 12.9 1.1 1.13
21 73.9 0.812 13.1 1.1 1.10
22 74.3 0.793 13.3 10.7 0.72
23 74.6 0.811 12.8 10.7 0.93
24 74.5 0.794 12.6 10.9 1.05
25 74.7 0.809 12.7 10.6 0.990
26 74.6 0.814 12.8 10.7 0.960
27 75.1 0.804 12.8 10.1 0.990
28 75.0 0.801 12.8 10.4 0.910
29 74.3 0.793 12.9 10.5 1.35
30 75.0 0.797 12.9 10.2 1.01
31 75.7 0.815 12.7 10.1 0.660
32 75.2 0.792 12.8 10.0 1.09
33 74.5 0.796 13.1 10.4 1.05
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4.6.1. Calculation of rate of collision between Pb ions and DAmF.

The perikinetic aggregation for unequal sized spheres of species 1 (DAmF) of size much larger

than species 2 (Pbions) is given in equation 5 below.

__ 2kTnj aq

Jiz = 10

n a;

J12 is the number if Pb ions colliding with a single fiber per second, nz is the number of Pb ions
per m?, a; is effective radius of DAmPF, a; is the radius of a solvated Pb ion, 1 is the viscosity of
the solution, k is Boltzmann constant and T is temperature. The effective radius of the DAmF can

be estimated from equation 6 below.

2TRL
a? = 11

41

Here, R is radius of the fiber (15 pm), and L is its length (about 2 mm)*’, hence a; is calculated to
be 0.173mm. The radius of hydrated radius of Pb** is 0.401 nm*, n, is the number of Pb ions per
m?® of solution and = ImPa.s (water). For a 40 mL 1000 ppm Pb?" solution, concentration =

4.83x1073 mol L™, therefore,

_,mol L ions
n, = 4.83x 1073 * 1000 — * 6.022 x 1023 —
m3 mol

Pbions

n, = 2.91x 10% —

; .
2+138x 1072 £ 208 K 2,91 x 102422 1 75 105
— *
Sz 3+0.001 Pa.s 0.401 nm

]12 = 3.4’8 X 10125_1
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1
Time of aggregation (t) = 7
12

t=348x10""s
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Chapter 5

SYNTHESIS AND CHARACTERIZATION OF HAIRY AMINATED

NANOCRYSTALLINE CELLULOSE
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Preface

The literature review in chapter 2 highlights a clear need for the production of bio-based,
biodegradable, and sustainable materials to be used in anti-bacterial applications. Furthermore, the
emergence of antibiotic-resistant bacteria has limited the effectiveness of many conventional
antibiotics. This chapter presents the possibility of animated hairy nanocrystalline cellulose
(ANCC) as a viable antibacterial alternative, offering possibilities for the development of

sustainable and efficient antimicrobial materials.

Chapter 5 has been published and was reproduced in this thesis with permission from Elsevier Inc.

Citation: Koshani, R.; Eiyegbenin, J. E.; Wang, Y.; van de Ven, T. G. M., Synthesis, and
characterization of hairy aminated nanocrystalline cellulose. J Colloid Interface Sci 2022, 607,

134-144. DOl.org/10.1016/j.jc1s.2021.08.172

5.1. Abstract

Hypothesis: The synthesis and characterization of aminated nanocrystalline cellulose (ANCC), a
new member of the hairy nanocellulose family, is reported. Hairy nanocelluloses consist of a
crystalline rod-like body with amorphous cellulose chains (“hairs”) at both ends, on which various
functional groups can be accommodated. In ANCC these groups are reactive primary amine
groups, which are useful for bioconjugation- and Schiff base-centered modifications. We
hypothesize that a two-step oxidation-reductive amination of cellulose fibers followed by
hydrothermal treatment will result in the formation of rod-like hairy ANCC.

Experiments: ANCC was prepared by converting the aldehyde groups in cellulose, introduced by
a periodate oxidation, to primary amines using ammonia and sodium borohydride, followed by a

hot water treatment, during which diamine modified cellulose fibers were converted to ANCC.
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ANCC was characterized by AFM, TEM, DLS, ELS, FTIR, NMR, XPS and conductometric
titration. Antibacterial activity of ANCC was assessed by the viable cell counting method.

Findings: ANCC, with an amine content of 5.5 mmol g! is a bare nanocolloid (i.e. non-coated,
without adsorbed polyelectrolytes or surfactants) which, as far as we know, has a positive charge
density larger than any other bare cationic nanocolloid. It was observed that ANCC particles have
a needle-like morphology with a width of ~5 nm and a length ~120 nm. DLS results proof that
ANCC is hairy. Spectroscopic analysis confirmed the introduction of surface primary amine
groups. ANCC showed promising bactericidal activities, against Gram-negative species due to

their thinner and penetrable cell wall.

