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Abstract

Abstract

The aim of the work presented in this thesis was to investigate the impact of
different mechanical treatments on the structure and physical properties of
microfibrillar cellulose (MFC) and examine further changes upon drying of
these MFC suspensions. It has been demonstrated that depending on the type
of homogeniser and number of passes through the homogeniser results in a
different variety of MFC with a distinct degree of fibrillation. An entangled
network structure of MFC plays an important role in maintaining the
rheological properties as well as water mobility in the system. Spin-spin
relaxation time (T2) of the highly entangled microfibrils network indicates that
the water mobility was higher in suspensions with a high degree of fibrillation,
as compared to the low degree of fibrillation. It is now well established that
during the drying stage MFC fibril-aggregates are formed due to strong
intermolecular hydrogen bonds within the network structure. Due to a lack of
redispersibility in water and the presence of fibril-aggregates, a non-
homogenous distribution throughout the system was observed and the
aqueous suspension of redispersed MFC shows a noticeable reduction in

complex and shear viscosities.

Hence, the next stage of the study focused on to stabilise the fibril-networks
of microfibrils upon the drying, where the impact of different polymeric
additives i.e. carboxyl methylcellulose (CMC), locust bean gum (LBG) and a

blend of CMC/LBG was investigated. The addition of polymeric additives
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significantly improves the redispersibility of dried MFC in water with reduced
fibrils aggregates. The interaction between microfibrils and additives are
driven by surface OH-group-mediated hydrogen bonds; however the extents
of these interactions are highly dependent on the type of additive used to
stabilise the microfibrils. The point of the addition of polymeric additives
plays an important role in terms of interaction between the polymeric
additive and MFC. Co-processing of MFC and polymeric additives has a
noticeable impact on the degree of fibrillation (visualised through light
microscopy and degree of transparency) of the final MFC product. The
presence of a charged polymeric additive such as carboxyl methyl cellulose
(CMC) results in strong synergistic interaction with MFC, whereas weak
synergistic interaction is reported with Locust bean gum (LBG). The addition
of a CMC/LBG blend also showed strong synergistic interaction with MFC

when added in a small amount.

The amounts of additive present in the system have a noticeable impact on
the viscoelastic properties of the suspensions. At ambient temperature, the
MFC/additives suspensions formed a weak gel-like network. It was found that
a polymeric additive forms a surface coating on MFC fibrils which protects the
fibrils, to form strong intermolecular hydrogen bonds during the drying
process, resulting in improved redispersibility of the dry product in an
aqueous medium. The interaction between MFC and polymeric additives
leads to an increase in moisture uptake even after drying process. Increase in

water accessibility within the microfibril network was evident with Dynamic
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Vapour sorption analysis and low-temperature thermal transitions measured

by Differential Scanning Calorimetry.

This research also features a preliminary study on the potential application of
MFC produced from softwood spruce as a dietary fibre for food application.
This includes a comparison between the microstructure and different physical
properties of softwood MFC (flakes and powder) with food grade commercial
dietary fibres e.g. citrus fibres. Softwood MFC (both flakes and powder form)
showed similar rheological properties to other cellulosic dietary fibres such as
citrus fibres. Due to a highly entangled network structure softwood MFC
showed the highest water retention values (also known as water holding
capacity) as compared to other cellulosic fibres. A comparison of the rate of
taste i.e. salt perception was also carried out, and the structural features of
MFC affect this and appear to be more similar to soluble hydrocolloid

solutions than the particulate systems such as citrus fibres.

In summary, this thesis describes the mechanistic understanding of the
interaction between MFC and different polymeric additives such as CMC and
LBG. This research highlights the these interactions results in different
microstructures affecting the functional properties of MFC such as
redispersing behaviour, water mobility, low-temperature polymer-water
interactions and rheological properties. Microfibrillar cellulose (MFC) are not
only fundamentally interesting but most importantly they are practical, and
certainly offers a more environmentally friendly, and cost-effective ingredient

for various traditional commercial applications such as paints, composites and
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adhesives. This work also proves, for the first time, that the MFC from
softwood can also be used as an ingredient for food applications as a bulking

agent, stabilising agent, texture and viscosity enhancer.
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1. General Introduction

Developing eco-friendly, healthy and functional ingredients for different

commercial applications for the food and personal care industry are one of

the biggest targets for every ingredient and consumer application based

company. Different natural plant based (starch, carrageenan, and guar gums)

and bacterial (e.g. xanthan) polysaccharides are used as functional ingredients

in various food applications. These polysaccharides are known to provide

texture and stability to various food applications. Nevertheless, utilising waste

raw materials to produce value-added products is always a key target of

different commercial industries.

In recent years, cellulose based systems have increasingly been investigated.

Aqueous suspensions of cellulosic fibres (refined cellulose, microfibrillar

cellulose, nano-fibrillar cellulose) were shown to have a number of unique

physical and mechanical properties such as very high specific surface area,

low thermal expansion, low density and the formation of a highly porous

network (Shogren et al, 2011). It is also well established that aqueous

suspensions of microfibrillar cellulose (MFC) from different sources show a

stable viscoelastic gel-like behaviour over a wide concentration range
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(>0.25%-3.5 wt%) , which makes it of interest for application in the food and

personal care industry (Paakké et al., 2007). Above 3.5 wt% the MFC

suspensions tends to form paste which may affect the cost and formulation of

final application. For example, the plant cell wall materials such as citrus

fibres shows gel-like behaviour over wide range of concentration and are

successfully being used to create soft solid structures particularly in the food,

personal care and pharmaceutical industries which are also driven by their

low cost, sustainability and “green” credentials (Foster 2011).

Microfibrillar cellulose is produced by subjecting the native cellulose fibres to

chemical or physical processing and can be produced from regionally

abundant materials and waste streams such as wood fibre, apple fibre and

straw fibre etc., and is, therefore, sustainable without using food crops

(Habibi, Mahrouz and Vignon, 2009). For example, cellulosic fibre produced

from apple or orange peel, which also contains naturally occurring polymeric

additives such as pectin and hemicellulose, are used as a thickening and

texturing agents in a wide range of food applications such as cooking sauces,

tomato ketchup, mayonnaise, yoghurt and ice creams. Currently, a wide

range of low-fat/reduced fat products are available in the market where food

microstructure was designed/created by using cellulosic fibres in combination
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with other polysaccharides, which mimics fat-like behaviour in terms of

texture and stability (product portfolio of Fiberstar, 2005).

There are also many health benefits; a high intake of dietary fibre,

traditionally defined as the portions of plant foods that are resistant to

digestion by human digestive enzymes (i.e. polysaccharides and lignin),

appears to significantly lower the risk of developing coronary heart disease,

stroke, hypertension, diabetes, obesity and certain gastrointestinal diseases

(Anderson et al., 2009). Recommended intakes for healthy adults are

between 20-35 g/day (Marlett, Mcburney and Slavin, 2002). Consumers

struggle to reach such intake targets, for instance, less than half the

recommended levels of dietary fibre daily is consumed by the majority of

consumers in the US (Park et al., 2005). Therefore, it would be beneficial to

design the food systems with cellulose as an ingredient with unique

rheological properties as well as control taste/flavour perception and

controlling functionality in the system.

Hence, the aim of the work presented in this thesis was to investigate the

impact of different mechanical treatments on the structural and physical

properties of the microfibrillar cellulose and to find novel ways to stabilise the

aggregation of microfibrillar cellulose upon drying. Finally, the potential of

4
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MFC produced from softwood spruce in the food industry as a dietary fibre

with unique functionality such as a viscosity enhancer, texture enhancer, and

coating agent was explored.

In the rest of chapter 1 of the thesis, a comprehensive literature review of the

three major topics: Cellulose and Microfibrillar Cellulose fundamentals and its

morphology and interaction between cellulose and different additives are

presented along with different fibrillation techniques. Current knowledge is

reviewed, linking processing and microstructures of MFC related material

properties of the suspensions. In addition, the physicochemical properties of

the hydrocolloids used in this research are briefly reviewed.

1.1 Cellulose

The plant’s primary cell wall is composed of various functional carbohydrates

such as cellulose, hemicellulose and pectin. The cellulose microfibrils are

linked via hemicellulose to form the cellulose-hemicellulose network, which is

embedded in the pectin matrix (Figure 1.1a). The hemicelluloses may vary

depending on plant source and maturity, and secondary cell walls are often

lignified. Therefore, cellulose is a natural polymer available in large amounts;

totally biodegradable and a supply of renewable biopolymers.


http://en.wikipedia.org/wiki/Carbohydrate
http://en.wikipedia.org/wiki/Cellulose
http://en.wikipedia.org/wiki/Hemicellulose
http://en.wikipedia.org/wiki/Pectin
http://en.wikipedia.org/wiki/Microfibril
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Figure 1.1: (a) Wood fibres consist of several layers (middle lamella (ML),
primary wall (P), secondary wall ($1, S2, $3) and lumen (W) (Cote 1967). (b)
Molecular organisation of primary plant cell wall (Ceres, 2014); and (c)
Organization of the cellulose chains into microfibrils and fibril aggregates

(adapted from Rowland and Roberts (1972), Kerr and Goring (1975)).

Cellulose is a structural polymer that provides mechanical properties to the

plant cells. An important building block for this natural fibre is strength and
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stiffness are the microfibrils within the cellulose structure (Figure 1.1b).

Cellulose fibres can be divided into their structural micro-scale units by

various chemical and mechanical means/processes. Naturally, cellulose does

not occur as an isolated molecule but is found in the form of fibrils. Cellulose

is synthesised in the cell as individual molecules which undergo self-assembly

at the site of biosynthesis (Brown and Saxena, 2000). Approximately 36

molecules are then assembled into larger units known as elementary fibrils

(protofibrils) (Habibi, Lucia and Rojas 2010).

These are then packed into larger units (approx. 64 elementary fibrils)

commonly known as microfibrils, which are further assembled into the large

macroscopic cellulose fibres termed as fibrils or fibrils aggregates (Figure

1.1c). The microfibrils of cellulose can be found as intertwined fibrils in the

cell wall, with approx. 10-40nm diameter and >1000nm long depending on its

source (Siré and Plackett, 2010). Another important feature of cellulose is its

crystalline nature which means that cellulose chains have a structured order.

The production of commercial cellulose includes either non-enzymatic or

enzymatic processes which remove the hemicelluloses and lignin leaving the

pure cellulose pulp. Depending on the source of the cellulose pulp, the

extraction procedure is selected. The pure cellulose pulp is later subjected to

7



Chapter 1

either chemical or mechanical process resulting in chemically modified

celluloses or MFC (Henriksson et al., 2007). When the cellulose pulp is

subjected to a harsh chemical process, the results are cellulose whiskers or

microcrystalline cellulose, whereas just mechanical process (could be just

classical refining or high-pressure homogenisation) of cellulose pulp results in

microfibrillar cellulose. An unpacking of the cellulose fibrils into microfibrils or

elementary fibrils depends on the severity of the process (Figure 1.1).

Nowadays, cellulose is also biosynthesized by a wide variety of bacteria (e.g.,

Acetobacter xylinum), photosynthetic algae (e.g., Valonia macrophysa and

Oocystis apiculata) and fungi (e.g., Microdochium nivale) (Brown et al., 1976,

Hufnagel et al., 2000).

1.1.1 Molecular structure

At molecular level, cellulose is a linear homo-biopolymer consisting of glucan

chains (Kirk and Othmer, 1967). It is an unbranched polysaccharide composed

of B-D-glucopyranose units linked by 1->4 glucosidic bonds (Figure 1.2).

Because of a large number of polar hydrogen and hydroxyl atoms, cellulose

forms both inter- and intra-molecular hydrogen bonds. Two intramolecular

hydrogen bonds, OH-3:--0O5 and OH-2:--06, can bind neighbouring glucose
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units and thus provide the high stiffness of natural cellulose chains.
Intermolecular hydrogen bonds are different in different polymorphs of

cellulose.

Cellulose | is a natural polymorph, which can be divided into la and If
polymorphs. In cellulose | (which has a parallel arrangement of the chains),
the hydrogen bonds exist only between chains belonging to the same
cellulosic fibre sheet (Nishiyama, Langan and Chanzy, 2002). Cellulose Il
(which features an antiparallel arrangement of chains) can be obtained from
native cellulose. In this polymorph, the hydrogen bonds are found also

between sheets, i.e., they form a three-dimensional (3D) network.

1.1.1.1 Cellulose - | (native cellulose)

Native cellulose is a mixture of la and IB whereas the ratio of these
components depends on the source of the cellulose (Atalla and VanderHart,
1984). For example, cellulose la rich cellulose is present in the cell walls of
some algae and bacterial cellulose, whereas If rich ones have been found in
cotton, wood and ramie fibres. Another example, Tunicin (the small sea
animal Halocynthia roretzi) consists of 90% IB phase (Mouro, Bizot and

Bertrand, 2011) and cellulosic walls of alga Valonia consist of mainly 60% la
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phase (Atalla and VanderHart, 1984). Similarly, cellulose from the peel of

prickly pear showed 60% cellulose la and 40% cellulose IB phase with a

degree of crystallinity of around 38% (Habibi et al., 2009). In the case of a

softwood cellulose source, in native spruce, cellulose la crystalline form is

almost three times the amount of IB, whereas, in kraft cellulose pulps, the

amount of cellulose IB is twice the amount of la cellulose (Liitia, Maunu and

Hortling, 2000). Cellulose la form corresponds to a single-chain triclinic

crystallographic symmetry, whereas cellulose If form is monoclinic and

characterised by two parallel chains as shown in Figure 1.3 (Baker et al., 1997,

Sugiyama et al., 1991, Baker et al., 2000, Nishiyama et al., 2002). Cellulose la

phase is metastable and could be converted into If form by a hydrothermal

treatment at 260°C (Yamamoto et al., 1989).

These cellulose forms might co-exist in a system. For instance, the 2D FTIR of

spruce and kraft cellulose showed the splitting of intermolecular bands,

where the first peak represents cellulose la, the second cellulose IB, and a

third, in between, which also confirms that the native celluloses consist of a

mixture of two crystalline phases la and IB. The ratio of cellulose la: cellulose

IB defines the crystallinity of the cellulose, and it is directly related to the

lateral size of microfibrils. These polymorphs are closely related in terms of

10
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molecular conformations but different patterns of hydrogen bonding
(Hinterstoisser and Salmen, 2000; Akerholm et al., 2004; Fernandes et al.,

2011).

1.1.1.2 Cellulose - Il (Regenerated cellulose)

Cellulose I, also known as regenerated cellulose is obtained by crystallisation
of native cellulose and has an antiparallel arrangement of the chains. It can be
prepared by two distinct routes: mercerisation (alkali treatment) and
regeneration (solubilisation and subsequent crystallisation) (Aulin, 2009 and
Siqueira et al., 2010a). Cellulose Il is thermodynamically more stable than
cellulose I, however, recent studies show that cellulose Il is more readily
digested (during process such as enzymatic hydrolysis) than cellulose I. It has
been suggested that the van der Waals interaction between hydrogen-
bonded sheets in cellulose | is stronger than that in cellulose Il and this acts as

the main factor to resist hydrolysis (Wada et al., 2010).

The standard 3C CPMAS solid state NMR spectra of Cellulose | and cellulose I
from various cellulose sources are shown in Figure 1.4. For Cellulose |, the

upfield region from 60-70ppm is assigned to C6 carbon, the more intense

11
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signals from 70-80ppm are assigned to C2, C3 and C5 carbons and the region

from 80-90ppm corresponds to C4 carbon.

Reducing end Glucose

Non-Reducing end

~
>

Chain Polymerisation

Figure 1.2: The molecular structure and the inter- or intra-chain hydrogen
bond present in cellulose I, where black broken-lines: inter-chain hydrogen
bonding and blue lines: intra-chain hydrogen bonding (adapted from

Festucci-Buselli et al. 2007).

cellobrose 062 0m / 0.53 nm
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Figure 1.3: Chain arrangement of Cellulose Il and Cellulose 16 and NMR
spectra of each component (adapted from Baker et al., 1997, Baker et al.,

2000, Atalla and Vanderhart, 1984).
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The downfield signal at 105ppm is assigned to C1 carbon (Mauro et al., 2003,

Mauro et al., 2011). Another variant among the different cellulose spectra is

the proportion of the signal intensity between 86-92ppm and 78-86ppm

assigned respectively to crystalline and surface chains of C4 carbons. The

NMR spectrum of amorphous cellulose displays no signal in the C4 and the C6

resonance region assigned to the core crystalline material. Whereas for

Cellulose 11, the assignment of shifts associated with C4 crystalline sites is in

the form of two convoluted peaks referenced at 89.4ppm and 88.3ppm

believed to be due to two non-equivalent crystallographic positions within the

cellulose II unit cell. The chemical shift of the C4 signals is particularly

sensitive to the conformation of the glycosidic linkage (Ha et al., 1998). It has

been shown that the existence of two crystallographic phases for native

cellulose, i.e., la and IB, induces distinct signals at separate chemical shifts:

105.5ppm and 103.8ppm for the C1 of the la form.

The crystallinity of cellulose changes with the number of process steps the

fibres are subjected which ultimately affects the functionality of celluloses

(Heux et al., 1999, Mittal et al., 2011). During the processing of cellulose pulp

(extraction process, refining, homogenisation, drying, milling and

redispersing/hydration) two types of structural changes might occur in the

13
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crystalline part of cellulose, i.e. conversion of la into I and conversion of

cellulose | to cellulose Il (Newman et al., 2004; Walker and Wilson, 1991).

(A) CelluloseI (B) Cellulose IT

c2,3,5 23

s =
T T T T T T T T T T T T T T
120 115 110 105 100 95 90 85 80 75 70 65 60 55 ppr
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Figure 1.4: Shows the 13CPMAS solid state NMR spectra, (A) original/native
Cellulose I and (B) cellulose Il for various samples. (a) Avicel, (b) a-cellulose,

(c) cotton linters, (d) corn stover, and (e) amorphous cellulose (adapted from

Mittal et al., 2011).
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Figure 1.5: Different polymorphs of cellulose and the main processing steps

(adapted from Lavoine et al., 2012).
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1.1.1.3 Cellulose —=Ill and IV

The cellulose polymorphs lll and IV are the reversible form of cellulose | and Il.

Celluloses Ill; and Ill; can be formed from celluloses | and Il, respectively when

cellulose pulp is treated with liqguid ammonia in a reversible reaction as shown

in Figure 1.5. Besides producing the different allomorphs of cellulose, this

chemical treatment can also alter other physical properties of cellulose, such

as the degree of crystallinity and therefore enhanced cellulase accessibility

and chemical reactivity. The degree of conversion of cellulose | to cellulose Il

depends on the reaction period and the temperature used in the final stage of

the treatment (Wada et al., 2004b). Celluloses IV, and IV can be produced by

heating celluloses lll; and lll;, respectively (Gardiner and Sarko 1985; Aulin

2009) as shown in Figure 1.5. In general, cellulose IV could be prepared by

treatment in glycerol at 260°C after transformed into cellulose Il or lll. Cellulose |

cannot be transformed directly into cellulose IV (Wada, Heux and Sugiya, 2004a).

1.2 Microfibrillar cellulose

Microfibrillar cellulose (MFC) is predominantly produced by subjecting

cellulose fibres to a variety of mechanical processes including high-pressure

homogenisers, refiner etc. (Henriksson et al., 2007). Carrasco (2011) defined

15
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microfibrillar cellulose (MFC) as material composed of nanofibrils, fibrillar

fines, fibre fragments and fibres; however MFC with a high degree of

fibrillation (properly produced) may contain nano-structures with diameters

less than 40nm as a main component.

The classical way for producing MFC is just refining the cellulose pulp to

produce MFC with a low degree of fibrillation. In the past decade, MFC has

been produced by using more aggressive, high-pressure mechanical

treatments such as homogenisation or microfluidisation, which leads to highly

entangled, inherently connected microfibrils, fibril aggregates and

mechanically strong networks. These processes generate high shear which

cleaves the cellulose fibres along longitudinal axes resulting in a suspension

with increased surface area. These long and flexible cellulosic fibrils have

dimensions between 10—100nm diameter and length in the micrometre scale

consisting of both crystalline and amorphous regions (Siqueira et al., 2009)

The two methods to disintegrate cellulosic fibre pulp into microfibrils,

cellulose whiskers and microcrystalline cellulose are shown in Figure 1.6. An

aggressive acid hydrolysis leads to colloidal suspension of aggregated, highly

crystalline, and low aspect ratio of fibril aggregates. Further hydrolysis and

sonication break down the fibril aggregates to cellulose fibrils, i.e., whiskers,
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which form a weak physical network by hydrogen bonds. Whereas when this

method incorporates either a long and intense mechanical treatment or an

additional acid hydrolysis combined with the mechanical treatment it yields a

mixture of predominantly cellulose-I fibrils (about 5nm thickness) and fibril

aggregates (about 10-25 nm thickness) which have a significantly higher

aspect ratio compared to the whiskers or MCC (microcrystalline cellulose).

Microfibrillar cellulose or nano-fibrillar cellulose can also be produced by the

pre-treatment of native cellulose with TEMPO (2,2,6,6-tetramethylpiperidine-

1-oxyl radical)-mediated oxidation and successive mild disintegration in the

water as shown in Figure 1.6 (Isogai et al., 2011).

Mechanically, MFC is obtained by disintegrating the cellulose fibres at high

shear/pressure, resulting in a high entangled network of micro/nano-scale

size elements with a gel-like behaviour for water dispersions at 1% or lower

concentrations. The most common mechanical method is where cellulose

pulp is passed repeatedly through a high-pressure homogeniser or a

microfluidiser to increase the degree of fibrillation (inevitably, the energy

consumption increases with the number of passes) (Frone et al., 2011,

Lavoine et al., 2012).
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Figure 1.6: Flow diagram of different methods to disintegrate cellulose pulp into microfibrillar celluloses (adapted from

Lavoine et al., 2012, Saito et al., 2006).
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1.2.1 Factors affecting the production of MFC

There are various factors that affect the production and dimensions of MFCs,
which include the source of cellulose, the extraction process of the cellulose
pulp, the technology used for fibrillation of the fibres, the drying, milling and

finally rehydration processes.

1.2.1.1 Source and extraction procedure of cellulose

A wide range of starting materials have been studied and used for the
production of MFC. Apart from softwood and hardwood, a wide variety of
bacteria, photosynthetic algae and fungi are used to biosynthesize cellulose.
In terms of plant material, both softwood and hardwood are processed to
produce cellulose pulp in different dimensions and specification for various
applications (Table 1.1). The source of cellulose plays a significant role in

terms of processing and further applications.

The first stage of MFC production is the extraction of the pure cellulose i.e.
the bleaching process. During this stage hemicelluloses and lignin are
removed from the starting material, resulting in a pure cellulose pulp.
Depending on the type of starting material the bleaching process differs

(either enzymatic or non-enzymatic process is selected, also shown in Table
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1.1). The fibre diameter of chemically exposed pulp (bleached pulp) decreases

more after refining followed by homogenisation as compared to a unbleached

pulp. There is a significant difference between the bleached and unbleached

celluloses in terms of the functionality (Spence et al., 2010a; Spence et al.,

2011). The presence of hemicellulose and lignin influence the refining and

homogenisation steps and their further applications (Silva et al., 2000,

Henriksson et al., 2007, Bhattacharya et al., 2008, Zuluaga et al., 2007).

The excessive bleaching treatment reduces cellulose crystallinity and the

degree of polymerisation, leading to the degradation of mechanical

properties of isolated microfibers of cellulose (lwamoto et al., 2007; Abe and

Yano, 2009). Hence, there are various parameters to be considered during the

bleaching process and each parameter is critical for producing microfibrillar

cellulose with appropriate properties.

The number of passes through the homogeniser or length of processing

depends on the target degree of fibrillation. It was reported that the WRV

(water retention value) of MFC was increased with the number of

homogenisation rounds (Zhang et al., 2012), which ultimately affects the

suspension properties.
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Table 1.1: Different types of plant raw materials studied in recent years, along with the procedures used for MFC extraction

and dimensions (Samir et al. 2005; Andresen et al. 2006; Hubbe et al. 2008; Zimmermann et al., 2010).

high pressure homogeniser 2-30
times

several um in length

Source |Procedure |Equipment |Nanofibre dimensions |References
Mechanical process
Passing 2-30 times through a
refiner with a gap of 0.1mm, ) 50-100nm in width and
Kraft pulp subsequently passing through a 15MR 2-stage homogeniser lwamoto et al. (2007), Spence

et al. (2010), Nakagaito and
Yano (2004)

Cryocrushing followed by 20
passes through a defibrillator at
500-1000 bar

Soybean stock

beating and refining in a PFI mill;
20 passes through a defibrillator at
500-1000 bar

50-100nm in width and
several um in length

Wang and Sain (2007)

Wheat straw

Cryocrushing followed by
fibrillation at 2000 rpm;
homogenisation by 20 passes at
pressure above 300 bar.

Cramer disintegrator

20-120 nm in width, the
majority around 30-40nm

Ruigang et al. (2005)

Dried sugar beet pulp
chips

Disintegration by high shear
(24,000 rpm) and pressure

Ultra-Turrax and Microfluidics
homogeniser

30-100 nm and a length of
several um

lowys et al. (2001)

cutting mill with a 500um stainless

Maize bran ND Microfluidics ND Mouro et al. (2003)
The banana fibres were ground to
Banana plant fibre approximately 500 um size using a |SM1 RetschGmbH cutting mill  [ND

Elanthikkal et al. (2010)

Chemical process (after bleaching and extraction of cellulose)

Bleached Kraft pulp

TEMPO-mediated oxidation,
followed by disintegration

Waring blender

Few nm in width

Saito et al. (2006),

Sugar beet pulp

Disintegration in a Waring blender
followed by 15 passes through a
homogeniser at 500 bars and 90-
75°C; TEMPO mediated oxidation

Microfluidics

ND

Habibi and Vignon (2008)

Enzymatic pre-treatment

Bleached Kraft pulp

Enzymatic pre-treatment by fungus
0OS1 (isolated from infected EIm
trees), followed by high shear
refining

High shear refiner, cryocrushing

10-250 nm in width, majority
is around 25-75 nm

Janardhnan and Sain (2006)

Bleached sulfite
softwood cellulose pulp

Refinning to increase the
accessibility of the cell wall for
enzymatic treatment, followed by
refining and high pressure
homogenising

Microfluidics

5-30 nm in diameter

P&aakko et al. (2007)

Softwood sulfite pulp;
softwood dissolving pulp

Beating in a PHI-mill, enzyamtic
treatment with endoglucanase
(Novozyme 476) followed by high
pressure homogenisation

Microfluidics

5-30 nm in diameter

Henriksson and Berglund
(2007)
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It was also reported with lemon fibres that the complex viscosity, loss and

storage modulus increases with a decrease in particle size of fibres (Cordoba et

al., 2010). Currently, a number of technologies are present in the market which

serves as a fibrillator for cellulose pulps. Depending on the pressure, flow rate,

temperature, and the design and diameter of chambers used in high-pressure

homogeniser or microfluidiser different degrees of fibrillation can be achieved

(Lavoine et al., 2012).

