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Dried Xanthan Gum/Nanocellulose for

Thermoplastic Starch Reinforcement

Abstract

The world is facing a plastic crisis. Biodegradable plastics are not yet suitable to solve the
problem. Two issues are cost and strength. Thermoplastic starch, or TPS, is a biodegradable
polymer produced by gelatinising starch granules in the presence of a plasticiser, such as glyc-
erol. It is biodegradable, low-cost, and renewable, but its tensile properties, retrogradation, and

permeability leave much to be desired.

Nanocellulose fibres (CNFs) are a way to remediate this problem by reinforcing the polymer
matrix. Nanocellulose is a perfect reinforcing material for green polymers, as it has apprecia-
ble mechanical properties, high surface area, and is biodegradable. There is an issue though;
nanocellulose can not be dried. This is due to a process called hornification; the irreversible
agglomeration of cellulose upon drying. Nanocellulose fibres, when sold, contain at least 75%
water. This adds a lot to the shipping cost and makes it less cost-competitive. Non-polar poly-
mers are also incompatible with water. Therefore, producing redispersible dried nanocellulose

1S a major concern.

The addition of other biopolymers, called capping agents, prior to drying is one way to prevent
hornification. Biopolymers, such as lignin, gelatin, and carboxy methyl cellulose, have been
tested. Xanthan gum, a hydrocolloid, is one biopolymer that has not received much attention
as a potential capping agent. Xanthan gum is a suitable additive due to its unique properties
such as shear thinning behaviour, anionic charge, extreme thickening ability, and stability over

a large temperature and pH range.

The starch investigated is derived from amura (Tacca involucrata)— a tuber grown in Nigeria.
Amura grows naturally in Nigeria and would not intrude on the native ecology. It is rarely used
as a food source, as it has a bitter taste and needs refinement to make it edible. Amura can thus

contribute to the economy of a developing nation without impacting food security.

The aim of the study was threefold: establish the suitability of amura as a source for TPS,
characterise the redispersibility of dried CNFs when dried with xanthan gum, and investigate

the interaction of xanthan gum and CNFs on the tensile properties of TPS.

There is a paucity of research on amura starch as a source for TPS; thus the native starch and

the TPS film were briefly characterised. The native starch’s amylose content, crystallinity,
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and gelatinisation temperature were determined and indicated it is an A-type starch— similar
to yellow amura described in the literature. The TPS was produced using film casting with
glycerol as a plasticiser, assessed at three different concentrations, and conditioned at three
different humidities. The TPS retrogradation, water vapour permeability, and tensile properties
were investigated, showing similar behaviour as TPS from the literature. The TPS showed a
maximum tensile strength at 35% glycerol and 53% RH, which where central values. This

result is unexpected, but not unheard of in literature.

Various ratios of nanocellulose/xanthan were high-shear mixed, oven-dried, and redispersed
to a 0.03 wt% concentration. The dried redispersed samples were compared to dispersions of
non-dried samples of similar concentrations. The dried CNFs were redispersed using differ-
ent mixing intensities and methods, such as high-shear mixing from 4000 rpm — 8000 rpm and
ultrasonication. The fibre diameters were estimated using turbidimetry, which showed dried re-
dispersed CNFs had diameters of 149.0 nm and 147.4 nm when shear mixed and ultrasonicated,
respectively. CNFs with 25 wt% xanthan added had diameters of 147.0 nm for both shear mix-
ing and ultrasonication. Scanning electron microscopy (SEM), done on freeze dried samples,
confirmed this observation. Pure, dried CNFs that were redispersed only with shear mixing
showed large agglomerates. No agglomerates were observed with CNFs that had 25 wt% xan-
than added prior to drying, even when redispersed only using shear mixed. Solutions made from
dried, pure CNFs showed a marked difference in rheological behaviour compared to non-dried
CNF solutions. In contrast, the shear-thinning slopes of dried-then-redispersed and non-dried
CNF solutions with 15 wt% xanthan added were identical, showing that xanthan addition could

conserve the rheological properties.

The impact of CNF and xanthan on the tensile properties of TPS was assessed using a central
composite design, which revealed a positive interaction term. It was theorised that this was
due to the CNF and xanthan forming an interlaced web throughout the TPS matrix. Dried or
non-dried CNF/xanthan mixtures were dispersed in TPS matrices and tensile testing revealed no
conclusive difference between TPS with dried CNFs or with non-dried CNFs, regardless of xan-
than gum addition. TPS with 5% pure, non-dried CNFs had a tensile strength of 14.3+2.9 MPa,
compared to 15.3+1.0 MPa for TPS with dried CNFs. The strongest and stiffest sample was the
TPS with dried CNF/xanthan (25% xanthan content), with a CNF-to-starch addition of 5 wt%.
This sample had a tensile strength of 23.0 MPa and a modulus of 1.476 GPa. Compared to
pure TPS, with a tensile strength of 5.4 MPa and a modulus of 0.307 GPa, the improvement is
significant.

Amura starch was shown to be suitable for producing TPS films. This work proved that xanthan
is an effective capping agent for CNFs, allowing for full redispersion after drying. Furthermore,
combining CNFs and xanthan showed synergism when used to reinforce TPS. Previously dried

CNF/xanthan could successfully be used to reinforce amura TPS films. The work has applica-
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tions in the production of redispersible dried CNFs that are effective at producing biopolymers
with appreciable tensile properties. It is recommended that research extends to lower levels of

xanthan gum addition as well as to other biodegradable polymers besides TPS.

keywords: Xanthan gum, thermoplastic starch, cellulose nanofibrils, dispersion, hornification
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1 Introduction

Synthetic polymers, or more colloquially, plastics, are one of the most impactful advancements
in materials science. The discovery of celluloid in 1869 and bakelite in 1907 paved the way
for a large field of study known today as polymer science (American Chemical Society, 2023).
Plastics are incredible materials with low cost, low density, and a wide range of mechanical
properties — ranging from ductile to rigid. Plastic’s largest advantage compared to other ma-
terials is the ease of conversion into the final product (Bisinella et al. 2018; Mackenzie, 2022).
The low melting point and shear thinning behaviour allow for fast production processes, such
as injection moulding and film blowing (Osswald, 2017: 174-179).

However, synthetic plastics have drawbacks, with plastic pollution being a pressing environ-
mental concern. The matter is of such importance that it was explicitly stated in 2 of the 17
sustainable development goals (12 and 14) set by the UN in 2015, and has relevance to 4 oth-
ers (United Nations, 2015). Some of these polymers, especially PVC and its additives, like
phthalates, have had detrimental health effects on society (Swan & Colino, 2021).

The demand that caused 460 Mt of plastic to be produced in 2019 is not dwindling soon; in
actuality, it is set to triple by 2060 (OECD, 2022). Finding greener alternatives is a crucial step
towards meeting the sustainable development goals. Biodegradable polymers offer a viable
solution, with polylactic acid (PLA) and polybutylene adipate terephthalate (PBAT) leading
the market (European Bioplastics, 2022).

Among the various biopolymers, thermoplastic starch (TPS) stands out for its low cost, com-
patibility with modern production methods, and negligible environmental impact (Mordor In-
telligence, 2023; Wiedmann & Strobel, 1991). TPS is a biodegradable polymer produced by
gelatinising starch with a plasticiser, such as glycerol. TPS is not perfect though, and has sev-
eral drawbacks, such as poor mechanical properties, sensitivity to moisture, and retrogradation
(Van Soest et al. 1996¢; Van Soest & Vliegenthart, 1997).

Numerous strategies have been explored to remediate these disadvantages, including, but not
limited to, chemical modification, novel plasticisers, cross-linking, and reinforcing fillers (Fe-
lipe Bergel et al. 2020; Ma & Yu, 2004; Jiugao, Ning & Xiaofei, 2005; Ghanbari et al. 2018).
A promising filler for TPS is nanocellulose fibre (CNF). CNFs are nanoscale cellulose fibres
produced via mechanical refinement of cellulose pulp (Huang, Dufresne & Lin, 2019: 54).
Once at the nanoscale, the fibres showcase remarkable mechanical strength and stiffness, a
high aspect ratio, and biodegradability (Kafy ef al. 2017; Iwamoto et al. 2009; Xu et al. 2013).

However, CNFs are sold as an aqueous solution or paste with > 75 % water (Foster et al.

2018). This limits the application of CNFs in some polymers and increases the shipping cost.

1
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The water can not be removed due to hornification; the irreversible agglomeration of CNFs
due the formation of hydrogen bonds and lactone bridges upon drying (Fernandes Diniz, Gil
& Castro, 2004). Producing redispersible, dried CNFs that remain functional in biodegradable

polymers, such as TPS, is essential for progressing the biopolymer field.

Various strategies had been developed to produce redispersible dried CNFs. Examples are dif-
ferent drying methods, ionic additives, surface modification, and adding other polymers (cap-
ping agents) (Xu et al. 2022). Natural capping agents that showed good success are carboxy
methyl cellulose (CMC), lignin, and gelatin (Lowys, Desbrieres & Rinaudo, 2001; Liu, 2018;
Kwak et al. 2019). Xanthan gum is a natural hydrocolloid that has unique rheological, thick-
ening, and stabilizing properties. Beaumont et al. (2017) briefly explored xanthan gum as a
capping agent for TENCEL® gel, a nanospherical gel derived from cellulose. The work showed

promise and supports the exploration of xanthan gum as capping agent for CNFs.

The aim of the study is to produce redispersible dried CNFs that can still effectively reinforce
TPS by using xanthan gum as a capping agent. The TPS was produced from a novel starch
called amura (7acca involucrata)— a tuber crop grown in Nigeria— which had little to no
research reporting on its use for TPS production (Omojola, 2013; Zaku et al. 2009). There were
thus three objectives. First, briefly characterise native amura starch and investigate its suitability
as a source for TPS. Next, quantitatively evaluate xanthan gum’s efficacy as a capping agent to
produce redispersible dried CNFs. And finally, investigate how xanthan affects the ability of
CNFs to strengthen TPS, both when the CNF/xanthan is non-dried, and when it is dried and
redispersed.

For this purpose, the amylose content, gelatinisation temperature, and crystalline structure of
the native starch were determined to establish the baseline characteristics of the starch using
iodine indication, DSC, and XRD, respectively. TPS was produced via film casting. Glycerol
was added as the plasticiser at 3 different concentrations. The TPS was stored under 3 dif-
ferent humidities. This allowed for the investigation of the retrogradation behaviour, vapour
permeability, and tensile properties of the TPS.

Four levels of xanthan gum addition, relative to the CNFs, were investigated. Mixtures were
high-shear mixed and oven-dried. Five mixing intensities were investigated for subsequent
redispersion of dried material. The dispersibility of the dried CNFs was characterised using
turbidimetry, SEM/TEM, and rheometry. The zeta potential and colloidal stability were also
investigated.

A central composite face-centred design (CCF) was developed to investigate the effect of CNFs
and xanthan gum on the tensile properties of amura TPS. The CCF allowed for the accurate es-
timation of the effects of xanthan and CNF on the TPS. This includes quadratic and interaction
effects. Dried and non-dried CNF/xanthan mixtures were added to TPS at both 2.5 wt% and

2
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5 wt% CNF loadings relative to the mass starch allowing for comparison between non-dried

and dried-then-redispersed CNF/xanthan as reinforcing fillers.

2 Literature

2.1 Thermoplastic starch

Starch is an organic polymer that consists of glucose monomers. There are 2 types of starch
polymers, amylose and amylopectin. Amylose is a linear chain of glucose monomers, more
specifically called (1—4)-linked a-D-glucopyronosal units. Amylopectin is a branched chain
polymer, with the main chain consisting of (1—4)-linked @-D-glucopyronosal units, with
branches of (1—6)-linked a-D-glucopyronosal units (BeMiller, 2019: 163-164). The struc-

tures of amylose and amylopectin are shown in Figure 1.

OH

(a) Amylose.
OH

(b) Amylopectin.

Figure 1: Structures of amylose and amylopectin. Adapted from BeMiller & Whistler (2009: 151).

Starch can be obtained from many sources such as grains, seeds, tubers, and legumes. The
amount of amylopectin and amylose differs substantially between sources, with starches con-

taining almost no amylose, called waxy starches, to high amylose starches (BeMiller, 2019:

3
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169). Amylopectin chains are considerably larger than amylose chains due to its branching,
with a molar mass (MM) of 50-500 Mg/mol (BeMiller & Whistler, 2009: 152). In compar-
ison, amylose has a MM of 0.136-3.5 Mg/mol (Sjo6 & Nilsson, 2018: 5) and a DP of up to
600 glucose units (BeMiller & Whistler, 2009: 152). Amylopectin is shorter, with the longest
chains being only 60 glucose units on average (BeMiller & Whistler, 2009: 152).

Amylopectin forms a double-helix structure that creates the crystalline part of the starch (Be-
Miller, 2019: 167). The degree of crystallinity for starches had been shown to range from 27 %
for maize to 35 % for tapioca (Singh et al. 2007). The crystallinity was shown to decrease if
the starch is mechanically refined, with a mere 45 s of refinement (6 W-h) halving maize’s
crystallinity (Dome et al. 2020).

There are 3 types of starch crystals, A, B and C. A is common in cereals, B in high amy-
lose maize and potatoes, and C in legumes and certain tubers such as sweet potato and yams
(Hizukuri, Kaneko & Takeda, 1983; Cai et al. 2014; Guo et al. 2020). A-type starch is a tightly
packed coordination of double helices. B is very similar in structure but one of the helices is
replaced by a column of water (BeMiller, 2019: 167-168). C is a combination of the 2 (Guo
et al. 2020). There are V-type crystals that are formed by amylose post-gelatinisation (Janssen
& Moscicki, 2010: 79). After gelatinisation/plasticisation, the starch is completely amorphous.
The amylose recrystallises rapidly upon cooling. The reformed crystals are deemed V), V,,
and E;,. The E), crystals are not stable and will eventually revert to V),. The subscript /4 stands
for hydrated and a means anhydrous (Janssen & Moscicki, 2010: 79). It was shown there is
a correlation between the length of amylopectin chains and the starch crystal type, with long
chains being type A, short ones type B, and intermediate chains type C (Hizukuri et al. 1983).
The amount of amylose also correlated, with low amylose starches being type A, high amylose
type B, and intermediate levels type C (Cheetham & Tao, 1998).

Starch polymer chains agglomerate into semi-crystalline granules (Ebnesajjad, 2013: 130).
These are held together by hydrogen bonds. If one can disrupt these bonds, one can produce
thermoplastic starch (TPS) (Baillie, 2004: 133). TPS is a biodegradable plastic that has been,
and still is, extensively studied, as shown in Figure 2. To disrupt the hydrogen bonds one re-
quires a plasticiser, as well as applied thermal and/or shear stress (Ebnesajjad, 2013: 133). How
plasticisers work is explained by 3 theories. The lubrication theory postulates that plasticisers
act as lubricants, allowing polymer chains to glide more easily past each other. The gel theory
explains that polymer chains are loosely connected and that plasticisers can disturb these bonds
and thus increase the motion of polymer chains. The free volume theory states that the plas-
ticiser increases the free volume, which is the volume available to molecular motion, which
explains the lowering in glass transition temperature (T,) with increasing plasticiser content
(Daniels, 2009).
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Figure 2: Hits in each year for the search term "thermoplastic starch” on Google Scholar.

A good plasticiser must be compatible with the polymer, have a lower T, and shouldn’t leach
out of the polymer. This last point makes water an unsuitable plasticiser for starch on its own,
as it easily evaporates or absorbs based on the relative humidity (RH) of the air (Leroy et
al. 2022). This causes the mechanical properties to pendulum between brittle and elastic, all
depending on the RH (Chocyk et al. 2015; Leroy et al. 2022). It is for that reason that less
volatile plasticisers are added to thermoplastic starch. The T, is the temperature at which a
polymer goes from being rubbery and elastic to glassy and stiff (Young & Lovell, 2011: 385).
The T, tends to decrease linearly with the addition of plasticisers such as water and glycerol
(de Graaf, Karman & Janssen, 2003; Van Soest & Vliegenthart, 1997).

In order to effectively plasticise starch, one needs to take the starch above its gelatinisation
temperature (Ebnesajjad, 2013: 133). There is an onset temperature, 7,, a peak temperature,
T,, and a closing temperature, .. The values had been reported to range between 53 °C-74 °C
and 63 °C-86 °C for T, and T, respectively (Ubwa et al. 2012). The amount of amylose
was shown to have an impact on the T, and T, although there is some confusion. Varavinit
et al. (2003) studied rice starch and found that the gelatinisation temperatures increased with
higher amylose content. Sasaki, Yasui & Matsuki (2000) on the other hand studied wheat starch
and found that higher amylose starches had lower gelatinisation temperatures. Regarding the

impact of plasticisers, water decreased the T, but glycerol had been found to increase the 7,.

There had been a lot of debate about why glycerol increased the 7,. One theory was that
glycerol competed for water and, being more hygroscopic than starch, withheld water from
plasticising the starch (Nashed, Rutgers & Sopade, 2003). Tan et al. (2004) showed that the
T, had a large dependency on the concentration of glycerol relative to total plasticiser, rather

than the amount of glycerol itself and that higher concentrations of glycerol lead to a higher
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T,. The theory is that glycerol, being a more viscous and larger molecule than water, requires
more thermal energy to diffuse into the starch granule. Van Soest et al. (1996a) showed at
low water concentrations glycerol lowered the T, with T,, remaining somewhat constant, but

at high water concentrations both 7, and T, will increase due to the addition of glycerol.

The influence of glycerol is somewhat complex. At low concentrations of water and glycerol,
glycerol can have an anti-plasticising effect, where the stiffness of the TPS increases with in-
creasing glycerol content. This reaches a maximum where the stiffness once more decreases,
and glycerol acts as a plasticiser (Chang, Abd Karim & Seow, 2006; Zhang & Han, 2010;
Mikus et al. 2014). For glycerol, this maximum occurs at a concentration in the range of
10 %owt—15 %wt (Chang et al. 2006; Zhang & Han, 2010; Mikus et al. 2014). Other plasti-
cisers show the same effect. Sorbitol shows anti-plasticisation from 21-27 %wt, much higher
than glycerol’s (Mikus et al. 2014; Gaudin ef al. 1999; Gaudin et al. 2000). A theory for why
this may be is that sorbitol can make more hydrogen bonds with starch, which can possibly

cross-link the starch, making sorbitol not act as a plasticiser (Ozeren et al. 2020).

