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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 structure-

property 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 TiO2 were 

recyclable, portable, cheap, simple to produce and easy to scale up.  
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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%.  
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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. 
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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 self-

aggregate 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 
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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 NP-

polyelectrolyte 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 nanocellulose-

inorganic 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 nanocellulose-

NP 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]. 
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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/m2 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 105oC. 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 

Pre-
treatment/prod

uction of 
nanocellulose 

Preparation 
Thickne
ss (μm) 

Density 
(g/cm3) 

Gram
mage 
(g/m2) 

Maximu
m 

Strength 
(MPa) 

Tensile 
Index 

(Nm/g) 

Elastic 
Modulus 

(GPa) 

Elongati
on (%) 

Refer
ence 

Bleached 
spruce 

sulphite 
pulp 

Homogenization Vacuum filtration 

21±1 0.81 17±1 104 129±16 15.7±1.3 5.3±1 

[47] 
23±1 0.88 23±1 126 126±23 16.7±0.7 5.4±1.5 

30±1 0.97 30±1 136 136±14 16.5±0.2 8±0.8 

33±2 1.07 35±3 154 146±18 17.5±1 8.6±1.6 

Softwood TEMPO Suction filtration 20 1.46 29.2 233+44 159.6 6.9±1.4 7.6±0.2 [67] 

Hardwood TEMPO Suction filtration 20 1.45 29 222±11 153.1 6.2±1.6 7±2.4 [67] 

Commerci
al MFC  

- Spray coating - - 100.5 - 
60.2±1.

5 
- - [63] 

Commerci
al MFC 

- Vacuum filtration - 0.75 60 - 71 - - [68] 

Softwood 
sulphite 

pulp 

Mechanical 
beating and 
Enzymatic 
treatment 

Casting  40 1.4 56 180±10 128.5 10.3±0.16 5.9±0.8 

[69] 
Filtration 45 1.4 63 211±26 150.7 12.1±0.29 6.6±1.5 

Filtration  55 1.4 77 178±17 127.1 10.3±0.31 6.3±1.4 

Semiautomatic sheet 
former  

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 pre-

treatment 
followed by 

homogenization  

Vacuum filtration  60-80 
1.14-
1.2 

68.4-
96 

129-214 
113.2-
178.3 

10.4-13.7 3.3-10.1 [52] 
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Wheat 
straw 

Chemical 
treatment 

Casting  - 0.8 - 
30.2±1.3

4 
- 7 1.8±0.1 [71] 

Thermo-
mechanica

l pulp   

Mechanical 
beating and 

homogenization 
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 
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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 ~0.01-

0.1 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 SiO2, MMT and 

TiO2 NPs. 

Table II: Functionality of some commonly used NPs.  

Nanoparticle Functionality  Applications 

SiO2 

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

Coatings [104], Electronic and optical 
packaging materials [105], Ultra-permeable 
reverse-selective membranes [106], Sensors 
[107], Fillers to control pore structure [96, 
108]. 

MMT 
Serves as platelets to create 
tortuosity in a network 

Barrier applications [73, 109, 110], Fire 
retardant [111]. 

TiO2 
Photocatalytic 
Antimicrobial 

Photodegradation of organic pollutants 
[112], Photocatalytic hydrogen production 
[113], Packaging [114, 115], Stain-proofing 
and self-cleaning [116]. 

Silver (Ag)  
Antibacterial and antimicrobial 
Catalytic 

Antimicrobial coatings [117], Wound 
dressings [118], Biomedical devices [119], 
Food packaging [120], Water treatment 
[121], Surface enhanced Raman scattering 
(SERS) [122]. 

Gold (Au)  
Conductive 
Catalytic 

Electronic devices [123], Drug and protein 
delivery [124, 125], Biosensors [126], SERS 
[127]. 
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Copper (Cu)  
Antimicrobial 
Catalytic 

Biosensors [128], Electrochemical sensors 
[129], Catalytic applications [130]. 

Cobalt (Co)  Magnetic 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.  
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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 TiO2 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 TiO2 

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 TiO2. 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 TiO2, 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 Weaknesses  

Nanocellulose 
films   

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 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]. 
 
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. 

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].  
 

NPs  

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 

 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. 
 
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].  
 
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. 

from the contaminant medium after the reaction is completed 
[172].   
 
When NPs used in dry form, there is a risk of uncontrollable 
release of NPs to air, causing environmental and health 
problems [173].  
 
Maximising the surface area available can only be done with a 
support of another supporting matrix. However, the 
supporting matrix should enable the surface area of NPs to be 
readily available, while remaining strong and flexible. 
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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  

Production method  Applications  

Methods used to 
characterize the 
internal structure of 
the composite  

Maximum NP 
loading 
achieved  

Refer
ence 

SiO2  
(5 nm) 
Negative 
charge 

NP act as a filler in 
layers. The study was 
focused on the effect 
of number of layers on 
thickness and 
variation in 
mechanical 
properties.  

