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Abstract
Consumers demand food products that contain as few calories as possible to follow a healthy
lifestyle. Potential food thickeners containing no calories are microfibrillated cellulose (MFC) and
xanthan gum (XG). Salt and pH affect the structure of the thickening agents, which further affect
the rheology and sensory perception. The aim of this report is to investigate the effect of NaCl
addition and pH on rheological properties of XG solutions and MFC suspensions. Hemicellulose
residues in MFC and side chains of XG contain negatively charged carboxyl groups, which can
be screened by salt ions or protons at low pH. Addition of NaCl to an MFC suspension results in
an increase in shear viscosity, extensional viscosity, storage and loss moduli. Addition of NaCl to
a XG solution (<2000 mg/L) results in a decrease in shear viscosity, moduli and relaxation time,
and an increase in n-value. Addition of NaCl to a XG solution (>2000 mg/L) results in an increase
in shear viscosity, moduli and relaxation time, and a decrease in n-value. Addition of NaCl
decreases the surface tension for both XG concentrations. Decreasing the pH from 10 to 2 of an
MFC suspension results in an increase in shear viscosity. A decrease in pH from neutral (pH~7)
to 2 increases the moduli of the MFC suspension. There is no significant difference in shear
viscosity of XG solutions with changing pH. Decreasing the pH from neutral to 3 increases the
moduli of XG solutions. The surface tension of XG solutions decreases with decreasing pH from
5 to 2.5 and at alkaline pH. All in all, NaCl addition and pH have effect on the rheological properties
of XG solutions and MFC suspensions.

Introduction
Lifestyles keeps changing, with an increased focus on physical health. The consumers demand
high fiber and low-fat food products that contain as few calories as possible (Milani & Maleki,
2012). This can be done by replacing calorie dense ingredients, such as fats and oils, with fat
substitutes. Examples of thickening agents that are used to substitute the fat are starch and
xanthan gum (XG) (Chen et al., 2019; Rather et al., 2016). Starch contains around 4 kcal/g (Chen
et al., 2019), which is lower than the caloric value of fat 9 kcal/g (U.S. Department of Agriculture,
n.d.). XG is a soluble fiber which makes the food thicker without providing any calories (Chawla
& Patil, 2010). Soluble fibers are carbs that the human body cannot breakdown. They slow down
digestion by absorbing water and turning into a gel-like substance in your digestive system
(Chawla & Patil, 2010). Due to the higher calories in starch compared to XG, the thickening agent
XG is preferred by the consumers and of higher interest to the food industry (Milani & Maleki,
2012). A potential thickening agent which is normally used for its emulsifying properties (Visakh
& Morlanes, 2016; Xhanari, Syverud & Stenius, 2011), is microfibrillated cellulose (MFC). MFC
also provides no calories, it is resistant to digestion and absorption in the small human intestine
(Chawla & Patil, 2010). Both MFC and XG are hydrocolloids that received great attention over the
past years (Golchoobi et al., 2016; Brunchi et al., 2016). Adding small quantities of hydrocolloids
to food, already results in a thicker system (Milani & Maleki, 2012; Goff & Guo,2019).
Hydrocolloids are characterized as hydrophilic polymers that contribute to the viscosity and/or
gelation of solutions (Arendt & Bello, 2008). A literature study will be conducted focusing on the
thickening properties of MFC and XG, to concur the increase in healthy lifestyles.
XG is secreted by the bacteria: Xanthomonas campestris (Sworn, 2009). The primary structure
of the gum consists of repeated pentasaccharide units formed by two glucose units and a
trisaccharide branch consisting of two mannose units and one glucuronic acid unit (Garcı́a-Ochea
et al., 2000). The secondary structure comes in two conformations: helix and random coil. Below
the transition temperature, the chains take a helix form, become rigid and are in an ordered state.
Above this temperature, the chains take on a random coil form, become more flexible, are in a
disordered state and have higher viscosity (Brunchi et al., 2016).
MFC, also known as nanofibrillated cellulose (NFC) or cellulose microfibrils (CMF) (Lavoine et al.,
2012), is produced from cellulose. Cellulose is a biopolymer occurring from various plant sources,
like wood, and food/vegetable peels (Siró & Plackett, 2010). Peels that otherwise were thrown
away as waste, like citrus peels, can now be reused for making the thickening agent MFC
(Szymańska-Chargot et al., 2017). The cellulose matrix consists of cellulose fibril bundles, which
are aggregates of cellulose microfibrils. These aggregates can be separated by mechanical
processes into single microfibrils called MFC. The unique properties of MFC consist of
biodegradability, mechanical robustness, barrier properties and a large surface area (Kumar et
al., 2016).
MFC and XG are known to show similar rheological behaviour (Koponen et al., 2018; Krstonošić
et al., 2015). Besides the great thickening ability of both, they are characterized by their shear
thinning behaviour, defined by a decrease in shear viscosity with increasing shear rate, and work
as an emulsion stabilizer (Golchoobi et al., 2016; Krstonošić et al., 2015). MFC and XG both are
high yield stress materials which means that an initial stress should be overcome for the solution
to flow (Koponen at al., 2018; Garcı́a-Ochea et al., 2000). The high yield stress stabilizes
emulsions in low stress situations during storage or transportation and this is of great interest to
the food industry (Garcıa
́ -Ochea et al., 2000; Brunchi et al., 2016).

It is important to know the correlation between the rheological properties and sensory perception
of additives (He, Hort & Wolf, 2016). Adding MFC or XG to a food product will change the
rheology, which may further affect the sensory perception. For example, a study about the inmouth textural perception of thickened liquid oil-in-water emulsions, concluded that adding
hydrocolloids as MFC or XG, will first thicken the suspension or solution (van Aken, Vingerhoeds
& de Wijk, 2011). The thicker suspension or solution is correlated to a creamier mouthfeel (Rao,
2010), which is more liked by the consumers (Antmann et al., 2010). Once in the mouth, oral
shear from oral activity will lead to a shear thinning of the hydrocolloids (Nicosia, 2012). A greater
shear thinning behaviour is perceived as less creamy, because of the thinner solution (van Aken,
Vingerhoeds & de Wijk, 2011). This decrease in perceived creaminess is due to the lower ability
to coat the oral surfaces. The creaminess will decrease with increasing shear rate by the mouth.
So, there is a strong correlation between rheological properties and sensory perception.
When adding MFC or XG to foods like mayonnaise, different physical factors as salt and pH
should be taken in consideration. These physical factors may change the structure of the
hydrocolloids which may lead to other rheological behaviour and this may further affect the
sensory perception. Therefore, this thesis will examine the effect of ionic strength and pH on
rheological properties of XG solutions and MFC suspensions. There is electrostatic repulsion
between the negative charges on the surfaces between MFC fibrils, due to residuals of
hemicellulose, and between the negative charged XG side chains (Noreen et al., 2017). Adding
NaCl gives positive (Na+) and negative ions (Cl-), and a low pH value indicates an increased
amount of protons (H+). These positive charges can screen the negative surface charges of MFC
fibrils and XG chains (Moberg et al., 2016). The question is how the changes in electrostatic
repulsion affect the viscoelastic properties of MFC and XG. A literature study will be conducted to
give an answer on the following research question: “How do NaCl addition and pH affect
rheological properties of xanthan gum solutions and microfibrillated cellulose suspensions?”. This
study will look at the effect of the variables salt and pH on the rheological properties: shear
viscosity, shear thinning behaviour, storage modulus, loss modulus, surface tension and
extensional viscosity of the MFC suspension and XG solution. Different methods which provide
information on the effect of NaCl addition and pH on the different rheological properties of MFC
suspensions and XG solutions will be investigated. Additionally, this thesis will have a closer look
at the capillary break-up extensional rheometer, from which these parameters can be obtained
as well. It is hypothesised that NaCl addition or low pH values will decrease the shear viscosity,
extensional viscosity and shear thinning behaviour of both MFC suspensions and XG solutions,
due to the decrease in hydrodynamic diameter. Both polymers collapse, creating a less structured
network. It is hypothesized that less energy can be stored in this network, resulting in a lower
storage modulus and a higher loss modulus. It is expected that NaCl addition or lowering the pH
will decrease the surface tension of both MFC suspension and XG solutions, because the
negative hydrophilic carboxyl groups get screened resulting in a more hydrophobic structure.
There will be a decrease in ability to form hydrogen bonds with water molecules, resulting in a
decrease in surface tension. This literature study is of importance because relevant knowledge of
MFC and XG rheological properties can be used in product development of food products to
obtain an optimal texture and sensory perception.