In general principle, the high-pressure homogeniser works by forcing cellulose

suspensions through a very narrow channel or orifice under pressure.

Subsequently, depending on the type of high-pressure homogenizer, the

suspension may or may not impinge (strike) at high velocity on a hard-impact

ring or against another high-velocity stream of suspension coming from the

opposite direction. Disruption of the cellulosic fibre occurs by a combination of

the large pressure drop, highly focused turbulent eddies, and strong shearing

forces. The rate of fibre disruption is proportional to approximately the third

power of the turbulent velocity of the product flowing through the

homogenizer channel, which in turn is directly proportional to the applied

pressure. Thus, the higher the pressure, higher the efficiency of disruption per

pass through the machine. The operating parameters which affect the
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efficiency of high-pressure homogenizers are pressure, temperature, the

number of passes, valve design and flow rate (Ankerfors, 2012).

Common examples of mechanical treatments used to produce MFC are as

follows (Figure 1.7):

Gaulin homogeniser: It was the first mechanical treatment used to prepare MFC

(Herrick and Wash 1984; Turbak et al., 1985). This homogeniser works at a

pressure of 8000psi, where the cellulose pulp is passed through a small

diameter orifice (nozzles); the high shearing action is followed by a high velocity

decelerating impact. High velocity, pressure impact and shear forces on

cellulose pulp generate shear rates in the stream resulting in a decrease in the

fibrils size, to micro or nano scale depending on the number of passes (Frone et

al., 2011). High pressure or shear homogeniser results in high degree of

fibrillation as compared to classical refiner or grinder. However, the big

problem with using a homogeniser is the problem of clogging because of the

small orifice size, this can be overcome by pre-treatment (mechanical) of

cellulose pulp such as milling (Jonoobi et al., 2010) or commonly used refining

machines (Nakagaito et al., 2004, Stelte et al., 2009, Karande et al., 2011).

Microfluidiser (Microfluidiser M110): This is a homogeniser where the pulp is

forced through thin z-shaped chamber (with channel dimensions that are
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usually 200—-400 pm) under pressure as high as 2070 bars (Saarinen et al., 2009;

Siqueira et al., 2010b) resulting in more uniform micro/nano-sized fibrils that

have thinner dimensions or high degree of fibrillation as compared to refiner

and grinder. The morphology of MFC produced from a microfluidiser is more

homogenous as compared to a classical refiner, and the aspect ratio of cellulose

fibre bundles increased with the number of passes (Lee et al., 2009, Ferrer et

al., 2012).

Grinder (Masuko grinder): This uses the grinding mechanism where the

cellulose pulp is passed between a static grindstone and a rotating grindstone,

revolving at about 1500 rpm (lwamoto et al., 2007).

Cryocrushing: This is another method for mechanical fibrillation of cellulose

pulp, in which process water swelled cellulosic pulp is immersed in liquid

nitrogen followed by crushing the system with a mortar and pestle or a grinder.

When the high impact forces are applied to frozen cellulosic fibres, fibres

rupture releasing microfibrils (Frone et al., 2011, Siré et al., 2010).

All of the above mentioned mechanical treatments (including temperature)

involves high consumption of energy, cost with relatively low both yield and

degree of fibrillation. These technologies, individually, are limited to small scale
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or laboratory scale production of MFC, hence, in general, a combination of two

technologies are used to produce MFC (yet limited to small-scale production).

Homogeniser | l Microfluidiser | l Grinder

')}1
v

Figure 1.7: Different technologies to produce Microfibrillar cellulose (adapted

from Lavoine et al. 2012).

1.2.1.2 Impact of drying

Due to various economic reasons such as easy transport and flexibility to blend
with other ingredients, drying microfibrillar cellulose becomes important.
Ideally, this is without losing rheological and other physical properties thus
drying becomes a crucial processing stage. Homogenisation modifies the
structure of the starting materials by creating a microfibrillar cellulose
suspension and drying the MFC is known to modify the fibrillated state by
causing hydrogen bonding between amorphous parts of the microfibrillar
cellulose leading to the formation of some bundles and agglomerates (Quiévy
et al.,, 2010, Kontturi et al., 2009, Kato et al., 1999, Iwamoto et al., 2008, and

Young, 1994, Eyholzer, 2010).
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The aggregation or agglomeration occurs to varying extents depending on the

drying process. For instance, oven drying slowly evaporates water while

atomization eliminates water by fast evaporation. Oven drying is a well-

established process in the paper and pulp industry, generating hundreds of

microns to millimetre particle sizes after drying. Freeze drying eliminates the

water by sublimation after the sample has been frozen, in this case, the

freezing temperature (-20°C or -80°C) plays a crucial role in the formation of

agglomerates. Whereas a supercritical drying method consists of dehydration

of MFC suspensions by replacing the non-aqueous media with CO;, with a later,

subsequent removal of CO; (Peng et al., 2012a); this method keeps the nano or

micro size intact, but the high processing and solvent costs, the complicated

method for solvent replacement and the impractical scale up makes this

technique not so suitable for industrial applications.

In spray drying, the suspension is concentrated to an appropriate viscosity,

pumped and dehydrated by hot gas (Peng, Ha and Gardner 2012b). The main

advantage of this technique is the low cost and controllable size of the dry

material, where this could be a big disadvantage as this technique does not

protect from agglomeration. It was observed that gentle drying methods, in

general, result in MFC with higher water binding capacities (Ulbrich et al.,
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2014). It was also observed from thermogravimetric analysis (TGA) that the

dried MFC samples do not behave or degrade like the original cellulose i.e., the

thermal stability of the dried MFC decreases after drying with the char level at

the end of the pyrolysis was higher than original cellulose fibre (Quiévy et al.,

2010).

To protect the microfibrillar cellulose from collapse or agglomeration, a number

of hydrocolloids (e.g. low and high methoxyl pectin, CMC and sodium

polyacrylate) and salts (e.g. NaCl) (Lowys et al., 2001; Tandjawa et al., 20123,

Tandjawa et al., 2012b; Missoum et al., 2012) are used. Lowys (2001) reported

an interaction between MFC and polymeric additives, where the additives are

homogeneously distributed, forming weak bonds with MFC fibres, improving

the redispersibility of MFC in water. It was reported with bacterial cellulose that

addition of CMC leads to more homogeneous microstructures and a significant

increase in the (-potential of the microfibrillar cellulose, preventing re-

aggregation (Veen et al., 2014). This interaction between the additive and MFC

tends to stabilise the fibrils from collapsing or agglomeration during the drying

process.

Rehydration of these dry materials is the final step of creating a functional

ingredient, however redispersing MFC aggregates or agglomerates is very
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difficult after the drying process even in the presence of additives. A variety of
techniques or equipment have been employed to redisperse the MFC, where
the most commonly used equipment produce a high shear for a short time
(such as a high shear overhead mixer), low shear equipment for longer time
(such as a low shear overhead stirrer) or ultrasonic dispersion device, where
the ultrasonic cavitation generates high shear that breaks particle aggregates
into smaller dispersed particles. Depending on the type of redispersing
technique used the suspension will show differences in rheological properties.
For instance, the vyield stress of a MFC water suspension was greater with

ultrasonic dispersion as compared to mechanical stirring (Lowys et al., 2001).

1.2.2 Suspension properties of MFC

Microfibrillar cellulose dispersed in water shows a number of unique physical
and mechanical properties. Rheological properties are some of the key
characteristics which influence a wide range of commercial applications such as
in food, cosmetics, pharmaceuticals, paints and composites as a coating
application or a thickening agent. Depending upon the starting material and
process the system is subjected to the rheological properties vary. In general,
the rheological properties of agueous MFC suspensions isolated from softwood,

sugar beet pulp, corn cobs and cotton show gel-like behaviour where the
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storage modulus (G’) is higher than the loss modulus (G”) over a wide

concentration range. It was also reported that the storage and loss modulus (G’

and G”) show little frequency dependence at all concentrations (lowest till

0.01% w/w) (Paakko et al., 2007, Tanjawa et al., 2010, Cordabo et al., 2010,

Tatsumi et al., 2002, Tatsumi et al., 2007). The higher elastic modulus might be

due to long fibrils and fibrils-aggregates and entangled microfibrils, forming

strong network structures. These aqueous suspensions of MFC (source: fully

bleached sulphate pulp mainly based on juvenile Picea abies) also exhibit shear

thinning. There are several factors that affect the rheological properties of MFC

suspension, e.g., the degree of fibrillation (the unpacking of the cellulose

fibrils), the process of cellulose production (enzymatic and non-enzymatic), the

source of cellulose, temperature, pH and presence of salts.

Table 1.2: Comparison of rheological parameters of aqueous MFC suspensions
from different starter material (adapted from Shogren et al., 2011); where
HPH denotes high-pressure homogeniser; G’ and G” measured at 1 rad/s; n

measured at 0.01s™.

Source Processing Concentration (%) | G' (Pa) G" (Pa) n (Pa.s)
Corn cobs Blender 0.5 0.7 0.3 -
Corn cobs HPH, 2 passes 0.5 300 30 150
Softwood HPH, 8 passes 0.5 20 3 10

Sugar beet pulp|HPH, 10 passes 0.5 30 3 8
Softwood HPH, 10 passes 1 150 30 30(0.1s-1)
Corn bran Colloid mill 3 250-700 - -
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A significant difference in viscosity, storage and loss modulus was observed

with different starting materials (Shogren et al,, 2011), shown in Table 1.2.

Rheological behaviour of MFC suspensions also shows little dependency on

increasing and decreasing temperature, depending on the source of the MFC.

For example, lemon fibre MFC has been reported to show no significant effect

of temperature up to 20°C-40°C, but between 50°C to 80°C an increase in the

suspension viscosity has been observed (Cordoba et al., 2010). This indicates

that at higher temperature strong networks are formed between fibre and fibre

aggregates, and this appears to be dependent on the source of cellulose/MFC.

For instance, lemon fibre contains both soluble and insoluble components of

the plant cell wall hence with an increase in temperature; there are possibilities

of thermally induced interactions between the components which influence the

viscosity of the system. In this case, the MFC suspension has been reported to

show a total recovery of the properties on cooling from 80°C to 20°C, indicating

the entire suspension is thermo-reversible. Similar trends were observed with

freeze dried and never dried MFC produced from sugar beet pulp (Tandjawa et

al., 2010, Paakko et al., 2007).

Aqueous suspensions of MFC (with hemicellulose) at higher pH showed a

decrease in viscosity as at higher pH, the amount of charge increases leading to
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higher electrostatic repulsion resulting in lower interaction. Whereas, at lower

pH, the hydrogen ions neutralise the charge of hemicellulose associated with

MFC which reduced the electrostatic repulsion resulting in increased

interaction between fibres and thus an increase in viscosity (Paakko et al.,

2007). However, there is no significant effect of pH (4.5 to 9) on the MFC fibrils

and fibre aggregates in the absence of hemicellulose (Tandjawa et al., 2010).

This indicates that the purity of MFC reflects the stability at different pH; pure

MFC water suspensions do not exhibit a significant effect of pH, whereas

various individual trends can be observed in the presence of hemicellulose and

lignin. Just like the pH behaviour, as the salt concentration (NaCl or CaCly) is

increased in MFC suspensions an increase in storage modulus was reported

(Lowys et al., 2001). This behaviour can be explained by the introduction of

electrostatic repulsion by salts between the MFC fibrils allowing the microfibrils

to come into slightly closer contact and increasing the inter-fibrillar friction

(Saarikoski et al., 2012). However, as the concentration of salts increases the G’

and G” of suspensions increases. Ono (2004) explained this behaviour as

resulting from aggregation of the microfibrils. The aggregation of microfibrils

leads to inhomogeneous suspension microstructure, and in the narrow gap of a

rheometer may bridge the gap resulting in elevated moduli levels.

31



Chapter 1

1.3 Carboxymethyicellulose

Carboxymethyl cellulose (CMC) (also known as cellulose gum or carboxymethyl
ether) is a cellulose derivative with carboxymethyl groups (-CH2-COOH) bound
to the hydroxyl groups of the glucopyranose monomers of the cellulose
backbone (Figure 1.8). Water-soluble CMC is a white granular substance
available at various levels of viscosity (10-50,000 mPa.s in 2% solution) and is
equally soluble in hot and cold water. The single most important property of
CMC is viscosity building and highly shear-thinning behaviour (Ghannam et al.,
1997). The properties of CMC along with its versatility as a thickener, film
former, protective colloid, and water-retaining agent have made CMC the most
produced and widely used industrial cellulose ether. High-purity grades are
employed as food additives; these are added as a thickener or as an emulsion
stabiliser to some products such as frozen dairy, dry drink mixes, icing, syrups,

and baked goods.

CH,OCH,COOH
H 0
oHH H Y
HO H
H OH CH,OCH,COOH "

Figure 1.8: Structure of CMC with DS of 1.0 (Celluloseethers, 2013).
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Carboxymethyl cellulose is produced by reacting alkali cellulose with sodium

monochloroacetate under rigidly controlled conditions. Generally, CMC is

produced in a slurry process, i.e. cellulose is suspended in a mixture of

isopropanol/water, treated with aqueous NaOH solution and then converted

with monochloroacetic acid or its sodium salt (Feddersen et al., 1993).

The following two reactions represent the manufacture stages of the Na-CMC:

Step One: R-OH + NaOH - R-ONa + H;0

Step Two: R-ONa + CI-CH-COONa - R-O-CH,-COONa

The average number of hydroxyl groups substituted per anhydroglucose unit is

known as the degree of substitution or DS. Heinze (1999) reported that the

change of concentrations or prolongation of reaction time significantly

influences the overall DS. In a single processing step, the reaction of the

cellulose with sodium monochloroacetate yields CMC with DS values as high as

DS 2.2.

Technically, the optimum water solubility and other desirable physical

properties of CMC are obtained at a much lower degree of substitution than 3

(Heinze et al., 2001). The solution characteristics of CMC also depend on the

average chain length which also determines the molecular weight of the

polymer. As the molecular weight increases the viscosity of a CMC solution
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increases rapidly. At the end of the reaction during CMC production, the

reaction mixture is neutralised by controlling the pH of the mixture. The degree

of neutralisation of carboxymethyl groups also impacts on solubility and further

the viscosity of the solution. For instance, typically the neutral point of CMC is

pH 8.25, the pH is generally adjusted around 7-7.5. If the CMC is neutralised to

pH 6.0 or less, the dried CMC product will not have good solubility, and the

solutions are hazy and will contain insoluble particles (Heinze et al., 2001).

An aqueous solution of carboxymethyl cellulose (CMC) is known to build up

viscosity with increasing concentrations. This increase in viscosity is due to the

increase in the intermolecular interactions and polymeric space occupancy

(hydrodynamic volume) of the CMC molecules (Benchabane et al., 2008). CMC

solutions show no evidence of a yield stress (Dolz et al., 2007, Edali et al.,

2001). Rheological properties of CMC are highly affected by concentration,

temperature and shear rate, for instance, it was reported that the apparent

viscosity of CMC solution decreases with increasing temperature (Togrul et al.,

2003).

In addition to food applications, due to solubility and shear thinning behaviour

CMC is a well-known additive to use in drilling fluids. CMCs are used to stabilise

a clay suspension by increasing the viscosity and controls the mud losses,
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finally, it maintains adequate flow properties at in-situ conditions. In cosmetic

and pharmaceutical applications, CMC is used as a binding, thickening and

stabilising agent in various commercial products such as creams (also acts as

film forming agent to give moisturising effects), lotions, and toothpaste etc. In

the textile industry, CMC is used as a coating agent, in resin emulsions/latex

paints, adhesives and paint inks, and in coating colours for the pulp and paper

industry (product specification of CMC by Aqualon®, Benchabane and Bekkour,

2008).

1.4 Galactomannan

The mannans, also referred to as gums, are generally found in numerous seeds.

They are located mostly in the seed’s cell wall or in the endosperm and

regarded as cell wall components. The mannans represent an important group

of neutral and water soluble polysaccharides structured as repeating mannose

units linked B(1->4). The two naturally occurring variants of mannans, with

galactose side chains, are known as galactomannans. Galactomannans such as

Locust bean gum (LBG) and guar gum are commonly used in a wide range of

food applications as a stabiliser, thickening agent etc. Different legume seeds

have galactomannans with various mannose: galactose (M:G) ratio, molecular

weight, and the distribution of galactose along the mannan backbone. For
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example locust bean gum (LBG) has 4:1 (M:G) ratio, guar gum has 2:1 ratio etc.

Galactomannans are also produced by microorganisms or bacteria, however,

their complex chemical structure compared to plant seed galactomannans

makes them difficult to use in industrial applications (Mathur et al., 2011).

1.4.1 Locust bean gum

Locust bean gum (LBG) or carob gum is extracted from endosperms of the

leguminous Mediterranean tree carob (Ceratonia silique). Typically, locust bean

gum is produced from fruit pods harvested, cleaned and broken from carob

seeds, followed by rolling, splitting (chemically by hot concentrated sulphuric

acid or physically by roasting at 450°C and removing the hulls mechanically) and

separation of the endosperms by differential grinding. The endosperm is then

milled, blended and graded with respect to the viscosity of the gum and particle

sizes (Maier et al., 1993; Fox 1992). Locust bean gum is partially soluble in

water and can be fractionated on the basis of water solubility. Hui and Neukom

(1964) reported that 30% of LBG was soluble in cold water, with an increase in

temperature there is an increase in dissolution. The molecular structure of

locust bean gum is composed of linear B-(1->4)-D-linked D-mannan chains with

variable amounts of single D-galactose substituents attached to the main chain

by a (1->6) linked (Herald, 1982) as shown in Figure 1.9. It has semi-
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flexible/random coil conformation, higher galactose substitution increases the

stiffness (that is, decreases the flexibility) (Petkowicz et al., 1998).

D-Galactose
aH

CHzOH
Q‘f/o

HD !
OH

o
|
HO . 0 HO
[s] N\Gm \ o / / Dmﬂ"
ONLETT o HO ~L Ty HO
CH2OH oy CH2OH o O-Mannan chain

Figure 1.9: Structure of locust bean gum (Cybercolloids, 2012).

Locust bean gum (LBG) solutions are pseudo-plastic. The viscosity of LBG
solutions is not influenced by salts and it is stable at a wide range of pH
(Hoefler, 2004, Maier et al., 1993). LBG is known to gel in the presence of a
cross-linker such as borax, or forms gels synergistically in the presence of a
second polysaccharide like k- carrageenan, - carrageenan, agarose or xanthan.
It was reported that G-free stretches of polymannan interact with helical
regions of carrageenan, agarose and xanthan and terminated when a
galactosyl-M reside is encountered, followed by the next polymannan sequence
on the LBG chain to interact with different molecule present in the mixture

(Figure 1.10).

The ratio between LBG and the other polysaccharide gives the opportunity to

formulate a gel with controlled strength. Generally, these gels are prepared by
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heating to 85°C to ensure solubilisation of the locust bean gum before leaving
the mixture to set upon cooling. The gel set-temperature plays an important
role in terms of its final functionality, for instance, when a xanthan and
galactomannan mixture is heated to 70°C, the resulting storage moduli depend
on the galactose content of the galactomannan, and resultant storage moduli
are significantly higher than for an unheated system (Mannion et al., 1992,

Lundin et al., 1994).

LBG also has a tendency to self-associate when M:G is high, promoted by
freezing and thawing. At the correct concentration, this can result in gel
formation (Richardson et al., 1998; Goff et al., 1999), which is utilised in the ice-
cream industry for texture control. This is believed to be due to the
mannan:mannan interactions of different chains and has been shown by
Whitney (1998), to infer binding of LBG to cellulose.

Galactose
sidechains

Helical Mannon

=
polysaccharide backbone

Figure 1.10: Model proposed for the interaction between helix forming

polysaccharides and galactomannan (adapted from Morris et al., 1995).
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1.5 Cellulose/hydrocolloids mixtures

The effect of powdered cellulose on the viscosity of hydrocolloids solutions was
first reported by Ang (1991) and Ang and Miller (1991). The addition of
cellulose was able to increase the viscosity of guar, carboxymethylcellulose
(CMC) and xanthan solutions of between 0.1 and 0.3wt%. There have been
several studies reported the cell wall dispersions from a variety of sources such
as tomato, apple and carrot are used to modify the viscosity of the hydrocolloid
solutions for a specific application (Kunzek et al., 2002). Similarly, the addition
of hydrocolloids or polysaccharides exhibits a quite significant effect on the
rheological properties of MFC or cellulose. For instance, the addition of CMC in
MFC suspensions leads to higher viscosity than the sum of the viscosity of
individual components in the suspension (these suspensions were not dried)
(Vesterinen et al., 2010, Lowys et al., 2001). Vesterinen (2010) showed that
cationic starch (CS) strengthens MFC suspensions, maintains the gel-like
behaviour and shear thinning behaviour. But there is as yet no complete
consensus as to what the binding mechanisms are between the cellulose/MFC

and polymeric additives.

It was reported that the mixing of natural fibres with polysaccharides such as

modified starch and/or cellulose derivatives improve their mechanical
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properties (Curvelo et al., 2001). These blends shows an increase in the tensile

strength and the Young’s modulus when the fibre content increases (Shaeb and

Jog, 1999, Alvarez et al., 2004). It was also reported that the addition of some

hydrocolloids, such as xanthan and LBG, during co-processing (e.g. ball milling)

protects the crystallinity of cellulose (Abbaszadeh et al., 2014). The interaction

between cellulose and other hydrocolloids has interested many researchers as

it opens doors for a wide range of applications and also stabilises the MFC

microfibrils from collapsing during drying (as mentioned earlier in Section 1.2).

Both hemicelluloses and pectin are naturally present in plant cell wall and likely

to bind to cellulose but there is as yet no complete consensus as to what are

the binding mechanisms. Depending on the hydrocolloid’s molecular structure

the interactions with cellulose varies. For instance, Newman (1998) reported

that the interactions between the crystallite surface cellulose and adhering LBG

result in blurring the distinction between two non-equivalent crystallographic

sites. This indicates that the galactosyl residues of LBG are able to rotate

around the bonds and link them to the mannan backbone, even when the

backbone is bound to the cellulose crystallite surface. Unsubstituted mannan

segments can bind to cellulose by undergoing a conformational transition to an

extended 2-fold form (Whitney et al., 1998, Newman et al., 1998). It appears
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that the interaction between microfibrillar cellulose and hydrocolloids (CMC

and LBG) are still not well understood. There is a need for some systematic and

fundamental work to understand the interaction between MFC and

hydrocolloids and their impact on the degree of fibrillation and suspension

properties when co-processed.

1.6 Brief introduction to the thesis

Different hydrocolloids are widely used in the food and personal care industry

serving many different functions such as gelling, thickening, stabilising and

coating agents (Foster, 2010). With growing environmental and health concerns

as well as food shortages, there is increasing demand in cellulosic research and

its sustainable applications. Cellulose is a major component of the plant cell

wall, and the most abundant natural polymer on earth, but due to its poor

solubility it has been limited to certain industries. Traditional methods of

utilising cellulose involve harsh chemical treatments. In recent years, to

produce materials with least environmental footprint (concerns) different

mechanical treatments such as homogenisation and ball milling have been used

to modify the native cellulose to the fibrillated form, unpacking cellulose fibrils

to smaller units such as microfibrillar cellulose with unique functional

properties.
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The early studies highlighted a number of challenges using this mechanically

modified native cellulose in different applications as mentioned in section 1.2.1.

The pure cellulosic fibres from softwood as an ingredient, which does not

inherit any polymeric component (unlike citrus fibres), e.g., microcrystalline

cellulose (MCC) and microfibrillar cellulose, requires the addition of

polysaccharides (depending on their thermodynamic compatibility) in order to

achieve final functionality. Possible synergistic/functional interactions between

the polymers and the cellulose microfibrils result in a complex system, and

when stabilised may produce a stable and better functioning ingredient for

food applications (Foster, 2010, Norton et al., 2011).

Aggregation of microfibrils upon drying is a major challenge with microfibrillar

cellulose application in food and personal care industry. In recent years, it has

been tackled by the addition of polymeric additives and salts (Missoum et al.,

2012, Lowys et al., 2001) to protect the microfibrils from aggregation during the

drying process, resulting in better recovery of rheological or other functional

properties. The interaction between the additive and MFC prevents the

microfibrils from collapsing or agglomeration during the drying process.

However, there is not enough evidence supporting how these polymeric

42



Chapter 1

additives are interacting with and stabilising the microfibrils, and importantly

what happens when MFC and additives are co-processed?

Carboxymethylcellulose (CMC) is one of the most studied hydrocolloids to

stabilise microfibrillar cellulose during the drying stage (Vesterinen et al., 2010,

Lowys et al., 2001). However, it is still hard to recover the maximum viscosity of

the suspension after dispersing the dried MFC with CMC material, especially at

low shear treatments, when compared with mixtures of never dried MFC with

CMC suspensions. Besides carboxymethyl cellulose as an additive, it has

previously been reported that some galactomannans and glucomannans, such

as LBG and Konjac glucomannan show positive interactions with cellulose

(Whitney et al., 1998, Newman and Hemmingson 1998). Hence, during this

research, LBG was used as an alternative additive to protect an aggregation of

microfibrils after drying and its impact on the recovery of suspension properties

(such as rheological properties, redispersibility etc.) was studied.

Therefore, the ultimate objective of this research was to explore the impact of

different technologies used to produce MFC on the structure and functional

properties of the suspension. In addition, an effort was invested to understand

the interaction between MFC and carboxymethyl cellulose in water as well as

the impact of drying on the functional properties of the suspension. This in-
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depth understanding of the interaction between MFC/CMC was then

transferred to a study of an interaction between MFC/LBG and triple blends

(MFC/CMC:LBG). In the course of this research, the impact of drying and co-

processing was considered to be another important aspect.

1.7 Objectives

To achieve the research aims as mentioned in Section 1.6, several specific

objectives were undertaken and these included:

e Characterisation of physical properties (such as rheological properties,

crystallinity and spin-spin relaxation times) and particulate structure

through light microscopy of MFC in aqueous suspension. This includes:

o Comparison between different qualities of MFCs produced by different

technologies.

o The impact of a number of passes through the homogeniser.

o The impact of drying and rehydration of MFC.

e Investigate and characterisation of the interaction of MFC with

carboxymethyl cellulose (CMC), locust bean gum (LBG) and a blend of

CMC/LBG, to develop the most efficient system for a dry MFC, to prevent

irreversible aggregation during drying when added post homogenisation.
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e Investigate the structural effects and interactions between MFC/CMC,

MFC/LBG and blend of CMC/LBG with MFC when co-processed with

cellulose fibres.

® Explore the role of MFC as dietary fibre for food applications and its role in

taste perception.

1.8 Thesis structure

This thesis is divided into multiple chapters, each chapter dedicated to a

specific aim, however, all results in the results chapters are correlated with

each other within the chapters and, later compared in the conclusions chapter.

