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ABSTRACT
Nanocellulose fibres are a new class of material that has received a remarkable attention over the
past decade. Nanocellulose is biodegradable, renewable, and sustainable and has many other
attractive properties of technological interest. Such properties include excellent strength and
stiffness, high thermal stability, low moisture adsorption, superior oxygen barrier properties and
high optical transparency. Nanocellulose can be converted into nanocellulose thin films, which can
then be used in wide range of applications because of the properties mentioned above. However,
the property range achievable with nanocellulose by itself still has limitations. Therefore, this
thesis focuses on the production of nanocellulose-inorganic nanoparticle (NP) composites to
combine the advantage associated with both individual components together to extend the range
of properties achievable. In the first part of the thesis, methods are developed to overcome the
problems in composite production, characterization and optimization. Then the thesis focuses on
engineering composites that can be used for high end applications by demonstrating two
industrial applications with functional NPs.
Since the properties of the final composite, up to a certain extent, rely on the properties and the
quantities of individual components in the composites, the unavailability of proper structureproperty relationship data for nanocellulose-NP composites hinders the broader use of these
composites. In this thesis, silicon dioxide (SiO2) was used to make model composites that were
used to measure the structure-property relationship. SiO2 of two different NP sizes (small: ~50
nm, large: ~95 nm) were used. Since SiO2 and nanocellulose are both negatively charged, cationic
polyacrylamide (CPAM)-a type of polyelectrolyte- at a fixed ratio of CPAM mass to SiO2 surface
area was used to bridge between SiO2 and nanocellulose. Using different SiO2 NP loadings, and
with a controlled preparation method, SiO2, CPAM and nanocellulose were combined together to
produce the final composite. The outcome was that the composite structure can be controlled
with the amount of NPs present in the composite and this changes the final film properties. For
example, SiO2 NP addition from 0 to 77 wt% reduced the pore size distribution from 100-1000 nm
to 10-60 nm (narrow pore size range). It was also found that with careful mixing and preparation
methods, heavily loaded NP composites with full retention of NPs can be achieved while
maintaining the strength. This data is useful to develop structure-property relationships to better
engineer composites.
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Furthermore, another critical issue that hinders the broader use of composites is the lack of proper
methods to characterize the internal structure of NP-CPAM complexes in the nanocellulose matrix.
Understanding the structural assembly of NPs under the influence of CPAM or any polyelectrolyte
is essential to engineer composites. Thus, this thesis explores the use of small angle X-ray
scattering (SAXS) as a complementary scattering techniques to characterize the three dimensional
(3D) internal structure of SiO2-CPAM complexes. The radius of gyration of CPAM used in this work
is ~37 nm (CPAM with 13 MDa and 40% charge). Therefore, two different NP sizes; 8 nm (smaller
than size of CPAM) and 22 nm (closer to size of CPAM) was used to understand the effect of size
and CPAM dosage on NP structural assembly. The SAXS measurements showed that the 8 nm SiO2
data was best modelled with a bimodal distribution of single particles and agglomerates while 22
nm SiO2 was best fitted with a combination of spherical core shell and spheres model. The results
obtained from this part of the thesis show that different NP sizes arrange themselves differently
when interacting with polyelectrolytes and varying the polyelectrolyte concentration can control
the retention, arrangement and interactions of NPs. These results and the fundamental
knowledge obtained about NP-polyelectrolyte complexes in nanocellulose matrices can be used
to cater composites for specific industrial application.
The remainder of the thesis investigated specific industrial applications for MFC-NP composites.
Nano-montmorillonite (MMT) and nano-titanium dioxide (TiO2) were used to produce
nanocellulose based composites targeted towards water barrier and photocatalytic applications,
respectively. Preparation method of nanocellulose-MMT composites was optimised to maximise
the available surface area by reducing the MMT stack size, thereby achieved the lowest water
vapour permeability (WVP) for nanocellulose-clay composites ever published in literature.
Nanocellulose – TiO2 composites were prepared with polyamide-amine-epichlorohydrin (PAE) as
a wet strengthening and a retention aid. The nanocellulose network combined with PAE strongly
retains NPs and hinders their release in the environment. The composites are reusable and
reproducible and gave remarkable photocatalytic activity by degrading methyl orange under UV
light irradiation. The significance of the work are that both composites with MMT and TiO 2 were
recyclable, portable, cheap, simple to produce and easy to scale up.

xvi

PREFACE

LIST OF PUBLICATIONS
Peer-Reviewed Journal papers
The following published and submitted papers are included in the body of this thesis as individual
chapters. The sections of these published papers have been renumbered in order to generate a
consistent presentation within the thesis. Papers in the published format are included as Appendix
II.
1. Uthpala M. Garusinghe, Swambabu Varanasi, Gil Garnier, Warren Batchelor. Strong
cellulose nanofibre–nanosilica composites with controllable pore structure. Cellulose,
2017. 24(6): p. 2511-2521.
2. Uthpala M. Garusinghe, Vikram S. Raghuwanshi, Praveena Raj, Gil Garnier, Warren
Batchelor. Investigating silica nanoparticle-polyelectrolyte structures in microfibrillated
cellulose films by scattering techniques. 16th Fundamental Research Symposium, Oxford,
September 2017. 2: p. 823-836.
3. Uthpala M. Garusinghe*, Vikram S. Raghuwanshi*, Christopher J. Garvey, Swambabu
Varanasi, Christopher R. Hutchinson, Warren Batchelor, Gil Garnier. Assembly of
nanoparticles-polyelectrolyte complexes in nanofiber cellulose structures. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 2017. 513: p. 373-379.
4. Uthpala M. Garusinghe, Swambabu Varanasi, Vikram S. Raghuwanshi, Gil Garnier, Warren
Batchelor. Nanocellulose-Montmorillonite Composites of Low Water Vapour Permeability.
Colloids and Surface A: Physicochemical and Engineering Aspects, 2018.
5. Uthpala M. Garusinghe, Vikram S. Raghuwanshi, Warren Batchelor, Gil Garnier. Water
resistant cellulose – titanium dioxide composites for photocatalysis. Scientific Reports 2018.

xvii

PREFACE

Related Co-Authored Journal papers
The following co-authored manuscripts that are published and in preparation are generated
during this doctoral study. They are not included in the main body of this thesis.
1. Vikram S. Raghuwanshi, Uthpala M. Garusinghe, Jan Ilavsky, Warren Batchelor, Gil Garnier.
Effect of nanoparticles size and polyelectrolyte on nanoparticles aggregation in a cellulose
fibrous matrix. Journal of Colloid and Interface Science, 2018.510: p. 190-198.
2. Swambabu Varanasi, Uthpala M. Garusinghe, George Simon, Gil Garnier, Warren
Batchelor. Novel in-situ precipitation concept for nanoparticle-nanocellulose composite
films of very low oxygen and water vapour permeability. Advanced Materials Interfaces,
2017.
3. Melissa V. Werrett, Rajini Brammananth, Megan Herdman, Uthpala M. Garusinghe,
Warren Batchelor, Paul K. Crellin, Ross L. Coppel, Philip C. Andrews. Bismuth Phosphinate
Complexes as Additives for Antibacterial Materials. Manuscript in preparation and to be
submitted to Chemical Sciences.

xviii

PREFACE

LIST OF FIGURES
Chapter 1
Figure 1:

Repeating units of cellulose monomer (Obtained from Gilbert (1998) [1]).

Figure 2:

Hierarchical break down of the wood from tree to the cellulose molecular structure
(Obtained from Isogai [3]).

Figure 3:

Overview of barrier materials indicating the oxygen permeability and water vapour
permeability (Obtained from Aulin [79]).

Figure 4:

Correlation between pore size and fibre diameter at a constant porosity in a fixed
volume. Fibre diameter ratios of 1: 3: 10 (Obtained from Ma [87]).

Figure 5:

3D schematic of a pure fragment of silica structure (Obtained from Salh [134])

Figure 6:

Schematic representation of the MMT structure (Obtained from Nascimento
[143]).

Figure 7:

Tortuous path created by MMT (Obtained from Azeredo [147]).

Figure 8:

Crystal structures of rutile, anatase and brookite titanium dioxide. Titanium atoms
are in grey and oxygen atoms are in red (Obtained from Woodley [151]).

Figure 9:

Schematic diagram of the photocatalysis process (Obtained from Gaya [160]).

Figure 10:

Surface conformation of a polyelectrolyte indicating three segments; trains, loops
and tails (Obtained from Sennerfors [194]).

Figure 11:

Structure of CPAM (Obtained from [204]).

Figure 12:

Schematic of the dissolution kinetic of CPAM (Obtained from Ngo [205]).

Figure 13:

Structure of PAE (Obtained from Aoyama [212]).

Figure 14:

Three constituents in the nanocellulose-inorganic composites with same length
scale.

Figure 15:

Nanoparticle aggregation based on (a) low CPAM concentration; (b) high CPAM
concentration (Obtained from Ngo [213]).
xix

PREFACE

Chapter 2
Figure 1:

Preparation of nanocomposite. (a) Controlled Simultaneous Addition (CSA) method.
(b) Preparation of composite sheet by filtration method. (c) Composite sheet
processed using blotting papers. (d) Free standing 77 wt% V/S composite sheet. (e)
Illustration of flexibility of 77 wt% V/S sheet.

Figure 2:

Retention of nanofibres and NPs in the composite as a function of initial NP loading.

Figure 3:

SEM images of nanofibre composite (V/S) with a) nanofibre sheet alone, b) 20 wt%,
c) 30 wt%, d) 40 wt%, e) 50 wt%, f) 60 wt%, g) 77 wt% NPs, respectively at high
magnification, h) 60 wt%, i) 77 wt% NPs, respectively at low magnifications.

Figure 4:

Schematic mechanism of NP and CPAM hetero-coagulation with nanocellulose (not
to scale). (a) No CPAM: NPs flow through the gap (indicated by the arrow) (b) With
CPAM at low NP loading: CPAM bridges NPs with cellulose nanofibres (NPs retain in
the gap). (c) With CPAM at high NP loading: Large NP-CPAM structure pushes
nanofibres to fit the gap, creating a packed bed structure. Arrows indicate the
movement of fibres from the initial position.

Figure 5:

(a) Thickness and (b) fractional density of composites as a function of NP loading.
Error bars in thickness graph are the standard deviations.

Figure 6:

Pore size distribution for nanocellulose- SiO2 composite sheets as a function of silica
content. (a) V/S (smaller NPs), (b) V/L (larger NPs), (c) enlarged graph of V/L
composite between 10-100 nm. The legend indicates the NP loading added in the
suspension.

Figure 7:

Composite pore volume as a function of NP loading. (a) Total pore volume for small
pores (3-100nm). (b) Total pore volume for large pores (100-1000nm).

Figure 8:

xx

Tensile index based on nanofibre grammage on strain for V/S composite.

PREFACE

Chapter 3
Figure 1:

Scanning electron microscopy (SEM) images (a) pure MFC sheet (b) MFC-22nm
SiO2-0.5mg/m2 CPAM composite at high magnification.

Figure 2:

(a) Auto correlation curves of Pure SiO2 NPs and SiO2 with CPAM concentration of
0.03 mg/m2 and 0.05 mg/m2.(b) Diameter distribution obtained from DLS for SiO2
NPs with CPAM concentration of 0.03 mg/m2, 0.05 mg/m2 and 0.09 mg/m2.

Figure 3:

(a) SAXS curve for pure MFC sheet, (b) SAXS curves fitted with the core-shell and
sperical models with different CPAM dosages.

Figure 4:

(a) Electron density variation profile for the spherical core shell particle with SiO 2
core, CPAM shell and cellulose matrix, (b) Structure factor obtained after fitting of
the SAXS curve for the CPAM dosages of 0.07 mg/m2 and 0.5 mg/m2.
Chapter 4

Figure 1:

NP-CPAM complexes are first formed (step 1) and then mixed with a cellulose
nanofiber suspension (step 2).

Figure 2:

(a) SAXS curve of the pure MFC sheet. The solid line shows the modelled fit. Arrow
shows the diameter of the sample for a peak obtained at a particular q value. (b)
SEM image of the MFC sheet at 50,000 magnification.

Figure 3:

(a) SAXS curves fitted with the bimodal distribution of the particles with different
CPAM dosages; Sample H (High CPAM dosage), Sample M (Medium CPAM dosage),
and Sample L (low CPAM dosage). The solid red line shows the fit and the arrows
show the diameter obtained from the particular peak position. (b) Lognormal size
distribution curves for the sample with the high dosage of CPAM (H).

Figure 4:

TEM micrograph for the SiO2 /CPAM complexes at high CPAM dosage prior to the
addition of MFC suspension.

Figure 5:

(a) Evaluated structure factor S(q) for the samples with different CPAM dosages;
sample H has high CPAM, M medium and sample L has low CPAM. (b) Correlation
length obtained from the SAXS data analysis.
xxi

PREFACE

Figure 6:

SEM micrograph of the MFC sheet containing SiO2 nanoparticles with (a) low (L)
CPAM dosage and (b) high (H) CPAM dosage.
Chapter 5

Figure 1:

TEM images of montmorillonite (MMT) platelets

Figure 2:

EDX and SEM images of composite sheets with various MMT compositions. Line
scan across 0 wt% and 33.3 wt% sheet cross sections are shown in (a and b). The
cross-sectional image of the sheet with 28.6 wt% MMT shown in c) reveals a strong
orientation of MMT platelets parallel to the substrate.

Figure 3:

(a) XRD patterns of MMT, nanocellulose sheet and original composite sheets with
different MTM loadings, (b) Area under the first XRD peak for original composite
sheets and composite sheets with additional homogenization step, (c) 2 theta value
of the first peak of the XRD graph with the loading of MMT for both sets of
composites.

Figure 4:

Mechanical properties obtained from tensile testing for original composite sheets
with MMT loading. (a) maximum stress (blue), (b) elastic modulus (orange) and (c)
strain to failure (grey). Deviations are based on 95% confidence level.

Figure 5:

WVP of nanocellulose/MMT composites. Original composite sheets (blue dots),
composite sheets with high pressure homogenization step (red triangles) and
sonication step (yellow squares).

Figure 6:

Mechanisms of MMT-stacking and arrangement of stacks in nanocellulose network
(not to scale). (a) MMTs stack formation at high MMT loading; decrease the
tortuous path; (b) MMT stacks are broken down using high pressure
homogenization of nanocellulose/MMT suspension; increase the tortuous path for
same amount of MMT.

xxii

PREFACE

Chapter 6
Figure 1:

Experimental setup for photo catalytic degradation of methyl orange. The paper
samples were cut to squares (2.5 cm x 2.5 cm).

Figure 2:

UV-visible spectrum of a methyl orange aqueous solution indicating two absorption
maxima. The inset illustrates the methyl orange solution colour change by
photocatalysis before and after 3 hours UV exposure over TiO2-MFC composite.

Figure 3:

Photocatalytic activity of TiO2-MFC composites with different TiO2 loadings
retained with (a) 10mg PAE/g MFC and (b) 50mg PAE/g MFC.

Figure 4:

Photocatalytic repeatability and reproducibility for MO solution degradation over
UV irradiated MFC-TiO2 composites made with 10 mg PAE/g MFC and: (a) 2 wt%
and (b) 5 wt% TiO2; (c) Composite reusability for 3 full testing cycles (1wt% TiO2 and
10 mg PAE/g).

Figure 5:

Adsorption isotherm of PAE adsorbed on MFC as a function of PAE concentration
in solution. The inset highlights the linear adsorption portion at low PAE
concentrations. Error bars indicate the standard deviation.

Figure 6:

Zeta potential of PAE-MFC suspensions as a function of PAE dosage (mg PAE/g
MFC). The supernatant of PAE in a MFC suspension was analyzed after
centrifugation according to [40].

Figure 7:

Retention of TiO2 nanoparticles as a function of initial TiO2 loading for different
dosages of PAE (10 mg/g and 50 mg/g).

Figure 8:

SEM images of TiO2 composites with 10 mg PAE/g MFC: (a) 1 wt%, (b) 2 wt%, (c) 5
wt%, (d) 10 wt%, (e) 40 wt% and (f) 80 wt% TiO2.

Figure 9:

SEM images of TiO2 composites with 50 mg PAE/g MFC: (a) 2 wt%, (b) 5 wt%, (c) 20
wt%, and (d) 80 wt% TiO2.

Figure 10:

SAXS curves for the MFC/TiO2 composites with 10 mg/g of PAE and different loading
of NPs from 0.5 to 80 wt%.

xxiii

PREFACE

Figure 11:

Photocatalytic performance of the material represented by plotting the variation
in rate constant as function of the TiO2 amount retained in the composite.

LIST OF TABLES
Chapter 1
Table I:

Mechanical properties of nanocellulose films from literature.

Table II:

Functionality of some commonly used NPs.

Table III:

Summary of strengths and weaknesses of nanocellulose and NPs.

Table IV:

Some of the nanocellulose composites with different NPs published in literature.
The abbreviations are entered below the table.
Chapter 2

Table I:

Diameter distribution of NPs (full details in Appendix I Figure A1).
Chapter 4

Table I:

Composition of SiO2-nanocellulose composites, High (H), Medium (M) and Low (L)
denote the CPAM concentration.
Chapter 5

Table I:

Literature comparison of WVP for nanocellulose-clay based materials.
Chapter 6

Table I:

xxiv

Literature comparison of the material performances

PREFACE

LIST OF ABBREVIATIONS
AFM

Atomic force microscopy

ARC

Australian Research Council

BC

Bacterial cellulose

BEK

Bleached Eucalypt Kraft Pulp

CA

Cellulose acetate

CNC

cellulose nanocrystals

CNF

Cellulose nanofibre

CPAM

Cationic polyacrylamide

CSA

Controlled simultaneous addition

DA

Direct addition

DLS

Dynamic light scattering

LBL

Layer-by-layer

FBRM

Focussed beam reflectance measurements

FE-SEM

Field emission scanning electron microscopy

FTIR

Fourier transform infrared spectroscopy

EDS

Energy dispersive spectroscopy

LDPE

Low density polyethylene

MFC

Microfibrillated cellulose

MMT

Montmorillonite

MO

Methyl orange

NCC

Nanocrystalline cellulose

NFC

Nanofibrillated cellulose
xxv

PREFACE

NPs

Nanoparticles

OLEDs

Organic light-emitting diodes

OP

Oxygen permeability

PAA

Polyacrylic acid

PAE

Polyamide-amine-epichlorohydrin

PAH

Poly(allylamine hydrochloride)

PAN

Polyacrylonitrile

PDADMAC

Poly(diallyldimethylammonium chloride)

PDDA

Poly(dimethyldiallyl ammonium chloride)

PDMS

Polydimethylsiloxane

PE

Polyethylene

PEI

Branched polyethylenimine

PES

Polyethersulfone

PET

Polyethylene terephthalate

PP

Polypropylene

PSU

Polysulfone

PS

polystyrene

PSS

Poly(sodium 4-styrenesulfonate)

PVA

Poly(vinyl alcohol)

PVAm

Polyvinyl amine

PVC

Poly(vinyl chloride)

PVDC

Polyvinylidene

PVDF

Polyvinylidene fluoride

xxvi

PREFACE

QCMD

Quartz crystal microbalance with dissipation

SAXS

Small angle X-ray scattering

SERS

Surface-enhanced Raman spectroscopy

SiO2

Silicon dioxide

TEM

Transmission electron microscopy

TEMPO

2,2,6,6,-tetra-methylpiperidine-1-oxyl radical

TFC

Thin film composites

TI

Tensile index

TiO2

Titanium dioxide

WAXS

Wide angle X-ray scattering

WVP

Water vapour permeability

WVTR

Water vapour transmission rate

XRD

X-ray diffraction

UV

Ultra-violet

ZVI

Zero-valent iron

xxvii

PREFACE

LIST OF NOMENCLATURE
nm

nanometre

μm

micrometre

mm

milimetre

o

degree

oC

degrees Celcius

s

seconds

min

minutes

%

percentage

wt%

weight percentage

rpm

revolutions per minute

Da

Dalton

Gpa

Giga Pascal

MDa

Mega Dalton

mL

millilitre

mL/min

mililitre per minute

N

Netwon

kg

kilogram

kg/m3

kilogram per metre cubed

m2/g

metre squared per gram

gsm

gram per metre squared

mV

milli volts

keV

kilo electron volts

xxviii

PREFACE

pA

pico Ampere

μsec

ultra seconds

r

radius

Pa

Pascals

xxix

PREFACE

THIS PAGE HAS BEEN INTENTIONALLY LEFT BLANK

xxx

CHAPTER 1
INTRODUCTION & LITERATURE REVIEW

CHAPTER 1

THIS PAGE HAS BEEN INTENTIONALLY LEFT BLANK

2

CHAPTER 1

CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1

INTRODUCTION …....………………………………………………………………....................................…5

1.2

LITERATURE REVIEW …………………………………………………………………………………………………...7
1.2.1 Nanocellulose ………………………………………………………………………………………………………7
1.2.1.1 Definition …………………………………………………………………………………………………7
1.2.1.2 Different terminology ……………….……………………………………………………………..8
1.2.1.3 Sources of cellulose ……………………………………………………………………………..…..9
1.2.1.4 Production methods of nanocellulose ………………………………………………..…….9
1.2.1.5 Characterization …………………………………………………………………………………….11
1.2.1.6 Nanocellulose film production ………………………………………………………………..11
1.2.1.7 Nanocellulose film properties …………………………………………………………………13
1.2.1.7.1 Mechanical properties ……………………………………………………………..13
1.2.1.7.2 Barrier properties …………………………….………………………………………17
1.2.1.8 Nanocellulose film applications ………………………………………………………………18
1.2.1.8.1 Device substrates …………………………………………………….………………18
1.2.1.8.2 Membranes ……………………………………………………………………………..19
1.2.1.8.3 Packaging …………………………………………………………………………………21
1.2.2 Inorganic nanoparticles ………………………………………………………………………………………22
1.2.2.1 Properties of NPs ……………………………………………………………………………………23
1.2.2.1.1 Silicon dioxide-model ……………………………………………………………….23
1.2.2.1.2 Montmorillonite-barrier ………………………………………………………..…24
1.2.2.1.3 Titanium dioxide-photocatalytic ………………………………………………25
1.2.3 Nanocellulose – inorganic NP composites …………………………..………………………………28
1.2.3.1 Nanocellulose – inorganic NP composite production ………………………………35
1.2.3.1.1 Surface treatment ……………………………………………………………………35
1.2.3.1.1.1 Layer-by-layer deposition ………………………………………….35
1.2.3.1.1.2 Size press treatment ……………….…………………………………36
1.2.3.1.1.3 Sol gel method ………………………………………..…………………36
1.2.3.1.1.4 In situ precipitation ……………………………………………………36

3

CHAPTER 1

1.2.3.1.1.5 Spray deposition ………………………………………………..………37
1.2.3.1.2 Wet end addition ……………………………………………………………………..37
1.2.3.2 Polyelectrolytes …………………………………………………………..…………………………38
1.2.3.2.1 Cationic polyacrylamide ……………………………………………………………40
1.2.3.2.2 Polyamide-amine-epichlorohydrin …………………………………………..42
1.2.3.3 Interaction between polyelectrolyte-NP systems in nanocellulose matrix 43
1.2.4 Perspective and conclusion …………………………………………………………………………..……46
1.2.4.1 Composite production ……………………………………………………………………………46
1.2.4.2 Composite characterization ……………………………………………………………………47
1.3

GAPS IN KNOWLEDGE .....…………………………………………………………………………………………..49

1.4

RESEARCH OBJECTIVES ...…………………………………………………………………………………………...51

1.5

THESIS OUTLINE ….……………………………………………………………………………………………………..53

1.6

REFERENCES ….......………………………………………………….………………………………………………...58

4

CHAPTER 1

1.1 INTRODUCTION
Nanocellulose is a biodegradable, sustainable and recyclable material with excellent mechanical,
optical and barrier properties. Therefore, nanocellulose has gained much attention over the last
decade and research on nanocellulose based materials for various applications has drastically
increased. For example, nanocellulose can be converted into nanocellulose thin films, which can
be used in applications such as packaging, solar panels, flexible electronics and oil and water
separation membranes.
However, the range of properties with nanocellulose by itself is limited. For example,
nanocellulose provides a good oxygen permeability for a packaging material, but the water vapour
permeability is high due to hydrophilic nature of cellulose. Therefore, pure nanocellulose based
packaging materials are not ideal for moisture sensitive goods. The idea of nanocellulose based
composites with inorganic nanoparticles (NPs), therefore, is promising because the advantages
associated with the two individual materials can then be combined together to produce
nanocellulose based composites for high end applications. NPs can be tailored for specific
applications due to their surface properties, size, shape and chemical composition, but also
require a good supporting matrix that is strong, flexible, durable and able to retain NPs while
allowing the surface area of NPs to be readily available. Without a supporting matrix, NPs selfaggregate and may result in uncontrolled release to the environment. Therefore, the broad aim
of this doctoral thesis is to address the limiting issues of nanocellulose-inorganic NP composites.
To address this, characterization of these composites with different NP loadings (low to extremely
high) and sizes is crucial as the change in structure affect the final composite properties. While
nanocellulose-inorganic NP composites are made and tested for specific applications, their
structure-property relationships have not been explored, which limits the broader use of these
composites. Therefore, the first objective of this thesis is to use silicon dioxide (SiO2) as a model
NP to quantify the effect of NP loading and sizes on the structure-property relationship of the
composite.
Most of the available NPs and nanocellulose are anionic, therefore, retention aids such as cationic
polyelectrolytes are used to fix NPs into the nanocellulose matrix. Proper methods to characterize
the internal structure of the NP-polyelectrolyte complexes-structural assemblies of NPs- in the
5
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nanocellulose matrix are lacking. Currently, scanning electron microscopy (SEM) is used to
characterize the structure, but SEM is limited because the resolution is not high enough to
accurately visualise small NPs, it only shows NPs on the two dimensional (2D) surface and the
interaction and structural assembly of the NPs under the influence of polyelectrolytes is not shown.
Therefore, the second objective of this thesis is to quantify the effect of polyelectrolytes on the
structural assembly of NPs by adopting a complimentary scattering techniques, small angle X-ray
scattering (SAXS). SAXS is a powerful tool that enables to analyse the bulk of the composite
structures ranging in length scale from 1-100 nm. These characterizations will be invaluable for
practical applications to tailor superior composites.
Using the knowledge obtained through composite preparation and characterization, the third
objective is to prepare cheap and easily scalable composites that demonstrate two applications
using two functional NPs; engineered nanocellulose-montmorillonite (MMT) composite as a
material with excellent water vapour barrier properties, and nanocellulose-titanium dioxide (TiO2)
composite as a portable and green photocatalytic material.
Chapter 1 presents a critical review of nanocellulose-inorganic NP composites, which leads directly
to the specific research objectives of this doctoral thesis. This chapter has four main parts (Section
1.2, 1.3, 1.4 and 1.5). In Section 1.2, the Literature Review, different sources of nanocellulose,
production methods, characterization methods, nanocellulose film production, properties and
applications is reviewed in Section 1.2.1. NPs and their role, properties and applications are
reviewed in Section 1.2.2. Nanocellulose-NP composite production and polyelectrolytes are
reviewed in Section 1.2.3. The final sub section gives the perspective of nanocellulose-NP
composites, polyelectrolyte application and current problems with characterization of NPpolyelectrolyte systems (Section 1.2.4). Section 1.3 identifies the significant gaps in knowledge,
which leads to specific research objectives in Section 1.4. The last section provides the
organization of the thesis (Section 1.5).
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1.2 LITERATURE REVIEW
The objective of this literature review is to critically review the development of nanocelluloseinorganic nanoparticle (NP) composites and identify the gaps in knowledge and opportunities. A
brief overview of the properties of nanocellulose and inorganic NPs on their own are presented
first, to provide a background to further discussion and the need for nanocellulose-NP composites.
Three NPs, silicon dioxide (SiO2), montmorillonite (MMT), titanium dioxide (TiO2), have been
selected in this thesis due to their wide usage, unique properties and functionality. This review
then focuses on the deposition, characterization, production and applications of nanocelluloseNP composites.

1.2.1 Nanocellulose
1.2.1.1 Definition
Cellulose is the most abundant natural (bio)-polymer on earth, occurring in plant based materials.
It is a high molecular weight linear homopolymer consisting repeating units of β-D-glucopyranosyl
joined through (1→4)-glycosidic linkages in different arrangements [1]. The basic chemical
structure of cellulose is shown in Figure 1. Cellulose is the main reinforcing constituent in plant
cell walls in combination with hemicellulose and lignin [2]. The hierarchical breakdown of the tree
to produce cellulose bundles and fibrils are shown in Figure 2.

Figure 1:

Repeating units of cellulose monomer (Obtained from Gilbert (1998) [1]).
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Figure 2:

Hierarchical break down of the wood from tree to the cellulose molecular
structure (Obtained from Isogai [3]).

Excellent characteristics of cellulose such as renewability, biodegradability, light weight, low cost,
and nontoxicity make it a universally accepted resource [4-6]. Therefore, the development and
interest on cellulose based fundamentals and applications research had been increased drastically
in the past decades, and will continue to increase in coming ones.

1.2.1.2 Different terminology
Reduction in the diameter of cellulose fibres result in the production of nanocellulose (Figure 2).
The term microfibrillated cellulose (MFC) was first introduced in 1980s by Turbak [7]. In literature,
the term MFC, cellulose nanofibres and nanocellulose are all used to address fibres with diameters
between 1-100 nm [7-9]. MFC should not be confused with the term “microfibrils”. MFC is
composed of liberated semicrystalline microfibrils, produced through high pressure
homogenization of wood pulp [10]. MFC is also termed “nanofibrils”, “nanofibre” and
“nanofibrillated cellulose” in literature [11]. Nanocrystalline cellulose (NCC) is obtained by
removing the amorphous sections of cellulose by acid hydrolysis, and are also termed “cellulose
nanocrystals”, “crystallites”, “whiskers” and “rodlike cellulose microcrystals” in literature [12, 13].

8

CHAPTER 1

In this thesis, we have used the term “nanocellulose” to address fibres with diameter ranging from
1-100 nm. This means MFC and nanocellulose essentially addresses the same fibre in this thesis.

1.2.1.3 Sources of cellulose
The main source of cellulose are plants. Despite the relative chemical simplicity, the physical and
morphological structure of cellulose in higher plants are more complex and heterogeneous. The
contents of cellulose in woods are about 40-50%, in bushes 30%, in bast plants 65-70% and in
cotton fibres 90% [14]. Cellulose from wood is the primary and the most important industrial raw
material for renewable energy sources, building materials, clothing, and pulp and paper industries
[5]. The most widely used fibre for the production of MFC is bleached kraft pulp derived from
wood [15]. The relatively high cost of the kraft pulp as a feedstock has driven interest towards the
use of other sources of cellulose fibres from agricultural crops and by-products such as wheat and
soy hulls [16], bagasse [17], rice straw [18], banana rachis [19] and sugar cane, etc. Agricultural
crops have the processing advantages over wood because most cellulose is present in the primary
cell wall that can be fibrillated easily compared to cellulose in secondary cell wall in wood. Also,
non-wood plants generally have less lignin than wood, which makes the bleaching process much
easier [20].
Cellulose fibres are also extracted from certain bacteria, denoted as bacterial cellulose (BC).
Acetobacter xylinum, a gram-negative strain of acetic-acid-producing bacteria is the most efficient
producer of BC [21, 22].

1.2.1.4 Production methods of nanocellulose
Due to strong hydrogen bonding between microfibrils, it is extremely difficult to fibrillate cellulose
using refining. In early work, MFC was first produced using a high pressure homogenizer at 8000
psi and 80 oC, which required number of passes to break down the cell wall to delaminate fibres
to give microfibrils. This causes a high demand for energy (approx. 25,000 kWh per tonne for the
production of MFC) and impedes the commercial success. In addition, the frequent clogging of the
homogenizer was a massive drawback [7, 23]. It was discovered later that the production of MFC
using primary wall materials (e.g. sugar beet) are easier than the secondary wall materials (e.g.
eucalyptus) [24]. However, for wood based cellulose fibres, chemical, mechanical and enzymatic
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pre-treatment methods were developed to reduce the energy usage during homogenization and
to improve the degree of nanofibrillation achievable [11].
Chemical pre-treatments involve introducing carboxylate groups in the form of sodium salts into
cellulosic materials through various chemicals. Such groups swell the pulp, lower the cell wall
cohesion and help the delamination. The energy requirement, after carboxymethylation
treatment, to produce MFC has been reduced to approx. 500 kWh per tonne [25-27]. A novel way
to introduce sodium carboxylate groups to cellulose is using 2,2,6,6,-tetra-methylpiperidine-1-oxyl
radical (TEMPO)-mediated oxidation in water. TEMPO catalyst can help to oxidize C6-primary
hydroxyl groups of glucosyl units on the crystalline cellulose microfibril surfaces to C6-carboxyl
groups of glucuronosyl units. When there are sufficient TEMPO treated aqueous cellulose fibres
with C6-carboxylate content, the fibres can easily be converted to a highly viscous transparent gel
using gentle mechanical disintegration. The sheet production with these fibres are limited to
casting method due to high viscosity and gel behaviour. TEMPO oxidation does not change the
morphology, crystal structure, crystallinity and crystal width of bleached wood cellulose. The
TEMPO oxidation conditions and mechanical fibrillation can affect the length and the degree of
polymerization of the treated fibres [28-31].
Mechanical pre-treatments involve subjecting cellulose fibres through various treatment
processes to remove the primary cell wall, exposing secondary cell wall for further processing. The
pre-treatment processes include disintegration in waring blenders, beating and refining in PFI mills,
cryocrushing, and disk refiner, before nanocellulose production [16, 32-34]. For example, in
refiners, the primary cell wall is damaged by being trapped between the rectangular bars in discs
and cones in the rotors and refiners, separated by groove spaces.
Enzymatic hydrolysis pre-treatment partially cleaves the cellulose glycoside bonds present at the
surface of fibres, making the fibrillation process easier when shearing using a high pressure
homogenizer. Therefore, a combination of refining and enzymatic pre-treatment has opened up
an economically viable method to reduce the energy usage from 12000-70000 kWh per tonne to
1500 kWh per tonne. Enzymes such as fungus isolated from infected Elm trees and endoglucanase
are widely used [11, 35, 36].
The focus of this thesis is not optimize ways to save energy with pre-treatment methods. This
thesis has focused on composite sheet preparation with nanocellulose fibres with combination of
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different inorganic NPs and polyelectrolytes. The nanocellulose fibres used in this thesis is a
commercially purchased product.

1.2.1.5 Characterization
The diameter and length distributions are significantly different between nanocelluloses,
depending on its origin, pre-treatment conditions, production methods and other factors.
Therefore, it is important to characterize nanocellulose since the properties are dependent on its
structural parameters. Such properties include, for example, hydrodynamic properties which
affects the rheological and interfacial properties [3, 37].
Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force
microscopy (AFM), combined with other imaging analysis, can be used to measure the diameter
of nanocellulose. However, the high aspect ratio of nanocellulose prevents the precise estimation
of their length because of entanglements and difficulties in identifying both ends of individual
nanofibres [5, 38, 39].
In order to estimate the length of fibres, a sedimentation method was used in literature. This
method allows to measure the gel point concentration, which is the lowest concentration at which
fibres form a continuous network, also known as the connectivity threshold. Below the gel point
concentration, the suspension does not have any mechanical strength because the fibres are not
continuously in contact with each other. Martinez et al. (2001) first developed this method to
calculate the aspect ratio on wood fibres [40]. Later, Zhang et al. (2012) adopted this method to
measure the aspect ratio of nanocellulose [41]. Detailed description of theoretical equations used
to calculate the aspect ratio through sedimentation method is given in [40, 42, 43]. Recently, this
method was also adopted to investigate the relationship that gel point has on other processing
parameters such as drainage time and final nanocellulose film properties, which has enabled the
tailoring nanocellulose film production [44, 45]. In this thesis, this technique is used to obtain the
aspect ratio of nanofibres.

1.2.1.6 Nanocellulose film production
Nanocellulose film production is hindered by the difficulty in producing simple and reproducible
nanocellulose films both at laboratory and industrial scale. In laboratory scale, nanocellulose can
be converted into nanocellulose thin films through casting, spraying or vacuum filtration. Casting
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takes hours to several days, depending upon the evaporation of water used to disperse
nanocellulose fibres and the air drying conditions (temperature and humidity). As such, casting is
not a commercially scalable method [46-49]. Vacuum filtration and spraying are both considerably
quicker processes compared to casting, however, these processes are still largely restricted to the
lab scale.
During vacuum filtration, nanocellulose suspension is poured through a filtration column, where
nanofibres settle down as the water drains through a filter, creating a wet film. A filter with smaller
pore size improves the retention of nanocellulose, however, the drainage time then increases.
Therefore, a range of different filter media have been tried. Some of these include; polyamide
membrane filter with pore size 0.22 μm [50], hydrophilic polytetrafluroethylene membrane with
pore size 0.1 μm [51], woven filter fabrics with variety of pore sizes (55 μm, 109 μm and 150 μm)
[41], Millipore filer membrane with pore size 0.65 μm [52], etc. When the wet film is formed, the
film is taken out, and dried through various methods such as air drying [53], oven drying [52], hot
pressing [54], sheet drier [55], etc. Also, if the water is removed through freeze-drying, then the
wet film can be converted into “sponge-like” aerogels [56]. Laboratory nanocellulose film
preparation time of a 60 g/m2 basis weight sheet through vacuum filtration has been reduced from
3 to 4 hours [57] to 10 minutes [55]. This was done by increasing the solids content above the gel
point and using polyelectrolytes to increase the strength of the flocs to improve filter resistance,
while using commercial woven papermaking filters to minimise drainage resistance. With this
method, however, there can still be significant issues regarding the handling of the wet film before
drying.
Spraying nanocellulose to create films have recently been developed at laboratory scale as an
alternative technique to filtration [58]. It can be done at higher solids content, reducing the
amount of water to be removed during drying. Therefore, the basis weight achievable using
spraying is much higher than that with filtration. Maximum basis weight pickup of 124 g/m 2 was
achieved by spraying nanocellulose onto a nylon fabric running at a speed of 0.5 m/min [59]. Also,
free standing nanocellulose films with basis weights ranging from 59 to118 g/m2 and thickness
varying from 46 to 68 μm was recently prepared by Magnusson [60]. Furthermore, there are
handful of publications on spraying nanocellulose to produce multilayer nanocomposites,
suggesting that it is a promising method for rapid fabrication of large surface area composite
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nanopapers [61, 62]. While spraying have advantages in terms of efficiency by reducing operator
time, disadvantages of this method is the time taken for the water to evaporate to create a dry
film and the formation of cracks in films. To avoid such cracks, extensive pretreatment methods
prior to spraying needs to be done, which makes the production process difficult. However, very
recently, Shanmugam et al. (2017) sprayed nanocellulose suspensions directly into a smooth steel
plate, without any additional treatments, to produce nanocellulose films [63].
A further disadvantage of spraying, that is particularly relevant to NP composites is the
occupational health risks that spraying may produce NP aerosols. Therefore, this thesis focuses on
preparation of nanocellulose films and composites through vacuum filtration method. A sheet
drier operating at 105 oC is used to dry nanocellulose and composite films, as it enables to dry the
films in less than 10 minutes while avoiding any wrinkling or high moisture gradients. Two blotter
papers sandwiching the film are passed through the moving belt in the sheet drier; the speed can
be adjusted. The metal cylinder in the middle is heated to 105 oC. When the moving belt goes
around the metal cylinder, the film dries.

1.2.1.7 Nanocellulose film properties
There are number of reviews that detail many properties associated with nanocellulose films [9,
39, 64, 65]. For example, they include mechanical, optical, barrier and thermal properties. The two
most important properties for the work in this thesis are strength and barrier properties.
1.2.1.7.1 Mechanical properties
Mechanical strength is one of the important parameters of nanocellulose films made from
cellulosic materials. It is important when nanocellulose films are used in applications such as
packaging, supporting matrix and membrane, to hold the structure while it provides its functions.
The strength arise from the formation of hydrogen bonds between nanofibres due to tightly
packed nanofibre network. Strength properties rely on number of critical factors such as aspect
ratio of fibres, strength of individual fibres and bonds between fibres [66]. The tensile strength
also varies based on nanocellulose origin, processing conditions and structural properties.
For most materials, the strength is expressed in Pascals (Pa) – breaking load per unit area, but this
is difficult for a paper material because thickness is not very well defined. The thickness measured
with a platen tester will depend significantly on the pressure. Therefore, tensile index (TI) is a good
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indicator to measure and compare the strength of paper materials, as it is normalised by weight
and not thickness. TI is the strength in N/m divided by grammage of the sheet. Mechanical
properties of nanocellulose films prepared from different cellulose sources and by different
production procedures are summarized in Table I. The reported strengths for the nanocellulose
are strong, but highly variable due to reasons mentioned above.
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Table I: Mechanical properties of nanocellulose films from literature.

Source of
material

Pretreatment/prod
uction of
nanocellulose

Preparation

Thickne
ss (μm)

Density
(g/cm3)

Gram
mage
(g/m2)

0.81
0.88
0.97
1.07
1.46
1.45

17±1
23±1
30±1
35±3
29.2
29

Maximu
m
Strength
(MPa)
104
126
136
154
233+44
222±11

Tensile
Index
(Nm/g)

Elastic
Modulus
(GPa)

Elongati
on (%)

129±16
126±23
136±14
146±18
159.6
153.1
60.2±1.
5

15.7±1.3
16.7±0.7
16.5±0.2
17.5±1
6.9±1.4
6.2±1.6

5.3±1
5.4±1.5
8±0.8
8.6±1.6
7.6±0.2
7±2.4

-

-

[63]

Refer
ence

Homogenization

Vacuum filtration

TEMPO
TEMPO

Suction filtration
Suction filtration

21±1
23±1
30±1
33±2
20
20

-

Spray coating

-

-

100.5

-

-

Vacuum filtration

-

0.75

60

-

71

-

-

[68]

Softwood
sulphite
pulp

Mechanical
beating and
Enzymatic
treatment

Casting
Filtration
Filtration
Semiautomatic sheet
former

40
45
55

1.4
1.4
1.4

56
63
77

180±10
211±26
178±17

128.5
150.7
127.1

10.3±0.16
12.1±0.29
10.3±0.31

5.9±0.8
6.6±1.5
6.3±1.4

[69]

40

1.4

56

232±19

165.7

13.4±0.25

5.0±1.1

Sugar beet
pulp chip

Homogenization

Casting

-

-

-

104±8

-

9.3±0.9

3.2±0.8

[70]

Softwood

Enzymatic and
Mechanical pretreatment
followed by
homogenization

Vacuum filtration

60-80

1.141.2

68.496

129-214

113.2178.3

10.4-13.7

3.3-10.1

[52]

Bleached
spruce
sulphite
pulp
Softwood
Hardwood
Commerci
al MFC
Commerci
al MFC

[47]
[67]
[67]
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Wheat
straw
Thermomechanica
l pulp

Chemical
treatment
Mechanical
beating and
homogenization

Casting

-

0.8

-

30.2±1.3
4

-

7

1.8±0.1

[71]

Casting

58±3

0.514

29.81

28.27

55±2.9

5.13±0.83

-

[72]

Note: Test conditions are reported in the original references. Tensile index and grammage is usually calculated, if not specified, based on density, thickness and tensile
strength reported.
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1.2.1.7.2 Barrier properties
The most important barrier properties for all packaging materials are the oxygen permeability (OP)
and the water vapour permeability (WVP). OP and WVP are derived from oxygen transmission rate
(OTR) and water vapour transmission rate (WVTR) values, respectively, by incorporating the
thickness and the pressure gradient [73]. Nanocellulose films have significantly lower OP values
(0.004 cm3.μm.m-2.day-1.kPa-1) [67] compared to other petroleum based barrier materials such as
polyvinylidene (PVDC) (0.1-3 cm3.μm.m-2.day-1.kPa-1) [74], poly(vinyl chloride) (PVC) (20-80
cm3.μm.m-2.day-1.kPa-1) [74], and low density polyethylene (LDPE) [75]. Although both OP and
WVP values vary based on the nanocellulose source, chemical composition, physical structure and
pre-treatment methods used to produce nanocellulose, nanocellulose films are seen as a good
oxygen barrier material [64]. The main concern of nanocellulose films is the water barrier
properties.
The influence of the type and the chemical composition of wood sources on WVTR was studied by
producing MFC films from different wood pulp sources, using softwood and hardwood, both with
and without lignin. MFC from bleached hardwood showed the highest WVTR (200 g.m-2.day-1) [76].
However, regardless of the source, WVTR values are all higher than that of LDPE (20 g.m-2.day-1)
[76]. Upon the lignin content, WVTR increased from 300 to 500 g.m-2.day-1 and this could be due
to the larger pores created in the film because of the low quality hydrogen bonds formation. Even
though hydrophobicity increased with lignin content, the film structure is the most dominant
factor affecting the water barrier properties [72, 77]. Therefore, the chemical composition in
nanocellulose films play a major role in barrier properties than the type of wood source used to
create the film.
Minelli et al. (2010) tested the effect of pretreatment on the production of MFC has on the WVTR
by producing MFC via enzymatic pretreatment and carboxymethylation pretreatment [78]. The
films were casted and dried using an incubator. At 35 oC and 0% relative humidity, WVTR of
carboxymethylated MFC films gave a lower value (10-4.mol.m.m-2.s-1.Pa-1) compared to an
enzymatic treated MFC (10-13.mol.m.m-2.s-1.Pa-1) [78]. The difference between the pretreated MFC
films were not that significant. Therefore, the type of pretreatment applied on nanocellulose does
not play a major role in water barrier properties.
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Despite all of these treatments and production methods, WVTRs for 100% nanocellulose films still
remain higher than the other polymer films, which is a significant barrier to use these as a barrier
material. Figure 3 shows where nanocellulose films stand in the barrier sector. Production of
nanocellulose based composites with fillers can reduce water barrier properties, but the type of
filler that is used may interfere the film structure and porosity [64].

Figure 3:

Overview of barrier materials indicating the oxygen permeability and water
vapour permeability (Obtained from Aulin [79]).

