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ABSTRACT

This thesis reports on the synthesis of a hydrogel made from oxidized tannic acid (OTA)
nanoparticles and TEMPO-oxidized cellulose nanofibers ((TOCN). We prepared the OTA
nanoparticles by oxidizing tannic acid (TA) under slightly alkaline conditions. Fourier-transform
infrared spectroscopy (FTIR) and Thermogravimetric Analysis (TGA) were used to probe the
chemical and structural changes of the OTA nanoparticles during the oxidation. The morphology
of OTA particles was observed using a Scanning Electron Microscopy (SEM). OTA nanoparticles
were added into a TOCN suspension to form TOCN/OTA hydrogels at 60 °C for 28 hours. In
addition to hydrogels, TOCN/OTA aerogels were also prepared through freeze-drying. We noted
that the hydroxyl groups on the surface of TOCN and OTA could form intra- and interchain
hydrogen bonds, while the flexible cellulose nanofibers could form high physical entanglements.
TGA spectra verified the improved thermal stability of the cellulose aerogel when OTA
nanoparticles were incorporated. We also investigated the effect of weight ratio of TOCN/OTA on
the thermal and viscoelastic properties of the hydrogels and aerogels. Samples prepared at higher
TOCN/OTA weight ratios exhibited higher thermal stability. Rheological tests indicate that
TOCN/OTA hydrogels act as elastic solids under cyclical deformation. An optimal weight ratio of
TOCN/OTA was determined. TOCN/OTA hydrogels were prepared from natural resources, and
through ‘green’ methods, and it is expected that these new materials could find applications in

medical and hygienic products as well as in environmental remediation processes.
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1. INTRODUCTION

A hydrogel is a three-dimensional, water-swollen, crosslinked network of polymer chains. The
swell ability of hydrogels in water derives from their hydrophilic groups, while the water
insolubility derives from their crosslinks. Hydrogels can be classified into chemically and
physically crosslinked hydrogels. Chemically crosslinked hydrogels have permanent bonds,
namely covalent bonds. Physically crosslinked hydrogels have temporary and reversible
connections, such as hydrogen bonds, van der Waals interactions, and physical entanglements.
Hydrogels are generally formed from the polymerization of hydrophilic monomers or the
modification of existing polymers. Over the past two decades, researchers have developed various
fabrication techniques for the hydrogels, enhanced their inherent properties, and introduced novel
functions to the hydrogels. Hydrogels find use in different fields, including hygienic, agricultural,
and pharmaceutical products.' Synthetic hydrogels are generally more durable and stronger than
natural hydrogels. However, as the consumption of fossil fuels dramatically increased, the design
and synthesis of multifunctional natural hydrogels became a promising project to remedy
environmental challenges, detect ecological changes, treat pollution, and engineer biomedical
innovations.? This thesis describes the synthesis and characterization of a cellulose-based

physically crosslinked hydrogel that incorporates oxidized tannic acid (OTA) particles.

Cellulose based hydrogels are promising materials with diverse applications, such as biomedical,
pharmaceutical, and adhesives, due to their biocompatible, antibacterial, and antioxidant

properties. Cellulose and tannins are synthesized from renewable and vast natural resources.

Cellulose, a term initially coined by Payen (1838) to refer to purified cellulosic materials, is the
most abundant biomass on earth, followed by hemicellulose, lignin, and tannins.? It is found in
various sources, including plants (cellulose contributes approximately 33% of all plant materials),
several animals, fungi, bacteria (such as Acetobacter, Acanthamoeba), unicellular plankton, algae
(such as Valonia, Chaetamorpha), and minerals.* Payen initially isolated cellulose from wood and
determined its chemical constitution®. Advancing research discovered its structure, reactivity, and
derivatives, resulting in large-scale fabrication and broader application. A turning point to realize

the industrial production of cellulose was in 1870; Hyatt Manufacturing Company produced the



first thermoplastic polymer, celluloid, based on the reaction of cellulose with nitric acid to form
cellulose nitrate.” Later on, the production of regenerated cellulose, particularly rayon (1890s) and
cellophane (1912), followed. After that, Hermann Staudinger pioneered vital research to determine
the polymeric structure of cellulose in 1920.° Recently, the production methods and property

control techniques have allowed for a broader application of cellulose.

Tannins are precipitate proteins found in many trees and plants, such as black wattle or black
mimosa bark (Acacia mearnsii), quebracho wood (Schinopsis balansae or lorentzii), oak bark
(Quercus spp.), chestnut wood pieces (Castanea sativa), algarrobilla chileno, tara, and the bark of
several species of pines and firs. Tannins are manufactured by a chloroplast-derived organelle: the
tannosome. They are mainly located in the vacuoles or surface wax of plants; thus, they can protect
against light and predation without affecting the plant metabolism. People have used tannins as
leathering tanning for millennia, but the actual tannin extraction industry started in the 1850s to
meet the need for black dyes. The leather industry underwent rapid expansion by taking advantage
of tannin extract in leather production in the early 1900s. The use of vegetable tannins in the leather
industry reached its zenith in 1946 due to the demand of leather materials for shoes during the two
world wars. In the years following, tannin sales for leather steadily dwindled due to a reduction in
demand following the development of synthetic counterparts for shoes and a shift in market choice
for shoes. However, in the 1960s and 1970s, people discovered many new applications of tannins,
from varnish primers for metals to cement superplasticizers. Furthermore, scientists found a use
for tannins in wood adhesives. They are now quickly becoming an environmentally friendly
alternative to some synthetic compounds that have challenges meeting formaldehyde emission
regulations. Moreover, the biocompatible, antiviral, antioxidant, and therapeutic virtues of tannins
promote their application in other varying fields, such as pharmaceuticals, medicine, animal feed,

and beverages.’