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.  

AFM to observe the 
porous structure.  

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

[174] 

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 lithium-
ion-batteries.  

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

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

[108] 

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 
rapid production 
of separators for 
Li-ion batteries, 
overall, of large 

SEM to observe the 
aggregation of SiO2 

on MFC  

33 wt% 
(complete 
retention of 
NPs) 
 

[61] 
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large area composite 
paper.  

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

area composite 
nanopapers.  

MMT 
Both 
charges  

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.  

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 cross-
sections of the 
composites. 
Orientation of MMT 
in NFC was measure 
using two 
dimensional XRD 

89 wt% (no 
information on 
retention) 

[111] 

Mica 
R120 
(clay)  
Both 
charges 

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. 

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 
form a tortuous 
path to moisture 
transport.  

SEM on top and 
cross sectional view 

50 wt% (no 
information on 
retention ) 

[110] 

MMT 
Both 
charges 

NP act as a filler and a 
functional material. 
Amount of MMT 
content on oxygen 
and water vapour 
transmission 
properties were 
studied 

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  

SEM on cross 
sections of the 
composites  

50 wt% (no 
information on 
retention) 

[175] 
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TiO2 

 

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.  

Photocatalytic 
paper. 
Degradation of 
organic 
molecules in 
natural water 
sources.  

SEM to observe the 
dispersion of TiO2.  

NP loading or 
retention is 
unknown 

[173] 

TiO2  

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. 

Antibacterial 
and 
photocatalytic 
properties. 
Potentially can 
be used as for 
household 
application 
where organic 
destruction is 
needed.  

SEM to observe the 
presence of TiO2 in 
the composite.  

10 wt% (no 
information on 
retention) 

[115] 

TiO2 

NPs act as a 
functional material. 
Degradation of red X-
3B dye at different 
temperatures, pH and 
simultaneous 
photocatalytic-
enzymatic conditions 
were tested.  

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

Photocatalytic 
material.  

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] 

Silver 
(Ag) NPs 

NPs act as a 
functional material. 

NFC produced by TEMPO 
oxidation of MFC and films were 

Antibacterial 
material  

Surface morphology 
was tested using 

NP loading onto 
NFC substrate 

[177] 
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The antibacterial 
activity was tested 
against Gram negative 
bacteria Escherichia 
coli.  

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.  

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.  
 

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

Ag NPs 

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

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. 

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. 

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. AgNO3 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 SiO2-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 
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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: 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 TiO2 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 NP-

polyelectrolyte 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 



CHAPTER 1 

48 
 

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 nanocellulose-

NP 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. 2511-

2521. 

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. 823-

836.  

This chapter explores the use of different scattering techniues to chracaterize the NP-

polyelectrolyte 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 SiO2-

CPAM 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 NP-

polyelectrolyte 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 nanoparticles-

polyelectrolyte 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-ethyl-

methacrylate 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 

Nanocellulose; Nanoparticles; Composites; Porosity; Structure; Strength 

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.  
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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. 

 

 



CHAPTER 2 

94 
 

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, mt  was calculated as: 

tm =
gf

ρf
+  

gs

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 105oC. 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 increases- 

denoted variable (V). Composite properties are evaluated in terms of SiO2 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).  
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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 
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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 SiO2 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 SiO2 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.  



CHAPTER 2 

104 
 

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 SiO2 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-ethyl-

methacrylate (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/m2 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%), SiO2 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 0.15-

0.11 wt% depending on the CPAM dosage. Final suspension was poured into British handsheet 

maker for composite processing as mentioned above.  
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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, 

 sin4
 qq



 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/m2 

(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: 

       



  CBkgdrrqSrqFrNqISAXS ),(,,
0

2       (1) 

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: 

     stspherestshellsphere rqFrqFrqF   ,,,,,,      (2) 
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Where the Fsphere is the form factor of  sphere as: 

 
     

 3
cossin

3,,
qr

qrqrqr
rqFsphere


         (3) 

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

        1,,,,,,,, stspherestspherestshellsphere rqFrqFrqF  (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 SiO2 

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/m2) 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.  
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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 length-

scales 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 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 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 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 [45]. 

Structure factor analysis reveal the information on the correlation between the aggregated SiO2 

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 5-

100 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 ethylene-

vinyl 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 (20-

80 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 23oC 

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 Thwing-

Albert 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 
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of the clay was difficult to obtain.  However, the lateral dimensions of MMTs varies between 300-

1000 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 



 CHAPTER 5  

177 
 

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 7.36o 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 . 
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Table I: Literature comparison of WVP for nanocellulose-clay based materials.  