Keywords: hairy nanocrystalline cellulose; primary diamine modification; oxidation-reduction

amination; hydrothermal treatment; antibacterial property

5.2. Introduction

Nanocelluloses owing to their unique rigidity, biocompatibility, biodegradability, renewable
nature, and ease of chemical modification, have secured a respectable place among globally
favorable nanomaterials. For decades, nanocrystalline celluloses (NCCs) have been produced by
acid hydrolyzing the amorphous chains of hierarchical cellulose structures. These colloidal
nanoparticles encompass mostly highly ordered segments of cellulose chains, impeding the
physicochemical modifications of inner crystalline layers, which in turn restricts key colloidal
properties, such as dispersion stability. To address these shortcomings, our group proposed the
controlled oxidation of cellulose fibrils, which enables the partial disintegration of amorphous
chains while keeping the crystalline body intact. This results in nanoparticles with a needle-like
crystalline body sandwiched between two disordered cellulose regions (hairs), which we call hairy

nanocelluloses (HNCs). The protruding soft biopolymeric hairs impart significant modifications
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to the colloidal properties of NCCs, such as ease of functionalization, introduction of high charge
densities, leading to high stability in aqueous media. So far, via manipulating the functional groups
of the hairs in the synthesis pathway, four different species have been developed, namely
electrosterically stabilized nanocrystalline cellulose (ENCC) ! 2, sterically stabilized nano-
crystalline cellulose (SNCC) 3, bifunctional nanocrystalline cellulose (BNCC) * and cationic
nanocrystalline cellulose (CNCC) > with a high quantity of carboxyl, aldehyde, carboxyl-aldehyde
and quaternary ammonium groups, respectively (see Scheme 5- 1). Expanding the ‘hairy”

cellulose nano-toolbox has given rise to significant advancements in the current applications of

6 7

nanocelluloses e.g. anti-scaling agents °, rheology modifiers ’, in vivo nanoscale carriers for

bioactive molecules ® and directed assembly °.
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Scheme 5- 1- Common types of convectional and hairy nanocelluloses. Hairy nanocrystalline celluloses contain amorphous
cellulose chains (“hairs”) functionalized with carboxyl groups (ENCC), aldehyde groups (SNCC), aldehyde-carboxyl groups

(BNCCQ), quaternary ammonium groups (CNCC) and primary amine groups (ANCC)

By taking advantage of reactive aldehyde groups of dialdehyde modified cellulose fibers (DAMF),

we aimed at synthesizing hairy aminated nanocrystalline cellulose (ANCC) through a reductive
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amination reaction. Periodate oxidation of cellulose cleaves the C2—C3 bond in the glucose repeat
units, forming 2,3-dialdehyde groups, yielding DAMF !° (see Scheme 5- 2a). A Schiff base
reaction between DAMF and ammonia forms imine bond and introduces secondary amine groups
onto DAMEF, referred to as diamine modified fiber (DAmMF), which reduce to primary ones using
a reducing agent. This reaction is being used to prepare water-soluble aminated cellulose
derivatives in our laboratory. It is worth noticing that different from CNCC, ANCC is only
positively charged at low pH through the protonation of amino groups. A higher amine content is
expected for ANCC as compared to CNCC, in which attaching the second quaternary ammonium
groups to the same glucose unit is difficult due to steric hindrance and electrostatic repulsion. The
primary amine groups of ANCC are highly active sites suitable for bioconjugation or Schiff base
reactions. In addition, ANCC can be a green alternative to nano-chitosan for various medical and
food applications for patients with shellfish allergies '!.

In this paper, we report the preparation of novel hairy nanocellulose with high density of primary
amine groups by periodate oxidation and amination reduction of cellulose fibers, followed by a
slightly acidic hot-water treatment. ANCC is hypothesized to have protruding hair-like aminated
cellulose chains with a high charge/amine content, which exceeds the theoretical maximum surface
charge content of conventional NCCs ! 2. This could likely prove that most of the charges are
located in the hairs. Several techniques were employed to characterize hairy ANCC such as AFM,
TEM, DLS, ELS, conductometric titration, FTIR, NMR and XPS. The antibacterial activity of

ANCC was also tested using the CFU counting method.
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5.3. Experimental section

5.3.1. Materials and chemicals

Q90 bleached softwood kraft sheets were provided by FPInnovations (Pointe-Claire QC Canada)
and milled as starting cellulose material. Besides cellulose, the kraft sheets also contain
hemicellulose and a low fraction of residual lignin. Sodium (meta)-periodate (NalO4), sodium
chloride (NaCl), sodium hydroxide (NaOH), hydrochloric acid (HCI), ammonium acetate
(NH4CH3CO3), ammonia (NH3), sodium borohydride (NaBH4) and hydroxylamine-hydrochloride
(NH2.OH-HCI) were purchased from Sigma-Aldrich (Oakville, Canada). Isopropyl alcohol
(CH3CHOHCH3) and uranyl acetate were purchased from Greenfield Global (Boucherville,
Canada) and SPI Chemicals (West Chester, USA), respectively. Deionized (DI) water (resistivity

~10 MQ cm) was used in all experiments, unless otherwise specified.

5.3.2. Periodate oxidation of cellulose fibers

According to our laboratory-developed protocol !, 10 g of softwood pulp powder was added to a
solution containing 13.2 g NalOa, 38.7 g NaCl and 625 mL DI water. The reaction beaker was
wrapped with aluminum foil to avoid entry of any light. The pulp was stirred at room temperature
for 42 hrs. Afterwards, to quench the reaction, 10 mL ethylene glycol was added into this mixture
followed by stirring for an additional 15 min, which results in the consumption of the residual
periodate. The DAMF were rinsed thoroughly with DI water 5 times by filtrating through a 4 um
pore size nylon cloth. Afterwards, to prepare DAMF for the reductive amination reaction, it should
be fully dehydrated, because the remaining water in DAMEF fibers can interfere in the amination
reaction by hydrolyzing ammonia to ammonium and hydroxide. Dewatering the fibers was done
through either drying the fibers at room temperature overnight or by solvent exchange. The solvent

exchange was carried out by dispersing wet fibers in ethanol for 3 cycles. Each cycle includes
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stirring in ethanol for 10 hrs followed by filtration. A small amount of DAMF was taken for the

aldehyde (-CHO) content determination before starting the amination reaction.