A good plasticiser should not form a lot of hydrogen bonds with the starch, otherwise, phys-
ical cross-linking will occur. This is why Ozeren et al. (2020) found glycerol to be the best
plasticiser out of the ones tested, with sorbitol and glucose being the worst. The number of
plasticisers tested was only six and this is not a complete overview of all plasticisers for starch.
Glycerol had been shown to phase separate at high concentrations, causing the mechanical
properties of the TPS to be jeopardised (Mikus et al. 2014). The amount at which this occurred

was at a 70:30 ratio of starch:glycerol. Some tested plasticisers are shown in Table 1.

Choline chloride is an example of a deep eutectic solvent (DES) and imidazolium chloride is
an ionic liquid, both of which showed better performance as plasticiser compared to glycerol
(Zdanowicz & Spychaj, 2011). Monosaccharides had been analysed for use as plasticisers,
where fructose proved to impart a higher tensile strength, higher elongation at break, and lower
water vapour permeability (WVP) than glycerol (Zhang & Han, 2006). It was reported that
amides are stronger plasticisers than polyols. It was also discovered that the higher the molar
mass of the plasticiser the weaker its plasticisation effect (Zuo et al. 2015). Isosorbide was
shown to be an interesting plasticiser. It is a crystalline powder, whereas glycerol is a liquid.
TPS containing isosorbide showed no retrogradation over a 9 month period. Isosorbide plas-
ticised starch also showed better mechanical properties and lower permeability than glycerol

plasticised starch (Battegazzore et al. 2015).

Retrogradation is the process of recrystallisation of TPS. Post plasticisation, the amylose within
starch quickly recrystallises to V;, V,, and E;, crystals, depending on the conditions (Van Soest
& Knooren, 1997; Van Soest et al. 1996d). It was shown that under high water content, no

Vi and E), will form (Van Soest & Knooren, 1997). V, only forms at very low moisture levels
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Table 1: Various plasticisers used for starch.

Group Plasticiser Reference
Glycerol Van Der Burgt, Van Der Woude & Janssen (1996)
Ethylene glycol Da R6z et al. (2006)

Polyols . o . .
Sorbitol Esmaeili, Pircheraghi & Bagheri (2017)
Isosorbide Battegazzore er al. (2015)
Formamide Zuo et al. (2015)

Amides Acetamide Ma & Yu (2004)
Ethylenebisformamide Yang, Yu & Ma (2006)
Urea Ma & Yu (2004)
Fructose

Saccharides Mannose Zhang & Han (2006)
Glucose
Water Ebnesajjad (2013: 133)

Other Ethanolamine Huang, Yu & Ma (2005)
Choline chloride Zdanowicz & Spychaj (2011)

Imidazolium chloride = Zdanowicz & Spychaj (2011)

(Van Soest & Vliegenthart, 1997). Some of the amylose might even form double helices to
form B-type crystals (Van Soest & Essers, 1997). Amylose recrystallises rapidly due to its high
mobility and length (Van Soest & Essers, 1997).

Amylopectin on the other hand is large and bulky, with the chains having very little mobility
(Yu & Christie, 2005). The amylopectin takes a longer time to recrystallise into B-type crystals
(Yu & Christie, 2005; Van Soest, de Wit & Vliegenthart, 1996b; Van Soest & Knooren, 1997,
Van Soest et al. 1996¢). Due to the large size of amylopectin, it does not retrograde if it is below
its T, as the molecular motion is hindered, preventing the chains from coiling (Van Soest et
al. 1996b). It has been shown that recrystallisation is favourable for mechanical properties up
to a point (Van Soest et al. 1996¢; Van Soest et al. 1996b). Amylopectin recrystallises both
intermolecularly and intramolecularly, with intermolecular recrystallisation strengthening the
matrix. Intramolecular recrystallisation on the other hand causes shrinkage and internal stress
that eventually causes cracks on the polymer surface (Van Soest et al. 1996c; Van Soest et
al. 1996b). Due to amylopectin recrystallising only above its T, one can create completely
amorphous TPS by plasticising waxy starch and cooling it to below the T,. The T, is dependent
on the plasticiser and RH. One can also make highly amorphous TPS by adding high amounts
of water to the TPS pre-extrusion, as that will cause no V), or E;, crystals to form from amylose
(Van Soest & Knooren, 1997).

Humidity and plasticiser play a critical role in the T, and the recrystallisation behaviour of

the starch (Van Soest & Knooren, 1997). Some plasticisers can deter retrogradation. Ma &
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Yu (2004) showed that the use of amides lessens retrogradation in comparison to polyols.
Ethanolamine, isosorbide and fructose all showed similar improvements (Huang, Yu & Ma,
2005; Battegazzore et al. 2015; Zhang & Han, 2006). It had been found that at low RH, mean-
ing 50 %, amylopectin will not recrystallise, which is thought to be due to the increase in T,
(Van Soest et al. 1996b). At very high RH, such as 90 %, one gets rapid recrystallisation (Van
Soest et al. 1996b). Glycerol, if the water content is kept constant, will actually lower crys-
tallinity, but due to its hygroscopic behaviour, it will invariably increase the moisture content
and so increase the crystallinity (Van Soest & Knooren, 1997). The higher the moisture content
of the TPS the more it recrystallises. Higher moisture content is caused by higher RH and
higher plasticiser content (Da R6z et al. 2006). It should well be noted that plasticisers that are

worse plasticisers than glycerol absorb less moisture (Da Roz et al. 2006).

It had also been shown that amylopectin and amylose can co-crystallise (Rindlav-Westling,
Stading & Gatenholm, 2002; Lian ef al. 2018). A critical concentration of amylose, ~ 25%,
was shown to be the point where the crystallinity of the amylopectin will increase (Rindlav-
Westling et al. 2002). A theory of why this was observed is that the amylose and amylopectin
form co-crystals, which then act as a nucleation agent for amylopectin to crystallise further
(Rindlav-Westling ef al. 2002). It was also shown that below this critical amylose content phase
separation occurred between the 2 starches (Rindlav-Westling et al. 2002; Leloup, Colonna &
Buleon, 1991). This was especially prevalent with native starch as it was very difficult to
homogenise the amylose and amylopectin (Rindlav-Westling ef al. 2002). It was postulated
that if the amylose content is high enough, a continuous network of amylose forms throughout
the matrix, allowing higher crystallinity and better mechanical properties (Rindlav-Westling et
al. 2002).

The structural differences between amylopectin and amylose play a large part in the mechanical
properties of TPS. It is hypothesised that the main reason glycerol requires more energy to
plasticise starch than water is due to the enthalpy of unwinding the amylopectin coils. This
is due to the glycerol being larger and heavier; thus more energy is required to move them
with the amylopectin chains (Tan et al. 2004). This unwinding is shown in Figure 3. It was
found that amylose allows for stronger and stiffer films (Yu & Christie, 2005; Van Soest &
Vliegenthart, 1997; Van Soest & Essers, 1997; Mylldrinen et al. 2002). This is due to the long
chains of amylose entangling more easily (Yu & Christie, 2005). Amylopectin makes very
ductile films due to the fact that amylose can not make a lot of hydrogen bonds, allowing for
easy slippage between the molecules (Yu & Christie, 2005; Van Soest & Vliegenthart, 1997).
This was seen with amylopectin having a lower viscosity (Yu & Christie, 2005). One study
claimed that amylopectin makes stronger films (Altayan, Darouich & Karabet, 2021), but most
papers suggest amylose is the best for tensile strength.

There are various ways of producing TPS. An easy way to do it is to use film casting, where
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(a) Twisted form of amylopectin.

VAR

(b) Unfurled form of amylopectin.

Figure 3: Effect of plasticisation on amylopectin. Based on Bertoft (2013), Yu & Christie (2005), and
BeMiller (2019: 166).

starch is heated with excess water and another plasticiser to above its T,,. The solution is then
cast in a holder, such as a petri dish, where it is then left to dry, either via air or oven (Leloup et
al. 1991; Zhang & Han, 2006). This method is time-consuming and, if one decides to use an
oven, requires a lot of energy to evaporate all the water. Therefore more mechanical methods,
such as melt blending and extrusion compounding, are much more economical. It had also
been found that extrusion compounding creates co-continuous networks between amylose and
amylopectin, which was not observed with film casting (Van Soest & Essers, 1997; Leloup et
al. 1991).

The major advantage TPS has over other polymers is that it is completely biodegradable and
comes from a highly renewable resource (Dogossy & Czigany, 2011; Nevoralova et al. 2019).
Despite the pros, it has many drawbacks. It does not have appreciable stiffness or tensile
strength (de Graaf ef al. 2003; Mali et al. 2006). Literature values for the tensile strength
and modulus of TPS made from various starches and with various glycerol contents, in parts
per hundred starch (phs), are shown in Table 2. High-density polyethylene, for reference, has a
modulus of 0.5 GPa — 1.1 GPa. TPS could weaken and crack with time due to retrogradation (de
Graaf et al. 2003). Itis highly permeable to water and oxygen (Mali et al. 2006; Arvanitoyannis
& Biliaderis, 1999). Higher RH was shown to negatively influence the mechanical properties
(Van Soest et al. 1996c¢).

TPS has been shown to absorb considerable amounts of water from the environment as it ages
if the RH is high (Huang et al. 2005; Schmitt et al. 2015). To combat this, many researchers

have tried methods such as modifying the starch, adding fillers, or cross-linking, in an attempt
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Table 2: Tensile properties, o and E, of TPS made from various starches with different glycerol levels

and storage humidities.

Starch type RH  Glycerol o E Reference
(%)  (phs)  (MPa) (MPa)
33.3 2.1 -
Rice 62 42.8 1.8 - Laohakunjit & Noomhorm (2004)
53.9 1.0 -
42.8 6 270  Esmaeili, Pircheraghi & Bagheri
Com 75 S0 15 20 (017)
40 5.8 97.5
60 5.8 82.6
Pea 50 20 29 273 Zhang & Han (2006)

100 1.4 7.8

25.0 25.5 890

Potato 54 42.8 9.0 350  Taljaetal. (2007)

66.7 2.5 40

Wheat NA 25.0 27 -

17.6 42 -

333 8 - (2003)

de Graaf, Karman & Janssen

to improve upon the physical characteristics. Some of the methods are shown in Table 3.

Table 3: Various methods of improving thermoplastic starch.

Modification Influence Reference
Surface modification
Used acetic anhydride. Very effective at hydrophobising .
) ) ] (Felipe Bergel et al. 2018;
Acetylation starch foams and decreasing water adsorption. Produced )
Nevoralova et al. 2019)
stronger starch films.
Done with maleic anhydride or propionic acid. Effective .
) ) ) ) i (Felipe Bergel et al. 2018;
Esterification | at decreasing the water adsorption, but not as effective as )
) Nevoralova et al. 2019)
acetylation. Also produces much weaker TPS.
Various isocyanates, such as phenyl isocyanate, was shown
) ) ) ) (Carvalho, Curvelo &
Carbamation to be effective at decreasing the polarity of the TPS surface

and thus making it more hydrophobic.

Gandini, 2005)
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Modification

Influence

Reference

Silylation

Hydroxy
propylation +

Oxidation

Was done with 3-chloropropyl trimethoxysilane and
methyltrimethoxysilane. Foams made containing this starch

were considerably more hydrophobic.

Was shown to allow film blowing of TPS, whereas native

TPS was insufficient.

(Felipe Bergel et al. 2020)

(Thunwall et al. 2008)

Crosslinking

Citric acid

Malic acid

Could reduce retrogradation. Lowered viscosity and weak-
ened tensile properties. Also lowered water absorption.
Citrate ions from choline citrate could improve the tensile

properties.

Was able to reduce retrogradation. Made very ductile sam-

(Jiugao et al. 2005;
Zdanowicz, Jedrzejewski &
Pilawka, 2019)

(Niazi, Zijlstra & Broekhuis,

ples 2015)
Crosslinked via UV irradiation. Considerable improve-
Boric acid ment in tensile strength. Did increase the moisture uptake. | (Khan et al. 2019)
Showed reduction in retrogradation.
Reinforcement
) ] ) ] (Miiller, Laurindo &
Mostly montmorillonite composites. Showed to improve .
Nanoclays Yamashita, 2012; Zhang et

Metal oxides

both WVP and tensile strength.

Example is zinc oxide. Improved mechanical properties,
decreased WVP, and was able to absorb UV rays.

Both raw fibre and nanofibres had been studied. Both show

al. 2013)

(Ma et al. 2009)

(Savadekar & Mhaske, 2012;

Cellulose increases in tensile strength, stiffness, and WVP. Decreases | Karimi et al. 2014; Wang et
transmittance of films. al. 2017; Babaee et al. 2015)
. Increased mechanical properties and decreased WVP. Also
Chitosan (Balla et al. 2021)
delayed the mould onset.
2.2 Amura

Amura (Tacca involucrata) is a tuber crop native to Nigeria (Zaku et al. 2009). It is part

of the family Dioscoracea, with the yam being the most well-known member (The Editors
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of Encyclopaedia, 2008). It is estimated that, in Nigeria alone, 20 Mt of Tacca tubers are
estimated to grow annually and go virtually unused (Omojola, 2013). It is a low protein, low
lipid starch (Zaku et al. 2009). These can be favourable attributes, as it has been shown that
the addition of lipids and protein negatively impacts TPS (Diyana et al. 2021; Corradini et al.
2007).

There were two types of amura starch found, yellow starch and white starch. White had a bit
larger granule with a larger size distribution. Yellow showed A-type starch crystals, whereas
white showed C-type starch crystals. Gelatinisation for yellow amura had an onset at 74.1 °C
and a peak at 76.2 °C, whereas white amura had onset and peak gelatinisation temperatures of
77.3 °C and 80.1 °C respectively (Nwokocha, Senan & Williams, 2011). The amylose content
was reported to be 28.07 + 0.04 % (Zaku et al. 2009). It was reported that white amura is had

a C-type crystal structure, and yellow amura had an A-type crystal structure.

Amura starch was found to have a high bulk density, 0.81 + 0.03 g/cm?, which was higher
than what was found for other starches such as maize (Zaku ef al. 2009). Amura needs prior
preparations to make it edible as it contains toxins. It is therefore not commonly consumed and

regarded as a famine food (Janick & Freedman, 2022).

A close relative of amura is Tacca leontopetaloides, commonly known as Polynesian arrowroot.
There are studies where Tacca leontopetaloides was used for making biopolymers. Amin et al.
(2017) showed how glycerol concentrations impacted the tensile strength and water adsorption
of the Tacca films. It was found that lower glycerol levels lead to lower water content and higher
tensile strength. Makhtar er al. (2013) and Makhtar ez al. (2014) made polymer composites

using 7. leontopetaloides.

The amylose content of amura is near the suspected minimum critical point for achieving a
continuous amylose matrix. The low lipid and protein content is favourable as well. It occurs
naturally in Nigeria; thus, starch production can support a developing economy. The fact that it
is not often eaten means it won’t detract from the food supply if used for TPS production. All

these points support the idea that amura is a worthwhile starch to investigate.

2.3 Nanocellulose

Cellulose consists of (1—4)-linked S-D-glucopyronosal units (BeMiller, 2019: 224). The only
difference between cellulose and starch is that cellulose has f-linkages, meaning the glycosidic
bond is above the ring, and starch has a—linkages. It is the most abundant natural polymer in
the world (Huang er al. 2019: 1). Cellulose is found in the cell membranes of plants (BeMiller,
2019: 224). It is due to the abundance of cellulose that research efforts into nanocellulose (NC)
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have grown exponentially, as shown in Figure 4. There are five types of nanocellulose: cel-
lulose nanocrystals (CNC), cellulose nanofibrils (CNF), bacterial nanocellulose (BNC), algal
nanocellulose, and tunicate nanocellulose (Foster ef al. 2018). Tunicates are, as of writing, the
sole source of animal-derived nanocellulose (Seddiqi et al. 2021; Trache et al. 2017). BNC is a
unique version of cellulose since it has no impurities, unlike plant-based cellulose that contains
some residual lignin and hemicellulose (Huang et al. 2019: 95). Most nanocellulose is pro-
duced from plant-based stock. Sources range from hardwood and softwood pulp (Fall, Burman
& Wagberg, 2014), pineapple leaves (Mahardika er al. 2018), cassava (Teixeira et al. 2009),
and sugar beet (Hietala, Sain & Oksman, 2017).
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Figure 4: Hits in each year for the search term "nanocellulose" on Google Scholar from 2011-2021.

The difference between CNCs and CNFs is size and geometry. CNC typically has a length
<300 nm and a diameter <70 nm (Huang et al. 2019; Nechyporchuk, Belgacem & Bras, 2016:
33-35). CNFs have a diameter ranging from 5 nm-50 nm, depending on whether the fibres are
bundled or not, and the length reaches a few um’s (Huang et al. 2019; Nechyporchuk ez al.
2016: 78). CNFs have a much higher aspect ratio than CNCs, which is due to the much larger
ratio between length and diameter. This is favourable when it comes to polymer reinforcement,
as the interfacial area between the NC and the polymer matrix is higher (Xu et al. 2013; Kamboj
et al. 2022).

NC is produced either via chemical and/or mechanical methods. CNCs are usually made via
acid hydrolysis with H,SO,4 or HCI (Trache et al. 2017). Organic acids, such as citric acid, had
also been used with success (Zhou et al. 2019). The acid hydrolysis attacks the amorphous
region of the cellulose. The crystals, being more resilient, remain after the hydrolysis (Huang
et al. 2019: 21). CNFs are usually made via mechanical methods such as high shear blenders,
homogenisation, and ultrasonication (Uetani & Yano, 2011; P4dkko et al. 2007; Mahardika

et al. 2018). The addition of chemical pretreatment can greatly reduce the energy required
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to produce CNFs. Pretreatments include oxidation, enzymatic hydrolysis, and alkaline/acid
hydrolysis (Michelin et al. 2020; Malucelli et al. 2019; Soares Faria et al. 2020). For further
information on the production of NC, please refer to the excellent reviews of Trache et al.
(2017), Khalil et al. (2014), and Nechyporchuk et al. (2016). A breakdown of the CNF

production process is shown in Figure 5.
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Figure 5: Production of CNF from raw material to consumer product. Used with permission from
Niemand (2023).