2. PROJECT BACKGROUND
2.1.Nanocellulose

Nanocellulose is a collective name used to describe nanoscale fibrils of extended cellulose chains:
cellulose nanofibers (CNFs), and their crystalline parts: cellulose nanocrystals (CNCs). The
crystalline cellulose has a tensile strength up to 10 GPa, which is greater than that of cast iron, and

a stiffness up to 220 GPa, which is comparable to that of Kevlar.?’

CNCs are also known as cellulose nanowhiskers or nanorods depending upon their cross-section.
CNC:s are highly crystalline (typically 54-88% in crystallinity), short (typically <500 nm), and thin
(normally 3-20 nm wide), with a low aspect ratio.”! CNCs are usually obtained through acid
hydrolysis, and other acid-free methods such as oxidation reaction, enzymatic hydrolysis and
sub/supercritical water or ionic liquid assisted techniques. Among them, widely used sulfuric acid

hydrolysis and oxidative methods are the major focus for scale-up efforts.

CNFs are flexible and entangled (typically 0.1-3 um long, 4-60 nm wide), with a high aspect ratio,

high surface area, and extensive hydroxyl groups.”®!!

CNFs are typically extracted from
lignocellulosic materials found in wood pulp. Top-down methods for CNFs isolation commonly
involve enzymatic, chemical, and/or physical methodologies that rip larger fibers into nanofibers.
These processes may dramatically change the original surface chemistry and interface interactions
and consume large amounts of energy. Enzymatic or chemical pretreatments are more cost-
effective and efficient ways to extract cellulose nanofibers. Take carboxymethylation and
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated oxidation as examples. They could
introduce charged carboxylate groups to the cellulose fibrils, promoting the swelling of the fibers
by electrostatic repulsion. The well-swelled fibers help loosen the interfibrillar hydrogen bonds

and facilitate the nanofibrillation during the subsequent mechanical treatments. The nanofibers

obtained through this method are called TEMPO-oxidized CNFs, abbreviated as TOCNs.'?

The nanoscale fibrils exhibit high surface areas, and strong chemical and physical interactions with
various species. The abundant hydroxyl groups present on the cellulose chains make it an ideal

material for chemical modification. Therefore, research work on incorporating nanocellulose into



sustainable, biocompatible, and multifunctional materials while maintaining its mechanical

properties has recently received attention.®



2.1.1. Chemical structure

OH OH
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Figure 2.1: Basic chemical structure of cellulose; n = 2000 to 27000, depending on the cellulose
source material.'?

Cellulose is a linear chain composed of thousands of B (1-4) linked D-glucose units (CsH100s). As
Figure 2.1 shows, two glucose rings are linked through an oxygen covalently bonded to C-1 of one
glucose unit and C-4 of the adjoining unit. The glucose units are referred as anhydroglucose units
(AGU) when a molecular of water is lost. The reactivity of cellulose is ascribed mainly to the three
hydroxyl (OH) groups, one primary group at C-6 and two secondary groups at C-2 and C-3 in each
of the AGU unit. The reactivity of three hydroxyl groups ranks as: OH group located at C-6 > OH
group located at C-2 > OH group located at C-3. A large amount of intra- and interchain hydrogen
bonds provide cellulose materials with good strength, stability, as well as insolubility in water and
most organic solvents.*® Cellulose swells as it absorbs water in its amorphous regions while not

dissolving in water. Therefore, it provides an ideal template for tailoring hydrogels.

2.1.2. TEMPO-mediated oxidation

Ample surface hydroxy groups in CNFs allow for a wide variety of modification techniques such
as adsorption, esterification, acetylation, acylation, cationization, silylation, carbonation, TEMPO-
mediated oxidation, grafting, click chemistry, and fluorescent labeling.'* Dufresne et al. reviewed
these modifications in detail. Here, we focus on the recent development of TEMPO-mediated

oxidation and the non-covalent adsorption of TOCNS.
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Figure 2.2: TEMPO-mediated oxidation of primary hydroxyls to carboxyl groups.

TEMPO-mediated oxidation of cellulose was initially reported by De Nooy et al. TEMPO could
regioselectively oxidize the hydroxymethyl groups of polysaccharides, while the remaining
secondary hydroxyls reamin unaffected.'> TEMPO is water-soluble, commercially available, and
stable nitroxyl radical. As Figure 2.2 shows, the oxidation of cellulose takes place in the
TEMPO/sodium bromide (NaBr)/sodium hypochlorite (NaClO) system in water at pH 10-11:

1. NaClO oxidizes NaBr to sodium hypobromite (NaOBr).

2. It converts TEMPO into a nitrosonium ion which regioselectively oxidizes the

hydroxymethyl groups on cellulose to aldehyde by reducing itself into hydroxylamine.'®
3. Carboxylation occurs because hydroxylamine can regenerate the nitrosonium ion, which

completes the catalytic cycle.!” The position-selective oxidation occurs at the



hydroxymethyl groups due to the steric hindrance of the four methyl groups attached per
TEMPO molecule.?