Chapter 2 provides a general materials and methods chapter which itself

includes a specific introduction and rationale behind the use of the techniques

for a multidimensional characterisation used throughout this thesis.

The results of the study are presented in four separate results chapters. Each

results chapter contains a specific introduction and brief description of the

methodology used to justify the work presented. The first results chapter

(Chapter 3) is aimed to characterise the suspension properties (such as

rheological and phase behaviour) of MFC, also includes, the impact of

processing and method used to produce MFC on particulate structure (through

light microscopy), crystallinity and rheological properties of the suspension.
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This enabled a rationalisation to the reasons behind the work presented in

Chapters 4 and 5.

Chapter 4 and Chapter 5 are designed to gain a better understanding of the

impact of polymeric additives to protect aggregation/ collapse of MFC fibres

during the drying stage. Chapter 4 focus on an examination of the interaction of

MFC with carboxymethyl cellulose (CMC), locust bean gum (LBG) and blend of

CMC/LBG, when added post homogenisation. Chapter 5 explores the structural

impact and interactions between MFC/CMC, MFC/LBG and blend of CMC/LBG

when co-processed during the MFC production.

The last results chapter (Chapter 6) compares the suspension properties of

MFC/CMC with commercial cellulosic dietary fibres such as citrus fibres,

currently used in the food industry. Chapter 6 also includes the salt-reduction

properties of MFC/CMC suspensions in a food model system in comparison

with the commercial cellulosic dietary fibres. Finally, the general discussion,

conclusions and suggestions for the future work are presented in chapter 7.
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2.1. Introduction

This chapter covers the materials and methods used to prepare the individual

samples during this investigation; however the specific sample preparations

are reported in the individual results chapters. A brief description of the basic

principles of the techniques used to analyse the samples is presented in the

methods section. The experimental conditions specific to individual chapters

are reported in the methods section of each results chapter.

2.2. Materials

The different varieties of MFCs produced by different technologies and

cellulose fibres (source: softwood spruce) at different dry content provided by

Borregaard AS (Norway) are shown in Table 2.1. Refined MFC (RMFC/CMC)

named as CTE(Flakes) and CTE(Powder) were provided by Borregaard AS, the

type of CMC used in this formulation is confidential.

Low molecular weight carboxymethyl cellulose (CMC) named CP Kelco A

(DP:10) was provided by C.P. Kelco (Finland) and high molecular weight

carboxymethyl cellulose named Dow Wolff 60000 (DP:200) was provided by

Dow Wolff (Germany). The degree of substitution (DS) of both CMCs is 0.7.

Locust bean gum (Grindsted LBG®246) was provided by Danisco Ltd.
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(Denmark). For a comparative study different food grade, the cellulosic fibres

Herbacel AQ+ (HBAQ+) and CitriFi 100 (CF100) were supplied by CyberColloids

Ltd (Ireland).

Table 2.1: List and codes of a different variety of MFC, including dry weight
(DC) and technology used to produce MFC. No. of Passes means samples

were passes through different technology and collected after every pass for

analysis purpose.
Technology No. of Passes DC(%) Code
Borregaard Fibrillation Technology 1to 7 Pass 2.00 dMFC
Borregaard Fibrillation Technology
+ concentrated 2 Pass 8.97 BMFC
Microfluidics 1to 3 Pass 2.00 mMFC

2.3. Sample preparation

This section gives details of the sample preparation and equipment used for

preparing samples as standard protocol followed throughout this thesis.

2.3.1. Microfibrillar cellulose (MFC)

Never dried 2% or 8.97% microfibrillar cellulose (dMFC or BMFC) was diluted
to target concentration by using distilled water and samples were treated
with a high shear overhead mixer (source: IKA® Ultraturrax) at 15,000-18,000
rpm for 4 mins. All the diluted samples were stored at room temperature on a

roller bed overnight before analysis.
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Both MFCs (dMFC and BMFC) were also analysed in the dry state. In general, a
thin layer (approx. 2 mm thick) of wet MFC was deposited on aluminium foil
plates and dried by a using the conventional oven (Gallenkamp hotbox oven,
size 2) at 50°C for 12 hours. After drying, samples were kept in a silica
desiccator (60 mins) for cooling before grinding (De’Longhi KG49 Coffee
Grinder, UK) and storing. All dry MFC samples were redispersed in distilled
water using the same process as for never-dried MFC. All of the samples were
stored on the roller bed overnight before analysis. The dry weight (DC) was

noted and corrected post-sample preparation.

2.3.2. Carboxymethyl cellulose (CMC)

Carboxymethyl cellulose (CMC) powder (CPKA and DWG60) at required
concentration (2% w/w) was dissolved in distilled water by adding the powder
sample carefully maintaining the agitation of the solution using an overhead
stirrer (IKA Eurostar 20 Digital Overhead Stirrer). The solution was stirred for
60 mins and allowed to sit at room temperature overnight before further

formulation steps and analysis.

A mixture of two CMCs i.e. blend of low molecular weight CPKA and high

molecular weight DW60 was formulated during this study, the blend was
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named as CMC(mix). The two CMCs were dispersed in distilled water at 75:25
and 50:50 (CPKA:DW60) ratio resulting in an overall solution concentration of
2% w/w (IKA Eurostar 20 Digital Overhead Stirrer) at 20°C for 2 hrs. The pH of
the solution was adjusted to 6.8 with NaOH (Sigma-Aldrich) and then left
overnight at 4°C before mixing with MFC. The pH was cross-checked and
maintained at 6.8, solutions contained 0.02% sodium azide (Sigma-Aldrich)
was added to prevent bacterial contamination. The concentration of all
samples was determined by calculating the dry weight content by using

OHAUS MB25 moisture analyser (OHAUS, US).

2.3.3. Locust bean gum (LBG)

To prepare an unheated LBG solution, the LBG powder was dispersed
(concentrations 1% or 2% w/w) in distilled water using a magnetic stirrer
(20°C) and stored at room temperature for overnight before analysis.
Whereas heated LBG solutions were prepared by dispersing the LBG powder
(concentrations 1% or 2% w/w) in distilled water using a magnetic stirrer
(20°C). The suspensions were stirred and heated at 80°C for 30 mins followed
by storing the sample overnight at the room temperature before further

formulations steps and analysis. The concentration of the LBG was cross-
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checked on a w/w basis. The pH was maintained at 6.8 and sodium azide

solution (0.02% w/v) was added to prevent bacterial contamination.

2.3.4. CMC/LBG blend

CMC/LBG blend (BL) was prepared by mixing previously prepared 2% w/w
aqueous solutions of LBG and CPKA CMC (Section 2.3.2 & 2.3.3) at room
temperature (20°C). CMC/LBG blends were made in three different ratios
CMC/LBG i.e. 75:25; 65:35; 50:50. All mixtures were stirred using an overhead
stirrer (IKA Eurostar 20 Digital Overhead Stirrer) for 60 mins at 20°C. The pH
of the solution was adjusted to 6.8 with NaOH and then left overnight at 4°C
before mixing with MFC. After this process, the pH and concentration were
cross-checked and pH was maintained at 6.8. The solution contained 0.02%

w/v sodium azide to prevent bacterial contamination.

2.3.5. MFC/Additive mixtures

MFC and different additives (MFC/CMC, MFC/LBG, MFC/BL1) were mixed in
different proportions (as shown in Table 2.2) maintaining an overall 2% w/w
mixture concentration of mixture. All samples were well mixed by using an
overhead stirrer (Silverson) at 8000 rpm for 5 mins. The mixtures were stored

overnight at room temperature; the pH (6.8) was cross-checked and
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maintained. An approximately 2 mm thin layer of suspensions was prepared

on aluminium plates and all samples were dried at 50°C for 12 hrs in an oven

(Gallenkamp hotbox oven, size 2).

Table 2.2: Composition of MFC/additives studied, where CMC(mix) used for
CMC15, CMC25 and CMC50 is 75:25 (CPKA/DW60). Blend (BL) ratio used for
all formulation is 75:25 (CPKA/LBG).

% w/w suspension
Sample Code
MFC (%) CMC (%) LBG (%) BL1 (%)
MFC100 2 0 0 0
CMC15 1.7 0.3
CMC25 15 0.5
CMC50 1 1
CPKA15 1.7 0.3
DW15 1.7 0.3
CMC(1:1) 1.7 0.3
LBG15 1.7 0.3
LBG25 1.5 0.5
LBG35 1.3 0.7
LBG50 1 1
BL15 1.7 0.3
BL25 15 0.5
BL35 13 0.7
BL50 1 1

2.4. Methods

During this research multiple techniques were used to characterise different

samples, depending on moisture content different techniques was employed.

The rheological analysis was performed to study the suspension properties of

MFC and correlated with microstructure produced from fluorescence and

light microscopy. Water mobility in highly networked MFC suspension was

studied by low resolution nuclear magnetic resonance spectroscopy
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(relaxation NMR). In order to characterise the impact of drying on the physical
properties of MFC different techniques were employed, for instance, Wide-
angle X-ray diffraction (WAXD) analysis was performed to determine the
crystallinity of the dried cellulosic fibres before and after homogenisation.
Differential scanning calorimetry (DSC) analysis was performed to monitor
thermally induced structure transition in the polymeric system whereas
Derivative thermogravimetric analysis (DTGA) is a quick method to determine
moisture content and degradation temperature of a sample. Detailed
fundamental information and equipment setup used during this research are

presented under this section.

2.4.1. Rheological Analysis

Rheology is the science of deformation and flow (Barnes et al., 1989).
Rheological properties are based on the flow and deformation responses of a
system when subjected to stress. Simple rheological measurements can lead
to extensive process characterisation and materials understanding. For
instance, rheological analysis of different food applications helps in
understanding the responses of food structure to applied force or

deformation, which also provides information on the impact of overall
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composition and interaction between the components on food

microstructure (Norton et al., 2011).

There are three fundamental parameters defined in rheology, i.e. shear
stress, shear strain and shear rate. These are often explained with the two
plate-model depicted in Figure 2.1. Shear stress (symbol: T, unit: Pa) is the
force required to produce the deformation divided by the cross-sectional area
of the sample, whereas shear strain (}¥) is defined as the distance moved by
the sample divided by the original separation of the plates, which is
dimensionless (Figure 2.1). The rate at which the deformation made is the

shear rate (symbol: 'j—", unit: s'!) can simply be calculated by Equation 2.1.

. . d¥
Y = or ¥ = . (Equation 2.1)

==

v is the velocity of the upper movable plate [m/s] and h is the distance

between the two plates.

Area A Farce F
Upper mavable plate Speedy

Lower fixed plate

Figure 2.1: A schematic representation of the two-plate model for shear-

strain deformation (adapted from Mezger 2006).
55



Chapter 2

The two idealised extremes of the deformation behaviour are perfect elastic

solids (Hookean solids) and perfect viscous liquids (Newtonian fluids). In the

elastic solids (e.g. cross-linked rubber) the energy used during deformation is

stored and released again when the stress is removed. The stress is directly

proportional to the extent of deformation and independent of the rate of

deformation applied (Hooke’s law). In the case of viscous liquids (e.g. water,

honey or cooking oil), the energy used during deformation is lost (dissipated

as heat) and no recovery occurs when the stress is removed. The stress

imposed flow is directly proportional to the rate of flow. An intermediate

state of these two extremes of behaviour is viscoelastic behaviour; a

viscoelastic material shows both viscous and elastic behaviour

simultaneously. The viscous portion behaves according to Newton’s law and

elastic portion behaves according to Hooke’s law (details are given in Section

2.4.1.2).

2.4.1.1. Flow behaviour

Newtonian fluids are characterised by a constant value of viscosity for a

specific temperature and pressure. The viscosity (symbol: n, unit: Pa.s) of

fluids by definition is a measure of the resistance to deformation by shear

stress and is formulated as the proportionality constant between shear stress
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(t) and shear rate (¥) (Equation 2.2). Although this viscosity will change with

temperature, it does not change with the shear rate.

n= (Equation 2.2)

*
¥
As can be seen in Figure 2.2(a), there are three main types of viscosity
behaviour: shear thickening (dilatant fluid) where the viscosity increases with
increasing shear rate; shear thinning where the viscosity decreases with
increasing shear rate, many polymers are classified in this group, e.g.,
cellulosic suspensions; Newtonian where viscosity is independent of the shear
rate, e.g., water, oils, honey etc. There is also one type of material known as
Bingham plastic that requires a minimum stress before the onset of flow, for
example very high concentrated suspensions. This type of flow can be better
illustrated in the form of a flow curve and has been included in Figure 2.2(b)
(Mezger 2006, Lapasin and Pricl, 1995).

2.4.1.2. Viscoelastic behaviour

An aqueous suspension of microfibrillar cellulose tends to show viscoelastic
gel-like behaviours (as mentioned in chapter 1). In order to characterise this
behaviour, small deformation oscillatory tests were performed using a

conventional rheometer. In oscillation measurements the sample is subjected

to a low-amplitude, sinusoidal shear deformation, i.e. a time-dependent
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strain waveform (Equation 2.3), the resulting shear stress wave will be a sin

wave with a different amplitude and a phase shift (Equation 2.4).

(a) Shear Thickening Bingham Plastic (b)
E Pseudoplastic Fluid
— W
= Wi
2 Newtonian = Dilatant Fluid
] =
: 5
K]
= 2
wn
Newtonian Fluid
Shear Thinning
Shear Rate (y) Shear Rate (y)

Figure 2.2: Types of viscosity behaviour presented (a) as viscosity curves n(¥y)

and (b) as flow curves t(¥) (Mezger 2006).

¥ = ¥,s5inwt (Equation 2.3)
where “¥” is the time dependent strain, “y,” is shear strain amplitude and
“w” is the angular frequency (rad s).

T = T,sin(wt+ &) (Equation 2.4)
where “t” is the time dependent shear stress, “r,” is the shear stress
amplitude and “&” is the phase angle between the shifted waves. This
equation can be rewritten as Equation 2.5.

T = T1,c0s8d sin wt + 7, sind cos wt (Equation 2.5)

For ideal elastic solids (stress is directly proportional to strain), the applied

oscillatory strain and the stress generated by the sample resisting

deformation are exactly in phase. Whereas for an ideal liquid, the stress
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response is maximum at the midpoint of the cycle, where the net

deformation is zero, but the rate of deformation is maximum. In this case,

stress and strain are exactly (90°) out of phase. However, viscoelastic

materials stand somewhere between, i.e. there are contributions from both

the in- phase and out-of-phase components.

The ratio of in-phase stress (or energy stored) to applied strain is the storage

modulus (G’) (Equation 2.6); where the corresponding parameter for the out-

of-phase (or energy loss) response is the loss modulus (G”) (Equation 2.7). A

notation using complex variables can be used to define the complex modulus

(G*) according to Equation 2.8. A frequency-dependent viscosity function

determined during forced harmonic oscillation of shear stress is

corresponding to complex viscosity (|n*[) derived according to Equation 2.9.

The phase angle or loss tangent (tan 8) is then given by Equation 2.10. It is

directly related to the energy lost divided by energy stored and it ranges

between 0° to 90°. 0° indicates purely elastic behaviour and (no phase lag)

and 90° indicates purely viscous material behaviour (out of phase).

G = T";—ﬂ” (Equation 2.6)

G" = oEns (Equation 2.7)
Yo

G = \I.lr(GJE + G"E:];'m (Equation 28)
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In=| =6*/w=V(6*+6")/w (Equation 2.9)
tan 6 = G"/G’ (Equation 2.10)
2.4.1.3. Equipment settings

The rheological measurements were carried out using a stress-controlled

rheometer (Physica MCR 301, Anton Paar, Austria), with a serrated parallel

plate geometry (50 mm diameter with a gap of 1 mm) at 20°C, controlled by a

Peltier system. Amplitude sweeps were generated by log ramping strain

between 0.01-100% at 1 Hz constant frequency, whereas frequency sweeps

were performed over the frequency range of 0.1-15 Hz at constant strain

(selected from the linear viscoelastic region: 0.2%). Rotational measurements

were performed by increasing/decreasing the shear rate from 0.01-1000 s™.

Finally, temperature sweeps were generated by heating the sample between

the plates from 20°C to 90°C at 1°C/min heating rate. During these

experiments, the strain was fixed to 1% and the frequency 1 Hz. A light

mineral oil trap was used to prevent water evaporation. For each analysis two

batches of samples were prepared and analysed in duplicate, hence the data

presented is an average of 4 sets of data.
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2.4.2. Low Field ('H - Relaxation) NMR

Low field nuclear magnetic resonance spectroscopy (NMR) is a branch of
spectroscopy in which radio frequency waves induce transitions between
magnetic energy levels of nuclei of a molecule. The length of time the nucleus
spends in the excited state is At. It is controlled by the rate at which the
excited nucleus loses its energy of excitation and returns to the original state.
The process of losing energy is called relaxation, and the rate at which the
ensembles of nuclei return to equilibrium is the relaxation time. An excited
nucleus may transfer its energy to a nearby unexcited nucleus of a similar
molecule resulting in the excitation of the neighbouring nucleus and the
relaxation of the original nucleus back to original state. This process, where
there is no net change in energy of the system, is known as transverse or spin-
spin relaxation (T2). In general, a liquid component gives longer T, values

whereas a solid component gives shorter T; values.

In contrast, if a nucleus loses its excitation energy to the surrounding
molecules sometimes known as the lattice, the system will become warm
since the energy is changed to heat. The excitation energy becomes dispersed
throughout the molecular system, hence no radiant energy appears and no

other nuclei are excited. As numerous nuclei lose their energy, the
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temperature of the sample increases. This process is known as longitudinal or

spin-lattice relaxation (T1).

It has been demonstrated in previous work, that proton nuclear magnetic

resonance (NMR) parameters such as spin-lattice-relaxation time (T1) and

spin-spin relaxation time (T;) are sensitive to water binding and mobility in

polymeric suspensions/dispersions (Ono et al., 1997, Rachocki et al., 2005,

Vackier et al., 1999). Spin-spin relaxation times are generally measured using

the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences.

The CPMG sequence provides a more accurate measure of the liquid T, decay,

free of artefacts such as magnetic inhomogeneity (Meiboom et al., 1958,

Carr-Purcell et al., 1954). For example, the study by Ono (1997) showed that a

microcrystalline cellulose (MCC) suspension contains both free- (bulk) water

and water bound to the polymer chains interacting and exchanging protons

with each other resulting in a shorter T, compared to pure distilled water,

which has a T, at room temperature of approximately 2 seconds. MCC

suspensions having a higher viscosity tend to have a shorter T, due to a direct

effect of viscosity on the tumbling rate of the molecule and possibly a higher

amount of interacting (associated) water. This may be restricted to the

polymer interface (Ono et al, 1998) however the allocation of
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associated/interacting water fraction in systems such as these in controversial

(Hills, 1991).

This study focuses on understanding the properties of model systems

composed of polymeric mixtures, i.e. MFC/CMC, MFC/LBG or MFC/BL in

aqueous suspension particularly with reference to the impact of water

binding and mobility in the polymeric suspensions. The impact of CMC/LBG

during the drying step is also investigated by correlating the suspension

rheological properties of the suspension with the spin-spin relaxation time

(T2) in order to understand the mobility of water in the MFC/hydrocolloid

matrix.

2.4.2.1. Equipment settings

Time domain measurements were carried out at 25 MHz using a Resonance

Instruments (R.l.) Maran spectrometer. The temperature was controlled to

20+1°C by a conventional gas flow system that was calibrated with an

external thermocouple and controlled with a standard R.l. temperature unit.

All measurements were conducted in standard 10 mm internal diameter NMR

tubes. Spin-spin relaxation times (T.) were recorded using CPMG (Curr-

Purcell-Meiboom-Gill) pulse sequence i.e. sequence of pulse: 90°x--(--T--

180°y—t—echo--)n at tau (t) 2048 ps. Typical 90° pulse lengths (x) were of
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the order of 5 ms, and for 180° pulse lengths (y) were of the order of 10 ms. A
split time-base was utilised in order to ensure the most efficient sampling of
the data (T duplicate measurement were made 15 mins after the original
measurement to check the reproducibility). Recycle delays were normally set
to 10 sec to avoid saturation effects and 16 scans (n: in pulse sequence) were

averaged.

2.4.3. Wide angle X-Ray Diffraction (WAXD)

An X-ray is an electromagnetic radiation that has a wavelength of between
0.1 A and 100 A which is similar to the interatomic distances in a crystal. The
X-rays are produced by heating a tungsten filament inside a vacuum tube.
Electrons are emitted and accelerated by an electric potential and impact on a
metal target, often copper. These electrons disturb the metal atom’s inner
electrons, when the outer electrons fall to a lower orbital to take their place
X-rays are emitted.

X-ray diffraction (XRD) is a tool for characterising crystallinity of dry or semi-
dry material, i.e. to characterise the arrangement of atoms in crystals and
distances between crystal faces. In an amorphous material, atoms have no
order. When the atoms are hit by X-ray beams, the surrounding electrons will

oscillate at the same frequency as the beam. Due to the lack of order, the x-
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ray beams will be reflected at all angles resulting in destructive interference

as the waves are out of phase of one another. However, crystals have an

ordered structure. Due to the regular patterns in the crystal when X-ray

beams hit the atoms, in some directions, the waves will be in phase which will

cause constructive interference that can be measured by the detector (Figure

2.3).

In WAXD setup, a thin layer of the sample powder is placed on fixed stage in

the path of monochromatic X-rays, an X-ray detector measures the X-rays

diffracted from the sample over a wide range of angles (Figure 2.3). The

sensors present in the detector collect the spike in X-rays at specific angles

(satisfying the Bragg’s Equation 2.11) representing the population of crystals.

The output graph is X-ray intensity over 20, the angle of the detector (Chatwal

and Anand, 2006).

Bragg’s law gives the angles for coherent and incoherent scattering from a

crystal lattice when X-rays are incident on an atom (as shown in Figure 2.3).

The Bragg’s law is widely used for measuring wavelengths and determining

the lattice spacing of crystals (Suryanarayana and Norton, 1998).

nA = 2dsin® (Equation 2.11)
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where n is a positive integer, A is the wavelength of the incident wave and 8 is

the scattering angle.

X-ray diffraction peaks are usually classified by peak position, peak width &

peak intensity. From the intensity of these peaks the crystallinity of the

system (also known as the peak height method) can be determined. The

second approach is based on separation of the peak area contributions from

the amorphous and crystalline portions known as the peak deconvolution

method (Carrillo et al., 2003, Park et al., 2010). The Crystallinity Index is

calculated as the ratio of the area arising from the crystalline phase to the

total area.

In the peak deconvolution method, the peak contribution from the

amorphous region and crystalline region was separated by using software

(EvaV5 XRD software, UK). In order to fit the curves, a few assumptions are

made such as of the shape and the number of peaks (for instance, it is hard to

separate the peak 5 from peak 4 in Figure 2.4). In the case of cellulosic

systems, five crystalline Gaussian peaks (101, 101, 021, 002 and 040) can be

separated. Crystallinity is calculated from the ratio of the area of all crystalline

peaks to the total area (Figure 2.4). The presence of an amorphous region

contributed to the broadening of peaks; however, an increase in crystallite
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size and non-uniform strain within the crystals also influences the peak
broadening (lbbett et al., 2013). The data manipulation was carried out using
intensity vs. 208 data in the Microsoft Excel software package with the Solver

add-in. Figure 2.4 shows the results for fits using a cellulose type | pattern.

X ,~
\ s
%:w\/
: : 1 26

Figure 2.3: Bragg’s law demonstration, according to the 20 deviation, the

phase shift causes constructive or destructive interferences. (Recreated from

Suryanarayana et al., 1998)
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Figure 2.4: WAXD diffraction spectra of cellulose illustrating the peak

deconvolution method.
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2.4.3.1. Equipment settings

In this study, the crystallinity of cellulosic fibres (dry samples only) was
measured using an X-ray diffractometer (Bruker AXS D5005) equipped with a
copper tube operating at 40 kV and 50 mA produced in a Cu Ka radiation of
0.154 nm wavelength. The data was recorded for a 20 angular range between
3°-38° with an angular interval of 0.05°, the time spent at each angle was 2.5
sec, with a rotational speed of 60 rpm. The crystallinity of the test samples
was calculated by using the peak deconvolution method. The analysis was
made in duplicates; the peaks were individually fitted in Microsoft Excel
software package with the Solver add-in. The presented crystallinity is an

average of two sets of data.

2.4.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a widely used thermal technique to
measure the change in energy associated with material transitions that occur
as the test sample is subjected to heating, cooling or held under isothermal
conditions. The working principle of DSC is that the sample and an inert
reference are heated separately, with the power supply to the sample heater
variable so that the temperature difference can be maintained at zero even

when endothermic or exothermic changes occur. The difference in power
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supplied to the two heaters is monitored as the analytical signal. When the
temperature of some amorphous materials is raised the polymer molecules
will gain sufficient translational and torsional energy to reorganise into a
crystalline structure which is a lower entropic state and therefore energy will

be released which can be seen on the DSC as an exothermic transition.

24.4.1. Equipment settings

The DSC data presented in this thesis was recorded by using Differential
scanning calorimeter (Mettler Toledo Ltd DSC823¢, UK). Approx. 10-20 mg of
cellulosic material was weighed into stainless steel pans, and an empty steel
pan was used as reference sample. The samples were heated from -30°C to
120°C at 5°C/min, followed by cooling the sample from 120°C to -30°C at
40°C/min followed by a re-heat from -30°C to 200°C. The onset, peak and end
temperatures associated with thermal transitions occurring in the sample
were reported. Analyses were made in duplicate to check the reproducibility

and only single data is presented.

2.4.5. Derivative Thermo-gravitational analysis (DTGA)

In this technique, the sample is heated in a controlled environment where the

temperature is changed in a predetermined manner, generally at a linear rate,
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and the change in sample weight is recorded. Each stage of change in weight

of the system signifies the specific thermal behaviour of the sample. For

instance, with samples such as cell wall material (hemicellulose, cellulose

etc.), the first set of weight loss corresponds to moisture loss from the

system, followed by degradation of cellulosic materials. Hemicelluloses begin

to decompose more easily with weight loss around 220°C-315°C, followed by

cellulose pyrolysis in a higher temperature range i.e. 315°C - 400°C with

maximum weight loss under controlled atmosphere (N, gas) (Yang et al.,

2007).

2.4.5.1. Equipment settings

Thermal stability of different cellulosic fibres and formulations were studied

by using a Mettler Toledo model TGA/SDTA851e/LF1600 (Mettler Toledo,

UK). Approximately 5-10 mg of the sample were subjected to a Nitrogen

environment, a heating ramp from 20°C to 450°C at a rate of 10°C/min was

applied to evaluate the peak temperature of DTG curve. The initial and final

degradation temperatures and corresponding percentage weight loss for the

samples were noted by using STARe Thermal Analysis Software package.