Composite type 

Clay 
compositio

n in the 
total 

composite 

Production process 
Temperature 

& Relative 
humidity 

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

Tensile 
strength 

(MPa) 

Modulus 
(GPa) 

Strain 
(%) 

Refere
nce 

Cellulose nanofibre (CNF)-clay 25 wt% 
Vacuum filtration 

followed by vacuum 
oven dry 

23oC, 50% 
1800000 

a 
- - - [49] 

Cellulose foam with Tween 80 
surfactant-surface modified 

montmorillonite 

2.5 wt% 
High shear 

homogenization and 
casting 

20oC, 50% 216000 13.1±1.7 0.455 3.7±0.3 [46] 

Trimethylammonium-modified 
nanofibrillated cellulose and 

layered silicate (TMA-
NFC/Mica R120) 

50 wt% 

High shear 
homogenization 

followed by pressure 
filtration and vacuum 

hot-pressing 

23oC, 85% 2200 104±5 9.5±0.2 1.9±0.3 [39] 

Trimethylammonium-modified 
nanofibrillated cellulose and 

vermiculite (TMA-
NFC/Vermiculite) 

50 wt% 

High shear 
homogenization 

followed by pressure 
filtration and vacuum 

hot-pressing 

23oC, 85% 1400 135±4 10.3±1.1 3.3±0.7 [48] 

Poly(vinyl alcohol) (PVA)-
Poly(acrylic acid) (PAA)-NFC-

sodium montmorillonite 
(MMT) 

50 wt% Solvent casting 23oC, 50% 105 
approx1
90±11 

approx. 
15.9±0.3 

approx. 
3±0.5 

[18] 

Nanofibrillated cellulose (NFC) 
-vermiculite (VER) 

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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homogenization;  
and then solvent 

evaporation 

Bacterial cellulose (BC)- 
unmodified MMT 

9 wt% 
In-situ assembling or 

one-step 
biosynthesis process 

25oC, 50% 53a - - - [50] 

Low methoxyl pectin (LMP)-
carboxymethyl cellulose 

(CMC)-MMT 

4 wt% 
(LMP-CMC 
ratio was 

10:0) 

Solvent casting 25oC, 50% 29 15.83 - 11±3 [47] 

Cellulose nanofibrils (CNFs)- 
mineral montmorillonite 

(MMT) 

32.5 wt% Solvent casting 23oC, 50% 16 80 7.8 2.8 [45] 

Note: the best film based on WVP from each article was chosen. Some of the tensile values are read off from graphs 

a 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) – polyamide-

amine-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 TiO2 

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 TiO2 [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 TiO2 

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 5oC 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 polyamide-

amine-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% TiO2 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 TiO2 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 TiO2-MFC 

composite. 
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6.6.1 Photocatalytic activity performance 

The photocatalytic degradation kinetics of MO is shown as a function of TiO2 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 TiO2 (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 TiO2 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% TiO2 

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 TiO2 addition onto the MFC-
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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 TiO2. 

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 
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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 TiO2 

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 m2/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 TiO2 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 TiO2 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 TiO2 NPs and hinders their 

agglomeration into large agglomerates by electro-steric stabilisation. This increases the TiO2 
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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 
Degrading 
medium 

UV lamp 
conditions 

Time taken to 
degrade by 90% 

Refere
nce 

40wt% TiO2 nanobelt paper  
TiO2 particle size: 21 nm 
Test piece: 1 x 1cm2 

Methyl Orange 
20 mL 

0.02 g/L 

30 W, 294 
nm 

~2.5 hours [28] 

TiO2/cellulose fibre composite 
TiO2 particle size: 25-30 nm 
Test piece: 3 x 3 cm2 

Methyl Orange 
20 mL 

20 mg/L 
30W ~7 hours [24] 

TiO2/regenerated cellulose paper 
Test piece: 1 x 8 cm2 

Phenol 
320 mL 

67.2 mg/L 

6 W, 253 
nm, 

~102 hours [51] 

10 wt% TiO2/bleached softwood 
cellulose fibre composite 
 
Test piece: 2.5 x 0.7 cm2 

Methyl Orange 
0.25 mM in 4 

ml water 

72W 
320-400 

nm 
~13 hours [52] 

TiO2 nanorods /regenerated 
cellulose films  
 

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 TiO2 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 SiO2 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 SiO2 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, nano-

montmorillonite (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% TiO2 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.  
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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.   

mailto:warren.batchelor@monash.edu
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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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ASSEMBLY OF NANOPARTICLES-POLYELECTROLYTE COMPLEXES 

IN NANOFIBER CELLULOSE STRUCTURES 

 

Uthpala Garusinghe 1,#, Vikram. S. Raghuwanshi1,#,*, Christopher J. Garvey3, Swambabu 

Varanasi1, Christopher. R. Hutchinson2, Warren Batchelor1 and Gil Garnier1,* 

BioResource Processing Research Institute of Australia (BioPRIA), Department of Chemical 

Engineering, Monash University, VIC-3800, Australia 

2Department of Materials Science and Engineering, Monash University, VIC-3800, Australia 

3ANSTO, Locked Bag 2001, Kirrawee DC NSW 2232, Australia 

*Corresponding authors: vikram.raghuwanshi@monash.edu  

                           gil.garnier@monash.edu  

# Equal contributors as first authors 

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]: 

          
 




  cqdrrqSrqFrVrNq

d

d
p

0

22
,,,



       (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. 