Literature study
Structure
Microfibrillated cellulose
Cellulose is present in the secondary cell wall of wood and the primary cell wall of agricultural
fibers (Lavoine et al., 2012). Cellulose consists of cellulose fibers, which in turn consists of
microfibrils, shown in Figure 1. These microfibrils can be separated by mechanical processes into
single microfibrillated cellulose (MFC) fibrils (Kumar et al., 2016). MFC can have different types
of structures (Agwuncha et al.,2019). This is due to the variety in used renewable sources and
preparation methods to obtain MFC from cellulose (Jowkarderis & van de Ven, 2014; Agwuncha
et al.,2019). MFC rarely exist as pure cellulose, on the contrary, plant derived MFC can contain
residuals of hemicelluloses (Tenhunen et al., 2014). Also, the content of hemicellulose depends
on the pulp source and the processing method (Tenhunen et al., 2014). Hemicellulose is a watersoluble polysaccharide making the MFC a bit more soluble (Agwuncha et al.,2019). It has
polyelectrolyte characteristics, which means that after bringing the polysaccharide in water the
side groups will get charged (Wolterink, 2003). The carboxyl groups of hemicellulose get negative
charged when exposed in water (Claro et al., 2019), attracting slight positive charged hydrogen
atoms in a water molecule creating an electrical double layer (Hubbe & Rojas, 2008). The
electrical double layers of the different hemicellulose molecules repel each other, keeping the
structure of the MFC fibrils stable against agglomeration (Claro et al., 2019). Not only electrical
double layer repulsion, but also steric repulsion keeps the MFC fibrils stable (Tanaka et al., 2016).

Figure 1 Primary structure of MFC (Peneder, 2018).

Xanthan gum
Xanthan gum (XG) is a polyelectrolyte (Wyatt & Liberatore, 2009), resulting in high solubility in
both hot and cold water (Garcı́a-Ochoa et al., 2000). The primary structure of XG consists of a
trisaccharide branch which becomes charged in an aqueous solution, shown in Figure 2. There
is electrostatic repulsion between the XG chains, due to the negatively charged carboxyl groups
(Brunchi, Morariu & Bercea, 2014). The backbone is disordered and has a highly expanded
conformation due to the repulsion (Brunchi, Morariu & Bercea, 2014), occupying a large
hydrodynamic diameter (Zhong et al., 2013). It also applies for XG that there is sufficient
electrostatic repulsion to prevent agglomeration (Brunchi et al., 2016).

Figure 2 Primary structure of XG (Brunchi, Morariu & Bercea, 2014).

Rheological properties
Shear viscosity
Adding MFC or XG to an aqueous solution increased the shear viscosity (Khan, Yusuf & Sadar,
2018; Dufresne, 2017; Moberg et al., 2014; Liu et al., 2017). Increasing the MFC or XG
concentration further increased the shear viscosity and shear thinning behaviour (Figure 3 and
4), as derived from the decrease in n-value. The n-value (flow behaviour index) indicates the
degree of non-Newtonian characteristics of the fluid. If the n-value is 1 the fluid is Newtonian,
when the n-value is between zero and 1 the fluid shows shear thinning behavior. A lower n-value
indicates a stronger shear thinning behaviour (Ghica et al., 2016). A Newtonian plateau was
observed at low shear rates for a XG solution (Wyatt, Gunther & Liberatore, 2011; Bemiller, 2018),
which was followed by shear thinning behaviour with increasing shear rates (Karppinen, 2017).
The MFC suspension already showed shear thinning behaviour at low shear rates, shown in
Figure 5 (Karppinen, 2017).

Figure 3 The shear viscosity as a function of the strain
rate for different MFC suspensions. The bars indicate the
standard deviations (Moberg et al., 2014).

Figure 4 The shear viscosity as a function of the strain
rate for different XG solutions (Liu et al., 2017).

Figure 5 Flow curve showing the shear thinning behaviour
of 0.5% w/w MFC suspension (green) compared to 0.5%
w/w XG solution (blue) (Karppinen, 2017).

Viscoelastic properties
MFC and XG have viscoelastic properties, which means that they possess both elastic and
viscous properties (Turkoz et al., 2018; Agoda-Tandjawa et al., 2009). The two parameters G’
and G” of a viscoelastic material can be determined. The parameter G’ indicates the elastic
storage modulus, it is a measure for how much energy is being stored in the material as elastic
energy (Franck, 1993). The other parameter G” indicates the viscous loss modulus. It is a
measure of the energy dissipated per cycle of deformation (Wyatt, Gunther & Liberatore, 2011).
In other words, it measures the loss energy from the system which is not recoverable, elastic
energy is recoverable. When there is no loss of energy, the material will return to its original
shape, because the deformation will be fully reversible (Franck, 1993). The storage and loss
modulus illustrate what is happening during deformation.
Relaxation time is defined as: “the time for the strain to relax when an applied stress is removed”
(Turkoz et al., 2018, p. 1). So, how much time is needed for the material to restructure. The
relaxation time is correlated to the frequency of the modulus cross-over point for the G’ and G”
curves. The frequency of the modulus cross-over point is the inverse of the relaxation time
(Martín-Alfonso et al., 2018), shown in Figure 6. A higher frequency of the modulus cross-over
point indicates a shorter relaxation time, which means that the material needs less time to
restructure (Turkoz et al., 2018).

Figure 6 The frequency of the modulus cross-over point (ω) of G’ and G”, which is the inverse of the relaxation time (Ʈ)
(LS Instruments AG, n.d.).