5.3.3. Reductive amination of DAMF

To synthesize DAmMEF, 4 g of air-dried or solvent-exchanged DAMF (~8 mmol g aldehyde
groups), 2.5 g of NH4CH3COz (3 mol per mol -CHO), and 80 mmol g of NH;3 (10 mol per mol -
CHO) were dispersed in 200 mL of anhydrous ethanol, and the slurry was stirred at 80 °C under
reflux condition for 18 hrs. Then, the reaction was cooled with an ice bath and 0.46 g of NaBH4
was gradually added followed by stirring for an additional 1 hr. The amount of NaBH4 was
calculated based on 1:0.5 molar ratio of the glucose units (~6.17 mmol g™!'): NaBHa. In fact, one
mole of NaBH4 contains 4 hydride ions (H") that can participate in the reduction reaction. Finally,
the aminated fibers were washed thoroughly 5 times with DI water. The dosage of chemicals used

was based on the assumption that all the aldehydes would be converted to amine groups.

5.3.4. Isolation of hairy ANCC

Two grams of DAmMF were dispersed in 100 mL of DI water, the pH was adjusted to ~2.5 by 0.1
M HCI addition, in order to reach maximum protonation of amine groups, and the mixture was
stirred thoroughly (15 min for solvent-exchanged fibers and 1 hr for air-dried fibers), to ensure
fibers are well-dispersed. The DAmMF suspension was stirred at 60 °C in an oil bath for 1.5 hrs
and subsequently centrifuged at 5000 rpm for 15 min to remove the non-fibrillated fibers. The
supernatant containing ANCC was precipitated by adding propanol (1.5-2 times the weight of the
supernatant), collected by centrifugation at 5000 rpm for 15 min, and stored at 4 °C for further

examinations.
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5.3.5. Characterization

5.3.5.1. Aldehyde content

The aldehyde content of DAMF before and after the amination reaction was measured by the
procedure suggested by Kim et al. '°. For this purpose, a known amount of sample (~30 mg) was
resuspended in 10 mL DI water with pH adjusted to 3.5 by adding sufficient amounts of 0.1 M
HCI solution. Then, NH>OH-HCI (5 wt %) was added in excess to the suspension (10 mL). A 0.1
M NaOH solution was used as the titrator to compensate for the decrease in the pH as a result of
HCI release after oxime formation. This protocol was repeated until the pH remained constant at
3.5, indicating the complete conversion of the dialdehyde groups to oxime compounds. The

aldehyde content was calculated using the following equation (1):

V X N,
Aldehyde content (mmol g~1) = 222X - NaOH (1)

where Vnaon 1s the volume of the consumed NaOH, Nnaon 1s the normality of the NaOH, and W

is the weight of fibers that were used for titration.

5.3.5.2. Amine content

The content of primary amine groups of ANCC was determined by conductometric titration with
a standardized HCI solution on an 836 Titrando titrator (Metrohm, Switzerland). A certain volume
of suspension of DAmMEF fibers or ANCC particles was mixed with 100 mL of Milli-Q water.
Afterward, the pH of the resulting suspension was adjusted to ~ 11.5 by drop-wise addition of 0.1
M NaOH while stirring. The protocol of titration was set on the addition of a 45 mL of 5 mM HCI
solution with a rate of 0.1 mL min! to the dispersion up to a pH of ~ 3. The amine content in mmol
per one gram of DAmMF or ANCC were calculated from the middle part of the titration curve

representing the volume of the HCI solution to neutralize of the weak base.
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5.3.5.3. Atomic force microscopy (AFM)

To morphologically characterize the ANCC particles, AFM images were acquired with an
extended Multimode atomic force microscope with Nanoscope Illa controller (Digital
Instruments/Veeco, Santa Barbara, CA). A drop of ANCC suspension purified by dialysis was
directly placed on freshly cleaved mica surface and allowed to dry at ambient air before imaging.
Since the ANCC has positive charges, there was no need to pretreat the mica with poly-L-Lysine.
Images were obtained in tapping mode using silicon cantilevers with a force constant of 37 N m™,

a frequency range of 100—500 kHz and a nominal tip radius of 6 nm.

5.3.5.4. Transmittance electron microscopy (TEM)

To determine the size and shape of ANCC, TEM images were recorded using a Philips Tecnai 12,
120 kV, electron microscope equipped with a Gatan 792 Bioscan 1000x1000 wide angle multiscan
charge-coupled device (CCD) camera. A 5 pL drop of suspension diluted to 0.05 wt. % was placed
on a copper grid coated by a thin carbon film for 5 min and negatively stained using a drop of 2%

uranyl acetate solution for 30 s, which enhances the contrast.

5.3.5.5. Particle size analysis by dynamic light scattering (DLS)

The effective diameter of ANCC particles was determined by a Brookhaven light scattering
instrument BI9000 AT digital correlator. The concentration of ANCC suspension was kept at 0.1
wt %. The effect of various cosolvent concentrations ranging from 0 to 25 wt % and pHs of 1, 3,
5,7,9 and 11 on the size of ANCC particles was also studied. All experiments were carried out by

monitoring the scattered light intensity at 90° scattering angle at 25 °C.
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5.3.5.6. { -potential analysis by electrophoretic light scattering (ELS)

To study the effect of pH changes on {-potential of ANCC, the electrophoretic mobility of 0.1 wt.
% nanoparticle suspension was measured using Zeta-sizer Nano ZS (Malvern Instruments Ltd.,

UK.

5.3.5.7. FTIR spectroscopy

To characterize the surface chemical properties of DAMF, DAmMF and ANCC, FTIR
spectrometer (Spectrum Two, PerkinElmer, USA) with a single bounce diamond attenuated total
reflectance (ATR) accessory was employed. Dried samples were placed on the ATR crystal. By
lowering the tip of the pressure clamp, maximum pressure was exerted on the samples. The spectra
were averaged from 32 scans at transmission mode from 400 to 4000 cm™ with a resolution of 4

cm™.