The resultant bio-based material contains great amounts of carboxylate groups that are densely,
regularly, and regioselectively present on the surface of the TOCN. Through mechanical
disintegration, individual TOCN with a width of 3-4 nm and a length of 0.5-2 um can be stably

dispersed in water due to electrostatic repulsion between the anionically charged groups.'®

TOCNs obtained from this process are in the form of a sodium salt (-COO-Na+), and this salt can
be converted into free carboxyl groups (-COOH) by HCL. TOC-COOH exhibits low dispersibility
in water due to the formation of inter- and intrachain hydrogen bonds. At the same time, it is more
dispersible in polar aprotic organic solvents such as N, N-dimethylacetamide (DMAc), N, N-
dimethylformamide (DMF), 1,3-dimethyl-2-imidazolidinone (DMI), and 1-methyl-2-
pyrrolidinone (NMP). Contrarily, TOC-COONa shows low dispersibility in these solvents and
only formed a stable dispersion, at the individual nanofibril level, in dimethylsulfoxide (DMSO).'®

The rheological properties for TOCN suspensions or TOCN hydrogels are important in fabrication
and application; hence it is interesting to discuss both forms of bulk TOCNSs and their composites.
Geng et al. investigated the rheological characterization of TOCN hydrogels as functions of
concentration and ionic strength. The suspensions behaved like Newtonian fluids below a lower
concentration level (0.1%). In contrast, the suspensions exhibited an evident shear thinning
behavior at higher concentrations due to the increased disentanglements of long fibers.!” Liao et
al. reported the flow curves of the TOCNs, showing that a Newtonian plateau was followed by
shear thinning. They proposed a rheological model combining a power law and cross model to

describe the viscoelastic behavior of TOCNSs at different shear rates. 2°

2.1.3. Non-covalent adsorption

The surface of nanocellulose can be tailored by ionic electrostatic interaction, hydrogen bonds,

and van der Waals forces.



Significant amounts of sodium Cé6-carboxylate groups are present regularly and regioselectively
on the surface of TOCN. These groups can be converted to protonated carboxyl groups (TOC-
COOH) by acids, other metals and alkylammonium carboxylate groups through ionic exchange in
water. In addition to hydrogen ion exchange, many metal ions such as AI**, Ca?*, Cu®*, Co*", Na”,
Ag", can be adsorbed onto TOCN. The resultant metal-decorated TOCN composites exhibit
enhanced mechanical properties and provide superior deodorant performances.?'> Masruchin et
al. reported that the higher valences of cations incorporated in the TOCN hydrogels improved their
mechanical properties.?! Apart from metals, TOCN nanocomposites based on oxides are also of
great interest. As TOCNs support the precipitation of TiO, the resultant nanocomposite
TOCN/Ti0; can be used as an adsorbent for brilliant blue (BB) dye and it has a higher adsorption

capacity in a slightly alkaline medium system.??

Hydrogen bonds also foster the formation of TOCN-based nanocomposites. Poly (acrylamide)
(PAM)/TOCN nanocomposites in the forms of films and hydrogels show excellent mechanical
properties when compared to PVA/TOCNs or starch/TOCNs. As Kurihara et al. proposed,
attractive interactions might form at the interfaces between TOCN and PAM, and an anionic
charge might contribute to mechanical reinforcement.>* Similarly, Masruchin reported that poly
(N-isopropylacrylamide) (PNIPAAm)/TOCN hydrogels with dual responsiveness to temperature
and pH were promising materials for drug delivery.?® Such strategies are promising because they
allowed the preservation of the inherent anionic charges on nanocelluloses while interacting with
other polymers. The added polymer chains enhanced the formation of network, therefore, the
viscosity and storage modulus were markedly improved and easily tuned by varying the chain

length.!?

Multicomponent systems of TOCN and metal ions interacting via ionic electrostatic interactions
and hydrogen bonds have been reported. Yamada et al. studied the growth of dispersed
hydroxyapatite (HAp) crystals highly intertwined with TOCNs in the presence of Ca?". The ionic
coordination bonds between Ca?" and the carboxyl groups on the surface of TOCN led to an
interaction with HAp. Comparing to other substrates such as agar and bacterial cellulose (BC) gel,
the resultant TOCN-based hybrid composite provided a higher surface area and better durability.?

Alginate modified nanocellulose hydrogels in the presence of Ca?" promote the mineralization,



and hence have great potential in bone tissue engineering. The presence of an entangled nanofiber
network ensures dimensional stability, good mechanical properties, and the hydrophilic
characteristics of the resultant gels. Compared to CNCs/alginate, TEMPO-oxidized cellulose
nanocrystals, and (TOCNCs)/alginate hydrogels, TOCN/alginate gels showed the best
compatibility conditions for bio-adhesion and growth of fibroblasts cells.?” Abouzeid et al.
reported on the biomimetic mineralization of 3-D printed TOCN/alginate scaffolds for bone tissue.
Ca*" improved the crosslinking from partially crosslinked TOCN/alginate hydrogel to fully
crosslinked hydrogel improving their printability. In addition, the resultant material showed high
thixotropic behavior and compressive strength.?® Furthermore, Niu et al. reported that the
introduction of Fe** into PAM/TOCN hydrogels could improve their self-recovery, shape memory,
and tensile strength. The hydrogen bonds between PAM and TOCNs significantly improved the

mechanical strength, toughness, and fatigue resistance of the hydrogels.?3°

Freeze-thawing is also a common way to assemble hybrid TOCN composites. Repeated freezing
and thawing could form the microporous and physically crosslinked TOCN/PV A hydrogels. The
cycles of freeze-thaw are essential to increase the crystallinity and hence, the hydrogel mechanical
properties.>! Curcumin can also be incorporated into PVA/TOCN hydrogels to promote wound

healing.



2.2. Tannic acid

Tannins are the fourth most abundant source of aromatic biomolecules; they are found aplenty in
the bark as well as wood and, in smaller amounts, in the leaves and fruits of various plants and
trees.*3** Tannins are polyphenolic, and hence a good alternative for the elaborating chemicals and
as building blocks for polymeric materials. Tannins in plants play essential roles in defending

against biological threats and protecting from UV rays, free radicals, and dryness.?*

OH
HO
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o
HO OH
o
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o OH OH
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Figure 2.3: Chemical structure of gallic acid and ellagic acid.