 



 APPENDIX I (B)  

I-9 
 

 

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 15-

20 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 SiO2 

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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WATER RESISTANT CELLULOSE – TITANIUM DIOXIDE 

COMPOSITES FOR PHOTOCATALYSIS 
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BioResource Processing Research Institute of Australia (BioPRIA), Department of Chemical 

Engineering, Monash University, VIC-3800, Australia 

*Corresponding authors:   

                                                            

 

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: 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 distri-

bution of the composites were characterised through

scanning electron microscopy (SEM) and mercury

porosimetry analysis, respectively. The heavily loaded

composites formed packed bed structures of nanopar-

ticles. Film thickness was approximately constant for

composites with low loading, indicating that nanopar-

ticles 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

investigated loading range, the level of the tensile

index on nanocellulose mass basis remained constant,

showing that the silica nanoparticles did not signifi-

cantly 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 proper-

ties 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 simul-

taneously 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 compos-

ites. 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), hydro-

gels 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 combina-

tion of features of the clay, such as its shape, size and

cationic charge, facilitates its binding to the nanofibril

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 compos-

ites 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 poly-

acrylamide (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 floc-

culate 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, respec-

tively, 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) disinte-

grator was used to disperse 0.2 wt% nanofibres in

2512 Cellulose (2017) 24:2511–2521
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deionised water uniformly using 15,000 propeller

revolutions. CPAM solutions (0.01 wt%) were pre-

pared 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 morphol-

ogy. 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 compos-

ite after oven drying. The minimum thickness, tm was

calculated as

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

Cellulose (2017) 24:2511–2521 2513
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tm ¼ gf

qf

þ gs

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

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 (Brookha-

ven Instruments) in a cuvette cell at 25 �C. Using the

supplied software, the zeta potential was calculated by

determining the electrophoretic mobility in an elec-

trophoresis experiment using laser Doppler velocime-

try and applying the Smoluchowski equation. MFC

suspension (0.2 wt%) was centrifuged at 4400 rpm for

20 min to remove large aggregates, then the super-

natant containing colloidal nanocellulose was used to

Fig. 1 Preparation of nanocomposite: a controlled simultane-

ous 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, and

e illustration of flexibility of 77 wt% V/S sheet

2514 Cellulose (2017) 24:2511–2521
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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 equili-

brated 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, respec-

tively. 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 proper-

ties 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

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 unfavour-

able, 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 consis-

tent 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’
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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

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 compos-

ites 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 arrange-

ment of SiO2 in the nanofibre matrix. SEM demon-

strated 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

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
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content, the surface area of the composite as deter-

mined by mercury porosimetry analysis almost dou-

bled (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 mea-

surements 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

Fig. 4 Schematic mechanism of NP and CPAM hetero-

coagulation 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
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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 distri-

bution. 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-

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 conven-

tional 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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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

(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 occur-

ring just before fracture. The fact that all the compos-

ites 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 surpris-

ingly, that the NPs do not interfere with the bonding
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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 devel-

oped using a process combining controlled simulta-

neous 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–

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 accommo-

date 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 well-

controlled 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 nanocel-

lulose 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.

Acknowledgments We thank MCEM for scanning electron

microscopy and Scot Sharman for technical help. The authors

acknowledge financial support from the Australian Research

Council, Australian Paper, Carter Holt Harvey, Circa, Norske

Skog and Visy through Industry Transformation Research Hub

0

10

20

30

40

50

60

70

80

0 1 2 3 4 5 6

Te
ns

ile
 In

de
x 

ba
se

d 
on

 n
an

ofi
br

e 
 g

am
m

ag
e 

 
(N

m
/g

)

Strain (%)

0wt% 5wt% 10wt% 20wt% 30wt%

40wt% 50wt% 60wt% 70wt% 77wt%

Fig. 8 Tensile index versus

strain for V/S composites

with different nanofibre

grammages

2520 Cellulose (2017) 24:2511–2521

123

II-12



Grant IH130100016. U.M.G. thanks Monash University for

MGS and FEIPRS scholarships.

References

Bringley JF, Wunder A, Howe AM, Wesley RD, Qiao TA,

Liebert NB et al (2006) Controlled, simultaneous assembly

of polyethylenimine onto nanoparticle silica colloids.

