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SUMMARY

The Doctoral Thesis deals with the issue of rheological and thermal properties
of foodstuffs and additives based on polysaccharides and proteins which are
widely used as food hydrocolloids.

Rheological analysis was used to determine intrinsic viscosity and flow
parameters of polysaccharide solutions (guar gum, k-carrageenan, xanthan gum)
and gelatin/polysaccharide blends. Using suitable rheological models (Ostwald-
de Waele and Herschel-Bulkley model), it was possible to define temperature
and concentration dependency of flow parameters, the effect of solvent used and
to examine the conformational transition of the dissolved polymers.

Rheological analysis of polysaccharides solutions both in distilled water and
0.07M KCI in the temperature range from 20 to 45 °C confirmed the
concentration dependency of the solutions viscosities as reflected in observed
changes of flow parameters. The consistency coefficient (k) of the solutions
increased with concentration, whereas the flow behaviour index (n) decreased in
all studied hydrocolloids except xanthan gum aqueous solutions. Temperature
had an opposite effect in comparison to one obtained for concentration
dependencies; k decreased with temperature, while n increased. However,
xanthan gum both in water and KCI exhibited a different pattern of the flow
parameters dependencies on temperature, and provided some specific properties,
such as relatively viscous solutions at higher temperatures, and a noticeable
yield stress in the whole studied temperature range. The transition from double
helical polysaccharide structure to single coil conformation (in salt solution) and
the disentanglement of coils’ chains (in distilled water) promoted by elevating
temperature were proved at temperature about 30 °C by a detectable change of
the Kraemer constant temperature dependency.

Gelatin/polysaccharide blends in 0.07M KCI and 0.07M NacCl solutions were
studied in the temperature range 25-45 °C by the same rheological models. Flow
parameters of the blends were affected by the conformational change of the
polysaccharide (helix-coil transition), as well as by the conformational ordering
of gelatin, characterized by the dissociation of gelatin triple helices into flexible
coils, and gel-sol transition. There was an evident change of the parameters at
temperature about 35 ©°C. Rheological and other functional properties
(conductivity) of the blends were substantially influenced by the type of salt
solution. The type of salt solvent had also an effect on gelation properties of
gelatin/x-carrageenan blends; these mixtures in NaCl created a gel of high
consistency at ambient temperature (20-25 °C), whereas in KCI did not gel in
the studied temperature range, nor at refrigerated conditions (ca. 4 °C).

Thermogravimetric analysis and differential thermal analysis were employed
to determine thermal properties of powder polysaccharides (guar gum, -
carrageenan and xanthan gum). The results of thermal analysis showed that
powder samples exhibit varying ability to bind moisture depending on their



structure. The temperature of the endothermic process (polysaccharide order-
disorder transition) was determined at different heating rates. Peak temperature
of the endotherm was found in the range 50-85°C, influenced by the applied
heating rate and moisture content of the sample. Activation energy (E.) of the
phase transition associated with the kinetics of water evaporation was calculated
by several kinetic models (Friedman model, Kissinger model, and Model-free
Kinetics).

The Arrhenius model was used to evaluate the temperature resistance of the
molecular structure of hydrocolloid water and salt solutions, prepared from the
powders. k-carrageenan provided the highest temperature resistance of its
polymer network among all solutions, whereas xanthan gum was the least
temperature dependent sample. Results of the Arrhenius model also indicate that
energy necessary to promote viscous flow of solutions is higher for samples in
distilled water than in 0.07M KCI, suggesting the ion-induced assembly of
molecular chains in salt solution. In both cases, E,; was substantially reduced by
application of higher shear rate.

ABSTRAKT

Disertatni prace se zabyva problematikou reologickych a termickych
vlastnosti potravinatskych latek a aditiv na bazi polysacharidli a proteind, jez
jsou hojné vyuzivéany jako potravinaiské hydrokoloidy.

Reologicka analyza byla vyuzita ke stanoveni vnitini viskozity a tokovych
parametrii roztokli polysacharidi (guarové gumy, k-karagenanu, xanthanové
gumy) a smé&si zelatiny a polysacharidu. S vyuzitim vhodnych reologickych
modeltl (Ostwald-de Waeleho a Herschel-Bulkleyho modelu) bylo mozné urcit
teplotni a koncentracni zéavislost tokovych parametri roztokd, vliv pouZzitého
rozpoustédla a stanovit konformacéni prechod rozpusténych polymert.