Tannins fall under three categories: hydrolysable, condensed, and complex tannins. Hydrolysable
tannins consist of a carbohydrate at the molecule’s center, esterified with phenolic groups such as
gallic acid and ellagic acid (Figure 2.3). As the name indicates, they can be hydrolyzed by weak
acids/bases to generate carbohydrates and phenolic acids. Tannic acid (TA) (Figure 2.4) is the most
common hydrolysable tannin. Hydrolysable tannins are mainly used in the leather tanning industry
and have antimicrobial applications.’> However, they exhibit a low level of phenol substitution,
nucleophilicity, and their macromolecular structure can be changed by the extraction techniques.
Hydrolysable tannins make up to less than 10% of the worldwide commercial tannin production
and have a higher price.*®> Another genus of tannins is condensed tannins, making up more than

90% of the worldwide commercial tannin production due to their higher chemical reactivity.>

10



Condensed tannins (also known as proanthocyanidins, polyflavonoid tannins), including
procyanidins, prodelphinidins, profisetinidins, and prorobinetidins, are formed from polyhydroxy-
flavan-3-ols or flavan-3,4-diols (leucoanthocyanidin).?>-¢ They are not susceptible to be cleaved
by hydrolysis, although most of them are water-soluble. The last one is complex tannins, which
consist of both ellagitannin units and flavonoid units. However, they are limited in applications

due to their complex structure and relatively low abundance.?
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Figure 2.4: Chemical structure of tannic acid.
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The yields of conventional extraction methods for tannins are low (6-39%) depending on the plants’
species and the types of solvents used.’® Recently, other novel extraction methods, such as using

microwaves, ultrasonics, or sub/supercritical water-assisted techniques, are used.*

2.2.1. Oxidized Tannic Acid

Tannic acid has a central glucose molecule derivatized at its hydroxyl groups with one or more
galloyl residues. The hydroxyl groups on TA can be easily oxidized into carbonyl groups. The
oxidized tannic acid (OTA) exhibits different morphologies and sizes depending on the synthesis
process. Kamarainen et al. probed the effect of the base species, pH, and agitation time on OTA
formation. They induced agitation and oxidation by orbital shaking, rendering enough contact with
oxygen.®’ Then, the OTA particles were ready to precipitate because of the lower water-solubility

of carbonyl groups than the hydroxyl groups.

Similar to TA, OTA can react with metals via ionic coordination. Additionally, OTA-based
composites have been reported, using gelatin and chitosan as templates. First, gelatin or chitosan
crosslinked with OTA via a Schiff base reaction between the amino groups (-NH>) and carbonyl
groups (=0) on OTA. Double crosslinks could be selectively induced by adding Fe** to form metal
coordination. The functional composites possess enhanced tenacity, strength, and rapid self-
healing ability.3®3° Although various morphologies and new functional groups have been

introduced for OTA, their chemical and physical properties have not been extensively discussed.

2.2.2. Tannic Acid-based Composites

Tannic acid has a polyphenolic structure, with abundant hydroxyl groups and & systems. TA acts
as a reducing agent, hydrogen donor, and as a quencher of singlet oxygen at its natural acidic pH
due to the redox behavior of phenol groups.*’ These properties give rise to their antioxidant,
antimutagenic, anticarcinogenic properties and harbors inhibitory action against skin, lungs, and
forestomach tumors caused by polycyclic aromatic hydrocarbon carcinogens and N-methyl-N-

41,40,42,43

nitrosourea in mice. TA also imparts UV protection due to its m-system. Moreover,

adsorption of metals can be achieved by catechol types metal complexation; hence TA can be used

12



as a crosslinker and adhesive. TA can be versatilely modified due to its hydroxyl groups, forming
hydrogen bonds with organic compounds, achieving metal chelation with metals or metal oxides,
and attaining various chemical modifications such as acylation, esterification, and substitution by

ammonia.

Chemical and/or physical interactions between tannic acid and metals to create composites have
been widely reported. Using TA as a reducing and stabilizing agent, Liu et al. reported developing
an enhanced anti-bacterial TA-Ag nanoparticles (NPs) film by reducing Ag" to metal Ag NPs
using the hydroxyl groups on TA.** TA can also be modified with metals via catechol-like
coordination. Fan et al. reported multifunctional supramolecular hydrogels where TA was linked
to polymers, including polyvinylpyrrolidone (PVP), poly(ethylene glycol) (PEG), poly(sodium 4-
styrenesulfonate) (PSS), and poly(dimethyldiallylammonium chloride) (PDDA), and Fe** through
hydrogen bonds and ionic coordination.*> In addition to anti-bacterial behavior, metal-based TA
composites exhibit good electrochemical properties. A conductive hydrogel with good mechanical
properties was synthesized by Hao et al. In a TA-Ag dual catalytic system, PAM was formed from
acrylamide (AM) through radical polymerization initiated by TA-Ag. Meanwhile, TA formed
crosslinks with cellulose via hydrogen bonds. The resultant composite showed good stretchability,

self-adhesion, anti-bacterial properties, and self-recovery.*®

Tannin-organic hybrid-like materials can be formed by intimately mixing, covalently or physically
crosslinking. For example, to prepare PVA and TA composites, TA can act as a strong crosslinker,
and promote the coagulation and gelation of PVA wvia hydrogen bonding at elevated
temperatures.*’ Reinforced mechanical properties of PVA/TA hydrogels can be further achieved
through freeze-thawing while preserving its innate anti-bacterial and antioxidant performance.*®
In addition to physical interactions, PVA/TA composite films can be prepared through the
esterification of hydroxyl groups.*” The phenolic structure of TA brings great potential to interact
with various polymers to form multifunctional composites and broaden its application in different

fields.