5.3.5.8. Solid-state carbon-13 NMR spectroscopy

The data were acquired using a VNMRS-400 wide bore spectrometer operating at 399.9 MHz for
'H and 100.5 MHz for '3C in a 4 mm Varian Chemagnetics double-resonance probe. The recycle
delay was 4 s. Samples were spun at 8 kHz with a CP contact time of 2 ms. For ANCC, 5188 scans

(6 hrs) were collected, while for DAmMEF, 16896 scans (18 hrs) were collected.

5.3.5.9. XPS spectroscopy

XPS was used to quantitatively determine the formation of primary amine groups onto the ANCC.
Nanoparticles were characterized by K-Alpha™ XPS instrument (Thermo Scientific, USA) using
monochromatic Al Ko radiation under a 108 mbar vacuum. To prepare a sample for XPS, an
ANCC suspension was freeze-dried followed by drying under vacuum to ensure a moisture-free

powder was obtained. Single survey scans with a pass energy of 200 eV were conducted to measure
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the elemental composition. High-resolution scans with a pass energy of 50 eV for N 1s peaks were
recorded. In order to deconvolute the high-resolution scans to their constituent peaks,

XPSPEAKA41 software was used.

5.3.4. Evaluating antibacterial activity of ANCC using the colony-forming unit (CFU) method
5.3.4.1. Bacteria and culture condition.

Listeria monocytogenes ATCC 7644 and Salmonella enterica serotype Typhimurium SL1344 were
chosen as Gram-positive and Gram-negative model bacteria, respectively. To prepare bacterial
cultures, a small amount of the bacterial stock (maintained in frozen glycerol at -80 °C) was
streaked onto plates of brain heart infusion agar (BHIA) for L. monocytogenes and of tryptic soy
agar (TSA) for S. Typhimurium and incubated overnight at 37 °C. For each experiment, a few
colonies from the plates were used and inoculated into 5 mL of broth and then incubated overnight

at 37 °C at 120 rpm.

5.3.4.2. Bacterial cell reduction.

To assess the reduction of the number of viable bacterial cells after exposure to ANCC, the
convectional CFU counting assay was performed. Initially, bacterial suspensions of L.
monocytogenes and S. Typhimurium were diluted in broth to an ODeoo of 0.3 and 0.5, equaling 10°
CFU mL!, respectively. Afterward, the bacterial suspensions were serially diluted three times with
steps of 10! and used for the test.

Two mL of ANCC suspensions at different concentrations were mixed with 1 mL of broth and 10
1L of bacteria suspension was added to the test tubes. After 3-hrs incubation at 37 °C, 10 puL of
ANCC-bacterial suspensions was placed on agar plates, and incubated statically overnight at 37
°C. Then, the number of colonies was enumerated for each sample to calculate the percent of

bacterial cell reduction according to the following equation 1:
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B
x 100

Bacterial cell reduction =

Here A is the number of viable colonies in the absence of ANCC and B is the number of viable

colonies after ANCC contact. All measurements were carried out in triplicates.
5.4. Results and discussion

5.4.1. Synthesis of hairy ANCC

The aldehyde content of DAMF was determined to be ~8 mmol g™ after periodate oxidation of
cellulose fibers (Scheme 5- 2 (a)). Assuming that the crystalline regions of cellulose nanofibrils
have a cross-section of 5x5 nm (10x10 cellulose chains) and that the accessible cellulose
molecules are located on the outer surface of the crystalline regions and in the amorphous regions,
then an aldehyde content of 8 mmol g™!' corresponds to a full conversion (12.5 mmol g') of the
accessible cellulose molecules, if 30% of the cellulose is located in amorphous regions. (If x is the
fraction of cellulose in the amorphous region, and 40% of the chains are located on the external
surface, then 0.4-12.5 + 12.5 x = 8§, thus x = 0.3). This is consistent with the crystallinity of
cellulose in kraft fibers, which is about 70% '* 4. Amination of DAMF was achieved through a
Schiff base reaction to produce imine bonds between aldehyde groups of DAMF and amine groups
of ammonia. This was followed by reducing the imine bonds to primary amines using NaBHj as
reducing agent. The amination reaction steps are shown in Scheme 5- 2 (b). In addition to the
ammonia, ammonium acetate (NHs'CH3COOQO") was used which dissociated into ammonium
(NH4") and acetate (CH3COQ"). The resulting ammonium protonates the formed imines, thereby
releasing more ammonia into the reaction. ANCC was formed by adjusting the pH of the DAmMF
suspension to acidic range (~2.5) and heating at 60 °C. The acidic pH of the solution resulted in

the protonation of surface amine groups of DAmMEF. Using the hot water treatment, aminated
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fibers were broken up into nano-scale structures by the electrostatic repulsion between the
positively charged protonated amine groups. The acidic pH also helps in breaking the amorphous
cellulose chains by hydrolysis. Moreover, at this pH, the solubility of the amine functionalized
amorphous regions is enhanced at elevated temperatures. Consequently, the crystalline segments
are released in the medium as individual nanorods with protruding hairs. Depending on whether
we started with air-dried or solvent-exchanged DAMEF, the weight of non-fibrillated DAmMF was
found to be ~45% and < ~5%, respectively after hot-water treatment. A lower amount of non-
fibrillated fibers implies that a higher nanocellulose content was obtained. For comparison, the
weight fraction of sterically stabilized nanocrystalline cellulose (SNCC) was ~30% °.