Langmuir 22(9):4198–4207

Farhang B (2007) Nanotechnology and lipids. Lipid Technol

19(6):132–135

Garusinghe UM, Raghuwanshi VS, Garvey CJ, Varanasi S,

Hutchinson CR, Batchelor W et al (2017) Assembly of

nanoparticles–polyelectrolyte complexes in nanofiber cel-

lulose structures. Colloids Surf A 513:373–379

Kausch H, Michler G (2007) Effect of nanoparticle size and

size-distribution on mechanical behavior of filled amor-

phous thermoplastic polymers. J Appl Polym Sci

105(5):2577–2587

Kim J, Yun S, Ounaies Z (2006) Discovery of cellulose as a

smart material. Macromolecules 39(12):4202–4206

Kim J-H, Kim J-H, Choi E-S, Yu HK, Kim JH, Wu Q et al

(2013) Colloidal silica nanoparticle-assisted structural

control of cellulose nanofiber paper separators for lithium-

ion batteries. J Power Sour 242:533–540

Klemm D, Schumann D, Kramer F, Heßler N, Hornung M,

Schmauder H-P et al (2006) Nanocelluloses as innovative

polymers in research and application. Polysaccharides II.

Springer, New York, pp 49–96

Korhonen JT, Kettunen M, Ras RH, Ikkala O (2011)

Hydrophobic nanocellulose aerogels as floating, sustain-

able, reusable, and recyclable oil absorbents. ACS Appl

Mater Interfaces 3(6):1813–1816

Krol LF, Beneventi D, Alloin F, Chaussy D (2015) Microfib-

rillated cellulose-SiO2 composite nanopapers produced by

spray deposition. J Mater Sci 50(11):4095–4103

Li H, Fu S, Peng L (2013) Surface modification of cellulose

fibers by layer-by-layer self-assembly of lignosulfonates

and TiO2 nanoparticles: effect on photocatalytic abilities

and paper properties. Fibers Polym 14(11):1794–1802

Li Q, Raj P, Husain FA, Varanasi S, Rainey T, Garnier G et al

(2016) Engineering cellulose nanofibre suspensions to

control filtration resistance and sheet permeability. Cellu-

lose 23(1):391–402

Liu A, Walther A, Ikkala O, Belova L, Berglund LA (2011) Clay

nanopaper with tough cellulose nanofiber matrix for fire

retardancy and gas barrier functions. Biomacromolecules

12(3):633–641

Lu J, Liong M, Zink JI, Tamanoi F (2007) Mesoporous silica

nanoparticles as a delivery system for hydrophobic anti-

cancer drugs. Small 3(8):1341–1346

Ngo YH, Li D, Simon GP, Garnier G (2013) Effect of cationic

polyacrylamide dissolution on the adsorption state of gold

nanoparticles on paper and their surface enhanced Raman

scattering properties. Colloids Surf A 420:46–52

Oksman K, Mathew A, Bondeson D, Kvien I (2006) Manufac-

turing process of cellulose whiskers/polylactic acid

nanocomposites. Compos Sci Technol 66(15):2776–2784

Schaefer DW, Justice RS (2007) How nano are nanocompos-

ites? Macromolecules 40(24):8501–8517

Sehaqui H, Liu A, Zhou Q, Berglund LA (2010) Fast preparation

procedure for large, flat cellulose and cellulose/inorganic

nanopaper structures. Biomacromolecules 11(9):2195–2198

Sehaqui H, Morimune S, Nishino T, Berglund LA (2012)

Stretchable and strong cellulose nanopaper structures

based on polymer-coated nanofiber networks: an alterna-

tive to nonwoven porous membranes from electrospinning.

Biomacromolecules 13(11):3661–3667

Sehaqui H, Zimmermann T, Tingaut P (2014) Hydrophobic

cellulose nanopaper through a mild esterification proce-

dure. Cellulose 21(1):367–382

Slowing II, Trewyn BG, Giri S, Lin VY (2007) Mesoporous

silica nanoparticles for drug delivery and biosensing

applications. Adv Funct Mater 17(8):1225–1236

Tingaut P, Zimmermann T, Lopez-Suevos F (2009) Synthesis and

characterization of bionanocomposites with tunable proper-

ties from poly (lactic acid) and acetylated microfibrillated

cellulose. Biomacromolecules 11(2):454–464

Varanasi S, Chiam HH, Batchelor W (2012) Application and

interpretation of zero and short-span testing on nanofibre

sheet materials. Nord Pulp Pap Res J 27(2):343

Varanasi S, He R, Batchelor W (2013) Estimation of cellulose

nanofibre aspect ratio from measurements of fibre sus-

pension gel point. Cellulose 20(4):1885–1896

Varanasi S, Low Z-X, Batchelor W (2015) Cellulose nanofibre

composite membranes—biodegradable and recyclable UF

membranes. Chem Eng J 265:138–146

Winey KI, Vaia RA (2007) Polymer nanocomposites. MRS Bull

32(04):314–322

Cellulose (2017) 24:2511–2521 2521

123

II-13



A
c

U
S
a

b

c

h

a

A
R
R
A
A

K
S
T
S
C

h
0

Colloids and Surfaces A: Physicochem. Eng. Aspects 513 (2017) 373–379

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and
Engineering Aspects

journa l homepage: www.e lsev ier .com/ locate /co lsur fa

ssembly of nanoparticles-polyelectrolyte complexes in nanofiber
ellulose structures

thpala M. Garusinghea,1, Vikram S. Raghuwanshia,∗,1, Christopher J. Garveyc,
wambabu Varanasia, Christopher R. Hutchinsonb, Warren Batchelora, Gil Garniera,∗