Surface tension
The surface tension of a material is often an important characteristic for the final quality of a food
product (Karbowiak, Debeaufort & Voilley, 2006). Properties as wetting, adhesion, adsorption,
spreading or liquid penetrations can be better understood with the characteristic of surface
properties and interfacial interactions. Surface tension is defined as the value of cohesive energy
present at an interface (Brunchi et al., 2016). It reflects the forming of intramolecular hydrogen
interactions and intermolecular hydrogen bonds with water molecules. This value depends on the
concentration and position of the hydrophilic groups. Pure water has a high surface tension
(around 73mN/m), due to its polarity and strong intermolecular interactions. The surface tension
changes by addition of a polymer to water, the polymer can contain hydrophobic and hydrophilic
parts. A high concentration of hydrophilic parts in the polymer, results in a high surface tension.
Microfibrillated cellulose
The surface tension of MFC is mostly determined by the hemicellulose content. Hemicellulose
contains hydrophilic carboxyl groups, which can form hydrogen bonds with water (Mišurcová,

2012). Esmaeilzadeh et al. (2015) investigated the surface tension of cellulose at different
cellulose concentrations. These values were only seen as estimate for MFC, because MFC was
obtained from cellulose. A suspension containing low cellulose concentration (<1% w/w)
displayed a lower surface tension compared to pure water (Esmaeilzadeh et al., 2015). In this
case, it is assumed that the cellulose suspension contains less hydrophilic parts compared to
water, which means that less intramolecular hydrogens interactions and intermolecular hydrogen
bonds with water molecules can be formed. Increasing the cellulose concentration (>1.25% w/w)
resulted in an increase in hemicellulose concentration and so the amount of hydrophilic groups,
which resulted in an increase in surface tension (Esmaeilzadeh et al., 2015). It is expected that
the surface tension of MFC also increases with increasing concentration, due to the increasing
content of hemicellulose.
Xanthan gum
The polymer XG can interact with the water molecules due to the carboxyl groups, which are
hydrophilic. Increasing the XG concentration increased the surface tension (Young & Torres,
1989). An increase in XG concentration resulted in an increase in concentration of surface
hydrophilic groups, which explains the increase in surface tension. According to the study done
by Prud’Homme & Long (1983), a dilute solution (0.1% w/w) of XG did not appear to be surface
active. Increasing the concentration to 1% w/w XG, did decrease the surface tension
(Prud’Homme & Long, 1983). In this case, it is assumed that the XG solution contains less
hydrophilic parts compared to water at a 1% w/w XG concentration, which means that less
intramolecular hydrogens interactions and intermolecular hydrogen bonds with water molecules
can be formed. Probably, increasing the XG concentration further will result in an increase in
hydrophile carboxyl groups, which will result in an increase in surface tension, comparable to the
situation about the surface tension of MFC. To the best of the author’s knowledge, there was no
literature found which confirmed this theory about the surface tension of XG. The surface tension
properties were also affected by the molecular conformation of XG (Young & Torres, 1989). XG
can show two conformations: helix and random coil, depending on salt addition, pH and
temperature. The helix conformation had a smaller effect on the surface tension than the random
coil conformation, due to the lower tendency of the helix XG conformation to form hydrogen bonds
with the water molecules (Brunchi et al., 2016). The random coil conformation can form more
intramolecular and intermolecular hydrogen bonds with water molecules, due to the more flexible
chain and higher proportion segments which are in contact with the interface (Young & Torres,
1989). This made the random coil conformation more surface active than the helix conformation.
The surface tension of the XG solutions decreased with time till a certain equilibrium, caused by
molecular rearrangement which resulted in an increase in XG concentration at the interphase,
shown in Figure 28A (Young & Torres, 1989). This gives the XG molecules the possibility to
stabilize an emulsion not only by affecting the rheological properties but also by reducing the
equilibrium surface tension. Next to this, XG can modify the equilibrium droplet size by lowering
the oil-water interfacial surface tension in products such as mayonnaise and salad dressing
(Young & Torres, 1989).

Extensional viscosity
Capillary break-up extensional rheometer
Extensional viscosity of non-Newtonian materials like MFC and XG can be measured by a
capillary break-up extensional rheometer (CaBER). In this method a fluid filament is created by

an initial step stretch and then kept at the same distance, creating a liquid bridge (Miller, Clasen
& Rothstein, 2009). At this moment, the filament is balanced by the viscous and elastic stresses
resulting from the capillary thinning. At a certain time, the liquid bridge will break down and the
experiment comes to an end, this is called the pinch-off. During the experiment, the filament
diameter and the moment of pinch-off will be used to measure quantitatively the extensional
viscosity of viscous and elastic fluids. Also, the parameters storage modulus, loss modulus,
relaxation time and surface tension can be obtained by this method (Rodd et al., 2004). However,
little research is published about the extensional rheology using MFC suspensions and XG
solutions.
Various methods that can measure the extensional viscosity
The CaBER method records immediately the extensional viscosity in the dynamic state, the
suspension has no time to relax and restructure (Lundahl et al., 2018). This method mainly covers
the low viscosity range (Stading, 2011), and it is used for measurements at high extension rates
(>10 s-1) (Lundahl et al., 2018). High viscosity fluids often survive the stretching process of the
CaBER (Hoath, 2016). In case of medium to high viscosity fluids, the Hyperbolic Contraction flow
(HCF) method is suitable (Stading, 2011). With the Hyperbolic Contraction flow (HCF) method, a
fluid is forced through a hyperbolic nozzle at constant displacement speed, and the force on the
nozzle is measured by a load cell (Nyström et al., 2017). HCF is used for measurements at low
extension rates (<100 s-1) (Lundahl et al., 2018). This method measures the extensional viscosity
at approximately steady state, the suspension gets enough time to restructure. The Rheometric
Fluids Extensional Analyzer RFX can measure the extensional viscosity by loading a cup with
fluid and pulling this fluid into the opposing jets, which creates extensional flow just outside the
jets (HiTechTrader, 2019). As the fluid is pulled into the jets, the force is measured on one jet and
converted into extensional viscosity.
Extensional viscosity of microfibrillated cellulose
Only one study was found using a CaBER to measure the extensional viscosity of MFC
suspensions. This study was done by Lundahl et al. (2018), who performed a CaBER study to
determine the extensional dynamic rheology of a 1% w/w MFC suspension. The MFC suspension
showed extensional thinning behaviour, which means the extensional viscosity decreased with
increasing extension rate, shown in Figure 7 (Lundahl et al., 2018). The extensional thinning
occurred approximately similar to the shear thinning behaviour of MFC suspensions, possibly the
shear thinning was slightly less under the extensional flow. In Figure 8 the measurements of the
extensional viscosity of MFC are shown at high extension rates using a CaBER, and at low
extension rates using the HCF method (Lundahl et al., 2018). Looking at the HCF method, the
extensional viscosity increased with increasing MFC concentration. Only the lowest MFC
concentration (1% w/w) was used for the CaBER method, higher concentrations of MFC would
not break-up during the stretching process (Hoath, 2016). Moberg et al. (2014) measured the
shear and extensional viscosity of different MFC suspensions with the HCF method. Higher
extensional viscosity values were obtained compared to the shear viscosity values (Figures 3 and
9). Extensional thinning behaviour was observed which is in agreement with the paper of Lundahl
et al. (2018). The extensional viscosity increased, and the n-value decreased with increasing
concentrations MFC, indicating an increase in extensional thinning behaviour, shown in Figure 9
(Moberg et al., 2014).

Figure 7 CaBER extension rate (grey, left axis) and CaBER
viscosity (colored right axis) as a function of time during
CaBER experiment of 1% w/w MFC (Lundahl et al., 2018).