Hu et al. mixed CNCs with TA through oxidation and oligomerization. They added decylamine
(DA) which reacted with TA through a Schiff base formation/Michael-type addition. They
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improved the hydrophobicity of cellulose nanocrystals, and the contact angle increased from 21 to
74 ° with the addition of plant polyphenols.>® Shao et al. reported a mussel-inspired cellulose
nanocomposite hydrogel based on the coordinate bonds among TA@CNCs, Poly (acrylic acid)
(PAA), and metal ions AI**. The resultant hydrogel possesses self-healing, adhesiveness, and
strain-sensitive properties.’! Later on, Shao et al. further improved TA@CNCs and PVA
nanocomposite hydrogels. The intricately interconnected networks induced high toughness, self-
healing dynamic adhesion, and strain-stiffening properties.>? Inspired by the pioneering work of
Hu et al., a similar modification was reported by Shrestha et al. for the modification of TOCN,
where headecylamine (HAD) replaced DA and epoxy added as a crosslinker. In addition to
hydrophobicity, properties including dispersion, adhesion, mechanical strength, and thermal

stability were enhanced in comparison to unmodified TOCN-epoxy.>*
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3. MATERIALS AND METHODS
3.1.Materials

TEMPO-oxidized cellulose nanofibers (aqueous suspension) were purchased from the University
of Maine. Tannic acid (C76Hs52046, 1701.20 g/mol) was purchased from Sigma Aldrich (Saint
Louis, MO, USA), and sodium hydroxide (NaOH) pellets were purchased from Macron Fine

Chemicals (Sweden).

3.2.Methods
3.2.1. Preparation of OTA

First, 2 wt.% tannic acid solution was prepared by dissolving tannic acid particles into DI water in
glass beakers. The pH of the solution was adjusted to 7.8 by adding 1 M NaOH. Then the beakers
were covered with perforated plastic wrap to ensure continuous oxygenation of the solution. The
oxidized tannic acid particles precipitated under shaking (200 rpm, RT) after ca. 8 h. At last, OTA

particles were collected through centrifugation and freeze-dried for ca. 24 h.

3.2.2. Preparation of hydrogels and aerogels

TOCN/OTA hydrogels were prepared by adding OTA particles into a 5 wt.% TOCN aqueous
suspension. Initially, 20 ml of a sonicated TOCN suspension was put into a beaker and mixed with
OTA particles. The weight ratios of TOCN (dry weight): OTA used in the hydrogel formation
were 1:1, 1:2, 1:3. The mixture was then sonicated and magnetically stirred for ca. 1 h to ensure
homogeneity. Finally, the mixture was transferred into a petri-dish (100x10 mm) to mold a suitable
shape for rheological tests. The hydrogel was formed under 60°C for 28 h. The corresponding
aerogel was prepared by freeze-drying. The hydrogel was put in a freezer at -20°C for ca. 12 h and
then was lyophilized in a Labconco freeze dryer (Millrock Technology Inc. Kingston, New York,
USA) under vacuum (<133x10~ MBar) at -60°C for 24 h.
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Figure 3.1: Overview of TOCN/OTA hydrogel synthesis from aqueous solution of tannic acid
and TOCN suspension.

3.3.Characterization
3.3.1. SEM

The oxidized tannic acid particles and the TOCN/OTA hydrogels were imaged using a field-
emission scanning electron microscope (Zeiss Gemini 500, Germany) operating at 1 kV. The OTA
samples were prepared from an aqueous dispersion on silicon wafers. After blotting the suspension
on a silicon chip, the coated sample was sputtered with a thin layer of palladium/gold alloy. The
TOCN/OTA hydrogel samples were air-dried, freeze-dried (aerogel) and coated with a layer of
palladium/gold alloy.

3.3.2. FTIR

FTIR spectra of OTA particles, a TOCN suspension, and TOCN/OTA aerogels were obtained with
an ATR-FTIR Spectrometer (PerkinElmer). Each spectrum was collected between 600-4000 cm’!

at 4 cm! resolution using 32 scans.

3.3.3. TGA

TGA measurements of OTA particles, freeze-dried TOCN, and TOCN/OTA hydrogels were
collected using the TA instrument TGA-Q500 under nitrogen flow (50 ml/min). The samples were

scanned from room temperature up to 600 °C at a heating rate of 10 °C/min.
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3.3.4. Rheological tests

The rheological tests of TOCN/OTA hydrogels were carried out with a rheometer (Advanced
Rheometer, AR 2000) using a 60 mm parallel plate configuration at a gap distance of 1000 mm.
The hydrogel sample was put on the bottom plate. After lowering the upper plate down under slow
rotation upon touching the sample, the extra part of the hydrogel was removed, and the edge was
cut vertically to the plate. The measurements were performed at room temperature (25 °C) and the

whole test sequence took less than 40 minutes; thus, the evaporation of the sample was negligible.