BioResource Processing Research Institute of Australia (BioPRIA), Department of Chemical Engineering, Monash University, VIC-3800, Australia
Department of Materials Science and Engineering, Monash University, VIC-3800, Australia
Australian Nuclear Science and Technology Organisation (ANSTO), Locked Bag 2001, Kirrawee DC, NSW 2232, Australia

i g h l i g h t s

• We quantify the effect of cationic
polyacrylamide (CPAM) dosage on
the assembly of silica nanoparticles
(NPs) within a nanocellulose com-
posite.

• Increasing CPAM dosage increases
retention of NPs within the cellulose
matrix with stronger interparticle
interactions.

• Small angle X-ray scattering (SAXS)
and microscopic reveal that CPAM
concentration affects the aggregates
size of SiO2 NPs within the compos-
ite.

• We show a bimodal distribution
of spherical particles (8–20 nm in
diameter) in nanocellulose compos-
ites by modelling the SAXS curves.

• Data analysis allow understanding
interparticle interactions within
assemblies of SiO2 NPs at the
nanometer scale with different
dosage of CPAM.
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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
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(SAXS) and microscopy (SEM, TEM) investigations of these composites showed a lognormal bimodal dis-
tribution 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 pro-
duces 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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Composites
Nanocellulose
fibres

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.
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. Introduction

Cellulose nanofibres are fast becoming widely available low-
ost organic nanomaterials with specific properties such as
uneable opacity, low thermal expansion, high stiffness, high
trength and flexibility. Cellulose is the most abundant, renewable
nd biodegradable biopolymer, efficiently produced by well-
stablished manufacturing processes and infrastructures [1–3].
anocellulose fibres result from the intense fiberizing of cellulose
ulp fibres. Cellulose nanofibres “paper” composites have excit-

ng prospects and emerging applications such as smart clothing
4], transparent conductive films for electronics [5,6], tissue engi-
eering [7] and barriers [8]. Even though the full commercial scale
roduction of cellulose nanofibres has not yet been fully achieved,
he wide availability of cellulose is promoting the production of
ew materials with cellulose nanofibres as the main component
9].

Nanocomposites are usually two phase materials consisting of
continuous polymeric phase reinforced by a discontinuous phase
onsisting of high surface area nanofillers [10]. When the size of
llers shrinks from microscale to nanoscale, the resulting compos-

te develops unusual properties primarily due to the concomitant
ncrease in interfacial area [11]. The properties of nanocomposites
epend not only on the properties of their individual components
ut also on the morphological and interfacial characteristics arising
rom assembling the individual constituents [12]. In the materials
nvestigated here, nanocellulose is the semi-continuous or connect-
ng phase where silica nanoparticles (NPs) are linked through a
etention aid to provide a new structure with voids, in which poros-
ty and pore structure are dependent on NPs. The terms “cellulose
anofibres” and “nanocellulose” are used interchangeably in this
aper and nanosilica was selected as model of functional NP.

Since both silica NPs and nanocellulose are negatively charged,
n electrostatic repulsion is opposing the retention of NP’s in
he composite. In such cases, cationic polyelectrolytes are widely
sed in paper industries as retention aids [13,14]. Common indus-
rial cationic polyelectrolytes include: cationic dimethylamino-
thyl-methacrylate polyacrylamide (CPAM), polyethylenimine
PEI), Polydiallyldimethylammonium chloride (polyDADMAC) and
olyamide-amine-epichlorohydrin (PAE). Among those, CPAM is
he most prevalent in industry for its low cost, high performance,
nd wide range of morphologies available. Also, it has the ability to
trongly adsorb onto the negatively charged cellulose fibres [15,16]
nd is a stable polymer soluble in water and many organic solvents
17]. Important industrial applications for CPAM include water
reatment, oil well stimulation and mineral processing [17]. Previ-
usly, we used CPAM to coagulate and retain NPs into nanocellulose
nd demonstrated that composite pore structure can be controlled
18]. However, the interaction of the CPAM with NPs and the mech-
nism of structural formation by CPAM induced NPs assembling
ithin the composite at nanoscale have not been explored and

here are no good methodology available to quantify NP aggregate
t the critical length scale ranging from 1 nm to 1 �m.
Generally, for characterization, direct methods such as scanning
lectron microscopy (SEM) and transmission electron microscopy
TEM) are used, but they evaluate a limited area of the composite
nd it is difficult to measure interparticle interactions between NPs
© 2016 Elsevier B.V. All rights reserved.