Figure 8 Apparent extensional viscosity as a function of
extension rate for MFC. Empty symbols refer to HCF (steady
extensional flow), filled symbols to CaBER (dynamic
extensional flow) data (Lundahl et al., 2018).

Figure 9 The extensional viscosity as a function of the extensional strain rate for the MFC suspensions, measured
with the HCF method. The bars indicate the standard deviations (Moberg et al., 2014).

Extensional viscosity of xanthan gum
No studies were found using a CaBER method to measure the extensional viscosity of XG.
However, studies were found using the HCF method and RFX method to measure the extensional
viscosity of XG (Martín-Alfonso et al., 2018; Waqas et al., 2017; Ferreira et al., 2020). The
extensional viscosity increased with increasing XG concentration. The XG solutions showed
extensional thinning behaviour, a decrease in extensional viscosity was obtained with increasing
extensional strain rate, shown in Figure 10, 11 and 12.

Figure 10 The extensional viscosity as a function of the
extensional strain rate for XG solutions, measured with the
HCF method (Martín-Alfonso et al., 2018).

Figure 11 The extensional viscosity as a function of the
extensional strain rate for a 2% w/w XG solution,
measured with the HCF method (Adapted from Waqas
et al., 2017).

Figure 12 Extensional viscosity as a function of the strain rate for 2% w/w XG solution, measured with the RFX
method (Adapted from Ferreira et al., 2020).

Effect of NaCl addition on rheological properties of MFC and XG
Shear viscosity
Effect of NaCl on shear viscosity microfibrillated cellulose
NaCl addition affects the electrostatic repulsion between the microfibrillated cellulose fibrils.
Dissolving the NaCl in water creates Na+ and Cl- ions. The positive ions from the NaCl (Na+) can
interact with the carboxyl groups (COO-) on the MFC fibril surface, due to electrostatic attraction
(Fall et al., 2011). The interaction between Na+ and COO-, screens the negative charges causing
a decrease in surface charge. There will be lower repulsion between the MFC fibrils, which
destabilizes the MFC suspension, causing fibril entanglements and agglomeration (Tenhunen et
al., 2014). This leads to a compacter conformation which is arranged as a gel-like structure.
Different studies investigated the effect of NaCl addition on the shear viscosity of MFC (AgodaTandjawa et al., 2009; Sim et al., 2015; Jowkarderis & van de Ven, 2014; Moberg et al., 2014).
The shear viscosity increased with increasing NaCl addition, shown in Figure 13 and 14 (Agoda-

Tandjawa et al., 2009; Sim et al., 2015). Sim et al. (2015) and Jowkarderis & van de Ven (2014)
additionally mentioned the formation of flocs with increasing NaCl addition. At low NaCl
concentration the electrostatic repulsion weakens, which lead to compression of the electrical
double layer and aggregation of MFC (Sim et al., 2015). Further increasing the NaCl concentration
screens all negative carboxyl charges, dismissing the electrostatic repulsion. The MFC fibrils will
get closer to each other which leads to flocculation of MFC, and a stronger network is formed.
Flocculation occurs when there is chemical binding of the MFC fibril surfaces and mechanical
entanglement of the MFC fibrils resulting in formation of clusters (Celzard, Fierro & Pizzi, 2008).
The shear viscosity increased during flocculation, as water is trapped inside the flocs (Sim et al.,
2015; Jowkarderis & van de Ven, 2014). Flocculation decreased the gel-point of MFC, a lower
amount of MFC was required to interconnect all fibrils (Sanchez-Salvador et al., 2020). The large
flocs were formed at a NaCl concentration of 1M and 3M (Sim et al., 2015). When no further flocs
are formed, so when all microfibrils are in flocs, it is unknown if the shear viscosity will still increase
with further NaCl addition.

Figure 13 Influence of NaCl on shear viscosity of 0.50%
w/w MFC suspension as a function of shear rate. In
deionized water without NaCl (○): 0.05M (□); 0.1 M (◊)
(Agoda-Tandjawa et al., 2009).

Figure 14 Influence of NaCl on shear viscosity of 1.5%
w/w MFC suspension as a function of strain. Control
group: MFC suspension without NaCl (Sim et al.,
2015).

Effect of NaCl on shear viscosity xanthan gum
NaCl addition affects the electrostatic repulsion between the xanthan gum chains. The positively
charged ions (Na+) bind to the negatively charged carboxyl groups (COO-) in the backbone of
the XG chains, due to attractive interactions (Brunchi, Morariu & Bercea, 2014; Xu et al., 2013;
Xu et al., 2015). This results in a lower density of negative charges in the intrachain and interchain
(Galván et al., 2018). The reduction in electrostatic repulsion creates a larger conformational
freedom of the isolated chain (Xu et al., 2013; Galván et al., 2018). This conformation favors the
nearing due to the law of entropy (Galván et al., 2018). The side chains collapse down into the
backbone, forming an ordered conformation (Brunchi, Morariu & Bercea, 2014). In the ordered
conformation the side chains are folded in and associated with the backbone, forming a helix
molecular conformation (Zhong et al., 2013). The compact conformation shows a reduction in
hydrodynamic diameter, which results in a decrease in shear viscosity (Brunchi, Morariu &
Bercea, 2014).

The effect of NaCl addition on the shear viscosity and n-value of XG solutions depends on the
XG concentration. At a XG concentration of 2000 mg/L, addition of monovalent NaCl had no effect
on the shear viscosity and n-value of XG solutions (Wyatt, Gunther & Liberatore, 2011). Galván
et al. (2018) confirmed this, only a slight decrease in shear viscosity (around 5 mPa·s) was shown
when adding 50-100 mM NaCl to the 2000 mg/L XG solutions. Adding NaCl to a XG solution with
a concentration of XG below or above 2000 mg/L affected the shear viscosity and n-value (Wyatt
& Liberatore, 2010; Wyatt, Gunther & Liberatore, 2011). Wyatt & Liberatore (2010) researched
the effect of NaCl addition on the shear viscosity of XG solutions. Two concentrations of XG were
investigated in this paper: one above 2000 mg/L (4000 mg/L) and one below (500 mg/L), this is
shown in Figure 15. There are two factors which can determine the effect of NaCl addition on the
shear viscosity and n-value of XG solutions: the reduction in hydrodynamic diameter and the
increase in number of hydrogen bonds. Depending on XG concentration, one effect is more
pronounced than the other.
Addition of NaCl to low concentration XG solutions (<2000 mg/L) reduced the hydrodynamic
diameter of XG molecules which resulted in a decrease in shear viscosity and an increase in nvalue (Wyatt & Liberatore, 2010), this is shown in Figure 16 (Zhong et al., 2013). The chains do
not interact with each other appreciably. There may be hydrogen bonds present, but the chains
do not come close enough to each other to connect and form many hydrogen bonds. This is due
to the low XG concentration and the decrease in hydrodynamic diameter causing enough space
between the chains (Wyatt, Gunther & Liberatore, 2011). The effect of the change in
hydrodynamic diameter due to NaCl addition has a larger effect on the shear viscosity of the XG
solution than the hydrogens bonds, leading to a decrease in shear viscosity (Wyatt, Gunther &
Liberatore, 2011).
Addition of NaCl at high XG concentrations (>2000 mg/L), increased the shear viscosity and
decreased the n-value (Wyatt & Liberatore, 2010). The chains are closer in contact with each
other, forming hydrogen bonds. The high concentration of XG makes a denser solution, creating
less space between the chains. Without NaCl addition, there is electrostatic repulsion between
the XG chains. This keeps the XG chains on a certain distance from each other, despite the
denser XG solution. Screening this repulsion by NaCl addition, makes it possible for XG chains
to come closer in contact with each other and form hydrogen bonds at high XG concentration.
The combination of high XG concentration and NaCl addition makes it possible for the XG chains
to encounter each other and form hydrogen bonds. The hydrogen bonds increase the difficulty
with which the chains move past one another in solutions leading to an increase in shear viscosity
(Wyatt, Gunther & Liberatore, 2011). In this case the increase in interaction of intermolecular
hydrogen bonds has a larger effect on the shear viscosity of the XG solutions than the decrease
in hydrodynamic diameter when NaCl addition (Zhong et al., 2013).