Analyses were made in duplicate to check the reproducibility and single data

is presented.
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2.4.6. Microscopy

The microstructure of different MFC and MFC/additive suspensions was

studied by using basic microscopy techniques such as brightfield light

microscopy and fluorescence microscopy. The microscopy images presented

in this thesis are indicative of structural impact or change in the

microstructure of microfibrillar cellulose when cellulosic fibres are subjected

to different processing stages such as the type of mechanical treatment used

to produce MFC, a number of passes through homogeniser, drying etc.

2.4.6.1. Light microscopy

Light microscopy of all agueous suspension of samples was performed by

using Olympus BX5 bright field light microscopy. The microfibrils were dyed

by using Congo red dye (Sigma-Aldrich). Congo red dye has a strong, though

apparently non-covalent, affinity to cellulose fibres.

2.4.6.2. Fluorescence microscopy

Fluorescence microscopy was performed by using EVOS microscopy system in

the fluorescence mode with a 20X objective. As both MFC and CMC do not

exhibit fluorescence, it was necessary to attach a fluorescent label to at least
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one of them. In the current study, CMC was tagged with FITC fluorescent dye

as follows:

1 gm of CMC was dissolved in 10ml of dimethyl sulphoxide containing a few

drops of pyridine. 0.1 gm of Isothiocyanato-fluorescein, followed by 20 mg

dibutyltin dilaurate, was added. The whole mixture was heated at 95°C for 2

hrs. Free dye was removed from the system by a number of precipitations in

ethanol, then the FITC-CMC was filtered and dried at 80°C (the protocol used

is the same as that published by Belder et al., 1973).
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Chapter 3

Microfibrillar cellulose: Impact of
fibre network and drying on
suspension properties
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3.1 Introduction

Cellulose from different raw materials can be disintegrated into various

structural units such as microfibrillar or nanofibrils by using chemical or

mechanical treatments. In current research MFC (softwood spruce) was

produced by high-pressure mechanical treatment and different

characterisation techniques were employed to examine the different

suspension properties and microstructure. An important property of

microfibrillar cellulose suspensions is their rheological properties as explained

in Chapter 1; it is widely applicable in the food and personal care industries.

The type of technology used to produce MFC can result in different varieties

of MFC specifically in terms of degrees of fibrillation, for example, typical

mechanical treatments such as the number of passes through the

homogeniser increases the degree of fibrillation. As the degree of fibrillation

increases, the fibre size (particle size) decreases. The degree of fibrillation

plays an important role in the physical properties of the system, e.g., for a low

degree of fibrillation of MFC, the particle size is larger with lower water

binding capacity resulting in unstable phase behaviour, which ultimately has

an effect on rheological properties of the suspension. Increasing the number

of passes through homogeniser increases the fibrillation producing higher
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water binding capacity and resulting in stable phase behaviour (Ulbrich et al.,

2014).

As the number of passes through a homogeniser increases the crystallinity of

the system decreases due to breakage of hydrogen bonds present between

the crystalline regions during the unpacking of cellulose fibrils (Kleinebudde et

al., 2000). Hence, the challenge for the large-scale industry is to produce MFC

with a low number of passes through the homogeniser or refiner while at the

same time achieving a high degree of fibrillation. However, the cost of

production and energy consumption has to be considered in the MFC process.

Samples of MFC were produced for this project by two different types of

fibrillation technologies. The first part of this chapter assembles the

characterisation of MFC produced by using a different fibrillation technology,

by studying the impact of the degree of fibrillation on the

microstructure/fibril network of the MFC in suspension. The main hypothesis

tested is “the technology used to produce MFC results in a broad range of

MFC microstructures”. The understanding is further enhanced by the

characterisation of MFC suspensions produced by multiple passes through

one chosen homogeniser (Borregaard fibrillation technology). This was carried

out as part of the sponsoring industry’s process development and the
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processing steps are confidential. As discussed earlier the increase in the

number of passes is thought to increase the water binding capacity due to an

increase in microfibril network, hence low field NMR was performed to map

the change in spin-spin relaxation time (T;) in order to understand the

mobility of water in the matrix.

Table 3.1: Comparison between different MFC drying processes (Peng et al.,
2012a, Peng et al., 2012b).

Drying Method Particle size after drying Advantages Disadvantages
Well established in paper and |Lose of micro/nano
Oven drying Hundreds of microns pulp industry dimensions, aggregations
homogenous dimensions of
Freeze drying Microns to milimeter length or width |material and well established |High cost and agglomeration
controllable size, continuous  |agglomeration and non-
Spray drying few micro size and easy scalable and low cost [homogenous particle size

High cost, complicated
method for solvent
Supercritical drying  |micro-size fibrous MFC Keep the dimensions intact replacement and impractical

agglomeration and non-
homogenous particle size
Atomisation drying micro-size MFC dimensions are intact distribution

Irreversible aggregation/agglomeration of MFC during the drying process

results in fibrils too difficult to redisperse in water (Heux et al, 2000). In

recent years, a wide range of techniques has been used to dry MFC, aiming to

achieve appropriate dimensions and suspension properties after rehydration

(explained in Chapter 1 and summarised in Table 3.1). In this chapter,

different conditions of oven drying were used to examine the impact of oven

drying on the suspension properties, and a comparison was made with freeze
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drying. The main reasons to use oven drying during this study are low cost

and that it is extensively used in industry to produce dry material. In order to

investigate the impact of temperature, different drying temperatures and

times of drying were tested. This investigation also helped in defining the

protocols used for the drying of different MFC/additive formulations

presented in Chapters 4 and 5.

3.2 Materials and Methods

MFCs samples i.e. BMFC and dMFC used in this study were provided by

Borregaard AS (Norway), where both samples were produced by using

Borregaard Fibrillation technology. The BMFC is a concentrated form of MFC

with approximately 8.97% w/w dry content whereas dMFC is a diluted form

with dry content approximately 2% w/w. Processing of MFC to produce BMFC

was carried out as a part of the sponsoring industry’s process development

and these processing steps are confidential. The NiMFCs were produced by

subjecting 2% w/w cellulose (refined) pulp to a small scale Niro-homogeniser

(panda 2K GEA Niro Soavi S.P.A. Germany) to distinguish from other products

in this thesis named as NiMFC.
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3.2.1 Sample preparation

The technologies used to produce MFC are presented in Chapter 2, Section

2.2 (Table 2.1). Sample codes used during this investigation are shown in

Table 3.2. For each analysis, two batches of samples were prepared and

analysed in duplicate.

Table 3.2: Sample code, technology and a number of passes used to produce

MFC suspensions (note: these samples were never dried).

Sample | Technology | No. of Passes Code
Borregaard
Fibrillation
BMFC Technology 2 BMFC
dMFC “ 1 1dMFC
dMFC “ 2 2dMFC
dMFC “ 3 3dMFC
dMFC “ 4 4dMFC
dMFC “ 5 5dMFC
dMFC “ 6 6dMFC
dMFC “ 7 7dMFC
mMFC | Microfluidics 1 1mMFC
mMFC “ 2 2mMFC
mMFC “ 3 3mMEFC
NiMFC GEA Niro 3 3NiMFC
NiMFC “ 30 30NiMFC

3.2.1.1 Drying Process

Different drying methods were applied to 2% w/w BMFC suspensions diluted

from 8.97% w/w. Approximately 2 mm thick layers of BMFC suspensions were

poured onto aluminium plates and subjected to different drying processes
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(Table 3.3). Oven drying (OD) was performed using a conventional drying

oven (Gallenkamp hotbox oven, size 2, UK). Vacuum oven drying (VOD) was

performed at 1 atm pressure by using vacuum oven (Gallenkamp Vacuum

oven, UK). As a control, BMFC suspension was dried at room temperature

(RTD) at 20+1°C. Prior to freeze drying (FD), BMFC suspensions (about 10 ml)

were frozen in a plastic beaker at a temperature of -20°C for 24 hrs. Frozen

samples were then transferred to a freeze drier (Edward Freeze dryer Super

Modulyo, UK) where the condenser temperature was set to -40°C and the

vacuum pressure to 0.02 bar. Lyophilisation was continued for 24 hrs.

Variable temperature and time were tested for all drying setups to monitor

the influence these variables on the final product.

Table 3.3: Sample code, drying method, temperature and total time used to

produce dried MFC.

Sample Drying Method |Temperature (°C)| Time (hrs) Code
Qven Drying 50°C 7.5 24 0D(50°C)
Qven Drying 105°C 7.5 24| 0OD(105°C)

Room Temperature

BMFC Drying 20+1°C 48 RTD(20°C)
Vacuum Oven drying 60°C 7.5 24 | VvOD(60°C)
Freeze Drying -20°C 24 FD(-20°C)

3.2.2 Light microscopy

Light microscopy as detailed in chapter 2, section 2.4.6 was used as an

indicative tool to study the microstructure of aqueous suspensions.
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3.2.3 Phase Separation and UV spectrophotometry

Phase separation was performed to monitor the liquid (in this case water)

separated from highly networked MFC suspension. Phase separation was

performed by placing 10 ml of 2% and 0.1% w/w sample suspensions in 10ml

glass tubes and a measuring cylinder, respectively, and stored at 20°C

temperature. Photographic images (Sony Cybershot 16.2 megapixel camera,

India) were taken after 24hrs of storage. After 24 hrs, the upper layer from

the 0.1% w/w phase separated suspension tube was introduced into quartz

cuvettes and the transmittance was measured at 500 nm using a UV-Vis

spectrophotometer (Varian Cary50 Bio-UV/Visible spectrophotometer,

Australia), where water was used as blank. Samples were prepared and

analysed in duplicate. An average of the readings is presented in the figure.

UV-Vis spectrophotometry was performed to determine the presence of

micro or nanofibrils in the upper (cloudy liquid) phase of phase-separated

samples.

3.2.4 Rheology

Rheology measurements were made according to the method as detailed in

chapter 2, section 2.4.1.3. Data presented is an average of 4 replicates.

3.2.5 Relaxation NMR
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Spin-spin relaxation time (T2) was measured according to the method as
detailed in chapter 2, section 2.4.2.1. Data presented is an average of 4

replicates.

3.2.6 Wide Angle X-ray diffraction (WAXD)

WAXD was performed on the dried 1 to 7pass dMFC and MFC samples. 2%

w/w aqueous suspensions were dried by using oven drying (OD) (Gallenkamp

hotbox oven, size 2, UK) at 50°C for 7.5 hrs by placing a thin layer of BMFC

suspension (2 mm thick) on aluminium plates. Details of equipment and

measurements setting are presented in chapter 2, section 2.4.3.1. Data

presented is an average of duplicates.

3.2.7 Data Analysis

Statistical data analysis was performed by using software Excel (Microsoft

2013, USA). Correlation analysis was performed to investigate the relationship

between physical parameters (viscosity, complex viscosity, crystallinity, spin-

spin relaxation time etc.) and a number of passes through homogeniser and

different drying techniques using analysis of variance (ANOVA) with a

minimum significance level defined as p-value<0.05.
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3.3 Results and Discussion

3.3.1 Microstructure of MFC

Figure 3.1 shows microscopy images of MFC aqueous suspensions produced

from softwood cellulose pulp using different technologies. Light microscopy

images show two distinct structures i.e. fibres fragments (large and small

fibres) and microfibrils (entangled fibre network). The microscopy images

indicate that as the number of passes through the homogeniser increased,

the fibre size of cellulose decreased independent of the type of process used

to produce the MFC. However, the type of process used to produce the MFC

appears to have a significant impact on the resulting degree of fibrillation. For

instance, the micrographs clearly indicate that dMFC had a higher degree of

fibrillation, especially after 1 and 2 passes as compared to microfluidics MFC

(mMFC) or 3 passes NiMFC.

The MFC suspension produced by using Niro-homogeniser (NiMFC) showed

larger fibril-size (presence of large fibre fragments) even after 3 passes

through the homogeniser as compared to the other MFCs. In order to achieve

a high degree of fibrillation, multiple passes through Niro-homogeniser was

required.
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> Fibre Fragments
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microfibrils
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Figure 3.1: Light microscopy images of different varieties of MFCs produced from softwood spruce cellulose pulp

(Cellulose) at 2% w/w concentrations, all scale bars are 200 um.
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Free voids

Microfibrils

Figure 3.2: Light microscopy images of dMFC after 4, 5, 6 and 7 Passes at 2%

w/w concentration, scale bar: 200 um.

This supports the fact that the type of technique used to produce MFC has a

noticeable impact on the degree of fibrillation or the fibril size in the

suspension. In order to achieve that, a higher number of passes is

recommended especially through a microfluidics homogeniser and a Niro-

homogeniser. With further increase in the number of passes through high-

pressure homogenisers, a noticeable reduction in fibril size and increase in

the degree of fibrillation was observed for dMFC (Figure 3.1 and 3.2). In some

cases, free space/voids (highlighted in Figure 3.2) were observed in the
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suspension micrographs especially after 3 passes. Interestingly, these free

voids have very small size individual fibrils which are difficult to view at low

magnification; the presence of these fibrils was observed in micrographs

recorded at higher magnification, but due to quality issues the images are not

presented.

Light microscopy results are supported by the phase

behaviour/sedimentation of the suspension as shown in Figure 3.3a. The

aqueous suspensions of 1 to 7 pass dMFC at 2% w/w concentration showed

no phase separation/sedimentation. However, at lower concentrations, these

suspensions showed phase separation depending on the degree of fibrillation

as shown in Figure 3.3b. For instance, the larger MFC fibrils sediment to the

bottom of the tube as compared to samples produced with a higher number

of passes through the homogeniser resulting in an upper layer with a visible

cloudy phase. Hence, the presence of small fibrils/fibre fragments was

evident from the transparency degree of the upper layer. Figure 3.4 shows

the degree of transparency of upper layer (supernatant) of phase separated

aqueous suspension of MFC. The UV-light scattering intensity is proportional

to the sixth power of the particle size (diameter).
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Figure 3.3: Visual inspection of phase behaviour after 24 hrs of 7-Pass dMFC
samples at; (a) 2.0% w/w and (b) 0.1% w/w concentration. The black arrows
indicate the upper layer (supernatant) of phase separated aqueous

suspension of MFC.
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Figure 3.4: Visible transmittance of the upper layer of dMFC suspension after

1 to 7 Passes, where the buffer is water and path length of the cuvette was 1

cm. All results are average data of 4 replicates with standard deviation +1%.
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When the light passes through the medium containing randomly dispersed

particles, light is scattered by the particles causing a reduction in the degree

of transparency (Alila et al., 2013). Hence, the decrease in the transparency

degree of the upper layer (supernatant) indicates the presence of micro-size

fibrils (in terms of both diameter and length) (Figure 3.4).

It is known that with a high-pressure homogeniser, as the number of passes

increases the crystallinity decreases. Hence, the crystal structure of the oven

dried (OD) starting material cellulose (Cell) and 1 pass dMFC were compared

and analysed by using wide-angle X-ray diffraction (WAXD). A noticeable

reduction in signal intensity with increasing angle was observed in Figure 3.53,

indicating the impact of homogenisation on the molecular organisation of the

starting cellulose material. A decrease in peak intensity corresponding to

26=22.5°, 15.05° and 16.6°, indicates the reduction in the amount of

crystalline region and an increase in the underlying amorphous response. A

reduction in the degree of crystallinity by almost 50% was found after the first

pass through the homogeniser, where 60% crystallinity of non-homogenised

starting material was reduced to 37% after 1 pass independent on the type of

homogeniser (evident in Figure 3.5b, while comparing mMFC and dMFC).
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Figure 3.5: WAXD analysis (a) X-ray diffractogram patterns for Cell (starting

material, solid line) and 1 Pass (---) dMFC, and (b) change in crystallinity

with increase in number of passes through high pressure homogeniser

(dMFC - parallel pattern), microfluidics (MFC - dotted pattern) and starting

cellulose (solid bar). All results are average data of duplicates.
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Figure 3.6: Schematic models representing the effect of the number of passes (1, 2 and 3 Pass) through the high-pressure
homogeniser (HPH) on the crystalline and amorphous regions of cellulose during MFC production. (a) Cellulose structure

before homogenisation; change in structure after (b) 1 Pass, (c) 2 Pass and (d) 3 Pass through high-pressure homogeniser.
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However, when MFC was subjected to further passes through the

homogeniser no further significant effect on crystallinity was observed, unlike

the change in fibril size as indicated in microscopy images (comparing Figure

3.1, 3.2 and 3.5b). This indicates that a major change in crystallite structure

occurs during the first homogenisation pass, and at this point, the fibrillation

is achieved and further passes only serve to decrease the particle size. Hence,

the consecutive passes through high-pressure homogeniser the further

unpacking of microfibrils occur, targeting the amorphous region of the

structure as shown in the mechanistic model in Figure 3.6.

3.3.2 Rheological properties of MFC suspensions

3.3.2.1 Rheological properties of Never-dried MFC suspension

Aqueous suspensions of MFC at various concentrations were subjected to

small deformation dynamic viscoelastic measurements at 20°C and the results

are shown in Figure 3.7a. Viscoelastic gel-like behaviour is observed where

the storage modulus (G’) is greater than the loss modulus (G”), showing

similar dependency on frequency, i.e. both moduli increased slightly with

increasing frequency. This indicates that the network structure formed by

microfibrils, which are in an active mode of forming entanglements to form a

stable network of fibrils, produces a suspension with gel-like properties.
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Figure 3.7: Mechanical spectra of aqueous suspensions of never-dried
2dMFC diluted to different concentrations i.e. (A) 0.8%, (o) 1.0%, (0) 1.5%
and (0) 2.0% w/w, where G’ - solid and G” - unfilled symbols; (a) as a
function of frequency at 20°C and strain 0.2%, (b) as a function of
temperature at 1 Hz frequency and strain 1% with heating rate of 1°C/min.

All results are average data with standard deviation +1%.
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Lower concentrations i.e. 0.8% w/w, showed a higher dependency on the

frequency, similar to the behaviour observed with cellulose nanofibers

produced from poplar (Chen et al., 2013). Chen (2013) suggested that high

frequency increases the mobility of microfibrils in aqueous suspension,

increased the mobility of the microfibrils results in increases in the

entanglement and formation of the densely ordered network structure which

reflects on viscoelastic behaviour of the suspension.

To characterise the structural changes with increasing temperature, small

deformation dynamic viscoelastic measurements were performed from 20°C

to 90°C at 1% strain and a frequency of 1 Hz at a heating rate 1°C/min (Figure

3.7b). Aqueous suspensions of MFC at concentrations between 0.8% to 2.0%

w/w showed stable viscoelastic gel-like behaviour with increasing

temperature. Slight increase in storage modulus (G’) was observed with

increasing temperature. There are possible two explanations for the increase

in storage modulus of the suspension, when the temperature is increased: (1)

the microfibrils of cellulose were dominated by temperature-induced thermal

motion which initiates the network formation of the amorphous fibrils, and

(2) swelling of microfibrils commonly known with cellulosic materials during

the heating of the suspension. Similar results were also reported in the case
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of MFC produced from poplar (Chen et al., 2013), but contrasting with the

work reported in the case of softwood Kraft pulp and sugar-beet pulp, where

suspensions showed no temperature dependency (Paakkoé et al, 2007,

Tandjawa et al., 2010). This indicates that the source of the cellulose plays a

very important role in terms of temperature dependency.

3.3.2.2 Impact of number of passes on rheological properties

A comparison of equilibrium flow curves of 1%w/w suspensions of dMFC

produced by a number of passes through the homogeniser are shown in

Figure 3.8a. All suspensions exhibit shear-thinning behaviour, i.e. the viscosity

of the suspension decreases with increasing shear rate. Under shear, fibre

fragments and microfibril networks orient along flow lines causing a decrease

of viscosity. When these suspensions are subjected to decreasing shear rate,

the suspensions showed full recovery of the viscosity (Figure 3.8b), indicating

the formation of new network or re-organisation of microfibrils in the

suspension. Similar behaviour was reported MFC from bleached sulphate

cellulose and pine tree cellulose (Dinand et al., 1996; lotti et al., 2011).

However, these changes in the network structure are reversible to the

original state dependent on shear rate and time (Cordoba et al., 2010). Such

behaviour is very common with particulate dispersions, in this case the dMFC
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suspensions, due to dense microfibrils network with a high specific area

covered by hydroxyl groups that can take active part in the formation of

temporary hydrogen bonds between the network particles (these interactions

are similar to those holding together crystalline and amorphous cellulose). At

a concentration of 1%w/w or above the microfibrils of MFC are close enough

to structure themselves causing an increase in viscosity. No statistical

significant difference (p-value=0.32; alpha = 0.05) was observed in terms of

shear viscosity between 1 pass to 7 pass MFC suspension (Figure 3.8a).

The impact of the number of passes through the Borregaard fibrillation

homogeniser (AMFC) on viscoelastic behaviour and complex viscosity of the

1% w/w suspension are presented in Figure 3.9a and 3.9b. All suspensions

showed stable viscoelastic gel-like behaviour i.e. G’ was higher than G” with

little dependency on frequency. Unlike shear viscosity, the complex viscosity

showed a slight increase as the number of passes through the homogeniser

increases. However, after 4 passes there is a decrease which then remains

stable up to 7 passes (Figure 3.9b). After the first pass through the

homogeniser, a reduction in crystallinity and increase in the degree of

fibrillation was observed promoting the formation of intermolecular networks
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(Figure 3.1 and 3.5b) explaining the increase in complex viscosity from 1 pass

to 3 passes.

(a) 100 ]
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Figure 3.8: (A) Shear viscosity as a function of shear rate (1/s) (slope: -1.04),
(B) Shear viscosity as a function of increasing (unfilled-symbols) and
decreasing (filled-symbols) shear rate (s); of 1% w/w suspension of dMFC
after a number of passes through the homogeniser at 20°C. All results are

highly reproducible with a standard deviation of less than 1%.
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As explained earlier, highly networked and entangled microfibrils are the

driving force behind the rheological properties of suspensions. After a

number of passes (> 4Pass) through the homogeniser smaller microfibrils are

produced. This results in more homogeneous or uniform structure and

explains the slightly reduced (not statistical significant p-value>0.05) yet

stable shear (p-value: 0.134) and complex viscosity (p-value: 0.372) as evident

in Figure 3.8a and 3.9b. These results also indicate that a high degree of

fibrillation is necessary to produce a homogenous/uniform network structure

with resulting stable viscosity but low and minimum 4 passes through the

high-pressure homogeniser were required where no further significant

change in microstructure (at low-resolution microscopy) and resultant

viscosity was observed.

In order to understand the particulate interactions further, the mobility of

water was measured, which can be examined by T, (ms) relaxation times of

the suspensions (shown in Figure 3.10). Spin-spin (T2) relaxation times are

sensitive to the mobility of the water molecules in the solutions, gels or the

suspensions. As outlined in chapter 1, it is believed that the strong interaction

between the microfibrils dispersed within the agueous medium is the driving

force for their rheological characteristics. Investigating the water binding and
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mobility (interacting-water and free-water) may provide further information

to explain the suspension properties.

(a)

10

Frequency (Hz)

dMFC

100

6 Pass

5 Pass

of Passes

Figure 3.9: Impact of the number of passes (dMFC) through high-pressure

homogeniser on 1% w/w suspension properties of MFC at 20°C, where; (a)

viscoelastic behaviour (G’ & G”) as a function of frequency at strain 0.2%;

with standard deviation +1%. (b) Complex viscosity is taken at 0.2% strain

and 1 Hz frequency. The complex viscosity values are averaged from 2

replicates with standard deviation +1%.
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It was observed that during the first 3 passes through the homogeniser the T,

value of the suspension decreased followed by an increase in T, values from 4

to 7 passes. This behaviour can be explained by the entangled microfibrils

network of MFC and the homogeneity of the suspension.

In non-homogenous systems such as fluids gels, suspensions or dispersions,

the water mobility can be defined as “interacting/associated water” and

“free/bulk water”. The interacting/associated water is present in the polymer-

rich regions whereas the free/bulk water molecules are found in polymer-

poor regions or interstitial space between particles (Norton et al. 1998). It is

evident in microscopy images (Figure 3.1), that the aqueous suspension of

1dMFC is a very non-homogenous system with both MFC-rich and MFC-poor

regions. As the MFC-free region or the larger interstitial space between the

fibre fragments/fibrils is higher in the case of 1dMFC, this could be a possible

reason for longer T, value of the suspension. However, the aqueous

suspensions of 2dMFC, 3dMFC and 4dMFC showed shorter T, values (i.e.,

776.68 ms, 761.74 ms and 765.75 ms respectively) which can be explained by

the formation of a homogenous system where the fibril size is smaller

(evident in Figure 3.1).
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Figure 3.10: Impact of degree of fibrillation on the T2 (ms) of water for 2%
w/w dMFC suspension systems measured at 20+1°C, fitted with the single
exponential curve. The T: values are averaged from 4 replications and are

not statistical significant with p-value = 0.3 (alpha: 0.05).

Q Microfibrillar cellulose

[ | Freelbuk Water
|:] Associated/interacting Water

Figure 3.11: Model illustration of particle dispersion state and distribution of
associated/interacting water in MFC suspensions, (a) associated water and
free water distribution in microfibril aggregate in MFC suspension with low
degree of fibrillation; whereas (b) associated/interacting water is
distributed in the vicinity of the microfibril surface due to high degree of

fibrillation.
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Due to a high degree of fibrillation (evidenced by a decrease in crystallinity

and change fibre size of dMFC in Figure 3.1 and 3.5b), the aqueous

suspension shows stable phase behaviour and microfibril network structure (a

higher viscosity, Figure 3.9). Therefore a higher amount of associated water in

MFC-rich regions results in restricted water mobility in the system. Similar

effects were observed with MCC, cellulose hydrogels (TCG) and silica gels by

Ono et al., 1998, Ono et al., 2004, Martini, 1981.

A noticeable increase in T, values was observed as the number of passes

increased. This increase in T; values can be explained by the fibril size of MFC

decreasing, and the amount of individual microfibril particulate increasing in

the system as evidenced by the decrease in the degree of transparency

(Figure 3.4). Due to the small size of the microfibrils, the associated water

with MFC is lower indicating the system is converting to a uniform polymeric

suspension/dispersion resulting in longer T, values as demonstrated in the

mechanistic model in Figure 3.11. From these results, it can be concluded that

the increasing number of passes through the homogeniser increases the

degree of fibrillation. This can result in a variety of different suspension

properties, dependent on the proportion of microfibrils production.
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3.3.2.3Impact of drying on rheological properties of rehydrated MFC

suspension

Homogenisation of cellulosic fibres is known to unpack the fibres to

microfibrils, whereas drying of these suspensions is known to collapse the

microfibrils and to form aggregates which are difficult to redisperse, as

explained in detail in Chapter 1 and Section 3.1. Figure 3.12 shows the effect

of different drying procedures on the shear viscosity of the suspension at 1%

w/w concentration of BMFC (diluted from 8.97% concentrated stock).