Nanocellulose has numerous incredible physical properties and with applications in a variety
of fields. It has three main physical properties that make it of high value: high strength and
stiffness, a reactive surface area, and it is renewable as well as biodegradable. The mechanical
properties vary based on measurement technique and source. Information on the modulus of
nanocellulose is shown in Table 4. The table shows that the modulus is influenced by source,
measuring method, and size. As one can see with the flax fibres, smaller diameter fibres had
a higher modulus (Lamy & Baley, 2000). The aspect ratio, the ratio between surface area and
volume, increases for a cylinder when the diameter decreases. This means that there is more

interfacial area between the fibre and the polymer, allowing for greater interaction.

Information on the tensile strength of CNFs, as of writing, is scarce. There is information
on the tensile strength of CNC. The theoretical maximum of a cellulose crystal is reported as
7.5 GPa-7.7 GPa (Mark, 1967). Saito et al. (2012) used a model that relied on the length
and width of a fibril. They estimated the tensile strength of tunicate and wood-based CNFs
that were TEMPO-oxidized. Tunicate CNF had a tensile range of 1.5 GPa—6.4 GPa, depending
on the method used for determining both the mean and the width. Wood-based CNF had a
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Table 4: Modulus and tensile strength of NC from various sources and measurement methods.

Type ‘ Modulus (GPa) ‘ Method | Source ‘ Reference

CNF (TEMPO)' 145.2 AFM | Tunicate

CNF (acid)? 150.4 AFM | Tunicate | (Wamoto ef al. 2009)
BNC 78 AFM | Bacteria | (Guhados, Wan & Hutter, 2005)
BNC 79-88 Raman | Bacteria C

CNE 29-36 Raman Wood (Tanpichai et al. 2012)
Fibre (34.5 um) 39.03 - Flax

Fibre (6.8 yum) 78.68 i Flax | (LMY & Baley, 2000)
Long Fibre CNF 23.9 - - (Kafy et al. 2017)
Glass fibre 76-81 - - (Wypych, 2021: 299)
Aramid fibre 20-21 - - (Wypych, 2021: 279)

! TEMPO = (2,2,6,6-tetramethylpiperidinyl-1-oxyl) oxidation
2 acid = acid hydrolysis

tensile range of 0.8 GPa—3.5 GPa. The tunicate CNFs were a little bit wider and much longer
than the wood-based CNFs. Long fibres spun from NC were found to have a tensile strength
of 383.3 MPa (Kafy et al. 2017). Glass fibres have a tensile strength of 3.1 GPa-3.8 GPa
(Wypych, 2021: 299). Aramid fibres’ tensile strength ranges from 2.5 GPa-3.2 GPa. As one

can see, CNFs are competitive with the most common commercial fibres.

The glucose monomer of nanocellulose has three hydroxyl groups that are available for reac-
tion. These hydroxyl groups are located on C6, C3 and C2. The reactivity order is C6>C3>C2
(Huang et al. 2019: 7). This allows for surface modification of the cellulose (Huang et al.
2019: 4). Various modifications impart different properties to CNFs and CNCs. Some of the
most common modifications are shown in Figure 6. The reactions are explained in Table 5.
The main use of surface modification is to improve the compatibility of NC with non-polar
polymers. NC is hydrophilic; thus it aggregates very easily in hydrophobic polymers due to

phase incompatibility.

There are more surface modifications, such as the grafting of polymers onto the cellulose back-
bone, ring-opening polymerisation, and living radical polymerisation (Huang et al. 2019: 126-
136). For a more in-depth discussion on surface modification, there are great reviews done by
Rol et al. (2019) and Ghasemlou ef al. (2021).
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Figure 6: Various methods of surface functionalisation of nanocellulose, inspired by (Huang, Dufresne
& Lin, 2019: 6).
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Table 5: Reactions shown in Figure 6.

No. Reaction

Description

Reference

a Sulfonation

Happens to CNC’s produced via H,SO,4 hy-
drolysis. Degree of substitution is dependent
on concentration and temperature of hydrol-

ysis.

(Peng et al. 2019)

b Oxidation

TEMPO oxidation only affects C6. Easy
way of creating a carboxyl group, which

tends to be easier to react with.

(Abou-Zeid et al.
2018)

C Oxidation

Periodate oxidation attacks the C2 and C3
carbons, and cleaves their bonds, breaking
the glucose ring. Allows for maximum de-

gree of substitution.

(Abou-Zeid et al.
2018)

d  Acetylation

Acetyl group being bounded to the chain.
Method is also applicable to other esterifica-

tion reactions.

(Kim, Nishiyama &
Kuga, 2002)

e  Silynation

Makes the cellulose more hydrophobic. The
R refers to any length of carbon side chain.
Dimethylsilyl chloride compounds are com-

monly used.

(Goussé et al. 2002)

f Etherification

Done by opening an epoxy functional group
and binding the open carbon to the OH of
the glucose monomer. Many types of epox-

ies can be reacted this way.

(Zaman et al. 2012)

g  Amidation

Attachment of an amide group. Is applicable

to many amides.

(Johnson, Zink-Sharp
& Glasser, 2011)

h Carbamation

Also known as urethanisation; attachment
of a carbamide/urethane group on the main
chain. Commonly done with isocyanates.

Very similar to the amidation reaction.

(Abushammala, 2019)

There is a wide array of potential applications for nanocellulose due to its favourable mechan-

ical and chemical properties. The ability of nanocellulose to alter the rheology of mixtures

makes it a good food additive for things such as mayonnaise (Heggset et al. 2020). It is also
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used for food packaging due to the favourable barrier properties, the reinforcement it gives, and
the ability to carry anti-microbial additives (Hubbe et al. 2017; Saxena et al. 2010). The fields
in which NC is applicable are shown in Table 6.

Table 6: Fields and uses of NC.

Field Use Reference

Food Due to its ability to modify the rheology of sus- (Perumal et al. 2022)
pensions, NC is used as a stabiliser. It is also
added as a non-caloric filler.

Packaging There is a lot of interest in its use for food pack- (Hubbe et al. 2017; Ahankari
aging. It lowers oxygen permeability while re- et al. 2021)
inforcing the material. With some modifica-
tions, it can become a barrier to water and oils.

Paper Used both for paper reinforcement as well as a (Li et al. 2021)
coating.

Oil Used to modify the rheology and stabilise the (Combariza,
oil to prevent phase separation. Martinez-Ramirez &

Blanco-Tirado, 2021)

Construction Capable of reinforcing cement and improving (Balea ef al. 2019)
the internal bonding strength, modulus of rup-
ture, and modulus of elasticity. Also alters the
rheology.

Electronics Can be used in conjunction with metal particles (Dias et al. 2020; Hoeng,
and conductive polymers to create conductive Denneulin & Bras, 2016)
inks. Also used with printed electronics.

Medicine Used in drug delivery systems thanks to its (Nicu, Ciolacu & Ciolacu,
small size. Its reinforcing abilities, permeabil- 2021)
ity, and hydrophilicity make it ideal for wound
dressing. It is also usable in tissue engineering.

Cosmetics Used for emulsion stabilisation as well as a car- (Almeida et al. 2021)
rier for active ingredients. Can replace some
microplastics.

Wood Reinforces wood panels. Also modifies the rhe- (Vineeth, Gadhave &

adhesive ology of adhesives. Gadekar, 2019)
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Field Use Reference

Water Can be used as an absorbent of pollutants such (Mautner, 2020; Mahfoudhi
treatment as heavy metals, oils and dyes. Membrane filter & Boufi, 2017)

composites can be made with NC.

Polymers Reinforces polymer matrix, imparting higher (Kargarzadeh ef al. 2018;
stiffness and tensile strength. Also aids in Dufresne, 2017; Dufresne,
barrier properties. Very useful to strengthen 2018)
biodegradable polymers such as poly(lactic
acid) (PLA). It needs compatibilisation with hy-
drophobic polymers.

2.4 Nanocellulose for polymer reinforcement

The very high stiffness of CNFs makes it an attractive polymer reinforcer. Together with its low
density, renewable source, and biodegradability, nanocellulose is a viable alternative to other
polymer fibre additives. It can be applied to rubbers, thermosets, and thermoplastics (Kar-
garzadeh et al. 2018; Dufresne, 2017). Fibres reinforce polymers by taking more of the stress
or strain being applied on the matrix. When the stress applied is in the longitudinal direction
of the fibres, assuming perfect alignment (anisotropy), there is uniform strain. This is because
both the fibres and the matrix elongate equally. When the stress is applied perpendicular to
the fibres, there is uniform stress, as the matrix and fibres elongate separately, but under the
same load. These are the two extreme scenarios. Equation 1 and 2 show the formulas for
tensile modulus under uniform strain and uniform stress, respectively (Young & Lovell, 2011:
604-606). E is the modulus, ¢, is the volume fraction, and subscript ¢, m, and f stands for
composite, matrix, and filler, respectively. In real life, one would expect the modulus to range

between these 2 extremes, assuming no slippage occurs between the fibres and polymer matrix.

E.= ¢mEm + ¢fEf (D
i — ¢_m + ﬁ (2)
E. E, E,

In the case of a polymer being hydrophobic, surface modification or the use of a surfactant is
necessary to ensure proper transfer of mechanical stress. Too much of a polarity difference

between the NC and the polymer might have a negative impact on the composite.
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Some of the most common thermoplastics in use are hydrophobic. This includes polyolefins
such as polyethylene (PE) and polypropylene (PP), as well as biodegradable polymers such
as poly(lactic acid) (PLA). To improve dispersion within these polymers, three methods are
applied: coupling agents/surfactants, surface functionalisation, and grafting. There are three
coupling agents commonly used: maleated PP/PE (Li et al. 2014; Suzuki et al. 2014; Iwamoto
et al. 2014), poly(ethylene oxide) (PEO) (Pereda, Kissi & Dufresne, 2014; Zhang et al. 2017,
Li et al. 2014), also known as poly(ethylene glycol) (PEG), and poly(vinyl alcohol) (PVA)
(Kiziltas et al. 2016; Haque et al. 2017). Each of these compatibilisers is amphiphilic and can
thus bind to both the CNFs and polymer matrix.

The most common surface functionalisation methods were silanisation (Qian et al. 2018),
esterification/acetylation (Jonoobi ef al. 2012), and carbamation (Espino-Pérez et al. 2013).
Surface functionalisation was used a lot with PLA composites (Dufresne, 2018; Kargarzadeh
et al. 2018). It is effective because it increases the hydrophobicity of the NC surface. One can
graft polymers onto the NC chain to impart the properties of the grafted polymer on the NC.
PLA could be grafted onto NC using ring-opening polymerisation, and PEG could be grafted
using a carboxylation-amidation reaction (Lizundia ef al. 2016; Lin & Dufresne, 2013). Both

improved the hydrophobic character of the NC.

TPS is hydrophilic, just as NC (Huang et al. 2019: 182). Therefore, the interfacial adhesion
between the polymer matrix and the fibres tends to be appreciable. There was, however, still
be a noticeable degree of agglomeration of the fibres observed (Teixeira et al. 2009). Csiszar,
Kun & Fekete (2021) showed that the glycerol amount influences the reinforcing abilities of
CNC:s. If the glycerol content was too high (40%), it disrupted the interaction between the NC
and the TPS.

Figure 7 shows various experiments where TPS was reinforced with CNFs with the mechanical
properties reported. As one can see, there is considerable variation. All, except two papers,
used film casting. Teixeira et al. (2009) used melt blending and Hietala, Mathew & Oksman
(2013) used extrusion. Savadekar & Mhaske (2012) achieved some spectacular results, report-
ing a very high tensile strength with very low loadings. The peak loading was also achieved
very early. What made this paper unique is the addition of acetic acid with glycerol and the
large diameter of the CNFs, which was 424 + 158 nm. This might explain why the strength of
the composite suddenly dropped at 1 % loading.
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Figure 7: Effect of CNF on the mechanical properties of TPS at various loadings.

It is surprising to see that the extruded sample did extremely well in comparison to the rest.
The modulus of the extruded samples is comparable to some commonly used polymers such
as LDPE (130 MPa-348 MPa), HDPE (500 MPa—-1100 MPa) and polypropylene (1700 MPa)
(Wypych, 2016: 172, 194, 532). One could expect the extruder to damage the fibres due to
the shear stress applied and elevated temperatures. The temperatures used in extrusion tend to
run higher than with film casting (Pushpadass et al. 2009; Kaushik, Singh & Verma, 2010).
Higher temperatures risk degrading the polymers. The extruder paper is the only paper that
showed a continuous increase in tensile strength. This might be due to the extrusion being able
to more effectively disperse the fibres. The effect of plasticisers is also visible in Figure 7.
The glycerol:sorbitol samples had higher tensile strength than the pure glycerol sample. One
can also note that the optimal CNF loading is lower for the glycerol:sorbitol samples than
the glycerol sample. One can also see in this paper that the addition of sorbitol had a larger

influence on the mechanical properties than adding CNFs (Teixeira et al. 2009).

The majority of research papers covering the reinforcement of TPS with CNFs rather use solu-

tion casting or melt blending. The high amounts of water in NC are problematic with extrusion,
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as the high temperatures used can cause the water to boil (Meng et al. 2019). This was ob-
served in preliminary experiments done in our labs. NC is usually supplied in a water-filled
form with the NC no higher than 25 wt% (Foster et al. 2018). The high amounts of water
will lower the initial amylose recrystallisation, which is not favourable, and will limit the shear
the extruder can apply, which might lead to lower mixing of the NC. To overcome the boiling
problem, Hietala ez al. (2013) increased the screw speed to 200 rpm. This caused a vacuum
that helped in evaporating the water before the polymer went through the die. Despite this,
water still remained in the polymer and the polymer had to be dried post-extrusion. The very

high screw speed is also undesirable.

When NC is dried, it undergoes a process called hornification. Hornification is the irreversible
bonding of cellulose fibres where both hydrogen bonds and lactone bridges form (Fernandes
Diniz et al. 2004). This causes the loss of the unique properties of NC, as it can not be fully

redispersed after drying without considerable effort.

Ultrasonication is a method that allows for near-full redispersion of dried NC. Ultrasonication
works by causing cavitation, which is the formation, growth, and implosion of microscopic
bubbles within a liquid medium (Nowak, 2010: ix). The energy released by the bubbles im-
ploding is immense, with values as high as 5000 K and 1800 atm reported (Nowak, 2010:
2). These implosions created liquid jet streams that can effectively break agglomerates and
redisperse them (Mattox, 2010: 498).

It had been shown that, with enough specific energy (J/g) applied through ultrasonication, one
could almost completely redisperse even air-dried NC (Beck, Bouchard & Berry, 2012). The
amount needed though was quite immense, totaling 1900 J/g. Ultrasonication is not a solution
though. Currently, it has a high energy cost due to low efficiency and loss of energy to heat
dissipation (Li et al. 2013; Hoo et al. 2022). It was also shown to become less energy efficient
at larger production scales (Li ef al. 2017; Hoo et al. 2022). It is thus of utmost importance

that, whatever drying method is developed, it works via mechanical mixing alone.

2.5 Drying of nanocellulose

A way to get around the water issue is to dry the NC while minimising agglomeration. There
are 4 methods assessed in the literature: oven/air drying (OD/AD), spray drying (SD), freeze-
drying (FD), and supercritical drying (SCD) (Xu et al. 2022). Oven drying and air drying
are the most economical ways of drying and most suggested for the characteristics of NC but
come with the problem that agglomeration is rampant (Peng, Gardner & Han, 2012a; Zepi¢
et al. 2014; Van’t Land, 2011: 23). During AD and OD, there are 3 drying stages. During
the first stage, free water is dried at a constant rate and shrinkage is observed due to capillary
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forces. A decrease in drying rate is then observed and shrinkage is halted. The diffusion of
water to the surface is fast enough to keep up with the drying rate. A second decrease in drying
rate occurs where the drying rate becomes limited by the diffusion of the bound water (Ben
Abdelouahab ef al. 2021; Peng et al. 2012a). It is postulated that the last step is where most of
the agglomeration occurs due to the very strong capillary forces and lack of water allowing the
CNFs to make contact (Peng ef al. 2012a). An illustration of how drying leads to hornification

is shown in Figure 8

NC fibril surface hydroxyl groups

DD\
?8%%° 9

N\

irreversible hydrogen bonds

water

Figure 8: Drying mechanism of CNFs that leads to hornification. Used with permission from Niemand
(2023).

Spray drying works by spraying a heated liquid through a nozzle called an atomiser into a
stream of hot air. The drying works on a similar principle as oven drying. The only additional
steps are the atomisation prior to drying and the air cleaning post-drying (Van’t Land, 2011:
133). The droplets are dried at a rapid pace. Spray drying usually requires a large liquid-to-
solids ratio, meaning that high amounts of energy are required for vaporisation for every kg
product dried. This makes SD less economical than OD (Van’t Land, 2011: 133). Nonetheless,
it is useful if the end product is better than the OD product, and still allows for high production
rates (Van’t Land, 2011: 134).

Spray drying has the advantage that it makes a very fine powder, but these powders tend to
be spherical agglomerates of NC ranging from 2 um—7 um (Peng et al. 2012a; Peng, Han &
Gardner, 2012b; Khoshkava & Kamal, 2014; Beck et al. 2012). The powders tend to have high
crystallinity and higher thermal stability, which made it suggested as the best drying method
for polymer reinforcement purposes (Peng et al. 2013). Spray-dried powders made two types
of agglomerates, depending on whether there were CNFs outside of the droplet or not (Peng et
al. 2012a). Droplets with fibres sticking out did not make spherical agglomerates, but rather
ones that look like a bundle of fibres. If all fibres were within the droplet during drying, the
agglomerate is very spherical (Peng ef al. 2012a). SD nanocellulose tended to be irreversibly
agglomerated (Beck et al. 2012; Meneguin et al. 2020; Khoshkava & Kamal, 2014; Zepi¢ et
al. 2014).