Figure 15 Influence of NaCl on shear viscosity of two
XG concentration (one above 2000 mg/L and one
below) in both NaCl free solution (filled) and 1 M NaCl
(open) as a function of shear rate (Adapted from Wyatt
& Liberatore, 2010).

Figure 16 Influence of NaCl on shear viscosity of 0.06% w/w XG
solutions as function of shear rate (Zhong et al., 2013).

n (flow index value)

Pastor et al. (1994) agrees with the paper of Wyatt & Liberatore (2010). The authors observed
the effect of pH and NaCl on the shear thinning behaviour of XG solutions. Two levels of NaCl
were used: 0.25 and 0.50% w/w NaCl. Significant difference was observed for the n-value
comparing the XG solutions in absence and presence of NaCl addition, however no significant
difference in n-value was observed between the two NaCl levels: 0.25 and 0.50% w/w NaCl for
all XG concentrations. At low concentration XG solutions (<0.10% w/w), a higher n-value was
observed by NaCl addition in neutral environment (pH 6), shown in Figure 17. At high XG
concentrations (>0.25% w/w), a lower n-value was observed by NaCl addition in neutral
environment. (Pastor et al., 1994).

Figure 17 Variation of flow index value (n) with different XG concentration for: 0% NaCl, pH= 6 (○) and pH= 3.5 (●); 0.25%
NaCl, pH= 6 ( ) and pH= 3.5 (▼); 0.50% NaCl, pH= 6 (□) and pH= 3.5 (■) (Pastor et al., 1994).

Viscoelastic properties
Effect of NaCl on viscoelastic properties of microfibrillated cellulose
Aqueous suspensions of MFC, without NaCl and at neutral pH values, form viscoelastic hydrogels
with a predominantly elastic behaviour due to a higher storage modulus (G’) compared to the loss
modulus (G”), shown in Figure 18 and 19. Increasing the MFC concentration increased G’ and G”
exponentially, this reflects the increase in shear viscosity with increasing MFC concentration
(Lundahl et al., 2018; Lowys, Desbière & Rinaudo, 2001). A gel like-behaviour was observed, due
to the higher magnitude of G’ compared to G” as the MFC concentration increased (Lowys,
Desbière & Rinaudo, 2001).

Figure 18 Storage (filled symbols) and loss modulus
(empty symbols) as a function of angular frequency
for MFC at varying concentrations (Lundahl et al.,
2018).

Figure 19 Storage (filled symbols) and loss modulus
(empty symbols) as a function of frequency for MFC at
varying concentrations (Lowys, Desbière & Rinaudo,
2001).

The addition of NaCl to a MFC suspension increased the elastic storage modulus (AgodaTandjawa et al., 2009; Lowys, Desbière & Rinaudo, 2001; Tanaka et al., 2016), shown in Figure
20 (Sim et al., 2015). This is in consistent with the increase in shear viscosity with NaCl addition
as was previously described by Sim et al. (2015). For example, Agoda-Tandjawa et al. (2009)
found an increase in G’ with addition of increasing NaCl concentrations (0M, 0.05M, 0.1M NaCl)
to a 1% w/w MFC suspension. The NaCl addition resulted in a stronger gel-like behaviour, due to
the increased difference between G’ and G” (G’> G”). NaCl screens the electrostatic repulsion
between the microfibrils which enhances fibril interactions and reinforces the fibril network (Lowys,
Desbière & Rinaudo, 2001).
The effect of production method and resource on the physico-chemical properties of MFC is
highlighted by a study by Tanaka et al. (2016). The authors investigated the difference in
viscoelastic properties between carboxylate-rich MFC and hemicellulose-rich MFC. The
carboxylate-rich MFC is highly charged and has electrical double layer repulsion, this repulsion
keeps the structure of the MFC fibrils stable against agglomeration. The hemicellulose-rich MFC
is less charged but displays steric repulsion next to electrostatic repulsion, and therefore has
lower interfibrillar interaction. Both types of MFC displayed an increase in G’ when adding 0.01%
w/w NaCl to the suspension, shown in Figure 21 and 22. However, the carboxylate-rich MFC
suspension displayed a larger increase in G’ compared to the hemicellulose-rich MFC. The

carboxylate-rich MFC became rigid and stiff at high NaCl concentration, but the hemicelluloserich MFC got swollen and soft, and loosely flocculated. This phenomenon may be explained by
the steric repulsion in hemicellulose-rich MFC fibrils. Screening of the electrical double layer
repulsion of carboxylate-rich MFC, will lead to a compacter conformation of the fibrils, creating
rigid and stiff fibrils. There may not be enough space between the carboxylate-rich MFC fibril
entanglements to retain enough water to flocculate. The steric repulsion of hemicellulose-rich
MFC disfavors this close packaging (Dahlquist, 2013), keeping the entangled fibrils on a distance
from each other. The hemicellulose-rich MFC fibrils will have more space between them, and the
entangled structure can retain more water, making the hemicellulose-rich MFC fibrils swollen and
soft, which may lead to flocculation.
These authors additionally investigated the effect of NaCl addition on the loss modulus of
carboxylate-rich MFC and hemicellulose-rich MFC suspensions (Tanaka et al., 2016). Addition of
NaCl increased G” for both carboxylate-rich MFC and hemicellulose-rich MFC, shown in Figure
22. This is in consistent with the increase in shear viscosity with NaCl addition as was previously
described by Sim et al. (2015). The magnitude of G” remained lower than G’, indicating gel-like
behaviour of the MFC suspensions.

Figure 20 Storage modulus at 1% strain of MFC
suspensions depending on the type and concentration
of NaCl. The dotted line is the value of NaCl free MFC
suspension (Adapted from Sim et al., 2015).

Figure 21 Storage modulus G’ at 6.66 rad/s of 0.25%
w/w MFC dispersions as a function of NaCl
concentration (Tanaka et al., 2016).

Figure 22 G" and G' values of 0.25% w/w MFC dispersions with 0-100 mM NaCl (Tanaka et al., 2016).