After removing the non-fibrillated fibers, isopropanol as cosolvent was used to isolate ANCC
particles from the supernatant. Similar to other synthetic pathways for the formation of hairy
nanocellulose !> 16, besides nanoparticles (here ANCC), copolymers of dissolved diaminated
cellulose derivatives (here DAmC) are formed. The yield of ANCC was ~25 % from air-dried
DAMF and ~45-50 % from solvent-exchanged DAMEF at the end of the reaction. In both cases, the
remaining dissolved diaminated cellulose was ~10%. The amount of dissolved DAmC produced
in the reaction is likely much larger than 10%. During dialysis of dissolved diaminated cellulose
(DAmMC), a fraction of it adsorbs on the surface of the dialysis bag and some of the DAmC passes
through the pores of the membrane, either because DAmC contains small molecules as a result of
hydrolysis under the acidic hydrothermal post-treatment conditions, and/or non-hydrolyzed
DAmC could pass through the pores because the molecules are rod-like due to their high charge

and can pass through holes which are much larger than their diameter.
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Scheme 5- 2. (a) Periodate oxidation of cellulose fibers to produce dialdehyde modified fibers (DAMF) and (b) reductive
amination of DAMF, occurring in two successive steps. The first part is the nucleophilic addition to the carbonyl group of the
aldehyde groups by ammonia to form an imine. The second part is the reduction of the imine to an amine using NaBH4 as

reducing agent. The final product is in the form of fibers, which are broken up by a hot acid water treatment.

5.4.2. Amine and aldehyde content

The content of primary amine groups of ANCC was measured by conductometric titration (Fig. 5-
1a). During this reaction, a strong base (NaOH) is added first to fully deprotonate the amine groups,

followed by titration with a strong acid (HCI) (Equations 2-3).

RNH;" + NaOH — RNH; + Na" + H,0 2

RNH; + HCl — RNH3" + CI 3

The amine content was determined to be ~3.5 mmol g"! for ANCC from air-dried DAMF and ~5.5
mmol g for ANCC from solvent-exchanged DAMF. The solvent-exchange method is to be
preferred, as the air-dried fibers can retain up to 8% moisture, which might interfere with the

amination reaction and the pores collapse as result of drying, thereby reducing the accessibility to

187



the chemicals, which lowers the efficiency of the amination reaction. The resultant amine contents
in both cases are less than the initial introduced aldehyde groups (~8 mmol g). This can be
explained by the high charge of the cellulose chains, which likely results in the dissolution of the
cellulose chains located on the outer surface of the crystals. If all the chains on the outer surface
were to dissolve, the amine content would be 0.3-12.5 = 3.8 mmol g'!, which is lower than the
observed value (5.5 mmol g!). Thus, likely only a fraction of the outer surface goes into solution.
Another possible explanation is that the ends of the crystal segment are being converted into
amorphous chains with a rate faster than the rate on the external surface (Scheme 5- 3). This results
in a higher content of amorphous domains, thereby obtaining more than 3.8 mmol g! amine
content. In a previous study 7, we showed that an oxidative modification enhances the solubility
of cellulose chains at the crystal surface of NCC to the extent that they dissolve and detach from
the crystal. At the same time, it was shown that the oxidation reaction proceeded faster at the ends
of the crystal than on the outer surface, resulting in amorphous regions at the ends of the crystal.
The same shortening of the crystalline regions might have occurred during the reduction reaction
used for the synthesis of ANCC. To account for a charge density of 5.5 mmol g!, the amount of

cellulose in the amorphous parts must have increased from 30 to 40%.
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Scheme 5- 3. Schematic representation of creating ANCC with shorter crystalline region and longer protruding amorphous
chains through converting part of crystalline segment into amorphous chains. Crystalline regions have higher reactivity at the

end than their outer surface. The advancing reaction front is indicated by black vertical wiggles.

To examine the efficiency of the reductive amination reaction, the aldehyde content of fibers before
and after amination reaction was measured. The intact DAMF showed a ~8 mmol g aldehyde
content, while after amination reaction this value was reduced to ~2.5 and 0 mmol g"! for DAmMMF
obtained from air-dried and solvent-exchanged DAMEF, respectively. This indicates that using
solvent exchange of DAMF from water to ethanol, a 100% conversion is achieved, consistent with
a charge content of 12.5 mmol g'! in the accessible chains.

ANCC containing diamino groups shows two different pKy values through conductometric

titration, resulting from the amination of C2 and C3 on the glucose units.
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Fig. 5- 1. (a) Conductometric titration of ANCC using a strong acid (HCI, 0.01 M), indicating that ~7.5 £ 1 mL of acid (shown
with blue arrows) is required to neutralize all the weak base, implying a functional group content of ~5.5 mmol of -NH: per gram
of ANCC with two pKbs values shown with red arrows; (b) first derivative of pH titration curve indicating the location of pKs

values.

The following characterizations were conducted on ANCC from solvent exchanged DAMF due to

its higher amine content, which is more favorable for future applications.

5.4.3. Morphology of ANCC

To investigate the morphology of the developed ANCC particles, AFM and TEM images were
captured and the results are shown in Fig. 5- 2. As shown in the AFM image (Fig. 5- 2a), the
nanoparticles are in the shape of typical rod-like nanosized cellulose particles, which is consistent
with those of previous NCCs isolated via an oxidation reaction >3 and acid hydrolysis '8. We refer
to these rod-like nanoparticles as aminated nanocrystalline cellulose (ANCC).