Freeze drying, also known as lyophilisation, is a method that takes water to a temperature
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and pressure where it can sublimate instead of boil (Van’t Land, 2011: 235). It has a few
disadvantages to other drying methods, such as being time-consuming (Van’t Land, 2011: 236).
It is also considerably more expensive than SD and OD due to the high energy consumption
(Hui, 2008: 217). FD produces laterally agglomerated fibres (Peng et al. 2012a; Zepi¢ et al.
2014). At high concentrations, 0.5%—1.0%, there are lamellar structures that form (Han et al.
2013). It is postulated that during the initial freezing phase, the ice crystals push the fibres
into close proximity to one another, allowing for agglomeration (Beck et al. 2012; Khoshkava
& Kamal, 2014; Han et al. 2013). At low concentrations, 0.5 %, the FD CNF’s are ultrafine
fibres. The agglomerates tend to be smaller than those with SD (Peng et al. 2012a; Zepi¢ et al.
2014). The FD samples still tended to not be well suited for redispersion, though were better
than SD (Khoshkava & Kamal, 2014; Beck et al. 2012).

SCD replaces the water with liquid CO,, which is then taken to its supercritical point where
liquid and gas become indistinguishable. SCD overall produces the best powders but comes

with the highest economical cost (Peng et al. 2012a).

A major factor that determines whether CNFs will agglomerate or not is the surface charge of
the fibres (Fall ef al. 2011; Beck et al. 2012). If it is high enough, the electrostatic repulsion
will repel the fibres from each other, limiting the hornification of the fibres. If the charge is
too low, the fibres start to aggregate (Beck ef al. 2012). The surface charge can be lowered by
lowering the pH or adding salts to increase the ionic charge of the liquid (Beck et al. 2012).
Fall et al. (2011) developed a model for CNF aggregation using the DLVO (Derjaguin, Landau,
Verwey, and Overbeek) theory.

The theory postulates that the van der Waals forces and electrostatic forces are independent of
each other and can be linearly added to determine the total force of 2 particles on each other
(Birdie, 2010: 143-145). The attractive forces are larger than the repulsive forces at large dis-
tances or small distances. This causes a secondary and a primary minimum. At intermediate
distances the repulsion is larger than the attraction, causing an energy maximum. Higher con-
centrations and larger valencies of salts lower this maximum. Due to thermal energy causing
Brownian motion, the particles might overcome this energy maximum and go into the primary
minimum. This is aggregation. The higher the maximum the more stable the suspension and

the less likely aggregation becomes (Tardos, 2015: 97-99).

Fall et al. (2011) showed that fibres with larger surface charges can resist aggregation at a
lower pH and higher salt concentrations. A pH below 3 and a sodium concentration larger than
100 mM tends to cause aggregation of the fibres. Hamid er al. (2016) reported that a zeta
potential, negative or positive, with an absolute value above 30 mV, can resist agglomeration.
The acid/protonated form of NC has shown to form agglomerates that can not be dispersed
again (Beck et al. 2012). When 94 % of the protons on the OH groups were substituted with
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Na*, full redispersion is possible, no matter the drying method, as long as sufficient sonication
energy was applied (Beck et al. 2012). Based on this DLVO theory, a few methods have been

developed to overcome the irreversible aggregation of fibres, with some shown in Figure 9.

~ S~ ~ ~ ~ S~
(a) Hornification. (b) Capping agent.
P~ S~ P S S S~

(c) Ions. (d) Surfactants.

Figure 9: Three methods of preventing NC agglomeration using additives.

Surface charge modification is thus an obvious method for preventing agglomeration. It works
by adding charged functional groups onto the CNF surface. Sulfonation, which occurs during
H,SO, hydrolysis, adds sulfate half-ester groups that give zeta-potential values as low as -
43.8 mV (Niu et al. 2017). H;PO,4 hydrolysed NC has phosphate groups on them, which also
adds surface charge (Kokol ef al. 2015). Carboxymethylation is another surface modification

method to increase surface charge (Eyholzer et al. 2010; Beaumont et al. 2016).

TEMPO oxidation adds more carboxyl groups, which are easily deprotonated. Most CNFs are
in and of themselves not void of carboxyl groups. There tends to be some residual hemicellu-
lose left on the CNF surface, which has carboxyl groups on it (Moréan et al. 2008; Missoum,
Bras & Belgacem, 2012). The pectin within some sources of NC can also be purposefully

preserved to ensure there are carboxyl groups present (Hietala et al. 2017).

The carboxylate groups allow for easier ion addition, where the carboxylate groups bind to a
metal ion, which prevents H-bonds from forming instead (Fukuzumi et al. 2014; Missoum
et al. 2012). It has been shown that larger counter ions are better at preventing aggregation.
Potassium was shown to be better at preventing aggregation than sodium (Yang et al. 2021).
Benitez & Walther (2017) tested 3 ions: Li*,Na*,Cs", and found that the larger the counter
ion, the better the redispersion of the dried NC. This also held up for alkyl ammonium ions,
where longer alkyl chains showed better redispersion (Benitez & Walther, 2017). The valency

of the ions is also important. Monovalent ions have been shown to cause weak aggregation
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that can be separated with mechanical energy, whereas divalent and trivalent ions, such as
Fe*?, can increase the degree of aggregation (Zhu e al. 2021). Fairman (2014) showed that
cetyltrimethylammonium bromide (CTAB), a cationic ion, was effective at limiting, although
not completely stopping, fibre aggregation. An interesting result was that air drying was better
than drying at 120 °F. The proposed reason for this is that the mobility of the CTAB ions is
higher at elevated temperatures, and thus attachment to the CNF was less likely. It was also
shown that CTAB is only effective at low concentrations and at high concentrations the CTAB
aids aggregation (Shang et al. 2019).

Solvent exchange is another viable method for preventing aggregation. This has been done
with various alcohols, with zert-butanol showing promising results (Hanif ef al. 2018; Jiang
& Hsieh, 2014; Zhou et al. 2019). One advantage of tert-butanol is that oven drying is much
faster, in comparison to water, and thus requires less energy (Hanif et al. 2018). In addition to
that, the presence of tert-butanol on its own prevents agglomeration to a large extent (Hanif et
al. 2018). It was found that non-polar solvents, such as toluene, are much better at preventing
aggregation than polar ones (Araki & Arita, 2017). Zhu et al. (2021) tested water, ethanol
and fert-butanol. They found that alcohols do well in preventing aggregation, with terz-butanol
doing better than ethanol. They postulated 3 reasons for alcohols being more effective: H-
bonding, surface tension, and steric hindrance. Alcohols can make three H-bonds, whereas
water can make four. Water’s high surface tension means that during drying the fibres will
be pulled together more via mechanical forces. It was also shown that the solvents with low

polarity produced more redispersible NC.

The last main method is steric hindrance, which works with the addition of large additives,
commonly called capping agents. If the fibrils are limited in their motion and proximity to
each other, the maximum energy barrier can not be breached easily. Carboxymethyl cellulose
(CMC) is commonly added to microcrystalline cellulose (MCC), both of which are common
food additives, to prevent aggregation of the MCC (BeMiller, 2019: 228). This has been tested
with NC as well, with good success. Polymers added to aid in steric hindrance are called
capping agents. Sometimes the addition of smaller molecules, such as glycerol or glucose, can
hinder the formation of hydrogen bonds by making hydrogen bonds themselves with the CNFs.

These act as surfactants. Many substances have been tested and some are listed in Table 7.

There are a few notable observations from Table 7. Some of the capping agents/surfactants are
easily removed, usually just by washing with water. These are lignin, fish gelatin, and mal-
todextrin (Liu, 2018; Kwak et al. 2019; Asquez-Cock ef al. 2017). This is advantageous if
one wants to use pure nanocellulose. There is also considerable variation with certain capping
agents and their efficacy, especially CMC. One reason is the method of preparation. The ad-
sorption of CMC and PEG gave the best results out of the papers cited. The adsorption is done
by stirring the CNF and CMC/PEG together at elevated temperatures (Butchosa & Zhou, 2014;
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Table 7: Summary of capping agents and surfactants for preventing aggregation of CNFs.

Additive Method wt% Efficacy Reference
FD, VD 5-50 +++ (Nordenstrom et al. 2021)
Lignin oD 10-50 ++ (Kim et al. 2022)
AD 1.6-25 ++ (Liu, 2018)
OD 5-43 ++ (Lowys, Desbrieres & Rinaudo, 2001)
FD 5-50 + (Nordenstrom et al. 2021)
CMC SD 30 +++ (Nardi, Silveira & Siqueira, 2020)
OD 5-40 +++ (Butchosa & Zhou, 2014)
OD 25 ++ (Beaumont ef al. 2017)
PVA OD 150-250 + (Velasquez-Cock et al. 2018)
. OD 100-250 + (Asquez-Cock et al. 2017)
Maltodextrin g 100 +  (Meneguin ef al. 2020)
Glycerol OD 12.5-50 ++ (Moser, Henriksson & Lindstrom, 2018)
Mannitol SD 100 ++ (Meneguin et al. 2020)
Glucose oD 20 ++ (Zhang et al. 2021)
FD 0.1-8 +++ (Cheng et al. 2015)
PEG PD 50400 ++ (Santmarti, Tammelin & Lee, 2020)
FD 5-50 ++ (Nordenstrom et al. 2021)
Fish gelatin OD 5-25 ++ (Kwak et al. 2019)
Mixed glucan VD 11-35 ++ (Zhaetal. 2023)
Xanthan gum OD 25 ++ (Beaumont ef al. 2017)

+: High amounts of capping agent were needed; aggregation was largely present.
++: Moderate amounts of capping agent were needed; aggregation was moderately prevented.
+++: Low amounts of capping agent were needed; aggregation was completely prevented.

VD: Vacuum dried OD: Oven dried AD: Air dried
PD: Pressure dried SD: Spray dried FD: Freeze dried
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Cheng et al. 2015). Butchosa & Zhou (2014) tested preparing CMC/CNF mixtures with and
without heating during mixing, and the preheated sample outperformed the unheated sample.

More ionic CMC was shown to be better at preventing agglomeration (Lowys et al. 2001).

2.6 Xanthan gum

Xanthan gum is a complex carbohydrate produced during fermentation by the bacteria Xan-
thomonas campestris (BeMiller, 2019: 261). It consists of a cellulose backbone, where every
2" glucopyranosal monomer has a trisaccharide chain bonded on C, via a glycosidic bond.
The trisaccharide chains consist of a mannose monomer with an acetyl group on Cg, a glucose
monomer with a carboxyl group on C6, and another mannose monomer, which about 50%
of the time has a pyruvic acid, bonded as a cyclic acetyl, connected to C, and C¢ (BeMiller,
2019: 262). The chemical structure is illustrated in Figure 10. The trisaccharide chains lay on
the main backbone, protecting the main chain from chemical attacks and giving it incredible
stiffness (BeMiller, 2019: 262-264). The protection allows xanthan gum to be usable in any
temperature of liquid water and shows no change in properties between a pH of 6-9 and lit-
tle change over 1-11. The addition of 0.1% NaCl removes all rheological dependence on pH
(BeMiller, 2019; Butler, 2016: 263).

on OH
HO - =
© O OH
OH o n

Figure 10: Chemical structure of xanthan gum with pyruvate cyclic group.

Xanthan gum is used as a rheology modifier, especially in the food industry, as it has a very
favourable Newtonian plateau, is extremely shear thinning, and can, even at low concentrations,
increase viscosity drastically (BeMiller, 2019; Butler, 2016: 266-267). Xanthan gum was
-1

shown to have a viscosity of * 900 mPass at a concentration of 0.2 %, a shear rate of 0.4 s™, in a

0.1 w% NaCl solution, and at 25 °C (Garcia-Ochoa et al. 2000). Xanthan gum shows synergism
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with various other hydrocolloids, such as k-carrageenan and locust bean gum (BeMiller, 2019:
264-265).

The work by Beaumont et al. (2017), as shown in the last row of Table 7, studied the effect
of numerous additives, including xanthan, on producing redispersible cellulose. The work fo-
cused mainly on TENCEL® gel, a nanostructured gel consisting of spherical cellulose particles.
Various additives were analysed, with xanthan gum and CMC singled out as being very promis-
ing. Methods used to test the degree of agglomeration were particle size distribution, viscosity,
colloidal stability, and water retention. Both oven drying and freeze drying were assessed. The

additives were tested at a single concentration.

The particle size distribution of the oven-dried xanthan-cellulose samples was shown to be
lower than the pure, never-dried NC sample. The impact of xanthan on the particle size distri-
bution was not discussed. The xanthan could not have caused the cellulose particles to become
smaller, but most likely had a smaller particle size and thus made the distribution seem smaller.
The effect of drying on the viscosity was compared to the xanthan-cellulose sample before dry-
ing. Xanthan is a very strong thickening agent, thus it will increase the viscosity a lot (Wyatt
& Liberatore, 2009). The comparison of the mixture prior to and after drying shows a slight
decrease in viscosity post-drying. The one concern is that the xanthan addition makes the vis-
cosity appear to be very close, as the xanthan caused a three-fold increase in viscosity of the
cellulose dispersion (Beaumont et al. 2017). There is a chance that the difference seen is due
to pure cellulose aggregation, and the xanthan just makes the relative difference look small. It
is thus not so simple to conclude that the small decrease in viscosity confirms a small degree of

aggregation.

Nonetheless, the results of Beaumont ef al. (2017) supports the further exploration of xanthan
gum as a capping agent for CNFs. Xanthan is an anionic polymer, due to having multiple
carboxylate groups on the side chains (Wu & McClements, 2015; Wyatt & Liberatore, 2009;
BeMiller, 2019: 262). The zeta potential had been shown to be -61.8 mV (Chun, Kim & Lee,
2009). This implies that it could be a good capping agent, even better than CMC. The results
by Beaumont et al. (2017) are thus very promising and xanthan should be a very good capping
agent. Further investigation is required though, especially of the effect of different xanthan gum

concentrations.

Xanthan had been used in conjunction with NC in previous studies. One showed that a film
made from NC and xanthan was strongest with a 60:40 NC to xanthan ratio, showing that
xanthan had a contribution to make to the NC (Langari ef al. 2019). The Young’s modulus
was very low though, having a maximum of 14.67 MPa. CNCs have been used with xanthan
to produce bio-inks (Baniasadi ef al. 2022). The bio-inks are developed specifically for tissue

engineering purposes.
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Xanthan had been used with thermoplastic starch as well. Melo ef al. (2011) made TPS films
via casting and extrusion while adding 2 %—10 % xanthan. Xanthan addition could moderately
improve the mechanical properties as long as the storage humidity was not too high. One thing
to take note of in this paper is the minimal glycerol use at 20 wt%. Da Matta et al. (2011)
tested xanthan on pea starch and found that it made almost no contribution to the mechanical
properties of TPS except for making it slightly stiffer. This is surprising as the opposite was
found with xanthan added to NC. Starch gels had a decrease in elasticity with the addition
of xanthan gum (Mandala, Palogou & Kostaropoulos, 2002). The increase in stiffness and
decrease in elongation might be due to the high persistence length of xanthan, which is defined
by Zhang et al. (2019) as, "... the distance over which the orientation of the bonds persists." In
other words, it is the longest length where there is no bending of the polymer chain. Xanthan’s
persistence length was shown to range between 100 nm—120 nm, whereas polystyrene, in a
good solvent, showed a persistence length of 0.8 nm (Sato, Norisuye & Fujita, 1984; Chun et
al. 2009; Ahlawat, Deopa & Patil, 2022).

Xanthan gum had been shown to interact with the amylose in the starch, wrapping around it
and decreasing its swelling power (Nawab ef al. 2016). The retrogradation of the amylose was
also hindered by the xanthan gum, as it prevented amylose-amylose bonds from forming after
gelatinisation (Nawab et al. 2016; Lutfi et al. 2017).

Xanthan gum solutions show shear thinning behaviour (BeMiller, 2019: 263-265). For ex-
trusion and injection moulding, this can be favourable behaviour. Xanthan could thus be an
effective capping agent that will allow for CNFs to be dried and incorporated into starch. The
removal of the xanthan might not be necessary due to its favourable interaction with starch and
NC. Its ability to add stiffness is favourable for the production of TPS.

The work by Beaumont ef al. (2017) was a large inspiration for the current study. There is a
paucity of research on the effect of xanthan gum on CNF, especially as a capping agent. There
is also nearly no information on the effect of capping agents on the NC and the polymer matrix
the NC is added to. Peng er al. (2018) looked at the addition of lignin/NC to polypropylene,

but besides this work, very little has been explored.
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3 Experimental

3.1 Materials

Valida S191C 8% Batch SB-20-0126-01 was used as the source of CNF and was supplied by
Sappi. The consistency was 8.2%. The xanthan gum used was Ingredion Ticaxan xantham
gum 80 mesh supplied by IMCD. Amura starch was supplied by the National Root Crops
Research Institute (NRCRI), Umudike in collaboration with the Raw Materials Research and
Development Council (RMRDC), Abuja, Nigeria. All other chemicals used were supplied by
Acechem.

3.2 Methods
3.2.1 Dried CNF capping and redispersion

Dried CNF dispersion preparation

The nanocellulose was diluted to a 1 % concentration by adding deionised water. The required
xanthan gum was added before mixing. Note that the xanthan portion added is relative to the
dry mass CNF. Mixing was done using a Silverson L4RT high shear mixer at 8000 rpm for
3 min. Half of the sample was separated to keep as the non-dried sample, and the other half
was put in a plastic petri dish to dry at 50 °C in an oven for 24 h. Table 8 shows the sample
nomenclature used throughout the paper.

Table 8: Nomenclature used for the various samples throughout the report.

Xanthan (%) State | Group Individual

Wet W1
0 Dried X0 Dl
Wet w2
15 Dried XI5 D2
Wet W3
25 Dried X25 D3
Wet W4
>0 Dried X50 D4
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Mixing intensity sample preparation

Dried CNF/Xanthan was diluted with deionised water to a concentration of 0.03 wt%. The
mixing samples were prepared according to Table 9. Note that the mixing was done cumula-
tively. For instance, sample L. was made by mixing at 4000 rpm for 1 min. A portion of this
sample was removed and named sample L. Sample M was then prepared by mixing the remain-
ing solution at 5500 rpm for 30 sec. A portion of the sample is separated as sample M. The
process is continued till sample U, which is the final remaining portion that is ultrasonicated.
Ultrasonication was done using a Jeken PS-10A ultrasonic cleaner with a frequency of 40 kHz

and 70 W power. It was used for all ultrasonicated samples.

Table 9: Mixing intensities for various samples.