Effect of NaCl on viscoelastic properties of xanthan gum
The effect of NaCl addition on the viscoelastic properties of XG depends on the XG concentration.
Starting with the XG solution containing a XG concentration (500 mg/L) below 2000 mg/L, shown
in Figure 23. When no NaCl was added, G” was about 200% larger than G’ at low frequencies (1
rad/s) (Wyatt, Gunther & Liberatore, 2011). In this case the material can be regarded as
mainly viscous, more energy is dissipated than stored. There is a lack of structure capable of
storing energy during deformation. After deformation of the materials structure, the material does
not go spontaneously completely back to its original shape (Tanzi, Farè & Candiani, 2019). The
storage modulus was larger than zero, so the XG solution showed some elastic response. When
the frequencies increased, the modulus cross-over point appeared at a frequency of 12 rad/s.
This is the point where G’ became greater than G”, and the structure showed a larger elastic
response (Wyatt, Gunther & Liberatore, 2011).
Addition of 50 mM NaCl to a 500 mg/L XG solution decreased both the G’ and G” values (Figure
23), which is consistent with the decrease in shear viscosity as was previously described by Wyatt
& Liberatore (2010). NaCl increased the modulus cross-over point to a frequency of 21 rad/s
(Wyatt, Gunther & Liberatore, 2011). The relaxation time shortened with NaCl addition (Wyatt,
Gunther & Liberatore, 2011; Carrington et al., 1996), which means that the material needed less
time to restructure (Turkoz et al., 2018), shown in Figure 6. At low oscillation frequency G”> G’,
the structure lacks the capability of storing the energy in the XG solution during the oscillations
(Wyatt, Gunther & Liberatore, 2011). After the cross-over point, at high oscillation frequencies, G’
became greater than G”. The polymer chains did not have sufficient time to relax between the
oscillations. In this case the amount of energy stored in the polymer chains exceeded the energy
that was dissipated in each oscillation. The decrease in magnitude moduli and the decrease in
relaxation time indicated a less structured polymer network caused by the decrease in

hydrodynamic diameter when NaCl was added (Figure 23 and 24) (Wyatt, Gunther & Liberatore,
2011; Turkoz et al., 2018).

Figure 23 Dynamic modulus for 500 mg/L XG in NaCl
free solutions (black curves) and in 50 mM NaCl (grey
curves) (Adapted from Wyatt, Gunther & Liberatore,
2011).

Figure 24 Change in storage (G’) and loss (G”) moduli as a
function of shear oscillation frequency for different NaCl
concentrations at a fixed oscillatory shear stress in the linear
viscoelastic regime. The XG concentration used was 0.2% w/w
(Turkoz et al., 2018).

Next, the XG solution containing a XG concentration of 2000 mg/L. Since addition of NaCl to a
XG solution of 2000 mg/L had no effect on the shear viscosity and n-value of XG solutions (Wyatt,
Gunther & Liberatore, 2011; Galván et al., 2018). It is expected that there is also no significant
change in modulus with NaCl addition to a 2000 mg/L XG solution. Galván et al. (2018) conducted
a study about the effect of NaCl addition to a XG solution of 2000 mg/L. Addition of NaCl did not
significantly change the magnitudes of G’ and G” for a 2000 mg/L XG solution, shown in Figure
25. Neither elastic nor viscous character was in predominance at low oscillations frequency (<101
Hz) for XG solutions in absence and presence of NaCl addition, indicating a weak gel.

Figure 25 Change in storage (G') and loss (G") moduli as a function of shear oscillation frequency for different NaCl
concentrations. “Control” refers to NaCl free XG dispersion; ○= G'; □= G"; ▲= Tan δ. The XG concentration used
was 2000 mg/L (Galván et al., 2018).

At last, the XG solution containing a XG concentration (4000 mg/L) above 2000 mg/L, shown in
Figure 26. At low frequencies (1 rad/s), for both solutions in absence and presence of NaCl
addition, the magnitude of both G’ and G” increased about 200% compared to the 500 mg/L XG
solution (Wyatt, Gunther & Liberatore, 2011). This increase in moduli may be explained by the
increase amount of XG molecules. Without addition of NaCl to the 4000 mg/L XG solution, the
modulus cross-over point appeared at a frequency of 0.12 rad/s (Wyatt, Gunther & Liberatore,
2011). This was much lower than the modulus cross-over point of the 500 mg/L XG concentration
(Turkoz et al., 2018). This indicates that at high XG concentrations, the XG structure needs more
time to restructure.
Addition of 50 mM NaCl to the 4000 mg/L XG solution, lowered the modulus cross-over point to
a frequency of 0.006 rad/s (Wyatt, Gunther & Liberatore, 2011). So, addition of NaCl further
increased the time needed to restructure. The increased moduli and relaxation time of a 4000
mg/L XG solution with NaCl addition indicated a more structured fluid. This is in consistent with
the increase in shear viscosity with NaCl addition due to the forming of hydrogen bonds. Breaking
these hydrogen bonds costs a lot of energy which represented the increase in moduli, and
restructuring these bonds takes more time which represented the increase in relaxation time.

Figure 26 Dynamic modulus for 4000 mg/L XG in NaCl free solutions (black curves) and in 50 mM NaCl (grey
curves) (Adapted from Wyatt, Gunther & Liberatore, 2011).

Surface tension
Effect of LiCl on surface tension of microfibrillated cellulose
To the best of the author’s knowledge, there was no literature found about the effect of NaCl on
surface tension of MFC suspensions. One research was found about the effect of the monovalent
salt lithium chloride (LiCl) on the surface tension of MFC suspensions. According to the study
done by Esmaeilzadeh et al. (2015) addition of LiCl had little effect on the surface tension of MFC.
There was no noticeable change in surface tension by LiCl addition. In this case a concentration
of 0.63% w/w MFC was used with LiCl concentrations of 0, 1, 2 and 4% w/w. No other studies
were found which investigated the effect of salt on surface tension. It is expected that screening
of the negatively charged carboxyl groups of hemicellulose will decrease the hydrophilicity of
MFC. Less hydrogen bonds with water molecules will be formed, which would result in a decrease
in surface tension.

Effect of NaCl on surface tension of xanthan gum
A decrease in surface tension was observed with increasing NaCl addition to XG solutions
(Secouard, Malhiac & Grisel, 2005; Young & Torres, 1989; Nedjhioui et al., 2009). The addition
of NaCl screens the negatively charged carboxyl groups of the XG chains. The reduction in
electrostatic repulsion favors the compact helix conformation (Brunchi, Morariu & Bercea, 2014),
due to the tendency of XG chains to self-aggregate in aqueous solution with NaCl addition
(Secouard, Malhiac & Grisel, 2005). The non-polar XG chains trap the polar carboxyl groups in
the helix conformation. There is a decrease in ability of forming hydrogen bonds with water
molecules because they are already formed between the XG chains. This resulted in a decrease
in surface tension. The study of Secouard, Malhiac & Grisel (2005) showed a decrease of surface
tension with increasing XG concentration (0.005 to 0.1% w/w) in a 0.01 M NaCl solution. Nedjhioui
et al. (2009) showed that the surface tension decreased with increasing NaCl and XG
concentrations (Figure 27). Young & Torres (1989) concluded that addition of NaCl results in a
lower surface tension equilibrium and less time is needed to reach this equilibrium than in absence
of added NaCl, shown in Figure 28.

A

Figure 27 Effect of different NaCl and XG
concentrations on surface tension (mN/m)
(Nedjhioui et al., 2009).

B

Figure 28 Surface tension of different XG concentrations in absence (A)
and presence (B) of 0.1M NaCl addition over time (Young & Torres, 1989).