1.2.1.8 Nanocellulose film applications
Due to excellent properties of nanocellulose, nanocellulose films are a promising candidate for
many fields of applications, including device substrates-supporting matrix, membranes and
packaging films.
1.2.1.8.1 Device substrates
Extremely low coefficient of thermal expansion, optical transparency and foldability in
nanocellulose paper has led to the use of nanocellulose films, in lab scale, as substrates for
numerous electronic applications, including highly sensitive antennas [80], organic light-emitting
diodes (OLEDs) [81], chemical and biological sensors [82] and organic solar cells [83]. This is a
promising step towards commercialization as these can be used to overcome various problems
18

CHAPTER 1

arising from other available electronic devices. Fabrication of small subset devices for flexible
electronics involve depositing conductive materials such as silver nanowires, graphene, carbon
nanotubes and other conductive materials in the transparent substrate [84]. During this process,
the transparent substrate must maintain their high optical transparency after high temperature
heating. This is an issue for flexible polymer substrates. For example, polyimide films have high
thermal durability, but their cost and yellow colour restrict them from use as a device substrate.
Also, polyethylene terephthalate (PET) films are transparent and low cost, but they do not have
enough thermal durability at high temperatures. Inorganic silicon or glass substrates, which have
high thermal durability and low thermal expansion then can be used, but, these devices are heavy
and inflexible [85, 86]. Therefore, nanocellulose films are a promising candidate for future
electronic devices.
1.2.1.8.2 Membranes
Many organic and inorganic membranes are used for water filtration and waste water treatment
applications. Commercially available organic membranes include, polypropylene (PP),
polyethylene (PE), polyacrylonitrile (PAN), polysulfone (PSU), polyethersulfone (PES),
polyvinylidene fluoride (PVDF) and cellulose acetate (CA) [87]. PAN, PSU, PES and PVDF are low
cost and have good mechanical properties, but can cause oil, particle or biomacromolecule fouling
[88]. CA membranes are sensitive to pH, thus can only be used in a narrow pH range. PP and PE
have a good chemical resistance, cheap and good strength, however, they have poor resistance to
weather, chlorine and oxidize easily and are flammable [87]. One major disadvantage in
fabrication of above polymeric membranes is that volatile and toxic solvents have to be used,
causing environmental concerns during solvent disposal [87-90]. While some new materials with
excellent properties for water purification has been developed, their complex preparation process,
cost and environmental concerns have made them difficult to implement on an industrial scale
[91, 92]. A new material with excellent performances and minimal environmental impact is
required. Hence, the next generation membranes should have excellent performances, be
biodegradable, have low environmental impact during production and disposal and save energy.
Nanocellulose films are a good candidate to be used to prepare such membranes.
There are two types of membranes: symmetric and asymmetric. Symmetric membranes are
usually dense with thickness varying from 10 to 200 μm, while asymmetric membranes have a
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dense top layer with thickness varying from 0.1 to 0.5 μm followed by a porous bottom layer with
thickness varying from 50 to 150 μm [93]. Asymmetric membranes are more commercially used
due to advantages such as low hydrodynamic resistance and high water flux which improves the
performances [94]. Thin film composites (TFC) are similar to asymmetric membranes and typically
consists of two to three layers. The bottom layer is generally tough and made from a non-woven
material that provides mechanical strength to support subsequent layers. TFC made from
combining organic and inorganic materials are attractive as nano-sized inorganic particles can fine
tune the pore structure for different filtration categories [87].
There are three regimes of membrane filtration; particle filtration (yeast cells, pollens beach sand
with particulate size is ~1-1000 μm), microfiltration (paint pigments, bacteria with particulate size
~0.1-1 μm) and ultrafiltration (virus, colloidal silica, albumin protein with particulate size ~0.010.1 μm) [95]. The nanofibre diameter and the bulk porosity can be tailored to control the pore size
in the film network. Figure 4 shows three dimensional (3D) simulated models with different fibre
diameters to illustrate the relationship between fibre diameter and the pore size [87]. Thus,
controlling the pore size allows to make nanocellulose membranes suitable for microfiltration and
ultrafiltration applications. However, to filter the lowest particle sizes (~1 nm) in ultrafiltration
applications may require the addition of inert NPs to control the pore size even further.

Figure 4:

Correlation between pore size and fibre diameter at a constant porosity in a fixed
volume. Fibre diameter ratios of 1: 3: 10 (Obtained from Ma [87]).

Varanasi produced TFC membrane by using the NIST hardwood sheet as a bottom layer followed
by composite layer of SiO2 NPs and nanocellulose (1:9 ratio) as the top layer. The flux (80 Litres
per square meter per hour) and molecular weight cut off (200 KDa) was significantly improved to
that of nanocellulose alone [96]. Pore size distribution indicates a low pore size range with the
SiO2 addition. However, the study only investigated one addition level of NPs and the resultant
pore size distribution with high SiO2 NP content is not reported. Nanocellulose films with better
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controlled pore structures, using inorganic NPs are a promising candidate for ultrafiltration
membrane applications.
1.2.1.8.3 Packaging
A common type of packaging involves the use of paperboard or cardboard as a support structure,
with internal and/or external layers of other substances for improved barrier properties. An
example of such laminated composite packaging can be seen in milk cartons, coffee cups, coffee
bean bags, etc. These typically feature LDPE or similar materials lining the inner and outer surfaces
of a cardboard structure [97]. The outer surface of the cardboard is thus protected from
adsorption of moisture from the surroundings, while the inner surface is separated from direct
contact with the milk. This protection is required due to the hydrophilicity of paperboard [98], and
the damage associated with the extensive uptake of water.
While current packaging materials are effective in their primary purpose of protecting the encased
products, there are still drawbacks and areas for improvement. The polyethylene layers of the
laminate composites discussed above are not biodegradable. Recycling these packaging types are
also difficult due to the need to separate the composite’s components. Polyethylene itself is not
an easily recyclable material even in its pure form, with an estimated 97.5% of all LDPE produced
being sent to landfill, and just 2% being recycled [99]. This current lack of biodegradability and the
poor recyclability of such composite packaging contribute to energy consumption and global
warming. The production of polyethylene requires polymerisation reactions that take place at high
temperature and pressure, up to 300 °C and 300 MPa respectively. Hence, this process requires a
great energy usage, with roughly 77 MJ expended per kilogram of LDPE produced, while also
requiring the input of 840 grams of crude oil. This production also releases greenhouse gases,
specifically 1.7 kg of carbon dioxide and 16 g of methane per kilogram of LDPE [100].
Nanocellulose films can replace plastics in the packaging sector, as mentioned in Section 1.2.1.7.2,
due to its biodegradability, recyclability and very low OP. However, WVP of nanocellulose is high
due to hydrophilic nature of cellulose (as seen in Figure 3).This material characteristic weakens
the strong bonds holding the two dimensional (2D) structure [101]. If WVP can be reduced in
nanocellulose films, while maintaining the recyclability and biodegradability, then this material
can potentially replace laminate layers in packaging materials mentioned above. Achieving a low
WVP while keeping low OP is the key challenge to achieve packaging materials and membranes
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with the required quality and ability to extend the shelf life of moisture sensitive foods, electronics
and pharmaceuticals. Therefore, it is of interest to lower WVP of nanocellulose films, while
maintaining its recyclability and biodegradability. This is one of the areas that have been
addressed in this thesis.

1.2.2 Inorganic nanoparticles
Nanoparticles (NPs) are particles with at least one dimension between 1 and 100 nm. They show
properties that are not found in the bulk samples of the same material. The advantages of NPs
primarily come from the size reduction and the dramatic increase in surface area. The most
important NP parameters affecting the structure and properties in a nanocellulose matrix is the
particle composition, particle size and size distribution, shape and aspect ratio (spherical,
cylindrical, plane) and surface properties (specific surface area, bonding type, charge distribution,
surface chemistry) [102, 103]. Table II shows some commonly used NPs, their functionality and
applications. Based on those, SiO2, MMT and TiO2 NPs are selected in this thesis to produce
composites with nanocellulose. Therefore, this section reviews the properties of SiO 2, MMT and
TiO2 NPs.
Table II: Functionality of some commonly used NPs.
Nanoparticle Functionality

SiO2

Inert fillers. With combination
of other organic/inorganic
materials, it can serve in many
applications.

MMT

Serves as platelets to create
tortuosity in a network

TiO2

Photocatalytic
Antimicrobial

Silver (Ag)

Antibacterial and antimicrobial
Catalytic

Gold (Au)

Conductive
Catalytic
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Applications
Coatings [104], Electronic and optical
packaging materials [105], Ultra-permeable
reverse-selective membranes [106], Sensors
[107], Fillers to control pore structure [96,
108].
Barrier applications [73, 109, 110], Fire
retardant [111].
Photodegradation of organic pollutants
[112], Photocatalytic hydrogen production
[113], Packaging [114, 115], Stain-proofing
and self-cleaning [116].
Antimicrobial coatings [117], Wound
dressings [118], Biomedical devices [119],
Food packaging [120], Water treatment
[121], Surface enhanced Raman scattering
(SERS) [122].
Electronic devices [123], Drug and protein
delivery [124, 125], Biosensors [126], SERS
[127].
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Copper (Cu)
Cobalt (Co)

Antimicrobial
Catalytic
Magnetic

Biosensors [128], Electrochemical sensors
[129], Catalytic applications [130].
Medical sensors [131], Coatings [132].

1.2.2.1 Properties of NPs
1.2.2.1.1 Silicon dioxide - model
Silicon dioxide (SiO2) is a commonly occurring compound in nature and can also be synthesized. It
has a three dimensional covalent structure as shown in Figure 5. Each silicon atom is covalently
bonded to four oxygen atoms and each oxygen atom is covalently bonded to two silicon atoms.
This means, there is a ratio of two oxygen atoms to one silicon atom, which gives the formula, SiO2
[133]. Due to strong covalent bonding, SiO2 is hard, does not dissolve in water and does not
conduct electricity.
SiO2 formed by the chemical reaction of silicon and oxygen, can be both amorphous and crystalline,
depending on the surface differences. Depending upon the temperature, pressure and the cooling
rate, SiO2 can have different structures. Crystalline silica exists in seven different forms, of which
four are rare. The three major forms are quartz, cristobalite and tridymite. All of them are
chemically identical but the physical forms are different as their internal structures are different
due to differences in Si-O bond length (d), the tetrahedral angle (ϕ), the inter-tetrahedral bond
angle (α) and bond torsion angles (δ1, δ2) (Figure 5). The amorphous SiO2 also takes the same
chemical structure but then exhibits only short range ordering of atoms [133-135].

Figure 5:

3D schematic of a pure fragment of silica structure (Obtained from Salh [134]).
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SiO2 can be synthesized as non-porous silica spheres or micro-/mesoporous materials [136]. It has
a good abrasion resistance, high thermal stability and electrical insulation. For these reasons, it is
used as an inert, low expansion filler material for epoxy resins and electronic circuits [137, 138].
SiO2 is also used with nanocellulose to produce separators for lithium-ion batteries [108].
Due to its spherical shape and the availability of a range of nanoscale sizes, SiO2 is used as a model
NP in this thesis to produce composites to characterize the structure.
1.2.2.1.2 Montmorillonite – barrier
Montmorillonite (MMT) is a type of nanoclay which composes of two tetrahedral layers
sandwiching the central octahedral layer. In the tetrahedral layer, the silicon atom is surrounded
by four oxygen atoms, and in the octahedral layer, metals such as aluminium or magnesium are
surrounded by eight oxygen atoms. The tetrahedral and octahedral layers are bonded to each
other by oxygen atoms [139, 140]. Schematic representation of the layered MMT structure is
shown in Figure 6. The layers are arranged in a form of stacks which leads to a regular van der
Waals gap between the layers called the interlayer or the gallery [141]. As the van der Waals forces
are weak, the intercalation of the small molecules between layers is easier. Therefore, added to
the low cost, the rich intercalation chemistry of the MMTs allow them to be chemically modified
and makes them compatible with polymeric matrices [142].

Figure 6:

Schematic representation of the MMT structure (Obtained from Nascimento
[143]).
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Usually, the layer thickness of MMT is around 1 nm, and the lateral dimensions vary from 30 nm
up to couple of microns, giving a high aspect ratio ranging from 100-1500 [144]. These disk shaped
MMTs therefore when mixed with polymer, create a tortuous diffusive path for molecules to
penetrate as shown in Figure 7. Therefore, MMT serve as an excellent additive in composites to
create a barrier material for oxygen, water vapour and carbon dioxide [145, 146].
In the work of this thesis, MMT is used to create nanocellulose-MMT composites to improve the
WVP of the composite material.

Figure 7:

Tortuous path created by MMT (Obtained from Azeredo [147]).

1.2.2.1.3 Titanium dioxide – photocatalytic
Titanium dioxide (TiO2) also known as Titania, is the naturally occurring oxide of Titanium. It is
extensively used as a white pigment, for example in paints, because of its high brightness and high
refractive index [148]. It is also used in wide range of other applications which includes addition
to tiles, paints and cements to give material sterilizing, deodorising and anti-fouling properties,
and added to sunscreens because it is a physical blocker of UVA (ultraviolet light with wavelength
315-400 nm) and UVB (wavelength 280-315 nm) [149].
TiO2 naturally exists in three different forms: rutile (tetrahedral), anatase (tetrahedral) and
brookite (orthorhombic). The most commonly used forms are rutile and anatase. Rutile is
considered to be the most stable form, while anatase is considered metastable [150]. Different
lattice system for rutile, anatase and brookite are shown in Figure 8.
25

CHAPTER 1

Figure 8:

Crystal structures of rutile, anatase and brookite titanium dioxide. Titanium
atoms are in grey and oxygen atoms are in red (Obtained from Woodley [151]).

TiO2 is also a broad band gap semiconductor material with the size of the band gap dependent
physiochemical and photoelectronic properties, which leads to applications in the field of
photocatalysis. Fujishima and Honda discovered the photocatalysis with TiO 2 in 1972, and it has
been reported that TiO2 is low cost, gives high oxidizing power and has high chemical stability and
low toxicity [152-154]. Rutile has a band gap of 3.05 eV and anatase has a band gap 3.26 eV [150].
Even though the bad gap is larger, anatase gives a better photocatalytic activity than rutile,
although physical causes are not yet completely understood. The first catalytic paper using TiO 2
was prepared by Matsubara in 1995 [155], since then, TiO2 is widely been used in photocatalytic
paper. First scientific study on photocatalytic paper application in water was by Fukahori in 2003
[156].
When TiO2 absorb light energy greater than its band gap energy, an electron jumps from the
conduction band (CB) to the valence band (VB), generating photoelectrons (e-) in the CB and holes
(h+) in the VB. The photoelectrons travels to the surface of TiO2 and react with oxygen (O2)
molecules to produce superoxide radical anions (·O2-), while the holes react with the water (H2O)
to produce hydroxyl radicals (·OH). Superoxide and hydroxyl radicals then work together to
decompose organic compounds [157-159]. The process is illustrated in Figure 9. The
recombination of the electrons and the holes must be prevented in order to favour the
photocatalyzed reaction.
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Figure 9:

Schematic diagram of the photocatalysis process (Obtained from Gaya [160]).

The problem with the photocatalytic paper is the decomposition of paper substrate as the
photocatalytic activity happens, reducing the strength and the immobilization of TiO 2. In order to
obtain a good photocatalytic paper, TiO2 must be strongly bonded to the paper substrate while
avoiding the deterioration of the paper. Also, a uniform distribution of TiO 2, without any
agglomeration, increases the available surface area and improves the photocatalytic activity [161].
It has been reported that TiO2 should be distributed evenly through the thickness and in the plane
of the paper to obtain a good photocatalytic activity. Moreover, the thickness and the porosity of
the paper also affects the photocatalytic activity as light needs to pass through the paper to access
TiO2 [162].
In this thesis, nanocellulose-TiO2 composites, incorporating a wet strengthening agent, is used to
produce a portable photocatalytic paper with effective photocatalytic activity.
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1.2.3 Nanocellulose-inorganic NP composites
Table III puts together some of the publications of nanocellulose-NP composites indicating their
production method, application, the type of characterizations used to characterize the internal
structure, NP loading achieved in the composite and the role of NP in the nanocellulose matrix.
This was done in an attempt to identify the room for improvement, and perspectives are given in
Section 1.2.4. Table IV analyses strengths and weaknesses of nanocellulose and NPs. The
weaknesses of both components can be eliminated by combining the two. It is becoming more
and more evident that nanocellulose’s properties makes it a strong candidate for many
applications, partially due to its green chemistry. However, the property range of nanocellulose
film by itself is limited. The production of innovative nanocellulose based materials has not been
fully explored, especially in the context of inorganic NP-nanocellulose composite research.
Therefore, here the interest is to extend the property range of nanocellulose by incorporating
inorganic NPs to produce nanocellulose based composites that are superior to either by itself.
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Table III: Summary of strengths and weaknesses of nanocellulose and NPs.
Strengths
Nanocellulose films are flexible and strong materials
that are biodegradable, recyclable and also have many
other properties such as high thermal conductivity,
high thermal resistance, high work of fracture and low
oxygen barrier properties [67, 69, 163-165].

Nanocellulose
films

Nanocellulose makes a semi-continuous network that
gives high a porosity substrate, which enables fillers to
use nanocellulose films as a supporting material, while
still having filler surface area fully accessible [61, 96].
Decrease in diameter of the cellulose fibres have a
direct correlation with increase in film properties.
Compared to cellulose films, properties of
nanocellulose films have improved [2, 34, 87, 166].

NPs

Membranes with excellent water filtration properties
are available [91, 92], but their complex preparation
process, cost and environmental concerns makes films
made from nanocellulose an ideal candidate.
NPs have a very high surface area [103]. NPs have
properties that cannot be found in the bulk sample of
the material [167].
Different NPs consist of different functionalities such as
antibacterial [168, 169], photocatalytic [170], barrier

Weaknesses
Pore size within nanocellulose films can be quite broad and it
can only be fine-tuned up to a certain pore size on its own
[96].
Nanocellulose films can be an excellent material to replace
everyday use non-recyclable plastic materials such as coffee
cups, milk cartons and coffee bags, due to their recyclability,
strength and low oxygen barrier properties [67]. However,
moisture barrier properties of nanocellulose films by itself are
high due to hydrophilic nature of cellulose [79, 101]. If
moisture barrier properties could be improved, then this can
be the next generation packaging material for everyday use.
Unmodified cellulose by itself has limited functionality. They
can only serve as an excellent supporting matrix/carrier for
fillers [80-83].

On its own, NPs tend to agglomerate, diminishing the
properties associated with the nanoscale material [149, 171].
When functional NPs are used on their own, for example in
water decontamination, it is extremely difficult to remove NPs
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additives [109], etc. NPs can be selected based on the
end application.

from the contaminant medium after the reaction is completed
[172].

NPs can essentially be used as fillers to fine-tune a pore
structure and increase the porosity of a material
(mainly targeted as separators or membranes) [96,
108].

When NPs used in dry form, there is a risk of uncontrollable
release of NPs to air, causing environmental and health
problems [173].

NPs can be selected based on their shape, aspect ratio
and surface properties such as type of bonding that can
be engaged with the matrix [102].
NPs have multifunctional properties, e.g. TiO2 with
photocatalytic and antibacterial properties [115], MMT
as a barrier additive and fire-retardancy properties
[111], MMT as both being a functional material for
barrier properties and as a filler to control the pore
structure.
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Table IV: Some of the nanocellulose composites with different NPs published in literature. The abbreviations are entered below the table.

NP type

Role of the NPs in the
nanocellulose matrix

NP act as a filler in
layers. The study was
SiO2
focused on the effect
(5 nm)
of number of layers on
Negative thickness and
charge
variation in
mechanical
properties.

Production method

Applications

NFC, polyvinyl amine and SiO2
fabricated on
polydimethylsiloxane using LBL
technique.

Potentially can
be used these
films as optical
components for
high
performance
devices, solar
cells and
biomedical
devices.

Methods used to
characterize the
internal structure of
the composite

Maximum NP
loading
achieved

Refer
ence

AFM to observe the
porous structure.

Since LBL
deposition
technique was
used, no
indication of
amount of NPs
coated.

[174]

10 wt% (no
information on
retention
efficiency of
NPs)

[108]

SiO2
(100
nm)
Negative
charge

NP act as a filler. The
study was focused on
the effect of low
loading of NP on the
ionic conductivity and
electrolyte wettability
properties

SiO2 was added to cellulose
nanofibre and vigorously mixed,
then subjected to vacuum
filtration to produce
composites.

Separators for
use in lithiumion-batteries.

SiO2
(5-15
nm)
Negative
charge

NP act as a filler. The
study was focused on
introducing spraying
as an alternative to
filtration to produce

SiO2 powder was added to MFC
hydrogel, stirred using a high
speed mixer, sprayed MFC-SiO2
slurries into 25 cm diameter wet
coated cardboard using in-house
assembled spray coater.

Potentially can
be used as a
SEM to observe the
rapid production
aggregation of SiO2
of separators for
on MFC
Li-ion batteries,
overall, of large

SEM to observe the
porous structure.
The air permeability
was measured using
Gurley.

33 wt%
(complete
retention of
NPs)

[61]
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large area composite
paper.

MMT
Both
charges

Mica
R120
(clay)
Both
charges

MMT
Both
charges
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NP act as a filler and a
functional material.
Study was done to
prove that MMT gives
a self-extinguishing
properties and oxygen
barrier properties to
the paper.
NP act as a filler and a
functional material.
The study was focused
on reducing WVP of
the composite
material in the
presence of layered
silicate.
NP act as a filler and a
functional material.
Amount of MMT
content on oxygen
and water vapour
transmission
properties were
studied

(with this production method,
large quantities of suspension is
needed)

area composite
nanopapers.

NFC was added to MMT and
stirred for 24 hours, then
dispersed for 30 minutes using
ultrasonic equipment.
Composite was prepared using
vacuum filtration.

Fire retardancy
and gas barrier
applications

SEM was used to
observe the crosssections of the
composites.
Orientation of MMT
in NFC was measure
using two
dimensional XRD

89 wt% (no
information on
retention)

[111]

Cationic NFC - mica R120
composites were prepared by
high pressure homogenization
followed by pressure filtration
and vacuum hot-pressing.

Barrier material
due to disk
shaped clay to
SEM on top and
form a tortuous cross sectional view
path to moisture
transport.

50 wt% (no
information on
retention )

[110]

MMT was mixed with PVA and
sonicated first, NFC was then
added to the mixture and the
composite suspension was
poured into a petri dish and
casted.

Barrier material
for oxygen and
water vapour

50 wt% (no
information on
retention)

[175]

SEM on cross
sections of the
composites
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TiO2

TiO2

TiO2

Silver
(Ag) NPs

NPs act as a
functional material.
Degradation of
methylene blue was
tested with
composites with
different TiO2 content.

TiO2 was mixed with CNF and
the mixture was sonicated and
poured into a petri dish for
casting. Then dipped in Au or Ag
solutions.

NPs act as a
functional material.
Photocatalytic activity
was tested on methyl
orange. Antibacterial
activity was tested
against Gram negative
bacteria E. coli

Single-step hydrothermal
method was followed (refer to
the original paper for detailed
production). TiO2 and cellulose
fibres were mixed together and
then standard hand sheet
making procedure was used to
make composite sheets.

NPs act as a
functional material.
Degradation of red X3B dye at different
temperatures, pH and
simultaneous
photocatalyticenzymatic conditions
were tested.
NPs act as a
functional material.

Photocatalytic
paper.
Degradation of
organic
molecules in
natural water
sources.
Antibacterial
and
photocatalytic
properties.
Potentially can
be used as for
household
application
where organic
destruction is
needed.

SEM to observe the
dispersion of TiO2.

NP loading or
retention is
unknown

[173]

SEM to observe the
presence of TiO2 in
the composite.

10 wt% (no
information on
retention)

[115]

Bacterial cellulose paper was
dipped in TiO2 solution to
prepare the composite. TiO2 was Photocatalytic
made in the laboratory (refer
material.
the original paper for detailed
production).

SEM to observe the
presence of TiO2 in
the composite. AFM
was used to analyse
the arrangement of
fibres on the
surface.

NP loading onto
the bacterial
cellulose
membrane was
not calculated.
Retention is
unknown

[176]

NFC produced by TEMPO
oxidation of MFC and films were

Surface morphology
was tested using

NP loading onto
NFC substrate

[177]

Antibacterial
material
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The antibacterial
activity was tested
against Gram negative
bacteria Escherichia
coli.

Ag NPs

NPs act as a
functional material.
The composites were
used to detect
different
concentrations of
thiabendazole
pesticides in apple.

formed through filtration. Silver
nitrate was then sprayed onto
NFC film to fully wet the sheet
until saturation. The in-situ
growth of Ag NPs onto the
porous film was done by
chemical reduction of silver
nitrate using sodium
borohydride as a very strong
reductant.

CNF films were synthesized at
the lab using PVA and glycerol in
a glass flask at controlled a
temperature, and pouring the
suspension into petri dish for
casting. Films were immersed
into different concentrations of
silver nitrate solutions first and
then into sodium borohydride
solution for chemical reduction
and to impregnate Ag NPs.

SEM. The amount of
Ag NPs formed on
the surface was
related to the
concentration
sprayed. EDX was
used to confirm the
presence of Ag NPs
on substrate. TEM
was used to
determine the size
and size distribution
of Ag NPs loaded to
the substrate.

SERS platform
for detection of
pesticides in
apples

UV vis was used to
detect Ag NPs
prepared with
different
concentrations of
sodium
borohydride. TEM
was used to get the
size distribution of
Ag NPs.

was not given.
However, based
on the Ag+
concentration
used, maximum
loading
achievable is
around ~10-15
wt%. Actual
retention or
loading is
known.

NP loading and
retention is
unknown.

[178]

LBL: layer-by-layer, NFC: Nanofibrillated cellulose, MMT: Montmorillonite, WVP: Water vapour permeability, XRD: X-ray diffraction, PVA: Poly(vinyl alcohol), CNF: cellulose
nanofibre, EDX: Energy dispersive X-ray spectroscopy, SERS: surface-enhanced Raman spectroscopy.
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1.2.3.1 Nanocellulose-inorganic NP composite production
There are mainly two approaches for adding/binding NPs to nanocellulose paper – “surface
treatment” where dry nanocellulose sheet is impregnated with NPs, and “wet end addition” where
are NPs are added to nanocellulose before sheet forming. A brief review of main attachment
methods are presented in this section.
1.2.3.1.1 Surface treatment
In surface treatment, NPs are more concentrated on the surface and the retention of NPs are
generally higher compared to wet end addition. The extent of NP penetration into nanocellulose
paper is controlled by the base paper’s roughness and porosity (paper structure) and
hydrophobicity (sizing) [179]. There are many surface treatment methods, but here we only intend
to briefly summarize the most used methods to impregnate NPs into nanocellulose paper. They
are LBL, size press treatment, sol gel method, in-situ precipitation and spray deposition.
1.2.3.1.1.1 Layer-by-layer deposition
Layer-by-layer (LBL) involves the adsorption of different materials (mainly oppositely charged)
onto a solid substrate to create multilayers. Number of layers required can be controlled with the
properties of the material. Often, increase in thickness of the paper improves the properties of
the composite. Eita et al. (2011) produced multilayer thin films composed of NFC, polyvinyl amine
(PVAm) and SiO2 fabricated on polydimethylsiloxane (PDMS) using LBL adsorption technique [174].
The multilayer build up and the film structure was characterized through quartz crystal
microbalance with dissipation (QCM-D) analysis, ellipsometry and AFM. The thickness of the
composite increased with the number of bilayers and this improved the Young’s modulus in the
composite. Lu et al. (2007) used LBL to coat lignocellulose fibres with negatively charged
Poly(styrenesulfonate) and positively charged TiO2 [180]. The dry strength increased due to the
electrostatic bonding between positive and negative polyelectrolyte-fibre-TiO2 binding.
Photocatalytic activity was tested upon layer assembly. Higher polyelectrolyte thickness improves
the strength due to improved fibre interactions in the composite, however, lower photocatalytic
activity was observed due to more TiO2 on surface causing aggregates and self-shielding
themselves from light and pollutant. Aggregation of NPs on the surface is a drawback with this
technique.
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1.2.3.1.1.2 Size press treatment
During the size press treatment, the dry nanocellulose paper is passed through a size press where
the paper surface is exposed to NP suspensions combined with binders, which are mainly starch.
The binders are required to have a relatively low viscosity to transport the NPs onto and within
the paper surfaces. The main characteristics of the size press is that NPs are concentrated on and
near the surface of nanocellulose paper [149]. At times the functionality of NPs could be hindered
due to the coating created by the binder. There are number of examples where NPs are
impregnated in non-woven matrices using a size press [168, 181, 182].
1.2.3.1.1.3 Sol gel method
Sol-gel method was used for several decades as a method to prepare ceramic precursors and
inorganic glasses at relatively low temperatures. The main advantage of this process is that mild
conditions such as low temperatures and pressures are used [135]. Uddin et al. (2007) produced
photoactive TiO2 films on cellulose fibres using sol-gel method. During the process, TiO2 NPs are
anchored to cellulose fibres through negatively charged functional groups [183]. Homogeneous
distribution of TiO2 on the surface gave an effective photocatalytic activity in degrading methylene
blue dye. Small anatase TiO2 crystallites of about 3-5 nm are strongly adhered to the underlying
support and maintained the photocatalytic activity even after several cycles. TiO2 deposited in this
method protected the fibres from self-degrading. The retention of TiO2 NPs or the loading of the
NPs on the substrate, however, was not mentioned.
1.2.3.1.1.4 In-situ assembly
In situ assembly is usually done with the metal complex ions being attached to nanocellulose. Yan
et al. (2016) achieved the in situ synthesis of Ag NPs in nanocellulose matrix through chemical
reduction of silver nitrate (AgNO3) solution [177]. The nanocellulose paper was sprayed with
AgNO3 solution until the paper was fully wet and saturated. Then the in situ growth of Ag NPs on
nanocellulose paper was carried out through chemical reduction of AgNO3 by using sodium
borohydride as a strong reductant. The samples were characterized through SEM and TEM for
morphology and NP size distribution, and were tested for antibacterial activity. AgNO 3 reduction
using sodium borohydride was also done by Liou et al. (2017) to produce SERS substrate for
pesticide detection in apples [178].
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1.2.3.1.1.5 Spray deposition
Spray deposition is considered as an easy technique to produce large surface area composite
papers in a relatively shorter period of time. Krol et al. (2015) produced MFC-SiO2 nanopaper by a
rapid spray deposition technique [61]. MFC slurries with different SiO2 weight fractions were
prepared in up to 2 kg batches and intensively stirred. The composites were then made by spraying
MFC-silica slurries, using an in-house assembled spray coater, on a 25 cm diameter wet coated
cardboard. The speed of the coater could be varied from 1 to 4 m/min and can spray at a mass
flow of 0.75 kg/min. The excessive water in the sprayed slurries is removed through vacuum
suction and composites are peeled off from the cardboard after vacuum drying. Results suggested
that by changing the conveyer speed, the basis weight of the film could readily be manipulated.
Some surface damage was observed during film manufacturing. With this method, progressive
increase in SiO2 content resulted in formation of large SiO2 clusters embedded into MFC matrix.
MFC was not detected inside SiO2 clusters, indicating an incomplete dispersion of SiO2 in the
hydrogel. The Young’s modulus and stress at break reduced from 6.7 to 2.2 GPa and 74 to 23 MPa,
respectively, when SiO2 mass fraction increased from 0 to 33% [61]. This could probably be due to
large SiO2 cluster formation. It is not clear if this effect would still hold if the NPs were adequately
dispersed through the nanofibre matrix.
1.2.3.1.2 Wet end addition
Wet end addition provides distribution of NPs through the thickness of the nanocellulose paper,
allowing NPs to be distributed in the 3D matrix. Kim et al. (2013) made SiO 2-cellulose nanofibre
paper using wet-end addition method, where SiO2 was added to nanocellulose suspension,
vigorously mixed and then vacuum filtration was used to produce the composite [108]. Varanasi
et al. (2015) also incorporated 5 nm SiO2 NPs in MFC matrix using filtration [96]. Wang et al. (2013)
produced photocatalytic paper, where first TiO2 nanobelts undergoes a process of silver nitrate
reduction to produce Ag/TiO2 nanobelts, which were then mixed with cellulose nanofibres at
different Ag/TiO2 content after which vacuum filtration was used to produce photocatalytic paper
[114]. The photocatalytic paper produced gave high photocatalytic activity by degrading methyl
orange, and the activity increased with higher amount of Ag/TiO2 in the composite.
The major challenge in wet end addition method is the retention of anionic NPs in the anionic
nanocellulose matrix during filtration process against the drainage forces. With this method,
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generally, water soluble cationic polyelectrolytes, called retention aids, are often used to bridge
NPs tightly to nanocellulose network, to improve the retention [96, 149]. Cationic polyelectrolytes
are also claimed to improve the flocculation characteristics of fillers and fines [184]. On the other
hand, cationic polyelectrolytes can cause NPs to form large scale aggregations with themselves,
therefore, care should be taken when cationic polyelectrolytes are incorporated into the
composite [185].
Wet end addition is used in this thesis to incorporate NPs into nanocellulose matrix. NPs need to
be distributed within the three dimensions of the nanocellulose matrix and aggregation of NPs
need to be minimized. NPs chosen and nanocellulose are both anionic and will have some
electrostatic repulsion, therefore, next section reviews the importance of polyelectrolytes as
retention aids.

1.2.3.2 Polyelectrolytes
Polyelectrolytes are polymers bearing dissociated ionic groups that carries either positive or
negative charges; produce cationic or anionic polyelectrolytes, respectively [186]. In polar solvents,
these ionisable groups can dissociate, leaving charges on the polymer chains while releasing
counterions in solutions [187].
Polyelectrolytes can be classified into natural, modified natural and synthetic polymers, and exist
in linear, branched or cross-linked morphologies. Commercial synthetic polyelectrolytes are
usually produced through polycondensation or polyaddition process [188]. They are
macromolecules that exhibit various phenomena due to both their highly charged electrolytes and
macromolecular chain molecules. Strong and weak polyelectrolytes with high and low charge
densities are known based on the charge density and the acidity of the functional groups [189].
The chemical structure of polyelectrolytes can significantly vary depend on the different polymer
backbone structures available.
Polyelectrolytes are generally characterized through their polydispersity index, which is the ratio
of the weight average and number average molar masses. Most of the polyelectrolytes available
have a polydispersity index greater than 1, which means that they have a broader molar mass
distribution [190]. The charge density of polyelectrolytes, which is the total charge of the
polyelectrolyte, are given in meg/g and measured using titration with an oppositely charged
38

CHAPTER 1

polyelectrolyte until the zero charge is met [190]. This measures the total amount of charge in the
polyelectrolyte. Also, if the polyelectrolytes are not linear, the general size of polyelectrolytes are
characterized through the average radius of gyration (RG) and the average end-to-end distance of
the chain, which is dependent on both molecular weight of the polyelectrolyte and the condition
of the solution [191, 192].
During polyelectrolyte adsorption onto opposite charged surfaces, following processes occur:
transport of polyelectrolyte from the solution to the surface, the attachment of polyelectrolyte
onto the surface and re-conformation of polyelectrolytes on the surface [193]. Figure 10 shows
the conformation of the polyelectrolyte chain at a surface. The sections that touch the surface are
referred to as trains, any part of the chain that extends to the solution and returns back to the
surface are referred to as loops, and parts of the chain that does not return to the surface are
referred to as tails [194, 195]. On non-porous surface, a highly charged polyelectrolyte has a low
adsorption and is relatively independent of the molecular weight because the polyelectrolyte is
adsorbed in a flat conformation. An intermediate charge polyelectrolyte has a higher adsorption
and is dependent on the molecular weight because the polyelectrolyte is adsorbed in a much less
compressed conformation [196].

Figure 10:

Surface conformation of a polyelectrolyte indicating three segments; trains, loops
and tails (Obtained from Sennerfors [194]).

Cationic polyelectrolytes have been used for many years in the paper industry as a retention aid,
and to control the paper structure and porosity. Because of that there is an extensive amount of
work done on understanding the adsorption of cationic polyelectrolytes with cellulose fibres [26,
193, 197-200]. Generally, the primary factors affecting the flocculation of cellulose fibres with
polyelectrolytes include the charge density, molecular weight, morphology, drainage time and the
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dosage. Techniques such as AFM [201], neutron reflectometry [202], rheology measurements [203]
and focussed beam reflectance measurements (FBRM) [8] have been used by researches to
understand the interaction between cellulose fibres and cationic polyelectrolytes.
It is not currently clear how all of this work translate to nanocellulose fibres, which have the
diameter in the same order of magnitude as the radius of gyration as the cationic polyelectrolytes.
Recently, Raj et al. (2015) worked with nanocellulose and cationic polyelectrolytes and quantified
the effect of cationic polyacrylamide (CPAM) on the drainage of nanocellulose suspensions into
films [44]. The floc strength and drainability was quantified through the gel point. The gel point
was analysed with CPAM dosage, charge density and molecular weight. For all CPAM parameters,
gel point went through a minimum with increasing dosage, and is independent of the CPAM charge
density at constant molecular weight. Minimum gel point reduced with lower CPAM molecular
weight at a constant addition rate. Drainage time to produce a nanocellulose film reduced by 2/3
by halving the gel point from 0.2 to 0.1 kg/m3. This is attributed to more flocculated suspensions
facilitating drainage between flocs. Reducing the gel point also increased the porosity of the
nanocellulose films. This study indicates that by manipulating polyelectrolyte addition to
nanocellulose can change the final properties of the film. Incorporation of polyelectrolytes as
retention aids to nanocellulose-NP composite production may affect the final composite structure
and properties depending on the polyelectrolyte dosage.
In this thesis, two polyelectrolytes have been used as retention aids to produce composites; CPAM
(13 MDa molecular weight and 40% charge density) and polyamide-amine-epichlorohydrin (PAE).
Both of them are widely been used in paper industry.
1.2.3.2.1 Cationic polyacrylamide
Cationic polyacrylamide (CPAM) is a complex macromolecule available in both linear and branched
forms (Figure 11). Polyacrylamide is cationized through either copolymerization of a cationic
monomer with acrylamide or by modifying initial polyacrylamide chain. Understanding the
preparation, structure and the interaction of CPAM is crucial to effectively incorporate CPAM in
the nanocellulose-NP composites made in this thesis.
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Figure 11:

Structure of CPAM (Obtained from [204]).

CPAM normally comes in powder form and needs to be dispersed in water for longer period of
time to expand the polymer and gain an equilibrium solution. Dissolution kinetics of CPAMs with
13 MDa molecular weight and different charge densities (5, 10 and 40 %), were studied by Ngo et
al. (2013), who found that different charge densities affect the time required to completely
dissolve CPAM powder in aqueous solutions [205]. The kinetics monitored by measuring
macroscopic viscosity and hydrodynamic diameter indicated that both increased with time and
reached a plateau after a critical time. CPAM with 40% charge density reached the plateau at 8
hours, while 5 and 10% charge density CPAM reached it after 12 hours. A two-step mechanism
was proposed: an induction period where water diffuses into polymer powder (Figure 12a-b) and
creates a swollen surface layer (Figure 12c), then the dissolution period where the interactions
between the polymer-solvent and between charges overcome the polymer-polymer attraction
forces, causing polymer chains to expand and absorb the solvent, increasing dimensions of its coils
and the volume of the polymer matrix (Figure 12d-e) [206, 207].
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Figure 12:

Schematic of the dissolution kinetic of CPAM (Obtained from Ngo [205]).

1.2.3.2.2 Polyamide-amine-epichlorohydrin
Polyamide-amine-epichlorohydrin (PAE) is commonly used as a wet strength agent for paper
because of the cationic azetidinium groups present in the polymer that reacts with carboxyl groups
on the anionic fibre surface during the curing process. Structure of PAE is shown in Figure 13.
During the drying of the paper, PAE crosslinks under heating, forming a water insoluble three
dimensional network that prevents the fibre bond detachment and provide wet strength to the
paper [208, 209]. PAE is synthesized from polyamideamine chains by reacting with
ephichlorohydrin [210]. PAE molecules available commercially are highly dense polymers with
average weight and number molecular mass values of 1,140,000 and 27,000, respectively, giving
a polydispersity index of 42 [211].

Figure 13:
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Structure of PAE (Obtained from Aoyama [212]).
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1.2.3.3 Interaction between polyelectrolyte-NP systems in nanocellulose matrix
NPs can be added with polyelectrolyte into a nanocellulose matrix in many ways. Figure 14 shows
a schematic representation of the three components with their charges. The key properties of
nanocellulose-NP composite films are dictated by the NP structure embedded in the nanocellulose
fibre matrix. Each addition method has a different arrangement and an interaction of NPs with the
polyelectrolytes. This in turn means that understanding the interactions between NPs and
polyelectrolytes are essential to tailor nanocomposite with optimized properties.

Figure 14:

Three constituents in the nanocellulose-inorganic composites with same length
scale.

Lu et al. (2007) coated lignocellulosic fibres with an organized multilayers of poly(dimethyldiallyl
ammonium chloride) (PDDA) - polyelectrolyte and TiO2 NPs using LBL assembly process [180] for
photocatalytic activity. The fluorescent and SEM images indicated that there was a complete NP
coating on the fibres. Thicker layers of polyelectrolyte increased the paper dry strength, however,
it also caused TiO2 NPs to agglomerate and pile up, covering them from light and reducing the
photocatalytic activity [180].
Varanasi et al. (2015) used two methods to mix SiO2 NPs, PAE and nanocellulose together to
produce composites for ultrafiltration applications; direct addition (DA) and controlled
simultaneous addition (CSA). DA is where PAE and SiO2 NPs are directly added drop wisely to a
mixture of nanocellulose (one step procedure). CSA is where PAE and SiO2 NPs are added drop
wisely first to facilitate a complete coverage of polyelectrolyte on NPs, and then PAE-SiO2
suspension is mixed with nanocellulose suspension drop wisely again to get the final suspension
(two step procedure). The two addition methods resulted in different NP distributions as indicated
by SEM and pore size distribution analysis. Results revealed that CSA methods gave a uniform
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dispersion of SiO2 NPs coated PAE in the nanocellulose matrix whereas DA formed large
agglomerates of SiO2 NPs that effectively blocked the pores within the nanocellulose network [96].
The size of SiO2 NP agglomerates and the assembly of SiO2 NPs in the nanocellulose matrix with
two preparation methods were not mentioned.
Ngo et al. (2013) treated cellulose paper with CPAMs of different concentrations, charges and
molecular weights, and deposited Au NPs. The study quantified the effect of CPAM adsorption on
paper on the aggregation and retention of Au NPs to enhance SERS. SERS performance increased
for Au NP-CPAM paper than for untreated Au NP paper. SEM analysis revealed that depending on
the concentration of CPAM, the aggregation state of Au NPs differ (Figure 15), however,
aggregation size or assembly of Au NPs were not quantified [213].

Figure 15:

Nanoparticle aggregation based on (a) low CPAM concentration; (b) high CPAM
concentration (Obtained from Ngo [213]).

Zhang et al. (2013) prepared cellulose based photocatalytic paper with TiO 2 loaded carbon fibres
[214]. TiO2 NPs were bonded to carbon fibres using sodium silicate or aluminium sulfate binders.
As prepared TiO2-loaded carbon fibres were then mixed with softwood pulp suspension and PAE,
and hand sheets were made according to TAPPI test method T205. Photocatalytic activity was
tested by degrading MO under UV light. PAE improved the wet strength of the paper and did not
contributed to photocatalytic activity. This was the first study to evaluate the effect of wet
strength resins on photocatalytic activity. Introduction of PAE slightly decreased the
photocatalytic activity due to reduction in retention of TiO2 NPs [214]. The TiO2 in work may have
been cationically charged since the charge of TiO2 is dependent on pH of the solution [215]. No
characterization was done on the internal structure of PAE and TiO2 NPs on loading or retention.
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Martins et al. (2012) produced an antibacterial paper with Ag NPs, nanocellulose and
polyelectrolytes [168]. Effect of electrostatic assembly of Ag NPs with different polyelectrolytes
were tested; PDDA, anionic poly(sodium 4-styrenesulfonate) (PSS), poly(allylamine hydrochloride)
(PAH) and branched polyethylenimine (PEI). Nanocellulose was first treated with a cationic
polyelectrolyte followed by an anionic polyelectrolyte and then again with a cationic
polyelectrolyte. This promotes a charge homogeneity at the nanofibre surfaces that favours a
good deposition of Ag NPs. Ag NPs-treated nanocellulose with polyelectrolytes were then mixed
with starch binder and pressed into a bleached kraft pulp paper using a size press. The most
efficient deposition of Ag NPs on to nanocellulose was with PDDA and PEI polyelectrolytes with
anionic PSS. Composites were characterized through SEM indicating the presence of Ag NPs on
the surface of nanocellulose. The antibacterial results were higher for composites with higher
amount of Ag NPs deposited.
Xiao et al. (2009) used polyelectrolyte multilayer assembled electrospun polymer nanofibres to
immobilize zero-valent iron (ZVI) NPs [216]. Negatively changed cellulose acetate nanofibres
fabricated

through

electrospinning

were

assembled

with

multilayers

of

poly(diallyldimethylammonium chloride) (PDADMAC) and polyacrylic acid (PAA) through
electrostatic LBL assembly. The treated cellulose acetate nanofibres were then used as a reactor
for the formation of ZVI NPs by the reduction of Fe(II) ions through binding with free carboxyl
groups of PAA. The composites were characterized through SEM, TEM, energy dispersive
spectroscopy (EDS), Fourier transform infrared spectroscopy (FTIR), and thermogravimetry
analysis. All techniques confirmed that ZVI NPs were successfully synthesized and uniformly
distributed. Loading and size of ZVI NPs can be tuned with the polyelectrolyte and binding layers.
The study suggested that when the size of ZVI NP clusters are bigger, the reactivity of ZVI NPs are
poor in dye degradation. The influence of polyelectrolytes on the NP aggregation and assembly is
therefore an important parameter to consider during fabrication of composites.
Salmi et al. (2009) studied the adsorption behavior of the layers formed by SiO2 NPs and
nanocellulose together with CPAM using QCM-D and AFM [217]. The composites were made using
LBL technique. QCM-D was used to study the adsorption of the layer formed by SiO2 and
nanocellulose together with CPAM. AFM was used to study the interactions between cellulose
surfaces. During the layer formation process, QCM-D indicated that nanocellulose formed a loose
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and a thick layer containing excessive amount of water. SiO2 NPs were able to penetrate the CPAM
structure while nanocellulose formed individual layers between CPAM layers. Information on
CPAM-SiO2 NP internal structure characterization is not given.
Although, as summarized above, polyelectrolytes have been used in nanocellulose-NP composite
production, proper techniques have not been used to characterize the internal structure of NPpolyelectrolyte complexes in nanocellulose matrix. It is believed that by understanding the
interaction of polyelectrolytes in the composites, composites can be engineered better for high
end applications.