Sample | Name | rpm | Time
L Low 4000 | 1 min
M Medium | 5500 | 30 sec
H High 7000 | 30 sec
B Blitz 8000 | 30 sec
U Ultrasonic | NA | 5 min

The reason for analysing this is due to Equation 3,

Fiax = 3mnyrir, (3)

where F ., is the maximum force one can apply on the particles, u is the viscosity, 77 is the
shear rate, and r; and r, is the radius of the particles. The formula was derived by Tadmor
(1976). As one can note, the smaller the particles, the less force one can apply to them. This
means that as agglomerates get broken into smaller and smaller particles, the smaller the force
is applied to them. Eventually, the force will be too small to overcome the inter-particle bonds
keeping the agglomerates together. It is thus expected to see a decrease in agglomerate size as

one increases the mechanical energy supplied.

3.2.2 TPS sample preparation

Pure TPS samples

The TPS films were made using a film casting method. For the pure TPS samples, meaning
no xanthan and CNF, the method was as follows. Starch, 12 g, was weighed in a glass beaker.

The respective amount of glycerol was quickly added to prevent too much moisture absorption
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from the glycerol. Water, 600 mL, was added and the mixture was stirred. The samples were
heated to 85 °C for a duration of 30 min with constant magnetic stirring. Once fully gelatinised,
the samples were cast into round silicon moulds and dried overnight in a convection oven set
at 50 °C. Silicon moulds made the removal of films convenient by minimising risk of sample
damage. The samples were put into their respective humidity chambers once dried. The storage

temperature ranged between 22 °C — 24 °C.

Pure TPS samples were prepared, stored, and named according to Table 10a. The humidities
of the saturated salt solutions are shown in Table 10b. Glycerol content added is expressed in

parts per hundred starch (phs).

Table 10: Sample nomenclature for neat TPS to analyse the effect of glycerol and humidity, using satu-
rated salt solutions (Greenspan, 1977), on amura TPS.

(a) Sample nomenclature. (b) Saturated salt humidities (20 °C-25 °C).
Salt Glycerol (phs) Salt %RH (20 °C) %RH (25 °C)
30 35 40 K,CO; 43.16 43.16
K,»CO; K30 K35 K40 Mgéll\lo-?b 5‘5‘-38 5?33
Mg(NO;), Mg30 Mg35 Mg40 N2 75.47 73.
NaCl Na30 Na35 Na40

TPS with non-dried CNF/xanthan

The TPS samples containing the CNF and xanthan were prepared slightly differently. Xanthan
is very good at capturing and holding air bubbles. The samples prepared in a similar fashion as
the neat TPS were therefore littered with them after drying. This is shown in Figure 11. This
phenomenon could be alleviated by double-casting the films, which consisted of redissolving
and degassing the TPS film and casting it again. All reinforced samples had 30 phs glycerol,
relative to the mass starch. The first cast had one additional step to the neat TPS method;
the CNF and xanthan, in non-diluted form, were added directly to the starch before the water.
Glycerol was also added at this step. Once water was added, the slurry was high shear mixed

at 8000 rpm for 1 min before heating.

After drying, the first casts were blitzed into powder using a spice grinder. The samples were
redissolved into 300 mL of deionised water and brought to 85 °C under constant stirring. The
redissolved samples were high shear mixed once more for 1 min at 8000 rpm using a Silverson
LART. A volume of 100 mL of deionised water was added to cool the sample. Degassing was
done using a vacuum chamber. The vacuum chamber pressure was changed step-wise from
50 kPa to 40 kPa to 30 kPa. The pressure was changed once bubble formation on the surface
stalled. The surface bubbles were scraped off before changing the pressure. The samples were

recast and dried again at 50 °C.
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(a) Single-cast. (b) Double-cast.

Figure 11: Bubble formation in films that were cast once vs cast twice.

CNF/xanthan gum’s impact on TPS reinforcement.

A face-centred central composite design (CCF) was used to analyse the effect of nanocellulose
and xanthan gum on the mechanical properties of TPS. The design allows for both interaction
effects and quadratic terms to be analysed with enough degrees of freedom (Verseput, 2000).
Two centre points were included. Note that the CNF and xanthan content is expressed in parts

per hundred starch (phs), not the mass of the polymer. The design is shown in Table 11.

Table 11: Full CCF design with 2 centre points at 2 levels for CNF and xanthan.

(a) CCF design layout for CNF and xanthan. (b) Values for CNF and xanthan levels of the CCF de-
sign.

Design No. | CNF Xan

Level | CNF (phs) Xan (phs)

1 -1 -1

2 -1 +1 -1 2.5 1.25
3 +1 -1 0 3.75 1.875
4 +1 +1 +1 5 2.5

5 0 0

6 -1 0

7 +1 0

8 0 -1

9 0 +1

10 0 0

TPS with dried CNF/xanthan
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The dried CNF with/without xanthan gum were prepared similarly to the non-dried samples.
The only difference is how the CNF/xanthan was included. The dried CNF/xanthan was added
to the water and then sheared at 8000 rpm for 2 min. The water was then added to the starch

and glycerol, and shear mixed for 30 s at 8000 rpm.

Table 12b shows the experimental design for the dried CNF/xanthan reinforced TPS. This is
to allow for the comparison of dried CNF and non-dried CNF, with or without xanthan, for
the reinforcement of TPS. Some of the TPS samples with dried CNF do not have an adequate
counterpart in the CCF design. The compliments are showcased in Table 12a. Table 12a also
has the designs for the neat TPS that was double-cast, as well as TPS samples with only xanthan
gum. The xanthan values are the %wt in reference to the mass CNF, except with samples 3 and
4 in Table 12a. These two are the pure xanthan samples with no CNF added and the wt% then

refers to the starch.

Table 12: Experimental design for other non-dried samples and dried CNF/xanthan reinforced samples.

(a) Non-dried (b) Dried

Sample CNF Xan wt% Sample CNF Xan wt%
1 -1 0 9 -1 0

2 +1 0 10 +1 0

3 NA 1.25 11 -1 15

4 NA 2.5 12 +1 15

5 NA 0 13 -1 25

6 -1 15 14 +1 25

7 +1 15 15 -1 50

8 -1 25 16 +1 50

3.3 Analytical techniques
3.3.1 Amylose content

Amylose plays a large role in the tensile and crystalline properties of starch. Thus it is important
to know the starch’s amylose content. The method was adapted from Ambouroue Avaro et al.
(2011). The starch was dried at 135 °C for 1 hr. An iodine solution, containing 20 g/L. KI and
2 g/l 1,, was prepared in deionised water. A total of 100 + 0.01 mg of dried starch, weighed
immediately after being removed from the oven, was added to a conical flask. A volume of
I mL 95% ethanol and 9 mL 1 M NaOH was added to the starch. The slurry was put in a
boiling water bath for 10 min. After removal, it was allowed to cool at room temperature for

10 min. A 100 mL of deionised water was added to the starch. In a 100 mL volumetric flask
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5 mL of the starch solution, 1 mL of 1 N acetic acid, and 2 mL of iodine solution were added.
The volumetric flask was then filled with distilled water till 100 mL was reached. The solution
was allowed to incubate for 30 min. UV-Vis absorbance analysis was done at 620 nm on a

Cary 60 UV-Vis. Equation 4 was used to estimate the amylose content as a percentage.

Amylose% = (5.83539 + 1.47157 x In (Abs620))* 4)

3.3.2 DSC

Differential scanning calorimetry was done on the pure starch samples to determine the T, T,
and T.. It was done using a Mettler Toledo HP DSC 827e. Starch was diluted in deionised
water at a ratio of 3:1 water to starch and 9 mg of slurry was used. The pressure was set at

40 bar. The temperature was changed from 30 °C-100 °C with a heating rate of 10 °C/min.

3.3.3 XRD

X-ray diffraction (XRD) analysis was done on both the pure starch and TPS samples. X-ray
diffractograms were recorded on a Bruker D2 PHASER XRD Instrument with Cu-Ka radiation
(1=1.54060). The system was equipped with a LYNXEYE detector with a 4.99° PSD open-
ing. Samples were scanned from 5°-45° 26 at a rate of 0.02°/s. The generator settings were
30 kV and 10 mA. XRD samples were analysed using the cryst package in R (Valenzuela &
Rodriguez-Llamazares, 2016). The function used was the crystMW function, that implements
the Briickner method (Briickner, 2000). The function parameters used for starch was N=10,
iter=50, for fresh TPS N=15, iter = 50, and for retrograded TPS N=20, iter = 50.

3.34 DMA

Dynamic mechanical analysis (DMA) was used to determine the 7', of the neat TPS samples.
A Perkin Elmer DMA 8000 was used. Samples were placed in Perkin-Elmer RoHS compli-
ant, 304 annealed stainless steel pockets. The temperature range varied based on the glycerol
content and storage humidity of the samples. The K30 and Mg30 samples (Section 3.2.2) were
analysed from room temperature to 70 °C. All other samples were done from —40 °C — 60 °C.

The heating rate was 2 °C/min, and the frequency was varied between 1 Hz and 10 Hz.
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3.3.5 WVP

Water vapour permeability (WVP) was done on the pure TPS films do determine the effect
of both humidity and glycerol content on the barrier properties of the TPS. The method was
adapted from Mali ef al. (2006). The desiccators were conditioned for 1 day with a saturated
salt solution in each desiccator. The cells were filled with =5 g anhydrous CaCl,. A round TPS
film was cut from each sample and secured on each cell. The cells were weighed each day until
the mass change started to plateau. The WVP was then calculated using Equation 5-7 (Cazén
et al. 2022).

Am
WVTR = — 5
AAt ©®)
WVTR
P = 6
ermeance AP (6)
WV P = Permeance - thickness (7)

3.3.6 FTIR

Fourier transform infrared spectroscopy (FTIR) was done on the pure starch, neat TPS samples,
the dried CNF/xanthan, and the pure xanthan gum powder. FTIR analysis was done using a
Bruker Alpha FTIR. The scan resolution was 4 cm™! and 32 scans were taken. The scan range
was 7000 cm~! — 500 cm™!. The scans were baseline corrected, smoothed, and then rescaled so

that each has the same max peak height.

3.3.7 Zeta potential measurement

Zeta potential was measured using a Malvern Zetasizer Nano S. Both non-dried CNF/xanthan
and dried CNF/xanthan were redispersed to a concentration of 0.03 wt% in a 10 mM KNO;
deionised water solution. The samples were redispersed via high shear mixing at 8000 rpm
for 3 min using the Silverson. Samples were ultrasonicated for 10 min to degas and further
disperse the fibres. The samples were injected into DTS1070 cuvettes. Equilibration time and
temperature were 3 min and 25 °C, respectively. A total of twelve scans, done in triplicate,

were taken on each sample. Three samples of each mixture were tested.

3.3.8 TEM

The non-dried CNF/xanthan solutions from the zeta potential measurements were used. A drop

of each sample (=5 uL) was placed on one side of a Formvar-coated TEM grid. Within 15 s,
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the grid was brought into contact with an equal volume of 1% aqueous phosphotungstic acid
(PTA). The grid was immediately brought into side-on contact with a wedge of filter paper to
remove the excess. The grid was air-dried with mild agitation. A JEOL 1010 TEM, at 100 kV,
was used to image the grids. A pixel ruler, taken from RapidTables, was used to estimate the

fibre diameters.

3.3.9 Viscosity measurement

The sample preparation was as follows. The non-dried CNF/xanthan samples, as mentioned
in Section 3.2.1, were diluted by adding equal mass water to the non-dried sample portion.
This gives a solution of ~0.5 wt% CNF. The dried CNF/xanthan samples were redispersed in
deionised water to a similar concentration and mixed for 3 min at 8000 rpm. The viscosity was
recorded on an Anton Paar MCR 92 rheometer in a CC 27 cup. Each sample was allowed to
equilibrate to 25 °C for 10 min. Pre-shear mixing was done at a shear rate of 50 s~! for 3 sec.
The sample was then left for a further 3 min before measurement started. The sample was
analysed at a shear rate of 0.01 s™'=100 s~!. The samples showed shear thinning behaviour, so

the viscosity could be related to the shear rate using a power law model shown in Equation 8

n=Ky"" (8)

with 1 being the viscosity, ¥ the shear rate, and K the flow consistency index (Osswald, 2017:
63). One can linearise the Equation by applying a logarithmic transformation, shown in Equa-

tion 9

Inp=InK+@m-1)Iny 9)

The aim of the viscosity test is to prove that xanthan gum allows for more of the rheology to be

conserved when the CNF is dried and redispersed. This was assessed by fitting a linear line

Inp=InK+®m—-1)Iny +aND + gInyND (10)

ND is a categorical variable that is 1 when the sample was non-dried and O if the sample was
previously dried; a and S thus correct for the intercept and slope difference between previously
dried and non-dried samples. The methodology of representing Equation 10 is in accordance
with the methodology commonly used in statistics and data science when doing linear regres-

sion with a categorical variable (James et al. 2021: 83).
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3.3.10 SEM

The dilute B—samples from Section 3.2.1, the U-CNF sample, the non-dried samples from the
zeta-potential test, and a pure xanthan sample, ultrasonicated, were used for the SEM imaging.
The samples were first freeze-dried. This allowed for the structure of the native suspension to
be maintained. A 1 mL aliquot of each sample was placed upon a 2 X2 cm square of aluminium
foil and immersed in liquid N,. Once frozen, each foil containing the samples was transferred
straight to the pre-cooled stage of a freeze dryer set at -40 °C. The freeze dryer used was a
Virtis SP Scientific Advantage Pro. Samples were dried under vacuum (1.33-0.40 kPa) by
slow and stepwise warming from -40 °C to room temperature over a period of two days. The
dried samples were mounted on double-sided carbon adhesive dots on SEM stubs, coated with
7 nm of sputtered chromium. A Zeiss Supra55 SEM at 3 kV was used for imaging. Images
were taken from multiple points to capture the full representation of each sample. A pixel ruler,

taken from RapidTables, was used to estimate the fibre diameters.

3.3.11 Turbidity

The samples used were the mixed intensity samples as described in Section 3.2.1. Five scans
of each sample were taken, as there was considerable variance in certain samples. A total of
three replicates were done. The A ranged from 320 nm—-860 nm with a step size of 60 nm. Scan
time was 2 s. A Cary 60 UV-Vis spectrophotometer was used to measure the absorbance. The
effect of xanthan was taken into account by assuming the absorbance is additive. Xanthan gum
samples, prepared to each concentration as they would be in the CNF/xanthan samples, were
scanned at each wavelength. The absorbance values for the CNF/xanthan samples were then

corrected.

Carr & Hermans (1978) derived an equation that allowed them to estimate the diameter of fibrin
fibres in suspension by using turbidity measurements. Turbidity here does not refer to the NTU
type but to the formula, 7 = In(10)A/¢, with 7 being the turbidity, A the absorbance, and 7 the
sample thickness in cm. The theory assumes that the fibrin is a thin, long rod in suspension.
The scattering caused by the particles can be estimated using this assumption. The scattering
is related to the turbidity. The derived formula proposed by Carr & Hermans (1978) is shown

in Equation 11

8873n'c\ (dn\
i ( 155N )(E) K ah

where A is the wavelength, n’ is the refractive index, dn/dc is the specific refractive index

increment, c¢ is the concentration, and yu is the mass-length ratio. Equation 11 assumes that
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7 oc 173, According to Carr & Hermans (1978), this does not hold once the mass-length ratio,
U, becomes very large. In this case, if one assumes the rods to be cylindrical, one can apply a

series expansion and obtain Equation 12

C NA
1 + —=nn"d*—

23 1

where d is the diameter. With Equation 12 one can determine two sizing parameters, ¢ and d.
One can do this by using —5; as the y and 1/ A% as the x. A linear line can then be fit, and using
the slope and intercept the d and u can be determined, respectively. Carr & Hermans (1978)
made the assumption that d << A. If one does not make that assumption, one gets the equation

proposed by Yeromonahos, Polack & Caton (2010), shown in Equation 13

1 dn\> (44 184
T = N—A27r3cn’,u (d_rcl) (E) [/12 - 15—47r2n'2r2] (13)

where one can use linear fit of 74> and A2 to determine r and u, with r being the fibre radius.

Equation 11 was used with some success on CNF by Shimizu et al. (2016), where the u values
were determined and then related to the diameter of the fibres. In this study, the 3 various
methods are all analysed for their applicability. Even if the estimated parameters do not reflect
the true values, it may give insight into differences between samples. The value for % used was
0.16 mL g~!, taken from Shimizu et al. (2016), and the n’ was 1.33.

3.3.12 Specific surface area determination

The specific surface area (SSA) was determined using a Congo red adsorption test as described
in Ougiya et al. (1998), Kwak et al. (2019), and Veldsquez-Cock et al. (2018). The test is
done to quantify the change in surface area when the CNFs agglomerate upon drying. CN-
F/xanthan solutions, both dried-then-redispersed and non-dried, were prepared similarly to the
zeta potential samples but without KNO;. A phosphate buffer was prepared with the help of
the calculator from AAT Bioquest, Inc. (2023). For a 2 L batch, 1600 mL of deionised water
was added to a glass jar. To make a 0.1 M phosphate solution, 9.80 g of Na,HPO, - 12 H,O and
20.70 g of NaH,PO, were added to the solution. The pH was adjusted to 6 by either adding
1 M HClI or 1 M NaOH solution. More deionised water was added to fill the volume to 2 L.

The solutions were dialysed in the phosphate buffer over three days, with the phosphate buffer
being replaced daily. After dialysis, NaCl was added to the CNF/Xanthan solution to a con-

centration of 0.004 wt%. Each sample was divided into five. Each sample received a different
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amount of Congo red, varying from 5%-30% relative to the mass of CNF and xanthan in solu-
tion. The samples were left overnight in a water bath at 60 °C. The samples were centrifuged
at 10000 rpm for 7 min. Duplicates of each sample were analysed in a Hitachi U-3900 UV-Vis

spectrophotometer at a wavelength of 492 nm.