Extensional viscosity
Effect of NaCl on extensional viscosity of microfibrillated cellulose
Moberg et al. (2014) studied the effect of NaCl on the shear and extensional viscosity of different
MFC suspensions. MFC suspensions containing NaCl showed a higher extensional viscosity
compared to the MFC suspensions without NaCl addition at the lowest extensional strain rate,
shown in Figure 29. NaCl addition screened the negative surface charges of the MFC fibrils, which
caused entanglement of the fibrils and thus a higher viscosity in both shear and extensional
viscosity. The MFC suspensions containing NaCl showed a more pronounced extensional
thinning, which results in a reversing situation at higher strain rates. At higher extensional strain
rates, the MFC suspension without NaCl addition showed the highest extensional viscosity
compared to MFC suspensions containing NaCl. Higher extensional viscosity values were
obtained compared to the shear viscosity in presence of NaCl addition (Moberg et al., 2014).

Figure 29 The extensional viscosity as a function of the extensional strain rate for the MFC suspensions when
adding NaCl, measured with the HCF method. The MFC concentration was 0.71% w/w (Moberg et al., 2014).

Effect of pH on rheological properties of MFC and XG
Shear viscosity
Effect of pH on shear viscosity of microfibrillated cellulose
pH affects the electrostatic repulsion between the microfibrillated cellulose fibrils. Low pH values
result in protons (H+) in the suspension. Protons can associate with the carboxyl groups (COO-)
on the MFC fibril surface (Fall et al., 2011). Reducing the pH, increases the concentration protons
especially close to the MFC fibril surface, due to electrostatic attraction. Protons protonate the
carboxyl groups which reduces the surface charge and electrostatic repulsion between the MFC
fibrils, inducing fibril entanglements and agglomeration (Jowkarderis & van de Ven, 2014). This
leads to a compacter conformation which is arranged as a gel-like structure (Tenhunen et al.,
2014).
Different studies investigated the effect of pH on the shear viscosity of MFC (Agoda-Tandjawa et
al., 2009; Pääkkö et al., 2007; Jowkarderis & van de Ven, 2014). Pääkkö et al. (2007) observed
an increase in shear viscosity with decreasing pH from 10 to 2, shown in Figure 30. At low pH
values the protons neutralize the charges of the hemicellulose which reduces electrostatic
repulsion, resulting in a higher interfibrillar interaction and a higher shear viscosity. This is in line
with the increase in shear viscosity with increasing NaCl addition, due to the screening of the
carboxyl groups with Na+. At high pH values the hemicellulose gets more negatively charged
leading to a higher repulsion resulting in a lower interaction and a lower shear viscosity (Pääkkö
et al., 2007).
The paper of Jowkarderis & van de Ven (2014) showed a decrease in shear viscosity with
decreasing pH till a value of 1.5 (Figure 31), which is in contrast with the study of Pääkkö et al.
(2007). This can be explained by the differing method to obtain MFC from cellulose. The study of
Jowkarderis & van de Ven (2014) used TEMPO-mediated oxidation, which introduce additional
carboxyl groups to the C-6 of a glucose unit onto the MFC fibril surface, giving MFC more negative
surface charge (Sim et al., 2015). For highly charged colloidal fibrils, the effect of electrostatic
repulsion remain even when lowering the pH till 1.5 (Jowkarderis & van de Ven, 2014), which may
explain the difference in effect of pH on shear viscosity. The MFC obtained from TEMPOmediated oxidation showed a most significant reduction of the shear viscosity at the pKa of
carboxylic acid which was around a pH value of 3.5. Lowering the pH further to 2, the surface
charges of the fibrils reached around zero. The electrical double layer thickness was decreased,

and protonation reduced the surface charge. Finally, at the pH of 1.5 all carboxyl groups were
protonated. The authors concluded that decreasing the pH further from this point (pH 1.5) will
result in an increase in shear viscosity again, this is not shown by the authors in Figure 31. The
electrostatic repulsion weakened which led to entanglement of the MFC fibrils resulting in
formation of clusters, called flocs (Celzard, Fierro & Pizzi, 2008). Water will be trapped inside the
flocs resulting in a higher shear viscosity. When all flocs are formed, it is unknown if the shear
viscosity will still increase with further protonation. According to Sanchez-Salvador et al. (2020),
flocculation decreased the gel-point of MFC, a lower amount of MFC was required to interconnect
all fibrils. This paper also used the method TEMPO-mediated oxidation, to make MFC highly
charged. At pH 3, the lowest gel-point was obtained due to the formation of flocs. At pH 12, also
a low gel-point was obtained, however not due to flocculation but due to the increase in
electrostatic repulsion at high pH values. The lower the gel-point, the faster a gel was formed. At
the pH values 5, 7.5 and 10 a higher gel-point was obtained.

Figure 30 Influence of pH on shear viscosity of
0.25% w/w MFC suspension as a function of
shear rate (Pääkkö et al., 2007).

Figure 31 Influence of pH on shear viscosity of 0.67% w/w MFC
suspension. The line is to guide the eyes (Jowkarderis & van de
Ven, 2014).

Agoda-Tandjawa et al. (2009), varied the pH from 4.5 to 9 of a 1% w/w MFC suspension. This
research concluded that the shear viscosity and viscoelastic properties are totally unaffected by
varying the pH. This is in contradict with the other papers who found a change in shear viscosity
when changing the pH. It could be that pH has a stronger effect on diluted dispersions. It is
assumed that dilute suspensions contain fewer negative charges, so screening of all charges
happens faster with decreasing pH, leading to aggregation and a change in shear viscosity.
Suspensions with higher MFC concentrations contain more negative charges, so a lower pH
should be obtained to screen all the carboxyl groups. There might not be enough protons at a pH
of 4.5 to screen all negative charges, so no aggregation will take place and no change in shear
viscosity will be observed. Another reason may be that the MFC used by Agoda-Tandjawa et al.
(2009) was purer than the MFC used by Pääkkö et al. (2007). The MFC of Agoda-Tandjawa et
al. (2009) was lower in hemicellulose content, resulting in less negative carboxyl charges. Slight
electrostatic repulsion may be present, but probably this was so low that screening of this
repulsion by low pH will not lead to a change in shear viscosity.

Effect of pH on shear viscosity xanthan gum
Changing the pH affects the electrostatic repulsion between the xanthan gum chains. Protons
(H+) bind to the carboxyl groups (COO-) of the XG chains, due to attractive interactions (Brunchi,
Morariu & Bercea, 2014; Xu et al., 2013; Xu et al., 2015). A larger conformational freedom is
created due to the reduction in electrostatic repulsion (Xu et al., 2013; Galván et al., 2018). The
XG chains form an ordered helix conformation, due to the favoring in nearing and collapsing of
the side chains into the backbone (Brunchi, Morariu & Bercea, 2014; Galván et al., 2018). The
compact conformation shows a reduction in hydrodynamic diameter (Brunchi, Morariu & Bercea,
2014).
Pastor et al. (1994) observed the effect of pH and NaCl on the shear thinning behaviour of XG
solutions. However, only XG concentration and presence of NaCl introduced significant
differences in n-value. There was no significant difference considering the n-value between pH
3.5 and 6. Looking at Figure 17, some differences can be seen between the two pH values, but
those were not significant. On the other hand, this can be explained. At low concentration XG
solutions (<0.10% w/w), a higher n-value was observed at low pH (pH 3.5) compared to neutral
pH (pH 6). Protons screen the electrostatic repulsion of the XG chains, resulting in a decrease in
hydrodynamic diameter. This led to a decrease in shear viscosity and higher n-value at low pH.
At high XG concentrations (> 0.25% w/w), a lower n-value was observed at low pH compared to
neutral pH. The amount of hydrogen bonds between the XG chains increased due to high XG
concentration and the screening of the electrostatic repulsion. In this case the increase in amount
of hydrogen bonds has a larger effect on the shear viscosity of the XG solutions than the decrease
in hydrodynamic diameter when lowering the pH. Decreasing the pH or NaCl addition had similar
effect on flow characteristics of different XG solutions, though the effect of NaCl is quantitatively
greater (Pastor et al., 1994). This may explain why there is significance difference in n-value when
adding NaCl to a XG solution, but there is no significance difference in n-value when lowering the
pH of a XG solution.