1.2.4 Perspective and conclusion
The combination of inorganic NPs and nanocellulose uses the benefits of the properties of both
components and simultaneously results in enhanced properties due to synergistic effect. The
potential of these composites are promising and attracting. The major impact of applications
penetrating to the market will at least be decades away. In an attempt to further understand the
missing knowledge and improvements that can be done on nanocellulose-inorganic NP
composites, a literature review was conducted to highlight some of the issues related to
nanocomposite preparation and characterization. The performance of the final material depends
greatly on the preparation methodologies employed in their production. It is believed that these
nanocomposites’ performances can further be improved by proper composite production and the
application of better characterization techniques.

1.2.4.1 Composite production
As shown in Table IV (Section 1.2.3), even though a significant progress has been made on
incorporating NPs into nanocellulose matrixes for different applications, a general understanding
has yet to emerge. Methods to distribute NPs through the 3D of nanocellulose paper substrate
were only developed recently. Therefore, a little attention is given to engineering the structure of
nanocellulose-NP composites. Nanocellulose-NP composites are unusual because both the
nanofibres and NPs are prone to agglomeration. With the pore structure of nanocellulose, the
picture of individual NPs evenly distributed through a semi-continuous matrix does not hold up.
Thus, more effort are needed to relate the internal structure to the macroscopic performance of
the nanocomposites.
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Table IV reveals that NPs can take up many roles in the nanocellulose matrix, as fillers, functional
materials and as both fillers and functional materials. While the use of NPs to produce composites
is targeted toward specific applications, the effect that NPs in the nanocellulose matrix has on the
final properties of the composite in terms of variation in the structure is not properly explored.
The method used to characterize the structure of the composite is mainly limited to SEM which
only gives information about the morphology of the surface. Also, Table IV shows that while NP
loadings have gone up to >50% for NPs such as MMT (which are platelets with both positive and
negative changes), anionic and spherical NPs have only been used at low levels of loading without
any indication of their retention.
All these information indicate that there is room for improvement in these nanocellulose-NP
composites. The major challenge in developing such composites for high end applications is the
lack of structure-property relationship data and the challenge of dispersing the NPs in
nanocellulose substrate while the retention and agglomeration is controlled. Establishing such
models require answering the following questions:


Can the nanocomposite structure be controlled/changed with systematic loading of NPs,
and how does that affect the final properties (strength, pore size distribution)?



What is the maximum NP loading achievable while maintaining the retention and uniform
distribution in the 3D network?

Therefore, quantifying the effect of NP loadings and sizes on structure and properties of the
nanocomposite is a critical area that will be addressed in this thesis.
As shown in Table IV, most of the publications have complicated and expensive methods to
produce nanocomposites which hinder the commercialization of such composites. Functional
nanocellulose based composite production using MMT and TiO2, using cheap and easily scalable
methods, which gives improved water vapour barrier performance and photocatalytic activity,
respectively, will therefore be addressed in this thesis.

1.2.4.2 Composite characterization
Although there are many publications on the use of polyelectrolytes to fix NPs, the
characterization of the composite is mainly limited to imaging techniques such as SEM. Such
techniques could be used to get a basic idea of the structural variation with the preparation
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method, but, it cannot be used to get a complete picture of the nanoscale interactions between
polyelectrolytes and NPs. Generally, SEM is a limited tool because 1) SEM only use a selected area
and does not provide information about local distribution of NPs in the matrix; 2) SEM only shows
the NPs appearing on the surface (2D-imaging); 3) the interaction between polyelectrolytes with
NPs is not visible; 4) when the colloidal size is reduced from micro- to nanoscale, the structure is
very complex and less well understood and the resolution of SEM to characterize the structure
may be insufficient.
As discussed in Section 1.2.3.3, the order and the procedure of mixing three nanoscale materials
(nanocellulose, NP and polyelectrolyte) changes the aggregation of NPs in the composites. The
interactions between polyelectrolytes and NP systems, without a matrix, has been studied
extensively. For example, Pandav et al. (2015) presented a computational study of the interactions,
phase behaviour and aggregation characteristics of positively charged spherical particles with
negatively charged polyelectrolytes [218]. Pryamitsyn et al. (2014) presented a depletion and
electrostatic interaction between uncharged and charged particles in a polyelectrolyte system
[219]. While there have been studies conducted on the use of polyelectrolytes and interactions
between polyelectrolytes and NPs systems, the structural assembly of different NP sizes under the
influence of different polyelectrolyte dosages and the interaction of NPs in the presence of a
nanocellulose matrix is poorly understood. So there remains a clear gap in utilizing proper
characterization techniques to characterize the internal structure of NP-polyelectrolyte complexes
in nanocellulose matrix, thus this gap will be addressed in this thesis.
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1.3 GAPS IN KNOWLEDGE
This critical review of nanocellulose, inorganic nanoparticles (NPs), production of nanocelluloseNP composites and use of polyelectrolytes as retention aids/binders has shown the path to
developing new materials. Nanocellulose is an emerging class of material with many potential
applications. It is recyclable, eco-friendly, biodegradable material that possesses excellent
properties such as very high mechanical strength, good barrier and optical properties. This review
highlights that the property range achievable with nanocellulose by itself is limited, and that
nanocellulose-inorganic NP composites can combine the advantages of the two individual
constituents, and is a promising candidate to tailor composites for high end applications.
Although there are nanocellulose-inorganic NP based composites available, the effect of three
critical nanoscale materials; nanocellulose, NPs and polyelectrolytes on the structure and the
effect of changing structure on the final composite properties has not been properly explored.
Also, how these nanoscale materials should be added, and the effect of addition process on the
retention and NP arrangement in the nanostructure is poorly understood in literature. Moreover,
the interaction of polyelectrolytes with NPs in a nanocellulose matrix has been poorly
characterized previously. It is extremely crucial to characterize such systems properly to obtain
the structural assembly of these NPs with polyelectrolytes to effectively bring out the functionality
of the NPs.
The critical questions left unanswered include:
1. Characterizing the nanocellulose-NP composites and its properties.


How can NPs be incorporated into the nanocellulose matrix without reducing the
retention of NPs?



What is the maximum loading of NPs achievable?



Can the structure of the composite be controlled by varying NP loading and
different sizes? Does that affect the final composite properties?



Can a structure-property model be developed for nanocellulose-inorganic NP
composites?
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2. Development of proper characterization techniques to characterize the internal structure
of NP-polyelectrolyte complexes in nanocellulose matrix


What is the structural assembly of NPs under the influence of cationic
polyelectrolytes?



Does the structural assembly change with NP sizes and different dosages of cationic
polyelectrolyte?
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1.4 RESEARCH OBJECTIVES
This doctoral thesis has three main objectives. First objective is to produce nanocellulose-NP
composites with different NP sizes and NP loading varying from low to extremely high. This is done
to understand the effect of NP loading has on structure and property of the composite. The second
objective is to characterize the internal structure of NP-polyelectrolyte complexes in nanocellulose.
The third objective is to produce and engineer composites in laboratory scale with nanocellulose
and functional NPs for specific applications.
The specific research aims are:
1. Quantify the effect of NP loadings and sizes on structure and properties of the final
composites and the maximum loading of NPs achievable in the matrix.
2. Quantify the effect of NP sizes and polyelectrolyte dosages on the structural assemblies of
NP-polyelectrolyte systems in nanocellulose matrix.
3. Production of montmorillonite (MMT)-nanocellulose composites as a strong, fine-tuned
material for water vapour barrier applications.
4. Production of titanium dioxide (TiO2)-nanocellulose composites as a portable, green
material for effective photocatalytic degradation of toxic substances.
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1.5 THESIS OUTLINE
This thesis is presented in the format of “Thesis with publications” based on the Monash University
guidelines for Doctor and MPhil Degrees 2016 and the Thesis with Publications guidelines. It
consists of five experimental chapters of which three of them are already published and two are
submitted. All published papers are reformatted for a consistent presentation whilst the content
remains unchanged. The original publications are provided in Appendix II.
A chapter-by-chapter outline based on the research aims, the conducted research studies and the
successful outcome is presented.


Chapter 1 – Introduction and Literature Review

This chapter reviews nanocellulose and inorganic nanoparticles as materials including their
individual properties and applications. The limitations of nanocellulose and nanoparticles on their
own is identified and the review on nanocellulose-inorganic nanoparticle composites is done. Gaps
in knowledge were identified from the literature reviews. In order to address these issues of
concern, the main objectives were raised to guide the experimental work required.



Chapter 2 - Strong cellulose nanofibre – nanosilica composites with controllable pore
structure

Uthpala M. Garusinghe, Swambabu Varanasi, Gil Garnier, Warren Batchelor. Strong cellulose
nanofibre–nanosilica composites with controllable pore structure. Cellulose, 2017. 24(6): p. 25112521.
Impact factor: 3.417
This chapter explores the production of flexible nanocellulose-SiO2 nanoparticle (NP) composites
with two different SiO2 NP sizes and varying SiO2 loading from 5 to 77 wt%. The aim of this work
was to understand and quantify how changing NP size and loading can change the composite
structure, and how change in structure affect the final film properties. Composites were prepared
by complexing SiO2 NPs with cationic polyacrylamide (CPAM), followed by retaining SiO2-CPAM
complex on nanocellulose fibre network. Preparation method allowed a NP retention above 90%.
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Film thickness was approximately constant at low loading, indicating that NPs are just filling the
gaps created by the nanocellulose network. Thickness drastically increased beyond a certain
loading, indicating that the structure of the composite changes from a thin film to a packed bed
structure. At this point the NP-CPAM complexes are too large to accommodate into the pores of
the fibres, therefore, embedding into the matrix pushed fibres apart. Much tighter controlled pore
size distribution was achieved at this point. The resultant composites have a controllable pore
structure (100-1000 nm to 10-60 nm). The tensile index of nanocellulose mass basis was
maintained for the entire range of loadings, indicating that NPs do not interfere with the bonding
between nanocellulose fibres. This study proves that structures and properties of the composites
can tremendously be varied with the addition and retention of NPs in nanocellulose based
composites. The model prepared in this work can be used to engineer materials that requires the
flexibility, controlled pore structure and high surface area.



Chapter 3 – Investigating silica nanoparticle – polyelectrolyte structures in
microfibrillated cellulose films by scattering techniques

Uthpala M. Garusinghe, Vikram S. Raghuwanshi, Praveena Raj, Gil Garnier, Warren Batchelor.
Investigating silica nanoparticle-polyelectrolyte structures in microfibrillated cellulose films by
scattering techniques. 16th Fundamental Research Symposium, Oxford, September 2017. 2: p. 823836.
This chapter explores the use of different scattering techniues to chracaterize the NPpolyelectrolyte interactions in suspension and in nanocellulose fibre matrix using dynamic light
scattering (DLS) and small angle X-ray scattering (SAXS), respectively. Composites with varying
CPAM dosage were prepared by firstly complexing SiO2 NPs and CPAM together, secondly SiO2CPAM suspension is mixed with nanocellulose suspension and thirdly final composite sheet
production through standard papermaking procedure. DLS revealed that higher CPAM dosage
creates larger sized CPAM-SiO2 NP aggregates due to more NPs are picked up by stretched CPAM
chains. SAXS study reveled that the structural assembly of 22 nm SiO2 under the influence of CPAM
fits well with a sperical core shell model (with SiO2 partucally covered with CPAM) and sphere
model (SiO2 alone) combined together. Use of scattering techniques to characterize NPpolyelectrolyte systems enable us to better engineer composites for high end applications.
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Chapter 4 – Assembly of nanoparticle – polyelectrolyte complexes in nanofiber cellulose
structures

Uthpala M. Garusinghe*, Vikram S. Raghuwanshi*, Christopher J. Garvey, Swambabu Varanasi,
Christopher R. Hutchinson, Warren Batchelor, Gil Garnier. Assembly of nanoparticlespolyelectrolyte complexes in nanofiber cellulose structures. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2017. 513: p. 373-379.
*Both authors have contributed equally
Impact factor: 2.714
This chapter explores the use of SEM, TEM and SAXS techniques to characterize the structural
assembly of 8 nm SiO2 NP under the influence of different dosages of CPAM. The composite
suspensions were made by complexing SiO2 NPs and CPAM together, and then mixing CPAM-SiO2
suspensions with nanocellulose suspensions to get the final suspension. Composite sheets were
then made using a standard paper making procedure. SEM indicates that NP-CPAM complexes are
filling the gaps created by the nanofibre network. Data fitting and analysis allows to understand
the interparticle interaction within assemblies of SiO2 NPs at the nanometer scale with respect to
different CPAM concentrations.

8 nm NPs in the composite shows a lognormal bimodal

distribution of NP sizes. Higher CPAM dosage increased retention of NPs within nanocellulose
matrix, creating a stronger interparticle interactions and result in composites with smaller pores.
With CPAM dosage increased from 16.5 to 330 mg/g NPs, the correlation length increased from
30 to 70 nm. Correlation length indicates the size of NP clusters. This study concludes that
understanding the effect of CPAM concentration on various NP sizes and composite structural
conformations enable to engineer novel hierarchically and functional nanocellulose based
inorganic NP composites.
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Chapter 5 –Nanocellulose – montmorillonite composites of low water vapour
permeability

Uthpala M. Garusinghe, Swambabu Varanasi, Vikram S. Raghuwanshi, Gil Garnier, Warren
Batchelor. Nanocellulose-Montmorillonite Composites of Low Water Vapour Permeability.
Accepted by Colloids and Surface A: Physicochemical and Engineering Aspects, 2018.
Impact factor: 2.714
This chapter explores the production of montmorillonite (MMT)-nanocellulose composites as a
barrier material. The objective was to use a simple technique to develop a novel MMT (9.1-37.5
wt%)-nanocellulose composites of low water vapour permeability (WVP) by testing three different
processing methodologies; 1) MMT and nanocellulose mixed together followed by composite
sheet formation through paper making process, 2) MMT-nanocellulose suspension was sonicated
before composite sheet formation 3) MMT-nanocellulose suspension was homogenized before
composite sheet formation. The composites remained very strong (strength-110 MPa), stiff
(modulus-11 GPa) yet flexible. SEM proved that MMT is uniformly distributed across and within
the composite sheet. WVP worsened with the sonication step (methodology 2) as sonication
breaks MMT platelets into smaller particles which then decrease the tortuosity in the membrane.
With methodology 1, WVP decreased by half to 13.3 ± 2.0 g.μm/m2.day.kPa with 16.7 wt% MMT
content. Further increasing MMT content increased WVP and this was assumed because of the
aggregate formation of MMT at high loading. With the homogenization step (methodology 3), the
WVP increased even further, achieving lowest of 6.33 ± 1.5 g.μm/m2.day.kPa with 23.1 wt% MMT.
This is the lowest achieved for the nanocellulose-clay composites published in literature. With
homogenization, MMT aggregates are broken down to smaller sizes, maximizing the available
surface area that creates a better tortuous path for permeating molecules. This study proves that
processing methodology is important to create a good barrier material. The composite produced
in this work is recyclable and biodegradable. These thin, inexpensive, strong and flexible
composites present a new and attractive option as a recyclable/compostable packaging material
for applications where water vapour protection in crucial.
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Chapter 6 – Water resistant cellulose – titanium dioxide composites for photocatalysis

Uthpala M. Garusinghe, Vikram S. Raghuwanshi, Warren Batchelor, Gil Garnier. Water resistant
cellulose – titanium dioxide composites for photocatalysis. Under final review by Scientific Reports,
2018.
Impact factor: 4.259
This chapter explores the production of titanium dioxide (TiO2)-nanocellulose composites for
photocatalytic contaminant removal by using methyl orange (MO) as a model dye pollutant.
Photocatalytic composites consisting of nanocellulose – polyamide-amine-epichlorohydrin (PAE)
– TiO2 were prepared by a papermaking technique with TiO2 loading from 0.5-80 wt% and two
different PAE dosages (10 and 50 mg/g MFC). Composites were prepared using a simple two step
procedure – PAE added to nanocellulose to coat a monolayer of polymer on fibre, followed by
addition of TiO2. In addition to holding nanocellulose structure, higher PAE dosage helped
retaining more TiO2 in the matrix. The composites exhibit a remarkable photocatalytic activity by
degrading MO to 95% in 150 minutes for the composite with best combination of TiO2 and PAE.
SEM confirmed that TiO2 is located on the surface of nanocellulose rather than in between pores
created by nanocellulose, and TiO2 is uniformly distributed in the matrix. SEM also confirmed that
at higher TiO2 loadings, aggregations of TiO2 NPs were seen. This composite leads to an important
application in photodegradation of organic pollutant. The composites were repeatable,
reproducible and reusable – no reduction in photocatalytic activity or destroyed nanocellulose
structure even after repeats of 3 cycles. The material can readily be removed from the pollutant
medium once used. The composites therefore are durable, cheap, green, can easily scale up and
portable. The two stage mixing procedure of TiO2 composite making is promising for a simple
manufacture of high performance photocatalytic paper. This material has a good potential in the
field of waste water treatment applications.



Chapter 7 – Conclusion and Perspective
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PREFACE
Property range of nanocellulose by itself is limited and there is a need to explore new possibilities
by combining nanocellulose with inorganic nanoparticles (NPs). Also, NPs have versatile properties
and can be selected for their chemical composition, but also can be tailored for their size, shape
and surface area and chemistry properties. However, on its own NPs agglomerate and diminish
the properties associate with the nanoscale, and also NPs on its own can cause uncontrolled
release of NPs to air. Therefore, combining NPs in a nanocellulose matrix can be used to develop
new functional materials. In literature, there is a poor understanding of the role played by NPs in
the nanocellulose composite structure, and how structure changes with systematic loading of NPs.
This chapter presents the effect of NP loading and different NP sizes on the structure and its
properties. Two different silicon dioxide (SiO2) NP sizes were chosen. Cationic polyacrylamide
(CPAM) was used to retain SiO2 NPs in the microfibrillated cellulose (MFC) structure. Variation in
retention, thickness, fractional density, morphology, pore size distribution and strength was
quantified.
This chapter follows the first objective.
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2.1 ABSTRACT
Flexible Nanocellulose composites with silica nanoparticle loadings ranging from 5 to 77 wt% and
tuneable pore size were made and characterized. The new composites have a pore structure that
can be controlled (100-1000 nm to 10-60 nm) by adjusting the silica nanoparticle content.
Composites were prepared by first complexing nanoparticles with a cationic dimethylamino-ethylmethacrylate polyacrylamide, followed by retaining this complex into a nanocellulose fibre
network. High retention of nanoparticles resulted. The structural changes and pore size
distribution of the composites were characterised through scanning electron microscopy (SEM)
and mercury porosimetry analysis, respectively. The heavily loaded composites formed packed
bed structures of nanoparticles. Film thickness was approximately constant for low loading
composites indicating that nanoparticles are filling the gaps created by nanocellulose fibres
without altering the structure. Film thickness increased drastically for high loading because of the
new packed bed structure. Unexpectedly, within the spectrum of loadings, the tensile index on a
nanocellulose mass basis was maintained, showing that the silica nanoparticles did not
significantly interfere with the bonding between the cellulose nanofibres. This hierarchically
engineered material remains flexible at all loadings and its unique packing can be used in
nanocellulose composites applications that requires a controlled pore structure and high surface
area.
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2.2 KEYWORDS
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2.3 INTRODUCTION
The pursuit for novel structures with nanoparticles (NPs) is ever increasing because of their
excellent properties, such as providing large surface area. NPs can be selected for their chemical
composition, but also tailored for size (scale), shape (cylindrical, plane, spherical) and surface
properties (surface area, bonding type, charge distribution) [1-3]. Although NPs have versatile
properties and can self-aggregate, their use raises important issues concerning their uncontrolled
release to air when dry which might limit applications. To prevent release, NPs can be dispersed
in a supporting matrix or sintered to form films. Embedding NPs in a continuous polymer matrix
limits the availability of NPs’ surface. Sintering retains NPs together by forming a composite film
typically brittle and weak, also limiting applications. Ideally, the NP embedding matrix is strong,
flexible and durable, able to retain NPs while allowing the surface area of NPs to be readily
available; combining these requirements has remained a significant challenge.
Using nanocellulose as the structural component/binder to hold NPs in the matrix opens up a new
path to tailor performant nanoparticulate composites. The porous fibre structure allows access to
NPs in the material. Nanocellulose is a renewable and sustainable nanomaterial which is
biodegradable, recyclable and readily available [4, 5]. Nanocellulose has great potential in many
applications for its high mechanical strength, low thermal expansion, large surface area, and broad
capacity of chemical modifications and flexibility [6, 7]. While the diameter of nanocellulose
ranges from 1 to 100 nm [8], the lengths are in micron scale, which gives nanocellulose fibres a
high aspect ratio, allowing for a highly entangled network when transformed into a nonwoven
material [9]. As a result, nanocellulose can form aerogels [10], strong films [6], membranes [11],
bio-composites [12], hydrogels, etc. Each of these substrates with high porosity can serve as a
flexible template or carrier for NPs, enabling the production of nanocomposites that combine the
advantage of two constituents [13, 14].
Even though progress has been made on developing nanocellulose-NP composites, there is a poor
understanding of the role played by NPs in the composite structure. In particular, the performance
of the material at very high NP loadings and the variation in performance, surface area and pore
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size with NP loading is not well understood. Nanocomposites with very high NP loading have been
created with mixing cellulose nanofibrils and montmorillonite together achieved 90 wt% clay
loadings which helped improve the tortuosity in the composite to lower the oxygen permeability
[15]. However, factors such as shape of clay, size and the cationic charge altogether makes it easier
for clay to bind to nanofibril network. On the other hand, anionic and spherical NPs such as SiO2
with dimensions in the same range as nanofibre diameters are far more difficult to retain within a
cellulose fibrous matrix.
In this paper, we have focussed on composites made of nanocellulose and silica NPs. Materials
from silica NPs have widespread application in drug delivery [16, 17], serve as separators in Li-ion
batteries [14, 18], and while silica NPs have been used at low levels in nanocellulose membranes
[13, 19], there has been no systematic study of silica NP-nanocellulose composites across the
range of composition. Therefore, the aim of this work is to produce flexible, strong and pore size
controllable nanocellulose composites from a solution/filtration process providing high retention
of NPs in the structure while retaining the availability of NPs surface.

2.4 EXPERIMENTAL
2.4.1 Material
Micro fibrillated cellulose (MFC) was purchased from DAICEL Chemical Industries Limited, Japan
(grade Celish KY-100G). MFC was supplied at 25% solids content and stored at 5oC as received.
MFC has a mean diameter of 73 nm and an aspect ratio between 100 to 150 [20].
Cationic dimethylamino-ethyl-methacrylate polyacrylamide (CPAM) polymer of high molecular
weight (13 MDa) and a charge density of 40 wt% (F1, SnowFlake Cationics) was kindly supplied by
AQUA+TECH, Switzerland. This CPAM can flocculate nanofibres [21] and NPs.
NexSil 85-40 and NexSil 125-40 Aqueous Colloidal Silica with surface area of 55 m2/g and 35 m2/g
respectively were provided by IMCD Australia Ltd as 40 wt% suspensions. Diameter distributions
are summarized in Table 1.

91

CHAPTER 2

Table I:

Diameter distribution of NPs (full details in Appendix I Figure A1).
Image J using SEM images

Dynamic light scattering (DLS)

NexSil 85-40 (Small)

30 nm and 70 nm

35 nm and 78 nm

NexSil 125-40 (Large)

60 nm and 130 nm

46 nm and 113 nm

2.4.2 Method
2.4.2.1 Preparation of MFC, CPAM and NP suspensions
A 3L Mavis Engineering (Model No. 8522) disintegrator was used to disperse 0.2 wt% nanofibres
in deionized water uniformly using 15,000 propeller revolutions. 0.01 wt% CPAM solutions were
prepared by mixing CPAM powder in deionized water using a magnetic stirrer for 8 hours prior to
the experiment to ensure full solubilisation [22]. 0.1 wt% of Silica NP suspensions were prepared
by diluting 40 wt% silica NP suspension using deionized water and mixing using a magnetic stirrer
for 10 minutes prior to use. All suspensions were prepared at room temperature.

2.4.2.2 MFC sheet preparation
Nanofibre sheets were prepared using a standard British hand sheet maker (model T205). The
hand sheet maker was equipped with a woven filter with average openings of 74 microns. 0.2 wt%
solids MFC suspension was poured into the hand sheet maker and allowed to drain under gravity.
After the water drained, film formed was removed from the filter using blotting papers and then
dried at 105oC using a sheet drier.

2.4.2.3 MFC-NP composite preparation
Preparation of composite suspension involved mixing nanofibres (0.2 wt%), colloidal silica (0.1
wt%) and CPAM (0.01 wt%) suspensions together (Figure 1a) by double controlled simultaneous
addition method (CSA) [13, 23]. Firstly, CPAM and NP suspensions were mixed together; secondly,
the NP-CPAM and nanofibre suspensions were mixed to obtain the final suspension of 0.15 wt%.
To facilitate the mixing in both stages, a small amount of deionized water (50 mL) was initially
added to both beakers. In the composite suspensions preparation, silica weight fraction varied
from 5-77 wt%. As composites with higher NP content have more solution to be mixed, flowrates
were varied. CPAM flowrate ranged from 2.1 to 165 mL/min, NP suspension flowrate varied from
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5.2 to 397 mL/min while nanofibres were mixed at 75 mL/min. Flowrates were adjusted to keep
the mixing time in each step at 8 minutes. Final suspension was poured into the British hand sheet
maker for composite processing as described above. The NP - CPAM ratio was kept constant at
0.5mg CPAM / 1m2 NP for all composites because a complete retention was achieved at this ratio.
Nanofibre mass was fixed to 1.2 g while NPs were added as a percentage of nanofibre mass.
Therefore, composite’s final mass varied. Two sets of composites were prepared for two different
NP sizes. The notations given were “Composite V/S” for variable total grammage and small NP size,
and “Composite V/L” for variable total grammage and large NP size.

Figure 1:

Preparation of nanocomposite. (a) Controlled Simultaneous Addition (CSA)
method. (b) Preparation of composite sheet by filtration method. (c) Composite
sheet processed using blotting papers. (d) Free standing 77 wt% V/S composite
sheet. (e) Illustration of flexibility of 77 wt% V/S sheet.
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2.4.3 Characterization
2.4.3.1 Structure and morphology study
SEM was performed using a FEI Nova NanoSEM 450 FEG SEM on nanofibres, composites and
casted silica NPs to quantify structure and morphology. To prepare samples for SEM study, a 3
mm by 3 mm sample square was mounted onto a metal substrate using carbon tape and coated
with a thin layer of Iridium.

2.4.3.2 Thickness and density measurements
Thickness of the composites was measured using L&W thickness tester (model no 222); the
average thickness of ten points was used. Theoretical density of silica NPs and nanofibres are taken
as 2400 kg/m3 and 1500 kg/m3 respectively [20]. Composite density was calculated after the
sample was oven dried for 4 hours at 105oC; volume was calculated from the area and thickness
of the composite after oven drying. The minimum thickness, tm was calculated as:
tm =

gf gs
+
ρf ρs

Equation 1

Where 𝑔𝑓 and 𝑔𝑠 are grammage (g/m2) of nanofibres and NPs respectively, and 𝜌𝑓 and 𝜌𝑠 are the
densities of nanofibres and NPs, respectively. The maximum density of the composites was
calculated with:
ρm =

gf + gs
tm

Equation 2

Fractional density ratio is the density of composite divided by theoretical maximum density.

2.4.3.3 Pore size distribution measurements
Pore size distribution and surface area of composites were measured using a mercury porosimetry
(Micromeritics’ AutoPore IV 9500 Series). The sheets were cut into 5 mm by 5 mm pieces and
placed in the sample holder, then degassed overnight at 105 oC. Samples were then transferred
into a penetrometer (0.412 stem, solid) and used for analysis. The minimum size of pore that can
be measured using mercury porosimetry is 3 nm.
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2.4.3.4 Particle and colloid charge
The zeta potential measurements for MFC and SiO2 NPs were performed with a Nanobrook Omni
(Brookhaven Instruments) in a cuvette cell at 25oC. Using the supplied software, zeta potential
was calculated by determining electrophoretic mobility from an electrophoresis experiment using
laser Doppler velocimetry and applying the Smoluchowski equation. 0.2 wt% MFC suspension was
centrifuged at 4400 rpm for 20 minutes to remove big aggregates and the supernatant containing
colloidal nanocellulose was then used to measure the zeta potential. 0.1 wt% SiO2 suspension was
used as it is for the measurements.

2.4.3.5 Mechanical strength
An Instron tensile tester (model 5566) was used to record the tensile strength based on
Australian/New Zealand Standard Methods 448s and 437s. Composites were cut into 120 mm x
15 mm strips and equilibrated at 23oC and 50% relative humidity for a minimum of 24 hours prior
to dry tensile testing. The span tested was 100 mm and the elongation was 10mm/min. For each
sample, a mean value was obtained from 20 valid tests.

2.5 RESULTS AND DISCUSSION
Two series of composites, V/S and V/L, were prepared with small (S) and large (L) NPs, respectively.
Nanofibre grammage was fixed at 60 gsm to allow a good retention of NPs in the nanocellulose
matrix at all NP loadings in both composites. Basis weight of films vary as the NP loading increasesdenoted variable (V). Composite properties are evaluated in terms of SiO 2 loading and discussed
in terms of composite structure. Retention efficiency in composite of both small and large NPs
with and without CPAM are given in Figure 2. Retention efficiency is the ratio of the total solid
content retained after the filtration process over the initial solid content added to the suspension.
The sheet preparation technique used resulted in high retention efficiency for both series.
Nanofibre sheets alone have 98% fibre retention with 0.2 wt% fibre concentration because highly
entangled network of fibres prevented fibres loss during the filtering process. The composites
achieved high loadings (up to 77 wt%) as the majority of the NPs are strongly bounded to
interconnecting cellulose fibres which provide a flexible material (Figure 1e).

95

CHAPTER 2

Both MFC and SiO2 are negatively charged with zeta potential of -26 mV and -29 mV, respectively.
Retention of SiO2 in an anionic matrix is unfavourable, particularly through filtration method.
However, some methods such as spray coating [14] or layer-by-layer techniques [24] can force the
adhesion of NPs onto the cellulose surface irrespective to charges. In such cases, retention is not
an issue. Without a retention aid such as CPAM, the retention is very low (Figure 2 triangles),
however still maintained around 20% at 77 wt% loading.

Figure 2:

Retention of nanofibres and NPs in the composite as a function of initial NP
loading.

SEM images of V/S composites with progressive increase of SiO2 content are shown in Figure 3.
SEM indicates that in the absence of NPs, nanofibres formed a highly interconnected, reasonably
dense film with pores of irregular shapes (Figure 3a). The density without NP addition was 750
kg/m3 which is consistent with the previous data obtained on sheets from these fibres of 783
kg/m3 [25]. As the NP content progressively increased, the nanofibre’s porous structure gets filled
up by the NPs (Figure 3b-d). High NP content formed large NP-CPAM clusters which remained
intact since there were no nanofibres seen in between clusters (Figure 3e). The aggregates are
distributed uniformly in the nanofibre matrix. Beyond a certain NP content, the aggregates
became larger than the inter-fibrous pores, thus embedding into nanofibre matrix caused
96

CHAPTER 2

nanofibres to push apart, de-structuring the nanofibre matrix into a packed bed structure. Hence,
NP content between 5-40 wt% (low loading) gives one regime where the role of NPs is to fill the
gaps in the nanofibre network. NP content between 50-77 wt% (high loading) represents another
regime where NP clusters form a much tighter controlled pore structure (Figure 3e-g). This
behaviour is schematically illustrated in Figure 4. Figure 3h-i shows SEM images of 60 wt% and 77
wt% respectively at low magnifications. SEM images for V/L composites can be found in Appendix
I Figure A2. The transition point from one regime to the other varied for V/S and V/L composite,
probably due to the size difference in NPs. These images are significant as they show a new packing
arrangement of SiO2 in the nanofibre matrix. SEM demonstrates that incorporation of silica NPs
as complexes is an effective way of controlling the pore structure and achieving high surface area
from the NPs. At very high NP content, the surface area of the composite obtained from mercury
porosimetry analysis almost doubled (33 m2/g for pure nanofibre sheet, 80 m2/g and 70 m2/g at
70 wt% V/S and V/L composites, respectively).

Figure 3:

SEM images of nanofibre composite (V/S) with a) nanofibre sheet alone, b) 20
wt%, c) 30 wt%, d) 40 wt%, e) 50 wt%, f) 60 wt%, g) 77 wt% NPs, respectively at
high magnification, h) 60 wt%, i) 77 wt% NPs, respectively at low magnifications.
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Figure 4:

Schematic mechanism of NP and CPAM hetero-coagulation with nanocellulose
(not to scale). (a) No CPAM: NPs flow through the gap (indicated by the arrow) (b)
With CPAM at low NP loading: CPAM bridges NPs with cellulose nanofibres (NPs
retain in the gap). (c) With CPAM at high NP loading: Large NP-CPAM structure
pushes nanofibres to fit the gap, creating a packed bed structure. Arrows indicate
the movement of fibres from the initial position.

Thickness variation also supports the de-structuring described through SEM images (Figure 5a).
Initially, the thickness increased slowly for V/S and V/L with NP addition level, but both series
showed a transition point where the slope of the data increased. This happened at 50 wt% for V/L
and 60 wt% for V/S composites by deforming the structure. Previous work published by us used
small angle X-ray scattering (SAXS) to quantify the structure of silica NP/MFC/CPAM system which
gives statistical measurements on the structure [26]. The paper explains that the higher CPAM
dosage gives bigger/bulk NP clusters. Therefore, high dosage of CPAM (0.5 mg/m2) was used in
this study and as a result, SiO2 NPs formed big clusters and retained in the structure, which
contributed to almost double increase in thickness compared to a pure nanofibre sheet. The
fractional density data is shown in (Figure 5b). The fractional density is the fraction of the
maximum density achievable if all the pores are removed. Constant fractional density throughout
the NP loading indicates the structure has a constant void volume; however, the nature of the
volume changes.
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Figure 5:

(a) Thickness and (b) fractional density of composites as a function of NP loading.
Error bars in thickness graph are the standard deviations.

Pore structure quantified through mercury porosimetry shows that pure nanofibre sheet has a
broad pore range between 100-1000 nm, which arises from the pores between the nonwoven
fibre structure (Figure 6). A significant change in pore structure was then observed with SiO 2 NP
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addition. With the subsequent increase in NP content, not only the broad peak from nanofibres
reduced in width, but also the pore size range shifted to smaller range. In addition, a new peak is
observed between 10-60 nm, which continuously increased in size with NP content because these
represents the pores present within NP clusters and number of clusters increased with NP content.
The pore volume inside the graph represents the number of pores present with the same pore
diameter. Plotting that for lower (3-100 nm) and higher (100-1000 nm) diameter range indicates
that the number of pores in smaller pore range increases with SiO 2 loading while the number of
pores in larger pore range decreases (Figure 7). This signifies that large pore size range is controlled
by SiO2. SiO2 addition in nanocellulose composites creates a more developed pore structure.
Pore size distribution pattern for V/L (Figure 6b) differs from V/S (Figure 6a). At low loadings for
V/L series (SiO2 = 10 wt%), the overall pore structure does not deviate much from that of pure
nanofibres. However, at high loadings V/L series reduced the pore size by almost a magnitude
compared to V/S. Bimodal structure changed to a single peak with low pore size, indicating a more
compact and much tighter control of pore size distribution. It is not clear why these two
composites behave differently; this is possibly due to NP size difference. A drawback of the
mercury porosimetry method is that it only measures pores of size larger than 3 nm. However,
this is of little consequence as the applications targeted for these composites is in the separation
of larger particles – especially bacteria and food based colloids- which are orders of magnitude
larger than the 3 nm detection limit.
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Figure 6:

Pore size distribution for nanocellulose- SiO2 composite sheets as a function of
silica content. (a) V/S (smaller NPs), (b) V/L (larger NPs), (c) enlarged graph of V/L
composite between 10-100 nm. The legend indicates the NP loading added in the
suspension.
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Figure 7:

Composite pore volume as a function of NP loading. (a) Total pore volume for
small pores (3-100nm). (b) Total pore volume for large pores (100-1000nm).

The strength is significantly important in composites because a composite with very high loading
and retention becomes redundant if the strength of the material is poor. The silica NPs are not
expected to contribute significantly to strength. Indeed, for sheets made from conventional
cellulose fibres, the addition of inorganic filler particles significantly reduces strength, as the
inorganic particles interfere with the bonding between the fibres.
Figure 8 shows the curves of tensile index (TI) versus strain based on nanofibre grammage for V/S
composites. Tensile index here is calculated as TI=F/(w.G), where F is the breaking force, w is the
test specimen width of 15 mm and G is the nanofibre grammage in g/m2. Since mass of nanofibres
used is same in all composites (1.2 g, 60 g/m2), the force versus strain graph is identical outside a
scaling factor.
The results in Figure 8 are extremely interesting. While the strain at break reduced from 5.8% for
the unloaded sample to 2.8 % at 77 wt% loading, there was very little change in the tensile index
based on nanofibres grammage, which was maintained in the range of 70-80 Nm/g.
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It is likely that the strain at break is reduced because at high loadings the fibres are completely
surrounded by NPs and are not free to rearrange themselves to accommodate an applied load,
thus significantly reducing the plastic deformation occurring just before fracture. The same
breaking load for all composites indicates that firstly, that the NPs do not contribute to the
strength and they are only filling the gaps in the fibres, but surprisingly, the NPs do not interfere
with the bonding between the fibres. This is an extremely interesting finding and the mechanisms
should be explored further. The initial slope, in the elastic region, is similar for all the loadings
except for 60 wt% onwards. This is at the point where the fibre structure changed as mentioned
above. The measured mean elastic modulus and tensile stiffness index for nanofibre sheet alone
was 4.8 GPa and 4582 Nm/g respectively, while 77 wt% sheet was 3.8 GPa and 6130 Nm/g
respectively. Thus, novel composite maintain the strength even at high loadings, highlights
promising mechanical properties.

Figure 8:

Tensile index based on nanofibre grammage on strain for V/S composite.

SEM and structure analysis demonstrated that the MFC-SiO2 composites produced to be a new
type of fibrous composites of very high NP loading and unique packing arrangement. With their
good strength, flexibility and tuneable pore structure, this new material is promising as membrane
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in applications such as pasteurization and other food processing, separators in batteries [14, 18],
water treatment [13].

2.6 CONCLUSION
New MFC-SiO2 flexible composite films with high surface area and tuneable pore structure were
developed using a process combining controlled simultaneous addition (CSA) with standard
filtration. This process is easily scalable for industrial applications. Anionic NP loading up to 77 wt%
was achieved at high nanoparticle (NP) retention by forming NP-polyelectrolyte complexes. For
the low levels of NP loading, the NP clusters simply filled the gaps created by the nanofibre porous
structure. At this point, there was no significant change in composite film thickness observed. At
high levels of NP loading, the NP clusters become too large for the available pores and the
nanofibre matrix de-structured while accommodating these clusters by pushing fibres apart. This
results in composites having a packed bed type structure. Composite film thickness at higher NP
loadings therefore increased significantly. Composite pore size distribution analysis reveals that
the material has a tuneable pore structure (100-1000 microns to 10-60 nanometers) controlled by
NP content. At higher loadings much tighter and controlled pores structure could be obtained.
Tensile index based on nanofibres alone for all the composites remained between 70-80 Nm/g
even at higher loadings, suggesting that NPs do not contribute to the strength. Therefore, the
strength is maintained.
Well-developed and highly flexible new nanocellulose composite materials of high NP loading
distributed in a unique packing arrangement were produced with a process insuring high NP
retention. The composite process is scalable to develop a platform for the preparation of very high
surface area, functionalised porous materials with industrial applications as filters, absorbents and
catalysts.
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PREFACE
In the previous chapter, a cationic polyelectrolyte (CPAM), SiO2 nanoparticles (NPs) with two
different sizes and microfibrillated cellulose (MFC) was combined together through simultaneous
addition (CSA) method to produce nanocomposites. The effect of NP loading and the NP sizes on
the variation in structure and properties were quantified. It was observed that CPAM retains the
NPs in the nanocellulose structure. Scanning electron microscopy (SEM) used to characterize the
structure was limited in application because the interaction between NPs and CPAM could not be
quantified. Understanding how NPs behave in the presence of a polyelectrolyte is crucial to better
engineer composites.
This chapter therefore explores the interaction between CPAM and SiO 2 NPs using two
complimentary techniques; dynamic light scattering (DLS) and small angle X-ray scattering (SAXS).
DLS was used to quantify the conformation and changes in hydrodynamic radius of CPAM
adsorbed on the surface of SiO2 NPs. SAXS was used to obtain the structural assembly of 8 nm SiO2
NPs under the influence of different CPAM concentrations.
This chapter follows the second objective.
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3.1 ABSTRACT
We report the cationic polyelectrolyte (CPAM)-SiO2 nanoparticle (NP) interactions in suspension
and in a sheet form, when mixed with microfibrillated cellulose (MFC), using dynamic light
scattering (DLS) and small angle X-ray scattering (SAXS) techniques. The CPAM-SiO2

NP

suspensions were prepared by adding NPs into CPAM drop wise and composites were prepared
by adding CPAM-SiO2 supension into MFC and through standard paper making procedure. DLS
revealed that increase in CPAM dosage creates larger sized CPAM-NP aggregates because more
NPs can be picked up by stretched CPAM chains. SAXS study revealed that CPAM-SiO2 NP assembly
in the formed nanopaper fits well with a sperical core shell model (with SiO2 partially covered with
CPAM) and sphere model (SiO2 alone) combined together. Understanding the interaction between
polyelectrolyte-NP system through such scattering techniques enables us to engineer novel
cellulose based composites for specfic applications.

3.2 KEYWORDS
Dynamic light scattering (DLS), Small angle X-ray scattering (SAXS), Scanning electron microscopy
(SEM), Structure, Solyelectrolyte-nanoparticle system, Cellulose
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3.3 INTRODUCTION
Nanotechnology involves the manipulation or self-assembly of individual particles or their
aggregates into desired configurations, to create materials and devices with new or vastly
different properties and functions [1]. Nanoparticles (NPs) take an important role in
nanotechnology because of their unique properties and can be selected for their chemical
composition, but also can be tailored for their sizes, shape and surface properties [2]. NPs on their
own cannot be used as they self-aggregate or pose the danger of uncontrolled release to the
environment when dry. Therefore, ideally NPs need to be embedded into a matrix that is strong,
flexible, and durable and also allows the surface area of NPs to be readily available.
Using nanocellulose as a supporting matrix combines the advantage of two constituents to give
new composite materials with superior properties. Nanocellulose fibres are a new class of material
that has received significant attention over the past decade. This material is of technological
interest as it is renewable, biodegradable, exhibits excellent mechanical strength and superior
barrier properties, while remaining fully compatible with conventional wood fibres [3]. However,
embedding NPs into a nanocellulose matrix at times is difficult, especially when both materials are
of same charge. In such cases, polyelectrolytes play an important role for the fixation of NPs onto
surfaces in charged systems [4].
Polyelectrolytes play an important role in many industrial applications such as wastewater
treatment[5], gene and drug delivery[6, 7], flocculation in paper making[5, 8], sensor development
[9, 10], mineral processing[5] and coating processes [11]. This is due to their ability to adsorb at
solid-liquid interfaces, thus, modifying surface properties and the interactions between particles
and their environment [12]. The understanding of the interaction between polyelectrolytes and
surfaces are crucial to optimise surface properties for a specific application. Polyelectrolytes and
NPs are used in the papermaking industry as they act as retention aids, adhering fines and mineral
fillers on the fibre surface [12-14], while at the laboratory scale polyelectrolytes have been shown
to strongly interact with cellulose nanofibres, lowering the gel-point by bridging between fibres
and increasing the flow through the fibre network during filtration [15]. Despite the numerous
studies concerning the adsorption of polyelectrolytes onto charged NP surfaces which has been
studied in the past using both theoretical [16-18] and experimental [4, 11, 12, 19] methods, their
modes of action are poorly understood as they depend greatly on the type of polymer and
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particles in the system [20]. The conformation of the adsorbed polyelectrolyte on the NP surface
is still a largely unexplored subject.
In this paper we quantify the interaction between cationic polyacrylamide –SiO2 NPs using two
complimentary scattering techniques in order to engineer specific structures in the composite.
Understanding on the behaviour of cationic dimethylamino-ethyl-methacrylate (CPAM) in SiO2
nanoparticle (NP) suspension is crucial in production of cellulose-polyelectrolyte-NP based
composite films for different applications. Dynamic light scattering (DLS) technique is used to
investigate the conformation and changes in hydrodynamic radius of cationic polyacrylamide
adsorbed on the surface of SiO2 NPs. Small angle X-ray scattering (SAXS) technique is used to
investigate the effect of CPAM concentration on the SiO2 NP assemblies formed within the MFC
matrix.

3.4 EXPERIMENTAL
3.4.1 Material
Microfibrillated cellulose (MFC) was purchased from DAICEL Chemical Industries Limited, Japan
(Grade Celish KY-100G). MFC was supplied at 25 wt% solids contend and stored at 5oC. MFC has a
mean diameter of 73 nm and the aspect ratio of 142 [21]. Cationic dimethylamino-ethylmethacrylate (CPAM) polymer with molecular weight 13 MDa and charge density 50% was kindly
provided by AQUA+TECH, Switzerland from their SnowFlake Cationics range. 22 nm colloidal silica
with surface area 220 m2/g was purchased from Sigma Aldrich at 30 wt% suspension.

3.4.2 Method
3.4.2.1 Preparation of MFC, CPAM and silica NP suspensions
A 3L disintegrator (Mavis Engineering Model No. 8522) was used to disperse 0.2 wt% MFC in
deionized water at 15,000 propeller revolutions. 0.01 wt% CPAM suspension was prepared by
mixing CPAM with deionized water for minimum of 8 hours prior to the experiments. SiO2 NPs
were diluted to 0.5 wt% from the stock solution using deionized water. The CPAM and SiO2 NP
solutions were sonicated for 2 minutes at 100% amplitude to ensure evenly distribution.
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3.4.2.2 Preparation of pure MFC sheet
Sheets were prepared using a British handsheet maker (model T205) which is equipped with a
woven filter with an average opening of 74 microns. 0.2 wt% pure MFC suspension was poured
into the column and allowed water to drain under gravity. When the film was formed, it was taken
out using blotting papers and dried at 105oC using a sheet drier.