Each measurement started with pre-shear at 1 s for 10 s and subsequently rested for 5 min to reset
the shear history of the sample. Frequency sweep and strain sweep were conducted to examine the
gel-like behavior and probe the role of the dried TOCN/OTA weight ratio on the viscoelasticity of
the resultant hydrogels. Frequency sweeps took place from 0.1 - 100 rad/s at a strain of 1% within
the linear viscosity region. Strain amplitude sweeps were implemented using 0.1 - 100% at a

frequency of 1 rad/s.
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4. RESULTS AND DISCUSSION
4.1. Synthesis of Oxidized Tannic Acid Particles

Colloidal polyphenol particles were synthesized from aqueous solutions of tannic acid through a
bottom-up method in alkaline conditions. The morphology control of the resultant particles is
imperative to the manufacturing of functional composite materials. Kédmiréinen et al. studied the
effects of oxidation time, base species, and pH on the morphology of OTA particles including rods,
platelets, rhomboids, cuboids, and quasi-spherical shapes. They proposed an inverse correlation
between base counter cation ionic radius and particle volume, a direct correlations between initial
pH and elongated morphologies, and a correlation between base strength and total yield.>* In this
work, we adjusted the pH to 7.8 by adding 1M NaOH aqueous solution. Kdméréinen et al. reported
a difference in morphology between 14 hours and 1 week of oxidation time. We found noticeable
precipitation after 8 hours of orbital shaking and a relatively consistent morphology between 8 —
14 hours. The variation in size of the oxidized particles and total precipitate yield increased with
prolonged oxidation time. We adopted 8 hours of orbital shaking time for the oxidation step in

order to have a more uniform morphology for the resulting OTA particles.

Unlike the light-yellow colored tannic acid powder, OTA particles had a dark green-brown color
(Figure 4.1). Figure 4.2 shows the morphology of OTA particles obtained in the work. The
dimension of the particles was approximately 16 um in length and 8 pm in width. The particles
had a structure of overlapped spindle-shaped oblate plates. Some of the particles assembled in

different rotation and tilt angles hence forming flower-liked shapes.
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Figure 4.1: a) Tannic acid and b) oxidized tannic acid particles.

Figure 4.2: SEM images of oxidized tannic acid particles synthesized with 1M NaOH solution.

Fourier-transform infrared (FT-IR) spectroscopy indicates a change in the chemical makeup of
oxidized tannic acid particles. In the OTA FTIR spectrum, the peak at 3250 cm™! is attributed to
O-H stretching, while the peak at 1698 is assigned to the C=0O carbonyl stretching. The peaks at
1578, 1504 cm™! correspond to the aromatic C=C-C vibrations. Peaks at 1458, 1396, 1340, 1288,
1196 cm! are assigned to C-O stretching, whereas peaks at 1100, 1040 cm™! are assigned to
aromatic in-plane C-H stretching. Our OTA FTIR spectrum agrees with that reported by
Kémardinen et al. which also included matrix-assisted laser desorption/ionization (MALDI) mass

spectra of OTA particles revealing a galloyl residue.’* The oxidation of tannic acid likely generates
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ellagitannins and hexahydroxydiphenic acid units, and they found no evidence on the formation of

ellagic acid.>
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Figure 4.3: FTIR spectra of tannic acid and oxidized tannic acid particles.

We used Thermogravimetric Analysis (TGA) and Derivative Thermogravimetry (DTG) to
investigate the thermal properties of tannic acid and oxidized tannic acid particle. We noticed that
the onset of thermal degradation increased from ca. 230 to 430 °C after oxidation suggesting higher
thermal stability in the galloyl-rich OTA particles.> The char content of the OTA specimen at 600
°C 1s almost half of its initial weight, which is about twice of that of the TA sample. This increase

in thermal stability is likely attributed to a higher crystallinity in OTA particles.>*
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Figure 4.4: a) TGA and b) DTG for tannic acid and oxidized tannic acid particles.
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4.2. Formation of TOCN/OTA Hydrogels

Since TOCN hydrogels contain a large amount of water, we also prepared TOCN aerogels for
TGA measurements. TOCN is a relatively stable translucent suspension. (Figure 4.5a) After
freeze-drying, we obtained a TOCN aerogel that was fluffy and of white color and took the shape
of the vessel. Figure 4.5¢ shows a green-brown porous TOCN/OTA aerogel with a rough external

surface.

Different from the TOCN suspension, the addition of OTA particles resulted in a solid non-fluidic
gel. The green-brown color TOCN/OTA hydrogel was molded in a petri-dish. A higher
concentration of OTA particles led to a darker color (Figure 4.5d).

sl ] TOCN/OTA =1:2

Figure 45: a) TOCN suspension‘. b) TOCN aerogél. é) TOCN/OTA aerogel prepared with a

weight ratio of 1:2. d) TOCN/OTA hydrogels prepared with TOCN/OTA weight ratios of 1:1,
1:2,and 1:3.
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Figure 4.6 shows the morphology of air-dried and freeze-dried TOCN/OTA aerogels prepared with
a TOCN/OTA weight ratio of 1:3. The freeze-dried TOCN/OTA aerogel shows a sheet-like
structure made of nanofibers with OTA particles inside and on the surface. The cellulose

nanofibers are highly entangled with each other and tightly wound around OTA particles.

Figure 4.6: SEM images of a) and b) air-dried TOCN/OTA hydrogels, ¢) and d) freeze-dried
TOCN/OTA aerogels.

Ovalle et al. discussed five main approaches for the preparation of hydrogels:
1. Forming hydrogels from nanoparticle suspensions.

2. Physically embedding nanoparticles into the hydrogel matrix after gelation.
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3. Forming reactive nanoparticles within a gel.
4. Forming hydrogels by crosslinking nanoparticles.