Viscoelastic properties
Effect of pH on viscoelastic properties of microfibrillated cellulose
To the best of the author’s knowledge, there is limited literature about the effect of pH on storage
and loss modulus of MFC. Tanaka et al. (2016) investigated the difference in viscoelastic
properties between carboxylate-rich MFC and hemicellulose-rich MFC, like mentioned before.
The authors found an increase in G’ and G” for both carboxylate-rich MFC and hemicellulose-rich
MFC suspensions when decreasing the pH from neutral (pH 6-7) to 2, shown in Figure 32. This
is in consistent with the increase in shear viscosity with decreasing pH as was previously
described by Pääkkö et al. (2007). The increase in G’ and G” was larger for the carboxylate-rich
MFC suspension (Tanaka et al., 2016). When decreasing the pH, stiff gels were formed in case
of carboxylate-rich MFC. The hemicellulose-rich MFC fibrils became soft at low pH values
(Tanaka et al., 2016). This may be explained by the steric repulsion in hemicellulose-rich MFC
fibrils. Despite the decrease in electrical double layer thickness at low pH, there will be still steric
repulsion present which keeps the MFC fibrils on a certain distance. The fibrils of hemicelluloserich MFC will have more space between them compared to the carboxylate-rich MFC fibrils at low
pH. The entangled structure can retain more water, making the hemicellulose-rich MFC fibrils
swollen and soft. Increasing the pH from neutral to 10 decreased G’ and G” for carboxylate-rich
MFC but slightly increased G’ and G” for hemicellulose-rich MFC (Tanaka et al., 2016). The slight

increase in modulus with increasing the pH from 6 to 10 for hemicellulose-rich MFC can be
explained by the alkali induced gelation of the glucomannan fraction in the hemicellulose (Tanaka
et al., 2016).
At all pH values the magnitude of G” remained lower than G’ for both carboxylate-rich MFC and
hemicellulose-rich MFC, indicating gel-like behaviour of the MFC suspensions (Figure 32).

Figure 32 G' and G" values of 0.25% w/w MFC dispersions at pH 2-10 (Tanaka et al., 2016).

Effect of pH on viscoelastic properties of xanthan gum
Decreasing the pH from neutral (pH 7) to acid (pH 3) increased the magnitude of both G’ and G”
of 2% w/w XG solutions, shown in Table 1 (Yoon & Yoo, 2016). At acid pH, the XG chains had a
helix conformation (Bejernariu et al., 2010). This helix conformation is caused by the increase in
intermolecular associations between XG molecules, due to the decrease in electrostatic repulsion
by protonation and the forming of hydrogen bonds at low pH. Yoon & Yoo (2016) observed at pH
3 a greater difference between moduli (G’> G”) compared to pH 7, indicating increasing elastic
properties with decreasing pH. Bejernariu et al. (2010) studied the difference in viscoelastic
properties between pH 3 and pH 13. At alkaline pH (pH 13) the hydrogen bonds between the
backbone and side chain are destroyed due to the presence of electrostatic repulsion, which
favors random coil conformation. This random coil conformation of XG at alkaline pH, makes the
XG chains less stiff resulting in a lower G’ at alkaline pH compared to the acid pH (Bejenariu et
al., 2010).

Table 1 Storage modulus (G’) and loss modulus (G”) in Pascal at 6.28 rad/s of 2% w/w XG solutions at different pH
values. Means and standard deviations are given. Values with different letters (a-d) are significantly different (P<0.05)
(Yoon & Yoo, 2016).

Surface tension
Effect of pH on surface tension of xanthan gum
Brunchi et al. (2016) investigated the effect of different pH values on surface tension of XG
solutions at different temperatures, shown in Figure 33. The pH values used in this study were
2.5, 3.5 and 5. A decrease in pH resulted in a slight decrease of surface tension at all investigated
temperatures (28-45°C). At low pH, the electrostatic repulsion between the XG chains is screened
by protons. The XG side chains will favor nearing and collapsing, creating a helix conformation
(Brunchi, Morariu & Bercea, 2014; Galván et al., 2018). Increasing the pH to an alkaline
environment gives the XG a random coil conformation, due to the increase in electrostatic
repulsion (Bejenariu et al., 2010). A random coil conformation affects the surface tension more
than a helix conformation, due to the higher tendency of the random coil XG conformation to form
hydrogen bonds with the water molecules (Brunchi et al., 2016). The random coil conformation
has a more flexible chain and a higher proportion segments which are in contact with the interface
compared to the helix conformation (Young & Torres, 1989). So, in an alkaline solution the surface
tension will decrease due to the change in XG conformation from helix to random coil.

Figure 33 Variation of surface tension as a function of temperature for 0.2% w/w XG solutions with different pH values
(Brunchi et al., 2016).

Conclusion
MFC and XG are hydrocolloids which provide no calories and have a great thickening ability. They
both show shear and extensional thinning behaviour, which is further increased with increasing
hydrocolloid concentrations. The effect of NaCl addition and pH on rheological properties of XG
solutions and MFC suspensions were investigated by performing a literature study. The positive
ions of NaCl (Na+) and the protons (H+) at low pH screen the negative charged carboxyl groups
of MFC fibrils and XG chains. Low pH or NaCl addition to MFC suspensions result in higher shear
viscosity, higher storage modulus and higher loss modulus. Additionally, NaCl addition higher the
extensional viscosity. NaCl addition to <2000 mg/L XG solutions result in lower shear viscosity,
higher n-value, lower moduli, lower surface tension and shorter relaxation time. NaCl addition to
>2000 mg/L XG solutions result in higher shear viscosity, lower n-value, higher moduli, lower
surface tension and longer relaxation time. Lowering the pH of all XG solutions results in higher
moduli and lower surface tension. Higher the pH of all XG solutions results in lower surface
tension. All in all, NaCl addition and pH change the structure of the XG solutions and MFC
suspensions, which further lead to other rheological behaviour and this may further affect the
sensory perception. For instance, NaCl addition to MFC suspensions or >2000 mg/L XG solutions
result in a thicker suspension or solution which might be more liked by the consumer, due to the
enhance creamy mouthfeel. The results of the current investigation improve the knowledge
concerning the rheological properties of MFC suspensions and XG solutions, and they are useful
in development of the new formulations required in different applications
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