The dimensions of rod-like ANCC prepared by oxidation-reductive amination reaction were
determined by TEM images, an example of which is shown in Fig. 5- 2b. The length and diameter
of nanoparticles were, on average, ~120 nm and ~5 nm, respectively. The length is consistent with
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the value obtained from DLS measurements (~140 nm). The DLS size of ANCC is smaller than
that of hairy ENCC in previously reported studies ! 2. This might be due to the acidic heat-
treatment in the synthesis process, carried out at pH of ~2.5, which causes a shortening of the hairs
as a result of heat-catalyzed acid hydrolysis. In the ENCC synthesis pathway, this step is

implemented at neutral pH.

(b)

20 nm

Fig. 5- 2. (a) AFM height image and (b) TEM image of ANCC.

5.4.4. Eftects of cosolvent and pH on particle size and charge density of ANCC

This experiment was performed to verify the presence of the hairs protruding from the crystalline
segment of ANCC and to investigate the stability mechanism of the corresponding suspension.

Fig. 5- 3a shows the particle size changes of ANCC due to cosolvent addition. Diaminated
cellulose chains (hairs), protruding from the poles of crystalline segments, do not dissolve in
isopropanol. Therefore, by adding isopropanol to hairy ANCC suspension, the Flory—Huggin’s

polymer—solvent interaction parameter () is increased. When it reaches the value of 0.5, steric
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repulsion between ANCC particles is eliminated and at the same time the electrostatic repulsion is
reduced due to a reduction in dielectric constant, resulting in ANCC aggregation. Before reaching
this value, the solvent (water/isopropyl alcohol mixture) becomes progressively poorer, leading to
a contraction of the hairs. Accordingly, the size of ANCC, measured by DLS, first showed a slight
decrease with isopropanol addition due to the contraction of the hairs, and then an increase due to
the flocculation of ANCC particles. The equivalent hydrodynamic diameter of ANCC decreased
from ~140 nm to 130 nm in the presence of 1% cosolvent. This is proof that ANCC is sterically
stable as a result of the protruding hairs. As we show below, the nanoparticles are also subject to
electrostatic repulsion (at low pH), hence they are electrosterically stable.

The effects of pH on particle size and {-potential of ANCC were also studied (Fig. 5- 3b). By
decreasing the pH from 5 to 3, an increase in the particle size from ~135 nm to ~145 nm was
observed. This is likely due to the expansion of the hairs as a result of increasing electrostatic
repulsion among the protonated amine groups. Outside the pH range 3-5, the particle size changes
drastically, implying ANCC aggregation, which correlates with the changes in (-potential. The (-
potential of ANCC was found to be +10 = 0.7 mV at pH ~5, proving that amine groups are present
on ANCC, inducing positive charges. Since negatively charged impurities in water, which are
difficult to eliminate completely, can be easily adsorbed on amine groups, we purified ANCC
suspension using DOWEX 1X4-50 ion-exchange resin (Sigma-Aldrich-Canada). After contacting
the suspension with resins for 1 hr, the {-potential value of ANCC at the same pH increased by 10
mV, proving the presence of surface-active impurities. The presence of surface-active impurities
in DI has also been seen in SNCC suspensions, where they change the surface charge from zero to
negative.’ As seen in Fig. 5- 3b, the charge density of amine groups greatly depends on the solvent

pH.
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At pH ~3, the amine groups undergo maximum protonation (-NH>—-NH3"), which results in a (-
potential of +34 mV leading to highest stability. The lower the pH, the higher the amount of the
protonated amine groups. At pH ~1.5, the (-potential value is lowered due to the increase in ionic
strength as a result of excess addition of HCI which screens the charges. This leads to the reduction
in the electrophoretic mobility !°. By increasing the pH toward the alkaline range, the {-potential
shifts to negative values (-4 mV at pH ~7 and -31 mV at pH ~10). At pH 7, the negative charges
are likely due to the presence of anionic impurities, present in the water. The effect of impurities
on {-potential was previously reported for SNCC, which showed a negative value at lower SNCC
concentration and approached zero at higher concentrations, for which there were far fewer
impurities per particle >. At a pH around 10, the deprotonation of the amine groups (-NH3"—-NH>)
and hydroxyl groups on C6 of cellulose chains (OH—O") results in higher negative values. The
deprotonation and the increasing ionic strength from NaOH addition results in ANCC aggregation,
as shown in Fig. 5- 3c. large aggregates formed at pHs above 7, were beyond the detection limit

of DLS.
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Fig. 5- 3. (a) Equivalent spherical diameter of ANCC measured by DLS as a function of cosolvent addition at pH ~5; (b)
equivalent spherical diameter and {-potential of ANCC under different pH conditions, measured at T~22 °C by DLS and

electrophoretic light scattering, respectively.

5.4.5. FTIR and solid-state '*C NMR spectroscopy

To investigate the surface chemistry of the developed ANCC and confirm the introduced primary
amine groups, ATR-FTIR and CP/MAS *C NMR were performed, and the spectra are shown in
Fig. 5- 4.