Reologické analyza roztokii polysacharidi v destilované vodé¢ a 0,07M KCl v
teplotnim rozmezi od 20 do 45 °C potvrdila zavislost viskozity roztoki na jejich
koncentraci, coz se projevilo v pozorovani pfislusnych zmén tokovych
parametrt. Koeficient konzistence (k) roztok® nartistal S rostouci koncentraci,
zatimco index toku (n) klesal u vSech studovanych vzorkd s vyjimkou vodnych
roztokii xanthanové gumy. Teplota vykazovala opacny efekt ve srovnani s
koncentra¢ni zavislosti; hodnota k klesala s teplotou, kdeZto hodnota n se s
teplotou zvySovala. Nicméné xanthanova guma ve vodé i v KCI poskytovala
odlisné schéma zavislosti tokovych parametrti na teploté, a vykazovala nékteré
specifické vlastnosti, jako relativné viskozni roztoky pii vysSich teplotach a
pomérn¢ zna¢nou mez toku (prahové smykové napéti) v celém studovaném
teplotnim rozmezi. Pfechod z polysacharidové struktury dvojSroubovic na
konformaci jednoduchych klubek (v solném roztoku) a proces rozplétani fetézct
klubek (v destilované vod¢) stimulované zvySenim teploty byly prokazany pfi
teploté kolem 30 °C nartstem teplotni zavislosti Kraemerovy konstanty.



Pomoci stejnych reologickych modeltl byly v teplotnim rozmezi 25 az 45 °C
studovany smési Zelatiny a polysacharidu v 0,07M KCI a 0,07M NaCl. Tokové
parametry smési byly ovlivnény konformacni zménou polysacharidu (pfechod
dvojSroubovice-klubko) 1 konformacnim uspotfadanim zelatiny (pfechodem
Z uspotadané do neuspotradané struktury, jenz je charakterizovan disociaci
zelatinovych trojSroubovic do pruznych klubek), a také gel-sol piechodem
Zelatiny. Zména tokovych parametrii byla patrna pii teploté kolem 35 °C.
Reologické a jiné funkéni vlastnosti (vodivost) smési byly podstatné ovlivnény
typem solného roztoku. Typ solného rozpoustédla m¢l téz vliv na gelovaténi
smesi zelatiny a k-karagenanu. Uvedené smési v NaCl vytvorily gel husté
konzistence pii okolni teplot¢ (20-25 °C), zatimco v KCI nenastal proces
gelovaténi ve studovaném teplotnim rozmezi ani pii lednickovych teplotach (cca
4 °C).

Pro stanoveni tepelnych vlastnosti praskovych polysacharidii (guarove gumy,
k-karagenanu a xanthanové gumy) byla pouzita termogravimetricka analyza a
diferencialni termickd analyza. Vysledky termické analyzy ukazaly, Ze praSkové
vzorky maji rliznou schopnost véazat vlhkost v zavislosti na jejich struktute.
Teplota endotermniho procesu (piechodu polysacharidu z uspotfadané do
neusporadané struktury) byla stanovena pfi riznych rychlostech ohfevu. Teplota
endotermniho piku byla zjisténa v rozmezi 50-85 °C, a byla ovlivnéna
aplikovanou rychlosti ohievu a vlhkosti vzorki. Aktiva¢ni energie (Es) fazového
pifechodu spojend s kinetikou odpafovani vody byla vypoctena na zékladé
n¢kolika kinetickych modelt (Friedmanova modelu, Kissingerova modelu a
Model-free kinetics).

Arrhenitiv model byl pouzit k vyhodnoceni teplotni rezistence molekularni
struktury vodnych a solnych roztokti hydrokoloidu, ptipravenych z ptislusnych
praskovych polysacharidi. k-carrageenan vykazoval nejvyssi teplotni odolnost
polymerni sité ze vSech vzorki, zatimco xanthanova guma byla nejméné zavisla
(z hlediska zahajeni viskdzniho toku) na teploté. Vysledky Arrheniova modelu
téZ naznaCuji, Ze energie potiebna pro viskozni tok roztokli je vysSi u
hydrokoloidti v destilované vodé nez v 0,07M KClI, coz by mohlo implikovat
vznik iontové-indukované struktury molekuldrnich fetézcli v solném roztoku.
V piipad¢ obou typu roztoki byla E, podstatné redukovana aplikaci vyssi
smykové rychlosti.
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INTRODUCTION

Rheological and thermal character of food products and additives have a
major impact on the food functional properties, shelf life, quality and sensory
attributes. Rheological and thermal properties play an important role in the
production and storage of many different foods and beverages, and these
properties are also important in view of the consistency and overall
attractiveness of the products for consumers.