3.4.2.3 Preparation of CPAM-silica NP suspension for DLS
0.5 wt% sonicated SiO2 NP suspension was added through a peristaltic pump at 10 mL/min into
the sonicated 0.01 wt% CPAM solution which was stirred at 200 rpm/min with a magnetic stirrer.
Amount of SiO2 NPs in the suspension was fixed at 0.3 g. The mixing process was repeated for
three different surface coverages of CPAM to NPs (0.03, 0.05 and 0.09 mg CPAM/m 2 surface area
of SiO2 NPs). The concentration of the final suspension changes from 0.38-0.26 wt% depending
upon CPAM dosage. This method of addition allowed SiO2 NP suspension to be added drop by
drop into the sonicated CPAM solution. Dynamic Light Scattering (DLS) was then used to measure
the size of the NPs with adsorbed CPAM on its surface.

3.4.2.4 Preparation of MFC-CPAM-SiO2 NP composite for SAXS
Preparation of composite sheets involved mixing MFC (1.2 g at 0.2 wt%), SiO 2 NPs (25 wt% of the
total composite at 0.1 wt%) and CPAM (different ratios at 0.01 wt%) suspensions together
simultaneously. While SiO2 NPs and MFC used in composite sheets was fixed, four different CPAM
dosages were used (0.07, 0.14, 0.2 and 0.5 mg CPAM/m2 surface area of SiO2 NPs). Firstly, CPAM
and SiO2 NP suspensions were mixed together into a beaker through simultaneous addition with
two peristaltic pumps. Secondly, CPAM-SiO2 NP suspension and MFC suspension was mixed again
into a beaker through simultaneous addition with two peristaltic pumps to make the final
composite suspension. Total mixing time was set to 8 minutes in each step. CPAM was added at
different speeds (7.7 - 55 mL/min) depending on the dosage, SiO2 was added at 50 mL/min and
MFC was added at 75 mL/min. The final concentration of the suspension varied between 0.150.11 wt% depending on the CPAM dosage. Final suspension was poured into British handsheet
maker for composite processing as mentioned above.

118

CHAPTER 3

3.4.3 Characterization
3.4.3.1 Dynamic light scattering
CPAM- SiO2 NP suspensions prepared above for dynamic light scattering (DLS) analysis were used
as prepared to measure DLS with a Nanobrook Omni (Brookhaven Instruments) using a cuvette
cell at 25oC. Diameter distribution of the clusters were calculated using the supplied software.

3.4.3.2 Small angle X-ray scattering
Small angle X-ray scattering (SAXS) measurements were conducted at the SAXS/WAXS beamline
at the Australian Synchrotron, Melbourne [22]. Measurements were made in a transmission mode
with the X-ray energy of 11 keV. Scattered photons were collected at detector distance of 7.2 m
using the Pilatus 1 M detector (Dectris, Baden, Switzerland). The isotropic raw detector images
were converted to intensity versus q,


4 sin 
q q



where 𝜃 is the scattering angle and 𝜆 is the

wavelength (0.113 nm) of incident X-rays. Data reduction with respect to the measurement
geometry, masking dead pixels and the beam stop and a subtraction of air scatter were conducted
using IDL based ScatterBrain software [23]. The scattered intensity is plotted as a function of the
momentum transfer vector q. Data analysis was conducted by fitting the SAXS curves using the
SASfit software.

3.4.3.3 Scanning electron microscopy
Scanning electron microscopy (SEM) analysis was performed using FEI Magellan 400 FEGSEM on
the composites. Each sample was cut to 3 mm by 3 mm pieces and mounted onto a metal sample
holder, coated with a thin layer of Iridium prior to imaging. Accelerating voltage was 3kV and
current was 6.3 pA. The images were taken at 30000x and 100000x magnifications.

3.5 RESULTS AND DISCUSSION
3.5.1 Scanning Electron Microscopy of MFC-SiO2-CPAM composite sheets
Figure 1a shows a scanning electron microscopy (SEM) image of a pure MFC sheet. A wide
distribution of pore sizes can be observed. Figure 1b shows SEM images of a MFC with 0.5 mg/m2
CPAM dosage on 22 nm SiO2 NPs respectively. NPs seem to accommodate themselves to the gaps
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created by the MFC fibres and fill up without altering the fibre network. While qualitative
information can be obtained from SEM, is difficult to fully characterise the samples with SEM alone
as 1) SEM images are from a selected area and it does not give enough information about the local
distribution of NPs in the matrix, 2) SEM only show the NPs which are on the surface, 3) the
interaction or the type of distribution between CPAM-SiO2 NPs cannot be properly understood or
seen. Therefore, SEM alone is not good enough to properly investigate a polyelectrolyte-NP
system to optimise performance. Scattering techniques such as DLS and SAXS are useful in
obtaining further information on the internal structure of the material in the 1 to 100 nm length
scale.

Figure 1:

Scanning electron microscopy (SEM) images (a) pure MFC sheet (b) MFC-22nm
SiO2-0.5mg/m2 CPAM composite at high magnification.

3.5.2 Dynamic light scattering on CPAM-NP suspensions
Dynamic light scattering (DLS) experiments were conducted to reveal the interaction between SiO2
NPs and CPAM with respect to different dosages of CPAM. Figure 2a shows the correlation curves
for pure SiO2 NPs and NPs with two different dosages of CPAM (0.03 mg/m2 and 0.05 mg/m2). The
correlation curve decays at a slower rate with increase in CPAM dosages. For pure NPs the
correlation curve decays at around 200 μsec while for the higher CPAM dosage (0.05 mg/m2) the
correlation curve decays at 3000 μsec. This corresponds to CPAM adsorption onto the SiO2 NPs
which results in formation of aggregates and reduce the diffusion rate of aggregated particles.
Distribution of the NPs and NP aggregates obtained from DLS are shown in the Figure 2b.
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The radius of gyration of CPAM with 13 MDa, without accounting for the charged groups is 38 nm
when calculated theoretically using the random walk model [24]. Polyelectrolytes with a low
charged density have a coiled conformation in solution with smaller diameters which is
characterised by a random walk much the same as non-charged polymers in a solvent [25, 26].
Highly charged polymers have stretched out or extended conformations in solution which is due
to the closely spaced charged sites resulting in larger diameters [25, 26]. Thus, the actual radius of
gyration of CPAM that when stretched out due to repulsion between charged groups on the
polymer segment is much larger. In this work, we have used 50% charge density and that is
considered fairly high. Therefore, CPAM used in this work is expected to be stretched out and have
a more extended conformation on the surface.
Two distinct peaks are seen for each dosage of CPAM in Figure 2b. There is no significant difference
in the diameter with increase in CPAM dosage for Peak 1, which has a maximum in the range 19
nm to 23 nm, consistent with measurements of single particles. However, the intensity of Peak 1
reduces when CPAM dosage increased from 0.05 mg/m2 onwards, suggesting that number of
single SiO2 NPs that have not formed agglomerates are reducing as the dosage of CPAM increases.
With increasing CPAM dosage, the second peak shifted to higher diameters. At 0.003 mg/m 2
(lower dosage), Peak 2 appeared at 85 nm. This peak shifted to 178 nm and 193 nm with 0.05
mg/m2 and 0.09 mg/m2 (higher dosages), respectively. This could be due to more stretched out
configuration of the polymer causing a high probability of SiO2 NPs to be picked up and forming
larger agglomerates.
However, using DLS as a scattering technique is difficult for higher dosages of CPAM as DLS does
not give reliable results when higher amount of polymer is added. At higher doses without a fibre
matrix, isolated particles tend to agglomerate into much bigger clusters when compared to being
in the sheet form. This is because when CPAM-NP is mixed with MFC to form sheets, fibres has an
influence on the size of aggregations and stop bigger agglomerations from forming. Therefore,
SAXS is a more suitable scattering technique to measure the particle interactions at higher CPAM
dosages.
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Figure 2:

(a) Auto correlation curves of Pure SiO2 NPs and SiO2 with CPAM concentration
of 0.03 mg/m2 and 0.05 mg/m2.(b) Diameter distribution obtained from DLS for
SiO2 NPs with CPAM concentration of 0.03 mg/m2, 0.05 mg/m2 and 0.09 mg/m2.

2.5.3 Small angle X-ray scattering on MFC-NP-CPAM composite sheets
Small angle X-ray scattering (SAXS) is a powerful method to give information on the shape, size,
distribution of NPs in different kind of matrices [27-31]. SAXS experiments were performed to
investigate the effect of CPAM on the dispersion of SiO2 NPs in the MFC fibre matrix. Figure 3a
shows the SAXS curve from the MFC sheet. No features were observed in SAXS curve which is due
to the presence of large structure of MFC fibres with large pore sizes as seen in Figure 1a. Figure
3b shows the fitted SAXS curves for the SiO2 NPs with different dosages of CPAM (0.07-0.50 mg/m2:
a higher range than the dosages used in DLS).
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Figure 3:

(a) SAXS curve for pure MFC sheet, (b) SAXS curves fitted with the core-shell and
sperical models with different CPAM dosages.

Further information from the SAXS curves (Figure 3b) were extracted by nonlinear fitting using
combination of different form factor and structure factor using the software SASfit [32]. The total
SAXS scattering intensity can be given as:



2
I SAXS q    N r  F q, r ,   S (q, r )dr  Bkg  C 

(1)

0

Where, N(r) is the particle number distribution, F(q, r, Δη) is the structure model which contains
information about shape and size of the particles. In the structure model, Δη is the effective
electron density difference between the particle and the remaining matrix, q is the transferred
momentum, S(q,r) is the structure factor conatins information on the interaction between the
particle and Bkg is the background with the surface scattering term.
The form factor with the combination of the spherical core shell particle and the spherical particle
with the lognormal size distribution fits well for all the scattering curves (Figure 3b). The form
factor is defined as:
F q, r ,    Fsphere shell q, rt , s   Fsphereq, rt , s 

(2)
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Where the Fsphere is the form factor of sphere as:
Fsphereq, r ,    3

sin qr   qr  cosqr 
qr 3

(3)

And F sphere shell is the form factor for spherical core shell particles and given as:

Fsphere shell q, rt ,  s , ,    Fsphereq, rt ,  s   Fsphereq,rt ,  s 1   

(4)

Where, rt is the radius of the core (SiO2) + shell (CPAM), which is related to the core radius as r = ν
rt (0<ν<1). s = shell - matrix is the effective electron density difference between shell and matrix
and μΔηs is the effective electron density difference between the core and the matrix. Additionally,
the structure factor was included into the fitting procedure [33, 34]. While fitting a SAXS curve, all
the structure determining parameters, size distribution parameters, structure factor parameters
and the contrast of the particles were free fitting variables.
The obtained parameters show the average SiO2 particle diameter of 22 ± 3 nm and thickness of
the CPAM layer adsorbed onto the SiO2 NPs is about 5 ± 0.5 nm. The schematic of the electron
density profile for the spherical core shell particle is given in the Figure 4a. It is found that the
effective electron density of the core (SiO2; density 2.4 g/cm3) is larger than the cellulose matrix
(C6H10O5; density 1.5 g/cm3). Moreover, the effective electron density of shell (CPAM, density: 1.1
g/cm3) is smaller than the cellulose matrix

Figure 4:

(a) Electron density variation profile for the spherical core shell particle with SiO 2
core, CPAM shell and cellulose matrix, (b) Structure factor obtained after fitting
of the SAXS curve for the CPAM dosages of 0.07 mg/m2 and 0.5 mg/m2.
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The evaluated resultant structure factor for the two dosages of CPAM (0.07 mg/m2 and 0.5 mg/m2)
obtained after fitting the SAXS curve is given in Figure 4b. There is a small shift in the structure
factor peak of high CPAM dosage (0.5 mg/m2) towards the higher q values with respect to the
small CPAM dosage (0.07 mg/m2). The shift towards higher q values indicates a decrease in the
inter-particle distance between the particles with the high dosage of CPAM. However, the
difference is not significant and peak sharpness is also almost the same. This result reveals that
with increase in CPAM dosage, the interaction between 22 nm SiO2 NPs does not varies strongly.
Both SiO2 NPs and MFC are negatively charged and therefore is difficult for SiO2 to directly adsorb
onto/within the cellulose matrix. CPAM is a positively charged polymer with the radius of gyration
of 38 nm. CPAM acts as a bridge for SiO2 NPs to be retained within the cellulose matrix. At low
CPAM dosage, the CPAM adsorb onto the SiO2 NPs surface and spread over the NP surface. It is
difficult to identify whether CPAM totally covers the surface of NPs or partially cover the surface.
In the case when the CPAM covers the surface of NPs completely, then the CPAM forms a positive
shell like region over NPs surface. This will not allow NPs to form aggregates due to the
electrostatic repulsion between NPs. In the DLS investigation, it was observed that even at the
lowest CPAM dosage the NPs form aggregates. Therefore, it is expected that the CPAM partially
covers the NPs surface. This results in distribution of both partly CPAM coated NPs and NPs
without any CPAM. SAXS curves fits well with the proposed model of distribution of spherical shell
(SiO2 coated in a layer of CPAM) and sphere model (pure SiO2). Increase in CPAM dosage results
in increasing the number of SiO2 NP aggregates. However, the interaction within the particles does
not vary significantly and remain the same as observed by the variation in structure factor peak
(Figure 4b).
22 nm SiO2 NP behaves differently with CPAM compared to 8 nm SiO2 NPs with CPAM which was
published previously [14]. This could probably be due to the size difference between SiO2 NPs. The
structure factor reported for 8 nm SiO2 NPs with increase in CPAM showed that structure factor
sharpness increased and the peak shifted towards lower q value with respect to low CPAM dosage.
This suggests that at low CPAM dosages, loosely bounded NP aggregates in the CPAM chain is
formed because of the electrostatic repulsion between NPs, therefore the correlation length of
the aggregates were about 25-30 nm in size. At high CPAM dosages, more CPAM is available to
neutralize the NPs surface and overcome the electrostatic repulsion between NPs, therefore a
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strong aggregations between NPs were obtained with a bigger correlation length of about 70 nm
[14]. For 22 nm particles used in this study, with increase in CPAM dosages, only the number of
structures increases and not the structure size. This proves that different length scales of NPs react
differently in a polyelectrolyte system.
We conclude that SAXS technique is a better tool in investigating the polyelectrolyte-NP
interactions when the polyelectrolyte concentration is higher. Overall, scattering techniques are
essential tools in understanding the behavior of a polyelectrolyte-NP systems to better engineer
the properties to develop nanocellulose-NP composites for varies applications.

3.6 CONCLUSION
Interaction between cationic dimethylamino-ethyl-methacrylate (CPAM) and SiO2 nanoparticles
(NPs) in suspension and in a microfibrillated cellulose (MFC) matrix was investigated using
scattering methods. This study is beneficial in understanding a polyelectrolyte-NP system with
respect to interactions between them, which cannot be obtained from techniques such as
scanning electron microscopy (SEM).
Dynamic light scattering (DLS) shows aggregates of NPs at low dosage of CPAM (0.03 mg/m 2) and
aggregate size increased to larger sizes with increase in CPAM dosage further (0.05-0.09 mg/m2).
It was noted that DLS results become unreliable when higher amount of polymer is added as DLS
technique is sensitive to charge. Therefore, small angle X-ray (SAXS) techniques as well was used
to characterize the system.
SAXS investigation revealed that the distribution of CPAM-NP system fits well with a distribution
of spherical shell (from SiO2 coated in 5 nm layer CPAM around) model and a sphere model (SiO2
alone) combined, and the number of such systems increase with increase in CPAM dosage.
Structure factor obtained from SAXS curves reveals the interaction between NPs does not have a
significant effect with respect to the dosage of CPAM.
Overall, this study proves that complimentary scattering techniques are essential in understanding
a polyelectrolyte-NP system better to develop nanocellulose based composite material targeted
for specific applications.

126

CHAPTER 3

3.7 ACKNOWLEDGEMENT
Thanks to MCEM for scanning electron microscopy. The financial support from Australian research
council, Australian paper, Carter Holt Harvey, Circa, Norske Skog, and Visy through the Industry
Transformation Research Hub grant IH130100016 is acknowledged. Thanks Monash University for
MGS and FEIPRS scholarships. The authors would like to thank to Dr. Tim Ryan, Dr. Nigel Kirby, Dr.
Adrian Hawley and Dr. Chris Garvey for assistance during SAXS measurements at SAXS/WAXS
beamline in Australian Synchrotron.

3.8 REFERENCES
1.

Farhang, B., Nanotechnology and lipids. Lipid Technology, 2007. 19(6): p. 132-135.

2.

Winey, K.I. and R.A. Vaia, Polymer nanocomposites. MRS bulletin, 2007. 32(04): p. 314-322.

3.

Kim, J., S. Yun, and Z. Ounaies, Discovery of cellulose as a smart material. Macromolecules,
2006. 39(12): p. 4202-4206.

4.

Enarsson, L.-E. and L. Wågberg, Conformation of preadsorbed polyelectrolyte layers on
silica studied by secondary adsorption of colloidal silica. Journal of colloid and interface
science, 2008. 325(1): p. 84-92.

5.

Moody, G.M., Polymeric Flocculants, in Handbook of Industrial Water Soluble Polymers.
2007, Blackwell Publishing Ltd. p. 134-173.

6.

Dimitrova, M., et al., Adenoviral Gene Delivery from Multilayered Polyelectrolyte
Architectures. Advanced Functional Materials, 2007. 17(2): p. 233-245.

7.

Benkirane-Jessel, N., et al., Build-up of Polypeptide Multilayer Coatings with AntiInflammatory Properties Based on the Embedding of Piroxicam–Cyclodextrin Complexes.
Advanced Functional Materials, 2004. 14(2): p. 174-182.

8.

Wågberg, L., et al., On the charge stoichiometry upon adsorption of a cationic
polyelectrolyte on cellulosic materials. Colloids and Surfaces, 1987. 27(4): p. 163-173.

9.

Caruso, F., et al., 1. Ultrathin Multilayer Polyelectrolyte Films on Gold: Construction and
Thickness Determination. Langmuir, 1997. 13(13): p. 3422-3426.
127

CHAPTER 3

10.

Caruso, F., et al., 2. Assembly of Alternating Polyelectrolyte and Protein Multilayer Films for
Immunosensing. Langmuir, 1997. 13(13): p. 3427-3433.

11.

Elbert, D.L., C.B. Herbert, and J.A. Hubbell, Thin Polymer Layers Formed by Polyelectrolyte
Multilayer Techniques on Biological Surfaces. Langmuir, 1999. 15(16): p. 5355-5362.

12.

Liufu, S.-C., H.-N. Xiao, and Y.-P. Li, Adsorption of cationic polyelectrolyte at the solid/liquid
interface and dispersion of nanosized silica in water. Journal of Colloid and Interface
Science, 2005. 285(1): p. 33-40.

13.

Cadotte, M., et al., Flocculation, retention and drainage in papermaking: a comparative
study of polymeric additives. Canadian Journal of Chemical Engineering, 2007. 85: p. 240.

14.

Garusinghe, U.M., et al., Assembly of nanoparticles-polyelectrolyte complexes in nanofiber
cellulose structures. Colloids and Surfaces A: Physicochemical and Engineering Aspects,
2017. 513: p. 373-379.

15.

Li, Q., et al., Engineering cellulose nanofibre suspensions to control filtration resistance and
sheet permeability. Cellulose, 2016. 23(1): p. 391-402.

16.

Wiegel, F.W., Adsorption of a macromolecule to a charged surface. Journal of Physics A:
Mathematical and General, 1977. 10(2): p. 299.

17.

Carrillo, J.-M.Y. and A.V. Dobrynin, Molecular Dynamics Simulations of Polyelectrolyte
Adsorption. Langmuir, 2007. 23(5): p. 2472-2482.

18.

Turesson, M., C. Labbez, and A. Nonat, Calcium Mediated Polyelectrolyte Adsorption on
Like-Charged Surfaces. Langmuir, 2011. 27(22): p. 13572-13581.

19.

Hesselink, F.T., On the theory of polyelectrolyte adsorption. Journal of Colloid and Interface
Science, 1977. 60(3): p. 448-466.

20.

Gregory, J. and S. Barany, Adsorption and flocculation by polymers and polymer mixtures.
Advances in Colloid and Interface Science, 2011. 169(1): p. 1-12.

21.

Varanasi, S., R. He, and W. Batchelor, Estimation of cellulose nanofibre aspect ratio from
measurements of fibre suspension gel point. Cellulose, 2013. 20(4): p. 1885-1896.

128

CHAPTER 3

22.

Kirby, N.M., et al., A low-background-intensity focusing small-angle X-ray scattering
undulator beamline. Journal of Applied Crystallography, 2013. 46(6): p. 1670-1680.

23.

Ansto. SAXS software SCATTERBRAIN. Available from:
http://www.synchrotron.org.au/aussyncbeamlines/saxswaxs/software-saxswaxs.

24.

Raj, P., et al., Effect of cationic polyacrylamide on the processing and properties of
nanocellulose films. Journal of Colloid and Interface Science, 2015. 447(0): p. 113-119.

25.

Connal, L.A., et al., pH-Responsive Poly(acrylic acid) Core Cross-Linked Star Polymers:
Morphology Transitions in Solution and Multilayer Thin Films. Macromolecules, 2008.
41(7): p. 2620-2626.

26.

Zhou, Y., G.J. Jameson, and G.V. Franks, Influence of polymer charge on the compressive
yield stress of silica aggregated with adsorbed cationic polymers. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2008. 331(3): p. 183-194.

27.

Raghuwanshi, V., et al., Self-assembly of gold nanoparticles on deep eutectic solvent (DES)
surfaces. Chem. Commun., 2014. 50(63): p. 8693-8696.

28.

Raghuwanshi, V.S., et al., Structural analysis of Fe–Mn–O nanoparticles in glass ceramics
by small angle scattering. Journal of Solid State Chemistry, 2015. 222: p. 103-110.

29.

Raghuwanshi, V.S., et al., Experimental evidence of a diffusion barrier around BaF 2
nanocrystals in a silicate glass system by ASAXS. CrystEngComm, 2012. 14(16): p. 52155223.

30.

Raghuwanshi, V.S., C. Rüssel, and A. Hoell, Crystallization of ZrTiO4 Nanocrystals in LithiumAlumino-Silicate Glass Ceramics: Anomalous Small-Angle X-ray Scattering Investigation.
Crystal Growth & Design, 2014. 14(6): p. 2838-2845.

31.

Raghuwanshi, V.S., et al., Structural analysis of magnetic nanocrystals embedded in silicate
glasses by anomalous small-angle X-ray scattering. Applied Crystallography, 2012. 45(4):
p. 644-651.

129

CHAPTER 3

32.

Breßler, I., J. Kohlbrecher, and A.F. Thünemann, SASfit: a tool for small-angle scattering
data analysis using a library of analytical expressions. Journal of applied crystallography,
2015. 48(5): p. 1587-1598.

33.

Hayter, J.B. and J. Penfold, An analytic structure factor for macroion solutions. Molecular
Physics, 1981. 42(1): p. 109-118.

34.

Hansen, J.-P. and J.B. Hayter, A rescaled MSA structure factor for dilute charged colloidal
dispersions. Molecular Physics, 1982. 46(3): p. 651-656.

130

CHAPTER 4
ASSEMBLY OF NANOPARTICLES-POLYELECTROLYTE
COMPLEXES IN NANOFIBER CELLULOSE STRUCTURES

CHAPTER 4

THIS PAGE HAS BEEN INTENTIONALLY LEFT BLANK

132

CHAPTER 4

PREFACE
In the previous chapter, dynamic light scattering (DLS) and small angle X-ray scattering (SAXS) was
used to quantify the conformation and changes in hydrodynamic radius of CPAM adsorbed on the
surface of SiO2 NPs, and the structural assembly of 8 nm SiO2 NPs under the influence of different
CPAM concentrations, respectively.
This chapter explores the structural assembly of 22 nm SiO2 NPs under the influence of different
CPAM concentration. The effect of different NP sizes on its structural assembly with CPAM is
quantified through SAXS.
This chapter follows the second objective.
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4.2 ABSTRACT
We report the effect of cationic polyacrylamide (CPAM) addition on the structural assembly of
silica nanoparticles (NPs) within a nanocellulose fibre matrix. Paper like composites are fabricated
by first forming complexes of NPs with CPAM, then adding those to a suspension of nanocellulose
fibres; followed by filtration, pressing and drying of the final suspension. Complementary small
angle X-ray scattering (SAXS) and microscopy (SEM, TEM) investigations of these composites
showed a lognormal bimodal distribution of NP sizes. Data analysis allows understanding
interparticle interactions within assemblies of SiO2 NPs at the nanometer scale with respect to
different dosage of CPAM. Increasing CPAM dosage increases retention of NPs within the cellulose
matrix with stronger interparticle interactions and produces composites with smaller pores. The
correlation length of NPs, indicative of the size of the NP clusters increased from 30 to 70 nm as
the CPAM dosage increased from 16.5 to 330 mg/g NPs. Retention and assembly of SiO2 NPs by
varying CPAM dosage results from the balance of different interaction forces between NPs, CPAM
and nanocellulose fibres. Understanding the effect of CPAM dosage on the various NP and
composite structural conformations enables us to engineer novel hierarchically and functional
cellulose based structured materials.

4.3 KEYWORDS
Small angle X-ray scattering (SAXS), TEM, silica nanoparticles (NPs), cationic polyacrylamide
(CPAM), composites, nanocellulose, fibers

4.4 INTRODUCTION
Cellulose nanofibres are fast becoming widely available low-cost organic nanomaterials with
specific properties such as tuneable opacity, low thermal expansion, high stiffness, high strength
and flexibility. Cellulose is the most abundant, renewable and biodegradable biopolymer,
efficiently produced by well-established manufacturing processes and infrastructures [1-3].
Nanocellulose fibres result from the intense fiberizing of cellulose pulp fibres. Cellulose nanofibres
“paper” composites have exciting prospects and emerging applications such as smart clothing [4],
transparent conductive films for electronics [5, 6], tissue engineering [7] and barriers [8]. Even
though the full commercial scale production of cellulose nanofibres has not yet been fully
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achieved, the wide availability of cellulose is promoting the production of new materials with
cellulose nanofibres as the main component [9].
Nanocomposites are usually two phase materials consisting of a continuous polymeric phase
reinforced by a discontinuous phase consisting of high surface area nanofillers [10]. When the size
of fillers shrinks from microscale to nanoscale, the resulting composite develops unusual
properties primarily due to the concomitant increase in interfacial area [11]. The properties of
nanocomposites depend not only on the properties of their individual components but also on the
morphological and interfacial characteristics arising from assembling the individual constituents
[12]. In the materials investigated here, nanocellulose is the semi-continuous or connecting phase
where silica nanoparticles (NPs) are linked through a retention aid to provide a new structure with
voids, in which porosity and pore structure are dependent on NPs. The terms “cellulose
nanofibres” and “nanocellulose” are used interchangeably in this paper and nanosilica was
selected as model of functional NP.
Since both silica NPs and nanocellulose are negatively charged, an electrostatic repulsion is
opposing the retention of NP’s in the composite. In such cases, cationic polyelectrolytes are widely
used in paper industries as retention aids [13, 14]. Common industrial cationic polyelectrolytes
include: cationic dimethylamino-ethyl-methacrylate polyacrylamide (CPAM), polyethylenimine
(PEI),

Polydiallyldimethylammonium

chloride

(polyDADMAC)

and

polyamide-amine-

epichlorohydrin (PAE). Among those, CPAM is the most prevalent in industry for its low cost, high
performance, and wide range of morphologies available. Also, it has the ability to strongly adsorb
onto the negatively charged cellulose fibres[15, 16] and is a stable polymer soluble in water and
many organic solvents [17]. Important industrial applications for CPAM include water treatment,
oil well stimulation and mineral processing [17]. Previously, we used CPAM to coagulate and retain
NPs into nanocellulose and demonstrated that composite pore structure can be controlled [18].
However, the interaction of the CPAM with NPs and the mechanism of structural formation by
CPAM induced NPs assembling within the composite at nanoscale have not been explored and
there are no good methodology available to quantify NP aggregate at the critical length scale
ranging from 1 nm to 1 μm.
Generally, for characterization, direct methods such as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are used, but they evaluate a limited area of the
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composite and it is difficult to measure interparticle interactions between NPs [19, 20]. Indirect
inverse space techniques such as X-ray, neutrons or light scattering provide a complementary
statistical perspective on the internal structure of the material. Small angle X-ray scattering (SAXS)
is a powerful method to characterize particle or structure size in ranges from ~1 to 100 nm [21].
In this study, a novel structural characterization approach is developed to elucidate NPs
interactions within the respective formed assemblies dispersed in the cellulose matrix. We
prepared nanocellulose/SiO2 nanocomposites using CPAM as a retention aid. SAXS, TEM and SEM
were used to quantify and optimize the interaction within silica NP assemblies with respect to
different dosage of CPAM and distribution of assemblies within the cellulose matrix. Results from
this study will contribute to engineer nanocomposites efficiently with polyelectrolytes. It is the
objective of the study to characterize the structure of novel inorganic NP –organic fibre
composites at the critical length scale affecting catalysis, permeability and biocompatibility.

4.5 EXPERIMENTAL
4.5.1 Material
Microfibrillated cellulose (MFC) was purchased from DAICEL Chemical Industries Limited, Japan
(grade Celish KY-100G). The MFC was supplied at 25 % solids content and stored at 5 oC as received.
The surface area of MFC is 31.1 m2/g [22, 23]. Cationic dimethylamino-ethyl-methacrylate
polyacrylamide (CPAM) polymer of high molecular weight (13 MDa) and with a charge density of
40 wt% (F1, SnowFlake Cationics) was graciously supplied by AQUA+TECH, Switzerland. NexSil 8
Aqueous Colloidal Silica was provided by IMCD Australia Ltd as 30 wt% suspensions. The
manufacturer reported a colloidal silica average diameter of 8 nm and a specific surface area of
330 m2/g.

4.5.2 Method
4.5.2.1 Preparation of MFC, CPAM and NP suspensions
MFC suspensions (0.2 wt%) were prepared by dispersing fibres in deionized water uniformly using
a disintegrator equipped with a 3 L vessel at 15000 propeller revolutions. CPAM solutions (0.01
wt%) were prepared by dissolving CPAM powder in deionized water for 8 hours using a magnetic
stirrer prior to nanocomposite fabrication. SiO2 NP (0.1 wt%) suspensions were prepared by
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diluting 30 wt% original silica NP suspension using deionized water, and the suspension was stirred
using a magnetic stirrer for 10 minutes before use. Mixing time is important in both cases to obtain
homogenous suspensions. All suspensions were prepared at room temperature. The pH of final
solutions is about 8 and does not vary significantly with different dosage of CPAM.

4.5.2.2 MFC sheet preparation
MFC sheets were prepared [24] using a standard British hand sheet maker (model T 205).
Concentrated MFC suspension (0.2 wt%) was poured into the hand sheet maker column and
allowed to drain under gravity. After the water drained, the formed film was removed from the
mesh using blotting papers, then pressed and dried using a sheet drier at 100 oC.

4.5.2.3 MFC-NP composite preparation
Composite preparation involves a two-step method (Figure 1). Firstly, CPAM (0.01 wt%) and SiO2
(0.1 wt%) suspensions were mixed simultaneously together using a hand stirrer (model:
HB968NSSJH, 600 watt). Secondly, prepared CPAM-SiO2 suspension was mixed with MFC (0.2 wt%)
suspension to obtain the final suspension of the mixture close to 0.15 wt%. This method was
adopted from the controlled simultaneous assembly (CSA) of Bringley et al [25] where he mixed
silica colloids and polyethylenimine together.
MFC and SiO2 masses were kept constant at 1.2 g and 0.12 g, respectively for all composites. Three
different CPAM dosages (1.98 mg, 3.96 mg and 39.6 mg) were used. The mixing time in each step
was set to a total of 8 minutes. The flowrate at which CPAM was mixed varied from 2.5 mL/min to
49.5 mL/min. MFC and SiO2 suspensions were mixed at 75 mL/min and 84 mL/min respectively.
The final suspension was poured into the British hand sheet maker and the composite film was
prepared as described above (MFC sheet preparation). Table 1 summarizes the type of composites
prepared.
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Figure 1:

NP-CPAM complexes are first formed (step 1) and then mixed with a cellulose
nanofiber suspension (step 2).

Table I:

Composition of SiO2-nanocellulose composites, High (H), Medium (M) and Low (L)
denote the CPAM concentration.
Samples

MFC (g)

SiO2 (mg)

CPAM (mg)

Pure MFC

1.2

--

--

High (H)

1.2

120 (10 wt%)

39.6

Medium (M)

1.2

120 (10 wt%)

3.96

Low (L)

1.2

120 (10 wt%)

1.98

4.5.3 Characterization
4.5.3.1 Small angle X-ray scattering
Two instruments were used for small angle X-ray scattering (SAXS) measurements. SAXS analyses
were first made on a Laboratory Bruker N8 Horizon using a CuKα (λ = 0.154 nm) micro-source. The
scattered photons were collected using a 2D Vantec-500 detector with a pixel size of ~70 μm x 70
μm. The scattered photons were collected at the sample to detector distance of 0.6 m which
covers the q range from ~0.15 to 3.7 nm-1. Radial averaging was used to obtain the final scattering
curves. For data reduction, Bruker EVA software was used. Data analysis was performed using
SASFit software [26-28].
SAXS measurements were also made in a transmission mode on a Pilatus 1M detector (Dectris,
Baden, Switzerland) at the Australian Synchrotron’s SAXS/WAXS beamline [29] with a sample to
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detector distance of 7.2 m. The isotropic raw detector images were converted to intensity versus
q, where q = 4πsin(θ)/λ defined by θ/2 the scattering angle and λ the wavelength (0.113 nm) of
the incident x-rays and q range between 0.01-1 nm-1. The scattered intensity is plotted as a
function of the momentum transfer vector q. Specific macro’s written [30] for the program IgorPro
[31] accounted for the measurement geometry, masking dead pixels and the beam stop and a
subtraction of air scatter.

4.5.3.2 Scanning electron microscopy
Scanning electron microscopy (SEM) was performed using a FEI Nova NanoSEM 450 FEG.
Secondary electron images were captured. This mode produces high-resolution images and avoids
any problems associated with sample charging. A small square (3 x 3 mm) of composite was
mounted onto a metal substrate with a carbon tape. The sample was then coated with a thin layer
of Iridium. The accelerating voltage was 5 kV and images were captured at 30,000 to 100,000
magnifications.

4.5.3.3 Transmission electron microscopy
Transmission electron microscopy (TEM) was performed using FEI Tecnai G2 T20 TWIN. For sample
preparation, copper grid of 3 mm with a thin carbon layer was dipped into a NP-CPAM suspension
and dried. The accelerating voltage was 200 kV and images were captured at 250,000
magnifications at 100 nm scale.

4.5.3.4 Particle and colloid charge
The zeta potentials were determined by performing measurement using a Nanobrook Omni
(Brookhaven Instruments) in a cuvette cell at 25 oC. The software determines the electrophoretic
mobility from an electrophoresis experiment by laser Doppler velocimetry and applying
Smoluchowski equation to calculate zeta potential. CPAM and SiO2 NP concentrations were used
at 0.5 mg/mL and 0.01 wt% respectively.

4.6 RESULTS
SAXS measurements were performed to determine the statistical description of the internal
composite structure of SiO2 NPs dispersed in a cellulose matrix [32-38]. Figure 2a shows the SAXS
measurements of a MFC sheet. The SAXS curve for the pure MFC sample shows a weak correlation
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peak at q = 1.3 nm−1 indicating the presence of weakly correlated small heterogeneities at lengthscales of about 3-5 nm. This weak correlation peak is superimposed upon a broader signal, which
is indicative of a broad distribution of length-scales, for example a fibre network. The characteristic
size of the elementary fibres is between 3-5 nm, and the major contribution to the scattering is
from the fibre/nanofiber surface [39, 40].
Figure 2b displays the SEM micrograph of the pure MFC sheet. The micrograph shows that the
fibres are isotropically oriented to form a highly entangled network with a wide distribution of
pore sizes. This is consistent with the view obtained from SAXS measurements. The average
diameter of the fibres was found to be 73 nm [41]. These microfibres are bundles of elementary
nanofibers which are responsible for the weak SAXS correlation peak.

Figure 2:

(a) SAXS curve of the pure MFC sheet. The solid line shows the modelled fit. Arrow
shows the diameter of the sample for a peak obtained at a particular q value. (b)
SEM image of the MFC sheet at 50,000 magnification.

SAXS measurements with a synchrotron can probe a wide structure size range at a high resolution
and statistics, which is unachievable with a laboratory SAXS instrument. Figure 3a shows the
synchrotron SAXS curves of the MFC-SiO2 NP composites at different CPAM dosages. All the SAXS
curves show two maxima at fixed q positions of q=0.4 nm-1 and 0.2 nm-1 which indicates the
existence of two kinds of size distributions and volume fractions in the composite. As the CPAM
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dosage increases, the SAXS peak at q=0.4 nm-1 becomes more pronounced and broader for the q
ranging between 0.0 – 0.7 nm-1. The peaks at q=0.8 nm-1 indicate the formation of structures of
about 8 nm and the peaks at q=0.4 nm-1 reveal the formation of larger structures of about 15-20
nm; these are shown by the arrows in Figure 3a.

Figure 3:

(a) SAXS curves fitted with the bimodal distribution of the particles with different
CPAM dosages; Sample H (High CPAM dosage), Sample M (Medium CPAM
dosage), and Sample L (low CPAM dosage). The solid red line shows the fit and
the arrows show the diameter obtained from the particular peak position. (b)
Lognormal size distribution curves for the sample with the high dosage of CPAM
(H).

The quantitative analysis of size, size distribution and number density of the particles was
evaluated by non-linear fitting of the curves by using the software SASFit [32-35]. Here, a model
for bimodal distribution of spheres and a structure factor for hard spheres with a local
monodisperse approximation was fitted to the SAXS curves [42-44]. Details on the modelling of
the SAXS curves are given in Appendix I B1 and B2. Figure 3b shows the lognormal bimodal
distribution of spherical shape particles obtained after model fitting of the scattering curves. The
size parameters reveal that the smaller particle diameter is about 8 nm and the larger particle
diameter is between 15-20 nm. The average diameter of 8 nm for smaller structure and 15-20 nm
for the bigger structure were determined after fitting the respective SAXS curves. Dynamic light
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scattering (DLS) measurements on the initial nanoparticle suspension also shows the
corresponding bimodal size distribution, which is in agreement with the SAXS results (Appendix I
B3).
Evidence on the assemblies of SiO2-CPAM complexes before addition to the MFC suspension were
obtained by the TEM measurements. Figure 4 shows the TEM micrograph on solution of SiO2
/CPAM at high CPAM dosage and prior to the addition of the MFC. In the TEM micrograph, two
different kinds of particle sizes and assemblies of NPs are clearly observed (Appendix I B4). The
results obtained from TEM analysis are in good agreement with the SAXS results.

Figure 4:

TEM micrograph for the SiO2 /CPAM complexes at high CPAM dosage prior to the
addition of MFC suspension.

The structure factor calculated from the SAXS curves accounts for the correlation between the
NPs and interparticle interactions [19]. Figure 5a shows the hard sphere structure factor for SiO2
NPs with local monodisperse approximation used to fit the respective SAXS curves [32, 35]. Figure
5a indicates that the clusters of SiO2 NPs formed in the cellulose fibre matrix are a direct function
of the CPAM dosage. As CPAM amount increases, the sharpness of the structure factor peak
increases and the peak shifts towards higher q values with respect to the sample with low CPAM
dosage. This indicates increase in the volume fraction of NPs and decrease in interparticle
separation with increase in CPAM dosage. Figure 5b shows the correlation length obtained from
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the structure factor, which reveals an increase in interaction between SiO2 NPs at the high dosage
of CPAM.

Figure 5:

(a) Evaluated structure factor S(q) for the samples with different CPAM dosages;
sample H has high CPAM , M medium and sample L has low CPAM. (b) Correlation
length obtained from the SAXS data analysis.

SEM images of the SiO2 composites are shown in Figure 6a-b for low and high CPAM loadings,
respectively. For the composite with low CPAM dosage, the SiO2 NPs cluster size is smaller and
less particles are retained in the cellulose fibre matrix. NPs and small NP clusters accommodate
themselves randomly within the fibre matrix without changing any fibre position. Figure 6a is
similar to Figure 2b but with bigger pores within the fibre network filled up by NPs. At high CPAM
dosage, more and more NPs come into contact and bound with each other, resulting in larger
clusters or assemblies with high retention. When the fibre gaps within the structure are not
sufficiently large to accommodate the big NPs clusters, the fibres expand to make space. This
changes the structure of the composite: volume increases and density decreases, as clearly seen
in Figure 6b.
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Figure 6:

SEM micrograph of the MFC sheet containing SiO2 nanoparticles with (a) low (L)
CPAM dosage and (b) high (H) CPAM dosage.

4.7 DISCUSSION
We combined SAXS and microscopic (TEM, SEM) methods to characterize at the nanoscale the
structural assemblies/aggregates formed by SiO2 NPs within a cellulose fibre matrix; CPAM
concentration was used to vary the fraction and size of NP aggregation. From our measurement,
SiO2 NPs are negatively charged and form stable aqueous suspensions due to a high zeta potential
of -30 mV. On the other hand, CPAM in suspension is positively and strongly charged with a zeta
potential for the polymer coil of +76 mV and a charge density of 10-3 eq/g. Both SiO2 and cellulose
are negatively charged and therefore SiO2 NPs do not readily adsorb onto the surface of cellulose.
This is consistent with the interpretation of SAXS measurements conducted on the composite
without any CPAM (Appendix I B5). There is a little difference between this material and the
structure characterized with the pure MFC sheet with SAXS. A small amount of CPAM has a
significant effect on the interactions between SiO2 NPs and cellulose fibres. CPAM acts as a
retention aid for NPs.
SAXS and TEM data analysis corroborate the formation of different size of aggregates of SiO2 NPs
in cellulose matrix at the different CPAM dosages. TEM micrographs (Figure 4) of the SiO 2/CPAM
complexes prior to the addition of MFC suspension reveals that in the presence of CPAM, the SiO2
NPs aggregate and form assemblies. These assemblies are consisting of two size of NPs (8 and 20
nm) as shown in the Appendix I B4. After addition of SiO2/CPAM suspension into MFC suspension
(step 2), it is hard to obtain TEM micrograph due to difficultly in sample preparation and to get
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reliable results. Therefore, SAXS measurements were made to obtain much better average
information on interparticle spacing within the assemblies of SiO2 NPs at the nanometer scale.
SAXS data analysis show that these assemblies of SiO2 NPs consist of NPs structures of diameter
ranging between 8 and 20 nm (Figure 3b). The diameter of NPs is about two to four times smaller
than the expected radius of gyration of a CPAM molecule (Rg = 30-35 nm) assuming random coil
at theta conditions (more if electrostatic forces are involved). Therefore, the SiO 2 NPs can easily
adsorb onto the CPAM surface or even diffuse within the coil structure to interact directly with
the CPAM cations. It is expected that the large CPAM coils are decorated with the SiO2 NPs and
form assemblies by electrostatic interactions and CPAM conformations [45].
Structure factor analysis reveal the information on the correlation between the aggregated SiO 2
NPs assemblies. In Figure 5a, it is seen that for the high dosage of CPAM the structure factor peak
is sharper and shifts towards high q values as compared to the structure factor peak for low CPAM
dosage, which indicates narrow distribution of inter-particle separations with high volume
fractions. Moreover, increase in the amplitude of structure factor peak reveals the strong
interparticle interactions within the assemblies of SiO2 NPs. This is because at the high CPAM
dosage more polyelectrolyte is available to neutralize the NPs surface and overcome the
electrostatic repulsion between the particles, resulting in an increase in contact aggregation
between the SiO2 NPs. This results in the formation of large size assemblies having a higher
correlation length of about 70 nm and with high volume fraction of NPs within the assemblies.
This is in agreement with the TEM measurements shown in Figure 4. Recently, Ganesan et al also
reported the aggregation of charged NPs in the surrounding of oppositely charged polymers by
using mean field self-consistent theory model [46, 47]. They described that at low polymer
concentration, the charged NPs form polymer-bridged clusters and by increasing the polymer
concentration, clusters are formed by inter-particle bridging.
However, at the low CPAM dosage, the structure factor peak is broad, lower in amplitude and
shifts towards lower q values which resembles the loosen SiO2 NPs aggregates structure with
smaller volume fraction and wider distributions. At low CPAM dosage and for a fixed SiO2 NPs
concentration, the tendency to form aggregates/assemblies decreases. This is due to the low
density of CPAM available to neutralize the SiO2 NPs; hence, an electrostatic repulsion between
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the SiO2 NPs dominates and leads to the formation of polymer-bridged aggregates of loosely
bounded SiO2 NPs.
Surface coverage of NPs by CPAM directly depends upon the conformation CPAM adopts on the
surface of the spherical NPs upon adsorption. The total specific surface area of SiO2 NPs (r= 4nm)
is 330 m2/g. There are two extreme cases of CPAM adsorption conformation of interest. Should
the CPAM remains coiled to adsorb in the form of a blob/sphere of radius 30 nm, it can then cover
about 15% of the surface area of SiO2 NPs. However, should CPAM stretch and adsorb as an
extended chain wire of length 22,744 nm (end to end distance; contour length), then it will fully
saturate the available surface area of the NPs. Precise estimate of CPAM surface coverage requires
measurement as the exact CPAM adsorption conformation which remains undetermined.