A significant reduction (p-value<0.05) in shear viscosity was observed after

redispersing the dry BMFC material in water independent of the type of

drying process used (Figure 3.12). This reduction can be explained by the

aggregation/agglomeration of microfibrils due to irreversible stiffening of the

polymer structure upon drying, evident in highlighted regions in micrographs

(Figure 3.13). These results also indicate that there is little difference between

the types of drying process used, and the resultant shear viscosity are in the

similar range between 4 to 4.5 Pas (Figure 3.12). However, it is also observed

that the prolonged drying time and high temperatures results in larger

aggregates, shown in micrographs (Figure 3.13). For instance, oven drying at

105°C results in larger aggregates as compared to oven drying at 50°C,
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especially when dried for a prolonged period of time. It is evident from the

microscopy images (Figure 3.13) that little difference in the aggregation of

microfibrils was observed when comparing the vacuum oven drying (VOD at

60°C), room temperature drying (RT at 20°C) and normal oven drying (OD at

50°C).
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Figure 3.12: Effect of different drying process on the shear viscosity of the
redispersed 1% w/w suspension of BMFC at 20°C, recorded at 1 s shear
rate. The shear viscosity values are averaged of duplicates with standard

deviation +1%.
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Never Dry Room Temp Dry (20°C) 48h Vacuum OD (60°C) 7.5h Vacuum OD (60°C) 24h

Oven Dry (50°C) 7.5h Oven Dry (105°C) 7.5h Oven Dry[105°C) 24h Freeze Dry (-20°C) 24h

Aggregates

Figure 3.13: Light microscopy images of 1% w/w suspension of redispersed BMFC in water, where highlighted area shows

the BMFC aggregates/agglomerates, and scale bar: 200 um.
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Figure 3.14: Spin-Spin relaxation time (T2) (ms) of (-e-) BMFC diluted from
8.97% in the never-dried state (as received) and (-0-) redispersed oven dried

BMFC as a function of concentrations at 20°C.

To examine the effect of drying on the mobility or accessibility of water in the
microfibril network, the T, (ms) values, as a function of concentration were
plotted to compare aqueous suspensions of redispersed oven-dried BMFC
with never-dried BMFC (Figure 3.14). It was observed that as the
concentration of MFC increased, the T, (ms) values of the suspensions
decreased. This can be explained by the amount of “associated-water” and
“free-water” in the system. As the concentration increases the suspension has
higher polymer-rich regions, which due to high surface area of MFC can result

in reduced water mobility (lower T, values) (Norton et al., 1998).
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The never dried suspensions show higher T, values than dried and

redispersed MFC at all comparative concentrations. This is further evidence

for the complex nature of the suspensions and the inherent role of the

network of cellulose microfibrils in determining the suspension properties.

Here the dried materials appear to be more heterogeneous, similar to the

samples undergoing a low number of homogenisation passes, which leads to

low T; values (comparing Figure 3.1 and Figure 3.13). However, in this case,

the collapse in structure due to aggregation of microfibrils/fibre fragments

upon drying and the subsequent poor re-dispersal of the aggregates

promotes a suspension with lower shear viscosities (Figure 3.12). This then

indicates that in the homogenisation work, the lower T; values are from a

combination of both dense regions of cellulose microfibrils, with associated

microfibrils and aggregated microfibrils limiting the water mobility in the

network.

3.4 Conclusions

High-pressure homogenisation rapidly changes the structure of cellulose such

as the degree of fibrillation, crystallinity and rheological properties of the

suspensions. The new high-pressure fibrillation technology (Borregaard
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fibrillation technology) produces a microstructure requiring the least number

of passes and further processing; confirming the hypothesis stated earlier

“the technology used to produce MFC results in a broad range of MFC

microstructures”. The two main factors that affect the microstructure and

suspension properties of the MFC are: the number of passes through the

homogeniser and drying. As the number of passes through high-pressure

homogeniser increases, the degree of fibrillation increases (independent on

the type of homogeniser) and results in more uniform/homogenous MFC

suspensions. These distinct microstructures of MFC’s have a noticeable

impact on the water mobility within the microfibril network and its resultant

properties. The maximum loss of crystallinity occurs after the first pass

through the high-pressure homogeniser. Homogenisation is known to release

and unpack the microfibrils from “mother-fibre”, whereas drying is known to

collapse the microfibrils and result in aggregates, which are then very difficult

to redisperse in water. The intermolecular hydrogen bonds formed between

the microfibrils in aggregates dominate the mobility of water resulting shorter

T, values and reduced shear viscosities.

It is therefore of interest to observe the impact of different additives on the

redispersibility of MFC in aqueous suspension and their influence on different
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physical properties with the question asked: can dry and redispersed samples

be processed in such a way that they have the same (identical or similar)

properties of never dried suspensions? Hence, the results presented in

chapter 4 focus on the impact of different polymeric additives when added

after homogenisation and on the redispersibility and physical properties of

MFC.
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Chapter 4

Impact of Polymeric Additives on
Stabilisation of MFC added “after”
the Homogenisation
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4.1 Introduction

In chapter 3, it was concluded that each processing stage of MFC has a

noticeable impact on the overall functionality of MFC suspensions. As

discussed earlier, a significant reduction in water mobility and rheological

properties of redispersed MFC suspension was observed due to aggregation

of fibrils and microfibrils. This chapter focuses on protecting the aggregation

of microfibrils during the drying stage by using different polymeric additives

added after the homogenisation step. Various polymeric or non-polymeric

additives have been used in the past to maintain and stabilise fibrillated

textures following drying and rehydrating (as mentioned in chapter 1). For

instance, MFC produced from sugar beet pulp showed a weak interaction

with negatively charged low methoxyl pectin (Tandjawa et al., 2012a) and

sodium carboxymethyl cellulose (Lowys et al., 2001). Similar interactions were

observed with MFC produced from bacterial cellulose and Na-CMC (Veen et

al., 2014).

The purpose of the present study was to re-examine the effects of

carboxymethyl cellulose (low and high molecular weight) on aggregation of

MFC during drying considering the difference in microstructure and related

physical properties highlighted in Chapter 3 and to examine the interaction
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between the components. This study also explored the possibility of using

locust bean gum as a polymeric additive to stabilise the fibrils and microfibrils

against aggregation, based on the previously reported intermolecular

interaction between cellulose and galactomannan (LBG) (Newman et al.,

1998). Finally, the question can be asked: what happens when dual additives,

i.e. one which provides intermolecular interaction, the second providing

charge and subsequent electrostatic repulsion are added together in the

systems? Hence, the blend of low molecular weight CMC and LBG were

formulated and used as an additive to investigate the possibility of stabilising

the fibrillar texture by these combined mechanisms.

Rheological measurements have been widely used to investigate the

suspension properties of microfibrillar cellulose in water, as a function of

concentration and temperature as evident in chapter 3. This chapter shows

the results of rheological analysis of MFC/additives as a function of frequency,

temperature and increasing the concentration of additives. Rheological

parameters such as shear viscosity and tan 6 were qualitatively correlated

with spin-spin relaxation time (T2) to understand the influence of additives on

the mobility of water inside MFC/additives networks. MFC systems were

studied by DSC and TGA analysis under controlled environments, which
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allowed an understanding of the impact of polymeric additives on the

structural stability and thermal transitions occurring upon drying of the

system. Dynamic vapour sorption is also used to provide a further

understanding of water uptake and release as a function of the changes in

process and formulation in this study.

4.2 Materials and Methods

Materials used for this study are described in Chapter 2. During this chapter,

MFC is produced by using the Borregaard fibrillation technology (2pass)

named as BMFC with a dry content of 8.97% w/w.

4.2.1 Sample preparation

Samples were formulated according to Table 2.2 using the standard mixing

protocol described in chapter 2, under section 2.3.5. All of the BMFC/additive

mixtures were dried by using the conventional oven (Gallenkamp hotbox

oven-size 2, UK) at 50°C for 12 hrs. Two batches of samples were prepared

and analysis was performed in duplicate for the each batch. Data presented is

an average of 4 replicates. To study the thermal behaviour of BMFC/additive

combinations powders at approximately 20% moisture content were

prepared by placing samples in a sealed desiccator with saturated KNOs
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(Sigma-Aldrich) salt solutions. All samples were stored at controlled relative

humidity (RH) for 7 days at 20°C temperature before DSC and TGA analysis.

4.2.2 Microscopy

Light microscopy was used to study the microstructure of aqueous
suspensions, images were recorded according to the method detailed in

chapter 2, section 2.4.6.

4.2.3 Rheology

Rheological measurements were made according to the method detailed in
chapter 2, section 2.4.1.3. Data presented is an average of 4 replicate

analyses.

4.2.4 Relaxation NMR

Spin-spin relaxation time (T2) was measured according to the method detailed
in chapter 2, section 2.4.2. Data presented is an average of 4 replicate

analyses.

4.2.5 Differential Scanning Calorimetry (DSC)

DSC thermograms were measured according to the method detailed in

chapter 2, section 2.4.4.

4.2.6 Derivative Thermo-gravitational analysis (DTGA)

Thermal degradations were recorded according to the method detailed in
chapter 2, section 2.4.5.
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4.2.7 Dynamic Vapour Sorption (DVS)

DVS measures how quickly a solvent (often water) can be absorbed by a

sample. The dynamic vapour sorption of BMFC/additives powder was studied

by a Dynamic Vapour Sorption Analyser (DVS-l, Surface Measurements

Systems Ltd., London, UK) equipped with a microbalance (Cahn D200, UK).

This technique is ideal to measure the change in sample mass as low as 0.01

ug. Approximately 8 mg of the sample was loaded in the sample pan and

introduced to the drying stage within the DVS setup by exposure to dry air

(RHO%) for 6 hrs. The actual measurement was started at 0 aw (water activity,

RHO0%), and terminated at 0.95 aw (RH95%) with a step increase when

thermodynamic equilibrium was reached (mass change <0.0005 mg/min). All

samples were analysed in duplicate and data presented is an average of

duplicates.

4.2.8 Data Analysis

Statistical data analysis was performed by using software Excel (Microsoft

2013, USA). Correlation analysis was performed to investigate the relationship

between physical parameters (viscosity, complex viscosity, crystallinity, spin-
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spin relaxation time etc.) and different drying techniques using analysis of

variance (ANOVA) with a minimum significance level defined as p-value<0.05.

4.3 Results and Discussion

4.3.1 Rheological properties of BMFC/additives suspensions

The rheology of the 2% w/w BMFC/additive aqueous suspensions was tested

as a function of frequency (Hz) and temperature (°C). Rotational

measurements were also performed on all of the suspension at 20°C.

4.3.1.1 Viscoelastic behaviour BMFC/additive suspensions

The first part of this section correlated the viscoelastic properties of

BMFC/additives suspensions with microscopy images followed by sub-

sections presenting details on the impact of individual additives on BMFC

suspension properties. Agueous suspensions of different proportions of

CMC/LBG blends along with BMFC at a total polymer concentration of 2%

w/w were subjected to frequency ramping at 20°C. The results are presented

in Figure 4.1.

All dried and redispersed BMFC/additives blend (i.e. BMFC/CMC, BMFC/LBG

and BMFC/blend) suspensions showed viscoelastic gel-like behaviour where

storage modulus (G’) was higher than loss modulus (G”) with little
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dependency on frequency. An explanation for such viscoelastic behaviour is

the stable intermolecular network formed by the interaction between BMFC

and the different additives. However, the type and level of additive used have

a significant influence on the overall viscoelastic parameters (such as G’ and

G” and complex viscosity).

It was evident in Figure 4.1 that all the suspensions with additives showed

that both moduli (G’ and G”) were higher as compared to MFC100 (BMFC

dried without additive). This appears to be due to improved redispersibility

(visual observation) and reduced aggregation of microfibrils in the suspension

after drying, evident in micrographs presented in Figure 4.2. It was observed

that the addition of CMC improves the redispersibility of the BMFC in water

and forms a homogenous suspension by using the standard high shear mixing

process. Whereas it was difficult to redisperse dried BMFC/LBG in water due

to aggregation of microfibrils after the drying process, hence it was reflected

by the reduced loss and storage moduli at all additive proportions for the

BMFC/LBG suspension as compared to MFC100 and BMFC/CMC.
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Figure 4.1: Storage (G’, solid symbols) and loss (G”, open symbols) moduli of

redispersed suspension of BMFC with different additives as a function of

frequency (Hz) at 20°C, where (a) BMFC/CMC, (b) BMFC/LBG, and (c)

BMFC/Blend. All results are highly reproducible with a standard deviation

less than +1%.
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P
CMC(mix)

Aggregates

Figure 4.2: Light microscopy images of 2% w/w aqueous suspensions of dried and redispersed MFC100 (BMFC), BMFC with

different additives (i.e. CMC(mix), LBG and Blend) at different concentration levels, scale bar: 200 um.

117



Chapter 4

Finally, when the blend of CMC/LBG was added to BMFC suspension, it was

easier to redisperse the BMFC/Blend sample in water with least amount of

aggregates and highly connected microfibril network evident in microscopy

images (Figure 4.2). This indicates that the presence of charged additives (in

this case CMC) plays an important role in maintaining the electrostatic

repulsion between the microfibrils. Interestingly, an aqueous suspension of

BMFC/Blend (BL15) showed higher G’ and G” as a function of frequency as

compared to BMFC/CMC (CMC15) and BMFC/LBG (LBG15). This can be

explained by properly redispersed microfibrils throughout the system as CMC

provides charge to the microfibrils and LBG providing rigidity to the system,

resulting in highly entangled network structure with higher viscoelastic

parameters.

The impacts of individual additives on rheological properties are as follows:

4.3.1.1.1 Impact of CMC as additive

Figure 4.3, shows the change in complex viscosity (0.2% strain and 1Hz

frequency) of MFC100 (dried BMFC without additive) made up at the same

total concentration in water as the amount of MFC in comparative

BMFC/CMC mixtures, plotted as a function of CMC proportion. It is observed

that the complex viscosity (|N*|) of the redispersed suspension initially
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increases with an increase in CMC concentration within the suspension

matrix, indicating that the BMFC forms an entangled network, crosslinking

with CMC, resulting in higher complex viscosity (Figure 4.3) and higher

viscoelastic moduli (Figure 4.1a). A slightly lower complex viscosity was

observed while comparing never-dried (wet) and dried-redispersed

BMFC/CMC formulations. But this reduction was minimal in the case of

CMC50, however, CMC50 suspension showed weaker gel-like behaviour as

evident in Figure 4.3 (slight frequency dependency on the moduli and the

relatively large value of tan & (G”/G’ > 0.1) can be defined as so-called weak

gels (Ikeda and Nishinari, 2001)).

This indicates that when the negatively charged CMC was added in higher

amounts, the CMC adsorption on BMFC microfibril surface leads to an

increase in the charge effects. Similar behaviour was reported with bacterial

cellulose/CMC systems where changes in zeta-potential were shown (Veen et

al., 2014). The increase in charge leads to better redispersibility of the

BMFC/CMC formulations in water after drying, hence good recovery of

complex viscosity. Weaker viscoelastic behaviour (where tan 6 > 0.1) of

CMC50 suspension can be explained by a dilution effect. As the dense

network of microfibrils of BMFC plays an important role in maintaining
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viscoelastic gel-like behaviour, when BMFC is diluted with CMC solution at a

50% dilution the BMFC concentration reduces to 1%, which without additives

shows an order of magnitude decrease in G’ and G” (Figure 4.1), and the

BMFC forms a weaker entangled network structure.
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Figure 4.3: Complex viscosity and Tan 6 (at frequency: 1 Hz and 0.2% strain)

as a function of CMC (CMC(mix)) proportion in aqueous suspension of BMFC,

and redispersed MFC100 at same proportion to BMFC present in BMFC/CMC

formulation. Data presented is an average of 4 replicates.

Figure 4.4a and 4.4b show the impact of the molecular weight of CMC

additive on microfibril redispersibility by blending two different molecular

weight CMC products together in different proportions (75:25 and 50:50).

Measurement of G’ and G” were taken before and after drying of
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BMFC/additive mixtures as a function of frequency and complex viscosity of

2% w/w total solids concentration suspensions.
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Figure 4.4: (a) Storage moduli and loss moduli of redispersed BMFC with

different CMC’s as a function of frequency (Hz) at 20°C; and (b) Complex
viscosity as a function of different CMCs present in BMFC/CMC (85:15 ratio)
suspension. Data presented is an average of 4 replicates with a standard

deviation less than +1%.
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It was evident that the change in molecular weight of CMC does not have any

influence on the redispersibility of dry product and no significant change was

observed in complex viscosity (p-value>0.05). A similar behaviour was

reported with sugar beet cellulose and CMC by Lowys et al, 2001. The

presented rheological data again indicates that the addition of CMC improves

the overall redispersibility impacting on the recovery of the viscoelastic

properties of never-dried materials, through charge interactions between

BMFC and CMC.

4.3.1.1.2 Impact of LBG as additive

As mentioned earlier, unlike CMC, when LBG was added to BMFC in different

proportions the redispersibility of the dried blend is not improved (visual

analysis), which is also reflected by the complex viscosity of the suspensions

(Figure 4.5a compared with Figure 4.3). Two forms of LBG solution were

tested i.e. heated LBG and unheated LBG in order to examine the impact of

LBG processing on its ability to interact with BMFC. A significant reduction

(approximately 50%) in complex viscosity was observed when BMFC/LBG was

redispersed as compared to never dry BMFC/LBG, independent processing of

LBG (heated or unheated) evident in Figure 4.5a.
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When comparing dried and redispersed BMFC/LBG with MFC100, the

complex viscosity of the suspension showed a slight increase (by factor of 2)

at lower concentration of LBG (15%) in the system, whereas at higher

proportions of LBG in the matrix the complex viscosity of the suspension

remains similar to that of MFC100 (BMFC) alone (Figure 4.5a). Similar trends

were observed in terms of G’ and G” in Figure 4.1b. However, at this lower

level of BMFC dilution, the LBG is possibly interacting with the large

aggregates and contributing to the continuous phase viscosity. This can also

be explained with reference to the micrographs presented in Figure 4.2

(BMFC/LBG), with the presence of aggregates non-homogenously distributed

throughout the system. As the amount of LBG increases, the amount and size

of aggregates increases, which were very difficult to redisperse in water and

results in significant reduction in complex viscosity (Figure 4.2 and Figure

4.5a).

Therefore, a test was performed where different starting LBG concentrations

were used in the blending with 2% BMFC. To rule out the impact of LBG

concentration a comparison was made between the BMFC/LBG formulation

when two different concentrations of LBG i.e. 1% and 2% w/w were added to

BMFC suspension to stabilise the microfibril material.
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Figure 4.5: (a) Complex viscosity (frequency: 1 Hz and 0.2% strain) and Tan 6
(dried samples only) as a function of LBG proportion in aqueous suspension
of BMFC (wet (solid) and dried (unfilled)), where “o” unheated LBG and “¢”
heated LBG. (b) The impact of different concentration of LBG on the complex
viscosity of dried and redispersed BMFC/LBG suspension, the overall
concentration of all suspensions is 2% w/w. Data presented is an average of

4 replicates with a standard deviation +1%.
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From Figure 4.5b, no significant impact of LBG concentration was observed in

terms of complex viscosity (p-value>0.05). Hence, from the rheological and

microscopy data, an assumption can be that the addition of LBG does not

have a significant impact on the suspension properties of dried BMFC as

compared to CMC as an additive.

4.3.1.1.3 Impact of Blend (CMC/LBG) as additive

The blending of certain types of gums can produce the disperse system with

greater viscosity compare to individual gum dispersions; this phenomenon is

known as viscous synergism (Lapasin and Pricl, 1995). The addition of CMC in

combination with other gums such as LBG or k—carrageenan are used in the

various application such as ice creams, custards, mayonnaises etc. Synergistic

interaction between CMC and LBG was reported by Hernandez (2001).

Typically both solutions at lower concentration show solution-like behaviour,

but at higher concentration, LBG solutions show stable viscoelastic behaviour

after the cross-over point of G’ and G”. It was evident in Figure 4.6, as the

amount of LBG increases in the CMC solution, the mixture shows viscoelastic

behaviour similar to LBG, indicating a shift from weaker viscoelastic behaviour

to stable viscoelastic behaviour similar to LBG solutions.
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Figure 4.6: Storage (-e-) and loss (-0-) modulus as a function of frequency at
20°C of CMC/LBG blends at different ratios of CMC/LBG i.e. CMC50:LBG50,
CMC65:LBG35 and CMC75:LBG25 in aqueous solution. The overall
concentration of all suspensions was 2% w/w. All the results are highly

reproducible with a standard deviation less than +1%.

Considering that CMC interacts with the microfibrils of BMFC and results in
their taking on a negative charge, and LBG helps in inter-fibrillar networking
as observed earlier (Newman et al, 1998), the blend of CMC/LBG was
formulated at different ratios and used as an additive mix to evaluate possible
synergistic effect in the stabilisation of the BMFC. Figure 4.7a shows the
change in complex viscosity as a function of the concentration of blend of
CMC: LBG of 75:25, in a BMFC suspension. It was observed that BL15 showed
higher complex viscosity as compared to MFC100 with both wet and
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rehydrated suspensions. This behaviour can be explained by considering

microscopy images in Figure 4.2, where redispersed BMFC/BL1 suspensions

showed homogeneous and non-aggregated microstructures indicating a

possible synergistic interaction between triple blend (BMFC:CMC/LBG).

However, as a number of blend increases and the BMFC is diluted, the

suspensions showed a noticeable decrease in complex viscosity. A possible

explanation for this behaviour is that the synergistic interaction between

CMC/LBG dominates over the interaction with BMFC, as the phase volume of

microfibrils reduces with an increasing amount of added blend. Basically,

when a high amount of blend is added to the BMFC suspension, the

BMFC/CMC interaction ratio is less, as LBG interferes and tends to interact

with both BMFC and CMC.

An alternative explanation might be that at the addition of 15% blend, the

MFC benefits from the action of both CMC (charge) and LBG (interaction).

However, at higher amounts of the blend, the LBG dominates the interaction

with MFC and the lower viscosity CMC is then left in the non-interacting

continuous phase. Then both a dilution effect and a lower viscosity

continuous phase results in a viscosity lower than the individual polymers

mixed with MFC at comparative MFC:polymer mixing ratios.
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Figure 4.7: (a) Complex viscosity (frequency: 1Hz and 0.2% strain) as a

function of blend (BL1) proportion in BMFC suspension, where (-0-) MFC100
and (-0-) BMFC/BL1 (wet (solid) and dried (unfilled)), (b) Impact of different

ratios of CMC/LBG blends on complex (|n*|) and shear viscosity (n, at shear

rate 1s') of redispersed BMFC/BL1 (85:15) suspension. The overall

concentration of all suspensions was 2%w/w. All results are highly

reproducible with a standard deviation less than 1%.
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In order to understand the impact of CMC/LBG ratio in the blend, it was

evident from the Figure 4.7b that the ratio between CMC/LBG has no

significant impact on complex and shear viscosity (p-value>0.05) of dried and

redispersed BMFC/BL1 suspensions.

4.3.1.2 Modulus-temperature dependence

The temperature dependence of G’ and G” for 2% w/w BMFC/CMC,

BMFC/LBG and BMFC/Blend (BL1) aqueous suspension is shown in Figure 4.8.

All suspensions showed stable viscoelastic gel-like behaviour with increasing

temperature at constant frequency and strain. It is observed that on heating,

both moduli (G’ and G”) of all suspensions show firstly a slight decrease from

20°C to 40 °C, however after 40°C all formulations showed an increase in G’

and G” up to 90°C (can be visualised by deflection in G’ and G” from black-

straight dotted-lines), independent of the amount of an additive in the

individual suspensions. A similar increase in viscoelastic parameters was

reported with cellulose nanofibers suspensions as a function of concentration

by Chen et al., (2013). These results are consistent with MFC100 (Figure 3.7b),

however, slightly higher temperature dependency was observed with CMC50

and all Blends formulations
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The first slight decrease in modulus may be due to thermal agitation/thermal

motion of microfibrils, resulting in loosening of the fibrils within the network

structure. However, the swelling of microfibrils with an increased

temperature, while interacting with additives such as CMC, LBG and BL1 in

the matrix, may strengthen the gel-like structure resulting in an increased G’

and G” of suspensions after 40°C. From Figure 4.8a, it is evident that as the

amount of CMC increases (i.e. CMC50) in the suspension, G’ and G” increase

to a greater extent after 40°C indicating a thermally induced synergistic

interaction between BMFC/CMC. It is well known that polymeric solutions

such as HPMC (hydroxyl propyl methyl cellulose) exhibit an increase thermal

motion upon heating, leading to a weaker network and sometimes decrease

in viscosity (Silva et al., 2008).

The fact that the BMFC/CMC suspensions do not lose structure upon heating,

even when the MFC proportion is lowered, indicates an interaction beyond

the surface stabilisation of the microfibrils between CMC and MFC, although

it is not yet clear what mechanisms are involved. Similar viscoelastic

behaviour as a function of temperature was observed with MFC with LBG and

blend (CMC/LBG). The interaction between microfibrillar cellulose and

additives are driven by surface OH-group-mediated hydrogen bonds;
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however, the extents of these interactions are highly dependent on the type
of additive used to stabilise the microfibrils. An enhanced increase in both
moduli (G’ and G”) as a function of temperature with BMFC/additives as
compared to MFC100 also indicates the presence of additional interaction

between the two components.

4.3.1.3  Viscous synergism of BMFC/additive mixtures

Rheologically it is evident from the previous section that the presence of
additives has a positive impact on BMFC suspension rheological parameters
possibly due to synergistic interactions between the components and a
subsequent development of mutually repulsive negative charge on the
microfibril surfaces, through binding with CMC and steric stabilisation in the
presence of LBG. Hence, for a quantitative analysis of these interactions
between BMFC with CMC, LBG and Blend (BL1), the index on the basis of
synergism known as viscous synergism (/v) was used. Viscous synergism for
two mixed polymers is defined by Equation 4.1a (Pellicer et al., 2000,
Hernandez et al, 2001): where n is shear viscosity, i and j represents the

polymers forming the mixed system, i +j.

—_
I, = — (Equation 4.1a)

nitn;
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111:: _ Ni+j+c

(Equation 4.1b)
Mi+ct Mjsc

Viscous synergism for a blend of three polymeric components is defined by
Equation 4.1b, which can be used to evaluate the interaction between the

“u_n o:n

two polymeric and one fibrillar component, where “c” represents MFC, “j” is
LBG, and “i” represents CMC. In all cases, the total blend concentration is
fixed at 2% w/w. Typically, if I, value is between 0 and 0.5, the viscosity of the
mixed system will be less than the sum of the viscosities of its components,
and less than one of the component, in this case, the system shows
antagonistic interaction. If the I, value is between 0.5 and 1.0, synergistic
effects will occur, and lastly, I, >1, the viscosity of the mixed system would be
greater than the sum of individual component viscosities, strong synergistic
effects would result (Pellicer et al, 2000). Furthermore, synergistic
interactions can also be quantified by using a viscoelastic parameter i.e. G’

(Tandjawa et al., 2012a) by using the Equation 4.2a and 4.2b, where the

synergistic effect is denoted by “R”.