The absorbance was used to determine the concentration of Congo red in the supernatant, C,.
This information could be used to determine the mass Congo red adsorbed onto the fibres, g..
This could be used to fit a Langmuir isotherm model, shown in Equation 14 (Langmuir, 1918).
Other models were assessed as well. A common adsorption isotherm is the one derived by
Freundlich (1909), which is shown in Equation 15

e = qmaxKL—(je (14) qe = Kfci/n (15)
1+ K;C,

q
Cellulose is mostly hydrophilic but does possess a hydrophobic triclinic surface on its crys-
tal lattice (Mazeau & Wyszomirski, 2012). This means there is a possibility of hydrophobic
bonding having an influence on dye adsorption. Mazeau & Wyszomirski (2012) showed that
a significant portion of Congo red dye adsorbed onto the hydrophobic surfaces of cellulose. A
modified Langmuir, taken from VanDer Kamp ef al. (2005), was used to take the hydrophobic
surface adsorption into account. VanDer Kamp et al. (2005) studied the importance of the hy-
drophobic surfaces of activated carbon on the adsorption of large dye molecules. The modified

Langmuir is shown in Equation 16

KLCe

e = Y9maxT—F~ Tt 16
q 1+ K,C, qu (16)

q

where the variable gy is the hydrophobic adsorption capacity. This hydrophobic surface is
assumed to have irreversible adsorption and thus KyC, >> 1. This model is referred to as

Langmuir?2.

The specific surface area can be calculated from the g, using Equation 17,

SSA:qmaX-Na-Sa

_— 17
M,, x 102! ("

with M,, being the molar mass of Congo Red (696.7 g/mol) and Sa the surface area of the
cellulose covered by the Congo red (1.73 nm?) (Kwak et al. 2019; Ougiya et al. 1998).

The curve-fitting was done using Scipy’s curve_fit and least_squares functions (Virta-

nen et al. 2020). The loss function was linear and the trf regression method was used.
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To determine the standard error of the regression coefficients, bootstrapping was used. Boot-
strapping is a sampling method that allows for an accurate estimation of the mean and standard
deviation of samples (Davison & Hinkley, 1997). In the case of regression, it works as follows.
Generate the bootstrap data set by choosing data points from the original data set at random.
This is done with replacement, meaning the same point can be chosen multiple times. Fit the
curve to the bootstrapped dataset. Store the coefficients. Repeat this process; the mean and
standard deviation of all the coefficients generated are the main coefficients and their standard
error, respectively. This allows for more accurate determination of coefficients and their cer-
tain standard error when doing non-linear regression (Davison & Hinkley, 1997). A thousand
bootstrapped samples were generated and fitted, with the bootstrap sample size being equal to

the size of the dataset.

In order to ensure that the addition of the gy term in Equation 16 does not cause over-fitting,
k-fold cross validation, with k=10, was used (James et al. 2021: 203). The process works
where the data is split into k equally sized parts, or folds. The data is trained on k-1 of the
folds and then tested on the remaining fold. The process is repeated so that every fold is used
once as the testing fold. The root mean squared error is then calculated and compared between
the equations. This allowed one to see whether the gy causes over-fitting. The k-folds were

generated using the KFold function from scikit-learn (Pedregosa et al. 2011).

3.3.13 Sedimentation

The mixing intensity samples in Section 3.2.1 and non-dried, ultrasonicated CNF/xanthan sam-
ples, diluted to 0.03 wt%, were tested. They were put in 6 mL polytop vials. Photos were taken
in 30 min time increments and quantitatively assessed to infer the degree of sedimentation with

time.

3.3.14 Mechanical testing

Tensile testing was done on all TPS samples using an Instron 5966 universal testing system.
The methodology is in accordance with the ASTM D882-18 standard. The grip separation
rate was 50 mm/min with a grip separation length of 100 mm. The pure TPS film strip size
was 20.0 mm X 125 mm and the reinforced films were 16.4 mm X 125 mm. The thickness was
measured at three points and the average was taken. Average film thickness was ~210 um. Five

strips of each sample were tested. All samples tested were incubated for 10d — 14 d.

The tensile values of both the neat TPS and the reinforced TPS were fitted to a quadratic

formula shown in Equation 18
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Z = aX + bY + cXY + dX? + eY? (18)

where X and Y refer to glycerol and humidity for neat TPS and CNF and xanthan for reinforced
TPS. All lower case Roman letters are the coefficients for each term. Z is either of the three

tensile properties.

3.3.15 Thermo gravimetric analysis

Thermo gravimetric analysis (TGA) was done using a SDT Q600 Simultaneous TGA/DSC (TA
instruments). The samples analysed was the neat TPS, 2.5 phs xanthan TPS sample, 5 phs CNF
TPS, and the 2.5 phs xanthan + 5 phs CNF TPS sample. The samples were placed in alumina

pans and heated from room temperature to 800 °C in N, at a heating rate of 10 °C/min.

3.3.16 Statistical analysis

All statistical tests were done either with Scipy’s stats module or using the statsmodels
package in python (Virtanen et al. 2020; Seabold & Perktold, 2010). The ols function from

statsmodels was used for ANOVA analysis and linear regression.

4 Results and discussion

4.1 Characterisation of native starch

The 1odine test estimated the starch to have an amylose content of 23.34+0.55%. This is similar
to the value reported by Nwokocha et al. (2011) for yellow amura starch. Table 13 shows the
gelatinisation temperature of the starch determined by the DSC. The range is quite wide; this
is probably due to the fast heating rate. Nonetheless, the values are within the range for yellow
amura starch (Nwokocha et al. 2011). Figure 12 shows the XRD scan of the pure starch. The
strong peaks at 15.1°, 17.1° and 23.0° and the weak one at 28.9° indicate the starch crystalline
structure is type A (Van Soest ef al. 1996d; Van Soest & Vliegenthart, 1997). Yellow amura
starch was also found to be type A (Nwokocha et al. 2011). The relative crystallinity is 22.06 %,
which is lower than expected for native starch. Since the starch was milled, it is proposed that

this had decreased the relative crystallinity.
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Table 13: Gelatinisation temperature range for amura starch.

T,(°C) T,(C) T.(°0O)
68.90 73775  79.46

Counts

5 10 15 20 25 30
26 [°]

Figure 12: XRD scan of pure starch with amorphous region.

Figure 13 shows the FTIR bands of the pure amura starch. The type of bonds associated with
each peak are in Table 14. The 3 crystalline types of starch had been shown to have their own
unique spectra (Pozo et al. 2018). Type A starch had a higher peak at 3300 cm™! and a well-
resolved peak at 1022 cm™~'. The band at 1022 cm™! in Figure 13 does not have a clear peak,
but there is a slight bump, which was absent in the spectra of B and C starches. The peaks
between 1500 cm™! — 1600 cm™" are odd, as the literature does not describe them being there at

all. What the cause of the peaks is, is unknown.
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Figure 13: FTIR scan, with labels of peaks, for pure amura starch.

Table 14: FTIR spectra of starch with corresponding bonds. (Wiercigroch et al. 2017; Galat, 1980;
Cael, Koenig & Blackwell, 1975).

Band Wavenumber (cm™!)  Type of bond
O-H 3276 Stretching
C-H 2925 Stretching
H,O 1644 Bound water
C-H 1417 Bending
O-C-H, CH, 1338 Bending
C-0,C-C 1150 Stretching
C-O 1077 Stretching
C-O-H solvated 993 Stretching
C-0-C 930 Stretching
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4.2 Characterisation of neat TPS

Figure 14 shows the FTIR spectra of the pure thermoplastic starch, and more specifically of
sample Mg35 (Table 10a). This was taken after 14 days of conditioning. The spectra are very
similar to that of pure starch. The only major difference is that the TPS has no peaks in the
1500 cm™' — 1600 cm™' range. There are some peak shifts that are observed, though they are
minor. For instance, the 3276 cm™! peak shifted to 3282 cm™!. This suggests that the newly
formed hydrogen bonds between glycerol and starch are weaker than those between the starch
itself. The shift in the 930 cm™' peak, which is the glycosidic peak, suggests a decrease in
glycosidic bonds due to the thermal processing. This peak shift tends to be much larger when
the starch is extruded and when the native starch is more unrefined (Paluch et al. 2022). The

TPS spectra at different humidities and glycerol levels did not show any significant differences.

N [<2] O 1INoO O~

[<¢] N < =g 10 ©
N (<)) © I NN o0
[ap] [\l — — = -0 D

P
<

Absorbance [a.u.]

N ¥ b\\,

4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm™!]

Figure 14: FTIR spectra of pure TPS with 35 phs glycerol and stored at 54 % relative humidity (Sample
Mg35).

Table 15 shows how the crystallinity of TPS was influenced by storage humidity, glycerol
concentration, and time. There are some trends to note. The samples are still highly amorphous
at day four. Only Na35 and Na40 showed any significant retrogradation. This is due to the
relatively high storage humidity and high glycerol content of Na35 and Na40, allowing for
more chain mobility. This causes faster recrystallisation. All the samples have retrograded
significantly at day 14. The difference between K and Mg samples is at day 14 more noticeable.
The retrogradation increased with increasing humidity levels. The trend with glycerol is not
as noticeable. The samples with 30 phs glycerol showed less crystallinity. The T, of the
30 phs samples is very near room temperature, thus the chain mobility is very limited and

retrogradation stunted.
The change in crystallinity over time is clearly illustrated in Figure 15. Figure 15a has a very
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Table 15: Relative crystallinity (%) of retrograded TPS with various glycerol levels and storage humidi-
ties.

Glycerol . Humidity
(phs) Y K Mg Na

43 %) (53 %) (75 %)

30 4 458 3.76 4.37
14  8.11 8.12 10.36

35 4 390 4.14 8.05
14  8.33 9.73 10.85

40 4 5.19 4.61 6.59

14 7.87 8.79 11.81

large amorphous region, whereas Figure 15b has clearly defined crystal peaks. The peaks of
16.9°, 19.6° and 21.7° are the FTIR spectra of the Vj crystals that form after starch gelatinisa-
tion (Van Soest ef al. 1996d; Van Soest & Vliegenthart, 1997).

Counts [a.u.]
Counts [a.u.]

5 10 15 20 25 30 5 10 15 20 25 30
26 [°] 26 [°]

(a) Day 4. (b) Day 14.

Figure 15: XRD spectra of TPS with 35 % glycerol stored at 54 % RH on 2 different days.

The influence of glycerol and humidity on the TPS’s T, is shown in Table 16. The influence of
glycerol is as expected, with higher glycerol values meaning lower T,. Higher humidity also
suggests lower T, except in the case of Na35, which shows a slight deviation. Na40 is unfilled
due to the DMA not returning sensible data despite 3 attempts. It is expected that the high

moisture content of the Na samples might have negatively influenced the data collection.

Table 17 shows the water vapour permeability results of the amura TPS films. Glycerol and hu-
midity both increase the permeability of the TPS films to water vapour. This is to be expected,
as glycerol is hygroscopic and higher humidity means a higher partial pressure to force vapour
through. The values are on the low side in comparison to most research. It might be due to
most papers only doing the analysis for 24 h (Mali et al. 2006). Some research that extended

the analysis time got values more similar to the ones observed (Othman et al. 2021), but others
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Table 16: Estimate for each TPS sample’s T, (°C) at two frequencies based on the peak tané.

Glycerol Frequency Humidity
(phs) (Hz) K Mg Na
(43 %) (53 %) (75 %)

30 1 47.9 38.1 19.9
10 49.4 43.1 28.3
35 1 35.5 21.3 23.1
10 38.7 28.8 33.8

1 29.7 11.1 -

40 10 29.9 22.7 -

also found values that were higher (Talja et al. 2007).

Table 17: WVP (gm~' d~! kPa™!) of amura TPS films with various glycerol levels and storage humidi-
ties.

Glycerol Humidity
(phs) K Mg Na
(43 %) (53 %) (75 %)
30 4.93x107°  6.74x107° 1.43x1074
35 9.06x107° 1.34x107* 1.74x1074
40 1.17x1074 2.23x1074 3.94x107*

4.3 Mechanical properties of neat TPS.

The quadratic regressions of Equation 18 on the tensile properties of the pure TPS films are
shown in Table 18. The format of the Equation is repeated below. The response surface of the
significant terms is shown in Figure 16. Note that the glycerol concentrations and the humidities
were all normalised to values between -1 and 1. For instance, 30 phs glycerol represents -1,
35 phs represents 0, and 40 phs represents 1.

Tensile = Intercept + Glycerol + Humidity + Glycerol x Humidity + Glycerol® + Humidity”

All terms, except the linear Glycerol term, show significant effects on the tensile strength. The

strong quadratic terms, which are both negative, suggest a maximum is present, resulting in
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a smooth hill shape. This can be seen in Figure 16a. The central peak is an abnormality and
correlates with the crystallinity results from Table 15, where Mg35, which is the central sample,

showed a higher-than-expected crystallinity.

The modulus has a significant linear humidity and quadratic glycerol term. This implies a rising
ridge shape for the response surface, which can be seen in Figure 16b. Therefore, the maximum

is found in the centre of the glycerol axis and at the lower end of the humidity axis.

Though most literature works found that higher glycerol levels imply lower strength and stiff-
ness, unexpected peaks are not unheard of. Bui & Son (2018) reported a similar maximum
at 35 phs glycerol at a humidity of 50 %. Bui & Son (2018) postulated that there was a low
starch phase that acts as a cross-linking agent. The secondary phase was indicated by DSC
thermograms. Note that the authors of this work used a high amylose starch. The other pos-
sibility is that the combination of glycerol, humidity, and timing is optimal for amylose and
intermolecular-amylopectin recrystallisation for this starch. This would allow for maximal ten-

sile properties.

The elongation has only significant linear terms, with glycerol and humidity inversely corre-
lated with elongation. This might sound counter-intuitive and can only be addressed when also
looking at the large, positive interaction term, showcased in Figure 16¢c. Elongation increases
when both glycerol and humidity are low or high but decreases when one is high and the other
low. Low glycerol and humidity will cause low retrogradation, allowing for a more amorphous
polymer. High glycerol leads to phase separation, making the polymer more fragile. The high
humidity might offset this by making the starch phase act more like the glycerol phase. When
the humidity is high but glycerol is low, one can still expect some substantial retrogradation to

occur, causing stress points in the polymer.

Table 18: Quadratic regression coeflicients to all tensile response variables of pure TPS.

Tensile strength Tensile modulus Elongation
coef (MPa) p coef(MPa) p coef (%) p
Intercept 4.60+£0.33 0.00 129+24 0.00 48.27+8.49 0.00
Humidity -031+0.16 0.00 -35+12 0.00 -7.24+4.08 0.00
Glycerol 0.02+0.16 085 -10+x12 0.09 -446+4.13 0.04
Humidity:Glycerol -0.19+0.19 0.05 -17+14 0.02 9.55+4.87 0.00
Humidity? -0.47+0.33 0.01 2024 0.11 -0.32+8.51 0.94
Glycerol? -0.83+0.27 0.00 -53+20 0.00 337+7.06 0.36
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Tensile [MPa]
Modulus [MPa]

(a) Strength. (b) Modulus.

Elongation [%]

(c) Elongation.

Figure 16: Response surface plots, with data points, of the significant terms for each TPS tensile re-
sponse variable.
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4.4 Xanthan as capping agent for CNFs
44.1 FTIR

Figure 17a and Table 19a show the FTIR spectra, with the bond allocations, of the CNF. The

!, suggest the cellu-

peaks of 1158 cm™! and 900 cm™!, and the absence of a peak at 1111 cm™
lose is mostly amorphous cellulose (Nelson & O’Connor, 1964). This is expected due to the

amorphous regions in CNFs.

Xanthan has many carboxyl groups, and this is shown in Figure 17b and Table 19b. The very

1

strong peak at 1603 cm™' and the moderate one at 1707 cm™! are mainly from the carboxyl

units of the acetyl group (Pawlicka et al. 2019).

3337
2901
646
428
317
158
3282
2888
1707
1603
1407
1246
1020

Absorbance [a.u.]
Absorbance [a.u.]

ﬂ/\/w\,ﬂu J \«MNM,/ v

4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm™1] Wavenumber [cm™1]
(a) CNF. (b) Xanthan.

Figure 17: FTIR of CNF and xanthan gum with wavenumbers of notable bands.

Table 19: FTIR bands of CNF and xanthan gum with corresponding bonds.

(a) NC (Nelson & O’Connor, 1964). (b) Xanthan (Pawlicka et al. 2019).

Band Wavenumber Type of bond Band Wavenumber Type of bond
(cm™) (cm™)

O-H 3337 Stretching O-H 3282 Stretching
C-H 2901 Stretching C-H 2888 Stretching
H,0 1646 Bound water COOR 1707 Stretching
CH, 1428 Scissoring C=0 1603 Stretching
O-C-H 1317 Bending C=0 1407 Strecthing
C-0-C 1158 Stretching O-C-H 1246 Bending
C-O 1030 Stretching Cc-0 1020 Stretching
C 900 Vibration

Figure 18 shows how the FTIR spectra change with the addition of xanthan to CNF. The spectra

change drastically at 25 % xanthan addition, with the carboxyl bonds becoming very prominent.
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These peaks are not so visible in the 15 % xanthan sample, which looks identical to the CNF
spectra. The high amount of scattering that is visible with some of the samples makes it hard
to draw any conclusions regarding peak shifts. It does appear as if the C=0 peaks shift more
to the left, which could be due to the linking between xanthan and CNF.

Xanthan
—— NCXan50
—— NCXan25

NCXanl5
— NC

Absorbance [a.u.]

4000 3000 2000 1000
Wavenumber [cm™1]

Figure 18: FTIR spectra of CNF/xanthan at various ratios.

442 TEM

The TEM images in Figure 19 to Figure 21 are of completely dried CNFs and its mixtures
with xanthan. Insight is given on the structure that is trying to be redispersed. Figure 19
shows that the pure cellulose fibres agglomerate aggressively and in a zipper-like manner. This
is hornification. The addition of 15 % xanthan, shown in Figure 20, displays some marked
improvement in the agglomeration, but it is still visible. Nearly all the agglomeration has
disappeared with 50 % xanthan addition, as shown in Figure 21. This proves that, with enough
xanthan addition, the CNFs can be kept apart even in the dried state. Using pixel measurement,
the estimated individual CNF fibre is estimated to be 10 nm — 18 nm in width.
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Figure 21: TEM images of CNF with 50 % xanthan.
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4.4.3 Zeta potential

The zeta potential, shown in Table 20, shows the mean of each sample with the 95 % confidence
interval. The dried-then-redispersed samples all show an increase in zeta potential. A Welch’s t-
test, which assumes unequal variance, was done on the dried-then-redispersed pure NC vs. non-
dried pure NC and returned a p-value = 0.064. This shows the difference is not significant if 5 %
significance is required. Bartlett’s test confirmed that the assumption of unequal variance was
adequate. The effect of xanthan at 15 % addition is much larger in the dried-then-redispersed

samples than in the non-dried samples.