4.8 CONCLUSION
A series of novel SiO2-nanocellulose composites of different structures was developed and
characterized. SiO2 nanoparticle (NP) assemblies of different sizes were formed by varying the
dosage of CPAM in a nanocellulose matrix. Small angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM) measurements reveal the formation of NPs assemblies consisting of
bimodal distribution of NPs with smaller particle diameter of 8 nm and large particle diameter of
15-20 nm, respectively. Structure factor obtained from SAXS data analysis shows that at high
dosage of CPAM, the assemblies of NPs formed within the cellulose matrix have high volume
fraction. Moreover, the NPs in the assemblies have a lower interparticle distance, are strongly
bounded, and have larger correlation length. An increase in CPAM dosage increases the retention
of NPs assemblies within the cellulose matrix. However, at low dosage of CPAM, the retention of
NPs within the cellulose matrix is low (smaller volume fraction) and the assemblies have a loosen
structure with weak interparticle interaction. Characterizing and controlling NPs assemblies
dispersed in a nanocellulose matrix allows tailoring a novel generation of sustainable composites
for applications requiring selected catalytical, permeability or biocompatibility properties.
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PREFACE
In previous chapters (Chapter 2-4), SiO2 NPs were used as a model inorganic NP to produce
nanocomposites with nanocellulose. Cationic polyacrylamide (CPAM) was used to retain and
bridge NPs to nanocellulose. The structure-property relationship with varying NP content and NP
sizes were quantified. The interaction between NPs and CPAM was quantified as well.
This chapter uses the expertise obtained from the previous experimental 3 chapters in production
and characterization of nanocomposites, to produce montmorillonite (MMT) - nanocellulose
composites for water vapour barrier applications. Particularly, the focus is to engineer the material
to be strong, flexible, biodegradable, recyclable, easy to scale up and with very low water vapour
permeability.
This chapter follows the third objective.
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5.1 GRAPHICAL ABSTRACT

5.2 ABSTRACT
A simple technique was developed to well disperse montmorillonite (MMT) into novel
nanocellulose composites of varying MMT content (9.1-37.5 wt%). The objective was to develop
nanocellulose-MMT composites of very low water vapour permeability (WVP) by increasing the
composite tortuosity. The new composites are strong (strength-110 MPa), stiff (modulus-11 GPa)
yet flexible. Scanning electron micrographs revealed MMT platelets to be uniformly distributed
across and within the composite, creating a tortuous path restricting water molecules diffusion.
WVP decreased by half, from 24.2±2.7 g.μm/m2.day.kPa without MMT to 13.3±2.0
g.μm/m2.day.kPa with only 16.7 wt% MMT. Further increasing the MMT content increased
composite WVP, due to MMT aggregation. Two separate MMT dispersion methods were tested
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to break down MMT stacks and improve WVP by increasing MMT available surface area: (a)
sonication, which worsened WVP, and (b) high pressure homogenization, which reduced WVP
further to 6.33±1.5 g.μm/m2.day.kPa with 23.1 wt% MMT. This is the lowest WVP reported in
literature for nanocellulose-MMT composites. This study developed a recyclable composite of very
low WVP. These thin, inexpensive, strong and flexible nanocellulose-MMT composites present a
new and attractive option as recyclable/compostable packaging materials for large volume
packing applications where water vapour protection is critical.

5.3 KEYWORDS
Montmorillonite (MTM), nanocellulose, composites, water vapour permeability (WVP), packaging.

5.4 INTRODUCTION
There is a need for new cellulosic packaging materials and membranes having strong moisture
barrier performance for application in food, electronics and pharmaceutical industry which are
sustainable and prevent global warming [1, 2]. For packaging, this material should be flexible,
strong, recyclable inexpensive and fully biodegradable when finally disposed at the end of its
product life.
Mosst current packagings rely on petrochemical-based materials such as polyethylene (PE) and
polypropylene

(PP)

polyolefins,

polystyrene

(PS),

polyethylene

terephphalate

(PET),

polyvinylidene chloride (PVDC) and poly(vinyl chloride) (PVC) [3] as barriers to moisture. These
materials are difficult to recycle and non-biodegradable. There is a need for performant
composites made from renewable bio-based materials. Here, cellulose derived from wood fibres
stands out as material of high potential.
Cellulose is more than an environmentally friendly material; it is a polymer with good mechanical
properties and low thermal expansion; it is also easy to chemically functionalize, cheap and widely
abundant. Cellulose can be homogenized to produce nanocellulose by reducing the diameter of
individual cellulose fibres [4]. Nanocellulose fibres have a high aspect ratio with a diameter of 5100 nm and length of a few microns, providing high network ability by entanglement [5].
Nanocellulose can be processed into strong films [6], membranes [7], aerogels [8] and
biocomposites [9].
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Nanocellulose can be processed into films by vacuum filtration [10], solvent casting method [11]
and also hot pressing [12]; of those, vacuum filtration is the fastest process. Strong films are
formed by the interacting nanocellulose fibres arranged randomly into a 2D isotropic structure
[13]. The low porous structure which results from the entangled packing of nanofibers enables to
engineer nanocellulose sheets into barrier materials, particularly gas barriers. The oxygen
permeability (OP) of nanocellulose sheets (0.004 cm3.μm.m-2.day-1.kPa-1) [14] are orders of
magnitude lower than those achieved with petroleum based barrier materials such as ethylenevinyl alcohol copolymers (EVOH) (0.77 cm3.μm.m-2.day-1.kPa-1) [15], low density polyethylene
(LDPE) (1900 cm3.μm.m-2.day-1.kPa-1) [16], PVDC (0.1-3 cm3.μm.m-2.day-1.kPa-1) [17] and PVC (2080 cm3.μm.m-2.day-1.kPa-1) [17]. Due to the high polarity of nanocellulose, water vapour affects
the fibre-fibre bonds. This material characteristic weakens the original strong bonds holding the
dry 2D structure, decreasing water permeability and deteriorating material stability [18, 19].
Controlling the water vapour transmission rates is critical to engineer good packaging materials
and membranes with the required ability to extend the shelf life of moisture sensitive goods [20].
To enhance both oxygen and water barrier properties of nanocellulose sheets, inorganic
nanomaterials have been introduced to the matrix, creating organic/inorganic composites. Among
those nanoparticles, montmorillonite (MMT) stands out as reinforcement for polymeric matrices
because of its high in-plane strength and stiffness, improving both barrier and mechanical
properties [21, 22]. Disk shaped MMTs creates a tortuous path when arranged orthogonally to the
diffusion pathway of permeating molecules. Composites made with nanocellulose- MMT
therefore reduce the mass flux through the membrane, contributing to low OP and WVP values
[23]. Further, the extent and the homogeneity of MMT dispersion is critical to enhance composite
permeability properties [24, 25]. A performant MMT dispersion technique is required to achieve
the targeted material properties.
MMT agglomeration plays an important role in the performance of diffusion barrier composite
films [26]. Clay content exceeding 5 wt% decreases composite strength (brittleness) with the
formation of large MMT agglomerates that functions as defects [27]. There are only a few studies
on MMT/nanocellulose composites that have focused on WVP. This study analyses the effect of
MMT agglomeration and systematically investigates the effect MMT content and structure on
composite properties. We raise the hypothesis that by maximizing the surface area of MMT and
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controlling the composite process, strong MMT-nanocellulose composites of very low WVP can be
engineered. In this work, nanocellulose was used in combination with MMT to produce strong and
flexible functional composite material by using a facile and scalable method. These
nanocomposite-MMT clay composites are cheap, environmentally friendly and of very low WVP;
they are ideal for packaging and membrane applications.

5.5 EXPERIMENTAL
5.5.1 Material
Microfibrillated cellulose (MFC) was purchased from DAICEL Chemical Industries Limited, Japan
(grade Celish KY-100G). The MFC was supplied at 25% solids content and stored at 5oC as received.
Rockwood Cloisite NA+ is a montmorillonite (MMT) powder kindly provided by Rockwood holdings,
United States. The MMT powder was dispersed into deionized water (0.2 wt%) and agitated using
a magnetic stirrer bar for 1 hour. Anhydrous calcium chloride (1-2 mm) was purchased from
Science Supply Australia.

5.5.2 Method
5.5.2.1 Production of nanocellulose
A disintegrator equipped with 3 L vessel was used to disintegrate and dilute MFC to 0.5 wt% in
deionized water at 15000 propeller revolutions. Homogenization was carried out to the diluted
suspension using GEA Niro Soavi (Type: PANDAPLUS 2000) homogenizer at 1000 bar and 5 passes.
Homogenized MFC (nanocellulose) have the average diameter of 20 nm and an aspect ratio of 286
which was measured by sedimentation technique [28] (Appendix I Figure C1-Figure C3). Solid
content of nanocellulose after homogenization was measured again by pouring a known amount
of suspension to a crucible followed by measuring the mass of the crucible after it was oven dried
at 105oC for 4 hours. Suspension was diluted to 0.2 wt% for composite sheet preparation.

5.5.2.2 Nanocellulose film preparation
Nanocellulose films were prepared using a standard British hand sheet maker (model T205). Rapid
sheet preparation method developed from our previous work was adapted [10]. The hand sheet
maker was equipped with a woven filter with an average opening of 74 microns. A Whatman wet
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strengthened filter paper (WHAT1114-185) with a pore size of 25 microns was placed on top of
woven filter mesh and 0.2 wt% nanocellulose suspension (with 1.2 dry grams of nanocellulose)
was poured into the chamber. Vacuum was applied until the film was formed. After the water
drained, film was removed from the filter paper using blotting papers, pressed at 385 kPa for 5
minutes and then dried for 10 minutes at 105oC using a sheet drier.

5.5.2.3 Production of nanocellulose/MMT composites
Composite films with 9.1, 16.7, 23.1, 28.6, 33.3, 37.5 wt% MMTs were prepared as follows. A 0.2
wt% MMT dispersion containing one of 0.12, 0.24, 0.36, 0.48, 0.6, and 0.72 g of MMT was added
at a flow rate of 20 mL/min to a beaker containing 0.2 wt% nanocellulose suspension (1.2 g of
nanocellulose) to obtain composite suspensions with weight ratios of MMT to nanocellulose of
1:10, 1:5, 1:3.33, 1:2.5, 1:2, and 1:1.67, respectively. The nanocellulose suspensions were
continually mixed during addition. The mixing time varied from 3 minutes to 18 minutes with MMT
loading Final suspension was poured into the British hand sheet maker and the composites were
prepared as mentioned above.
Composite processing methodologies were tested by preparing two additional sets of composites;
1) by sonicating (sonicator model: VCX750 purchased from John Morris Scientific Pty Ltd for, used
for 10 minutes at 80% amplitude) and 2) by high pressure homogenizing (1000 bar and 2 passes)
above prepared original suspensions before sheet formation as mentioned above.

5.5.3 Characterization
5.5.3.1 Structure and morphology study
SEM analysis was performed using FEI Magellan 400 FEGSEM on front and cross sections of the
composites. Samples were soaked in liquid N2 and a fracture was done using a tweezer. Sample
was mounted onto a metal sample holder and coated with a thin layer of Iridium prior to imaging.
TEM analysis was performed using FEI Tecnai G2 T20 TWIN on MMT suspensions. A copper grid of
3 mm with thin carbon layer on it was used to dip inside the MMT suspension and dried prior to
imaging.
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5.5.3.2 Thickness measurements
Thickness of the composites was measured using L&W thickness tester (model no 222) at ten
points and then averaged.

5.5.3.3 Strength measurements
Composites were cut into small strips of 120 mm long and 15 mm wide and equilibrated at 23 oC
and 50% relative humidity for a minimum of 24 hours prior to dry tensile testing based on
Australian/New Zealand Standard Methods 448 s and 437 s. The test span was 100 mm long. An
Instron tensile tester (model 5566) was used to record the force against displacement with
constant rate of elongation of 10 mm/min. For each sample, a mean value was obtained from 20
valid tests.

5.5.3.4 Particle and colloidal charge
The zeta potential measurements of nanocellulose and MMTs were performed with a Nanobrook
Omni (Brookhaven Instruments) in a cuvette cell at 25 oC. Using the supplied software, zeta
potential was calculated by determining electrophoretic mobility from an electrophoresis
experiment using laser Doppler velocimetry and applying the Smoluchowski equation. Prior to the
measurement, the 0.2 wt% nanocellulose suspension was centrifuged at 4400 rpm for 20 minutes
to remove big aggregates and the supernatant containing colloidal nanocellulose was then used
to measure the zeta potential. 0.2 wt% MMT suspension was used as it is for the measurements.

5.5.3.5 X-ray diffraction (XRD)
X-ray diffraction was conducted on MMT powder, pure nanocellulose sheets and composites using
Rigaku Miniflex 600 equipped with an energy dispersive solid state detector which collects x-rays
from a Cu tube operating at 40 kV and 15 mA. Scattered radiation was collected using a step size
of 0.02o and at a scan speed of 2 degrees per minute for a range between 2o to 34o. From the XRD
data, the interlayer spacing of MMTs was calculated using Bragg’s law as follows:

𝑑=

𝜆
2𝑠𝑖𝑛𝜃

(Equation 1)

Where 𝑑 is the d-spacing (nm) is, 𝜆 is the wavelength of X-ray beam (nm), and 𝜃 is the angle of
incidence.
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5.5.3.6 Barrier properties
Water vapour transmission rate (WVTR) was conducted according to ASTM E96/E96M standard
method [29]. Permeability cups complying with ASTM E96 standard were purchased from ThwingAlbert Instrument, USA. WVTR was carried out at 23oC and 50% relative humidity. Composites
were kept in oven at 105oC for 4 hours before the testing. The variation in mass with time was
recorded and the slope of the straight line was used to calculate WVTR.

5.6 RESULTS
Three types of nanocellulose-montmorillonite (MMT) composites were engineered through
different preparation methods and by varying the MMT loadings (9.1-37.5 wt%). The water vapour
permeability (WVP) properties were evaluated for each type of composite. All composites were
flexible and foldable. The composites colour yellowished as the MMT content increased. This is
due to the absorption spectra of MMT and similar observations were mentioned in literature [30].

5.6.1 Nanocellulose and MMT morphology
Nanocellulose of diameter and length of 20 nm and 5.7 µm, respectively, were prepared by
homogenizing microfibrillated cellulose (MFC). Diameter and aspect ratio (used to calculate length)
calculations are presented in supporting information S1-S3. The zeta potential measured for 0.2
wt% nanocellulose and 0.2 wt% MMT was -26 mV and -30.5 mV respectively, confirming
electrostatically stable suspensions [31].
MMT particle size and shape varies upon MMT origin and composition. Silicon and aluminium are
the main constituents. The chemical composition of the American MMT used is 49.4% SiO2, 19.7%
Al2O3, 0.8% Fe2O3, 0.3% MgO, 1.5% CaO, 1.5% Na2O and K2O, and 25.7% H2O [32]; giving a silica to
alumina ratio of 2.5. Because of the silanol groups, the plates in the MMT layers have a negative
charge while edges are positively charged; this provides self-ordering capability for MMTs during
the filtration process. However, when in suspension, these charges are attractive causing
detrimental MMT flocs/stacks [33].
Transmission electron microscopy (TEM) images of the MMT platelets reveal a distribution of
shapes and sizes (Figure 1). Chemically exfoliated structures were not seen; the actual thickness

171

CHAPTER 5

of the clay was difficult to obtain. However, the lateral dimensions of MMTs varies between 3001000 nm in length.

Figure 1:

TEM images of montmorillonite (MMT) platelets

5.6.2 Structure of nanocellulose/MMT sheet
Energy-dispersive X-ray (EDX) and scanning electron microscopy (SEM) analysis was conducted on
the composite sheets to quantify their morphology: structural differences, uniformity and
dispersion of MMT within the cellulose matrix (Figure 2). Elemental mapping through EDX (along
the cross section of the sheet) shows a homogeneous component distribution. For pure
nanocellulose sheet (no MMT), only carbon and oxygen elements were measured (Figure 2a).
Carbon is in excess compared to oxygen because of the chemical structure of cellulose (C6H10O5)
[34], the carbon to oxygen ratio was constant (estimate of 4.7 from Figure 2a intensities). The
intensity variation observed was due to the uneven surface of the cross section during sample
preparation for EDX analysis.
The elemental mapping conducted on the 33.3 wt% MMT composite sheet showed the presence
of MMT throughout the cross section (Figure 2b). The silicon and aluminium contents were higher
than the other MMT elements. The ratio of silicon to aluminium was estimated to 1.8 (from Figure
2b), close to the expected MMT ratio. Additional mapping of the SEM images is available in
Appendix I Figure C4. Wavy lines appear in the cross section of the 28.6 wt% MMT composite
(Figure 2c) which indicates a layered structure [35]. These characteristics were reported for
different organic-inorganic composites [36, 37]. The primary driving force for layered structures
are the hydrogen bonding and electrostatic interactions [35].
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Figure 2.

EDX and SEM images of composite sheets with various MMT compositions. Line
scan across 0 wt% and 33.3 wt% sheet cross sections are shown in (a and b). The
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cross-sectional image of the sheet with 28.6 wt% MMT shown in c) reveals a
strong orientation of MMT platelets parallel to the substrate.
XRD was selected to quantify the orientation and phase present in MMT or nanocellulose network.
Figure 3(a) shows XRD patterns for MMT, pure nanocellulose sheet and composite sheets with
different MMT loading. Nanocellulose sheet has no characteristic peak in the 2o-10o range. Any
peaks in that range are due to MMT and represent the interlayer spacing between MMT’s platelets
which define the state of MMT within the nanocomposite structure [38] The diffraction peak of
MMT at angle 7.36o (corresponding to interlayer spacing of 1.2 nm) shifted to 6o (interlayer spacing
1.5 nm) with 9.1 wt % MMT in the sheet. Thereafter, peak positions remained constant and only
intensity increased with MMT loading. Figure 3(b) shows the area under the first XRD peak versus
MMT loading for the original composite sheets and composites produced with an additional high
pressure homogenization step. The area under the peak directly correlates with the intensity,
which corresponds to the amount of MMTs arranged in a given orientation. Peak area for the
original composite was lower than for composite with homogenization. Figure 3(c) shows the
diffraction angle (2 theta) of the first peak for the same sets of composites as a function of MMT
loading. The peak position does not change significantly and only the intensity varies (XRD patterns
for composite with high pressure homogenization step are in Appendix I Figure C5).
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Figure 3:

(a) XRD patterns of MMT, nanocellulose sheet and original composite sheets with
different MTM loadings, (b) Area under the first XRD peak for original composite
sheets and composite sheets with additional homogenization step, (c) 2 theta
value of the first peak of the XRD graph with the loading of MMT for both sets of
composites.

5.5.3 Mechanical properties
Mechanical properties were measured for composite of varying MMT content (Figure 4). All films
are strong (average ~104 MPa). Microfibrillated cellulose (MFC) with an average diameter and
length of 73 nm and 10.4 μm, respectively, were homogenized into nanocellulose. Maximum
stress of 54.6 MPa and modulus of 4.6 GPa were measured for the MFC sheet (60 gsm).
Nanocellulose sheets (20 nm diameter and 5.7 μm length) had a breaking stress of 105.7 MPa and
modulus of 6.9 GPa.
Elastic modulus increased with MMT content compared to nanocellulose sheet (6.9 GPa), while
strain at break did not change much and remained between 3.3 and 4.8%. The highest modulus
was obtained at 10.6 GPa for 37.5 wt% MMT. Although the stress increased initially for low MMT
content and decreased thereafter, overall, there is no significant variation in the stress at break.
Low content of MMT addition (9.1-23.1 wt%) resulted in an increase in stress up to 108.8 ± 2.4
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MPa. High content of MMT addition (28.6-37.5 wt%) decreased the stress slightly where the
lowest stress being 97.5 ± 2.7 MPa for 37.5 wt%. All composites remained flexible and foldable.

Figure 4:

Mechanical properties obtained from tensile testing for original composite sheets
with MMT loading. (a) maximum stress (blue), (b) elastic modulus (orange) and
(c) strain to failure (grey). Deviations are based on 95% confidence level.

5.6.4 Barrier properties
Water vapour permeability (WVP) for composites prepared with different processing conditions
is shown in Figure 5. Testing was conducted at 23oC and 50% relative humidity. For the original
composite series, WVP decreased as MMT increased, reached a minimum at 16.7 wt% (13.3 ± 2.0
g.μm/m2.day.kPa) and then increased again. For composites with a high pressure homogenizing
step, the WVP decreased with MMT addition, reaching a minimum at 23.1 wt% (6.3 ± 1.5
g.μm/m2.day.kPa) and then increasing again. We also tested the WVP for composites with a
sonication step, where WVP increased significantly with MMT loading.
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Figure 5:

WVP of nanocellulose/MMT composites. Original composite sheets (blue dots),
composite sheets with high pressure homogenization step (red triangles) and
sonication step (yellow squares).

5.7 DISCUSSION
Our primary objective was to produce nanocellulose/montmorillonite (MMT) composites with
well dispersed MMTs and nanocellulose to improve water barrier properties. The hypothesis
tested was that MMT decreases cellulose composite permeability by increasing composite
tortuosity. Here, we tested how the suspension state and the MMT aggregation depend on
composite processing methodology. Solvent casting and evaporation are the most cited methods
to prepare such composites, mostly for the larger area and well defined coating thickness they
provide [3, 12]. However, the film formation using these techniques requires hours to days to
process. Therefore, filtration process is easier [12, 35, 39]. Here, film formation involves the
continuous addition of the MMT suspension to the agitated nanocellulose suspension, followed
by filtration. The major advantages of this method are its simplicity, rapidity and the improved
composite properties achieved. The technique can also easily be scaled up to industrial scale.

5.7.1 Barrier properties of nanocellulose/MMT sheets
The water vapour permeability (WVP) is affected by many parameters such as the type and
structure of MMT, its dispersion and content in the nanocellulose matrix; all of which were tested
in this study. SEM and EDX (Figure 2) confirmed that MMT particles are well distributed within and
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across the sheet, creating a tortuous path for the permeating water molecules. No large MMT
aggregations were observed by SEM. Some small scale aggregation was expected at high MMT
loading.
In the nanocellulose matrix, MMTs can form one of three structure: 1) an exfoliated structure
where MMT layers are completely separated, 2) an intercalated structure where nanocellulose
can penetrate into MMT layers and alter the layer distances leaving the overall structure intact,
and 3) a tactoid structure where MMT layers are not separated [40]. XRD conducted (Figure 3a)
on the original composite sheets revealed the peak shift between 7.36 o to 6o corresponds to an
increase in layer distance of 0.3 nm. This increase is too small to enable nanocellulose to diffuse
between MMT layers as the smallest diameter achieve by a nanocellulose fibril is 3 nm [41]. The
structure of MMT in nanocellulose matrix is therefore tactoid. TEM images (Figure 1) also support
the tactoid bulky structure as no delaminated individual layers was detected. The slight increase
in interlayer spacing observed could be due to water molecules wedging into the interlayer and
hydrating the cations, resulting in repulsive forces expanding the MMT layer [38].
WVP decreased for the original composite sheets (Figure 5, dots) with increase in MMT content
up to 16.7 wt%. This is because the arrangement of MMT platelet’s largest dimension
perpendicular to the diffusion pathway creates a tortuous path which reduces WVP. Beyond 16.7
wt% MMT loading, WVP increased again as the hydrophilic MMT absorbs more water into the
composite and MMT aggregates at high loading which opens new pores into the structure. The
latter mechanism is believed to be predominant for permeability. Increase in intensity of the area
under the first peak in Figure 3a proves the MMTs stacks formation in the original composite
sheets, especially at high loadings.
The dispersion methodology of MMT in suspension is critical in engineering the WVP properties
of composites. Clay stacking at high MMT loading is a common problem. Two MMT dispersion
methods were investigated by using the same production process but with suspensions mixed to
higher intensity: high pressure homogenization and sonication of the composite suspensions
before sheet formation. WVP of composites processed with high pressure homogenization shows
a similar pattern to that of the original, but with lower WVP values. XRD on the high pressure
homogenized composites proved two phenomena: 1) the MMT stacks formed in the original
composite sheets are broken down and 2) the preparation method does not change the structure
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of MMT. The first point is proven by Figure 3(b) indicating that the area under the first peak for
the high pressure homogenized composite sheets is lower than that of the original composite
sheets with the same MMT loading (less stacks). The second point is demonstrated by Figure 3(c)
which shows that the position of the first XRD peak does not change with MMT loading for both
composites, indicating that the MMT tactoid structure in the composite does not change.
Therefore, introducing high intensity clay delamination with homogenization improved WVP
results by breaking down the MMT stacks, improving the effective surface area available, thus
creating a more tortuous path (Figure 6, mechanism). Another approach to overcome the MMT
stacking problem was to sonicate the suspension at high intensity before sheet making. However,
this worsened the WVP results which may result from fracturing individual MMT platelets into
fragments, decreasing the tortuous path. Processing greatly influences MMT aggregation and
composites properties and performances.
There is a relationship between processing methodology and final composite properties.
Evidences suggest that once MMT is mixed with nanocellulose, shear profile and mixing time are
critical. If not processed quickly into composites, MMTs restack into large aggregates [42] driven
by electrostatic and Van der Waals forces [43].

Figure 6:

Mechanisms of MMT-stacking and arrangement of stacks in nanocellulose
network (not to scale). (a) MMTs stack formation at high MMT loading; decrease
the tortuous path; (b) MMT stacks are broken down using high pressure
homogenization of nanocellulose/MMT suspension; increase the tortuous path
for same amount of MMT.
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5.7.2 Mechanical properties of nanocellulose/MMT sheets
Well dispersed MMT into nanocellulose suspension improves composite strength. The strength is
important as we need strong composites for application perspective. The elastic moduli increased
as well dispersed MMT restrict initial nanofiber movement upon force loading; this is further
increased by strong interactions and hydrogen bonds between MMT and nanocellulose. The stress
slightly decreased at high MMT content due to weak aggregation acting as stress initiator in
composites [44]. The amount of MMT does not significantly reduce the composite strength,
providing promising mechanical properties. Table 1 presents the mechanical properties reported
in the literature for other nanocellulose-clay materials targeting water vapour barrier applications.
The values reported for these nanocellulose composites vary significantly depending on sources,
sizes, treatments of clay and production methods. For example, nanofibrillated cellulose (NFC)vermiculite (VER) composites reported gave high stress values of 244±24 MPa because of the
significant reduction in NFC diameter (5-20 nm) due to carboxymethylation treatment [3].
Cellulose nanofibrils (CNFs) prepared through enzymatic pretreatment and homogenization (14
nm diameter) gave a stress of 91 MPa and reduced to 80 MPa when combined with mineral MMT
[45]. This reduction could be due to improper dispersion of MMT in the composite.

5.6.3 Literature comparison
Table I compares the WVP values collected from nanocellulose-clay composites previously
published. Although significant studies on cellulose-clay composites exist, only nine investigations
aimed at reducing WVP. Various nanocellulose-nanoclay composites were made with surfactant
[46], nanofibrillated cellulose surface modification [39, 47, 48], and poly(vinyl alcohol) and
poly(acrylic acid) polymer addition [18]. Similar cellulose nanofibre-clay composites, but made
from a different methodology, reported WVP of 1,800,000 g.μm/m2.day.kPa [49]; WVP for
nanofibrillated cellulose-vermiculite composite is 60.5 g.μm/m2.day.kPa [3], bacterial cellulose
with unmodified MMT composite, 53.3 g.μm/m2.day.kPa [50] and the lowest WVP value reported
for cellulose nanofibrils-mineral MMT composite made by solvent casting is 16.4 g.μm/m2.day.kPa
[45]. Some WVP values reported in Table 1 are very high because testing was conducted at higher
relative humidity; these values cannot be compared to ours. The composites prepared here have
the lowest WVP value reported of 6.3 ± 1.5 g.μm/m2.day.kPa at 23.1 wt% MMT while maintaining
flexibility, recyclability and biodegradability. This review highlights that processing methodology
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affects film properties. The simple method developed produced strong and flexible
nanocellulose/MMT composites of the lowest WVP values .

182

CHAPTER 5

Table I: Literature comparison of WVP for nanocellulose-clay based materials.

Composite type

Clay
compositio
n in the
total
composite

Cellulose nanofibre (CNF)-clay

25 wt%

Cellulose foam with Tween 80
surfactant-surface modified
montmorillonite

2.5 wt%

Trimethylammonium-modified
nanofibrillated cellulose and
layered silicate (TMANFC/Mica R120)

50 wt%

Trimethylammonium-modified
nanofibrillated cellulose and
vermiculite (TMANFC/Vermiculite)

50 wt%

Poly(vinyl alcohol) (PVA)Poly(acrylic acid) (PAA)-NFCsodium montmorillonite
(MMT)
Nanofibrillated cellulose (NFC)
-vermiculite (VER)

Production process

Vacuum filtration
followed by vacuum
oven dry
High shear
homogenization and
casting
High shear
homogenization
followed by pressure
filtration and vacuum
hot-pressing
High shear
homogenization
followed by pressure
filtration and vacuum
hot-pressing

Temperature
& Relative
humidity

WVP (g
um m-2
day-1
kPa-1)

Tensile
strength
(MPa)

Modulus
(GPa)

Strain
(%)

Refere
nce

a

-

-

-

[49]

20oC, 50%

216000

13.1±1.7

0.455

3.7±0.3

[46]

23oC, 85%

2200

104±5

9.5±0.2

1.9±0.3

[39]

23oC, 85%

1400

135±4

10.3±1.1 3.3±0.7

[48]

23oC, 50%

1800000

50 wt%

Solvent casting

23oC, 50%

105

approx1
90±11

approx. approx.
15.9±0.3 3±0.5

[18]

20 wt%

24 h mixing followed
by two high pressure

23oC, 50%

60

244±24

17.3±0.4 4.8±0.7

[3]
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Bacterial cellulose (BC)unmodified MMT

9 wt%

Low methoxyl pectin (LMP)carboxymethyl cellulose
(CMC)-MMT

4 wt%
(LMP-CMC
ratio was
10:0)

Cellulose nanofibrils (CNFs)mineral montmorillonite
(MMT)

32.5 wt%

Note:
a

the

best

film

based

on

WVP

from

homogenization;
and then solvent
evaporation
In-situ assembling or
one-step
biosynthesis process

25oC, 50%

53a

-

-

-

[50]

Solvent casting

25oC, 50%

29

15.83

-

11±3

[47]

Solvent casting

23oC, 50%

16

80

7.8

2.8

[45]

each

article

was

chosen.

Some

of

the

tensile

values

are

pressure at which water vapour transmission conducted was assumed to be at atmospheric pressure since pressure was not specified.
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5.8 CONCLUSION
A simple method was developed to produce strong nanocellulose/montmorillonite (MMT)
composites having the lowest water vapour permeability (WVP) reported. The technique well
disperses MMT into the nanocellulose matrix which significantly increases the network tortuosity;
the method is also easily scalable into a manufacture process.
Nanocellulose composites of MMT content varying from 0 to 37.5 wt% were constructed.
Transmission electron microscopy and X-ray diffraction analysis revealed MMT not to exfoliate in
the cellulose composites but to remain as a tactoid structure. Scanning electron microscopy
showed MMTs to be well distributed across and within the composite sheet, which contributes to
a path of significantly increased tortuosity restricting diffusion of water molecules. The
nanocellulose-MMT composites retained strength. With MMT loading as high as 37.5 wt%, the
maximum stress and strain at break were maintained at 97.5 ± 2.7 MPa and 3.3%, respectively.
The composites also remained strong and flexible when wet, characteristics required for
application as packaging and membrane material. WVP is a parabolic function of the MMT
concentration in the composite. WVP first decreased with addition of MMT due to the formation
of path of increased tortuosity to reach a minimum, and then increased, as MMT aggregates which
increased composite porosity. Sonication and high pressure homogenization of the MFC-MMT
suspensions (before the filtration step) were investigated. Sonication worsened composite
permeability while homogenization improved it significantly, where the lowest being 6.3 ± 1.5
g.μm/m2.day.kPa at 23.1 wt% loading. This value is the lowest reported for nanocellulose-clay
based composites. These results support the hypothesis that MMTs form stacks at high loadings
and the controlled breakdown of such stacks in a nanocellulose composites improves WVP
properties.
This study presented an industrially scalable process to manufacture a novel thin, flexible and
strong nanocellulose-MMT composite separation of very low WVP. These low cost and sustainable
composites are ideal for packaging and membrane applications.
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PREFACE
This chapter also uses the expertise obtained from experimental Chapter 2-4 in production and
characterization of nanocomposites, to produce titanium dioxide (TiO2) - nanocellulose
composites for photocatalytic applications.
Here, polyamide-amine-epichlorohydrin (PAE) is used as a retention aid and also most importantly
as a wet strengthening agent. The effect of PAE on photocatalytic activity of the TiO2-nanocellulose
composite is quantified. Small angle X-ray scattering (SAXS) and scanning electron microscopy
(SEM) was also used to quantify the internal structure. The focus was to produce a portable, green
highly effective photocatalytic material that is reproducible, cheap, easy to produce and easily
scalable.
This chapter follows the third objective.
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6.1 GRAPHICAL ABSTRACT

6.2 ABSTRACT
Novel water resistant photocatalytic composites of microfibrillated cellulose (MFC) – polyamideamine-epichlorohydrin (PAE) – titanium dioxide (TiO2) nanoparticles (NPs) were prepared by a
simple two step mixing process. The composites produced are flexible, uniform, reproducible and
reusable; they can readily be removed from the pollutant once used. Only a small amount of TiO 2
NPs are required for the loaded composites to exhibit a remarkable photocatalytic activity which
is quantified here as achieving at least 95% of methyl orange (MO) degradation under 150 min of
UV light irradiation for the composite with best combination. The cellulose network combined
with PAE strongly retains NPs and hinders their release in the environment. PAE dosage (10 and
50 mg/g MFC) controls the NP retention in the cellulose fibrous matrix. As TiO2 content increases,
the photocatalytic activity of the composites levels off to a constant; this is reached at 2 wt% TiO2
NPs for 10 mg/g PAE and 20 wt% for 50 mg/g PAE. SEM and SAXS analysis confirms the uniform
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distribution of NPs and their formation of aggregates in the cellulose fibre network. These
economical and water resistant photocatalytic paper composites made by a simple, robust and
easily scalable process are ideal for applications such as waste water treatment where efficiency,
reusability and recyclability are important.

6.3 KEYWORDS
Photocatalysis, Titanium dioxide, Microfibrillated cellulose, polyamide-amine-epichlorohydrin,
composites, aggregation, water resistant.

6.4 INTRODUCTION
Inorganic nanoparticles-polymer composites have recently gained much attention for engineering
functional materials and interfaces. Metals and metal oxides nanoparticles (NPs) such as TiO 2 [1],
Au [2] and Fe2O3 [3] are distinct materials with size dependent properties in photocatalysis and
photoelectronics applications [4]. Among those, TiO2 NPs are low cost material for industrial
applications in photo-catalysis, photochemical hydrogen production [5], water purification and
solar energy conversion [6, 7].
In 1972, Fujishima and Honda discovered photocatalysis with TiO2 NPs [8]. Anatase TiO2 gives high
oxidizing power when irradiated by UV light, which has generated tremendous interest thanks to
its low cost, high chemical stability and low toxicity [9-11]. Optical excitation with energy
exceeding TiO2 band gap energy results in the formation of conduction band electrons and valence
band holes. Both are powerful reductants and oxidants [12]. Hydroxyl radicals produced in TiO 2
can be used to convert many organic compounds to CO2 and H2O. Therefore, TiO2 has been used
to decompose various environmental pollutants [13, 14]. The size and the length scale of these
NPs play a major role in its properties and applications [15].
Nano scale TiO2 (1-100 nm) possesses high surface area and shows enhanced photocatalytic
activity [15]. However, TiO2 tendency to form agglomerates can significantly decrease its activity
[16-18]. Using bare TiO2 NPs in water treatment has issues in their collection and poses
uncontrolled NPs release as an environmental danger [19-22]. Incorporating TiO2 NPs directly into
a matrix combines the advantages of NPs stability and retention; this enables water treatment
without risk of NPs leaching or contamination [23].
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Previously, researchers have engineered composites with TiO2 NPs embedded in different
networks such as silicon, carbon fibre, cellulose fibre and polypropylene/clay [24-27]. However,
these composites have issues either in retention of NPs, are expensive to produce, difficult to
recycle, non-biocompatible, lack of reusability or are not showing effective or controlled
photocatalytic activity. There is a lack of fundamental understanding of the retention, dispersion
and aggregation of NPs for the controlled photocatalysis activity of composites.
Many strategies have been explored for retaining inorganic NPs in sustainable material networks
[28-30]. In this category, microfibrillated cellulose (MFC) is a low cost, biodegradable and
recyclable natural fibrous matrix having high specific strength and surface area promising good
NPs integration [22, 31, 32]. MFC is more stable in aqueous environments than conventional wood
fibres [33, 34]. Previously, many methods to produce and characterize MFC-NPs composites with
high NP loadings (80 wt%) and controlled nanostructures were reported [29, 35, 36].
We raise the hypothesis that the content and the aggregation state of TiO2 in MFC composites
control their photocatalytic activity when exposed to UV light. Our proposed methodology is to
disperse TiO2 NPs in a MFC network with controlled retention, distribution and agglomeration,
while keeping the wet strength of the produced composites. These parameters are believed to be
important variables for optimizing the photocatalytic activity of composites. Therefore, a material
which serves as both wet strength and NP’s retention aid is required. Polyamide-amine
epichlorohydrin (PAE) is a widely used wet-strength agent in the tissue and packaging industries.
Its wet strength develops primarily by ester bond formation between the azetidinium groups of
PAE with the carboxyl groups of the bleached cellulose fibres and is achieved during the drying
process [37].
In this study, MFC is investigated as TiO2 NPs carrier to produce water resistant fibrous composites
of varying NPs loading. Here, PAE is used both as wet strength agent to consolidate the MFC
structure and as a retention aid for the TiO2 NPs. Photocatalytic activity of composites with
different NPs and PAE dosages is monitored by measuring the degradation kinetics of Methyl
Orange (MO) solutions by UV irradiation. By changing the PAE concentration, we aim to vary the
TiO2 aggregation state. Scanning electron microscopy (SEM) and Small angle X-ray Scattering (SAXS)
measurements are used to quantify TiO2 NP distribution in the composites and are analysed in
terms of PAE content. Our objective is to produce bio-compatible and reusable TiO2 NPs/MFC
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composites of controlled photocatalysis. Further, we aim at exploring TiO2 catalytic activity in
terms of NPs distribution and aggregation state controlled with PAE dosage.

6.5 EXPERIMENTAL
6.5.1 Material
Microfibrillated cellulose (MFC) was purchased from DAICEL Chemical Industries Limited, Japan
(grade Celish KY-100G). MFC was supplied at 25 wt% solids and stored at 5 oC as received. The
mean diameter and the aspect ratio of MFC was 73 nm and 100-150, respectively [38]. Anatase
titanium dioxide (TiO2) was purchased from US Research Nanomaterials, USA. The nanoparticle
(NP) size ranged within 30-50 nm and was received at 40 wt% solids. The commercial polyamideamine-epichlorohydrin (PAE) was provided by Nopco Paper Technology Pty Ltd, Australia (33 wt%
solids). Methyl Orange (MO) was purchased as a powder from Sigma Aldrich.

6.5.2 Method
6.5.2.1 MFC sheet preparation
MFC sheets were prepared using a standard British hand sheet maker (model T205). The hand
sheet maker was equipped with a woven filter with an average opening of 74 microns. A Whatman
wet strengthened filter paper (WHAT1114-185) with a pore size of 25 microns was placed on top
of the woven filter and a 0.3 wt% MFC suspension (with 1.2 g dry mass of MFC) was poured into
the column. Once the water drained under gravity, the wet film was taken out using blotter
papers, the filter paper was removed, and the sheet was pressed at 385 kPa for 5 minutes and
then dried at 105 oC using a sheet drier.

6.5.2.2 MFC-PAE-TiO2 composite sheet preparation
Two sets of MFC-PAE-TiO2 composites were produced:
1. Composites with low PAE dosage: 0.3 wt% MFC (1.2 g fixed), 0.01 wt% PAE (10 mg PAE/g
MFC fixed) and with varying TiO2 loading at 0.5, 1, 2, 5, 10, 40 and 80 wt%.
2. Composites with high PAE dosage: 0.3 wt% MFC (1.2 g fixed), 0.03 wt% PAE (50 mg PAE/g
MFC fixed) and with varying TiO2 loading at 2, 5, 20, 40 and 80 wt%.
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The composites were prepared in a two-step process. Firstly, the PAE suspension was added at a
constant flowrate of 30 mL/min into a beaker containing 0.3 wt% (1.2 g fixed) MFC, while stirring
the suspension using a hand stirrer (high shear mixing). Secondly, 0.1 wt% TiO 2 suspensions were
strongly sonicated (sonicator model: VCX750 purchased from John Morris Scientific Pty Ltd for,
used for 10 minutes at 80 % amplitude) and added to the MFC-PAE suspension at a constant
flowrate of 20 mL/min, while stirring the entire suspension.
Suspensions were poured into the British hand sheet maker and the composite sheets were made
as described above.

6.5.2.3 Photodegradation of methyl orange
The photocatalytic degradation tests were carried out at room temperature using MO as a model
dye. A 100 W lamp (365 nm wavelength) was used as the light source. The samples were cut into
2.5 x 2.5 cm2 pieces and dispersed in a 50 mL beaker filled with 15 mL of 5 ppm pH 3 MO aqueous
solution. The sample immersed in the beaker was kept in the dark for 2 hours until the maximum
adsorption of MO by MFC prior to photocatalytic experiment was reached. The beaker was then
subjected to UV radiation for MO photocatalytic degradation. The distance between the liquid
surface and the light source was 19 cm. At given irradiation time intervals, the solution was
collected for analysis using UV-vis spectroscopy (Model: Cary 60 UV-Vis, Agilent Technologies).
Experimental set up is shown in Figure 1.

Figure 1:

Experimental setup for photocatalytic degradation of methyl orange. The paper
samples were cut to squares (2.5 cm x 2.5 cm).
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6.5.3 Characterization
6.5.3.1 Structure and morphology study
Scanning electron microscopy (SEM) analysis of the composite sheets was performed using a FEI
Magellan 400 FEGSEM. Samples were cut into 3 x 3 mm2 mounted onto a metal sample holder
and coated with a thin layer of Iridium prior to imaging.

6.5.3.2 Particle and colloid charge
The zeta potential measurements of MFC, TiO2 and PAE were performed with a Nanobrook Omni
(Brookhaven Instruments) in a cuvette cell at 25 oC. The zeta potential was calculated, using the
supplied software, by determining electrophoretic mobility from an electrophoresis experiment
using laser Doppler velocimetry and applying the Smoluchowski equation. PAE at 0.01 wt%
concentration was added at different dosages to a 0.3 wt% MFC suspension and mixed using a
hand stirrer for 3 minutes. MFC-PAE suspension was centrifuged at 4400 rpm for 20 minutes to
remove big agglomerates and the supernatant was used to measure zeta potential.

6.5.3.3 PAE adsorption on MFC
This method described by Peng and Garnier [39] was adopted. Particle charge detector (Mutek
PCD-03, BGT Instruments) was used to titrate the amount of PAE in the supernatant after
centrifugation using an opposite charged polyelectrolyte until point of zero charge is met. The
polyelectrolyte used was PES-Na of known concentration (0.000125 N), and was added at 10 mL
dosages to the PAE-MFC supernatant. Titrant consumption was measured in mL and converted
into PAE concentration through a standard curve method.

6.5.3.4 PAE Small angle X-ray scattering
Small angle X-ray scattering (SAXS) measurements were made on a Laboratory Bruker N8 Horizon
using a CuKα (λ = 0.154 nm) micro-source. The sample to detector distance was 0.6 m covering
the q range between ∼0.15 to 3.7 nm-1. The scattered photons after interacting with the sample
were collected using a 2D Vantec-500 detector (pixel size ∼70 μm × 70 μm). Final scattering
curves were obtained after data reduction and radial averaging using Bruker EVA software.
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6.6 RESULTS
The photocatalytic activity of water resistant, thin and flexible cellulose/PAE/titanium dioxide
(TiO2) nanoparticles (NPs) composites was investigated by following the UV induced degradation
kinetics of Methyl Orange (MO) dye aqueous solutions. Composites varying in TiO 2 NPs and PAE
contents were prepared. The UV-vis spectroscopy for MO aqueous solutions denotes two distinct
absorption peaks appearing at 275 nm and 500 nm (Figure 2). The band at 500 nm was selected
to measure the effect of photocatalysis on the degradation of MO as this peak decreases rapidly
as increases UV light exposure time of the photocatalytic material (Appendix I -Figure D1). In 3
hours the colour of the MO solution changes from an intense red/orange to colourless, which
indicates degradation of MO (Figure 2 inset).

Figure 2:

UV-visible spectrum of a methyl orange aqueous solution indicating two
absorption maxima. The inset illustrates the methyl orange solution colour
change by photocatalysis before and after 3 hours UV exposure over TiO 2-MFC
composite.
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6.6.1 Photocatalytic activity performance
The photocatalytic degradation kinetics of MO is shown as a function of TiO 2 loading for 10 mg/g
(10 mg PAE/g MFC) and 50 mg/g (50 mg PAE/g MFC) in Figures 3a and 3b, respectively. The
intensity of the MO peak decreases with exposure time for all composites. Although the rate at
which MO decomposes changes for different composites, it takes roughly 3 hours for MO colour
to change from the original red/orange colour to transparent and colourless (Figure 2 inset).
There is virtually no photocatalytic activity shown by composites without TiO 2 (MFC-PAE only) as
indicated in Figure 3 (filled squares). Due to the initial adsorption of the MO dye onto MFC, its
concentration initially decreased by ~20 % in about 2 hours as MFC-PAE paper is kept under visible
light. The adsorption equilibrium is gradually reached after 4 hours. Therefore, all test samples
were kept in MO solutions and in the dark for 2 hours prior to UV light irradiation.
The performance of the TiO2-MFC composites made with lower PAE dosage (10 mg/g) is shown in
Figure 3a. As TiO2 loading increased to 1 and 2 wt%, the photocatalytic activity systematically
increased. At 2 wt% a noticeable increase in photocatalytic activity was observed compared to 1
wt%. Composites with addition levels of 5 to 80 wt% TiO2 behaved similarly to 2 wt% and showed
the highest photocatalytic activity for this group. Photocatalytic activity decreased in a weak
exponential fashion to 20 % of the original dye concentration after ~120 minutes for the 2-80 wt%
TiO2 composites group and ~150 minutes for the 1 wt% TiO2 composite.
The degradation curve for 40 wt% TiO2-MFC composite with no PAE is also shown in Figure 3a
(filled diamonds). There is still photocatalytic activity; this suggests that some TiO 2 NPs are
retained- even with no PAE present.
The performance of TiO2-MFC composites with the high PAE dosage (50 mg/g) is shown in Figure
3b. The degradation pattern is similar to that of composites with 10 mg/g; however, the
photocatalytic activity saturation is reached at 20 wt% TiO2 loading and remains constant
thereafter. The overall degradation rate with 20-80 wt% TiO2 was faster than for composites made
with 10 mg/g (indicated by plotting the degradation graph for 40 wt% TiO2 sheet with 50 mg/g in
Figure 3a-dotted line). Here, the photocatalytic activity decreased to 20% of the original dye
concentration after ~90 minutes for the 20-80 wt% TiO2 composites group and ~120 minutes for
the 2-5 wt% TiO2 composite group.
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Figure 3:

Photocatalytic activity of TiO2-MFC composites with different TiO2 loadings
retained with (a) 10mg PAE/g MFC and (b) 50mg PAE/g MFC.
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6.6.2 Photocatalysis repeatability
Uniformity of the sheet and photocatalytic activity repeatability was measured by cutting two test
strips (2.5 cm x 2.5 cm) from two different locations from the same original composite.
Reproducibility of sheet was tested by preparing two different composite sheets with the same
TiO2, MFC and PAE content and testing their photocatalytic activity. Figure 4a & b shows an
excellent repeatability and reproducibility in the MO photocatalytic degradation from composite
sheets made with 2 wt% and 5 wt% TiO2 retained with 10 mg PAE /g.
Sheet reusability was measured by testing the photocatalytic activity of the same sample 3 times.
After each run, the test piece was washed with deionized water to remove any MO residue and
dried. Photocatalytic activity of the composite sheets with 1 wt% TiO2 and PAE 10 mg/g shows
identical activity even after 3 cycles (Figure 4c).
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Figure 4:

Photocatalytic repeatability and reproducibility for MO solution degradation over
UV irradiated MFC-TiO2 composites made with 10 mg PAE/g MFC and: (a) 2 wt%
and (b) 5 wt% TiO2; (c) Composite reusability for 3 full testing cycles (1wt% TiO 2
and 10 mg PAE/g).
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6.6.3 PAE effect on MFC flocculation
The adsorption isotherm of PAE onto MFC is presented in Figure 5. PAE has a high affinity for MFC
as shown by the initial linear portion of the curve having a slope of 1 (Figure 5 inset). The linear
part of the curve states that all PAE in solution adsorbs onto MFC until a concentration of 10 mg/g.
The PAE adsorption then slows down, to eventually reach a plateau at around 15 mg PAE/g MFC.