5. Forming hydrogels with nanoparticles, polymers, and distinct gelating molecules.

The method we used for preparing TOCN/OTA hydrogels is similar to approach number 4, as
we physically crosslinked TOCN and OTA particles by hydrogen bonds as shown in the FTIR

spectra shown in Figure 4:7.
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Figure 4.7: FTIR spectra for OTA particles, freeze-dried TOCN suspension, and TOCN/OTA
aerogels.
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Figure 4.7 shows the FTIR spectra of OTA, TOCN, and a TOCN/OTA hydrogel specimen
prepared with a TOCN/OTA weight ratio of 1:2. The spectra of TOCN and the hydrogel show
typical bands of cellulose. The main absorption peak at 3320 cm’! can be attributed to O-H
stretching. Peaks at 2900 cm! correspond to CHa, while the typical peaks at 1600 and 1412 cm™!
correspond to the asymmetric and symmetric stretching mode for -OCO- groups.>®>’ The most
intense band can be attributed to the C-O vibration of C2, C3, and C6 at 1046 cm'.>® Additional
peaks at 1716, 1672 cm™! can be attributed to the C=0 carbonyl stretching on OTA particles. Other
peaks at 1526, 1462 cm™!, and the increase of signals between 1428 and 1306 cm™! can be attributed
to C-O stretching on OTA. The spectrum of the hydrogel shows a typical band of cellulose and a
superimposed combination of the TOCN and OTA signals.

TGA thermograms (Figure 4.8a) of the OTA, TOCN, and TOCN/OTA aerogel samples show an
initial weight loss of ca. 4% for the TOCN/OTA aerogel, and a weight loss of ca. 7% for the TOCN
aerogel. This initial mass loss may be due to humidity. The aerogels show two onsets of thermal
degradation, suggesting the TOCN and OTA were physically crosslinked. The onsets correspond
to the degradation of TOCN at ca. 185°C and the degradation of OTA at ca. 400 °C.

Figure 4.8b shows the DTG for OTA, TOCN, and TOCN/OTA aerogels. The DTF curve of TOCN
aerogels exhibits a shoulder at 240 °C due to the decomposition of carboxylic units on the TOCN
surface.”®® The shoulders in the curves of TOCN/OTA aerogels shift to ca. 250 °C, and the
decomposition temperature of TOCN shifts from 280 to 320 °C. These shifts indicate improved
thermal stability.
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Figure 4.8: a) TGA and b) DTG for OTA particles, freeze-dried TOCN suspension, and
TOCN/OTA aerogels.
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4.3.Effect of TOCN/OTA Weight Ratios on Thermal and Mechanical Properties

Figure 4.9 shows the FTIR spectra of TOCN/OTA hydrogels prepared using three weight ratios
(TOCN/OTA = 1:1, 1:2, 1:3). The spectra for hydrogels with ratios of 1:1 and 1:2 exhibit similar
bands, while the hydrogel with a ratio of 1:3 shows a lower peak at of 3320 cm™! and exhibits a
shoulder at 3464 cm™!. The peaks from 3700 to 3250 cm™! indicate hydroxyl groups, which are
considerably influenced by hydrogen bonding. As reported by Roberts et al., a sharp absorption
band at 3700 cm™! corresponds to a free or unassociated hydroxyl group, while a band at around
3350 cm! is characterized by hydrogen-bonded hydroxyl groups. A lower frequency relative to
the position of the free hydroxyl group leads to a stronger hydrogen bond.%! Therefore, we can
conclude that the hydrogel with a TOCN/OTA ratio of 1:3 contains the least amount of hydrogen
bonds. Furthermore, the TOCN/OTA=1:3 hydrogel shows the lowest peak in the range of 1160 to
1050 cm™!, corresponding to C-O stretching on the carboxylate glucose units. It also shows an
increased absorption intensity at 1714, and 1668 cm!, which can be attributed to C=0O carbonyl
stretching. Because of the higher amount of OTA particles added in the TOCN suspension for the
hydrogel with a ratio of 1:3, the decrease of C-O vibration is likely resulted from the oxidation of

hydroxyl groups on C6 to aldehyde groups.
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Figure 4.9: FTIR spectra for aerogels prepared with TOCN/OTA weight ratios of 1:1, 1:2, and
1:3.

Figure 4.10 shows the TGA and DTG spectra for TOCN/OTA aerogels with 1:1, 1:2, and 1:3
weight ratios. The thermogram of the aerogel with a TOCN/OTA ratio of 1:1 shows the highest
weight loss of around 38%, while those of the other two aerogels present a weight loss of 25% due
to the degradation of TOCN. The resultant aerogels started the second period of degradation at ca.
400 °C, which is attributed to the OTA particles incorporated. All three samples had weight loss
higher than 27%. The thermograms for hydrogels with a TOCN/OTA ratio of 1:2 and 1:3, after

reaching 600 °C, show higher char contents than the hydrogel with a lower.>*
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Figure 4.10: a) TGA and b) DTG for aerogels prepared with TOCN/OTA weight ratios of 1:1,
1:2, and 1:3.

29



Frequency Sweep

Strain

NN AAddan
§3369““4599§é‘644549L4+A
i :f*xitﬁAAAfAA.;A
? I
& Agﬁttltiittit
=
©
= N
:g _x‘\:_-lrli’f'“l‘
‘g 4 3 % S S N S N S S S S S S S S a8 A &
§1o1_ o 5 8
> . R X 5
g K
109" . |
107" 10° o o
Frequency (rad/s)
Strain Sweep
v ' a ‘ A G,
éA{$A§€f§§4f§§§g+é§;A‘1 se,
- 1:2
‘$A§ A(?“1:3
102 . i 4; G“1:1
R NN HL e
7‘A‘ GI'1:3
g ST A
. &
% SR
> T T 4
F A A A F#‘I
e ;43343333334 2882282823482874
g -
o 10 |
Q I v 3
5] A i Az ‘ - ‘ )
2 2 & A A A & A N 35 A .
>
10° |
107 1072 o e

Figure 4.11: a) frequency sweep and b) strain sweep measurements at 25 °C for hydrogels

prepared with TOCN/OTA weight ratios of 1:1, 1:2, and 1:3.
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The mechanical properties of hydrogels are critical parameters for manufacturing, storage, and
application of these materials. These properties are tunable by using crosslinking agents, changing
formulations, and altering gelation conditions. Rheological measurements are quick and sensitive
approaches to characterize hydrogels’ mechanical properties, architecture, crosslinking degree,
structural homogeneity/heterogeneity, and molecular weight.5?> Since the TOCN/OTA hydrogels
are fragile, we used the small-amplitude oscillatory shear (SAOS) technique and kept the strains

relatively low to avoid destroying or modifying the samples.