G eyi—(G 46"
R = cﬂ, c, : (Equation 4.2a)
G +G

G epi—(G 4G 5)
R = CHI C, ! (Equation 4.2b)
[ C‘+Gj
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Table 4.1 shows the quantitative evidence of synergistic interaction between
the BMFC and different additives. The highest |, value and positive R-value is
for the BMFC/CMC formulation, indicating the strong rheological synergism
(Iv >1) between the two components, however as the amount of CMC is

increased in the mixture a slight decrease in lyand R-values was observed.

Table 4.1: Rheological synergism of BMFC/CMC, BMFC/LBG, BMFC/BL1 (BL1:
is a blend of CMC/LBG) mixtures in aqueous suspension at 20°C; where G’

(Pa) is recorded at strain 0.2% and frequency 1 Hz, and n recorded at shear

rate 152,
Sample | n(Pas) | G'(Pa) Iv R
MFC100 5.34 30.65
CMC 3.23 3.39 N/A
LBG 59.85 136
BL1 6.64 8.053

CMC15 53.85 | 162.75 | 6.28 3.78
CMC25 50.4 142.25 | 5.88 3.18
CMC50 36.9 80.9 431 1.38
LBG15 7.0675 | 57.42 0.11 -0.66
LBG25 5.335 43.3 0.08 -0.74
LBG50 5.705 38.27 0.09 -0.77
BL15 56.97 347 0.77 7.97
BL25 22.2 72 0.30 0.86
BL50 7.4 14 0.10 -0.64

In the case of BMFC/LBG, the I, value was very low as compared to

BMFC/CMC and R-value was negative, these values were reduced with

increasing LBG proportion in the mixture, indicating weak synergistic effects,

this can be explained by possible hydrogen bonding between the microfibrils

and LBG. Finally, the I, value of BMFC/Blend (BL1) is higher in the case of
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BL15, indicating synergism, and start reducing as the amount of Blend (BL1)

increases with a greater reduction than that seen for BMFC/CMC.
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Figure 4.9: Spin-spin relaxation time (T2) as a function of additives
proportion in (0) BMFC/CMC, (A) BMFC/LBG and (0) BMFC/BL1 formulations
at 20°C of 2% w/w overall suspension concentration. Data presented is an
average of 4 replicates with not statistically significant (p-value>0.05).

Where Tz value of 2% w/w CMC100 is 1227 ms and LBG100 is 846 ms.

The reduction in synergism index with increasing amount of the additive in
the suspension confirms that a more ordered and entangled network
structure is formed by a higher proportion of microfibrils. It is also evident
that the presence of a charged additive i.e. CMC enhances synergism effects

as compared to LBG, which is also reflected in the case of BL1. This is then
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more evidence to suggest that the LBG and CMC in the blend have different

roles, with the strong binding of the LBG and CMC having an influence on

giving charge to the microfibrils.

4.3.2 Impact of additives on water mobility

The spin-spin relaxation times (T2) of dried and redispersed suspensions show

that addition of additives increases the T, value of the BMFC suspensions, in

comparison with MFC100 (Figure 4.9). An explanation for the increase in

relaxation time could be: as the amount of CMC/LBG or Blend (BL1) increases

in the formulation it decreases the entangled network of BMFC, resulting in a

much weaker gel-like behaviour (Tan 6 presented in Figure 4.3, 4.5a and 4.7a)

and synergism effects (decrease in I, and R-values). The impact of different

additives on the mobility of water in BMFC network structure, it was evident

in Figure 4.9 that the CMC and Blend (BL1) showed higher T, values at all

concentrations as compared to LBG. Lower T, values of BMFC/LBG

suspensions can be explained by larger microfibril/fibrils aggregate structure

formed due to strong intra- or inter- interactions between the microfibrils and

LBG. Hence water mobility in the network structure of the suspensions was

limited to the outer surface of the fibrils of BMFC/LBG suspensions, resulting

in lower T, values. Similar water mobility (T: values) within the network
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structure was observed with rehydrated BMFC i.e. MFC100. It appears to be

the presence of microfibrils aggregates and inhomogeneity in the case of

MFC100 and BMFC/LBG suspensions dominates the T, values. A small

increase (not statistically significant) in water mobility was observed when

comparing MFC100 and BMFC/LBG. The increases in the T, values can be

explained by slight improve in the redispersibility of BMFC/LBG material as

compared to MFC100 due to the surface interaction between the entangled

microfibrils and LBG.

To further examine the effect of drying on the water mobility in the

microfibril network in the presence and absence of additive (CMC), T, values

as a function of total concentration are plotted to compare aqueous

suspensions of blends of never-dried BMFC/CMC(ND) and redispersed

BMFC/CMC(D) with pure MFC100 (never-dry (ND) and redispersed (D)) shown

in Figure 4.10b, and also compared to the shear viscosity of the same systems

(Figure 4.10a).

In chapter 3 (in section 3.3.2.2) it was shown that the drying of BMFC without

additives resulted in the formation of strong intermolecular hydrogen-bonds

between the fibrils and microfibrils, resulting in the formation of larger rigid

fibrils aggregates of BMFC, which may limit water mobility within the
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suspension resulting in lower T, values. Figure 4.10a shows that the addition

of CMC to BMFC increases the shear viscosity of the dried and redispersed

suspension as compared to MFC100 and leads to viscosities similar to the

never dried MFC (MFC100(ND)). However, the water mobility in the

redispersed BMFC/CMC was greater than MFC100 (ND) and MFC100 (D).

Therefore the presence of CMC contributes to the increase in water mobility

due to a reduction in the extent of aggregation, which must be present even

in the MFC100 (ND).

Never-dried CMC15 shows highest T, values, since the addition of CMC

protects the formation of strong H-bonds between BMFC fibrils, resulting in

improved redispersibility of the BMFC/CMC in water. The highest T, values for

CMC15(ND) indicate that the CMC is effective when mixed with MFC, and

such effects are successful in providing good redispersibility once dried.

However, as the overall concentration of BMFC/CMC is increased (from Figure

4.10b) the T, values decrease indicating that, as expected the extent of water-

polymer interaction increases, which results in reduced water mobility in the

system (Norton et al., 1998).
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Figure 4.10: (a) Shear viscosity (at 1 s shear rate); and (b) T. (ms) of (-0-)
MFC100 (wet (solid) and dry (unfilled), (-o-) CMC15 (wet (solid) and dry

(unfilled)) as a function of concentrations at 20°C. Data presented is an

average of 4 replicates, highly reproducible with a standard deviation less

than 1%.
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Figure 4.11: Fluorescence microscopy images of 2% w/w suspension of (a, b)
BMFC/CMC i.e. CMC15 & CMC50 respectively, (c) BMFC/BL1 (BL15), and (d)
BMFC/LBG (LBG15), at scale bar: 200um, where CMC and LBG are tagged

with FITC (shown as green colour).

Fluorescence microscopy images in Figure 4.11a and 4.11b of redispersed

BMFC/CMC shows CMC coating the surface of the MFC fibrils. This CMC

coating protects the formation of strong H-bonds between the MFC

microfibrils resulting in a noticeable improvement in redispersibility of

BMFC/CMC. Similarly, surface coating on microfibrils was observed with

BMFC/BL1 and BMFC/LBG systems (Figure 4.11c and 4.11d). Therefore, these

results indicate a complex and competitive nature of the addition of different
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polymeric additives. CMC coats MFC and provides a charge and LBG binds and

crosslinks with MFC. In a mixture with low levels of the blend of polymers

appears to provide the dual effectiveness, but at higher additive levels the

LBG seems to dominate. In some fluorescence microscopy images, small

regions are uncoated; this is due to mixing limitation during mixing protocol.

4.3.3 Thermal transitions of BMFC/additive at low moisture

In previous sections, different BMFC/additive formulations were studied and

characterised at high moisture levels, whereas in this section an attempt is

made to understand the different physical properties of BMFC/additives at

low moisture system (2% to 20% moisture content). The main objective of this

study is to investigate the impact of different polymeric additives on

temperature-induced structural transitions in MFC at low moisture

environment in order to provide a further understanding of the complexity of

interactions between the polymeric additives and the fibril/microfibril

cellulosic material. Also, qualitatively determine the impact of additives on

different water-populations (such as associated (interacting)-water and free

(bulk)-water). In order to identify the low-temperature thermal transitions of

BMFC/additive systems Differential Scanning Calorimetry (DSC) was used

(Figure 4.12).
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The DSC thermograms of BMFC/CMC and BMFC/Blend (BL1) at the lowest

moisture (2%w/w) showed three distinct endothermic peaks (Figure 4.12a).

During the first heating, a lower temperature shoulder between 30-40°C and

a second higher temperature peak between 50-70°C was observed, however,

both peaks disappear during the second heating, whereas during the second

heating a new peak between 5-20°C is measured. In the case of BMFC/LBG,

the system showed only one peak between 50-70°C during the first heating

and which is also lost during second heating, with no peak observed between

5-20°C. An endothermic peak between 50-70°C is common for various

polysaccharides at low moisture content; this peak is the result of the

activation of processes associated with polysaccharide-water interactions and

has also been ascribed to polymer relaxations (Gidley et al., 1990,

Abbaszadeh 2013).

For BMFC without the addition of polymers no peaks were observed in this

region. This indicates that the addition of CMC and LBG induces low-

temperature structural transitions in the system, ie. associated with

hydrogen bonding between BMFC-additive and BMFC/additive-water. This

higher temperature endothermic peak disappears at higher moisture content

(approx. 20%) as seen in Figure 4.12b, where the moisture content of
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BMFC/additives was manipulated by equilibrating to constant weight under a

controlled relative humidity (RH) 93%.
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Figure 4.12: DSC thermograms of BMFC/CMC, BMFC/LBG and BMFC/Bend
(BL1) at (a) 2% and (b) 20% moisture content. All results are highly

reproducible with a standard deviation less than 0.1%.
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This behaviour can be explained by the presence of excess freezable water in

the system (evident in DTGA data in Figure 4.13b, an increase in the moisture

loss between 50-150°C, discussed later), similar behaviour was observed with

xanthan-water and starch-water systems (Raschip et al., 2008 and Gidley and

Cooke, 1991).

The second, lower temperature endothermic transition peak between 30-

40°C indicates that the BMFC/CMC and BMFC/BL1 systems undergo thermal

induced structural changes which will influence the extent of water

interaction with the MFC:additives and cause a re-organisation of hydrogen-

bonding. This transition was more pronounced at higher moisture levels

evident in Figure 4.12b, and these transitions are considered as a liquid-

crystal transition at low temperatures in hydrated hydrocolloid systems

(similar behaviour was observed with the xanthan-water system (Abbaszadeh,

2013)). This structural transition was not observed with BMFC/LBG system at

lower moisture but occurs at the higher moisture levels. An explanation for

this behaviour is the presence of strong hydrogen bonds between the

microfibrils and LBG after drying, resulting in a lower amount of interacting

water in the system which is associated with a weaker transition. However,

when the moisture content of the BMFC/LBG was increased, the transition in
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the region of 30-40°C was observed (evident in Figure 4.13b). Therefore, the

results indicate that like CMC, LBG is also capable of liquid-crystal type

behaviours; however it is only initiated at higher moisture level.

Finally, an endothermic peak was observed between 5-15°C at both low and

high moisture content with all BMFC/additive-water systems during the

second heating cycle. BMFC in the presence of additives and varying amounts

of water, therefore, undergoes a further structural reorganisation, which may

also possibly be due to a combined water microfibril-additive liquid-crystalline

state. Interestingly, the BMFC/CMC system at the higher moisture content

does not show any thermal induced endothermic peak, which indicates that

the liquid crystalline state is water content dependent.

Under inert atmosphere, the thermal degradation of cellulose/BMFC material

is characterised by one mass loss step which results in one peak in the DTGA

curve (Figure 4.13). Usually, the peaks are characterised according to the

degradation of the different components of the samples. Typically, one peak

between 300-350°C is related to the degradation of cellulose or in this case

MFC, evident from both Figure 4.13a and also shown by Barneto et al., (2010)

and Moran et al., (2008).
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Figure 4.13: The thermal degradation under a nitrogen atmosphere of (a)

CMC100, LBG100 and MF100 at low water content, and comparison

between MFC100 (BMFC), BMFC/CMC, BMFC/LBG and BMFC/Blend (BL1)

where (b) low, and (c) high water content. Data presented is highly

reproducible.
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It was also evident that the LBG100 and CMC100 degrade earlier as compared

to MFC100. A shoulder peak between 250-300°C which is likely to belong to

degradation of the additive (i.e. CMC, LBG and Blend (BL1)), as the

temperature of degradation corresponds to CMC100, LBG100, and the peak

size and area of this shoulder increases as the amount of additive increases in

the BMFC/additive formulations evident in Figure 4.14a, 4.14b and 4.14c. This

proves the theory that the synergistic interaction between BMFC/additives

involves the formation of strong hydrogen bonds which break and degrades

at a higher temperature close to MFC.

A comparison of these curves highlights a number of interesting features. One

is around the lower temperature shoulder, which is more evident in the CMC

and CMC/LBG blend systems, which also show the main exotherm maximum

shifting to lower temperatures. This indicates that the interaction between

cellulose and CMC is more thermally labile. Additionally, when looking at the

peak at 100°C, which is indicative of water evaporation, these structures have

higher amounts of “available” water than the system containing LBG (Figure

4.13b and 4.13c). At an equivalent additive content, the LBG system is less

thermally labile than the CMC system, but with the addition of increasing

amount of LBG to the system (Figure 4.14b) a pronounced increase in the
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amount of more thermally sensitive material is seen (an increase in the size of

the lower temperature shoulder), with a subsequent decrease in the size of

the peak at the original cellulose degradation temperature. These

observations support those measured by DSC, in that the CMC seems to be

more effective than LBG in altering the properties of MFC, and either a higher

water content and that an increased amount of added LBG are required to

have similar effects.

These results correlate well with DVS moisture sorption and desorption

isotherms of different BMFC/additive formulations (Figure 4.15a and 4.15b).

From the dry state, the moisture uptake of MFC100 was relatively slow as

compared to all BMFC/additive formulations, due to strong intermolecular

hydrogen bonds present between the BMFC fibrils forming aggregates with

lower diffusivity. The moisture sorption becomes higher during the second

cycle of sorption independent of BMFC formulations indicating the after the

first cycle of moisture sorption and desorption the fibril network hold some

“associated” moisture (evident in desorption isotherm Figure 4.15b) which

allows the higher moisture sorption during second sorption cycle.

148



Chapter 4

1.80E-03

1.60E-03

CMC50

1.40E-03

1.20E-03

1.00E-03

8.00E-04

Mass loss rate (1/s)

6.00E-04

4.00E-04

2.00E-04

0.00E+00

T T T T T T T T T T T

50 100 150 200 250 300 350 400

Temperature (°C)

3.00E-03
(b) ]
2.50E-03 1

{ LBG50

2.00E-03 1

1.50E-03

Mass Loss rate (1/s)

1.00E-03 |

5.00E-04 -

0.00E+00 it — e e e e i i
50 100 150 200 250 300 350 400

Temperature (°C
2.00E-03 d tQ

(c)

1.80E-03
1.60E-03
BL50
1.40E-03
1.20E-03
1.00E-03
8.00E-04

6.00E-04

Mass loss rate (1/s)

4.00E-04

2.00E-04

0.00E+00 +———T—T—T—T T ..‘..\..‘\‘.‘\..‘!
100 150 200 250 300 350 400

[9,]
o

Temperature (°C)

Figure 4.14: Thermal degradation of (a) BMFC/CMC, (b) BMFC/LBG, and (c)
BMFC/Blend (BL1) under a nitrogen atmosphere with increasing amount of
additives in the system at low water content. Data presented is highly

reproducible.
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The BMFC/CMC system is able to take up more water (increase in mass) than

the other systems, with increasing RH, and is able to retain that water upon

drying of the system (desorption, Figure 4.15b). The next most effective

system on sorption is the system containing the blend of CMC and LBG.

The LBG containing system is interesting as, at low RH levels, it is not much

better than MFC alone. However, at RH~40% it then maps onto the blend,

and at higher RH to that of BMFC/CMC. This suggests the finding of DSC and

DTGA in that BMFC/LBG requires a higher water content to be effective at

changing the MFC properties. Upon submitting the systems to drying

(desorption, Figure 4.15b), there appears to be an ad-desorption hysteresis

for all systems. While the BMFC/CMC system is most effective at retaining the

water, the hysteresis is greater for BMFC and BMFC/LBG. Again this suggests

that the water in the BMFC/CMC system is interacting, but can be removed

successfully at elevated temperatures (100°C peak in DTGA curves), and that

the water taken up by the BMFC/LBG system is more tightly “associated”

(e.g., lack of a discernible 100°C peak for the low moisture content samples in

Figure 4.13b) and not free for evaporation at elevated temperatures.

A translation of this finding into the much higher water content systems

shown in the rheology and water mobility studies discussed earlier in this
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chapter then may explain further the lower T, values of the

aggregated/agglomerated, poorly dispersible LBG containing materials.

4.4 Conclusions

The addition of polymeric additives such as CMC, LBG and Blend (LBG:CMC)

significantly improved the redispersibility of the dry material, which reflects

its overall physical properties of the system. The addition of negatively

charged CMC, a blend of LBG and CMC resulted in the maximum recovery of

viscoelastic properties and shear viscosity upon drying as compared to LBG at

comparable MFC/additive ratios. However, the amounts of additive present in

the system also had a noticeable impact on viscoelastic properties of the

suspensions. Both polymeric additives i.e. CMC and LBG form a surface

coating on microfibrils (binds to cellulose) which protects the fibres to form

strong inter-/intra-molecular hydrogen bonds upon drying process.

The reduced amount of fibril aggregates and proper redispersibility of the

system results in higher mobility of water in the network structure of MFC.

Even though promising results were observed in terms of redispersibility and

recovery of viscoelastic properties with a blend of CMC/LBG as an additive,

however, optimisation of formulation is required can be subjected to future
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work. The results presented also showed the active involvement of polymeric

additives in the formation of liquid crystalline structures by semi-flexible

polymers when added to MFC in low moisture environments and offers an

insight into the theory of synergistic interactions on the surface of cellulosic

fibres, protecting the agglomeration of microfibrils present in the highly

fibrillated suspension.
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Chapter 5

Impact of Polymeric Additives on
Stabilisation of MFC added
“before” the Homogenisation
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5.1 Introduction

The main purpose of the present chapter was to examine the impact of the

polymeric additive on the degree of fibrillation and the interaction with MFC

when the two components were co-processed. It is proposed that when the

polymeric additives are added prior to homogenisation, the co-processing of

the two components results in greater surface interaction and altered

properties of the mixtures. Abbaszadeh et al. (2014) have recently shown that

ball milling cellulose in the presence of polymeric additives can alter the

crystallinity of cellulose in low water environments. Therefore, it is reasonable

to assume that such additives might alter the properties of cellulose during a

fibrillation process.

The addition of the CMC during mechanical fibrillation of bacterial cellulose to

produce cellulose microfibrillar dispersions was first investigated by Veen et

al., (2014). It was reported that the presence of CMC during mechanical

fibrillation resulted in gel-sol and direct gel-liquid crystalline structure

transitions in dispersions. However, the change in microstructure after drying

and the redispersibility of the dry product were not studied in the case of

softwood spruce cellulose pulp. Hence the current work was aimed at

understanding the structural impact of different polymeric additives such as

155



Chapter 5
CMC, LBG and a Blend of CMC and LBG on the processing of cellulosic
suspensions, and a direct comparison with the addition of these materials

post-fibrillation, as reported in the previous chapter.

5.2 Materials and Methods

Materials used for this study are described in Chapter 2.

5.2.1 Sample preparation

Mixtures of pure softwood spruce cellulose and polymeric additives were
prepared by the addition of 2% w/w CMC (mix), LBG and Blend to MFC at a
ratio of 85:15 (85%MFC/15%additive). 0.4% w/w LBG solution (low viscosity)
i.e. LBG(LV) was prepared by using the standard protocol as described in
section 2.3.3 for MFC/LBG(LV) formulation. CMC(mix) is composed of two
CMCs ie. 75%CPKA/25%DW, whereas Blend (BL) is composed of
75%CMC/25%LBG, both solutions were prepared using the standard protocols
described in chapter 2. These mixtures were passed through a Microfluidics
homogeniser (Microfluidics Processor M-700) with a z-chamber with pressure
at 2000 bar. All the mixtures were passed through the homogeniser three
times, and after each pass 500 gm of the sample were collected and coded as
mentioned in Table 5.1. A pH of 6.8 was maintained and all samples contained

0.02% w/v sodium azide to prevent bacterial contamination. The
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concentration of all samples was determined by the dry weight. All of the

MFC/additive mixtures were analysed in a wet and dry state. Only a single

batch of samples was prepared for this set of work due to a limited time at

the sponsor’s production site, but all analyses were carried out in duplicate.

The MFC/additive mixtures were dried according to the standard protocol, as

described in chapter 2. All dry MFC samples were redispersed in distilled

water using a high shear overhead mixer (Ultraturrax, UK) at 15000-18000

rom for 4 mins. The same process step was also applied to the never-dried

MFC. All of the samples were stored on a roller bed overnight before analysis.

Table 5.1: The MFC/additives formulation, the number of passes through the

homogenisers and the sample code.

Sample Code | MFC/Additive |No. of Passes
MFC/CMC:1P
MFC/CMC:2P | CMC(mix) (2%)
MFC/CMC:3P
MFC/LBG:1P
MFC/LBG:2P LBG (2%)
MFC/LBG:3P
MFC/LBG(LV):1P
MFC/LBG(LV):2P| LBG (0.4%)
MFC/LBG(LV):3P
MFC/BL:1P
MFC/BL:2P BL (2%)
MFC/BL:3P

WINIRIWINIRIWIN|IR[WIN|E-

5.2.2 Microscopy

Light microscopy was used to study the microstructure of aqueous

suspensions according to the method detailed in chapter 2, section 2.4.6.
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5.2.3 Rheology

Rheological data presented is an average of 4 replicates and was measured

according to the method detailed in chapter 2, section 2.4.1.3.

5.2.4 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry was performed according to the method

detailed in chapter 2, section 2.4.4.

5.2.5 Derivative Thermo-gravitational analysis (DTGA)

DTGA thermograms were measured according to the method detailed in

chapter 2, section 2.4.5.

5.2.6 Wide angle X-Ray diffractometry (WAXD)

Crystallinity data presented is an average of 2 replicates and was measured

according to the method detailed in chapter 2, section 2.4.3.

5.2.7 Relaxation NMR

Spin-spin relaxation time (T2) data presented is an average of 4 replicates and

was measured according to the method detailed in chapter 2, section 2.4.2.

5.2.8 Dynamic Vapour Sorption (DVS)

Dynamic vapour sorption isotherms were measured according to the method

detailed in chapter 4, section 4.2.7.
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5.2.9 Data Analysis

Statistical data analysis was performed by using software Excel (Microsoft

2013, USA). Correlation analysis was performed to investigate the relationship

between physical parameters (viscosity, complex viscosity, crystallinity, spin-

spin relaxation time etc.) and a number of passes through homogeniser and

different drying techniques using analysis of variance (ANOVA) with a

significance level defined as p-value<0.05.

5.3 Results and Discussion

5.3.1 Microstructure of suspensions

In the earlier chapter 3, it was concluded that the fibrillation techniques used

to produce the MFC (without additive) have a noticeable impact on the

degree of fibrillation. As the number of passes through the homogeniser

increased, the degree of fibrillation i.e. the amount of microfibrils released

from the mother fibre increased in the suspension. Similar microstructures

were observed with MFC/additive (never-dried) suspensions (Figure 5.1)

when polymeric additives were added before homogenisation and mixtures

were passed 3 times through the microfluidics homogeniser. However, it was

also observed that depending on the type of additive used the degree of

fibrillation of MFC was affected (Figure 5.1).
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Homogenisation of cellulose pulp in the presence of CMC resulted in MFC

suspension with a similar degree of visible fibrillation to MFC100 (compared

Figure 5.1a to Figure 3.1). It is also observed in Figure 5.1ai that the 1Pass

MFC/CMC suspension contained fewer fibre bundles compared to 1Pass

MFC100 (Figure 3.1), and the degree of fibrillation was further increased with

consecutive passes through homogeniser. Whereas a lower degree of

fibrillation and larger fibril aggregates were observed when MFC was

produced in the presence of LBG (MFC/LBG:1P in Figure 5.1ci). However, as

the number of passes increased the degree of fibrillation increased (Figure

5.1cii and 5.1ciii).

Hence to control the effect of LBG viscosity on the degree of fibrillation, a

lower viscosity LBG solution i.e. LBG(LV) (at 0.4% w/w concentration) was

added to 2% w/w cellulose-pulp prior to homogenisation. The microscopy

images presented in the Figure 5.2ai, show that never-dried MFC/LBG(LV):1P

suspensions appeared to have a similar degree of fibrillation like MFC/LBG:1P

(Figure 5.1ci), but with an increase in the number of passes through the

homogeniser the fibrillation seemed to approach that of MFC/CMC (Figure

5.1a). This indicates that the viscosity of LBG affected the degree of fibrillation

when co-processed.
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Intact or poorly
fibrillated Cellulose

Fibril-aggregates

Figure 5.1: Light microscopy images of aqueous suspensions (2% w/w) of never-dried (wet) MFC produced in the presence of

different additives: (a) CMC(mix), (b) Blend (BL), and (c) LBG; after (i) 1Pass, (ii) 2Pass, and (iii) 3Pass through homogeniser;

scale bar: 200 um.
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Figure 5.2: Light microscopy images of (a) never dry (wet) and (b) dried and
redispersed aqueous suspension of MFC/LBG(LV) (low
concentration/viscosity i.e. 0.4% w/w) after (i) 1 Pass, (ii) 2 Pass, and (iii) 3

Pass through homogeniser.

Figure 5.3: Light microscopy of 2% w/w aqueous suspensions of dried and

redispersed MFC with different additives: (a) CMC(mix), (b) Blend (BL), and
(c) LBG after (i) 1 Pass, (ii) 2 Pass, and (iii) 3 Pass through homogeniser.
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Figure 5.1b shows the microscopy images of MFC produced in the presence of

a BLi.e. blend of CMC:LBG. These images show an intermediate effect on the

degree of fibrillation as compared to MFC/CMC and MFC/LBG. These

microstructures indicate that the degree of fibrillation depends on the type of

polymeric additive used in the system during mechanical co-processing, due

to a combination of surface interaction between cellulosic fibres: additive and

solution viscosity. It appears that high solution viscosity e.g. LBG (2% w/w)

reduces the shear experienced by the cellulose upon homogenisation

resulting in a lower degree of fibrillation.