Figure 5:

Adsorption isotherm of PAE adsorbed on MFC as a function of PAE concentration
in solution. The inset highlights the linear adsorption portion at low PAE
concentrations. Error bars indicate the standard deviation.

Figure 6 shows the MFC zeta potential as a function of PAE concentration. MFC has a zeta potential
of -26 mV, while that of TiO2 is -11 mV (shown by filled square). MFC charge increases linearly with
PAE concentration up to 10 mg/g, corresponding to a charge of +25 mV, to level off thereafter and
reach a plateau at +40 mV for a PAE dosage of 50 mg/g. Colloids having an absolute charge higher
than 25 mV are considered to be stable. This means that MFC is expected to be stable in solution,
while there is a possibility for TiO2 to form some small or weak aggregates in solution, and even
to weakly deposit onto MFC. However, MFC and TiO2 NPs fully covered by PAE are expected to be
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strongly electrostatically stabilized; no TiO2 aggregates nor TiO2 adsorption onto MFC are
expected.

Figure 6:

Zeta potential of PAE-MFC suspensions as a function of PAE dosage (mg PAE/g
MFC). The supernatant of PAE in a MFC suspension was analyzed after
centrifugation according to [40].

6.6.4 Retention efficiency of TiO2 in the composites
Retention efficiency is defined as the actual TiO2 NPs present in the composite sheet over the total
amount used. Retention was measured from mass balance during composite preparation. Figure
7 shows the actual TiO2 NPs retention in the composite plotted with respect to NP loading. The
retention of NPs increases linearly up to 30 wt% NPs for both PAE dosages. A drop in the retention
efficiency for both PAE dosage is observed as increases NPs loading. Afterwards the retention of
NPs for 10 mg/g PAE drops faster than for 50 mg/g PAE. For 80 wt% NP loading, the composite
with 10 mg PAE /g retains 50 % of the NPs, while that with 50mg PAE /g retain 60% NPs.
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Figure 7:

Retention of TiO2 nanoparticles as a function of initial TiO2 loading for different
dosages of PAE (10 mg/g and 50 mg/g).

6.6.5 TiO2 and MFC morphology in composites
Scanning electron microscopy (SEM) was performed on all MFC/TiO2 composites with PAE dosage
of 10 mg/g and 50 mg/g and different TiO2 NP’s content (Figures 8 and 9). For 10 mg PAE/g,
individual NPs or very small TiO2 aggregate are present on the composite surface for 1-2 wt% TiO2
loadings (Figure 8a-b). Relatively large TiO2 aggregates are observed for 5-80 wt% TiO2 loadings
(Figure 8c-f); the NP surface coverage seems to be similar for 40 wt% TiO2 loadings and higher.
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Figure 8:

SEM images of TiO2 composites with 10 mg PAE/g MFC: (a) 1 wt%, (b) 2 wt%, (c)
5 wt%, (d) 10 wt%, (e) 40 wt% and (f) 80 wt% TiO2.

For composites with 50 mg PAE/g, individual TiO2 NPs are seen up to 5 wt% loading (Figure 9a-b),
beyond which NPs aggregates into big clusters (Figure 9c-d). Again, the surface coverage of TiO2
present at higher loadings (20-80 wt%) all looks identical but higher than those made with the
lower PAE dosage (10 mg/g).
Interestingly, TiO2 NPs aggregates are present on the surface of MFC fibres rather than in the pores
formed between fibres (Figures 8 and 9). This is due to the preparation method, where PAE is
added first to MFC to create a PAE monolayer on MFC, followed by TiO 2 addition onto the MFC211
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PAE suspensions. The aggregates are irregular in shape and size. The MFC fibre structure does not
change even at high TiO2 loading; TiO2 NPs do not accommodate themselves in the pores between
fibres.

Figure 9:

SEM images of TiO2 composites with 50 mg PAE/g MFC: (a) 2 wt%, (b) 5 wt%, (c)
20 wt%, and (d) 80 wt% TiO2.

6.6.6 Small angle X-ray scattering
Small angle X-ray scattering (SAXS) was performed on all composites to measure the average NPs
distribution per unit volume. Figure 10 shows SAXS curves for samples prepared with 10 mg PAE/g
and different TiO2 loading (0.5-80 wt%). The SAXS curves intensity increases with the
concentration of TiO2 NPs in the composites. All SAXS curves show a kink at q*=0.035 Å-1 which
divides SAXS curves into two different slope regions referred to as low and high q region (shown
by dashed line).
The slopes in SAXS curves represent the fractal dimensions at different length scale. At high q
region slope represent the surface scattering/fractals (smoothness of surface) and at lower q
values slope shows the scattering from aggregates/mass fractals. Slope varies as the power-law
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exponent (q-α) of scattering intensity. For the mass fractals, value of α lies within 0< α <3, and 3<
α <4 for surface fractals [41, 42].
In Figure 10, slope at the high q region is q-4 (q* > q) shows the surface fractal region and α=4
reveals that the NPs surface is smooth. The slope at the low q region is q-2.6 (q* < q) represents
the mass fractal region (α=2.6) and is interpreted as evidence of the formation of NPs aggregates
[43].

Figure 10:

SAXS curves for the MFC/TiO2 composites with 10 mg/g of PAE and different
loading of NPs from 0.5 to 80 wt%.

6.7 DISCUSSION
6.7.1 Quality and durability of MFC-PAE-TiO2 composites
TiO2 paper composites of different TiO2 nanoparticles (NPs) content were prepared with two PAE
dosages (10 mg and 50 mg PAE/g MFC). The photocatalytic activity was tested under standard
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conditions using aqueous solutions of methyl orange (MO) dye. MO is an azo dye of relatively high
toxicity and poor biodegradability which provides a good reference for waste water residues from
the printing and dying industries [17]. The effect of TiO2 NPs (30-50 nm) and their aggregates
distribution as influenced by PAE was analysed by combining scanning electron microscopy (SEM),
small angle X-ray scattering (SAXS) and photocatalytic kinetics. NPs aggregation is crucial as it
influences the ability of the material to absorb and scatter incoming radiation, which greatly
affects the photocatalytic activity [44].
Here, the addition of PAE was part of the strategy to engineer paper wet strength to develop
durable MFC-TiO2 composites able to sustain harsh applications in aqueous environments. PAE
serves two functions. First, it cross-links cellulosic fibres, producing non-woven materials that
remain durable when used wet and under long UV light exposure; second, it retains TiO2 NPs onto
the MFC fibres and within the fibrous composite structure. Previous work done with PAE in
cellulose paper systems have proven that an addition of 10 mg PAE/g fibre retain the wet-strength
of the paper, making it water resistant [33]. MFC-PAE-TiO2 composites are very efficient at
degrading organic dye in solution and have the sufficient wet strength to be robustly manipulated.
The photocatalysis results in Figure 3 also indicates that neither PAE nor MFC contributes to the
photocatalytic activity which is solely based on the presence and distribution of TiO 2.
The flexible TiO2 composite sheets investigated are simpler to produce than most methods
described in literature that use dopants, carbon and other materials and tedious preparation
methods [17, 18, 24, 45]. The composites show excellent photocatalytic activity in degrading MO
and are uniform, reproducible and re-usable (Figure 4). In the reusability test cycles, no noticeable
mass loss of TiO2 NPs or broken MFC structure was observed. The composites can easily be
removed from the polluted water after the reaction is completed and are expected to be fully
recyclable using current equipment and processes [33]. Figure 4c shows that the composites
produced are reusable even after the third cycle.
TiO2 has a characteristic UV-Vis absorbance peak which depends on particle size and concentration.
Anatase TiO2 absorbance occurs at wavelength range of 350-390 nm [46]. MO solutions were
monitored through UV-Vis every 30 minutes. In this time interval, no characteristic peak between
350-390 nm was observed (Appendix I-Figure D1). This indicates that no TiO2 NPs have been
desorbed and diffused from the composite into the MO solution which confirms the stability of
214

CHAPTER 6

TiO2 in the MFC matrix. Using PAE to embed TiO2 into the MFC matrix and consolidate the
composite resolves the instability problems that typically arise from NPs alone.

6.7.2 Effect of PAE on TiO2 nanoparticle retention
We raised two hypotheses in this study. The first is that the distribution and aggregation of TiO 2
NPs both affect the TiO2-MFC composite photocatalytic activity; the second is that PAE dosage
governs the retention of TiO2 NPs. PAE adsorption onto MFC reaches the maximum capacity of
adsorption at 15 mg/g (Figure 5). This is about twice the value reported for PAE adsorption onto
eucalyptus fibres (8.6 mg/g) [47]. Assuming MFC to be uniform cylinders of 10.37 μm long and of
average diameter 73 nm [38], the specific surface area of MFC is 36.5 m2/g. The surface area
reported for MFC characterized through mercury porosimetry and BET are 31.1 m 2/g [40] and 35
m2/g [48], respectively. A specific PAE adsorption of 0.41 mg/m2 results for MFC which is
consistent with the range of polyelectrolyte adsorption (0.4-1 mg/m2) [49].
Because of its low molecular weight (200 kDa) and chemical composition with 2 interacting
functionalities (primary and secondary amines and azetidinium), PAE is expected to transfer to
some extent from MFC to TiO2 upon collision [50]. This would result in TiO2 aggregate formation.
Such TiO2 aggregates can be seen by SEM, especially at the high TiO2 loadings (Figure 8 and 9).
Adding 10 mg PAE/g saturates all MFC fibres which induces a charge reversal to +25 mV – charge
of opposite sign but equivalent magnitude to the original (Figure 6). At this dosage, all PAE is
adsorbed onto MFC (Figure 5). No excess free PAE is expected in solution. Under those conditions,
all TiO2 NPs are anticipated to adsorb onto MFC with a high retention efficiency. This means that
the TiO2 content on MFC fibres should increase pseudo linearly with TiO 2 add-on.
At 50 mg PAE/g, all the MFC fibres are saturated with PAE and there is an important excess free
PAE remaining in solution. PAE adsorbs at 15 mg/g MFC; this means 18 mg is consumed by MFC
fibres, leaving 42 mg PAE in solution. Assuming PAE adsorbs onto TiO 2 in the same
morphology/conformation as on MFC, at 0.41 mg/m2 (specific PAE adsorption on MFC), then the
free PAE in solution can cover 102 m2 of TiO2, or nearly 2.88 g of TiO2 which corresponds to 67 wt%
loading in the composites. This means for TiO2 content lower than 67 wt%, all TiO2 NPs are
expected to be fully covered by PAE, as are the MFC fibres to which PAE was previously adsorbed;
no TiO2 retention due to electrostatic interactions is expected.
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Figure 6 shows the zeta potential of +40 mV at 50 mg PAE/g of suspension. This reveals a strongly
electrostatically stabilised system, and no adsorption of TiO2 onto MFC, or homocoagulation of
TiO2 or MFC fibres are expected. That was not the case. SEM (Figure 9) and photocatalysis activity
(Figure 3b) contradict this expectation. For one, TiO2 NPs and aggregates are seen by SEM to be
present on MFC surfaces. Also, photocatalysis is at the highest for composites containing 20 to 80
wt% TiO2. Further, there is photocatalysis and TiO2 retention even for the very low loadings (2 to
5 wt% TiO2) for which not only are both components of the system saturated with PAE, but there
is also a large excess of PAE in solution. These results state that PAE does not follow trivial
polyelectrolyte adsorption behaviour. PAE very likely adsorbs as partial multilayer at very high
concentrations. Adsorption isotherm was thus further quantified under the exceptional conditions
of 120 mg PAE/g MFC. A slight increase in adsorption capacity was indeed recorded (Appendix I
Figure D2). PAE is known for its ability to cross link during drying, which suggests some ability to
assemble at very high concentrations.
The PAE adsorption, TiO2 retention and TiO2 coagulation expectations from fundamental
principles clearly contradict the photocatalytic, retention efficiency measurements as well as the
SEM results. This means that PAE behaves differently from the trivial polyelectrolyte adsorption
behaviour previously discussed.

6.7.3 Composites photocatalysis activity
Photocatalysis is a surface phenomenon. Only the TiO2 NPs retained on the composite external
surface, which is irradiated by UV light, can take part in the photocatalysis process. At 10 mg PAE/g,
all PAE is adsorbed onto MFC (Figure 5) creating a monolayer of PAE on MFC. Since maximum
adsorption results at 15 mg/g, this means that at 10 mg PAE/g some of the MFC surface is still not
coated by PAE. As TiO2 NPs are added, the amount of TiO2 that can be retained on the surface for
10 mg of PAE is less than at 50 mg PAE. This can be seen by the higher retention found for the 50
mg PAE/g as compared to those made with 10 mg PAE/g (Figure 7).
However, at 50 mg PAE/g, the entire MFC surface is completely covered by PAE and there is excess
in solution. This excess PAE interacts firstly with the incoming TiO 2 NPs and hinders their
agglomeration into large agglomerates by electro-steric stabilisation. This increases the TiO2

216

CHAPTER 6

surface area available for photocatalysis; this also accounts for the higher photocatalysis for
composites made with 50 mg PAE/g.
Saturation of the photocatalytic activity after reaching a critical TiO2 loading (at a particular PAE
dosage) might be due to the formation of large agglomerates which constrain the effective surface
area available for photocatalysis. SEM showed (Figure 8) that at 2 wt% TiO2 (10 PAE mg/g), there
are less individual NPs compared to composites with 40-80 wt% TiO2.
The influence of wet strength resins on photocatalytic activity was first studied by Zhang et al.
(2013) who claimed that PAE addition slightly decreased photocatalytic activity due to a reduction
in TiO2 retention in paper [24]. This statement contradicts our results. We found that PAE helps
retain more TiO2 NPs in paper (Figure 7) which is in agreement with the SAXS results (Figure 9).
However, comparison of photocatalytic activity results is not direct nor straightforward. This is
because of the many variables influencing catalytic activity. This is illustrated in Table I which
compares the photocatalytic dye degradation in aqueous solution from selected studies with
TiO2/cellulose composites.
Table I: Literature comparison of the material performances
Composite type
40wt% TiO2 nanobelt paper
TiO2 particle size: 21 nm
Test piece: 1 x 1cm2
TiO2/cellulose fibre composite
TiO2 particle size: 25-30 nm
Test piece: 3 x 3 cm2
TiO2/regenerated cellulose paper
Test piece: 1 x 8 cm2
10 wt% TiO2/bleached softwood
cellulose fibre composite
Test piece: 2.5 x 0.7 cm2
TiO2 nanorods /regenerated
cellulose films

Degrading
medium
Methyl Orange
20 mL
0.02 g/L
Methyl Orange
20 mL
20 mg/L
Phenol
320 mL
67.2 mg/L

UV lamp
conditions

Time taken to
degrade by 90%

Refere
nce

30 W, 294
nm

~2.5 hours

[28]

30W

~7 hours

[24]

6 W, 253
nm,

~102 hours

[51]

Methyl Orange
0.25 mM in 4
ml water

72W
320-400
nm

~13 hours

[52]

Methylene blue
150 mL
40 mg/L

30W, 312
nm

~4 hours

[22]

Note: the independent variable is radiation intensity: photon per unit area per time. Geometry of the system,
particularly the distance from surface and the diffusion angle, affects this a lot.
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Figure 11 shows the rate constant normalized per grams of TiO2 NPs present in the composite
samples tested in this study. The graph indicates that low TiO 2 loadings provide the best
photocatalytic activity per unit TiO2. This material performed best at 0.5-2 wt% TiO2 loading. The
photocatalytic activity of the TiO2-MFC composites prepared at this work is very effective under
UV irradiation; only a small amount of TiO2 is needed to effectively degrade MO.
TiO2-cellulose composites were engineered to be easy to manufacture by process easily scalable;
the composites produced are water resistant, flexible, cost effective, and most importantly,
reproducible. These composites are green and can be used in applications such as waste water
treatment, antibacterial, drug delivery and medical [53, 54].

Figure 11:

Photocatalytic performance of the material represented by plotting the variation
in rate constant as function of the TiO2 amount retained in the composite.

6.8 CONCLUSION
Water resistant microfibrillated cellulose (MFC) – polyamide-amine-epichlorohydrin (PAE) –
titanium dioxide (TiO2) composites were prepared by a simple two-step process, where PAE was
first added to a MFC suspension, followed by TiO2 addition. These composites are simple to
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prepare, economical and the process is easily scalable. Photocatalytic activity of the composites
produced was tested by following the degradation of methyl orange (MO) aqueous solutions
under UV irradiation. Results show that neither MFC nor PAE or their combination contributed to
photocatalytic activity; only the TiO2 NPs embedded in the sheets do. TiO2 NPs are uniformly
distributed within the composite sheets as shown by the excellent special repeatability in
photocatalysis measured. Further, these composites are reusable; the same reproducible
photocatalytic efficiency was achieved by testing a same test strip 3 times with no loss of TiO2 NPs
leaching into solution.
Comparing photocatalytic activity of composites with two different dosage of PAE (10 and 50 mg
PAE/g of MFC) revealed a higher activity and TiO2 NPs retention for the high PAE dosage. MO
degraded to 5% of its original concentration in 180 min for composites with low PAE and 150 min
for composites with high PAE. Photocatalytic is a non- monotonous function of TiO2 content. For
composites made with 10 and 50 mg PAE/g and various amounts of NP, the photocatalytic activity
increased up to 2 and 20 wt% TiO2 NP and remained constant thereafter. SEM indicated that at
low TiO2 loading, NPs retain as individual particles on MFC, whereas TiO2 aggregates at higher
loadings. SAXS showed the formation of mass fractals aggregates at different NPs loading. PAE
adsorption isotherms revealed a maximum PAE adsorption on MFC (Γmax) at 15 mg/g. Expectation
resulting from PAE steric and bridging mechanism with maximum coagulation at half surface
coverage contradicted the TiO2 retention efficiency measurements. This suggests that PAE does
not follow trivial polyelectrolyte adsorption behaviour. The current study provides a novel insight
in engineering NPs embedded cellulose based biodegradable, flexible and recyclable composites
with high potential for applications requiring photocatalysis without any residual contamination.
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7.1 CONCLUSION
While there are nanocellulose-inorganic nanoparticle (NP) composites that have been previously
reported in the literature, there has been no detailed investigations on the effect of addition on
NPs with combination of nanocellulose and polyelectrolytes on the structure of the composite and
the effect of the structure on final composite properties. As the diameter of polyelectrolytes is in
the same range as nanocellulose, the effect of the combination of three nanoscale materials on
the final composite properties has not been well understood. Also, due to reduction in size, the
characterization techniques available to characterize the NP-polyelectrolyte structure in
nanocellulose matrix have generally been restricted to the surface. To characterize the structure
properly, to understand the structural assembly of NPs under the influence of different
polyelectrolyte dosages, a complementary scattering technique is promising.
This thesis has reported three main interrelated avenues of research. Firstly, quantification of the
structure-property relationship of nanocellulose – polyelectrolyte - NP composites. Secondly,
characterization of the internal structure of NP-polyelectrolyte complexes in nanocellulose matrix.
Lastly, functional NP-nanocellulose composites targeted towards specific applications have been
produced, using the expertise developed through first two avenue of research.

7.1.1 Characterization of the structure-property relationship of nanocellulose –
polyelectrolyte – NP composites.
Two different silicon dioxide (SiO2) NP sizes were used to produce nanocellulose – cationic
polyacrylamide (CPAM) – NP composites with varying NP loading. CPAM and SiO2 NPs were mixed
together first, and then the CPAM-NP suspension and nanocellulose suspension were mixed to
obtain the final composite suspension. Composite sheets were then made using standard
laboratory paper making techniques. Effect of NP size and loading on the structure and properties
of the composite was characterized using scanning electron microscopy (SEM), mercury
porosimetry, thickness measurements and by measuring strength of the composites.
Retention measurements showed that with CPAM and the preparation method used, over 90% of
the NPs are retained in the range of 5-80 wt% NP loading. Without CPAM, the retention
significantly dropped; reaching 20% at 80 wt% loading. Therefore, addition of CPAM is extremely
crucial in production of nanocellulose-NP composites especially when both materials have the
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same charge. SEM images of nanocellulose alone indicates that nanocellulose create a porous
network due to fibre entanglement as the film is formed. At lower levels of NP loading, the NPs
and their aggregates accommodate themselves in the pores created by nanofibres and fill them.
This reduces the volume of larger pores in the fibrous matrix. At high NP loading, NP aggregates
become larger than the available pore size, therefore embedding these into the matrix pushes the
nanofibres apart. At this point, the thickness of composites begins to increase and a narrow pore
size distribution is obtained. The structure changes from on dominated by the nonwoven film
structure to a packed bed structure. Larger NP sizes change the composite structure to a packed
bed structure at low loading compared to smaller NP sizes. The tensile index remained at 70-80
Nm/g even at high loadings, indicating that NPs do not affect the strength.
This work concludes that based on NP size, loading and preparation method, the structure of the
final composite can be tailored to obtain specific properties. Here, a structure-property
relationship model was developed.

7.1.2 Characterization of the internal structure of NP-polyelectrolyte complexes in
nanocellulose matrix.
As nanocellulose – CPAM – SiO2 NP composite were produced, it was realised that SEM is a poor
tool to characterize the composites. Although, the structural arrangement of the NPs and
nanocellulose can be seen on the surface of the sheets, it is not possible to observe the
conformation of the CPAM and SEM cannot be used as a tool to characterize the internal structure
of NP - CPAM complexes or to quantify the structural assembly of NPs under the influence of CPAM.
Therefore, the next two chapters used complementary scattering techniques to characterize the
internal nanoscale structure.
In Chapter 3, two different scattering techniques were used to analyse 22 nm SiO 2 NP-CPAM
systems. Dynamic light scattering (DLS) was used to characterize NP-CPAM suspensions with
different CPAM dosages (0.03-0.09 mg CPAM/m2 SiO2). Here, the formation of aggregate sizes
were quantified. At higher dosage of CPAM, the size of the NP aggregates increases due to a more
stretched out configuration of CPAM increasing the probability of adhering further SiO 2 NPs to the
cluster. However, the DLS scattering technique does not give reliable results at higher CPAM
dosages. At higher dosages, without a fibre matrix, NPs agglomerate into much bigger clusters
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when compared to being in the sheet form. When NP-CPAM complexes are added to a fibre matrix,
fibres have an influence on the size of NP-CPAM aggregation. Therefore, small angle X-ray
scattering (SAXS) technique was used to analyse the 22 nm SiO2 –CPAM – nanocellulose structure.
SAXS was used to obtain the structural assembly model of 22 nm SiO2 NPs under the influence of
CPAM with 13 MDa and 40% charge (radius of gyration of ~37 nm). Here, the SAXS curve fitted
well with a spherical core shell model (SiO2 coated in a layer of CPAM) and sphere model (pure
SiO2). The interaction between particles did not vary significantly with CPAM dosage as indicated
by the structure factor peaks. With increasing CPAM dosage, the number of structures increase
but the structure size remained the same.
In Chapter 4, SAXS was used for composites made with 8 nm SiO2 NPs instead of 22 nm SiO2 NPs.
Here, the aim was to observe if different sizes of NPs behave differently with CPAM. 8 nm is
considerably smaller in size than the radius of gyration of the CPAM used. After analysis, the data
was best fitted by a bimodal distribution of NPs with smaller particles of diameter 8 nm and bigger
particles of diameter between 15-20 nm. Transmission electron microscopy (TEM) also revealed
the bimodal distribution. Here, the structure factor sharpness increased and peak shifted to lower
values at low CPAM dosage. This means that structure size changes with higher CPAM dosage.
Chapter 3 and 4 concluded that the interaction of NPs and polyelectrolytes is highly dependent on
the size and that SAXS is a powerful tool in characterizing such systems to better engineer
properties of these composites to develop nanocellulose-NP composites for high end applications.

7.1.3 Produce functional NP-nanocellulose composites targeted towards specific
applications.
The last two chapters of this thesis provide two application chapters based on the knowledge and
expertise obtained through the preceding chapters investigating the fundamentals. Here, nanomontmorillonite (MMT) was used to produce nanocellulose – MMT composites for water barrier
applications, and nano-titanium dioxide (TiO2) was used to produce nanocellulose – TiO2
composites for photocatalytic applications.
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7.1.3.1 Nanocellulose - MMT composites for barrier applications.
Composites were made with varying MMT content (9.1-37.5 wt%). Three different preparation
methods were used to engineer the internal structure. In the first preparation method, MMT was
added to nanocellulose and then composites were formed using filtration. As MMT content
increased, WVP initially decreased due to tortuous path created by MMT, reached a minimum and
increased again. It was hypothesized that MMT forms stacks when highly loading and breaking
down stacks could improve WVP even further. Therefore, the effect on the composite suspensions
of sonication and homogenization before filtration was tested. Sonication worsened the results as
it fractured individual MMT platelets into fragments. Homogenization improved the results even
further by breaking down the larger stacks into smaller stacks, maximising the surface area
available by MMT to create an effective tortuous path. The lowest WVP achieved of 6.3 ± 1.5
g.μm/m2.day.kPa at 23.1 wt% loading was the lowest reported for nanocellulose-clay composites
in literature. In addition, this material is cheap, strong, flexible, recyclable, biodegradable,
recyclable and easy to scale up.
7.1.3.2 Nanocellulose - TiO2 composites for photocatalytic applications.
Nanocellulose - TiO2 – polyamide amine epichlorohydrin (PAE) composites were made with
varying TiO2 content (0.5-80 wt%) and also with two different PAE dosages (10 and 50 mg PAE/ g
nanocellulose). The composites were tested for photocatalytic activity using methyl orange (MO)
as a model dye pollutant. PAE was used here as a wet strengthening agent to hold the
nanocellulose structure together when it is wet. PAE was also acting as a weak retention aid to
retain TiO2 in nanocellulose matrix. Here, the effect of PAE dosage and TiO2 loading on
photocatalytic activity was studied. SEM, adsorption isotherm measurements obtained through
polyelectrolyte titration and SAXS were used to characterize the internal structure. With low PAE
dosage (10 mg/g), photocatalytic activity of composites saturated at 2 wt% TiO 2 loading and 80%
of MO was degraded in ~120 minutes. With high PAE dosage (50 mg/g), photocatalytic activity of
composites saturated at 20 wt% TiO2 loading and 80 % of MO was degraded in ~90 minutes. The
composites prepared were reusable and reproducible. The composite material produced is
effective in photocatalysis, strong, flexible, holds its structure without falling apart in wet
conditions, cheap, easy to make and scalable. This material has wide uses as a portable
photocatalytic material.
234

CHAPTER 7

7.2 PERSPECTIVE
While the characterisation of nanocellulose-inorganic NP composites through various techniques
such as SEM, TEM, XRD, DLS and SAXS has given good insight into production of engineered
nanocellulose based composites for high end applications, the study was only performed under
one type of CPAM (13 MDa and 40% charge). Therefore, it is worthwhile to investigate how the
CPAMs with other molecular weights and charges affect the structure, final film properties and
also the structural assembly of NPs.
In addition, with the functional NPs (MMT and TiO2), it has been proven through this thesis that
well performing materials can be made and they are easy to make, flexible, strong and scalable.
However, the preparation time via filtration could still be quite slow. Our research group recently
discovered a spraying system to spray nanocellulose films. Therefore, next step would be to
expand the work of spraying nanocellulose films to spraying nanocellulose-NP composites. This is
easier to scale up at a pilot scale for manufacture of nanocomposites. This would then be the first
step towards the commercialization of hierarchically engineered nanocellulose-inorganic NP
composites for desired applications.
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STRONG CELLULOSE NANOFIBRE – NANOSILICA COMPOSITES
OF CONTROLLABLE PORE STRUCTURE
Uthpala M Garusinghe, Swambabu Varanasi, Gil Garnier, Warren Batchelor.

BioResource Processing Research Institute of Australia (BioPRIA), Department of Chemical
Engineering, Monash University, Clayton 3800, VIC, Australia.
*Corresponding author: warren.batchelor@monash.edu

A1: Diameter distribution
The silica nanoparticle (NP) diameter distributions were measured at 0.1 wt% by dynamic light
scattering (DLS) using nanobrook omni brookhaven. Size distributions were also measured from
SEM using image J software. NP diameter was sorted to bins and normalized to counts/m2, by
dividing by image area (Figure A1) The colloidal silica are not monodispersed as indicated two
distinctive populated areas for both the NexSil 85-40 and NexSil 125-40 samples. The peaks of
each distribution were 30 nm and 70 nm from Image J, and 35 nm and 78 nm from DLS for the
NexSil 85-40 sample. While it was 60 nm and 130 nm from Image J, and 46 nm and 113 nm from
DLS for the NexSil 125-40 sample.
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Figure A1.

Particle diameter distribution. (a) and (b) are SEM with image analysis (analysed
via image J) for size distribution of NexSil 85-40 and NexSil 125-40 respectively.
(c) Size distribution obtained from DLS analysis
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A2: SEM images for V/S composites with different nanoparticle loadings

Figure A2.

SEM images of composite (V/L). a, b, c and d refers to 5 wt%, 10 wt%, 40 wt% and
50 wt% NP, respectively, all at 100,000 magnifications. e refers to 60 wt% at
30,000 maginifications.
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IN NANOFIBER CELLULOSE STRUCTURES
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Varanasi1, Christopher. R. Hutchinson2, Warren Batchelor1 and Gil Garnier1,*
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B1: SAXS Theory
SAXS experiments were performed to reveal the distribution of SiO2 nanoparticles to estimate
quantitatively the structure parameters [1, 2]. SAXS experiments are sensitive to the spatial
correlation in the electron scattering densities present in the samples. In SAXS, the differential
scattering cross section of a system of particles can be given as [3]:


d 
q    N r Vp r 2 F q, r,   2 S q, r  dr  cq 
d
0

(1)



Where, N(r) is the number density distribution, Vp(r) is the volume of the particle. q is the
transferred momentum, which is related with the scattering angle of θ as:

(2)
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Here,  is the wavelength of the X-rays. In equation (1), F (q, r, ) is the form factor that accounts
for the shape and the size of particles. For a homogeneous sphere with radius r, the form factor is
given as:

(3)
where, ∆𝜂= 𝜂𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝜂𝑚𝑎𝑡𝑟𝑖𝑥 is the electron density difference between the particles and the
remaining matrix. S(q) is the structure factor which reveals the interaction between the particles.
Additionally, in equation (1), a constant background is included from parasitic scattering.
Moreover, the term cq-α reveals the smoothness of the particle surface. For a smooth surface the
value of α=4.

B2: SAXS Curve fitting in SASfit
To fit any SAS scattering curves, SASFit requires a predefined shape of particles and shape of the
distribution of particles. Here, a bimodal distribution of spherical particles with lognormal
distribution of particles was used. A structure factor of hard spheres with local monodisperse
approximation was included and found to be appropriate to fit the respective SAXS curves [4-6].
When scattering occurs from the surface of particles, a surface scattering constant that reveals
the smoothness of the particle surface is considered during SAXS curves fitting.
The figure below (B2) shows the detailed fit of the SAXS curves for the sample having high dosage
of CPAM. It displays individually fitted SAXS scattering curves from the bimodal distribution of
spheres, a surface scattering term combined with the constant background. Moreover, the slope
at the lower and higher q values of 3.2 and 3.8 indicates that the surface of particles is smooth.
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B3: Dynamic light scattering (DLS)
Dynamic light scattering (DLS) measurement on the initial SiO2 nanoparticle suspension which
shows bimodal size distribution of NPs. Here, d is the diameter of the nanoparticle.
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B3: Bimodal distribution by TEM micrograph
Two different size of SiO2 nanoparticles are shown by two different sized red lines (8 nm and 1520 nm).

B4: SAXS measurement on MFC and MFC with NP without CPAM
SAXS curves for the pure MFC sheet (black solid line) and for the MFC sheet with the SiO 2
nanoparticles without CPAM (red dashed line). It is seen that both SAXS curves are similar and that
no SiO2 nanoparticles were retained without addition of CPAM.
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NANOCELLULOSE – MONTMORILLONITE COMPOSITES OF LOW
WATER VAPOUR PERMEABILITY
Uthpala M. Garusinghe, Swambabu Varanasi, Vikram. S. Raghuwanshi, Gil Garnier* and
Warren Batchelor*
BioResource Processing Research Institute of Australia (BioPRIA), Department of Chemical
Engineering, Monash University, VIC-3800, Australia
*Corresponding authors: warren.batchelor@monash.edu
gil.garnier@monash.edu

C1: Nanofibre diameter calculation
Nanofibre suspension was casted on a silica plate, coated with Iridium, and viewed under FEI
Magellan 400 FEGSEM for the fibre diameters. Images were taken at the magnification of 150,000.
Following shows the images used in the diameter distribution calculations.

Figure C1:

SEM images of nanocellulose at 150,000 magnifications
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Diameters of the visible nanofibre in the above images are then measured using ImageJ software
and following histogram was obtained.

Figure C2:

Frequency histogram of fibre diameter distribution

The average diameter from the above graph was 20 nm.

C2: Aspect ratio calculation
Aspect ratio was calculated using gel point. Gel point is the lowest solids concentration where the
fibres can form a continuous network in the suspension. The gel point calculations were first
developed by Martinez et al [1] for the wood fibres, and then the method was adapted to use on
nanocellulose suspensions by Zhang et al 2]. The measurement and analysis method used to
calculate gel point and aspect ratio in this study is explained in a previous study conducted by Raj
et al [3].
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Figure C3:

Experimental gel point curve to measure the aspect ratio

The gel point in the above graph is 0.043 wt%.
From this, the aspect ratio was calculated to be 286.
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C3: EDX study on morphology on clay hybrids

Figure C4:

EDX and SEM images of the original composite sheets with various compositions.
Elemental mapping over the cross section and top down view for 28.1 wt% MMT
revealing a homogeneous composite formation. Cross section of 9.1 and 28.6 wt%
at low magnification.
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C4: XRD pattern for composites with homogenization step
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Figure C5: XRD patterns for composite sheets with homogenization step.
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Figure D1:

Effect of UV exposure time on adsorption spectra for the composite with 1 wt%
TiO2 loading and with 10 mg PAE/g MFC (second repeat of the same composite
test sample).
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Figure D2:
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PAE Adsorption isotherm on MFC for extreme PAE dosages.
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Abstract Flexible nanocellulose composites with
silica nanoparticle loading from 5 to 77 wt% and
tunable pore size were made and characterised. The
pore structure of the new composites can be controlled
(100–1000 nm to 10–60 nm) by adjusting the silica
nanoparticle content. Composites were prepared by
first complexing nanoparticles with a cationic
dimethylaminoethyl methacrylate polyacrylamide,
followed by retaining this complex in a nanocellulose
fibre network. High retention of nanoparticles
resulted. The structural changes and pore size distribution of the composites were characterised through
scanning electron microscopy (SEM) and mercury
porosimetry analysis, respectively. The heavily loaded
composites formed packed bed structures of nanoparticles. Film thickness was approximately constant for
composites with low loading, indicating that nanoparticles filled gaps created by nanocellulose fibres
without altering their structure. Film thickness
increased drastically for high loading because of the
new packed bed structure. Unexpectedly, within the
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investigated loading range, the level of the tensile
index on nanocellulose mass basis remained constant,
showing that the silica nanoparticles did not significantly interfere with the bonding between the cellulose
nanofibres. This hierarchically engineered material
remains flexible at all loadings, and its unique packing
enables use in applications requiring nanocellulose
composites with controlled pore structure and high
surface area.
Keywords Nanocellulose  Nanoparticles 
Composites  Porosity  Structure  Strength

Introduction
Work aimed at development of novel nanoparticle
(NP) structures is ever increasing because of their
excellent properties, e.g. large surface area. NPs can
be selected for their chemical composition, but also
tailored in terms of size (scale), shape (cylindrical,
planar and spherical) and surface properties (surface
area, bonding type and charge distribution) (Schaefer
and Justice 2007; Winey and Vaia 2007; Kausch and
Michler 2007). Although NPs have versatile properties and can self-aggregate, their use raises important
issues concerning uncontrolled release into air when
dry, which may limit their applications. To prevent
such release, NPs can be dispersed in a supporting
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matrix or sintered to form films. Embedding NPs in a
continuous polymer matrix limits the availability of
their surface. Sintering keeps NPs together by forming
a composite film, which is typically brittle and weak,
also limiting applications. An ideal NP embedding
matrix would be strong, flexible and durable, able to
retain NPs, while allowing the surface of the NPs to be
readily available; achieving these requirements simultaneously remains a significant challenge.
Using nanocellulose as the structural component/
binder to hold NPs in the matrix opens up a new route
to tailor high-performance nanoparticulate composites. The porous fibre structure allows access to the
NPs in the material. Nanocellulose is a renewable and
sustainable nanomaterial which is biodegradable,
recyclable and readily available (Oksman et al.
2006; Kim et al. 2006). Nanocellulose has great
potential for use in many applications due to its high
mechanical strength, low thermal expansion, large
surface area, broad capacity for chemical modification
and flexibility (Sehaqui et al. 2010; Klemm et al.
2006). While the diameter of nanocellulose ranges
from 1 to 100 nm (Farhang 2007), its length is on
micron scale, giving nanocellulose fibres high aspect
ratio, which allows formation of highly entangled
networks when transformed into nonwoven materials
(Sehaqui et al. 2014). As a result, nanocellulose can
form aerogels (Korhonen et al. 2011), strong films
(Sehaqui et al. 2010), membranes (Sehaqui et al.
2012), bio-composites (Tingaut et al. 2009), hydrogels etc. Each of these high-porosity substrates can
serve as a flexible template or carrier for NPs, enabling
production of nanocomposites that combine the
advantages of both constituents (Varanasi et al.
2015; Krol et al. 2015).
Even though progress has been made on developing
nanocellulose–NP composites, the role played by the
NPs in the composite structure is poorly understood. In
particular, the performance of the material at very high
NP loading and the variation in performance, surface
area and pore size with the NP loading are not well
understood. Nanocomposites with very high NP
loading have been created by mixing cellulose
nanofibrils and montmorillonite together with
90 wt% clay loading, which helped improve the
tortuosity of the composite to lower its oxygen
permeability (Liu et al. 2011). However, a combination of features of the clay, such as its shape, size and
cationic charge, facilitates its binding to the nanofibril
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network. On the other hand, it is far more difficult to
retain anionic and spherical NPs of materials such as
SiO2 with dimensions in the same range as the
nanofibre diameter in a fibrous cellulose matrix.
In this work, we focus on composites made of
nanocellulose and silica NPs. Materials including
silica NPs have widespread applications in drug
delivery (Slowing et al. 2007; Lu et al. 2007) and
separators in Li-ion batteries (Krol et al. 2015; Kim
et al. 2013), and while silica NPs have been used at
low levels in nanocellulose membranes (Garusinghe
et al. 2017; Varanasi et al. 2015), there has been no
systematic study of silica NP–nanocellulose composites across the range of composition. Therefore, the
aim of this work is to produce flexible, strong and
pore-size-controllable nanocellulose composites using
a solution/filtration process to provide high retention
of the NPs in the structure while retaining the
availability of their surface.

Experimental
Materials
Microfibrillated cellulose (MFC) was purchased from
DAICEL Chemical Industries Limited, Japan (grade
Celish KY-100G). MFC was supplied at 25 % solids
content and stored at 5 °C as received. MFC has mean
diameter of 73 nm and aspect ratio between 100 to 150
(Varanasi et al. 2013).
Cationic dimethylaminoethyl methacrylate polyacrylamide (CPAM) polymer with high molecular
weight (13 MDa) and charge density of 40 wt% (F1,
SnowFlake Cationics) was kindly supplied by
AQUA ? TECH, Switzerland. This CPAM can flocculate nanofibres (Li et al. 2016) and NPs.
NexSil 85-40 and NexSil 125-40 aqueous colloidal
silica with surface area of 55 and 35 m2/g, respectively, were provided by IMCD Australia Ltd. as
40 wt% suspensions. Their diameter distributions are
summarised in Table 1.
Methods
Preparation of MFC, CPAM and NP suspensions
A 3L Mavis Engineering (model no. 8522) disintegrator was used to disperse 0.2 wt% nanofibres in
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Table 1 Diameter distribution of NPs (see Fig. S1 in Supplementary Information for details)
ImageJ using SEM images

Dynamic light scattering (DLS)

NexSil 85-40 (Small)

30 and 70 nm

35 and 78 nm

NexSil 125-40 (Large)

60 and 130 nm

46 and 113 nm

deionised water uniformly using 15,000 propeller
revolutions. CPAM solutions (0.01 wt%) were prepared by mixing CPAM powder in deionised water
using a magnetic stirrer for 8 h prior to the experiment
to ensure full solubilisation (Ngo et al. 2013). Silica
NP suspensions (0.1 wt%) were prepared by diluting
40 wt% silica NP suspension using deionised water
and mixing using a magnetic stirrer for 10 min prior to
use. All suspensions were prepared at room
temperature.
MFC sheet preparation
Nanofibre sheets were prepared using a standard
British hand sheet maker (model T205). The hand
sheet maker was equipped with a woven filter with
average openings of 74 microns. MFC suspension
(0.2 wt% solids) was poured into the hand sheet maker
and allowed to drain under gravity. After the water had
drained, the formed film was removed from the filter
using blotting papers, then dried at 105 °C using a
sheet drier.
MFC–NP composite preparation
Preparation of composite suspension involved mixing
nanofibres (0.2 wt%), colloidal silica (0.1 wt%) and
CPAM (0.01 wt%) suspensions together (Fig. 1a) by
double controlled simultaneous addition (CSA)
method (Varanasi et al. 2015; Bringley et al. 2006).
Firstly, CPAM and NP suspensions were mixed
together; secondly, the NP-CPAM and nanofibre
suspensions were mixed to obtain the final suspension
of 0.15 wt%. To facilitate mixing in both stages, a
small amount of deionised water (50 mL) was initially
added to both beakers. In the composite suspensions,
the silica weight fraction was varied from 5 to 77 wt%.
As composites with higher NP content have more
solution to be mixed, the flow rate was varied. The
CPAM flow rate ranged from 2.1 to 165 mL/min, the
NP suspension flow rate was varied from 5.2 to

397 mL/min, while nanofibres were mixed at 75 mL/
min. Flow rates were adjusted to keep the mixing time
in each step at 8 min. The final suspension was poured
into the British hand sheet maker for composite
processing as described above. The NP–CPAM ratio
was kept constant at 0.5 mg CPAM/1 m2 NP surface
for all composites because complete retention was
achieved at this ratio.
The nanofibre mass was fixed at 1.2 g, while NPs
were added as a percentage of nanofibre mass.
Therefore, the composite’s final mass varied. Two
sets of composites were prepared using two different
NP sizes, denoted as ‘‘composite V/S’’ for variable
total grammage and small NP size, and ‘‘composite
V/L’’ for variable total grammage and large NP size.
Characterisation
Structure and morphology study
SEM was performed using an FEI Nova NanoSEM
450 FEG SEM on nanofibres, composites and cast
silica NPs to investigate their structure and morphology. To prepare samples for SEM study, a
3 mm 9 3 mm square sample was mounted onto a
metal substrate using carbon tape and coated with a
thin layer of iridium.