The rheological behavior of the TOCN/OTA hydrogels is shown in Fig 4.11a. Frequency sweep
measurements were performed under 1% strain, within the linear-viscoelastic (LVE) regime. Fig
4.11a shows that between 0.1 and 100 rad/s, the storage modulus (G’) for all three samples was an
order of magnitude higher than the loss modulus (G’’), indicating that the specimens mostly
behaved like elastic solids under cyclical deformation. The moduli (G’ and G’’) of these materials
show little frequency dependency, indicating enhanced mechanical stability of the hydrogels. A
plateau was not observed at low frequency, suggesting that an equilibrium modulus was not
presented.®> The elastic behavior of the resultant hydrogels is attributed to weak crosslink

interactions such as hydrogen bonds and van der Waals forces.%*

In particular, the hydrogel sample prepared with the weight ratio of 1:2 presented higher values
for storage modulus in contrast to the other two samples with ratios of 1:1 and 1:3. We speculate
that an optimal TOCN/OTA weight ratio for a maximum storage modulus exists around 1:2.%° The
variability in the storage and loss moduli of hydrogels could be assigned to aggregation of OTA

particles and an increased crosslinking density when the concentration of OTA is high.5°

Strain sweep measurements further probe the viscoelastic behavior of the gel under increasing
cyclical deformations. The strain sweep profiles in Figure 4.11b show that the hydrogel prepared
with a TOCN/OTA weight ratio of 1:2 exhibited the highest values of storage and loss moduli.
Moreover, the curves confirmed that all of three hydrogels remained in their linear viscoelastic
regime under the strain of 0.1. After that value of strain, their storage moduli started to decay, and
the loss modulus increased. This indicates that the network structure of the prepared hydrogels is

relatively weak and easily breakable comparing to other cellulose-based hydrogels. 33!
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5. CONCLUSIONS

Using only water as the solvent, we successfully prepared hydro and aerogels from TOCN and
OTA particles using a ‘one-pot’ method. We controlled the morphologies and dimensions of OTA
particles in the precipitation process. The oxidation of TA resulted in galloyl-rich OTA particles
with an elevated thermal stability. OTA particles were physically crosslinked with TOCN via inter-
and intramolecular hydrogen bonds. Microscopy measurements showed that cellulose nanofibers

compactly wound around the OTA particles and constructed a highly entangled structure.

Furthermore, we discussed the role of the TOCN/OTA weight ratio on hydrogel formation and the
mechanical and thermal properties of the hydrogels. The rheological analysis investigated the
viscoelastic behavior of hydrogels with different TOCN/OTA weight ratios. TOCN/OTA
hydrogels behaved like elastic solids and were relatively stable under cyclic deformation. The
hydrogel prepared at a TOCN/OTA weight ratio of 1:2 exhibited the highest values of storage and
loss moduli. TGA thermograms showed that samples with ratios of 1:2 and 1:3 shared similar and
improved thermal properties. We speculate that an optimal TOCN/OTA weight ratio for the
enhanced mechanical and thermal properties exists, as the hydrogel prepared at a ratio of 1:2 was

stronger and more stable than hydrogels with 1:1 and 1:3 weight ratios.%
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6. RECOMMENDATIONS FOR FUTURE WORK

For this work, we chose to use spindle-liked OTA particles synthesized with NaOH at pH 7.8 after
8 hours of orbital shaking. Future researcher might experiment with other morphologies of OTA,
such as cuboidal, odd-shaped, needle, rod-liked, and dumbbell-liked particles which are obtained
under different oxidation conditions.** Moreover, we adopted a shorter time for oxidation to obtain
more consistent morphologies and dimensions of OTA; the effect of the size distribution of the
particles can be investigated and narrowed in a future work. Since the OTA particles used in this
work have a low surface area compared to that of cellulose nanofibers, increasing the surface area
and tuning the size of the OTA particles can further improve their mechanical properties. We
prepared three different weight ratios of TOCN/OTA to probe the effect of the concentration of
OTA particles on the mechanical and thermal properties of hydrogels. We deduced that an optimal
weight ratio should exist around a 1:2 TOCN/OTA ratio, though additional work is needed to
determine the precise value or a narrower range. The reason for the reduced presence of hydrogen
bonds, and hence, a decrease in mechanical properties of hydrogels prepared at the 1:3
TOCN/OTA ratio, is likely due to the change of chemical structure on the surface of cellulose as
the FTIR measurements show. The reactions occurred when that happened remain unclear,

therefore, other analyses such as MALDI can be applied to probe those mechanisms.

Various biological and chemical analyses could be applied to explore possible functions of
hydrogels. Although these TOCN/OTA hydrogels are free-standing, they are still considered to be
weak and brittle compared to other cellulose-based composite hydrogels. *%3! The weak network
is largely attributed to the physical crosslinks present in the structure; therefore, introducing
stronger inter- and intramolecular interactions through the addition of additives or crosslinking
agents holds promise for improving their properties. Moreover, only one variable was probed in
this work: TOCN/OTA ratio. Other important parameters such as heating temperature, time, and
pH could be investigated to tailor the properties and tune them to address other functions of these

hydrogels.
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