[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 scatter-
ing (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 interac-
tion 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 nanocompos-
ites 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, perme-
ability 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) poly-
mer 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 manu-
facturer 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 sus-
pension was stirred using a magnetic stirrer for 10 min before use.
Mixing time is important in both cases to obtain homogenous sus-
pensions. 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) an

emoved from the mesh using blotting papers, then pressed and
ried using a sheet drier at 100 ◦C.

.2.3. MFC-NP composite preparation
Composite preparation involves a two-step method (Fig. 1).

irstly, CPAM (0.01 wt%) and SiO2 (0.1 wt%) suspensions were
ixed simultaneously together using a hand stirrer (model:
B968NSSJH, 600 W). Secondly, prepared CPAM-SiO2 suspension
as mixed with MFC (0.2 wt%) suspension to obtain the final sus-
ension of the mixture close to 0.15 wt%. This method was adopted
rom 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,
espectively for all composites. Three different CPAM dosages
1.98 mg, 3.96 mg and 39.6 mg) were used. The mixing time in each
tep was set to a total of 8 min. The flowrate at which CPAM was
ixed varied from 2.5 mL/min to 49.5 mL/min. MFC and SiO2 sus-

ensions were mixed at 75 mL/min and 84 mL/min respectively.
he final suspension was poured into the British hand sheet maker
nd the composite film was prepared as described above (MFC sheet
reparation). Table 1 summarizes the type of composites prepared.

.3. Characterization

.3.1. Small angle X-ray scattering (SAXS)
Two instruments were used for SAXS measurements. SAXS anal-

ses were first made on a Laboratory Bruker N8 Horizon using
CuK� (� = 0.154 nm) micro-source. The scattered photons were

ollected using a 2D Vantec-500 detector with a pixel size of
70 �m × 70 �m. The scattered photons were collected at the

ample to detector distance of 0.6 m which covers the q range
rom ∼0.15 to 3.7 nm−1. Radial averaging was used to obtain the
nal scattering curves. For data reduction, Bruker EVA software
as used. Data analysis was performed using SASFit software

26,43,44].

SAXS measurements were also made in a transmission mode

n a Pilatus 1 M detector (Dectris, Baden, Switzerland) at the Aus-
ralian Synchrotron’s SAXS/WAXS beamline [27] with a sample to
etector distance of 7.2 m. The isotropic raw detector images were

able 1
omposition of SiO2-nanocellulose composites, High (H), Medium (M) and Low (L)
enote the CPAM dosage.

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

II-16
mixed with a cellulose nanofiber suspension (step 2).

converted to intensity versus q, where q = 4�sin(�)/� 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 vec-
tor 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 magnifi-
cations.

2.3.3. Transmission electron microscopy (TEM)
TEM was performed using FEI Tecnai G2 T20 TWIN. For sam-

ple 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 magnifi-
cations at 100 nm scale.

2.3.4. Particle and colloid charge
The zeta potentials were determined by performing measure-

ment 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 statis-
tical 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 length-
scales 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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ig. 2. (a) SAXS curve of the pure MFC sheet. The solid line shows the modelled fit
EM image of the MFC sheet at 50,000 magnification.

Fig. 2(b) displays the SEM micrograph of the pure MFC sheet. The
icrograph shows that the fibres are isotropically oriented to form
highly entangled network with a wide distribution of pore sizes.
his is consistent with the view obtained from SAXS measurements.
he average diameter of the fibres was found to be 73 nm [39].
hese microfibres are bundles of elementary nanofibers which are
esponsible for the weak SAXS correlation peak.

SAXS measurements with a synchrotron can probe a wide

tructure size range at a high resolution and statistics, which is
nachievable with a laboratory SAXS instrument. Fig. 3(a) shows
he synchrotron SAXS curves of the MFC-SiO2 NP composites at

ig. 3. (a) SAXS curves fitted with the bimodal distribution of the particles with different
nd Sample L (low CPAM dosage). The solid red line shows the fit and the arrows show the d
urves for the sample with the high dosage of CPAM (H). (For interpretation of the refere
rticle).
shows the diameter of the sample for a peak obtained at a particular q value. (b)

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 rang-
ing 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

CPAM dosages; Sample H (High CPAM dosage), Sample M (Medium CPAM dosage),
iameter obtained from the particular peak position. (b) Lognormal size distribution

nces to colour in this figure legend, the reader is referred to the web version of this
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Fig. 4. TEM micrograph for the SiO2/CPAM complexes at high CPAM dosage prior 
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measurements conducted on the composite without any CPAM
(Supporting information S5). There is a little difference between

F
l

o the addition of MFC suspension.

urves by using the software SASFit [30–33]. Here, a model for
imodal distribution of spheres and a structure factor for hard
pheres with a local monodisperse approximation was fitted to the
AXS curves [45–47]. Details on the modelling of the SAXS curves
re given in the Supporting information (S1, S2). Fig. 3(b) shows
he lognormal bimodal distribution of spherical shape par-ticles
btained after model fitting of the scattering curves. The size
arameters reveal that the smaller particle diameter is about 8 nm
nd the larger particle diameter is between 15 and 20 nm. The aver-
ge diameter of 8 nm for smaller structure and 15–20 nm for the
igger structure were determined after fitting the respective SAXS
urves. Dynamic light scattering (DLS) measurements on the ini-
ial nanoparticle suspension also shows the corresponding bimodal
ize distribution, which is in agreement with the SAXS results (Sup-
orting information S3).