Thickness and density measurements
The thickness of the composites was measured using
an L&W thickness tester (model no. 222) as the
average value at ten points. The theoretical density of
silica NPs and nanofibres was taken as 2400 and
1500 kg/m3, respectively (Varanasi et al. 2013). The
composite density was calculated after the sample had
been oven dried for 4 h at 105 °C; the volume was
calculated from the area and thickness of the composite after oven drying. The minimum thickness, tm was
calculated as
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Fig. 1 Preparation of nanocomposite: a controlled simultaneous addition (CSA) method, b preparation of composite sheet by
filtration method, c composite sheet processed using blotting

tm ¼

gf gs
þ ;
qf qs

ð1Þ

where gf and gs are the grammage (g/m2) of nanofibres
and NPs, respectively, and qf and qs are the density of
nanofibres and NPs, respectively. The maximum
density of the composites was calculated as
qm ¼

gf þ gs
:
tm

ð2Þ

The fractional density ratio was calculated as the
density of the composite divided by the theoretical
maximum density.
Pore size distribution measurements
The pore size distribution and surface area of the
composites were measured using mercury porosimetry
(Micromeritics’ AutoPore IV 9500 series). The sheets
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papers, d free-standing 77 wt% V/S composite sheet, and
e illustration of flexibility of 77 wt% V/S sheet

were cut into 5 mm 9 5 mm pieces and placed in the
sample holder, then degassed overnight at 105 °C.
Samples were then transferred into a penetrometer
(0.412 stem, solid) for analysis. The minimum pore
size that can be measured using mercury porosimetry
is 3 nm.
Particle and colloid charge
Zeta potential measurements of MFC and SiO2 NPs
were performed using a Nanobrook Omni (Brookhaven Instruments) in a cuvette cell at 25 °C. Using the
supplied software, the zeta potential was calculated by
determining the electrophoretic mobility in an electrophoresis experiment using laser Doppler velocimetry and applying the Smoluchowski equation. MFC
suspension (0.2 wt%) was centrifuged at 4400 rpm for
20 min to remove large aggregates, then the supernatant containing colloidal nanocellulose was used to
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after the filtration process to the initial solid content
added to the suspension. The sheet preparation
technique used resulted in high retention efficiency
for both series. Nanofibre sheets alone showed 98 %
fibre retention with 0.2 wt% fibre concentration
because the highly entangled network of fibres
prevented fibre loss during the filtering process. The
composites achieved high loadings (up to 77 wt%), as
the majority of the NPs were strongly bound to the
interconnecting cellulose fibres which provide a
flexible material (Fig. 1e).
Both MFC and SiO2 are negatively charged with
zeta potential of -26 and -29 mV, respectively.
Retention of SiO2 in an anionic matrix is unfavourable, particularly when using the filtration method.
However, some methods such as spray coating (Krol
et al. 2015) or layer-by-layer techniques (Li et al.
2013) can force adhesion of NPs onto the cellulose
surface irrespective of charge. In such cases, retention
is not an issue. Without a retention aid such as CPAM,
the retention is very low (Fig. 2, triangles), but still
remained at around 20 % at 77 wt% loading.
SEM images of V/S composites with progressively
increasing SiO2 content are shown in Fig. 3. These
results indicate that, in the absence of NPs, nanofibres
formed a highly interconnected, reasonably dense film
with pores of irregular shape (Fig. 3a). The density
without NP addition was 750 kg/m3, which is consistent with previous data (783 kg/m3) obtained on sheets
of these fibres (Varanasi et al. 2012). As the NP
content was progressively increased, the nanofibres’

measure the zeta potential. SiO2 suspension (0.1 wt%)
was used as is for the measurements.
Mechanical strength
An Instron tensile tester (model 5566) was used to
record the tensile strength based on Australian/New
Zealand Standard Methods 448s and 437s. Composites
were cut into 120 mm 9 15 mm strips and equilibrated at 23 °C and 50 % relative humidity for a
minimum of 24 h prior to dry tensile testing. The span
tested was 100 mm, and the elongation was 10 mm/
min. For each sample, a mean value was obtained from
20 valid tests.

Results and discussion
Two series of composites, viz. V/S and V/L, were
prepared with small (S) and large (L) NPs, respectively. The nanofibre grammage was fixed at 60 gsm
to allow good retention of NPs in the nanocellulose
matrix at all NP loadings in both composites. The basis
weight of the films varied as the NP loading was
increased (denoted by ‘‘V’’ for variable). The properties of the composites were evaluated as a function of
the SiO2 loading and are discussed below in terms of
the composite structure. The retention efficiency in the
composites with both small and large NPs with and
without CPAM is shown in Fig. 2. The retention
efficiency is the ratio of the total solid content retained
Fig. 2 Retention of
nanofibres and NPs in the
composite as function of
initial NP loading
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Fig. 3 SEM images of nanofibre composite (V/S) with a nanofibre sheet alone and b 20 wt%, c 30 wt%, d 40 wt%, e 50 wt%, and f 60
wt%, g 77 wt% NPs at high magnification, and h 60 wt% and i 77 wt% NPs at low magnification

porous structure was filled up by NPs (Fig. 3b-d).
High NP content results in formation of large NP–
CPAM clusters, which remained intact since no
nanofibres were seen between the clusters (Fig. 3e).
The aggregates were distributed uniformly in the
nanofibre matrix. Beyond a certain NP content, the
aggregates became larger than the inter-fibrous pores,
thus embedding into the nanofibre matrix caused
nanofibres to be pushed apart, de-structuring the
nanofibre matrix into a packed bed structure. Hence,
NP content between 5 and 40 wt% (low loading)
represents one regime where the role of NPs is to fill
gaps in the nanofibre network, whereas NP content
between 50 and 77 wt% (high loading) represents
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another regime where NP clusters form a much tighter,
controlled pore structure (Fig. 3e–g). This behaviour
is illustrated schematically in Fig. 4. Figure 3h, i
shows SEM images for 60 and 77 wt%, respectively, at
low magnification. SEM images of the V/L composites can be found in Fig. S2 in the Supplementary
Information. The transition point from one regime to
the other differed for the V/S and V/L composites,
probably due to the different NP size. These images
are significant as they show a new packing arrangement of SiO2 in the nanofibre matrix. SEM demonstrated that incorporation of silica NPs as complexes is
an effective way to control the pore structure and
achieve high surface area using NPs. At very high NP
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Fig. 4 Schematic mechanism of NP and CPAM heterocoagulation with nanocellulose (not to scale): a no CPAM:
NPs flow through the gap (indicated by arrow); b with CPAM at
low NP loading: CPAM bridges NPs with cellulose nanofibres

(NPs retained in gap); c with CPAM at high NP loading: large
NP–CPAM structure pushes nanofibres to fit in the gap, creating
a packed bed structure. Arrows indicate movement of fibres
from initial position

content, the surface area of the composite as determined by mercury porosimetry analysis almost doubled (33 m2/g for pure nanofibre sheet versus 80 and
70 m2/g for 70 wt% V/S and V/L composites,
respectively).
The thickness variation (Fig. 5a) also supported the
de-structuring described based on the SEM images.
Initially, the thickness increased slowly with NP
addition level for V/S and V/L, but both series showed
a transition point where the slope of the data increased.
This happened at 50 wt% for V/L and 60 wt% for V/S
composites, due to deformation of the structure. In
previous work, we used small-angle X-ray scattering
(SAXS) analysis to quantify the structure of the silica
NP/MFC/CPAM system; this allowed statistical measurements on the structure (Garusinghe et al. 2017),
revealing that higher CPAM dosage results in larger/
bulk NP clusters. Therefore, high CPAM dosage
(0.5 mg/m2) was used in this study, resulting in large
clusters of SiO2 NPs that were retained in the structure,
which contributed to the almost twofold increase in
thickness compared with pure nanofibre sheet. The
fractional density data are shown in Fig. 5b. The
fractional density is the fraction of the maximum
density achievable if all the pores were to be removed.
The constant fractional density across the investigated
NP loading range indicates that the structure had

constant void volume, although the nature of the
volume changed.
The pore structure results obtained by mercury
porosimetry showed that pure nanofibre sheet had a
broad pore range between 100 and 1000 nm, arising
from the pores within the nonwoven fibre structure
(Fig. 6). However, a significant change in pore
structure was observed with SiO2 NP addition. With
subsequent increase in the NP content, not only did the
broad peak from nanofibres reduce in width, but also
the pore size range shifted to smaller values. In
addition, a new peak was observed between 10 and
60 nm, increasing continuously in size with higher NP
content, because these represent pores present within
NP clusters, the number of which increased with the
NP content. The pore volume in this figure represents
the number of pores present with given pore diameter.
Plotting this for lower (3–100 nm) and higher
(100–1000 nm) diameter ranges indicates that the
number of pores in the smaller pore range increased
with the SiO2 loading while the number of pores in the
larger pore range decreased (Fig. 7). This signifies that
the large pore size range is controlled by SiO2, whose
addition to the nanocellulose composite results in a
more developed pore structure.
The pore size distribution patterns for V/L (Fig. 6b)
and V/S (Fig. 6a) differed. At low loading for the V/L
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(a) Thickness

Composite (V/S)

Composite (V/L)
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Thickness (um)

Fig. 5 a Thickness and
b fractional density of
composites as function of
NP loading. Error bars in
thickness graph indicate
standard deviations
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series (SiO2 = 10 wt%), the overall pore structure did
not deviate much from that of pure nanofibres.
However, at high loading, the V/L series showed
lower pore size by almost an order of magnitude
compared with V/S. The bimodal structure changed to
a single peak at low pore size, indicating a more
compact and more tightly controlled pore size distribution. It is not clear why these two composites
behaved differently; it may be due to the different NP
size. A drawback of the mercury porosimetry method
is that it only measures pores with size larger than
3 nm. However, this is of little consequence as the
target application of these composites is for separation
of larger particles—especially bacteria and food-
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based colloids—which are orders of magnitude larger
than this 3 nm detection limit.
The strength of the composite is a significant factor,
because composites with very high loading and
retention are useless if their strength is poor. The
silica NPs are not expected to contribute significantly
to the strength. Indeed, for sheets made from conventional cellulose fibres, addition of inorganic filler
particles significantly reduces the strength, as the
particles interfere with the bonding between fibres.
Figure 8 shows the curves of tensile index (TI)
versus strain for the V/S composites with different
nanofibre grammages. Here, the tensile index is
calculated as TI = F/(w 9G), where F is the breaking
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Fig. 6 Pore size distribution for nanocellulose–SiO2 composite
sheets as function of silica content: a V/S (with smaller NPs),
b V/L (with larger NPs), c enlarged graph for V/L composite
between 10 and 100 nm. The legend indicates the NP loading
added in the suspension

force, w is the test specimen width of 15 mm, and G is
the nanofibre grammage in g/m2. Since the mass of
nanofibres used was the same for all the composites

Fig. 7 Composite pore volume as function of NP loading:
a total pore volume for small pores (3–100 nm) and b total pore
volume for large pores (100–1000 nm)

(1.2 g, 60 g/m2), the force versus strain graph is
identical except for a scaling factor.
The results in Fig. 8 are extremely interesting.
While the strain at break reduced from 5.8 % for the
unloaded sample to 2.8 % at 77 wt% loading, there
was very little dependence of the tensile index on the
nanofibre grammage, remaining in the range of
70–80 Nm/g.
It is likely that the strain at break is reduced
because, at high loadings, the fibres are completely
surrounded by NPs and are not free to rearrange
themselves to accommodate an applied load, thus
significantly reducing the plastic deformation occurring just before fracture. The fact that all the composites showed the same breaking load indicates, firstly,
that the NPs do not contribute to the strength and are
only filling the gaps between fibres, but also surprisingly, that the NPs do not interfere with the bonding
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Fig. 8 Tensile index versus
strain for V/S composites
with different nanofibre
grammages
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between the fibres. This is an extremely interesting
finding, and the corresponding mechanisms should be
explored further. The initial slope, in the elastic
region, was similar for all the loadings except for
60 wt% onwards. This is the point at which the fibre
structure changed, as mentioned above. The measured
mean elastic modulus and tensile stiffness index for
nanofibre sheet alone were 4.8 GPa and 4582 Nm/g,
respectively, while for 77 wt% sheet they were
3.8 GPa and 6130 Nm/g, respectively. Thus, the novel
composites maintained their strength even at high
loading,
highlighting
promising
mechanical
properties.
SEM and structure analysis demonstrated that the
produced MFC–SiO2 composites represent a new type
of fibrous composite with very high NP loading and
unique packing arrangement. Based on their good
strength, flexibility and tunable pore structure, this
new material is promising for use in membranes for
applications such as pasteurisation and other food
processes, separators in batteries (Krol et al. 2015;
Kim et al. 2013) and water treatment (Varanasi et al.
2015).

Conclusions
New flexible MFC–SiO2 composite films with high
surface area and tunable pore structure were developed using a process combining controlled simultaneous addition (CSA) with standard filtration. This
process is easily scalable for industrial applications.
Anionic NP loading up to 77 wt% was achieved with
high nanoparticle (NP) retention by forming NP–
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polyelectrolyte complexes. For low levels of NP
loading, NP clusters simply filled the gaps created
by the nanofibre porous structure. At this point, no
significant change in the thickness of the composite
film was observed. At high levels of NP loading, the
NP clusters became too large for the available pores
and the nanofibre matrix de-structured to accommodate the clusters by pushing fibres apart, resulting in
composites with a packed bed-type structure. The
thickness of the composite films with higher NP
loadings therefore increased significantly. Analysis of
the pore size distribution of the composites revealed
that the material had tunable pore structure
(100–1000 nm to 10–60 nm), controlled by the NP
content. At higher loadings, much tighter and wellcontrolled pore structure could be obtained. The
tensile index of all the composites remained between
70 and 80 Nm/g even at higher loadings, suggesting
that NPs did not affect the strength.
New, well-developed and highly flexible nanocellulose composite materials with high NP loading
distributed in a unique packing arrangement were
produced using a process that ensured high NP
retention. This composite process is scalable to
develop a platform for preparation of very high
surface area, functionalised porous materials with
industrial applications as filters, absorbents and
catalysts.
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a b s t r a c t
We report the effect of cationic polyacrylamide (CPAM) addition on the structural assembly of silica
nanoparticles (NPs) within a nanocellulose ﬁbre matrix. Paper like composites are fabricated by ﬁrst
forming complexes of NPs with CPAM, then adding those to a suspension of nanocellulose ﬁbres; followed
by ﬁltration, pressing and drying of the ﬁnal suspension. Complementary small angle X-ray scattering
(SAXS) and microscopy (SEM, TEM) investigations of these composites showed a lognormal bimodal distribution of NP sizes. Data analysis allows understanding interparticle interactions within assemblies
of SiO2 NPs at the nanometer scale with respect to different dosage of CPAM. Increasing CPAM dosage
increases retention of NPs within the cellulose matrix with stronger interparticle interactions and produces composites with smaller pores. The correlation length of NPs, indicative of the size of the NP
clusters increased from 30 to 70 nm as the CPAM dosage increased from 16.5 to 330 mg/g NPs. Retention
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and assembly of SiO2 NPs by varying CPAM dosage results from the balance of different interaction forces
between NPs, CPAM and nanocellulose ﬁbres. Understanding the effect of CPAM dosage on the various
NP and composite structural conformations enables us to engineer novel hierarchically and functional
cellulose based structured materials.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Cellulose nanoﬁbres are fast becoming widely available lowcost organic nanomaterials with speciﬁc properties such as
tuneable opacity, low thermal expansion, high stiffness, high
strength and ﬂexibility. Cellulose is the most abundant, renewable
and biodegradable biopolymer, efﬁciently produced by wellestablished manufacturing processes and infrastructures [1–3].
Nanocellulose ﬁbres result from the intense ﬁberizing of cellulose
pulp ﬁbres. Cellulose nanoﬁbres “paper” composites have exciting prospects and emerging applications such as smart clothing
[4], transparent conductive ﬁlms for electronics [5,6], tissue engineering [7] and barriers [8]. Even though the full commercial scale
production of cellulose nanoﬁbres has not yet been fully achieved,
the wide availability of cellulose is promoting the production of
new materials with cellulose nanoﬁbres as the main component
[9].
Nanocomposites are usually two phase materials consisting of
a continuous polymeric phase reinforced by a discontinuous phase
consisting of high surface area nanoﬁllers [10]. When the size of
ﬁllers shrinks from microscale to nanoscale, the resulting composite develops unusual properties primarily due to the concomitant
increase in interfacial area [11]. The properties of nanocomposites
depend not only on the properties of their individual components
but also on the morphological and interfacial characteristics arising
from assembling the individual constituents [12]. In the materials
investigated here, nanocellulose is the semi-continuous or connecting phase where silica nanoparticles (NPs) are linked through a
retention aid to provide a new structure with voids, in which porosity and pore structure are dependent on NPs. The terms “cellulose
nanoﬁbres” and “nanocellulose” are used interchangeably in this
paper and nanosilica was selected as model of functional NP.
Since both silica NPs and nanocellulose are negatively charged,
an electrostatic repulsion is opposing the retention of NP’s in
the composite. In such cases, cationic polyelectrolytes are widely
used in paper industries as retention aids [13,14]. Common industrial cationic polyelectrolytes include: cationic dimethylaminoethyl-methacrylate polyacrylamide (CPAM), polyethylenimine
(PEI), Polydiallyldimethylammonium chloride (polyDADMAC) and
polyamide-amine-epichlorohydrin (PAE). Among those, CPAM is
the most prevalent in industry for its low cost, high performance,
and wide range of morphologies available. Also, it has the ability to
strongly adsorb onto the negatively charged cellulose ﬁbres [15,16]
and is a stable polymer soluble in water and many organic solvents
[17]. Important industrial applications for CPAM include water
treatment, oil well stimulation and mineral processing [17]. Previously, we used CPAM to coagulate and retain NPs into nanocellulose
and demonstrated that composite pore structure can be controlled
[18]. However, the interaction of the CPAM with NPs and the mechanism of structural formation by CPAM induced NPs assembling
within the composite at nanoscale have not been explored and
there are no good methodology available to quantify NP aggregate
at the critical length scale ranging from 1 nm to 1 m.
Generally, for characterization, direct methods such as scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) are used, but they evaluate a limited area of the composite
and it is difﬁcult to measure interparticle interactions between NPs

[19,20]. Indirect inverse space techniques such as X-ray, neutrons
or light scattering provide a complementary statistical perspective
on the internal structure of the material. Small angle X-ray scattering (SAXS) is a powerful method to characterize particle or structure
size in ranges from ∼1 to 100 nm [21,22].
In this study, a novel structural characterization approach is
developed to elucidate NPs interactions within the respective
formed assemblies dispersed in the cellulose matrix. We prepared
nanocellulose/SiO2 nanocomposites using CPAM as a retention aid.
SAXS, TEM and SEM were used to quantify and optimize the interaction within silica NP assemblies with respect to different dosage of
CPAM and distribution of assemblies within the cellulose matrix.
Results from this study will contribute to engineer nanocomposites efﬁciently with polyelectrolytes. It is the objective of the study
to characterize the structure of novel inorganic NP −organic ﬁbre
composites at the critical length scale affecting catalysis, permeability and biocompatibility.

2. Experiments
2.1. Materials
Microﬁbrillated cellulose (MFC) was purchased from DAICEL
Chemical Industries Limited, Japan (grade Celish KY-100G). The
MFC was supplied at 25% solids content and stored at 5 ◦ C as
received. The surface area of MFC is 31.1 m2 /g [22,23]. Cationic
dimethylamino-ethyl-methacrylate polyacrylamide (CPAM) polymer of high molecular weight (13 MDa) and with a charge density
of 40 wt% (F1, SnowFlake Cationics) was graciously supplied by
AQUA + TECH, Switzerland. NexSil 8 Aqueous Colloidal Silica was
provided by IMCD Australia Ltd as 30 wt% suspensions. The manufacturer reported a colloidal silica average diameter of 8 nm and a
speciﬁc surface area of 330 m2 /g.
2.2. Method
2.2.1. Preparation of MFC, CPAM and NP suspensions
MFC suspensions (0.2 wt%) were prepared by dispersing ﬁbres in
deionized water uniformly using a disintegrator equipped with a 3 L
vessel at 15000 propeller revolutions. CPAM solutions (0.01 wt%)
were prepared by dissolving CPAM powder in deionized water for
8 h using a magnetic stirrer prior to nanocomposite fabrication.
SiO2 NP (0.1 wt%) suspensions were prepared by diluting 30 wt%
original silica NP suspension using deionized water, and the suspension was stirred using a magnetic stirrer for 10 min before use.
Mixing time is important in both cases to obtain homogenous suspensions. All suspensions were prepared at room temperature. The
pH of ﬁnal solutions is about 8 and does not vary signiﬁcantly with
different dosage of CPAM.
2.2.2. MFC sheet preparation
MFC sheets were prepared [24], using a standard British hand
sheet maker (model T 205). Concentrated MFC suspension (0.2 wt%)
was poured into the hand sheet maker column and allowed to
drain under gravity. After the water drained, the formed ﬁlm was
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Fig. 1. NP-CPAM complexes are ﬁrst formed (step 1) and then mixed with a cellulose nanoﬁber suspension (step 2).

removed from the mesh using blotting papers, then pressed and
dried using a sheet drier at 100 ◦ C.
2.2.3. MFC-NP composite preparation
Composite preparation involves a two-step method (Fig. 1).
Firstly, CPAM (0.01 wt%) and SiO2 (0.1 wt%) suspensions were
mixed simultaneously together using a hand stirrer (model:
HB968NSSJH, 600 W). Secondly, prepared CPAM-SiO2 suspension
was mixed with MFC (0.2 wt%) suspension to obtain the ﬁnal suspension of the mixture close to 0.15 wt%. This method was adopted
from the controlled simultaneous assembly (CSA) of Bringley et al.
[25] where he mixed silica colloids and polyethylenimine together.
MFC and SiO2 masses were kept constant at 1.2 g and 0.12 g,
respectively for all composites. Three different CPAM dosages
(1.98 mg, 3.96 mg and 39.6 mg) were used. The mixing time in each
step was set to a total of 8 min. The ﬂowrate at which CPAM was
mixed varied from 2.5 mL/min to 49.5 mL/min. MFC and SiO2 suspensions were mixed at 75 mL/min and 84 mL/min respectively.
The ﬁnal suspension was poured into the British hand sheet maker
and the composite ﬁlm was prepared as described above (MFC sheet
preparation). Table 1 summarizes the type of composites prepared.
2.3. Characterization
2.3.1. Small angle X-ray scattering (SAXS)
Two instruments were used for SAXS measurements. SAXS analyses were ﬁrst made on a Laboratory Bruker N8 Horizon using
a CuK␣ ( = 0.154 nm) micro-source. The scattered photons were
collected using a 2D Vantec-500 detector with a pixel size of
∼70 m × 70 m. The scattered photons were collected at the
sample to detector distance of 0.6 m which covers the q range
from ∼0.15 to 3.7 nm−1 . Radial averaging was used to obtain the
ﬁnal scattering curves. For data reduction, Bruker EVA software
was used. Data analysis was performed using SASFit software
[26,43,44].
SAXS measurements were also made in a transmission mode
on a Pilatus 1 M detector (Dectris, Baden, Switzerland) at the Australian Synchrotron’s SAXS/WAXS beamline [27] with a sample to
detector distance of 7.2 m. The isotropic raw detector images were
Table 1
Composition of SiO2 -nanocellulose composites, High (H), Medium (M) and Low (L)
denote the CPAM dosage.
Samples

MFC (g)

SiO2 (mg)

CPAM (mg)

Pure MFC
High (H)
Medium (M)
Low (L)

1.2
1.2
1.2
1.2

–
120 (10 wt%)
120 (10 wt%)
120 (10 wt%)

–
39.6
3.96
1.98
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converted to intensity versus q, where q = 4sin()/ deﬁned by
/2 the scattering angle and  the wavelength (0.113 nm) of the
incident x-rays and q range between 0.01–1 nm−1 . The scattered
intensity is plotted as a function of the momentum transfer vector q. Speciﬁc macro’s written [28] for the program IgorPro [29]
accounted for the measurement geometry, masking dead pixels and
the beam stop and a subtraction of air scatter.
2.3.2. Scanning electron microscopy (SEM)
SEM was performed using a FEI Nova NanoSEM 450 FEG.
Secondary electron images were captured. This mode produces
high-resolution images and avoids any problems associated with
sample charging. A small square (3 × 3 mm) of composite was
mounted onto a metal substrate with a carbon tape. The sample was
then coated with a thin layer of Iridium. The accelerating voltage
was 5 kV and images were captured at 30,000 to 100,000 magniﬁcations.
2.3.3. Transmission electron microscopy (TEM)
TEM was performed using FEI Tecnai G2 T20 TWIN. For sample preparation, copper grid of 3 mm with a thin carbon layer was
dipped into a NP-CPAM suspension and dried. The accelerating
voltage was 200 kV and images were captured at 250,000 magniﬁcations at 100 nm scale.
2.3.4. Particle and colloid charge
The zeta potentials were determined by performing measurement using a Nanobrook Omni (Brookhaven Instruments) in a
cuvette cell at 25 ◦ C. The software determines the electrophoretic
mobility from an electrophoresis experiment by laser Doppler
velocimetry and applying Smoluchowski equation to calculate
zeta potential. CPAM and SiO2 NP concentrations were used at
0.5 mg/mL and 0.01 wt% respectively.
3. Results
SAXS measurements were performed to determine the statistical description of the internal composite structure of SiO2 NPs
dispersed in a cellulose matrix [30–36]. Fig. 2a shows the SAXS
measurements of a MFC sheet. The SAXS curve for the pure MFC
sample shows a weak correlation peak at q = 1.3 nm−1 indicating
the presence of weakly correlated small heterogeneities at lengthscales of about 3–5 nm. This weak correlation peak is superimposed
upon a broader signal, which is indicative of a broad distribution
of length-scales, for example a ﬁbre network. The characteristic
size of the elementary ﬁbres is between 3 and 5 nm, and the major
contribution to the scattering is from the ﬁbre/nanoﬁber surface
[37,38].
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Fig. 2. (a) SAXS curve of the pure MFC sheet. The solid line shows the modelled ﬁt. Arrow shows the diameter of the sample for a peak obtained at a particular q value. (b)
SEM image of the MFC sheet at 50,000 magniﬁcation.

Fig. 2(b) displays the SEM micrograph of the pure MFC sheet. The
micrograph shows that the ﬁbres are isotropically oriented to form
a highly entangled network with a wide distribution of pore sizes.
This is consistent with the view obtained from SAXS measurements.
The average diameter of the ﬁbres was found to be 73 nm [39].
These microﬁbres are bundles of elementary nanoﬁbers which are
responsible for the weak SAXS correlation peak.
SAXS measurements with a synchrotron can probe a wide
structure size range at a high resolution and statistics, which is
unachievable with a laboratory SAXS instrument. Fig. 3(a) shows
the synchrotron SAXS curves of the MFC-SiO2 NP composites at

different CPAM dosages. All the SAXS curves show two maxima at
ﬁxed q positions of q = 0.4 nm−1 and 0.2 nm−1 which indicates the
existence of two kinds of size distributions and volume fractions
in the composite. As the CPAM dosage increases, the SAXS peak at
q = 0.4 nm−1 becomes more pronounced and broader for the q ranging between 0.0–0.7 nm−1 . The peaks at q = 0.8 nm−1 indicate the
formation of structures of about 8 nm and the peaks at q = 0.4 nm−1
reveal the formation of larger structures of about 15–20 nm; these
are shown by the arrows in Fig. 3(a).
The quantitative analysis of size, size distribution and number
density of the particles was evaluated by non-linear ﬁtting of the

Fig. 3. (a) SAXS curves ﬁtted with the bimodal distribution of the particles with different CPAM dosages; Sample H (High CPAM dosage), Sample M (Medium CPAM dosage),
and Sample L (low CPAM dosage). The solid red line shows the ﬁt and the arrows show the diameter obtained from the particular peak position. (b) Lognormal size distribution
curves for the sample with the high dosage of CPAM (H). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article).
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Fig. 4. TEM micrograph for the SiO2 /CPAM complexes at high CPAM dosage prior
to the addition of MFC suspension.

curves by using the software SASFit [30–33]. Here, a model for
bimodal distribution of spheres and a structure factor for hard
spheres with a local monodisperse approximation was ﬁtted to the
SAXS curves [45–47]. Details on the modelling of the SAXS curves
are given in the Supporting information (S1, S2). Fig. 3(b) shows
the lognormal bimodal distribution of spherical shape par-ticles
obtained after model ﬁtting of the scattering curves. The size
parameters reveal that the smaller particle diameter is about 8 nm
and the larger particle diameter is between 15 and 20 nm. The average diameter of 8 nm for smaller structure and 15–20 nm for the
bigger structure were determined after ﬁtting the respective SAXS
curves. Dynamic light scattering (DLS) measurements on the initial nanoparticle suspension also shows the corresponding bimodal
size distribution, which is in agreement with the SAXS results (Supporting information S3).
Evidence on the assemblies of SiO2 -CPAM complexes before
addition to the MFC suspension were obtained by the TEM measurements. Fig. 4 shows the TEM micrograph on solution of
SiO2 /CPAM at high CPAM dosage and prior to the addition of the
MFC. In the TEM micrograph, two different kinds of particle sizes
and assemblies of NPs are clearly observed (Supporting information
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S4). The results obtained from TEM analysis are in good agreement
with the SAXS results.
The structure factor calculated from the SAXS curves accounts
for the correlation between the NPs and interparticle interactions
[19]. Fig. 5(a) shows the hard sphere structure factor for SiO2 NPs
with local monodisperse approximation used to ﬁt the respective
SAXS curves [30,33]. Fig. 5(a) indicates that the clusters of SiO2
NPs formed in the cellulose ﬁbre matrix are a direct function of
the CPAM dosage. As CPAM amount increases, the sharpness of the
structure factor peak increases and the peak shifts towards higher
q values with respect to the sample with low CPAM dosage. This
indicates increase in the volume fraction of NPs and decrease in
interparticle separation with increase in CPAM dosage. Fig. 5(b)
shows the correlation length obtained from the structure factor,
which reveals an increase in interaction between SiO2 NPs at the
high dosage of CPAM.
SEM images of the SiO2 composites are shown in Fig. 6(a) and
(b) for low and high CPAM loadings, respectively. For the composite
with low CPAM dosage, the SiO2 NPs cluster size is smaller and less
particles are retained in the cellulose ﬁbre matrix. NPs and small
NP clusters accommodate themselves randomly within the ﬁbre
matrix without changing any ﬁbre position. Fig. 6(a) is similar to
Fig. 2(b) but with bigger pores within the ﬁbre network ﬁlled up by
NPs. At high CPAM dosage, more and more NPs come into contact
and bound with each other, resulting in larger clusters or assemblies with high retention. When the ﬁbre gaps within the structure
are not sufﬁciently large to accommodate the big NPs clusters, the
ﬁbres expand to make space. This changes the structure of the composite: volume increases and density decreases, as clearly seen in
Fig. 6(b).
4. Discussion
We combined SAXS and microscopic (TEM, SEM) methods to
characterize at the nanoscale the structural assemblies/aggregates
formed by SiO2 NPs within a cellulose ﬁbre matrix; CPAM concentration was used to vary the fraction and size of NP aggregation.
From our measurement, SiO2 NPs are negatively charged and form
stable aqueous suspensions due to a high zeta potential of −30 mV.
On the other hand, CPAM in suspension is positively and strongly
charged with a zeta potential for the polymer coil of +76 mV and a
charge density of 10−3 eq/g. Both SiO2 and cellulose are negatively
charged and therefore SiO2 NPs do not readily adsorb onto the surface of cellulose. This is consistent with the interpretation of SAXS
measurements conducted on the composite without any CPAM
(Supporting information S5). There is a little difference between
this material and the structure characterized with the pure MFC
sheet with SAXS. A small amount of CPAM has a signiﬁcant effect

Fig. 5. (a): Evaluated structure factor S(q) for the samples with different CPAM dosages; sample H has high CPAM, M medium and sample L has low CPAM. (b) Correlation
length obtained from the SAXS data analysis.
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Fig. 6. SEM micrograph of the MFC sheet containing SiO2 nanoparticles with (a) low (L) CPAM dosage and (b) high (H) CPAM dosage.

on the interactions between SiO2 NPs and cellulose ﬁbres. CPAM
acts as a retention aid for NPs.
SAXS and TEM data analysis corroborate the formation of different size of aggregates of SiO2 NPs in cellulose matrix at the
different CPAM dosages. TEM micrographs (Fig. 4) of the SiO2 /CPAM
complexes prior to the addition of MFC suspension reveals that in
the presence of CPAM, the SiO2 NPs aggregate and form assemblies. These assemblies are consisting of two size of NPs (8 and
20 nm) as shown in the Supporting information S4. After addition
of SiO2 /CPAM suspension into MFC suspension (step 2), it is hard to
obtain TEM micrograph due to difﬁcultly in sample preparation and
to get reliable results. Therefore, SAXS measurements were made
to obtain much better average information on interparticle spacing
within the assemblies of SiO2 NPs at the nanometer scale.
SAXS data analysis show that these assemblies of SiO2 NPs
consist of NPs structures of diameter ranging between 8 and
20 nm (Fig. 3b). The diameter of NPs is about two to four times
smaller than the expected radius of gyration of a CPAM molecule
(Rg = 30–35 nm) assuming random coil at theta conditions (more if
electrostatic forces are involved). Therefore, the SiO2 NPs can easily adsorb onto the CPAM surface or even diffuse within the coil
structure to interact directly with the CPAM cations. It is expected
that the large CPAM coils are decorated with the SiO2 NPs and form
assemblies by electrostatic interactions and CPAM conformations
[40].
Structure factor analysis reveal the information on the correlation between the aggregated SiO2 NPs assemblies. In Fig. 5a, it is
seen that for the high dosage of CPAM the structure factor peak
is sharper and shifts towards high q values as compared to the
structure factor peak for low CPAM dosage, which indicates narrow
distribution of inter-particle separations with high volume fractions. Moreover, increase in the amplitude of structure factor peak
reveals the strong interparticle interactions within the assemblies
of SiO2 NPs. This is because at the high CPAM dosage more polyelectrolyte is available to neutralize the NPs surface and overcome
the electrostatic repulsion between the particles, resulting in an
increase in contact aggregation between the SiO2 NPs. This results
in the formation of large size assemblies having a higher correlation
length of about 70 nm and with high volume fraction of NPs within
the assemblies. This is in agreement with the TEM measurements
shown in Fig. 4. Recently, Ganesan et al. also reported the aggregation of charged NPs in the surrounding of oppositely charged
polymers by using mean ﬁeld self-consistent theory model [41,42].
They described that at low polymer concentration, the charged
NPs form polymer-bridged clusters and by increasing the polymer
concentration, clusters are formed by inter-particle bridging.
However, at the low CPAM dosage, the structure factor peak is
broad, lower in amplitude and shifts towards lower q values which

resembles the loosen SiO2 NPs aggregates structure with smaller
volume fraction and wider distributions. At low CPAM dosage and
for a ﬁxed SiO2 NPs concentration, the tendency to form aggregates/assemblies decreases. This is due to the low density of CPAM
available to neutralize the SiO2 NPs; hence, an electrostatic repulsion between the SiO2 NPs dominates and leads to the formation
of polymer-bridged aggregates of loosely bounded SiO2 NPs.
Surface coverage of NPs by CPAM directly depends upon the conformation CPAM adopts on the surface of the spherical NPs upon
adsorption. The total speciﬁc surface area of SiO2 NPs (r = 4 nm) is
330 m2 /g. There are two extreme cases of CPAM adsorption conformation of interest. Should the CPAM remains coiled to adsorb in the
form of a blob/sphere of radius 30 nm, it can then cover about 15%
of the surface area of SiO2 NPs. However, should CPAM stretch and
adsorb as an extended chain wire of length 22,744 nm (end to end
distance; contour length), then it will fully saturate the available
surface area of the NPs. Precise estimate of CPAM surface coverage
requires measurement as the exact CPAM adsorption conformation
which remains undetermined.
5. Conclusion
A series of novel SiO2 -nanocellulose composites of different
structures was developed and characterized. SiO2 nanoparticle (NP)
assemblies of different sizes were formed by varying the dosage
of CPAM in a nanocellulose matrix. Small angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM) measurements reveal the formation of NPs assemblies consisting of bimodal
distribution of NPs with smaller particle diameter of 8 nm and
large particle diameter of 15–20 nm, respectively. Structure factor obtained from SAXS data analysis shows that at high dosage of
CPAM, the assemblies of NPs formed within the cellulose matrix
have high volume fraction. Moreover, the NPs in the assemblies
have a lower interparticle distance, are strongly bounded, and have
larger correlation length. An increase in CPAM dosage increases the
retention of NPs assemblies within the cellulose matrix. However,
at low dosage of CPAM, the retention of NPs within the cellulose
matrix is low (smaller volume fraction) and the assemblies have
a loosen structure with weak interparticle interaction. Characterizing and controlling NPs assemblies dispersed in a nanocellulose
matrix allows tailoring a novel generation of sustainable composites for applications requiring selected catalytical, permeability or
biocompatibility properties.
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YDV GLIIHUHQW SURSHUWLHV DQG IXQFWLRQV >@ 1DQRSDUWLFOHV 13V 
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RU YDVWO\
WDNHDQLPSRUWDQWUROHLQQDQRWHFKQRORJ\EHFDXVHRIWKHLUXQLTXHSURSHUWLHVDQG
QLPSRUWDQ
QLPSRUWDQWUR
FDQEHVHOHFWHGIRUWKHLUFKHPLFDOFRPSRVLWLRQEXWDOVRFDQEHWDLORUHGIRUWKHLU
VHOHFWHGIRUWKH
HOHFWHGIR
VL]HVVKDSHDQGVXUIDFHSURSHUWLHV>@13VRQWKHLURZQFDQQRWEHXVHGDVWKH\
HDQGVXUIDF
HDQGVXUIDFHS
VHOIDJJUHJDWHRUSRVHWKHGDQJHURIXQFRQWUROOHGUHOHDVHWRWKHHQYLURQPHQWZKHQ
HRUSRVHWKHGDQ
USRVHWKH
GU\7KHUHIRUHLGHDOO\13VQHHGWREHHPEHGGHGLQWRDPDWUL[WKDWLVVWURQJÀH[
GHDOO\13VQHHG
DOO\13VQHHG
LEOHDQGGXUDEOHDQGDOVRDOORZVWKHVXUIDFHDUHDRI13VWREHUHDGLO\DYDLODEOH
GDOVRDOORZVWK
VRDOORZVWK
8VLQJ QDQRFHOOXORVH
VXSSRUWLQJ PDWUL[ FRPELQHV WKH DGYDQWDJH RI WZR
H DV D VXSSR
VXSSRUWLQ
FRQVWLWXHQWVWRJLYHQHZFRPSRVLWHPDWHULDOVZLWKVXSHULRUSURSHUWLHV1DQRFHO
FRPSRVLWHPDWH
PSRVLWHP
OXORVH¿EUHVDUHDQHZFODVVRIPDWHULDOWKDWKDVUHFHLYHGVLJQL¿FDQWDWWHQWLRQRYHU
IPDWHULD
IPDWHULDOWKDWK
WKHSDVWGHFDGH7KLVPDWHULDOLVRIWHFKQRORJLFDOLQWHUHVWDVLWLVUHQHZDEOHELRGH
RIWHFKQROR
RIWHFKQRORJLFD
JUDGDEOHH[KLELWVH[FHOOHQWPHFKDQLFDOVWUHQJWKDQGVXSHULRUEDUULHUSURSHUWLHV
DQLFDOVWUHQJWK
QLFDOVW
ZKLOHUHPDLQLQJIXOO\FRPSDWLEOHZLWKFRQYHQWLRQDOZRRG¿EUHV>@+RZHYHU
WKFRQY
FR
LRQDO
HPEHGGLQJ13VLQWRDQDQRFHOOXORVHPDWUL[DWWLPHVLVGLI¿FXOWHVSHFLDOO\ZKHQ
W DWWLPHVLV
DWWLPHVLV
ERWKPDWHULDOVDUHRIVDPHFKDUJH,QVXFKFDVHVSRO\HOHFWURO\WHVSOD\DQLPSRU
FDVHVSRO\HOHFW
DVHVSRO\H
WDQWUROHIRUWKH¿[DWLRQRI13VRQWRVXUIDFHVLQFKDUJHGV\VWHPV>@
HVLQFKDUJHGV\VWH
KDUJHGV\
3RO\HOHFWURO\WHVSOD\DQLPSRUWDQWUROHLQPDQ\LQGXVWULDODSSOLFDWLRQVVXFKDV
DQ\LQGXVWULDODSSO
LQGXVWULDO
ZDVWHZDWHU WUHDWPHQW>@ JHQH DQG GUXJ GHOLYHU\>@
ÀRFFXODWLRQ LQ SDSHU
\>@
 >@ ÀRFF
ÀRFFXODW
PDNLQJ>@>@VHQVRUGHYHORSPHQW>@>@PLQHUDOSURFHVVLQJ>@DQGFRDWLQJ
DOSURFHVVLQJ>@DQ
RFHVVLQJ>
SURFHVVHV>@7KLVLVGXHWRWKHLUDELOLW\WRDGVRUEDWVROLGOLTXLGLQWHUIDFHVWKXV
OLGOLTXLGLQWHUIDF
OLGOLTXLGLQWHUIDFH
PRGLI\LQJ VXUIDFH SURSHUWLHV DQG WKH LQWHUDFWLRQV EHWZHHQ
HQ SDUWLFOHV DQG
DQ WKHLU
W
HQYLURQPHQW>@7KHXQGHUVWDQGLQJRIWKHLQWHUDFWLRQEHWZHHQSRO\HOHFWURO\WHV
HHQSRO\HOHFWURO\WH
SRO\HOHFWURO\W
DQGVXUIDFHVDUHFUXFLDOWRRSWLPLVHVXUIDFHSURSHUWLHVIRUDVSHFL¿FDSSOLFDWLRQ
FL¿FDSSOLFDWLR
DSSOLFDWL
3RO\HOHFWURO\WHV DQG 13V DUH XVHG LQ WKH SDSHUPDNLQJ LQGXVWU\ DV
V WKH\
H\ DFW
D DV
UHWHQWLRQDLGVDGKHULQJ¿QHVDQGPLQHUDO¿OOHUVRQWKH¿EUHVXUIDFH>@±>@
>
ZKLOHDWWKHODERUDWRU\VFDOHSRO\HOHFWURO\WHVKDYHEHHQVKRZQWRVWURQJO\LQWHUDFW
ZLWKFHOOXORVHQDQR¿EUHVORZHULQJWKHJHOSRLQWE\EULGJLQJEHWZHHQ¿EUHVDQG
LQFUHDVLQJWKHÀRZWKURXJKWKH¿EUHQHWZRUNGXULQJ¿OWUDWLRQ>@'HVSLWHWKH
QXPHURXVVWXGLHVFRQFHUQLQJWKHDGVRUSWLRQRISRO\HOHFWURO\WHVRQWRFKDUJHG13
VXUIDFHVZKLFKKDVEHHQVWXGLHGLQWKHSDVWXVLQJERWKWKHRUHWLFDO>@±>@DQG
H[SHULPHQWDO>@>@>@>@PHWKRGVWKHLUPRGHVRIDFWLRQDUHSRRUO\XQGHU
VWRRGDVWKH\GHSHQGJUHDWO\RQWKHW\SHRISRO\PHUDQGSDUWLFOHVLQWKHV\VWHP
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FKDUJH GHQVLW\  ZDV NLQGO\
0
SURYLGHGE\$48$7(&+6ZLW]HUODQGIURPWKHLU6QRZ)ODNH&DWLRQLFVUDQJH
GIURPWKHL
GIURPWKHLU6
 QP FROORLGDO VLOLFD ZLWK VXUIDFH DUHD
HD  PJ Z
ZDV SXUFKDVHG IURP 6LJPD
$OGULFKDWZWVXVSHQVLRQ
 0HWKRG

SHQVLRQV
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 3UHSDUDWLRQRI0)&&3$0DQGVLOLFD13VXVSHQVLRQV

DV XVHG WR GLVS
GLV
$  / GLVLQWHJUDWRU 0DYLV (QJLQHHULQJ 0RGHO 1R   ZDV
GLVSHUVH
 ZW 0)& LQ GHLRQL]HG ZDWHU DW  SURSHOOHU UHYROXWLRQV
ROXWLRQV
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G ZDWHU
Z
&3$0 VXVSHQVLRQ ZDV SUHSDUHG E\ PL[LQJ &3$0 ZLWK GHLRQL]HG
IRU
PLQLPXPRIKRXUVSULRUWRWKHH[SHULPHQWV6L213VZHUHGLOXWHGWRZW
HG
IURPWKHVWRFNVROXWLRQXVLQJGHLRQL]HGZDWHU7KH&3$0DQG6L213VROXWLRQV
ZHUHVRQLFDWHGIRUPLQXWHVDWDPSOLWXGHWRHQVXUHHYHQO\GLVWULEXWLRQ
 3UHSDUDWLRQRISXUH0)&VKHHW
6KHHWV ZHUH SUHSDUHG XVLQJ D %ULWLVK KDQGVKHHW PDNHU PRGHO 7  ZKLFK LV
HTXLSSHGZLWKDZRYHQ¿OWHUZLWKDQDYHUDJHRSHQLQJRIPLFURQVZW
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ZWVRQLFDWHG6L213VXVSHQVLRQZDVDGGHGWKURXJKDSHULVWDOWLFSXPSDW
P/PLQLQWRWKHVRQLFDWHGZW&3$0VROXWLRQZKLFKZDVVWLUUHGDWUSP
PLQZLWKDPDJQHWLFVWLUUHU$PRXQWRI6L2
PD
13VLQWKHVXVSHQVLRQZDV¿[HGDW
PL[LQ
PL[LQJSUR
J7KHPL[LQJSURFHVVZDVUHSHDWHGIRUWKUHHGLIIHUHQWVXUIDFHFRYHUDJHVRI&3$0

V DQGPJ&3$0P
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VXUIDFHDUHDRI6L213V 7KHFRQFHQ
WR13V
WUDWLRQ RI WKH ¿QD
VXVSHQVLRQ FKDQJHV IURP ± ZW GHSHQGLQJ XSRQ
¿QDO VX
&3$0GRVDJH7KLVPHWKRGRIDGGLWLRQDOORZHG6L2
VDJH7KLVPHWK
DJH7KLVP
13VXVSHQVLRQWREHDGGHG
GURSE\GURSLQWRWKHVRQLFDWHG&3$0VROXWLRQ'\QDPLF/LJKW6FDWWHULQJ
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QWRWKHVRQLFDWH
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ZDVWKHQXVHGWRPHDVXUHWKHVL]HRIWKH13VZLWKDGVRUEHG&3$0RQLWVVXUIDFH
PHDVXUHWKHVL]
HDVXUHWKHVL]
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HHWVLQYROYHGP
HWVLQYRO
3UHSDUDWLRQRIFRPSRVLWHVKHHWVLQYROYHGPL[LQJ0)&
JDWZW 6L2
13V ZWRIWKHWRWDOFRPSRVLWHDWZW
DQG&3$0 GLIIHUHQWUDWLRVDW
RVLWHDW
RVLWHDWZW
ZW VXVSHQVLRQVWRJHWKHUVLPXOWDQHRXVO\:KLOH6L2
PXOWDQH
PXOWDQHRXVO\
13VDQG0)&XVHG
LQ FRPSRVLWH VKHHWV ZDV ¿[HG IRXU GLIIHUHQ
GLIIHUHQW
&3$0
IIH
3$0 GRVDJHV ZHUH XVHG 