A further processing step for all of the aqueous suspensions was drying and

rehydration. Microscopy images of redispersed MFC/additive formulations

are presented in Figure 5.2b and Figure 5.3. All dry samples i.e. MFC/CMLC,

MFC/LBG and MFC/Blend were easier to redisperse in water to form

homogeneous suspensions than those studied in chapter 3 and 4 (visual

observation). Comparing all 3Pass samples, the aqueous suspensions of

MFC/CMC showed the least number of microfibrils aggregates. Similar

microstructures of MFC/CMC microfibril-networks were observed when CMC

was added before or after homogenisation (compare Figure 4.2 and Figure

5.3a).
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From the microscopy images, the assumption can be made that the addition

of CMC (independent of the point of addition ie. before or after

homogenisation) protects an aggregation of microfibrils during the drying

process, resulting in a homogenous and entangled microfibrils suspension.

Similar results were observed with MFC/Blend redispersed suspensions,

where a few smaller aggregates were observed inherited from the never-

dried MFC/Blend suspension (Figure 5.2b and 5.1b). The addition of LBG (2%

or 0.4% w/w) prior to homogenisation does not protect the microfibrils

against aggregation during the drying (Figure 5.2b and 5.3c), as compared to

the MFC/CMC and MFC/Blend (Figure 5.3a and Figure5.3b). After drying the

microfibrils collapse and form larger microfibril aggregates independent of

LBG concentration as compared to MFC/LBG systems when LBG is added after

homogenisation (Figure 4.2). Besides a low degree of fibrillation and

microfibril aggregation, the dry MFC/LBG powders (1 to 3 Pass) were easier to

redisperse in water, when compared to the MFC/LBG system when the

additive was added after homogenisation (visual analysis).

In chapter 3, it was reported that MFC produced by using a conventional

homogeniser (microfluidiser or refiners) showed a maximum loss in

crystallinity after 1Pass. After consecutive passes (i.e. 2P and 3P) through the
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homogeniser no further effect on the crystallinity of the system was noted

(Figure 3.5). Similar results were observed when MFC was produced in the

presence of additives, where the maximum loss in crystallinity was observed

after 1Pass and no further reduction is observed on consecutive passes

through homogeniser (Figure 5.4). However, higher cellulose crystallinity is

observed when additives are added prior to homogenisation.

After 1pass MFC100 showed crystallinity around 35%, whereas MFC/additive

mixtures, independent of additive type when added before homogenisation,

showed crystallinity values around 45% (Figure 5.4). Indeed, Abbaszadeh et

al. (2014) showed that the presence of some polymeric additives protects the

crystallinity of the cellulose during a harsh milling (ball milling) process when

co-processed at low moisture. The results presented here indicate that the

addition of polymeric additives protected the crystalline region of cellulosic

microfibrils during high-shear homogenisation in the wet state. This can be

explained by a surface interaction between MFC and additives which was

observed in fluorescence microscopy images presented in chapter 4 (Figure

4.11) and supports the observations made by light microscopy.
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Figure 5.4: Crystallinity of MFC100 and MFC/additives when added before
homogenisation as a function of a number of passes (1, 2 and 3 Passes)
through microfluidic homogeniser. The data presented is an average of

duplicates and is highly reproducible.

5.3.2 Rheological properties of MFC/additive suspensions

5.3.2.1 Viscoelastic behaviour MFC/additive suspensions

The aqueous suspensions of co-processed, dried and redispersed

MFC/additive systems after 3 passes through a microfluidics homogeniser i.e.

MFC/CMC, MFC/LBG and MFC/Blend, at 2% w/w concentration were

subjected to frequency (Hz) ramping (Figure 5.5a). All suspensions showed

viscoelastic gel-like behaviour as the storage modulus (G’) was higher than

the loss modulus (G”) with little dependence on frequency. This viscoelastic

behaviour was consistent with BMFC suspensions when polymeric additives

were added after homogenisation (in comparison with CMC15, LBG15 and
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BL15 in Figure 4.1). Slight differences in G’ and G” were observed between

additives added to MFC before and after homogenisation, which is likely due

to the difference in the microstructure of the two systems.

Storage and loss moduli as a function of temperature for 2%w/w

MFC/additive suspensions are shown in Figure 5.5b. All suspensions showed

viscoelastic gel-like behaviour with increasing temperature (20-90°C)

independent of the number of passes through the homogeniser. All

redispersed suspensions showed first a slight decrease in both moduli up to

40°C and then an increase after 45°C up to 90°C while maintaining viscoelastic

gel-like behaviour. These results are similar to MFC suspension when

polymeric additives were added after homogenisation (compare with CMC15,

LBG15 and BL15 in Figure 4.8). Thermal induced structural transitions, the

formation of inter-connected microfibril networks and swelling of microfibrils

during heating could be possible reasons for the changes in G’ and G” with

increasing temperature.
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Figure 5.5: Storage (G’, -e-) and loss (G”, -0-) modulus of dried and re-
dispersed suspensions of MFC/CMC, MFC/LBG and MFC/BL after 3 Pass; as a
function of (a) frequency (Hz) at 20°C and strain 0.2%, (b) temperature (°C)
at 1°C/min heating rate at frequency 1 Hz and strain 1%. The overall
concentration of all suspensions was 2% w/w. The data presented is an

average of replicates with a standard deviation +1%.
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As mentioned in the previous chapter, the recovery of viscoelastic parameters

and shear viscosity after drying and redispersing depends on the type of

additives used to stabilise the microfibrils in the system. A similar dependence

of functional recovery on the MFC formulations was observed when

polymeric additives were added before homogenisation (Figure 5.6a and

5.6b). Redispersed MFC/CMC suspensions showed a 20% reduction in

complex viscosity after drying as compared to the never dry suspension. A

similar behaviour was observed with BMFC/CMC (85:15) suspensions in

chapter 4, which indicates that the addition of CMC before or after

homogenisation has the same impact on complex viscosity. However, better

redispersibility was observed when added before homogenisation and a

noticeable increase in complex viscosity was observed when comparing

MFC100 with MFC/CMC:3P. Similar behaviour was observed with 1Pass and

2Pass materials. The blend of CMC/LBG as an additive in the MFC suspensions

(i.e. MFC/BL) also showed similar redispersibility and increase in complex

viscosity over MFC100 (complex viscosity of dried and redispersed MFC100 is

5.43 Pas as reported in chapter 4).

Aqueous suspensions of never-dried MFC/LBG at both levels of LBG addition,

after 1Pass and 2Pass through the homogeniser showed very high complex
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viscosity as compared to both never-dried MFC/CMC and MFC/BL

suspensions. This can be explained by a greater amount of fibril bundles/

microfibrils aggregates in the suspension (Figure 5.1c and Figure 5.2a). Higher

and non-homogenous fibril size leading to wall slip or wall depletion are well

known in particulate systems and this could be a reason for the higher

complex viscosity. These results also indicates that the high degree of

fibrillation is important in order to achieve a homogeneous network structure

with stable viscosity. In order to achieve this high number of passes through

the microfluidics technology is recommended for MFC/LBG formulations.

While comparing never-dried and redispersed suspensions a significant

reduction (approximately 80%) in complex viscosity was observed

independent of the number of homogeniser passes, indicating that any

cellulose:LBG interactions cannot prevent aggregation of microfibrils upon

drying; however these interactions were stable enough to improve

redispersibility of dried product.

When comparing the viscoelastic parameters such as G’, G” and complex

viscosity of the different dried and redispersed MFC/additive formulations

(Figure 5.5a and 5.6b), it is evident that the charged CMC (either alone or in a

blend with LBG) showed higher complex viscosity as compared to MFC with
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LBG after 2Pass and 3Pass (statistically significant p-value = 0.016; alpha:

0.05).
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Figure 5.6: Complex viscosity as a function of number of passes through the
homogeniser at 0.2% strain and 1Hz frequency at 20°C of 2% w/w
suspension of MFC/CMC, MFC/LBG (HV and LV) and MFC/BL, where (a)
never dry suspension, and (b) dried and redispersed suspension. The data
presented is an average of replicates. Note: for proper visual comparison
different Y-axis scale was used.
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This viscoelastic behaviour is consistent with results presented in chapter 4,

comparing different additives added after homogenisation. There are two

possible explanations for the behaviour of the MFC/CMC and MFC/BL

formulations. Firstly, the presence of negatively charged additive in the

suspension protects the microfibrils from collapsing during the drying stage

and, hence resulted in a good recovery of the microfibrils network. Secondly,

consecutive passes through the homogeniser resulted in a decrease in the

larger microfibril aggregates, explaining the slight increase in complex

viscosity (Figure 5.3 and Figure 5.6b).

In the case of the MFC/LBG system, aggregates formed by stable inter and

intra-molecular hydrogen bonds between the polymers and the microfibrils

were difficult to redisperse as compared to MFC/CMC and MFC/BL, and

resulted in a lower complex viscosity for MFC/LBG (comparing 2Pass and

3Pass samples). The complex viscosities of dried and redispersed

MFC/additives in suspensions were similar to the suspensions produced when

the polymers were added after homogenisation. Similar complex viscosities

were observed when comparing the redispersed suspensions of MFC/CMC,

MFC/LBG with CMC15 and LBG15 (Figure 4.3 and 4.5b), and lower than BL15

(Figure 4.8). However, the difference in the technology used to produce MFC
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and its influence in microstructure cannot be discounted while interpreting

the rheological properties of these suspensions.

5.3.3 Impact of additives on water mobility

The spin-spin relaxation times (T2) as a function of a number of passes

through the homogeniser for 2%w/w redispersed suspensions of MFC/CMC,

MFC/LBG, MFC/LBG(LV) and MFC/Blend are presented in Figure 5.8. Figure

5.8 shows that the number of passes through the homogeniser did not have a

statistically significant effect on the T, values of the suspension (p-

value>0.05). However, all MFC/additive suspensions showed higher T, values

as compared to MFC100 (T, value: 414ms; Figure 4.9). These results are

consistent with the water mobility in the network structure of MFC/additives

when the polymer was added after homogenisation at comparable ratios

(85:15). Lower T, value of MFC100 suspensions can be explained by the fibril

aggregates that formed due to strong intra- and intermolecular H-bonding

between the microfibrils. The presence of charged polymeric additives e.g.

CMC and Blend (CMC/LBG) during co-processing contributed to the increase

in water mobility due to charge effects and surface interactions with

microfibrils, resulting in a highly dispersed microfibrils network during

rehydration upon drying.
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Figure 5.8: Spin-spin relaxation time (T, ms) as a function of a number of
passes through homogeniser of MFC/CMC, MFC/Blend, MFC/LBG and
MFC/LBG(LV), measured at 20°C of overall 2% w/w overall suspension
concentration. The data presented is an average of 4 replicates, highly

reproducible with a standard deviation less than 0.1%.

Interestingly, MFC/LBG showed higher water mobility in the network

structure compared to BMFC/LBG (when polymer added after

homogenisation). The fibril aggregate structures and inhomogeneity were

responsible for the lower T, values in the case of BMFC/LBG suspensions

when LBG was added after homogenisation. It appears that the co-processing

of MFC/LBG resulted in a more homogeneous microfibrils network providing

improved redispersibility once dried. The reduced amount of fibril aggregates

in the redispersed suspension increased the water mobility in the MFC/LBG

through interstitial spaces within the microfibril network when compared
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with BMFC/LBG when LBG was added post-homogenisation (Figure 4.2 and

Figure 5.3c). Higher T values were also observed in the case of MFC/CMC and

MFC/BL redispersed suspensions. These results indicate that the co-processed

MFC/additives systems produced a more homogeneous dispersion with active

interactions between the two components resulting in the much-improved

redispersibility and higher T, values as compared to MFC/additive systems

when additives were added after homogenisation at comparable ratios

(85:15).

5.3.4 Thermal transitions of MFC/additive at low moisture

In the previous chapter, different MFC/additive formulations at low moisture

(2%w/w) showed low-temperature thermal transitions related to the water

state (Figure 4.12). Similar temperature transitions were observed with

MFC/additive when the additive was added before homogenisation (Figure

5.9 and Figure 5.10). The DSC thermograms of MFC/CMC, MFC/LBG and

MFC/BL showed two distinct endothermic peaks independent of a number of

passes through the homogeniser; the first peak between 30-40°C, and the

second between 50-70°C. Both peaks disappeared during second heating,

replaced by a new peak between 5-20°C (in some case between 10-20°C).

Similar behaviour was noted and discussed in the previous chapter. The
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absence of the 50-70°C peak in the case of MFC100 indicates that the addition
of polymeric additives induces low-temperature structural transitions, i.e.

associated with hydrogen bonding in the MFC/additive system.

1.2
(a) endo 1 \l/
T ]
1 \’
T 038
E ]
2
o L
£ 06 4
© o
Q
==
04 1
] MFC/CMC:2P
0.2 ] MFC/CMC:3P
-y e 2" heating
== 15t heating
0] . . . . . : . :
-20 -10 0 10 20 30 40 50 60 70 80 90
(b) Temperature (°C)
1.2
endo |
T 1 .
MFC/LBG:2P
11 mrc/LBG:3P
------ 2n heating
E 0.8 —— 1%t heating
£
HETE
o |
®
-]
= = ]
0.4 ]
0.2 |
0 T T T T T T T T T T

-20 -10 0 10 20 30 40 50 60 70 80 90
Temperature (°C)

Figure 5.9: DSC thermograms of (a) MFC/CMC and (b) MFC/LBG at low
moisture (2% w/w) after consecutive passes through the homogeniser (1

Pass, 2 Passes and 3 Passes). All results are highly reproducible with a

standard deviation less than 0.1%.
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Figure 5.10: DSC thermograms of MFC/BL at low moisture (2% w/w) after
consecutive passes through the homogeniser (1 Pass, 2 Passes and 3 Passes).

All results are highly reproducible with a standard deviation less than 0.1%.

The endothermic transition peak between 30-40°C indicates that all

MFC/additive MFC/CMC, MFC/Blend and MFC/LBG systems (independent of a

number of passes) underwent thermally induced formation of the

polymer/cellulose networks and a re-organisation of hydrogen-bonding

influenced by the “associated water” in the system. This re-organisation is

also considered as a liquid-crystal transition at low temperatures. These

transitions were not observed for microfibrils aggregated structures in the

case of MFC100 and BMFC/LBG (LBG added after homogenisation). An

explanation for this behaviour is the presence of strong hydrogen bonds
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between the microfibrils with LBG and within MFC after drying resulting in a

lower amount of interacting water in the system. However, the presence of

endothermic peaks when MFC was co-processed with LBG indicates the

MFC’s microfibrils structure incorporated LBG as a result of interactions

between the two components, allowing more interacting water in the system

during the drying process. The endothermic peak observed between 5-15°C in

the second heating is evident for all MFC/additive-water systems. After the

first heating cycle, the microstructure of the system loosened, either due to

swelling or thermally induced reorganisation of interaction between the

components. The DSC data, therefore, supports the theory that the co-

processing of cellulose and polymeric additive mixtures had a structural

impact.

Under an inert atmosphere of nitrogen using DTGA, the thermal degradation

of cellulose/MFC material is characterised by one mass loss step which

resulted in one peak between 300-350°C (MFC100 in Figure 5.11a),

corresponding to degradation of the cellulosic components. In Figure 5.11a

and 5.11b, the main degradation peak of MFC/additive presents at a

temperature of 240-350°C, with a lower temperature shoulder peak at

around 240°C, which is a result of the second component in the system.
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Figure 5.11: Comparison of the thermal degradation of (a) MFC/CMC,
MFC/LBG and MFC/Blend (BL) after 3 Passes through the homogeniser, and
(b) MFC/CMC after number of passes and BMFC/CMC under nitrogen
atmosphere at low moisture content (2% w/w). All results are highly

reproducible with a standard deviation less than 0.1%.
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In this case, the second component-peak belongs to polymeric additives

present in the system such as CMC, LBG and Blend. The TGA graph in Figure

5.11a shows that depending on the type of additive present in the system, the

second component peak shifts and change in peak area. For instance, the

synergistic interaction between MFC and CMC showed lower temperature

degradation around 240°C, evident in the case of MFC/CMC and MFC/BL,

whereas the presence of LBG in the MFC network shows degradation at

higher temperatures close to the cellulose peak around 250°C. Similar results

were observed with BMFC/LBG at the comparable additive proportion in the

previous chapter (Figure 4.13).

The number of passes through the homogeniser when the two components

were co-processed also had an impact on the thermal degradation of the

system. For instance, it was observed that for the MFC/CMC system, as the

number of passes through homogeniser increased, the peak size and area of

the shoulder increased. Similar results were observed with MFC/Blend but

not in the case of MFC/LBG (Figure 5.12a and 5.12b). This indicates that the

interaction between MFC and CMC produced structural changes when co-

processed resulting in degradation of the system at lower temperatures

compared to MFC alone.
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Due to intermolecular cross-linking between the polymers and the microfibrils

and strong interactions between MFC and LBG during co-processing, a higher

temperature is required by the system to initiate thermal degradation (Figure

5.12a). The DTGA data also supports the DSC data in showing that the

interaction and resulting properties of a co-processed MFC/LBG system were

different to that when LBG was added post-homogenisation. In the latter

case, DTGA showed no “free/bulk” water at 50-150°C in the case of

BMFC/LBG (when polymer was added after homogenisation), whereas when

LBG was co-processed with MFC this peak appeared and was of similar

magnitude to the system containing CMC or BL1 (Figure 5.11a).

These results correlate well with DVS moisture sorption and desorption

isotherms of different MFC/additive formulations (Figure 5.13a). All co-

processed MFC/additives systems showed similar water uptake (increase in

mass) with increasing RH. Unlike the sorption and desorption profiles of

BMFC/additives systems where additives were added after homogenisation

shown in Figure 4.15a and 4.15b, BMFC/CMC was the most effective system

as compared to others in terms of moisture uptake and retaining the water.
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However, it is clearly evident in Figure 5.13b that the moisture uptake of

BMFC/CMC (polymer added after homogenisation) was higher than

MFC/CMC independent of a number of passes through homogeniser. Similar

behaviour was observed with MFC/Blend and MFC/LBG (Figure 5.14a and

5.14b). It is well established that the moisture uptake of cellulosic material is

very sensitive to crystallinity and surface area of the systems (Mihranyan et

al., 2004). The lowered sorption and desorption in the case of MFC/additives

can also be explained by the higher crystallinity of the systems (Figure 5.4).

As explained earlier, the addition of the polymers during the homogenisation

protected the crystallinity of the MFC. Systems with a higher crystallinity

showed lower moisture uptake at RH below 75%. At higher RH the moisture

uptake was reported to be associated with the filling of the large pore volume

of the cellulose powder of higher crystallinity (Mihranyan et al., 2004,

Kachrimanis et al., 2006). An increase in the number of passes through the

homogeniser did not affect the rate of sorption and desorption of co-

processed MFC/additives. For instance, it was observed that for the

MFC/CMC system (Figure 5.13b), after 1Pass through the homogeniser, higher

moisture uptake was observed at higher RH 50% and the system was able to

retain that water upon drying (desorption). As the number of passes
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increased, the system showed very similar moisture sorption and desorption.

Similar results were observed with MFC/Blend and MFC/LBG (Figure 5.14a

and 5.14b).

5.4 Conclusions

The co-processing of cellulose with polymeric additives such as CMC, LBG and

a blend of CMC and LBG (Blend) resulted in highly fibrillated MFC/additives

suspensions. Whilst there were some observable differences in the

morphology between the co-processed suspensions of MFC in the presence of

CMC, LBG and Blend, co-processing in the presence of LBG did not produce

highly fibrillated MFC when compared with CMC and Blend. The degree of

fibrillation of MFC/LBG can be increased by multiple passes through the

homogeniser. Co-processed MFC/CMC and MFC/Blend were easy to

redisperse in water. Suspension with fibrillated network with minimal fibril

aggregates indicates that the charged CMC was a good stabilising agent for

drying MFC. LBG did not decrease the aggregation of microfibrils upon drying.

Interestingly, for co-processed MFC/LBG there was evidence from DSC

(enhanced peak at 50-70°C and a liquid crystalline peak at a lower

temperature) and DTGA (measurable “available water” between 50 -150°C)
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that the structure created through interactions between MFC and LBG were

different to post adding LBG.
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Chapter 6
Application of MFC as dietary fibre
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6.1 Introduction

Polysaccharides are used as functional ingredients in a wide range of

commercial applications such as food, personal care and pharmaceutical

products. In the food industry, polysaccharides are widely used as thickening,

gelling, emulsifying, stabilisation and coating agents etc. (Foster, 2010). For

these purposes different natural polysaccharides such as starch, carrageenan,

guar gums and xanthan are used. Typically, a combination of two or more of

these hydrocolloids is used to create a variety of microstructures to formulate

stable foods with specific attributes such as acceptable mouthfeel and flavour

perceptions. The processing conditions such as high shearing, heating and

pumping of the polysaccharide mixtures result in the microstructures with

unique rheological and sensory properties like fat mimicking (Tolstoguzov,

2003, Kokini et al., 1977, Christensen, 1979).

These hydrocolloids are typically categorised as dietary fibres in the food and

pharmaceutical industry. As defined by the American Association of Cereal

Chemists (2000), dietary fibres refer to the edible parts of plants or analogous

carbohydrates that are resistant to digestion and absorption in the human

small intestine, with complete or partial fermentation in the large intestine

(Tungland et al., 2002). Fibres are often classified as soluble dietary fibres and
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insoluble dietary fibres (Gorinstein et al., 2001). These dietary fibres may

consist of non-digestible carbohydrates, cellulose and lignin, that are an

intrinsic part of plant cell walls (Slavin, 2003). Depending on the source of

fibres, the amount of soluble and insoluble components vary, for instance,

the fibre from fruits and vegetables are considerably higher in the proportion

of soluble dietary fibres, whereas cereal and peel of fruits or other crops

contain more insoluble components such as cellulose and hemicellulose

(Herbafood, 2002). Dietary fibres play an important role in human health,

where it is reported that high dietary fibre diets are associated with the

prevention, reduction and treatment of some diseases, such as reducing

cholesterol, and maintain gastrointestinal health (Anderson et al., 1994,

Gorinstein et al., 2001).

The dietary fibre produced from fruit fibres (e.g. CitriFi and Herbacel AQ+) are

widely used in various dairy products as fat replacers and in low-fat

mayonnaise, salad dressing and ice-creams; also providing a fibre framework

and a thickening agent. In bakery products (biscuits, croissants, muffins etc.)

these fibres are used as fat and calorie reducing agents without compromising

taste, texture and cost (Herbafood, 2002, Fiberstar, 2005). The rheological

parameters such as flow behaviour and viscoelastic behaviour of the different
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semi-solid food systems can be correlated with the sensory texture properties

and stability of the products (Hill et al., 1995, Maruyama et al., 2007).

Depending on the source, type and concentration of the fibres used, different

rheological and texture properties can be achieved. For instance, the

presence of xanthan gum improves the texture and physical shelf-life of oil-in-

water emulsions such as salad dressings. Similarly, citrus fibre in combination

with other stabilisers improves the physical, chemical and sensory properties

of ice-cream. The suspension properties of cellulosic fibres from fruit fibres

e.g. Citrus fibres are known to have multi-functionality (Herbafood, 2002;

Fibrestar 2005). Previous chapters have shown the impact of different

formulation and processing conditions on the physical properties of the MFC

system, where all suspensions showed viscoelastic gel-like behaviour as a

function of frequency and temperature and could be compared to the

properties of the commercial dispersions.

In recent years, an increase in consumer demand for low-salt food products

has been reported by the industry, due to continuous awareness from health

professionals. Associations have been made between a high sodium diet and

an increased risk of certain health conditions such as hypertension and

cardiovascular disease (Cook et al., 2007, Sacks et al., 2001). Hence, due to
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the World Health Organisation (WHO) recommending a daily salt intake limit

of 5g, and the fact that many consumers exceed this limit (approx. > 10g)

(Tian et al., 2012), there is a need to improve product properties or

formulations to enable salt reductions. However, salt plays many important

roles in food products, not just as tastant, but also as a modification of

flavour, prevention of fermentation and finally enhancement of shelf life

(Lynch et al., 2009). For example, in meat products, the salt contributes to

water and fat binding, its reduction has an adverse effect on these

parameters increasing cooking loss and weakening the texture (Ruusunen

2003). Different salt replacement strategies have been presented in the past,

e.g. in bread NaCl was replaced with potassium or magnesium salts producing

an unpalatable metallic, bitter and off-taste (Sullo et al., 2014). Rama (2013)

showed that the size of salt crystals has been found to influence the rate of

salt release. It was reported that larger salts crystals dissolve slower than

small salt crystals, prolonging the duration of tastant release, thus retaining

saltiness.

It is well known that the viscosity of hydrocolloid thickened products affects

the taste and flavour perception of the product with a decrease especially

when hydrocolloid concentration exceeds the critical concentration i.e. c*
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(Baines et al., 1987, Cook et al., 2003, Hill et al., 2008). This decrease in

flavour perception is due to a reduction in the amount of the tastants and

volatiles reaching the sensing organs (Hollowood et al., 2002) due to the

increase in viscosity. However this hypothesis is yet to be confirmed and

numbers of researchers are using different imaging techniques to investigate

the mechanism. The type of hydrocolloid used in the product has an impact

on flavour and taste perception, for instance, it has been reported that

products thickened with starch show good taste and flavour perception as

compared to products thickened with xanthan and HPMC (Ferry et al., 2006,

Abson et al., 2014).

Hence, the aim of the study presented in this chapter was to compare

different physical properties of MFC produced from softwood spruce (CTE)

with commercial food grade dietary fibres, such as citrus fibres (CF100 and

HBAQ+), to examine the possible use of CTE as dietary fibres in food products.

The second objective of the work was to test the impact of the entangled

microfibril network of MFC on overall flavour/tastant perception from a basic

food model system composed of MFC, water and salt.
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6.2 Materials and Methods

For this comparative study, the two food grade cellulosic fibres Herbacel AQ+

(HBAQ+) and CitriFi100 (CF100) were provided by Cyber colloids Ltd (Ireland)

and compared with CTE (Cellulosic Texture Enhancer; RMFC/CMC) provided

by Borregaard AS. The CTE flakes and powder form is produced by using a

refiner and different grades of CMC. The CTE powder form is produced by

harsh milling of the CTE flakes form. Due to a strict confidential agreement

with sponsors, formulation and equipment details cannot be disclosed.

6.2.1 Sample preparation

All dry MFC samples (all commercial cellulosic dietary fibres) were redispersed

in distilled water at 1.5% w/w concentration by using a high shear overhead

mixer (Ultraturrax, UK) at 15000-18000 rpm for 4 mins at room temperature.

All samples were stored on a roller bed overnight before analysis. The dry

content was noted and corrected post-sample preparation. All samples were

freshly prepared in two batches and all analyses were made in duplicate.