Table 20: Effect of drying and xanthan addition on CNFs zeta potential.

Dried Xanthan Zeta potential

(%) (mV)
0 -9.92 + 0.85
Yes 15 -18.78 + 1.35
25 -22.00 + 2.03
50 -22.22 + 1.32
0 -7.11 £ 2.50
15 -12.79 + 0.99
No

25 -13.48 + 1.13
50 -18.58 + 1.52

The increase in the zeta potential from 15 % — 50 % xanthan in the dried-then-redispersed
samples is minor in comparison with the non-dried samples. A two-sided t-test revealed a p-
value of 0.86 for the dried 25% and 50% samples. One can infer the two samples are similar.
These results indicate that the xanthan adheres, or interacts in some manner, to the surface of
the CNF once dried, but not when not dried. The adherence, if true, is not removed by the
ultrasonication. The ultrasonication might even be the cause. Another possible hypothesis is
sonochemistry, where ultrasonication creates reactive groups on the surface, which could alter

the surface charge.

4.4.4 Viscosity

Figure 22 shows the shear thinning behaviour of pure NC and NC with xanthan, with the values
of the dried-then-redispersed and non-dried samples averaged. The shear thinning behaviour
is linear when shown on a log-log plot. This implies that the power law model of Equation 8
is suitable. The translucent bands around the lines represent 1 sd (standard deviation) from

the mean. This represents the variance of the results from the three repeats. The pure CNF
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samples, or Xan0, show considerably more variance than the rest, implying that the rheological

properties are not well retained. All the samples containing xanthan have smaller variances.

Xanthan . Xanthan
1041 —— Xan0 10%4 —— Xan0
—— Xanl5 —— Xan25
—— Xanb50
= @
£ 1034 g 1074
£ £
< <
1024 1024
10-1 100 10! 102 10-1 100 10t 102
v [1/s] y [1/s]
(a) 0%, 15 % and 50 % Xanthan addition. (b) 0 % and 25 % Xanthan addition.

Figure 22: Viscosity vs shear rate plots of CNF/xanthan suspensions.

Figure 23 gives the linear fit of one of the repeats for both dried-then-redispersed and non-dried,
with the linear fit done on the log transformation of the data according to Equation 9. There
is considerable variation between the previously dried, pure CNF dispersion and the non-dried
one, with much less difference in the other samples. The values of In K and n — 1 were obtained
by fitting the values from 10°s™' — 10*s™! to Equation 10, and are shown in Table 21. The

coefficients are shown with their 95 % confidence interval.

~ —=— Xan0 non-dried Xan15 non-dried
NS =~ XanO dried Xan15 dried

< <
£ 5 £
54
4<
4 4
3<
0 1 2 3 4 5 0 1 2 3 4 5
Iny Iny
81 \\\ —=— Xan25 non-dried gl & —=— Xan50 non-dried
B ==~ Xan25 dried y, ==~ Xan50 dried
7<
3

Figure 23: Linear fit of shear thinning behaviour of both previously dried and non-dried suspensions.
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Table 21: Coefficients for a least-squares linear fit of Equation 10 to the viscosity data.

Coeff. Xan0 Xanl5 Xan25 Xan50

InK 6.920 +£0.037 7.500+0.018 7.856+0.020 7.952+0.016
a —-0.419+0.052 -0.093+0.025 -0.284+0.028 -0.200+0.022
n—-1 -0.696+0.013 -0.751+0.006 -0.782+0.007 -0.744+0.005
B 0.059+0.018 0.002 +0.009 0.033+0.010 0.015+0.008

All the « values are negative, showing that the viscosity is higher for previously dried dis-
persions. Nearly all the samples differ significantly between non-dried and previously dried
dispersions, with almost all coefficients having p-values of 0.000. The only coefficient that did
not is the 8 of Xanl5, which is very near 0, and has a p-value of 0.688. This implies the dif-
ference in slopes between non-dried and dried are too small to say they are different. All 8 and
a values are smaller for samples with xanthan than without. This suggests that the inclusion
of xanthan allows more of the rheological properties to be retained after drying. One can thus

conclude that xanthan gum lowers agglomeration to a significant degree.

SR Sample
—— Xanl5
10% 9 e \'\\ Xan25
............ \ .. v Xanb0
......,‘_:.\':.z. --=-- CNF
T 105 - Mo, CNF+Xan50
QE .
=
102 4
101 4
10-1 10° 10! 102
y [1/s]

Figure 24: Viscosity of pure xanthan compared to CNF and CNF mixture.

Figure 24 and Table 22 both show information on the shear thinning behaviour of pure xanthan
at the same concentrations as those in the CNF mixtures. The rheometer used is not well suited
to measure low viscosities at very low shear rates; thus the jagged results for the 15 % xanthan
solution. The Newtonian plateau that xanthan exhibits in the 25 % xanthan sample is visible.
There is a very sharp increase in viscosity with the addition of xanthan. The K is on a logarith-
mic scale, thus a small increase in In K means a very large increase in K itself. The increase in
CNF viscosity when adding 15 % xanthan does not make clear sense when looking at the low

viscosity of pure xanthan at the same concentration. A possible explanation for this is that the
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xanthan gum does not gel at the 15 % concentration, but once added with the CNF it creates
a gel structure, drastically increasing the viscosity. This is quite possible since xanthan was
shown to have rheological interaction with other hydrocolloids (BeMiller, 2019: 264-265).

Table 22: Power law coefficients of Equation 9 for pure xanthan samples.

Xanthan (%) n-1 InK

15 -0.523 4.404
25 -0.633  5.368
50 -0.760 6.761

445 SEM

Non-dried, ultrasonicated dispersion

Figures 25-29 show non-dried samples that were ultrasonicated. This is to illustrate the native
state of the nanocellulose and the effect xanthan has on it. Note that the large crystals present
in the figures are KNOj crystals. This is due to the fact that these samples are the same as those

used for the zeta potential measurements.

Figure 25 shows CNFs in their native state. The fibres are well dispersed with minimal ag-
glomeration. Pure xanthan is shown in Figure 26. This is, as far as we know, the first images of
xanthan gum in its fibrous form. One will note it is quite similar in appearance to CNF, with the
smoothness of the xanthan fibres being the only noticeable difference. What is also incredible is
the rectilinear orientation of the xanthan fibres. This is likely due to the long persistence length

of xanthan gum and gives insight into how xanthan fibres orient themselves within suspensions.

Mag= 10.00KX | EHT = 2.0 W 2 mm Signal A = InLens

(a) 1500 times magnification (b) 10000 times magnification

Figure 25: SEM of ultrasonicated non-dried pure nanocellulose.
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(a) 1000 times magnification (b) 10000 times magnification

Figure 26: SEM of pure xanthan gum.

Figure 27, Figure 28, and Figure 29 show how increasing the xanthan concentration relative to
the CNF affects the structure. A large amount of entanglement is noticeable; not agglomeration
per se, but interweaving between the fibres. It is suspected that the xanthan gum and CNF
interlaces with one another. This is most prominent in the 50 % xanthan sample, Figure 29,
where it appears as if the fibres are being glued together. This alludes to the interaction effects
seen with xanthan gum and other hydrocolloids. The fibres vary in size. The CNFs were
estimated to be between 75 nm — 300 nm in size, with the majority being on the lower end at

about 125 nm — 150 nm. The size was estimated using pixel measurements of the images.

B Signal A= InLens

(a) 5000 times magnification (b) 10000 times magnification

Figure 27: SEM of ultrasonicated non-dried nanocellulose with 15 % xanthan.
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10 um

(¢) 10000 times magnification

Figure 28: SEM of ultrasonicated non-dried nanocellulose with 25 % xanthan.

(a) 5000 times magnification

Figure 29: SEM of ultrasonicated non-dried nanocellulose with 50 % xanthan.

Dried samples redispersed with ultrasonication.
Figure 30 proves that the ultrasonication is intense enough to redisperse the dried NC fibres.
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Notice the broken points on the fibres. It is suspected that ultrasonication, being such a harsh

redispersion method, broke the fibres at the interlinking points. This phenomenon could influ-

ence the characteristics of the CNFs, though to what extent is not certain.

. 5 y ¢ I
= 1.00KX | EHT = 1.00kV WD=26mm N Mag= 5.00KX § EHT = 1.00kV jg Signal A = InLens

(a) 1000 times magnification (b) 5000 times magnification

Figure 30: SEM of ultrasonicated dried, pure nanocellulose.

Dried samples redispersed with shear mixing.

The following figures are of the dried samples redispersed till B intensity, as discussed in Sec-
tion 3.2.1.

10 um

N M Y Tl
EHT = 2.00 kv 8% WD = 1.8 mm § Signal A= InLens

(a) 1000 times magnification. (b) 1500 times magnification.

Figure 31: SEM of mechanically mixed sample of pure nanocellulose.
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(¢) 5000 times magnification. (d) 10000 times magnification.

Figure 31: SEM of mechanically mixed sample of pure nanocellulose.

In Figure 31, extreme agglomeration is apparent in pure, dried and redispersed nanocellulose.
The high-shear mixing is ineffective at breaking the agglomerates. Even at xX1000 magnifica-
tion, the agglomerates are clearly visible. This also speaks to the intensity of ultrasonication.

These images support the trends seen in the turbidity results shown in Figures 41a and 41b.

10 um

EHT = 2.00 kV WD = 2.6 mm @ Signal A=InLens g [ \‘ v | 2.4 mm Signal A = InLens

(a) 1000 times magnification (b) 1500 times magnification

Figure 32: SEM of mechanically mixed sample of nanocellulose with 15 % xanthan.
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(¢) 5000 times magnification (d) 10000 times magnification

Figure 32: SEM of mechanically mixed sample of nanocellulose with 15 % xanthan.

Figure 32 shows marked improvement in the redispersion of nanocellulose, supporting the
hypothesis that xanthan is effective at reducing interfibril agglomeration. Some agglomerates
are still visible (Figure 32b) but the degree of agglomeration is considerably less. It also seems

as if the fibres are less entangled.

< v
: ‘. L -
. 1

4 7 WSS e _ % ~ W
EHT = 2.00kV € WD = 3.4 3 ) W) Mag= 10.00KX | EHT = 2.00kV &g WD = 3.6 mm Signal A = InLens

(a) 1500 times magnification (b) 10000 times magnification

Figure 33: SEM of mechanically mixed sample of nanocellulose with 25 % xanthan.

The addition of 25 % xanthan proved to give the best redispersion, as shown by Figure 33.
No large agglomerates are visible, supporting the hypothesis that xanthan can allow effective
redispersion of nanocellulose with mechanical mixing alone. The Figures show that one can
redisperse the CNFs back to individual fibre form. This also supports the turbidity results,

shown in Figures 41a and 41b, where X25 seemed to have the best results.
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(a) 1500 times magnification (b) 5000 times magnification

Figure 34: SEM of mechanically mixed sample of nanocellulose with 50 % xanthan.

The entanglement is once again visible at 50 % xanthan addition. Figure 34 shows that, though
redispersion is appreciable, the same observation of fibre bundling is apparent as shown in

Figure 29.

These images provide undeniable evidence that xanthan gum addition is effective at limiting
agglomeration between CNFs. Xanthan gum allows full redispersion of previously dried CNFs

with shear mixing alone, even to the same extent as ultrasonication.

4.4.6 Turbidity

The turbidity tests concern the change in absorbance/turbidity with wavelength due to the di-
ameter of the fibres. Figure 35 shows the relationship between 7, the turbidity, and A, the
wavelength, on a log-log scale. There is a strong linear relationship. Note also the increase in
the width of the bands, which represent 1 sd, as the wavelength increases. This implies that
a log transformation may not be the best transformation for the data. The slope of this line
is -1.64, a far cry from the -3 one would expect if Equation 11 was true. Figure 36 further

illustrates that Equation 11 is inappropriate, as the correlation between 7 and 1/4° is not linear.

Figure 37 shows that Equation 12 is more appropriate, as the correlation between 1/4% and
c¢/(72%) is nearly linear, with little increase in variance across the range. This implies that the u
is quite large. This stands in contrast with Figure 38, where Equation 13 does not show a linear

relationship, nor a constant variance. This brings the applicability of Equation 13 into question.

Figure 39 and Figure 40 show the size parameters determined via the Carr-Herman equation,
Equation 12, and the Yeromonahos equation, Equation 13, respectively. The error bars in the
figures show the 95 % confidence interval. The SEM images in Section 4.4.5 show that the
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Figure 35: Log-log plot showing the relationship between 7 and A of a pure CNF sample.
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Figure 36: Visual representation of the curve used for Equation 11 done on a pure CNF sample.
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Figure 37: Visual representation of the curve used to fit Equation 12 of Carr & Hermans (1978), done a
pure CNF sample.
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Figure 38: Visual representation of curve used to fit Equation 13 of Yeromonahos, Polack & Caton
(2010), done a pure CNF sample.
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assumption that d << A is not appropriate, as the majority of the fibres have diameters larger
than 100 nm. The Yeromonahos equation should thus, in theory, be the most accurate equation.

The linear correlation observed with the Carr-Herman equation might just be coincidental.

The Yeromonahos equation indeed does give the most accurate d estimation, if the SEM images
are representative of the general samples. The Carr-Herman equation places the d around
260 nm. The Yeromonahos equation places it at 147 nm, much closer to that observed in
the SEM images. There is a general trend that the d increases with xanthan addition. The
entanglement phenomena could be to blame for that, creating bundles that seem like large
fibres. The u increases with xanthan addition, but then suddenly drops at X50. The confidence
interval is very large for the X50 sample, so the drop is not that significant. More accurate
sizing needs to be done, such as with atomic force microscopy, to confirm the accuracy of this
method.
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Figure 39: Size parameter estimates of non-dried, ultrasonicated estimated with the Carr-Herman equa-
tion (Equation 12).
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Figure 40: Size parameter estimates of non-dried, ultrasonicated samples done with the Yeromonahos
equation (Equation 13).

Figure 41 and Figure 42 show the change in size parameters with mixing intensity using the

Carr-Herman equation and the Yeromonahos equation, respectively. The estimated size param-
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eters for the X0 samples show a marked decrease going from L to U in all the figures. This
supports Equation 3; the particle size decreases as the mechanical energy applied increases.
All samples with xanthan show much lower size parameters at low shear rates. This suggests
that xanthan gum limits the interfibril bonds between CNFs; thus less shear force is required to

separate the fibres.

X0’s d starts at 154.9 nm for L and ends at 147.4 nm for U according to the Yeromonahos
equation (Figure 42a). The X15 sample in comparison goes from 149.2 nm (L) to 147.5 nm
(U). The shift in sample X15 is almost negligible and is probably due to small amounts of CNFs
that were in close proximity that could then agglomerate. X0 shows a considerable decrease.
The estimated d of X25 sample for B and U is 147.0 nm, exactly the same, whereas there is a
clear difference when looking at X0, with its B sample’s d being 149.0 nm. This suggests that
when one adds xanthan similar degrees of particle separation can be achieved via shear mixing

than with ultrasonication. The same does not hold true when xanthan is absent.
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Figure 41: Size parameters determined using Carr-Herman (Equation 12).
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Figure 42: Size parameters determined using the Yeromonahos equation (Equation 13).

The u value estimates of the Yeromonahos equation do seem quite questionable, following a

less clear trend than its counterpart, the Carr-Herman equation. If the assumption that the fibres
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are cylinders is true, one would expect d?> o u. Figure 43 is a scatter plot with a linear fit of
sample X15’s d* and u. The bands indicate the 95 % confidence interval. Figure 43a is done
using the Carr-Herman equation and has a strong linear correlation between d? and y. This is
not true for the Yeromonahos equation, as shown in Figure 43b, where the variance is much
larger. The R? for the Carr-Herman equation is 0.817, whereas for the Yeromonahos equation,

it is 0.396. This does bring into question the validity of the Yeromonahos equation.
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Figure 43: Linear fits of d vs u of both models.

The assumption that all the particulates are infinitely long cylinders is not valid. The X0-
B sample, shown in Figure 31, are more like large plates, not fibres. The size parameters’
accuracy are thus questionable. Nonetheless, the method does prove promising for estimating

difference in the degree of agglomeration.

4.4.7 Specific surface area

Previous works used the original Langmuir adsorption isotherm (Equation 14) to determine
gmax- Figure 44 and Table 23 illustrate the non-linear curve-fitting of the Langmuir isotherm
(Equation 14) to the adsorption data of the dried-then-redispersed and non-dried samples. One
will note that in Figure 44a and Figure 44b that the original Langmuir isotherm does not fit
the data well, plateauing too early. This brings to question the suitability of the Langmuir
isotherm for modelling the adsorption of Congo red onto nanocellulose. Freundlich (Equa-
tion 15), shown in Figure 44c and Figure 44d, shows quite a good fit, suggesting that the
surface of the CNF and xanthan might be heterogeneous. Freundlich, unfortunately, is an em-

pirical equation, and thus offers no further information.

The best results are obtained using the modified Langmuir isotherm (Equation 16), shown in
Figure 44e and Figure 44f. This is to be expected as it has an extra parameter to fit, increasing its

variance. Table 23b shows the coeflicients determined by the bootstrap method for Equation 16.
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None of the g terms has a p-value above 0.04, suggesting that the gy terms are significant. The
k-fold cross-validation results are shown in Table 24. For all the samples, except those with
50 % xanthan, the RMSE is considerably less, implying that the hydrophobic term does not
cause over-fitting. The difference in RMSE decreases with increasing xanthan concentrations,
suggesting that xanthan gum’s effect on the adsorption is not well captured by the modified

Langmuir model.

Investigating the parameters revealed an interesting quirk. The modified Langmuir tended to
overestimate the g« values for certain fits where it was visually obvious they should be lower
than reported. It was decided to investigate the significance of the K; term. If one were to
assume that the adsorption-desorption kinetics for all samples are the same, which they nearly
are, one can correct for the g, value discrepancy, allowing for a more realistic fit. The results
are shown Figure 44g and Figure 44h. The fixed K;-model is referred to as LangmuirK. Ta-
ble 23 reveals that fixing the K, for all the fits does not influence the accuracy of the regression
by much. It was thus concluded that fixing the K; values as equal for all regressions, thus

decreasing the variance, is a worthwhile trade-off for the increase in robustness.