DQGPJ&3$0P VXUIDFHDUHDRI6L2
RI6L21
13V )LUVWO\&3$0DQG
6L2 13 VXVSHQVLRQV ZHUH PL[HG WRJHWKHU
HU LQWR D EHDNHU
EHD
WKURXJK VLPXOWDQHRXV
GO\&3$06L2
3$06L 1
13VXVSHQVLRQDQG
DGGLWLRQZLWKWZRSHULVWDOWLFSXPSV6HFRQGO\&3$06L2
0)& VXVSHQVLRQ ZDV PL[HG DJDLQ LQWR D EHDNHU
DGGLWLRQ
NHU WKURXJK VLPXOWDQHRXV
VL
VLPXOW
ZLWKWZRSHULVWDOWLFSXPSVWRPDNHWKH¿QDOFRPSRVLWHVXVSHQVLRQ7RWDOPL[LQJ
SRVLWHVXVSHQVLRQ
WHVXVSHQVLR
WLPH ZDV VHW WR  PLQXWHV LQ HDFK VWHS &3$0 ZDV
DV DGGHG
GGHG DW GLIIHUHQW
GLI
GLIIHUH VSHHGV
± P/PLQ  GHSHQGLQJ RQ WKH GRVDJH 6L2 ZDV DGGHG DW  P/
P/P
P/PLQ DQG
0)&ZDVDGGHGDWP/PLQ7KH¿QDOFRQFHQWUDWLRQRIWKHVXVSHQVLRQYDULHG
I WKHVXVSHQVLRQYD
HVXVSHQVLRQ
EHWZHHQ±ZWGHSHQGLQJRQWKH&3$0GRVDJH)LQDOVXVSHQVLRQZDV
QDOVXVSHQVLRQZD
VXVSHQVLRQZ
SRXUHGLQWR%ULWLVKKDQGVKHHWPDNHUIRUFRPSRVLWHSURFHVVLQJDVPHQWLRQHGDERYH
PHQWLRQHGDERY
RQHGDER
 &KDUDFWHUL]DWLRQ
 '\QDPLFOLJKWVFDWWHULQJ '/6
&3$06L2 13 VXVSHQVLRQV SUHSDUHG DERYH IRU '/6 DQDO\VLV ZHUH XVHG DV
SUHSDUHG WR PHDVXUH '/6 ZLWK D 1DQREURRN 2PQL %URRNKDYHQ ,QVWUXPHQWV 
XVLQJDFXYHWWHFHOODW&'LDPHWHUGLVWULEXWLRQRIWKHFOXVWHUVZHUHFDOFXODWHG
XVLQJWKHVXSSOLHGVRIWZDUH
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GHWHFWRUGLVWDQFHRIPXVLQJWKH3LODWXV0GHWHFWRU 'HFWULV%DGHQ6ZLW]HU
ODQG 7KHLVRWURSLFUDZGHWHFWRULPDJHVZHUHFRQYHUWHGWRLQWHQVLW\YHUVXVT
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SL[HOVDQGWKHEHDPVWRSDQGDVXEWUDFWLRQRIDLUVFDWWHUZHUHFRQGXFWHGXVLQJ
DQGWKHEH
DQGWKHEHDP
HG6FDWWHU%
HG6FDWWHU%UDLQ
,'/EDVHG6FDWWHU%UDLQVRIWZDUH>@7KHVFDWWHUHGLQWHQVLW\LVSORWWHGDVDIXQF
WLRQRIWKHPRPHQWXPWUDQVIHUYHFWRUT'DWDDQDO\VLVZDVFRQGXFWHGE\¿WWLQJ
PRPHQWXPWUDQ
RPHQWXP
YHVXVLQJWKH6$
HVXVLQJWKH6$
WKH6$;6FXUYHVXVLQJWKH6$6¿WVRIWZDUH
 6FDQQLQJHOHFWURQPLFURVFRS\
RQPLFURVFRS\
PLFURVFRS 6(0

HGXVLQJ)(,0
GXVLQJ)(
6(0DQDO\VLVZDVSHUIRUPHGXVLQJ)(,0DJHOODQ)(*6(0RQWKHFRPSRV
LWHV(DFKVDPSOHZDVFXWWRPPE\PPSLHFHVDQGPRXQWHGRQWRDPHWDO
PPE\PP
PPE\
VDPSOHKROGHUFRDWHGZLWKDWKLQOD\HURI,ULGLXPSULRUWRLPDJLQJ$FFHOHUDWLQJ
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&6L2&3$0
 6FDQQLQJ(OHFWURQ0LFURVFRS\ 6(0 RI0)&6L2
FRPSRVLWHVKHHWV

)LJXUH D VKRZVD6(0LPDJHRIDSXUH0)&VKHHW$ZLGHGLVWULEXWLRQRI

$ZLGHGLVWULEXWLR
ZLGHGLVWULEXWL
SRUHVL]HVFDQEHREVHUYHG)LJXUH E VKRZV6(0LPDJHVRID0)&ZLWK

RID0)&ZLW
0)&ZL

PJP &3$0GRVDJHRQQP6L213VUHVSHFWLYHO\13VVHHPWRDFFRPPR
HPWRDF
RD
GDWHWKHPVHOYHVWRWKHJDSVFUHDWHGE\WKH0)&¿EUHVDQG¿OOXSZLWKRXWDOWHULQJ
WK
WKH¿EUHQHWZRUN:KLOHTXDOLWDWLYHLQIRUPDWLRQFDQEHREWDLQHGIURP6(0LV
GLI¿FXOWWRIXOO\FKDUDFWHULVHWKHVDPSOHVZLWK6(0DORQHDV  6(0LPDJHVDUH
IURPDVHOHFWHGDUHDDQGLWGRHVQRWJLYHHQRXJKLQIRUPDWLRQDERXWWKHORFDOGLVWUL
EXWLRQRI13VLQWKHPDWUL[  6(0RQO\VKRZWKH13VZKLFKDUHRQWKHVXUIDFH
 WKHLQWHUDFWLRQRUWKHW\SHRIGLVWULEXWLRQEHWZHHQ&3$06L213VFDQQRWEH
SURSHUO\XQGHUVWRRGRUVHHQ7KHUHIRUH6(0DORQHLVQRWJRRGHQRXJKWRSURS
HUO\LQYHVWLJDWHDSRO\HOHFWURO\WH13V\VWHPWRRSWLPLVHSHUIRUPDQFH6FDWWHULQJ
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WKHLQWHUQDOVWUXFWXUHRIWKHPDWHULDOLQWKHWRQPOHQJWKVFDOH
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PDWHULDOLQWKH
/6 RQ&3$013VXVSHQVLRQV
RQ&3
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 '\QDPLF/LJKW6FDWWHULQJ '/6

'/6H[SHULPHQWVZHUHFRQGXFWHGWRUHYHDOWKHLQWHUDFWLRQEHWZHHQ6L2
KHLQWHUDFW
KHLQWHUDFWLR
13VDQG
I&3$0)LJXUH
&3$0)LJ
&3$0ZLWKUHVSHFWWRGLIIHUHQWGRVDJHVRI&3$0)LJXUH
D VKRZVWKHFRUUH
ODWLRQFXUYHVIRUSXUH6L213VDQG13VZLWKWZRGLIIHUHQWGRVDJHVRI&3$0
ZLWKWZRGLIIHUHQW
RGLIIHU


FXUYHGHFD\VDWD
UYHGHFD\V
PJP DQGPJP 7KHFRUUHODWLRQFXUYHGHFD\VDWDVORZHUUDWHZLWK
LQFUHDVHLQ&3$0GRVDJHV)RUSXUH13VWKHFRUUHODWLRQFXUYHGHFD\VDWDURXQG
UHODWLRQFXUYHGHF
WLRQFXUYHG
+VHFZKLOHIRUWKHKLJKHU&3$0GRVDJH PJP
PJP
P WKHFRUUHOD
WKHFRUUHODWLRQFXUYH
WKHFRUU
USWLRQRQWRWKH6 13V
USWLRQRQWRWKH6L2
GHFD\VDW+VHF7KLVFRUUHVSRQGVWR&3$0DGVRUSWLRQRQWRWKH6L2
ZKLFKUHVXOWVLQIRUPDWLRQRIDJJUHJDWHVDQGUHGXFHWKHGLIIXVLRQUDWHRIDJJUH
LIIXVLRQUDWHRIDJ
VLRQUDWHRI
JDWHGSDUWLFOHV'LVWULEXWLRQRIWKH13VDQG13DJJUHJDWHVREWDLQHGIURP'/6
REWDLQHGIURP'/
DLQHGIURP'/
DUHVKRZQLQWKH)LJXUH E 
7KH UDGLXV RI J\UDWLRQ RI &3$0 ZLWK  0'D ZLWKRXW DFFRXQWLQJ
IRU WKH
XQWLQJ
J IR
FKDUJHG JURXSV LV  QP ZKHQ FDOFXODWHG WKHRUHWLFDOO\ XVLQJ WKH UDQGRP
GR ZDON
PRGHO>@3RO\HOHFWURO\WHVZLWKDORZFKDUJHGGHQVLW\KDYHDFRLOHGFRQIRUPD
WLRQLQVROXWLRQZLWKVPDOOHUGLDPHWHUVZKLFKLVFKDUDFWHULVHGE\DUDQGRPZDON
PXFKWKHVDPHDVQRQFKDUJHGSRO\PHUVLQDVROYHQW>@>@+LJKO\FKDUJHG
SRO\PHUVKDYHVWUHWFKHGRXWRUH[WHQGHGFRQIRUPDWLRQVLQVROXWLRQZKLFKLVGXH
WRWKHFORVHO\VSDFHGFKDUJHGVLWHVUHVXOWLQJLQODUJHUGLDPHWHUV>@>@7KXV
WKHDFWXDOUDGLXVRIJ\UDWLRQRI&3$0WKDWZKHQVWUHWFKHGRXWGXHWRUHSXOVLRQ
EHWZHHQFKDUJHGJURXSVRQWKHSRO\PHUVHJPHQWLVPXFKODUJHU,QWKLVZRUNZH
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7ZRGLVWLQFWSHDNVDUHVHHQIRUHDFKGRVDJHRI&3$0LQ)LJXUH
E 7KHUHLV
PHWHUZ
HWH
LQFUH
QRVLJQL¿FDQWGLIIHUHQFHLQWKHGLDPHWHUZLWKLQFUHDVHLQ&3$0GRVDJHIRU3HDN
QPWR
QPWRQ
ZKLFKKDVDPD[LPXPLQWKHUDQJHQPWRQPFRQVLVWHQWZLWKPHDVXUH
LQWHQVLW\RI3HDN
QWHQVLW\RI3
PHQWVRIVLQJOHSDUWLFOHV+RZHYHUWKHLQWHQVLW\RI3HDNUHGXFHVZKHQ&3$0

GRVDJH LQFUHDVHG IURP  PJP  RQZDUGV
ZDUGV VXJJHVWLQJ
VXJJHVWL WKDW QXPEHU RI VLQJOH
VDUHUHGXFLQJDVWK
HUHGXFLQJ
6L213VWKDWKDYHQRWIRUPHGDJJORPHUDWHVDUHUHGXFLQJDVWKHGRVDJHRI&3$0
LQFUHDVHV :LWK LQFUHDVLQJ &3$0 GRVDJH WKH
KH VHFRQG SHD
SHDN VVKLIWHG WR KLJKHU

GLDPHWHUV$WPJP  ORZHUGRVDJH 3HDNDSSHDUHGDWQP7KLVSHDN
DSSHDUHGDWQ
SSHDUHGDW

PJP KLJK
KLJKHUGRVDJHV
KLJKHU

VKLIWHGWRQPDQGQPZLWKPJP DQGPJP
UHVSHFWLYHO\7KLVFRXOGEHGXHWRPRUHVWUHWFKHGRXWFRQ¿JXUDWLRQRIWKHSRO\PHU
Q¿JXUDWLRQRIWKHS
XUDWLRQRIWK
FDXVLQJ D KLJK SUREDELOLW\ RI 6L2 13V WR EH SLFNHG XS DQG IRUPLQJ OOD
ODUJHU
DJJORPHUDWHV
+RZHYHUXVLQJ'/6DVDVFDWWHULQJWHFKQLTXHLVGLI¿FXOWIRUKLJKHUGRVDJHVRI
KLJKHUGR
UG
&3$0DV'/6GRHVQRWJLYHUHOLDEOHUHVXOWVZKHQKLJKHUDPRXQWRISRO\PHULV
RI
DGGHG$WKLJKHUGRVHVZLWKRXWD¿EUHPDWUL[LVRODWHGSDUWLFOHVWHQGWRDJJORP
HUDWHLQWRPXFKELJJHUFOXVWHUVZKHQFRPSDUHGWREHLQJLQWKHVKHHWIRUP7KLVLV
EHFDXVHZKHQ&3$013LVPL[HGZLWK0)&WRIRUPVKHHWV¿EUHVKDVDQLQÀX
HQFHRQWKHVL]HRIDJJUHJDWLRQVDQGVWRSELJJHUDJJORPHUDWLRQVIURPIRUPLQJ
7KHUHIRUH6$;6LVDPRUHVXLWDEOHVFDWWHULQJWHFKQLTXHWRPHDVXUHWKHSDUWLFOH
LQWHUDFWLRQVDWKLJKHU&3$0GRVDJHV

WK)XQGDPHQWDO5HVHDUFK6\PSRVLXP2[IRUG6HSWHPEHU
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6PDOO$QJOH;UD\6FDWWHULQJ 6$;6 LVDSRZHUIXOPHWKRGWRJLYHLQIRUPDWLRQ
RQ WKH VKDSH VL]H GLVWULEXWLRQ RI 13V LQ GLIIHUHQW NLQG RI PDWULFHV >@±>@
6$;6 H[SHULPHQWV ZHUH SHUIRUPHG WR LQYHVWLJDWH WKH HIIHFW RI &3$0 RQ WKH
GLVSHUVLRQRI6L213VLQWKH0)&¿EUHPDWUL[)LJXUH D VKRZVWKH6$;6
FXUYHIURPWKH0)&VKHHW1RIHDWXUHVZHUHREVHUYHGLQ6$;6FXUYHZKLFKLV
GXHWRWKHSUHVHQFHRIODUJHVWUXFWXUHRI0)&¿EUHVZLWKODUJHSRUHVL]HVDVVHHQ
LQ)LJXUH
 D )LJXUH E VKRZVWKH¿WWHG6$;6FXUYHVIRUWKH6L213VZLWK
HQWG
HQWGRVDJHVR
GLIIHUHQWGRVDJHVRI&3$0
±PJPDKLJKHUUDQJHWKDQWKHGRVDJHV
XVHGLQ'/6
Q'/6 
)XUWKHU
U LQIRUPDWL
LQIRUPDWLRQ IURP WKH 6$;6 FXUYHV )LJXUH  E  ZHUH H[WUDFWHG
E\ QRQOLQHDU
U ¿WWLQJ XV
XVLQJ FRPELQDWLRQ RI GLIIHUHQW IRUP IDFWRU DQG VWUXFWXUH
IDFWRUXVLQJWKHVRIWZDUH6$6¿W>@7KHWRWDO6$;6VFDWWHULQJLQWHQVLW\FDQEH
VRIWZDUH6
VRIWZDUH6$6
JLYHQDV




)LJXUH D 6$;6FXUYHIRUSXUH0)&VKHHW E 6$;6FXUYHV¿WWHGZLWKWKHFRUH
VKHOODQGVSHULFDOPRGHOVZLWKGLIIHUHQW&3$0GRVDJHV
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,QYHVWLJDWLQJ6LOLFD1DQRSDUWLFOH3RO\HOHFWURO\WH6WUXFWXUHV
:KHUH1 U LVWKHSDUWLFOHQXPEHUGLVWULEXWLRQ) TU6d LVWKHVWUXFWXUHPRGHO
ZKLFKFRQWDLQVLQIRUPDWLRQDERXWVKDSHDQGVL]HRIWKHSDUWLFOHV,QWKHVWUXFWXUH
PRGHO6dLVWKHHIIHFWLYHHOHFWURQGHQVLW\GLIIHUHQFHEHWZHHQWKHSDUWLFOHDQGWKH
UHPDLQLQJPDWUL[TLVWKHWUDQVIHUUHGPRPHQWXP6 TU LVWKHVWUXFWXUHIDFWRU
FRQDWLQVLQIRUPDWLRQRQWKHLQWHUDFWLRQEHWZHHQWKHSDUWLFOHDQG%NJLVWKHEDFN
JURXQGZLWKWKHVXUIDFHVFDWWHULQJWHUP
7KHIRUPIDFWRUZLWKWKHFRPELQDWLRQRIWKHVSKHULFDOFRUHVKHOOSDUWLFOHDQGWKH
VSKHULFDO SDUWLFOH ZLWK WKH ORJQRUPDO VL]H GLVWULEXWLRQ ¿WV ZHOO IRU DOO WKH VFDW
WHULQJFXUYHV
XUY )LJXUHE 7KHIRUPIDFWRULVGH¿QHGDV
) TU6d  )VSKHUHVKHOO TUW6dV )VSKHUH TUW6dV 
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ZKHUHWKH)
KH)
KH
)VSKHUHLVWKH
LVWKHIRUPIDFWRURIVSKHUHDV
LVW






DQG)VSKHUHVKHOOLVWKHIRUPIDFWRUIRUVSKHULFDOFRUHVKHOOSDUWLFOHVDQGJLYHQDV
PIDFWRUIRUVSK
IDFWRUIRU


)VSKHUHVKHOO TUW6dVY+  )
)VSKHUH
T W6dV ±)VSKHUH TpUW6dV ±+ 
SKHUH TU



2 
VKHOO
HOO &3$0
&
ZKLFKLVUHODWHGWRWKH
ZKHUHUWLVWKHUDGLXVRIWKHFRUH 6L2
FRUHUDGLXVDVU YUW Y 6dV dVKHOO±
±dPDWUL[
LVWKHHIIHFWLYHHOHFWURQGHQVLW\
LV
LVW
P
QG
G +6dV LV WK
WKH HHIIHFWLYH HOHFWURQ GHQVLW\
GLIIHUHQFH EHWZHHQ VKHOO DQG PDWUL[ DQG
GLIIHUHQFHEHWZHHQWKHFRUHDQGWKHPDWUL[$GGLWLRQDOO\WKHVWUXFWXUHIDFWRUZDV
L[$GGLWLRQDOO\WK
GLWLRQDOO
LQFOXGHGLQWRWKH¿WWLQJSURFHGXUH>@>@:KLOH¿WWLQJD6$;6FXUYHDOOWKH
@:KLOH¿WWLQJD6
:KLOH¿WWLQ
VWUXFWXUH GHWHUPLQLQJ SDUDPHWHUV VL]H GLVWULEXWLRQ
XWLRQ
Q SDUDPHWHUV
SDUDPHWH VWUXFWXUH IDFWRU
SDUDPHWHUVDQGWKHFRQWUDVWRIWKHSDUWLFOHVZHUHIUHH¿WWLQJYDULDEOHV
IUHH¿WWLQJYDULDEOH
¿WWLQJYDULD
7KHREWDLQHGSDUDPHWHUVVKRZWKHDYHUDJH6L2SDUWLFOHGLDPHWHURIQP
DUWLFOHGLDPHWHUR
DUWLFOHGLDPHWHURI
L213VLVDERXW
13VLVDERXW
13VLVDE
DQGWKLFNQHVVRIWKH&3$0OD\HUDGVRUEHGRQWRWKH6L2
QP 7KH VFKHPDWLF RI WKH HOHFWURQ GHQVLW\ SUR¿OH IRU WKH
H VSKHULFDO
SKHULFDO FRUH VKHOO
V
SDUWLFOHLVJLYHQLQWKH)LJXUH D ,WLVIRXQGWKDWWKHHIIHFWLYHHOHFWURQGHQVLW\RI
HHOHFWURQGHQV
WURQGHQ

WKHFRUH 6L2GHQVLW\JFP LVODUJHUWKDQWKHFHOOXORVHPDWUL[
PDWUL[
[ &+2

KH &3$0
GHQVLW\  JFP  0RUHRYHU WKH HIIHFWLYH HOHFWURQ GHQVLW\ RI VKHOO

GHQVLW\JFP LVVPDOOHUWKDQWKHFHOOXORVHPDWUL[
7KHHYDOXDWHGUHVXOWDQWVWUXFWXUHIDFWRUIRUWKHWZRGRVDJHVRI&3$0 
PJPDQGPJP REWDLQHGDIWHU¿WWLQJWKH6$;6FXUYHLVJLYHQLQ)LJXUH
 E 7KHUHLVDVPDOOVKLIWLQWKHVWUXFWXUHIDFWRUSHDNRIKLJK&3$0GRVDJH 
PJP WRZDUGVWKHKLJKHUTYDOXHVZLWKUHVSHFWWRWKHVPDOO&3$0GRVDJH 
PJP 7KHVKLIWWRZDUGVKLJKHUTYDOXHVLQGLFDWHVDGHFUHDVHLQWKHLQWHUSDUWLFOH
GLVWDQFH EHWZHHQ WKH SDUWLFOHV ZLWK WKH KLJK GRVDJH RI &3$0 +RZHYHU WKH
WK)XQGDPHQWDO5HVHDUFK6\PSRVLXP2[IRUG6HSWHPEHU
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)LJXUH D (OHFWURQ
(OHFWURQGHQV
(OHFWURQGHQVLW\YDULDWLRQSUR¿OHIRUWKHVSKHULFDOFRUHVKHOOSDUWLFOHZLWK
6L2FRUH&3$0VKHOODQGFHOOXORVHPDWUL[
$0VKHOODQGFH
VKHOOD
E 6WUXFWXUHIDFWRUREWDLQHGDIWHU¿WWLQJRI

WKH6$;6FXUYHIRUWKH&3$0GRVDJHVRIPJP
6FXUYHIRUWKH&
DQGPJP

GLIIHUHQFH LV QRW VLJQL¿FDQW
DQW DQG SHD
SHDN VVKDUSQHVV LV DOVR DOPRVW WKH VDPH 7KLV
UHVXOWUHYHDOVWKDWZLWKLQFUHDVHLQ&3$0GRVDJHWKHLQWHUDFWLRQEHWZHHQQP
DVHLQ&3$
DVHLQ&3$0G
6L213VGRHVQRWYDULHVVWURQJO\
JO\
JO\
%RWK6L213VDQG0)&DUHQHJDWLYHO\FKDUJHGDQGWKHUHIRUHLVGLI¿FXOWIRU
HJDWLYHO\FKD
JDWLYHO
KHFHOOX
F
HPD
6L2WRGLUHFWO\DGVRUERQWRZLWKLQWKHFHOOXORVHPDWUL[&3$0LVDSRVLWLYHO\
FKDUJHGSRO\PHUZLWKWKHUDGLXVRIJ\UDWLRQRIQP&3$0DFWVDVDEULGJHIRU
L
IQP
IQP&
6L213VWREHUHWDLQHGZLWKLQWKHFHOOXORVHPDWUL[$WORZ&3$0GRVDJHWKH
VHPDWUL[$WOR
HPDWUL[$
&3$0DGVRUERQWRWKH6L213VVXUIDFHDQGVSUHDGRYHUWKH13VXUIDFH,WLV
DQGVSUHDGRYHUWK
UHDGRYH
YHUVWKHVXUIDFHRI
WKHVXUIDF
GLI¿FXOWWRLGHQWLI\ZKHWKHU&3$0WRWDOO\FRYHUVWKHVXUIDFHRI13VRUSDUWLDOO\
FRYHU WKH VXUIDFH ,Q WKH FDVH ZKHQ WKH &3$0
VXUIDFH RI 13V
0 FRYHUV WKH VXU
LNHUHJLRQRYHU13
UHJLRQRYHU
FRPSOHWHO\WKHQWKH&3$0IRUPVDSRVLWLYHVKHOOOLNHUHJLRQRYHU13VVXUIDFH
KH HOHFWURVWDWLF UHSXOVLRQ
UUH
7KLV ZLOO QRW DOORZ 13V WR IRUP DJJUHJDWHV GXH WR WKH
WKDWHYHQDWWKHORZ
HYHQDWWKH
EHWZHHQ13V,QWKH'/6LQYHVWLJDWLRQLWZDVREVHUYHGWKDWHYHQDWWKHORZHVW
FWHGWKDWWKH&3$0
GWKDWWKH&3$
&3$0GRVDJHWKH13VIRUPDJJUHJDWHV7KHUHIRUHLWLVH[SHFWHGWKDWWKH&3$0
WKSDUWO\&3$
UWO\&3$
SDUWLDOO\FRYHUVWKH13VVXUIDFH7KLVUHVXOWVLQGLVWULEXWLRQRIERWKSDUWO\&3$0
Z
ZLWK WKH
FRDWHG 13V DQG 13V ZLWKRXW DQ\ &3$0 6$;6 FXUYHV ¿WV ZHOO ZLWK
SURSRVHG PRGHO RI GLVWULEXWLRQ RI VSKHULFDO VKHOO 6L2 FRDWHG LQ DD OD\HU RI
&3$0  DQG VSKHUH PRGHO SXUH 6L2  ,QFUHDVH LQ &3$0 GRVDJH UHVXOWV LQ
LQFUHDVLQJWKHQXPEHURI6L213DJJUHJDWHV+RZHYHUWKHLQWHUDFWLRQZLWKLQWKH
SDUWLFOHVGRHVQRWYDU\VLJQL¿FDQWO\DQGUHPDLQWKHVDPHDVREVHUYHGE\WKHYDUL
DWLRQLQVWUXFWXUHIDFWRUSHDN )LJXUH E 
QP6L213EHKDYHVGLIIHUHQWO\ZLWK&3$0FRPSDUHGWRQP6L213V
ZLWK&3$0ZKLFKZDVSXEOLVKHGSUHYLRXVO\>@7KLVFRXOGSUREDEO\EHGXHWR
WKHVL]HGLIIHUHQFHEHWZHHQ6L213V7KHVWUXFWXUHIDFWRUUHSRUWHGIRUQP6L2
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13VZLWKLQFUHDVHLQ&3$0VKRZHGWKDWVWUXFWXUHIDFWRUVKDUSQHVVLQFUHDVHGDQG
WKH SHDN VKLIWHG WRZDUGV ORZHU YDOXH ZLWK UHVSHFW WR ORZ &3$0 GRVDJH 7KLV
VXJJHVWV WKDW DW ORZ &3$0 GRVDJHV ORRVHO\ ERXQGHG 13 DJJUHJDWHV LQ WKH
&3$0 FKDLQ LV IRUPHG EHFDXVH RI WKH HOHFWURVWDWLF UHSXOVLRQ EHWZHHQ 13V
WKHUHIRUHWKHFRUUHODWLRQOHQJWKRIWKHDJJUHJDWHVZHUHDERXW±QPLQVL]H$W
KLJK&3$0GRVDJHVPRUH&3$0LVDYDLODEOHWRQHXWUDOL]HWKH13VVXUIDFHDQG
RYHUFRPH WKH HOHFWURVWDWLF UHSXOVLRQ EHWZHHQ 13V WKHUHIRUH D VWURQJ DJJUHJD
WLRQVEHWZHHQ13VZHUHREWDLQHGZLWKDELJJHUFRUUHODWLRQOHQJWKRIDERXWQP
U
>@)RUQPSDUWLFOHVXVHGLQWKLVVWXG\ZLWKLQFUHDVHLQ&3$0GRVDJHVRQO\
QXPEHU RI
R VWUXFWXUHV LQFUHDVHV DQG QRW WKH VWUXFWXUH VL]H 7KLV SURYHV WKDW
WKH QXPE
IHUHQWOHQJ
IHUHQWOHQJWKV
GLIIHUHQWOHQJWKVFDOHVRI13VUHDFWGLIIHUHQWO\LQDSRO\HOHFWURO\WHV\VWHP
HFRQFOXGH
HFRQFOXGHWKDW
:HFRQFOXGHWKDW6$;6WHFKQLTXHLVDEHWWHUWRROLQLQYHVWLJDWLQJWKHSRO\HOHF
13LQWHUDFWL
13LQWHUDFWLRQV
WURO\WH13LQWHUDFWLRQVZKHQWKHSRO\HOHFWURO\WHFRQFHQWUDWLRQLVKLJKHU2YHUDOO
WHFKQLTXHVDUHH
KQLTXHVD
VFDWWHULQJWHFKQLTXHVDUHHVVHQWLDOWRROVLQXQGHUVWDQGLQJWKHEHKDYLRURIDSRO\H
V\VWHPVWREHWW
\VWHPVWREHWW
OHFWURO\WH13V\VWHPVWREHWWHUHQJLQHHUWKHSURSHUWLHVWRGHYHORSQDQRFHOOXORVH
IRUYDULHVDSSOLF
DULHVDSSOLF
13FRPSRVLWHVIRUYDULHVDSSOLFDWLRQV
 &21&/86,21

,QWHUDFWLRQ EHWZHHQ FDWLRQLF GLPHWK\ODPLQ
GLPHWK\ODPLQRHWK\OPHWKDFU\ODWH
&3$0  DQG
PHWK\
6L2QDQRSDUWLFOHV 13V LQVXVSHQVLRQDQGLQDPLFUR¿EULOODWHGFHOOXORVH
QVLRQDQ
RQ
QDP
0)& 
PHWKRGV 7KLV VWXG\ LV EHQH¿FLDO LQ
PDWUL[ ZDV LQYHVWLJDWHG XVLQJ VFDWWHULQJ PHWKRGV
XQGHUVWDQGLQJDSRO\HOHFWURO\WH13V\VWHPZLWKUHVSHFWWRLQWHUDFWLRQVEHWZHHQ
VWHPZLWKUHVSHF
HPZLWKUHV
KQLTXHVVXFKDVVFD
VVXFKDV
WKHPZKLFKFDQQRWEHREWDLQHGIURPWHFKQLTXHVVXFKDVVFDQQLQJHOHFWURQPLFUR
VFRS\ 6(0 
JUHJDWHV
DWHV RI 13V
13 DW
D ORZ GRVDJH RI
'\QDPLF OLJKW VFDWWHULQJ '/6  VKRZV DJJUHJDWHV

&3$0 PJP DQGDJJUHJDWHVL]HLQFUHDVHGWRODUJHUVL]HVZLWKLQFUHDVHLQ
GWRODUJHUVL]HVZL
ODUJHUVL]HV

WHGWKDW'/6UHV
WHGWKDW'/6UHVXO
&3$0GRVDJHIXUWKHU ±PJP ,WZDVQRWHGWKDW'/6UHVXOWVEHFRPH
XQUHOLDEOHZKHQKLJKHUDPRXQWRISRO\PHULVDGGHGDV'/6WHFKQLTXHLVVHQVLWLYH
'/6WHFKQLTXHLVVH
WHFKQLTXHL
WRFKDUJH7KHUHIRUHVPDOODQJOH;UD\ 6$;6 WHFKQLTXHVDVZHOOZDVXVHGWR
HVDVZHOOZDVXVH
DVZHOOZDVXV
FKDUDFWHUL]HWKHV\VWHP
6$;6 LQYHVWLJDWLRQ UHYHDOHG WKDW WKH GLVWULEXWLRQ RI &3$013
013 V\V
VV\VWHP ¿WV
ZHOOZLWKDGLVWULEXWLRQRIVSKHULFDOVKHOO IURP6L2FRDWHGLQQPOD\HU&3$0
OD
DURXQG  PRGHO DQG D VSKHUH PRGHO 6L2 DORQH  FRPELQHG DQG WKH QXPEHU RI
VXFKV\VWHPVLQFUHDVHZLWKLQFUHDVHLQ&3$0GRVDJH6WUXFWXUHIDFWRUREWDLQHG
IURP6$;6FXUYHVUHYHDOVWKHLQWHUDFWLRQEHWZHHQ13VGRHVQRWKDYHDVLJQL¿
FDQWHIIHFWZLWKUHVSHFWWRWKHGRVDJHRI&3$0
2YHUDOOWKLVVWXG\SURYHVWKDWFRPSOLPHQWDU\VFDWWHULQJWHFKQLTXHVDUHHVVHQ
WLDOLQXQGHUVWDQGLQJDSRO\HOHFWURO\WH13V\VWHPEHWWHUWRGHYHORSQDQRFHOOXORVH
EDVHGFRPSRVLWHPDWHULDOWDUJHWHGIRUVSHFL¿FDSSOLFDWLRQV
WK)XQGDPHQWDO5HVHDUFK6\PSRVLXP2[IRUG6HSWHPEHU
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7KDQNVWR0&(0IRUVFDQQLQJHOHFWURQPLFURVFRS\7KH¿QDQFLDOVXSSRUWIURP
$XVWUDOLDQUHVHDUFKFRXQFLO$XVWUDOLDQSDSHU&DUWHU+ROW+DUYH\&LUFD1RUVNH
6NRJ DQG 9LV\ WKURXJK WKH ,QGXVWU\ 7UDQVIRUPDWLRQ 5HVHDUFK +XE JUDQW
,+ LV DFNQRZOHGJHG 7KDQNV 0RQDVK 8QLYHUVLW\ IRU 0*6 DQG
)(,356 VFKRODUVKLSV 7KH DXWKRUV ZRXOG OLNH WR WKDQN WR 'U 7LP 5\DQ 'U
1LJHO .LUE\ 'U $GULDQ +DZOH\ DQG 'U &KULV *DUYH\ IRU DVVLVWDQFH GXULQJ
6$;6PHDVXUHPHQWVDW6$;6:$;6EHDPOLQHLQ$XVWUDOLDQ6\QFKURWURQ
DVX
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5(1&(6
5()(5(1&(6

  %)DUKDQJ1DQRWHFKQRORJ\DQGOLSLGV/LSLG7HFKQRORJ\
J1DQRWHFKQRORJ
1DQRWHFKQR
 ±
  .,:LQH\DQG5$9DLD3RO\PHUQDQRFRPSRVLWHV056EXOOHWLQ
 ±
QG5$9DLD3R

  -.LP6<XQDQG=2XQDLHV'LVFRYHU\RIFHOOXORVHDVDVPDUWPDWHULDO0DFURPRO
=2XQDLHV
2XQDLHV 'LVFR
'L
HFXOHV  ±

  /((QDUVVRQDQG/:nJEHUJ&RQIRUPDWLRQRISUHDGVRUEHGSRO\HOHFWURO\WHOD\HUV
nJEHUJ&RQIRUP
EHUJ&RQ
RQVLOLFDVWXGLHGE\VHFRQGDU\DGVRUSWLRQRIFROORLGDOVLOLFD-RXUQDORI&ROORLGDQG
U\DGVRUSWLRQRI
\DGVRUSWLRQ
,QWHUIDFH6FLHQFH  ±

  *00RRG\ HG 3RO\PHULFÀRFFXODQWV,Q+DQGERRNRI,QGXVWULDO:DWHU6ROXEOH
FXODQW
FXODQWV,Q
+
3RO\PHUV%ODFNZHOO3XEOLVKLQJ/WGSS±
SS
S

  0 'LPLWURYD < $UQW] 3 /DYDOOH ) 0H\HU
:ROI & 6FKXVWHU < +DwNHO
\HU 0 :
:R
-&9RHJHODQG-2JLHU$GHQRYLUDOJHQHGHOLYHU\IURPPXOWLOD\HUHGSRO\HOHFWURO\WH
GHOLYHU\IURPPXO
HOLYHU\IURP
DUFKLWHFWXUHV$GYDQFHG)XQFWLRQDO0DWHULDOV
OV   ±
±
±
  1%HQNLUDQH-HVVHO36FKZLQWp3)DOYH\5'DUF\<+DwNHO36FKDDI-&9RHJHO
'DUF\<+DwNHO36
\<+DwNHO
DQG - 2JLHU %XLOGXS RI SRO\SHSWLGH PXOWLOD\HU

HU FRDWLQJV
DWLQJV ZLWK
ZLWK DQWLLQÀDPPDWRU\
DQ
SURSHUWLHV EDVHG RQ WKH HPEHGGLQJ RI SLUR[LFDP±F\FORGH[WULQ
FRPSOH[HV $GYDQFHG
FORGH[WULQ
GH[WULQ FRP
FRPSOH[H
)XQFWLRQDO0DWHULDOV  ±
  / :nJEHUJ / :LQWHU / gGEHUJ DQG 7 /LQGVWU|P 2Q WKH FKDUJH VWRLFKLRPHWU\
VWRL
VWRLFKLR
XSRQ DGVRUSWLRQ RI D FDWLRQLF SRO\HOHFWURO\WH RQ FHOOXORVLF PDWHULDOV
DQG
DOV &ROORLGV
&ROOR
6XUIDFHV  ±
  )&DUXVR.1LLNXUD'1)XUORQJDQG<2NDKDWD8OWUDWKLQPXOWLOD\HUSRO\HOHF
XOWLOD\HUSRO\HO
\HUSRO\H
WURO\WH ¿OPV RQ JROG &RQVWUXFWLRQ DQG WKLFNQHVV GHWHUPLQDWLRQ
RQ /DQJPXLU
/D
/DQ
  ±
 ) &DUXVR . 1LLNXUD ' 1 )XUORQJ DQG < 2NDKDWD  $VVHPEO\ RI DOWHUQDWLQJ
SRO\HOHFWURO\WH DQG SURWHLQ PXOWLOD\HU ¿OPV IRU LPPXQRVHQVLQJ /DQJPXLU
  ±
 '/(OEHUW&%+HUEHUWDQG-$+XEEHOO7KLQSRO\PHUOD\HUVIRUPHGE\SRO\HOHF
WURO\WHPXOWLOD\HUWHFKQLTXHVRQELRORJLFDOVXUIDFHV/DQJPXLU  ±
 6& /LXIX +1 ;LDR DQG <3 /L $GVRUSWLRQ RI FDWLRQLF SRO\HOHFWURO\WH DW WKH
VROLGOLTXLGLQWHUIDFHDQGGLVSHUVLRQRIQDQRVL]HGVLOLFDLQZDWHU-RXUQDORI&ROORLG
DQG,QWHUIDFH6FLHQFH  ±
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 0&DGRWWH0(7HOOLHU$%ODQFR()XHQWH7*0YDQGH9HQDQG33DULV
)ORFFXODWLRQUHWHQWLRQDQGGUDLQDJHLQSDSHUPDNLQJ$FRPSDUDWLYHVWXG\RISRO\
PHULFDGGLWLYHV&DQDGLDQ-RXUQDORI&KHPLFDO(QJLQHHULQJ
 80*DUXVLQJKH965DJKXZDQVKL&-*DUYH\69DUDQDVL&5+XWFKLQVRQ
:%DWFKHORUDQG**DUQLHU$VVHPEO\RI1DQRSDUWLFOHVSRO\HOHFWURO\WHFRPSOH[HV
LQQDQR¿EHUFHOOXORVHVWUXFWXUHV&ROORLGVDQG6XUIDFHV$3K\VLFRFKHPLFDODQG(QJL
QHHULQJ$VSHFWV±
 4 /L 3 5DM ) $ +XVDLQ 6 9DUDQDVL 7 5DLQH\ * *DUQLHU DQG : %DWFKHORU
(QJLQHHULQJFHOOXORVHQDQR¿EUHVXVSHQVLRQVWRFRQWURO¿OWUDWLRQUHVLVWDQFHDQGVKHHW
SHUPHDELOLW\&HOOXORVH
 ±
PHD
PHDE
 )::LHJ
)::LHJHO$GVRUSWLRQRIDPDFURPROHFXOHWRDFKDUJHGVXUIDFH-RXUQDORI3K\VLFV
):
$0DWKHPDWLFDODQG*HQHUDO  
$
$0DWKHPDWL
 -0<&DUULOORDQG$9'REU\QLQ0ROHFXODUG\QDPLFVVLPXODWLRQVRISRO\HOHFWUR
0<&DU
0<&DUULOOR
O\WHDGVRUSWLRQ/DQJPXLU
 ±
DGVRUSWLRQ /DQJ
DGVRUSWLRQ
 07XUHVVRQ&/DEEH]DQG$1RQDW&DOFLXP0HGLDWHGSRO\HOHFWURO\WHDGVRUSWLRQ
UHVVRQ&/DEEH
RQ&/
RQOLNHFKDUJHGVXUIDFHV/DQJPXLU
 ±
DUJHGVXUID
DUJHGVXUIDFHV
/
 )7+HVVHOLQN2QWKHWKHRU\RISRO\HOHFWURO\WHDGVRUSWLRQ-RXUQDORI&ROORLGDQG
QN2QWKHWKHRU
,QWHUIDFH6FLHQFH
±
H   ±
±
 - *UHJRU\ DQG 6 %DUDQ\ $GVRUSWLRQ
DQG ÀRFFXODWLRQ E\ SRO\PHUV DQG SRO\PHU
$GVRUS
$
PL[WXUHV$GYDQFHVLQ&ROORLGDQG,QWHUIDFH6FLHQFH
 ±
&ROORLGDQG
&ROORLGDQG,QWH
 69DUDQDVL5+HDQG:%DWFKHORU(VWLPDWLRQRIFHOOXORVHQDQR¿EUHDVSHFWUDWLR
:%DWFKHORU
%DWFKHORU (V
IURPPHDVXUHPHQWVRI¿EUHVXVSHQVLRQJHOSRLQW&HOOXORVH
 ±
VXVSHQVLRQ
VXVSHQVLRQJHOS
 10.LUE\670XGLH$0+DZOH\'-&RRNVRQ+'0HUWHQV1&RZLHVRQDQG
+DZOH
+DZOH\'-
9 6DPDUG]LF%REDQ $ ORZEDFNJURXQGLQWHQVLW\
JURXQG
RXQ
QVLW\ IRFXVLQJ 6PDOO$QJOH ;5D\ 6FDW
WHULQJXQGXODWRUEHDPOLQH-RXUQDORI$SSOLHG&U\VWDOORJUDSK\
 ±
$ HG&U\VWDOORJ
HG&U\VWDOO
 KWWSZZZV\QFKURWURQRUJDXDXVV\QFEHDPOLQHVVD[VZD[VVRIWZDUHVD[VZD[V
EHDPOLQHVVD[VZD
HDPOLQHVVD[
6$;66RIWZDUH6FDWWHU%UDLQ
 35DM69DUDQDVL:%DWFKHORUDQG**DUQLHU(IIHFWRIFDWLRQLFSRO\DFU\ODPLGHRQ
DUQLHU(IIHFWRIFDWLR
U(IIHFWRIF
WKHSURFHVVLQJDQGSURSHUWLHVRIQDQRFHOOXORVH¿OPV-RXUQDORI&ROORLGDQG,QWHUIDFH
¿OPV
V-RXUQDORI&R
-RXUQDOR
6FLHQFH±
 /$&RQQDO4/L-)4XLQQ(7MLSWR)&DUXVRDQG**4LDR3K5HVSRQVLYH
RDQG**4LDR3K
DQG**4LDR3K
SRO\ DFU\OLFDFLG FRUHFURVVOLQNHGVWDUSRO\PHUV0RUSKRORJ\WUDQVLWLRQVLQVROXWLRQ
SKRORJ\WUDQVLWLRQVL
J\WUDQVLWLR
DQGPXOWLOD\HUWKLQ¿OPV0DFURPROHFXOHV  ±


 <=KRX*--DPHVRQDQG*9)UDQNV,QÀXHQFHRISRO\PHUFKDUJHRQWKHFRPSUHV
UFKDUJHRQWKHFRP
UJHRQWKHFRP
VLYH\LHOGVWUHVVRIVLOLFDDJJUHJDWHGZLWKDGVRUEHGFDWLRQLFSRO\PHUV&ROORLGVDQG
O\PHUV
UV&ROORLG
&ROORL
6XUIDFHV$3K\VLFRFKHPLFDODQG(QJLQHHULQJ$VSHFWV  ±
±

 95DJKXZDQVKL02FKPDQQ)3RO]HU$+RHOODQG.5DGHPDQQ6HOIDVVHPEO\
6H
RI JROG QDQRSDUWLFOHV RQ 'HHS (XWHFWLF 6ROYHQW '(6  VXUIDFHV &KHP &RPPXQ
  ±
 965DJKXZDQVKL5+DUL]DQRYD'7DWFKHY$+RHOODQG&5VVHO6WUXFWXUDO
DQDO\VLV RI )H±0Q±2 QDQRSDUWLFOHV LQ JODVV FHUDPLFV E\ VPDOO DQJOH VFDWWHULQJ
-RXUQDORI6ROLG6WDWH&KHPLVWU\±
 965DJKXZDQVKL$+RHOO&%RFNHUDQG&5VVHO([SHULPHQWDOHYLGHQFHRID
GLIIXVLRQ EDUULHU DURXQG %DI  QDQRFU\VWDOV LQ D VLOLFDWH JODVV V\VWHP E\ $6$;6
&U\VW(QJ&RPP  ±
WK)XQGDPHQWDO5HVHDUFK6\PSRVLXP2[IRUG6HSWHPEHU
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 965DJKXZDQVKL&5XVVHODQG$+RHOO&U\VWDOOL]DWLRQRI=U7L2QDQRFU\VWDOVLQ
OLWKLXPDOXPLQRVLOLFDWH JODVV FHUDPLFV $QRPDORXV 6PDOO$QJOH ;5D\ 6FDWWHULQJ
LQYHVWLJDWLRQ&U\VWDO*URZWK 'HVLJQ  ±
 9 6 5DJKXZDQVKL ' 7DWFKHY 6 +DDV 5 +DUL]DQRYD , *XJRY & 5VVHO DQG
$+RHOO6WUXFWXUDODQDO\VLVRIPDJQHWLFQDQRFU\VWDOVHPEHGGHGLQVLOLFDWHJODVVHVE\
DQRPDORXV6PDOO$QJOH;5D\6FDWWHULQJ$SSOLHG&U\VWDOORJUDSK\  ±

 , %UHOHU - .RKOEUHFKHU DQG $ ) 7KQHPDQQ 6$6¿W $ WRRO IRU 6PDOO$QJOH
6FDWWHULQJGDWDDQDO\VLVXVLQJDOLEUDU\RIDQDO\WLFDOH[SUHVVLRQV-RXUQDORI$SSOLHG
&U\VWDOORJUDSK\
 ±
OORJ
OORJU
 - % +D
+D\WHU DDQG - 3HQIROG $Q DQDO\WLF VWUXFWXUH IDFWRU IRU PDFURLRQ VROXWLRQV
0ROHFXODU3K\VLFV
 ±
ROHFXODU3K\
ROHFXODU3K\VLF
 -3+DQVHQDQG-%+D\WHU$5HVFDOHG0VD6WUXFWXUH)DFWRUIRU'LOXWH&KDUJHG
+DQVHQDQ
+DQVHQDQG-%
&ROORLGDO'LVSHUVLRQV0ROHFXODU3K\VLFV
 ±
DO'LVSHUVL
DO'LVSHUVLRQV
0
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