For sensory analysis, 0.2% w/w of stock solutions of NaCl were prepared in

RO-water and different cellulosic fibres (i.e. CTE (flakes), CTE (Powder), CF100

and HBAQ+) were dispersed in 0.2% NaCl stock solutions at different
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concentrations at comparable viscosity i.e. high (0.2 Pas) and low (0.01 Pas) at

50 s shear rate (as the viscosity at shear rate 50 s was chosen as it is most

related to mouthfeel/texture perception, Wood, 1968, Richardson et al.,

1989). All samples were mixed by using a high shear mixer (Silverson, UK) at

5000 rpm for 5 mins. All samples were stored at 4°C overnight and stirred well

before serving to panellists. For sensory analysis, no ethics approval was

required as all of the products are commercially available and used in a

variety of food products and listed under E460 ingredient (water-insoluble

dietary fibres).

6.2.2 Microscopy

Light microscopy images were recorded according to the method detailed in

section 2.4.6.

6.2.3 Rheology

Rheological measurements were made according to the method detailed in

section 2.4.1.3. Data presented is an average of 4 replicates.

6.2.4 Water Retention Values (WRV)

Approximately 0.1 g (A) of powder was added to 100 g of water and mixed
with an overhead mixer (Ultraturrax, UK) for 4 mins at 18000 rpm at room
temperature. Approximately 45 g of the mixture was placed into a centrifuge

tube and allowed to rest for 2 hrs followed by centrifugation (Beckman
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Centrifuge machine, Model: J2-21) for 30 mins at 2141 g. The supernatant
was removed and the sediment weighed (B). The analysis was performed in
duplicate, WRV was calculated by using Equation 6.1 and average data is

presented.

Bottom Layer (B)—Starting material (A) .
WRV (%) = Starting material (A) (Equatlon 6.1)

6.2.5 Sensory evaluation

The four samples were compared for saltiness perception using paired

comparison (PC) test (BS EN ISO 5495:2007). The paired comparison test is

used to identify directional differences: in order to determine the differences

between two test samples for a specified attribute (for example more or less

saltiness, Appendix 2). For this test, untrained panellists (n= 74, aged 20-40,

mixed male and female volunteers) were recruited at the University of

Nottingham. The sample size in each sample pot was 10 ml and the samples

were served at room temperature (20°C). Three separate sessions were

performed to examine the saltiness perception at a low viscosity (0.01 Pas at

a 50 s shear rate, Panellists: 74), high viscosity (0.2 Pas at a 50 s shear rate,

Panellists: 74) and one session at matched polymer concentration (1.5% w/w,

Panellists: 60). The viscosity was also matched by a preliminary sensory test
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for matching sensory viscosity by trained sensory panellists by using the

paired comparison (PC) test as mentioned earlier.

For each test the panellist had to take the whole (10 ml) sample in their

mouth on to their tongue, allow the sample to coat the roof of their mouth,

hold in the mouth for a minimum of 5 sec before swallowing, and then

cleanse their palate with mineral water (Evian, France) and unsalted crackers

(99% Fat Free, Rakusen's, Leeds, UK) before tasting the next sample. Rest

breaks were given between every third PC tests. The test was used in forced-

choice mode, so panellists were required to give an answer even if the

perceived difference was negligible. Panellists were asked to write comments

such as smooth or grainy texture and any off-taste. All tests were carried out

within individual sensory booths under controlled temperature and humidity

conditions. The light of the room was red-light in order to avoid the

discrimination of the samples on the basis of their colour.

To detect the differences in the preferences between the samples, paired

comparison of the rank sums scores analysis were carried out, whose critical

values for a large number of judges can be found in Basker 1988. In this

thesis, the rank sum scores method was used to distinguish between the salt

(taste) perceptions between different cellulosic fibres. On the scale presented
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in result’s figure, the lower number is, the saltier the product perceived by

the sensory panel.

6.2.6 Data Analysis

Statistical data analysis was performed by using software Excel (Microsoft

2013, USA). Correlation analysis was performed to investigate the relationship

between physical parameters (viscosity, complex viscosity, crystallinity, spin-

spin relaxation time etc.) using analysis of variance (ANOVA) with a minimum

significance level defined as p<0.05. Sensory data was statistically analysed by

using FIZZ 2.0 sensory software (Biosystems, Couternon, France) (P-value

<0.05). Analysis of variance (ANOVA) is a useful method which can be used to

investigate product differences in sensory. The main purpose of the ANOVA

test was to identify and quantify the factors which are responsible for the

variability of the response. In addition, where appropriate, Tukey’s HSD

multiple comparison tests (significant level a=0.05) were performed to

determine which samples were significantly different for rated intensity of

each of the attributes.
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6.3 Results and Discussion

6.3.1 Microstructure of fibres

Light microscopy images of different cellulosic dietary fibres at 1.5% w/w

concentration are presented in Figure 6.1; the fibres were stained with Congo

red dye. Noticeable differences in the microstructures were observed while

comparing CTE(F) or CTE(P) with the citrus fibres CF100 and HBAQ+. The

aqueous suspension of the citrus fibres showed multiple components in the

system inherited from the citrus cell walls, such as short fibre bundles of

cellulose and globular structures which are pectin and other cell wall material

(similar microstructures were observed by Cérdoba et al., 2010).

The aqueous suspension of CTE(F) showed a dense entangled microfibril

network, whereas larger fibril aggregates and fibre bundles were observed

with CTE(P). CTE(P) samples were produced by harsh milling of the CTE(F)

product. During the milling process, the system exhibited moisture loss, hence

fibrils form strong intermolecular hydrogen bonding, which explains the

higher amount of fibril aggregates upon rehydration. The presence of fibril

aggregates post-milling process was supported by the low water retention

values of these suspensions (Figure 6.2).
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Fibre-bundles

Figure 6.1: Optical microscopy images of 1.5% w/w aqueous suspension of

different cellulosic fibres stained with Congo red dye, scale bar: 200 um.
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Different fibers
Figure 6.2: Water retention values of different cellulosic fibres, data

presented is an average of replicates and highly reproducible.
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Water-retention values (also known as water holding capacity) are an

important property of dietary fibres from both a physiological and

technological point of view. WRV of the suspension can be affected by the

formulation (soluble and insoluble components in the system) and different

processing. Sangnark & Noomhorm (2003) and Elleuch (2011) reported that

the grinding can damage the regions of potential water retention capacity

and, therefore, decrease the capacity to hold water. For instance, in this case,

lower water was retained in the CTE(P) microfibril network (milled product)

whereas higher water was retained in CTE(F) network structures and least

with CF100.

Low water retention values of citrus fibre suspensions can be explained larger

fibre bundles and a noticeably less interconnected microfibril network and

the presence of other soluble and insoluble components (Figure 6.2; similar

behaviour with other citrus fibres was reported by Grigelmo-Miguel et al.,

1999). The high WRV of CTE(F) suspension suggested that the material could

be used as a functional ingredient to avoid syneresis and to modify the

viscosity and texture of formulated products in addition to reducing calories

by the total or partial substitution of high-energy ingredients (just like citrus

fibres).
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6.3.2 Rheological properties of suspensions

Storage modulus (G’) and loss modulus (G”) as a function of frequency (Hz), of

an aqueous suspension of CTE (Flakes and powder form) and the commercial

food grade citrus fibres i.e. HBAQ+ and CF100 are presented in Figure 6.3a. All

suspensions showed viscoelastic gel-like behaviour, where storage modulus

was higher than loss modulus with little dependency on frequency. CTE(F)

showed highest G’ and G” followed by HBAQ+ and CTE(P), lowest values for

both moduli were observed with CF100.

Highly entangled fibre networks which retain a higher amount of water in the

network, in the case of CTE (RMFC/CMC), explains the higher values found for

both moduli (G’ and G”), as compared to other cellulosic fibres. Interestingly,

CTE(F) flakes showed higher moduli when compared to CTE(P) powder form,

and can be explained by the agglomeration of microfibrils during the milling

process which was observed in microscopy images (Figure 6.1). The lowest

water retention value was observed with CF100 suspension, and relatively

larger fibre particulates in the matrix, explaining the weak viscoelastic

behaviour of this suspension at comparable concentrations.
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Figure 6.3: Storage (-e-) and loss moduli (-0-) of 1.5% w/w aqueous

suspension of different cellulosic fibres i.e., CTE(F) flakes, CTE(P) powder,

Herbacel AQ+ (HBAQ+) & CitriFi100 (CF100) as a function of (a) Frequency

(Hz) at 20°C, strain: 0.2%, (b) temperature at 1°C/mins heating rate

(frequency: 1 Hz and strain: 1%).
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It was also evident in Figure 6.3a that the moduli acquired for the aqueous

suspension of CTE(F) and HBAQ+ showed less dependency on frequency

compared to CTE(P) and CF100. Frequency dependency of CF100 can be

explained by the noticeable difference is network structure and low water

holding capacity of the fibre suspensions at comparable concentration. Figure

6.3b shows the storage and loss modulus as a function of increasing

temperature of the aqueous suspensions of the different fibres at 1.5% w/w

concentration. All of the aqueous suspensions showed viscoelastic gel-like

behaviour with increasing temperature. Slight increases in both moduli i.e. G’

and G” were observed with increasing temperature independent of the type

of cellulosic fibres.

However, the fruit fibores HBAQ+ and CF100 showed higher temperature

dependency compared to the CTE suspensions. For instance, the aqueous

suspension of HBAQ+ showed a noticeable increase in G’ and G” with

increasing temperature after 40°C up to 90°C. Whereas the aqueous

suspension of CF100 showed a stable storage modulus (G’) and a slight

decrease in loss modulus (G”) up to 70°C and then a noticeable increase in

both moduli up to 90°C. As observed in the earlier chapters that the MFC

suspensions tended to undergo thermally induced microfibril network
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formation, depending on the microfibril size and additives present in the

system. The following results clearly indicate that the source and composition

of cellulosic fibres also have a noticeable impact on the temperature-induced

structural changes in the suspension. For instance, CF100 and HBAQ+ showed

a noticeable increase in both moduli with increasing temperature (Figure 6.3),

this likely suggests the increase in synergistic interaction between soluble and

insoluble components present in the system upon heating along with the

occurrence of some microstructural rearrangement at this temperature

range.

The texture is one of the main components of food palatability and it is one of

most extensively studied parameters by both sensory descriptive analysis and

instrumental analysis. Food researchers tend to combine and correlate the

results from both techniques to understand the texture properties of

different food products. The rheological properties of liquid and semi-solid

foods such as mayonnaise, yoghurts etc. have been extensively studied to

relate with their mouthfeel perceptions (Richardson et al., 1989, Wood 1968).

A number of researchers reported that for weak gels the dynamic viscosity at

a frequency of 50 rads™ or shear rate 50 s correlate closely with panel scores

of thickness perceptions (Richardson et al., 1989, He, Hort and Wolf 2016).
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Considering the following studies, the concentration dependence of shear
viscosity at 50 s shear rate is shown in Figure 6.4 and was dependent on the
type of cellulosic fibres. From Figure 6.4, the critical concentration (c*) of the
four cellulosic fibres is considered to be close to 0.8% w/w, after which a
noticeable increase in shear viscosity is observed, this concentration
dependence is very common with and can be related to the packing of the
particles in the suspensions. Highest shear viscosity was observed with CTE(F)
followed by HBAQ+, CTE(P) and least with CF100 suspensions at comparable

concentrations.
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Figure 6.4: Concentration dependence of shear viscosity (Pas) recorded at
shear rate 50 s for four different cellulosic fibres. The viscosity values are

averaged from 3 replicates.
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However, due to lack of water during the rehydration process, the presence

of large aggregates and fibre bundles was observed with CTE(F) at higher

concentration i.e. above 2.5% w/w, resulting in lower shear viscosity as

compared to HBAQ+ suspension. From the following concentration

dependence curves on shear viscosity, all of the suspensions showed a rapid

increase in shear viscosity at a concentration higher than 0.8% w/w and

dependent on the microstructure of the cellulosic fibres present in the

suspension. These results also indicate that the amount of CTE(F) required to

produce a particular viscosity can be achieved at lower concentrations as

compared to the other fibres. The results have been considered when

matching the viscosity and texture for a model system for taste/flavour

perception analysis.

6.3.3 Sensory perception

Figure 6.5 summarises the results from the sensory panel at the same

concentration and at matching viscosities (low and high viscosity) of the four

cellulosic fibre suspensions. Data presented in Figure 6.5, is analysed via rank

sum scores method, where lower value represents the sample was perceived

saltier in comparison with samples with higher values. In Figure 6.5a, no
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significant difference (p-value>0.05) was found between the saltiness

perception of the four products at the same concentration i.e. 1.5% w/w.

(a) Constant Concentration

HBAQ+ CTE(P) CF100 CTE(F)
160 170 180 190 200
Most salty Least salty
(b) Low Viscosity
HBAQ+  CF100 CTE(F) CTE(P)
) O
300 320 340 360 380
Most salty Least salty
(c) High Viscosity
HBAQ+ CF100 CTE(P)CTE(F)
=0 O O=Cx
300 320 340 360 380
Most salty Least salty

Figure 6.5: Rank sum scores for each sample for saltiness perception;
decreasing numerical value corresponds to an increase in the attribute.
Herbacel AQ+ (HBAQ+), CitriFil00 (CF100), CTE flakes (CTE(F)) and CTE
Powder (CTE(P)). Note: figure 6.5a has a smaller scale as a number of
panellists involved in the study were 60 as compared to figure 6.5b and 6.5c

have 74 panellists.
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Similar behaviour was reported with guar gum and HPMC (Baines and Morris

1987, Taylor et al., 2000, Hollowood et al., 2002), the perceived taste and

flavour was affected by the addition of guar gum or HPMC respectively above

critical concentration (c*). One of the considered hypotheses for this

behaviour was an increased viscosity that may result in a reduced rate of

tastant reaching the receptors in the tongue and palate. This behaviour is

highly dependent on the type of thickeners used in the product (Hill et al.,

1995, Ferry et al., 2006, Pangborn et al., 1973). For instance, as mentioned

earlier (section 6.1), starch thickened systems showed smaller suppression in

flavour and taste perception as compared to systems with linear

hydrocolloids such as HPMC.

During the pair comparison test at a concentration of 1.5% w/w, in Figure

6.5a, the panellists found CTE(F) suspensions were much thicker texture as

compared to other cellulosic fibres suspensions (comments provided during

the sensory session). It was evident from the rheological analysis in Figure 6.4,

that agueous suspensions of CTE(F) showed higher shear viscosities at all

concentrations (except at very high concentration) as compared to the other

systems. This difference in shear viscosity of the different fibres at similar

concentration explained the difference thickness (mouthfeel) perception
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comments by the panellists during the sensory analysis. Figureuerola (2005)

showed that the texture was strongly dependent on the particle size in the

case of citrus fibres. This may explain the grainy texture reported by the

panellists in the comments section of the study. In the comments section,

most of the panellists reported a strong off-taste (citrus/lemon flavour) with

CF100 and little off-taste with HBAQ+ suspensions. Whereas an absence of

such off-taste in the case of CTE(F) and CTE(P) suspensions was reported by

the panellists.

In order to rule out the impact of a difference in viscosities at the same

concentration, different suspensions were formulated with matched viscosity

(low and high) but different fibre concentrations. The viscosity was first

matched by physical measurement (rheology) followed by a preliminary

sensory test for matching sensory viscosity by trained sensory panellists.

Using the paired comparison test, it was found that at low viscosity i.e. 0.01

Pas at a 50 s shear rate, a significant reduction (p-value<0.05) in saltiness

perception was observed with CTE(F) and CTE(P) suspensions as compared to

CF100 and HBAQ+ (Figure 6.5b). In Figure 6.5b the CF100 and HBAQ+ samples

were rated very similar and much saltier (lower scores) as compare to CTE(F)

and CTE(P). No significant difference in terms of saltiness perception was
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observed between CTE(F) and CTE(P) as p-value>0.05 (Figure 6.5b). However,

a grainy texture and citrus off-taste were reported for CF100 and HBAQ+.

Similar taste perceptions were observed for suspension at the matched higher

viscosity i.e. 0.2 Pas at a 50 s shear rate of different cellulosic fibres (Figure

6.5¢). It was found that at matched high viscosity, CTE(F) and CTE(P) showed

significantly reduced saltiness perception (higher scores in Figure 6.5c) as

compared to HBAQ+ followed by CF100 (p-value<0.05). Similar behaviour was

found in particulate suspensions such as starch and xanthan, that if the

granular structure was maintained during processing, the system did not

reduce the taste perception at high concentration (Ferry et al., 2006, Morris,

1993, Abson et al., 2014). It appears that in the case of CTE(F) and CTE(P)

suspension the lower taste perception was driven by both presence of a

dense microfibrillar cellulose network and the interaction between the

polymer (i.e. MFC as well as CMC present in the formulation) with the salt

(NaCl). This behaviour was independent on the suspension viscosity as taste

perception was consistent with both low and high viscosity. However at

higher concentrations (concentration exceeding c*), this difference become

smaller which is correlating well with the other food grade hydrocolloids such

as xanthan, starch and CMC etc.
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6.4 Conclusions

In the present study, softwood MFC (CTE) at low and high particle size was

compared with the food grade dietary fibres HBAQ+ and CF100. All cellulosic

suspensions showed very similar viscoelastic gel-like behaviour. Due to a

highly dense fibre network and high water retention behaviour, the aqueous

suspensions of CTE(F) showed higher viscoelastic behaviour as compared to

all other fibres. Conversion of CTE(F) to a small particulate form by a milling

process i.e. CTE(P) did not appear to improve the rheological properties and

optical microscopy confirmed the presence of fibre aggregates in the

suspensions which were difficult to redisperse in water.

The sensory viscosity (thickness) of CTE(F) was higher even at lower

concentrations as compared to citrus fibres. Aqueous suspensions of CTE(F)

products at matched viscosity showed a reduction in saltiness perception as

compared to citrus fibres. However, no significant difference was observed

between CTE(F) and CTE(P) on saltiness perception. A hypothesis that could

explain the results for the CTE products is that CTE had dense microfibril

networks actively interacting with CMC, which is also interacting with the

salts (NaCl). This may have implication on slow taste (salt) release while

mixing with saliva in a similar way to other negatively charged
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polyelectrolytes, however, this has yet to be tested and should be the subject

of future work.
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Chapter 7

Conclusions and Future Work
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The aqueous suspensions of microfibrillar celluloses (MFC) from softwood

have a wide range of applications in the field of composites, paints and

varnishes. However, it has been reported in recent years that microfibrillar or

refined celluloses from appropriate raw materials (e.g. citrus plant) can be

used as eco-friendly and functional ingredients in applications such as food

and personal care. One of the most challenging goals in the production and

processing of microfibrillar cellulose from softwood is the development of

appropriate network structures with desirable properties and functionality

after drying processes and re-dispersion. The present work has been focused

on the formulation and processing of softwood microfibrillar cellulose (dry

and redispersed) for food and personal care products as target applications.

The main conclusions with regard to this objective are summarised under 3

headings: (1) The characterisation and understanding of the suspension

properties of different varieties of MFC and the impact of drying on the

suspension properties; (2) The investigation of the interaction between

different polymeric additives and MFC with particular reference to the

physical properties of dried and redispersed systems; and finally (3) The

examination of the possibility of using MFC/polymeric system as dietary fibre

in food applications.
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The characterisation and understanding of the suspension properties of

different varieties of MFC and the impact of drying on the suspension

properties. The main findings from the first section of this work are:

An increasing number of passes through the homogeniser resulted in an

increased degree of fibrillation i.e. a noticeable decrease in the size of the

cellulose fibres and the loss of crystalline structure of the system.

The entangled network of MFC played an important role in maintaining

the rheological properties as well as the water mobility of the system.

Aqueous suspensions of microfibrillar cellulose showed viscoelastic gel-

like behaviour where storage modulus (G’) was higher than loss modulus

(G”), with little dependency on frequency and temperature. However,

after a certain number of passes (e.g. 5pass with Borregaard fibrillation

technology) through the homogeniser, the aqueous suspension did not

show any significant change in the complex and shear viscosities of the

suspensions.

The aqueous suspension of MFC with longer fibril size (low degree of

fibrillation) had a shorter relaxation time (T2) compared to suspensions

with a high degree of fibrillation.
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e Drying MFC suspensions resulted in the formation of microfibril

aggregates due to strong intermolecular hydrogen bonds within the

network structure.

e The lack of redispersibility in water and the presence of microfibril

aggregates (upon drying) as well as the non-homogenous distribution of

aggregates throughout the system, resulted in a significant reduction in

the shear viscosities and water mobility of aqueous suspensions.

The investigation of the interaction between different polymeric additives

and MFC with particular reference to the physical properties of dried and

redispersed systems. Due to noticeable microfibril aggregates upon drying

reducing the redispersibility and functionality of the suspension properties of

MFC, the interaction between MFC with polymeric additives such as CMC,

pectin etc., and salts can result in a reduction of microfibril aggregates. The

two polymeric additives chosen in the present work were the negatively

charged carboxymethylcellulose (CMC), which provides the charge-effect to

the microfibrils, and LBG, which interacts with cellulose forming highly inter-

connected network framework, and the blend of both polymeric additives i.e.

CMC and LBG (named as Blend) added as additive to never-dry MFC

suspension. Results showed that:

217



Chapter 7

The addition of polymeric additives significantly increased the

redispersibility of dried MFC in water and reduced the size of microfibril

aggregates.

The point of the addition i.e. post or pre-homogenisation of polymeric

additives played an important role in terms of the interaction between

the polymeric additive and MFC.

Co-processing of MFC and polymeric additives had a noticeable impact on

the degree of fibrillation of the final MFC product. For instance, co-

processing in the presence of CMC resulted in a higher degree of

fibrillation as compared to LBG.

The presence of a charged polymeric additive (CMC) resulted in a strong

synergistic interaction with MFC, whereas a weak synergistic interaction

was reported with LBG.

The amount of additive present in the system had a noticeable impact on

viscoelastic properties of the suspensions. At ambient temperature, the

MFC/additive suspensions formed weak gel-like networks.

The interaction between MFC and polymeric additives led to an increase

in moisture uptake even after drying.
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e Both CMC and LBG appeared to form a coating on the microfibril surface

which prevents the microfibrils from forming strong intermolecular

hydrogen bonds during the drying process. Figure 7.1 shows the

predicted MFC/additive interaction models on the basis of results

presented in this thesis.

MFC concentration

>
Polymer
+ / / 3
<
3
/_\ \L é
/—) :
_ 3
I ¥ g
MFC (never dry)

Figure 7.1: Schematic representation of the MFC/additive surface

interactions at a different ratio.

The blend of CMC/LBG as a polymeric additive stabilised microfibrils of MFC in

suspensions, however, the optimisation of the recipe and proper blending

protocol has still to be carried out. In the present work, the degree of

fibrillation and microstructures were studied by using light microscopy. Hence

it would be interesting to map the change in microstructure and interaction

behaviour by using advanced microscopy techniques such as environmental
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scanning electron microscopy (ESEM) which allows collecting electron

micrographs of "never-dried or wet" suspensions to enhance fundamental

understanding of newly created structure.

During this study, the rheological properties of the agqueous suspensions of

MFC/additive showed a noticeable increase in viscoelastic parameters such as

G’ and G” with an increase in temperature. This behaviour was explained by

the hypothesis that the increase in temperature results in the increase in

thermal motion within the fibre network and the swelling of microfibrils. To

verify this hypothesis, mapping the water mobility by measuring the spin-spin

relaxation time (T;) with increasing and decreasing temperature is

recommended. Solid state NMR should also be carried out to check on the

mobility of polymers in low moisture environments. And finally, the influence

of low-temperature transitions at the low moisture on food application

should be the subject of further study.

The examination of the possibility of using MFC/polymeric system as dietary

fibre in food applications. The final part of this study tested the potential use

of MFC as dietary fibre for food applications similar to the other cellulosic

fibres produced from citrus fibres. The rheological properties of these

aqueous suspensions are compared as they are key parameters to test the
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applicability of ingredients in high moisture food applications such as yoghurt,

mayonnaise, ketchup and salad dressing etc.

Softwood MFC in both flaked and powdered form showed similar

rheological properties to other cellulosic fibres such as citrus fibres.

Due to a highly entangled network structure, the softwood MFC showed

the highest water retention values (also known as water holding capacity)

compared to other cellulosic fibres.

To achieve a target viscosity (or functionality) for a specific product,

lower amounts of softwood MFC were required compared to other citrus

fibres.

Like other dietary fibres such as starch, CMC etc., softwood MFC (CTE)

also reduced taste perception, much slower than citrus fibres. It

appeared that the particulate structure of the other fibres released the

tastant more effectively and faster compared to highly-network

(fibrillated) systems such as CTE.

On the basis of the physical measurements and sensory results, CTE can be

used as a textural and viscosity enhancer in different food products. However

to classify CTE products as dietary fibre for food products a fundamental

study would have to be carried out. This would include increasing
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understanding of how the MFC structures interact with saliva and the

breakdown in the Gl tract would give design rules for the release of not only

tastants but also aromas and other functional actives. Finally, to categorise

CTE products as dietary fibres for food application, it is critical to study these

cellulosic products during digestion.

The application study presented here has focussed on the properties of

MFC/additives in high water systems. In the present work, the findings at low

water indicate that the type of additive and point of addition during the

process can create different properties, such as liquid-crystalline phases. An

understanding of these parameters on the performance of MFC in low

moisture environments e.g. baked goods is recommended.

The work discussed in this thesis concerns the use of microfibrillar cellulose

(MFC) from softwood, targeting the food and personal care applications. The

MFC produced by high-pressure fibrillation technology developed by

Borregaard Ltd. (Norway), is a revolutionary technology which results in

highly fibrillated and entangled network structure of microfibrils from

softwood with least amount of high energy consuming processing stages

(number of passes through homogeniser). Addition of different polymeric

additives at various processing stages results in the unique microstructure of
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microfibrillar cellulose (MFC) which can be used in various application

depending on their target properties. With the fact that the taste perception

of these MFC samples is similar to other dietary fibres allows further

application of MFC from softwood as “green/healthy” ingredient in food

applications. For example, highly redispersed MFC/CMC can be used in high

moisture applications such as mayonnaise, yoghurts, ketchup as bulking,

stabilising agent, texture enhancer and viscosity enhancer, whereas MFC/LBG

can be used for much dry/low moisture applications such as cakes, biscuits as

fat-replacer and texture enhancer. Functional and healthy dietary fibre is

required in food products of the future and the molecular control of MFC by

the choice of additive and process offers flexibility and control in such

products.
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Appendix 1: Viscoelastic behaviour of 2% w/w suspension of LBG100,
CMC100, MFC100 (never dried) and Blend100 (CMC/LBG) where; (a) as
a function of frequency (Hz), and (b) as a function of temperature (°C) at

1°C /min heating rate.
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Appendix

You are provided with two samples, please taste them in the order from left to right, identify which one is more saltier
of sample by placing atick in the box marked with the sample's three digit code.

Cleanse your palate with the water after each sample with the water provided.

717 254

Any Comments: | |

Thank you for your participation!

Appendix 2: Pair comparison and comment card used in the sensory analysis.
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