Table 26 shows the estimated specific surface area of the fits and reveals two things: the specific
surface area decreases with increasing xanthan concentration, and there is no noticeable differ-
ence between the dry and wet samples. These samples were, unfortunately, all ultrasonicated.
This explains why all the SSAs are the same. A test was then done on all the samples made
in Section 3.2.1, and the results revealed nothing conclusive. The differences between mixing
intensities had no discernible pattern. The theory is that the long incubation could be at fault.
The samples were left for 24 h, as time constraints prevented the test from being done on the
same day. The works on which the test is based used a time horizon of 6 h. It could be possible
that kinetics are at play, as the SSA revealed by our study is considerably higher than that of
the other papers. The SSA found of the pure CNF is on the high end, but such high values have
been reported by other authors, with values of 430 m? g~! and 386 m? g~! reported (Ketola et
al. 2019; Moser, Henriksson & Lindstrém, 2016). Kwak et al. (2019) reported a SSA of

251 m? g~! for CNFs using Congo red adsorption with the Langmuir adsorption isotherm.

Despite the unfortunate shortfall of the test, at least an interesting observation was made re-
garding the appropriate adsorption isotherm . It is not certain whether Congo red is a suitable
test to assess the degree of agglomeration and redispersion. If the test were to be used, the

author would suggest to rather do a kinetic study.
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Figure 44: Regressions of various adsorption models on the Congo red adsorption results.
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Table 23: Coefficients for Langmuir and Langmuir2 with their standard deviation determined through
bootstrapping.

(a) Langmuir coefficients.

Dl D2 D3 D4

mean sd mean sd mean sd mean sd

gmax 2141 104 2026 92 1992 11.8 158.7 14.2
K 0.278 0.047 0.238 0.043 0.229 0.053 0.514 0.208

W1 w2 W3 W4

mean sd mean sd mean sd mean

gmax 1935 124 186.0 17.8 1946 83 149.2 132
K 0.563 0.243 0.884 0.585 0.279 0.047 0.642 0.221

(b) Langmuir2 coefficients.

DI D2 D3 D4

mean sd mean sd mean sd mean sd

qu 49.1 49 415 44 441 7.1 580 74
gmax 2140 17.2 197.7 11.8 2155 29.7 230.1 55.6
K 0.087 0.019 0.089 0.018 0.068 0.027 0.033 0.030

Wi w2 W3 W4

mean sd mean sd mean sd mean sd

qu 57.1 74 599 67 483 45 599 75
gmax 181.1 144 1828 15.0 1799 89 3437 1135
K 0.117 0.034 0.101 0.028 0.092 0.015 0.026 0.069

Table 24: RMSE of k-fold cross validation for Langmuir and Langmuir2 for each sample.

Sample DI D2 D3 D4 WI W2 W3 W4

Langmuir 215 243 263 345 238 265 242 389
Langmuir2 13.0 17.2 20.5 343 11.8 11.7 169 375

Table 25: Sum squared error of Langmuir2 with the K varied and Langmuir?2 if the K is fixed for all fits.

Sample D1 D2 D3 D4 Wi W2 W3 W4

Langmuir2 3764.0 2636.0 5046.0 3411.0 5552.0 6083.0 3097.0 4568.0
LangmuirK 3785.0 2669.0 5108.0 4362.0 5896.0 6242.0 3157.0 6131.0
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Table 26: Total specific surface area of each sample calculated of the sum of gy and gnax of LangmuirK.

Sample Dl D2 D3 D4 Wil w2 w3 W4
SSA (m*>g™") 400.8 367.3 359.2 3029 387.8 382.7 3545 292.6

4.4.8 Sedimentation

Sedimentation tests were done to assess the colloidal stability of the CNF/xanthan dispersions at
various mixing intensities, shown in Figures 45-49. The impact of different mixing intensities
on pure nanocellulose is shown in Figures 45a—45d. The L and M samples sediment very early
on, with the L sample showing more condensed sediment. H and B show sedimentation after
1 h, with H showing a clearer bed than B. After a full day, all samples have sedimented. This

shows that pure, dried CNF is not colloidally stable when redispersed, no matter the method.

(©1h (d) 24 h.

Figure 45: Sedimentation analysis of pure, dried CNF samples with various mixing intensities.

The addition of xanthan has a marked effect. Only X15-L shows early sedimentation, as shown

in Figures 46a—46¢c. The other X15 samples only showed very slight sedimentation after a full
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day. The X25 samples, Figures 47a— 47c, and X50 samples, Figures 48a— 48b, showed no
significant change after 24 h.

There are two causes for this: the higher ease of particle redispersion with xanthan, as shown
in Section 4.4.6, and the higher zeta potential due to xanthan gum addition, as shown in Sec-
tion 4.4.3. Larger particles tend to sediment more readily, as they have a lower aspect ratio
and thus less relative interaction with other molecules to make a stable suspension. The higher
the surface charge, and the higher the interaction surface, the more difficult it is for particles to
agglomerate, as postulated by the DLVO theory.

These results bring to light a recurring theme, that there is some interaction occurring with
the xanthan and CNF upon drying. The close proximity during drying could allow xanthan
to become like a surfactant. The xanthan could then coat the CNF and give it a much higher

surface charge.

(a)Oh. (b) 1.5h.

Figure 46: Sedimentation analysis of X15 samples with various mixing intensities.

(@) Oh. (b) 1.5h. (c) 24 h.

Figure 47: Sedimentation analysis of X25 samples with various mixing intensities.

The non-dried, ultrasonically dispersed samples clearly show the distinction between adding
xanthan and not adding xanthan. Figures 49a—49c show that the addition of xanthan reduces
the tendency to sediment. The fact that all the non-dried dispersions sedimented after a day
is interesting to note. This supports the observation that the previously dried dispersions had

higher zeta potentials than the non-dried dispersions.

73

© University of Pretoria



(a) 0 h. (b) 24 h.

Figure 48: Sedimentation analysis of X50 samples with various mixing intensities.

(a)0h. (b) 4 h. (c) 24 h.

Figure 49: Sedimentation analysis of non-dried samples with various mixing intensities.
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4.5 Reinforcement of TPS with CNF/xanthan.

The stress vs. strain plots are shown in Figure 50. Note that the pure TPS was produced using
the double-casting method as well. It is to ensure that the comparison between neat pure TPS
and reinforced TPS is not affected by the casting method. It is surprising to see the double-
casted pure TPS is stronger than any TPS sample that was single-casted (Table 18). This is an
unexpected result, as one would expect the possible thermal degradation to lower the molecular
mass of the polymer, weakening it. The average tensile strength, modulus and elongation for
pure TPS, double-casted, are 5.4 MPa, 0.31 GPa, and 56.4 %, respectively.

The two TPS samples with only xanthan added are included in Table 12. At 1.25 phs (Low)
addition, xanthan has a negligible impact on the TPS. With 2.5 phs xanthan addition (High), the
effect is very noticeable, with a large decrease in elongation and an increase in tensile strength.
The high xanthan TPS sample exhibited an average tensile strength, modulus and elongation
of 9.6 MPa, 0.61 GPa, and 19.9 %, respectively. This alludes to a continuous network forming
once there is enough xanthan, where the xanthan fibres can effectively interlink within the

polymer matrix.

The NC sample in Figure 50 refers to the TPS with 5 phs non-dried CNF (+1). The tensile
strength and increase in stiffness is significant, and is higher than all literature values at 5 phs
addition shown in Figure 7. The NCXan sample in Figure 50 refers to the strongest sample
in Table 28, the dried +1 CNF with 25 % xanthan. This sample shows a remarkable tensile
strength of 23.0 MPa.

25
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Figure 50: Stress-strain curves for pure, xanthan, CNF, and CNF/xanthan TPS samples with 30 phs
glycerol stored at 54 % RH for 10d — 14 d.
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4.5.1 CCEF results

Table 27 shows the results of the quadratic fit (Equation 18) of the CCF design laid out in
Table 11. The Equation represented is shown below. The tensile strength shows a positive
linear relationship with both CNF and xanthan. The quadratic terms are small and insignificant.
CNF has the largest effect on tensile strength. There is a strong interaction term between the
CNF and xanthan, showing synergism. An explanation for this relatively large interaction term
is the highly interlaced network that forms when xanthan is added to CNF. The SEM images of
pure xanthan and pure CNF, shown in the images in Figures 25 and 26, do not exhibit nearly
as interlaced networks as when CNF and xanthan are combined, as shown in the images in
Figures 27 and 28. The webbed network can allow for all the fibres to be interlaced within the

matrix, allowing for stronger reinforcement as fibres act as one continuous phase.

Tensile = Intercept + CNF + Xan + CNF x Xan + CNF? + Xan®

Only the CNF term has more than 95 % significance for the tensile modulus. All other terms are
small and insignificant. There is nearly no curvature to be found. As expected, CNF increases
the stiffness of the polymer. All other terms, though small and statistically insignificant, are
positive. This suggests that xanthan does contribute to the stiffness but more tests are needed

for confirmation.

CNF has a strong effect on the elongation of the TPS, both in the linear and quadratic terms.
The terms are negative, showing that CNF addition, especially at high loadings, decreases the
elongation. One can note that the linear and quadratic CNF terms are of similar magnitude.
This shows that the effect of CNF on elongation is actually very small at low loadings, but high
at high loadings. Xanthan does not show any significant effects on the elongation. It is expected

for CNF to decrease the elongation as it increases strength and stiffness.

Table 27: Quadratic fit of CCF design for all tensile response variables on 30 phs glycerol TPS stored
at 54 % RH for 10d — 14 d.

Tensile strength Tensile modulus Elongation
coef (MPa) p coef (MPa) p coef (%) p
Intercept 16.15+£0.94 0.00 106597 0.00 7.79+1.10 0.00

CNF 1.67+0.65 0.00 146 + 66 0.00 -1.41+0.74 0.00

Xan 0.78+0.65 0.02 33+£66 033 -050+0.74 0.20

CNF:Xan 1.04+0.78 0.01 62+81 014 0.70+£092 0.14

Xan? 0.75+1.04 0.16 76+106 0.17 0.16+1.20 0.80

CNF? 0.18+1.04 0.73 45+106 041 -1.25+1.20 0.05
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Figure 51 gives a visual representation of the fits done in Table 27, showing both the response
curve and contour plots. The response curves are only of the terms that were at least 95 %
significant. The interaction term from the tensile strength gives Figure 51a some curvature,
as can be seen in the contour plot. One can note the interaction term by looking at the near
linear lines at low NC loading and how they become more curved at higher loadings. NC, as

the major driver of the tensile strength, is also noticeable by the steeper slope along its axis.

The modulus is only significantly influenced by the CNF linear term. Thus the surface curve is
very simplistic. The elongation is also only affected by the CNF. The curvature is very clear.
The large dark shade on the contour plot, Figure 51b, shows the range at low CNF loadings

where the linear and quadratic terms nearly cancel each other out, causing the plateau.

4.5.2 TPS reinforced with dried vs. non-dried CNF/xanthan dispersions.

Table 28 shows the mean tensile values of the TPS reinforced with previously dried or non-dried
CNF/xanthan dispersions with the 95 % confidence interval. The trend of the data is not very
clear, but there are some general observations. There does seem to be a difference between TPS
reinforced with previously dried dispersions and non-dried dispersions, with previously dried
showing, surprisingly, stronger values. The pure CNF samples do not show much difference.
The SEM images in Figure 31 give a possible explanation. The CNFs are agglomerated but
still have a porous, interlaced structure. Starch is highly compatible with cellulose, and thus
the pores could be filled by the gelatinised starch, still allowing for significant reinforcement.
If one were to use a less compatible polymer, there might be more of a difference noticed
with the reinforcement ability. These results still show that xanthan is a beneficial addition to
the nanocellulose and that previously dried CNF/xanthan still has appreciable reinforcement
qualities. The best example of this is the dried +1 CNF TPS sample with 25 % xanthan. It
poses the highest strength and stiffness of any sample, higher than any sample referenced in

Figure 7.

The elongation reduces drastically at the +1 CNF loadings with 25 % or 50 % xanthan. The
same can be said for the —1 CNF 50 % xanthan sample. This could allude to the interlaced
network theory, that once one has enough of the fibres dispersed, they will create a continuous
network. This network will be much less elastic than the TPS and will fail at a lower strain.
Only once sufficient amounts of CNF and xanthan are present in the matrix, and a continuous
network formed, can this shortened form of failure occur. The +1, 25 % xanthan sample even
shows lower strain than the 50 % one. This could be due to the xanthan amount becoming too

high, creating a separate xanthan phase that is weaker than the CNF/xanthan network.
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Figure 51: Response surface plots of the CCF design with quadratic model and data points.
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Table 28: Tensile properties of 30 phs glycerol TPS stored at 54 % RH for 10d — 14 d reinforced with
non-dried or dried CNF and xanthan at different concentrations.

Non-dried Dried

CNF Xan Strength Modulus  Elongation  Strength Modulus  Elongation

(%)  (MPa) (GPa) (%) (MPa) (GPa) (%)
0 83+05 044+0.09 24.6+27 10512 0.76+0.08 12.2+2.1
1 15 92+07 061+£0.07 17.0+3.0 124+0.5 0.87+0.04 146+1.5
25 153+06 1.05+0.03 10.8+15 11.8+1.1 0.82+0.09 13.0+£2.0
50 163+09 1.19+0.11 7716 143+1.1 1.01+0.13 94+14
0 143+29 1.04+032 9.1+21 153+1.0 1.03+0.06 11.0+1.7
+1 15 129+1.7 094+0.18 143+25 194+2.1 131+0.16 95+23
25 17.0£0.7 125+0.08 4.7+09 23.0+0.7 148+0.07 7.0+0.8
50 209+1.7 142+0.11 63+08 194+13 1.46+0.15 79+0.7

453 TGA

The influence of CNF and xanthan on the thermal stability of the TPS films is shown in Fig-
ure 52. CNF (NC) does show to improve the thermal stability of the TPS slightly, showing a
later derivative peak and generally higher residual mass. It is interesting to note that xanthan-
containing samples seem to be less thermally stable than the pure TPS, with them having a
lower peak derivative temperature. This is observed even if CNF is present or not. The effect

is minor though and the increase and decrease in thermal stability is mostly negligible.
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Figure 52: Influence of CNF (NC) and xanthan on the thermal stability of amura TPS with 30 phs
glycerol stored at 54 % humidity.
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5 Conclusions

The native amura starch proved to have an A-type crystallinity similar to yellow amura starch.
The amura-based TPS has retrogradation, permeability, and tensile behaviour similar to other
starches reported in the literature. A quadratic fit of the tensile strength data, with glycerol and
humidity as the independent variables, shows a maximum at 35 wt% glycerol and 53 % — 54 %

relative humidity. Amura starch is thus a suitable source for TPS.

Analyses of the rheology, turbidity, and colloidal stability of previously dried and non-dried
CNF/xanthan dispersions, as well as their SEM/TEM images, prove that xanthan is effective at
limiting hornification. The rheology of previously dried and non-dried neat CNF dispersions is
very divergent. When 15 wt% xanthan is added, no difference between the shear thinning slopes
of the previously dried and non-dried dispersions can be observed. Turbidity measurements
allowed for fibre diameter estimation using the Yeromonahos equation. It proves that, with
the addition of xanthan, one can redisperse the CNFs to their original size. Neat CNFs have
an estimated diameter of 149.0 nm and 147.4 nm when high-shear mixed and ultrasonicated,
respectively. CNFs with 25 wt% xanthan have an estimated diameter of 147.0 nm for both shear
mixing and ultrasonication. The Carr-Herman equation, the predecessor of the Yeromonahos

equation, overestimates the diameter size but gives a similar trend.

SEM imaging of freeze-dried CNF/xanthan dispersions confirms the observations made with
the turbidity measurements. The majority of ultrasonicated CNF fibres have a diameter in the
range of 125nm — 150 nm. Ultrasonication is required to redisperse the pure dried CNFs to
their original size. Large agglomerates are evident in previously dried, neat CNF dispersions
that are only shear mixed. CNF dispersions with 25 wt% xanthan added, whether previously
dried and shear mixed, or non-dried and ultrasonicated, are indistinguishable. The images also

show that a highly interlaced network forms when xanthan is added to CNFs.

Zeta potential measurement showed that drying and xanthan addition both increased the sur-
face charge of the fibres. This is reflected in the sedimentation tests, where dispersions made
from non-dried samples and pure, dried CNFs sedimented within a day. Solutions containing
previously dried CNFs with xanthan, in contrast, sedimented little or not at all. Samples with

xanthan show colloidal stability even with low-shear mixing, supporting the previous findings.

The SSA measurements provided little insight into the agglomeration but did provide informa-
tion for the appropriate adsorption isotherm. The modified Langmuir model, tested with k-fold
cross-validation, has a RMSE of 13.0, compared to 21.5 for the original Langmuir. This proves

that the modified Langmuir is a more adequate model.

The influence of xanthan gum and CNF on the tensile properties of TPS was modelled using a
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quadratic fit done on a central composite design. The quadratic fit reveals a significant, positive
interaction term between CNF and xanthan regarding the tensile strength, implying synergism
between the two. The synergistic effect can be explained as the formation of a highly interlaced,
continuous network within the polymer matrix. The addition of 1.25 phs xanthan to the TPS, no
CNF added, shows no marked improvement, whereas with 2.5 phs addition the tensile strength
improves from 5.4 MPa to 9.6 MPa. There is no noticeable difference between TPS reinforced
with comparable amounts of previously dried or non-dried CNF dispersions, with or without
xanthan addition. It is postulated that the high compatibility between CNF and TPS is the cause
for the small differences. TPS reinforced with 5 phs previously dried CNF containing 25 wt%
xanthan, relative to the CNF (X25 sample), has a tensile strength of 23.0 MPa and a modulus of
1.48 MPa, the highest of any sample. This is stronger than the majority of previously reported
values for TPS/CNF composites. Xanthan gum and CNF have a minor influence on the thermal
stability of TPS, but nothing of note.

This work confirms that amura is a suitable source material for TPS. Xanthan gum is quanti-
tatively proven to be an effective capping agent of CNF, increasing the ease of redispersion by
limiting agglomeration. The synergistic effect between CNF and xanthan encourages further
research on xanthan’s use as a capping agent as well as reinforcement of other, maybe less
CNF-compatible, biopolymers. The results of this work has applications in the production of

redispersible dried CNFs and in improving the mechanical properties of biopolymers.
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