In the FTIR spectrum of ANCC (Fig. 5- 4a), the absorption peaks of primary amine groups,
typically appearing around 3400-3250 cm™!, overlapped with the stretching vibrations of O—H in
its cellulosic structure. The peaks at 3300 and 2900 cm! in all cellulosic samples are due to O—H
and C—H stretching vibrations®’. Thus, the amine groups cannot be clearly detected; instead,
ANCC indicates a broad sharp peak at 1635 cm™ for the C—NH, bending vibrations. Also,
disappearance of the two characteristic peaks of aldehyde groups at 1726 cm' and 878 cm implies the

conversion of the aldehyde to amine groups.
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In the NMR spectra (Fig. 5- 4b), DAMF shows a broad peak spanning from 105 to 85 ppm with a
trace of the peak from carbonyl groups appearing at around 200 ppm. The absence of carbonyl
signals demonstrates that the aldehyde groups of DAMF have formed hemiacetal linkages with
primary O—H groups on DAMF chains 2. ANCC shows multiple peaks appearing from 105 to 55
ppm, displaying the carbons of glucose units in the cellulose structure, specified as: 65 ppm for
C6, 80-70 ppm for C2, C3, C5, 90 ppm for C4 and 105 ppm for C1 22!, The absence of the broad
peak at 200 ppm in the ANCC spectrum indicates the conversion of aldehyde groups. Also, the
sharp peak of C4 itself signifies the formation of the crystalline nanoparticles. The C4' peak, which
typically appears at ~85 ppm in the intact cellulose structure, is not detectable for ANCC; thus,

strengthening the claim of shortening the hairs as a result of the heat-catalyzed acid hydrolysis.
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Fig. 5- 4. (a) FTIR spectra of cellulose pulp, DAMF, DAmMF and ANCC and (b) solid-state '*C CP/MAS NMR spectra of

DAMF and ANCC.

5.4.6. XPS analysis

To further examine the amine formation, XPS was performed on freeze-dried ANCC and the
spectra are shown in Fig. 5- 5. The spectrum of ANCC indicates a N1s peak at about 400 eV which
is mostly due to the presence of amine groups in the chemical structure of ANCC, confirming its
successful amination reduction reaction. From XPS analysis (Fig. 5- 5a), the ANCC has 8.5 %
nitrogen, corresponding to 5.7 mmol g!' amine content, consistent with conductometric titration
(5.5 mmol g!).

To better comprehend the nature of the carbon and nitrogen bonding in ANCC, Cls and N1s peaks
were deconvoluted into their constituent sub-peaks, as shown in Fig. 5- 5b and Fig. 5- 5c,
respectively. For Cls (Fig. 5- 5b), the peaks at 284.8 + 0.1, 286.1 + 0.1, and 287.3 = 0.1 eV are

correlated to sp® (C-C), glycosidic bond (C-O-C), amine bond (C-N) and hydroxyl group (C-O),
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respectively > 22, For N1s (Fig. 5- 5¢), the peaks at 399.1 + 0.2, 400.3 £ 0.2, and 401.1 £ 0.2 eV

correspond to primary amine, secondary amine, and protonated nitrogen, respectively 2324,
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Fig. 5- 5. (a) XPS spectrum of ANCC; (b) Cls deconvoluted into C-O-C, C-N, C-O and C-C; (c) N1s peaks deconvoluted into

protonated amine, primary and secondary amine groups.

5.4.7. Evaluating antibacterial activity of positively charged ANCC.

Hairy ANCC bearing a high local density of amine groups is a promising candidate for inducing
antibacterial activity. We hypothesize that, similar to other cationic antibacterial compounds like

chitosan®>, ANCC can electrostatically attack the negatively charged cell membrane of bacteria.
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To prove our hypothesis, we tested the viability of L. monocytogenes and S. Typhimurium after 3-
hrs exposure to ANCC particles with 3.5 mmol g and 5.5 mmol g!' amine content. The results,
expressed as the percentage of bacterial cell reduction (see Equation 1), are shown in Fig. 5- 6.
As observed in Fig. 5- 6a, ANCC with 3.5 and 5.5 mmol g”! amine groups started killing L.
monocytogenes at concentrations of 1000 ppm and 150 ppm, respectively. At lower concentrations,
no antibacterial activity was observed for ANCC against this Gram-positive bacterium. ANCC
with 5.5 mmol g! started its antibacterial activity at significantly lower concentrations compared
to its homologue with 3.5 mmol g! amine content implying that the higher amine content results
in higher antibacterial activities. By the selected CFU counting protocol, increasing the ANCC
concentration to above 1500 ppm resulted in gel formation in the bacteria suspension, causing
difficulty in plating.

The antibacterial activities of ANCC against Gram-negative S. Typhimurium are shown in Fig. 5-
6b. Similar to the Gram-positive bacteria, the higher the amine content of ANCC, the higher its
antibacterial activity. The antibacterial effect of ANCC is more significant against Gram-negative
S. Typhimurium than against Gram-positive L. monocytogenes which is likely due to the thicker
and more rigid cell wall of the Gram-positive bacteria. The mechanism of ANCC bactericidal
action is likely similar to cationic biocides, such as chitosan. It consists of adsorption onto the
negatively charged cell surface and damaging the outer membrane of bacteria by electrostatic
interaction, increasing cell wall permeability. Cationic biocides also reduce the biosynthesis of
adenosine triphosphate (ATP), responsible for energy transport within the cell essential for many

processes in bacteria.?®
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At concentration of 1500 ppm, the two ANCC particles show a similar antibacterial activity against
both bacteria. It could be that, besides the effect of amine groups, ANCC particles likely coat the

bacterial cells, thereby limiting their access to nutrients, leading to cell death.
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Fig. 5- 6. Evaluation of the antibacterial activity of hairy ANCC particles carrying 3.5 mmol g"! and 5.5 mmol g! primary amine
groups against (a) Gram-positive L. monocytogenes and (b) Gram-negative S. Typhimurium through reduction in viable colonies

after 3-hrs contact. The error bars represent the standard deviation of three independent replicates.