Evidence on the assemblies of SiO2-CPAM complexes before
ddition to the MFC suspension were obtained by the TEM mea-
urements. Fig. 4 shows the TEM micrograph on solution of
iO /CPAM at high CPAM dosage and prior to the addition of the
2
FC. In the TEM micrograph, two different kinds of particle sizes

nd assemblies of NPs are clearly observed (Supporting information

ig. 5. (a): Evaluated structure factor S(q) for the samples with different CPAM dosages;
ength obtained from the SAXS data analysis.
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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 assem-
blies 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 com-
posite: 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 concen-
tration 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 sur-
face of cellulose. This is consistent with the interpretation of SAXS
this material and the structure characterized with the pure MFC
sheet with SAXS. A small amount of CPAM has a significant effect

sample H has high CPAM, M medium and sample L has low CPAM. (b) Correlation
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Fig. 6. SEM micrograph of the MFC sheet containing SiO2 nanop

n the interactions between SiO2 NPs and cellulose fibres. CPAM
cts as a retention aid for NPs.

SAXS and TEM data analysis corroborate the formation of dif-
erent size of aggregates of SiO2 NPs in cellulose matrix at the
ifferent CPAM dosages. TEM micrographs (Fig. 4) of the SiO2/CPAM
omplexes prior to the addition of MFC suspension reveals that in
he presence of CPAM, the SiO2 NPs aggregate and form assem-
lies. These assemblies are consisting of two size of NPs (8 and
0 nm) as shown in the Supporting information S4. After addition
f SiO2/CPAM suspension into MFC suspension (step 2), it is hard to
btain TEM micrograph due to difficultly in sample preparation and
o get reliable results. Therefore, SAXS measurements were made
o obtain much better average information on interparticle spacing
ithin the assemblies of SiO2 NPs at the nanometer scale.

SAXS data analysis show that these assemblies of SiO2 NPs
onsist of NPs structures of diameter ranging between 8 and
0 nm (Fig. 3b). The diameter of NPs is about two to four times
maller than the expected radius of gyration of a CPAM molecule
Rg = 30–35 nm) assuming random coil at theta conditions (more if
lectrostatic forces are involved). Therefore, the SiO2 NPs can eas-
ly adsorb onto the CPAM surface or even diffuse within the coil
tructure to interact directly with the CPAM cations. It is expected
hat the large CPAM coils are decorated with the SiO2 NPs and form
ssemblies by electrostatic interactions and CPAM conformations
40].

Structure factor analysis reveal the information on the correla-
ion between the aggregated SiO2 NPs assemblies. In Fig. 5a, it is
een that for the high dosage of CPAM the structure factor peak
s sharper and shifts towards high q values as compared to the
tructure factor peak for low CPAM dosage, which indicates narrow
istribution of inter-particle separations with high volume frac-
ions. Moreover, increase in the amplitude of structure factor peak
eveals the strong interparticle interactions within the assemblies
f SiO2 NPs. This is because at the high CPAM dosage more poly-
lectrolyte is available to neutralize the NPs surface and overcome
he electrostatic repulsion between the particles, resulting in an
ncrease in contact aggregation between the SiO2 NPs. This results
n the formation of large size assemblies having a higher correlation
ength of about 70 nm and with high volume fraction of NPs within
he assemblies. This is in agreement with the TEM measurements
hown in Fig. 4. Recently, Ganesan et al. also reported the aggre-
ation of charged NPs in the surrounding of oppositely charged
olymers by using mean field self-consistent theory model [41,42].
hey described that at low polymer concentration, the charged

Ps form polymer-bridged clusters and by increasing the polymer
oncentration, clusters are formed by inter-particle bridging.

However, at the low CPAM dosage, the structure factor peak is
road, lower in amplitude and shifts towards lower q values which
es with (a) low (L) CPAM dosage and (b) high (H) CPAM dosage.

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 aggre-
gates/assemblies decreases. This is due to the low density of CPAM
available to neutralize the SiO2 NPs; hence, an electrostatic repul-
sion 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 con-
formation 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 confor-
mation 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) measure-
ments 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 fac-
tor 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. Character-
izing and controlling NPs assemblies dispersed in a nanocellulose
matrix allows tailoring a novel generation of sustainable compos-
ites for applications requiring selected catalytical, permeability or
biocompatibility properties.
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