Rheological analysis of food products is particularly important in the field of
food quality management. Liquid and semi-solid foods (as the mixtures of
biochemical compounds) show a great diversity in their rheological behaviour.
Liquid foods, which contain a relatively high amount of dissolved low-
molecular substances (e.g., simple carbohydrates) and no substantial amount of
polymeric or solid insoluble particles, show Newtonian behaviour. However,
even a small amount of dissolved polymer (an additive) about 1 % (w/w) can
dramatically increase viscosity of the product and change its Newtonian
behaviour (typical for water and diluted solutions) to non-Newtonian behaviour
of water dispersions. For that reason, it is usually very difficult to predict the
viscosity of liquid foods (Pavlinek et al., undated).

In recent years, a number of studies have reported on the functional aspects of
hydrocolloids and their application within food systems. Many hydrocolloids are
widely used in the food industry to extend food shelf life, improve rheological
properties of food products and encapsulate flavour compounds. The principal
reason for the extensive use of hydrocolloids in the food industry is their ability
to bind with water and to modify the properties of food ingredients
(Mohammadi et al., 2014; Silva et al., 2014; Varela & Fiszman, 2011).

Moreover, it seems to be only a matter of time before the physiological
attributes of food hydrocolloids will be exploited in the new healthy products.
So far, the physiological properties of individual hydrocolloids, particularly
polysaccharides, have attracted relatively little attention from food scientists in
contrast to their technological aspects. From a nutritional point of view, protein
hydrocolloids also attract relatively little attention since the national diet in most
industrialised countries is generally more than adequate in protein but high in fat
and low in fibre and complex carbohydrates, i.e., in starch and non-starch
polysaccharides (of small intestinal digestibility). A greater opportunity for the
development of novel food combinations containing food hydrocolloids which
are targeted at specific consumer groups (functional foods) could provide many
positive physiological effects on the human health (e.g., reduction of plasma
cholesterol, alteration of fat absorption, prevention of some degenerative
diseases such as diabetes mellitus, coronary artery disease, cancer of the colon
and others) (Topping, 1993).

From a chemical point of view, hydrocolloids are mainly polysaccharides
obtained from different sources. They are present in various parts of edible



plants (starch, guar gum), of algae (carrageenan), of fungi and microorganisms
(xanthan gum) (Rhein-Knudsen et al., 2017; Tomasik, 2004). In general, food
hydrocolloids are a diverse group of long-chain polymers that are readily
dispersive, fully or partially soluble, and prone to swell in water. They change
the physical properties of the solution to form gels or enable thickening,
emulsification, coating, and stabilization. More specifically, hydrocolloids are
able to emulsify oil/water in water/oil systems (e.g., ice cream, yoghurt),
enhance the food elasticity and thickness, and retain moisture. Hydrocolloids
have also applications in crystallization inhibition (Shao et al., 2014; Viebke et
al., 2014).

Although food hydrocolloids are usually present in the final products at
concentration less than 1 % (w/w), they may significantly affect rheological,
textural, organoleptic and other properties of many different foods. For example,
guar gum provides relatively high viscosity to the liquid foods even at low
concentrations, and this fact can be a limiting factor in the relevant production
(Cevoli et al., 2013; Nor Hayati et al., 2016; Williams & Phillips, 2009).

According to the type of flow behaviour, most solutions of food hydrocolloids
are shear-thinning, meaning their viscosity decreases when the shear rate is
increased. Shear-thickening means that the viscosity increases with the increase
of shear rate. An example of shear-thickening fluid is uncooked corn starch
paste where shear stress squeezes the water from between the starch granules
allowing them to grind against each other; this property is often used in sauces
(e.g. tomato sauce) (Shao et al., 2014).

As stated above, food hydrocolloids have the ability to hold water and form a
gel-like structure due to their specific properties. In other words, they can be
dispersed in water forming viscous dispersions or gels, and thus, they are
extensively used as thickening and gelling agents. The hydrophilic character of
the hydrocolloids is based on the presence of a large number of hydroxyl groups
which enhance the affinity of hydrocolloid chains to water molecules. In
addition, food hydrocolloids provide the dispersions of a character between a
true solution and a suspension, exhibiting colloidal properties (Chivero et al.,
2015; Saha & Bhattacharya, 2010). The water holding capacity of hydrocolloids
plays an important role in food industry and is tightly related to some processes
such as syneresis. Syneresis depends on the type of solid and its concentration in
the gel, and can be undesirable in some products (e.g., jelly) but may be useful,
among others, in cheese production (Gyawali & Ibrahim, 2016; Li & Nie, 2016).
This is of decisive importance for using the hydrocolloids in different food
products, i.e., to overcome possible imperfections during food production.
Moreover, the combinations and mixtures of several hydrocolloids can exhibit
strong synergistic effects in the overall flow profile (BeMiller, 2011; Nor Hayati
et al., 2016; Schorsch et al., 1997). In all cases, the influence of additives on the
rheological and other functional properties of final products is necessary to
determine before the beginning of mass production.
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Besides rheology, other important method, which is now being used more
and more in food applications to evaluate functional properties of food products
and additives, is thermal analysis.