5.5. Conclusions

Exploring new members of colloidal hairy nanocelluloses family, easily tunable in terms of size
and surface functional groups, continues to attract widespread interest. Hairy nanocellulose
consists of a rod-like nanocrystal with hairs protruding from both ends, which are more accessible
than the crystalline segment for chemical reactions and which also enhance colloidal stability, both
sterically and electrosterically. It was previously shown that hairs provide an extensive platform
for the accommodation of carboxyl !, aldehyde 3, carboxyl-aldehyde * and quaternary ammonium
groups °. Also, by chopping off the dangling amorphous hairs via the controlled acid hydrolysis, a

variety of hairy nanocelluloses with different sizes were developed 2.
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Here, we have presented a methodology to synthesize amine-functionalized hairy nanocellulose
by periodate oxidation and reductive amination of cellulose fibers, followed by acidic hot-water
treatment. Introducing positively charged amine groups onto DAMF, greatly improves the
efficiency of fibrillation of DAMF into nanosized structures under aqueous thermo-treatment.
ANCC has a width of 5 nm and a length of about 120 nm, an amine content of ~5.5 mmol g! and
a (-potential of ~+35 mV at pH 3. The amine content was verified with conductometric titration
and XPS. The successful functionalization of primary amine groups onto nanocellulose was
confirmed by FTIR, solid carbon-13 NMR and XPS analysis. It was shown that ANCC is
electrosterically stabilized. Moreover, ANCC shows antibacterial activity, significantly higher
against Gram-negative bacteria than Gram-positive ones.

ANCC can readily be further functionalized using bioconjugation or Schiff base reactions to find
applications in a variety of fields including drug delivery, wastewater treatment, packaging and
many more. As an example, by covalently linking a type of carboxyl-bearing photosensitizer to
the primary amine groups of ANCC, we have developed biodegradable photo-bactericidal surfaces

suitable for food packaging *’.
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Chapter 6

CONCLUSIONS AND FUTURE WORK
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6.1. Conclusions

A new protocol for synthesizing a new type of cellulose derivative was developed in this thesis.
This gave rise to the successful fabrication of various forms of aminated cellulose including
diiminocellulose fiber (DImF, diaminocellulose fiber (DAmF), diaminocellulose (DAmMC) and
aminated nanocrystalline cellulose (ANCC) and some of their potential applications were
explored. The preparation methods for these celluloses are summarized in Fig. 6- 1. The physical
properties and applications explored in this thesis are summarized in Table 6- 1. These new
aminated celluloses are not only additions to the growing family of cellulose derivatives but have

very promising industrial and medical applications.

DImF was prepared by complete oxidation of OH groups in the C2 and C3 position by periodate.
After reaction, DImF is the form of fibers. In chapter 4, DImF was used in absorbing Pb ions for

water.

DAmF was prepared by complete oxidation of OH groups in the C2 and C3 position by periodate,
followed by a reductive amination reaction. DAmF is insoluble at room temperature and pH above
2. DAmF was used to adsorb negatively charged dye (PR), it showed high and fast adsorption at
pH 2. Complete desorption of dye occurred at pH 10 and the fibers were intact and performed well
after 5 cycles. This makes it an excellent reusable green adsorbent for anionic dyes. The fibers
were also used in the sorption of positively charged lead ions. Maximum sorption occurred at pH
8 but it also shows good adsorption at pH 5.5 when pH was not adjusted. This was made possible

by coordination between the amine groups and Pb*" ions.
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Fig. 6- 1. Preparation of various aminated cellulose including DAmF, DAmC and ANCC

Table 6- 1. Summarization of physical properties of aminated cellulose

Physical form Amine content | Application
(mmol g)
DImF Fibers 9.5 Lead removal from solution
DAmF Fibers 9.5 Dye and lead removal from solution
DAmMC Polymeric chains (soluble) | 9.5 Dye removal from solution
ANCC Nanocellulose 55 Anti-microbial activity
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DAmC was produced by subjecting DAmF to a hot water treatment at pH 3. DAmC is
electrosterically stable and remain in solution when cooled to room temperature. DAmC was stable
across all pH except 7, at which half of the amine groups on the ring is protonated and the other is
non protonated. This leads to the closure of the rings in the polymer via hydrogen bonding which
in turn leads to destabilization. DAmC was used in removing dye (PR) from solution. DAmC was

rapidly and efficiently flocculated by the dye, leading to its removal from solution.

ANCC was prepared by subsequent partial periodate oxidation and reductive amination of
cellulose fibers, followed by an acidic hot water treatment. ANCC has a width of 5 nm, a length
of about 120 nm, and a C-potential of ~+35mV at pH 3. It was shown that ANCC is
electrosterically stabilized and ANCC shows antibacterial activity, significantly higher against

Gram-negative bacteria than Gram-positive ones.

6.2. Future Works

e DAmF can be used as an adsorbent in a multi-metal system of divalent cations (Co?*, Ni**,
Zn*", Cd** and Pb*") to study its selectivity for any of the heavy metals. Also, the reusability
of the fibers in this system could be explored by performing desorption reactions.

e For DAmC, it could be useful to investigate the molecular weight and also study the effect
of the degree of substitution on the molecular weight. It has been reported that chlorite
oxidation reduces the degree of polymerization of cellulose derivative, dicarboxyl cellulose
(DCC)!, it will be advantageous to know if the same happened for the reductive amination
reaction.

¢ DAmC, DAmF and ANCC have a high amount of amine groups that can be further

functionalized and utilized. Since amine groups can participate in bioconjugation or Schiff
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base reactions, they can be employed as cross-linkers in gels and thin film applications
used for drug delivery, food packaging and many more.

e DAmC and ANCC can be used for capturing atmospheric CO».

1. Singh, O., Kinetics and mechanism of hypochlorite oxidation of cellulose. Textile Dryer & Printer

1982, 35-38.
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