Thermoanalytical methods are widely performed to determine thermal
stability, temperature effects, phase changes and chemical reactions of many
different materials. In food industry, these methods enable to analyse the
temperature changes which the food products are exposed to during their
manufacture, transport, storage, kitchen preparation and consumption. Thermal
analysis also contributes to optimization of food processing conditions, and is of
considerable importance in food quality control management, regarding the fact
that thermal properties of food products are directly related to the quality and
durability of the food. The results of thermal analysis are very specific for each
type of food, and any change in the composition, moisture content, conformation
of chemical components, etc., provides different values of thermal parameters
(Behlau & Widmann, 2003).

Before the initiation of thermal analysis, it is necessary to consider what types
of food samples are studied, which thermal events can be expected and how can
be demonstrated on the thermoanalytical curves. For example, the range of
enthalpy changes and observation of endothermic or exothermic peaks should be
reflected on. Considering these facts, it is necessary to decide in which
temperature programme the expected changes will be adequately performed and
which simultaneous methods can be used to detect the thermal events. The basic
problem of all thermoanalytical methods, including thermal analysis of food, is
the correlation between the data obtained and the thermal events which occur in
the studied sample (Klouzkova et al., 2012).

Thermoanalytical techniques can be used for the kinetic analysis of many
different samples, including food materials. Knowledge of kinetic parameters,
such as activation energy and degree of conversion, plays an important role in
determining structural properties and reaction mechanisms of various products.
The kinetic data are very useful for many technological processes, e.g., thermal
decomposition of energetic materials, oxidation and combustion (degradation)
of (bio)polymers, thermal transition and crystallization, etc.

For Kkinetics study, it is also important to set the right measuring conditions.
Primarily, the isothermal and non-isothermal runs must be distinguished.
Compared with isothermal kinetic experiments, non-isothermal runs are more
effective and convenient to implement because it is not necessary to perform a
sudden temperature jump of the sample at the beginning of heating/cooling
procedure. For that reason, the isoconversional (non-isothermal) experiments are
now being used to a much greater extent (Cai et al., 2018; Ramajo-Escalera et
al., 2006; Vyazovkin & Wight, 1999).
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1. THE CURRENT STATE OF ART

1.1 Rheology of food products and additives

Rheology of biopolymer solutions, particularly in a dilute form, has been
extensively examined to gain insight into the structure and conformation of
polymers in the solutions. In many technologies, (bio)polymers are nowadays
used to control solution rheology, which provides information on the dynamics
of individual polymer chains (Bock et al., 1994). The conformational properties
play also an important role in food technology, and an increasing rheological
research of the biopolymers, especially polysaccharides and proteins, can be
expected in the following years.

The relevance of food rheology at the present time can be summarised into
several categories: a plant design, quality control, sensory attributes of food
products, and the research and development of food structure. The plant design,
pumps and pipe sizing, heat and mass transfer calculations, as well as process
engineering of mixers, coaters, homogenisers, etc., are based to a large extent on
rheological data (McKenna & Lyng, 2003).

The quality control of raw material and products at different stages of the
manufacturing process (including ingredient functionality determination and
shelf life testing), and the evaluation of sensory attributes of these products also
involve the rheological measurements. For instance, the correlation between
sensory data and rheological data can be assessed. Last but not least, the
investigation of rheological behaviour of food structure and conformation of its
molecular components is very important aspect of the present research
(McKenna & Lyng, 2003).

Overall, many areas of food industry require valuable scientific data on
rheological behaviour of different food products and additives. Therefore, there
Is a great value in extending scientific research on the rheology of various
solutions and mixtures, based on hydrocolloids. For instance, the assessment of
structure and conformational changes in relation to the flow behaviour of
polysaccharide/proteins solutions (the biopolyelectrolyte complexes) seems to
be a promising research area.

The biopolyelectrolyte complexes (PECs), which are formed by oppositely
charged polysaccharides and proteins, were largely investigated in the last years.
The research was particularly focused on the physicochemical properties of the
complexes, including rheological and gelation behaviour of food biopolymers
employed in PECs (Derkach et al., 2015a; Derkach et al, 2015b; Kumbar et al.,
2017; Viebke et al., 1994).

Other investigations in the field of biopolyelectrolyte complexes can bring
great benefit in extending our knowledge of the protein/polysaccharide
electrostatic complexation. Notably, the study of electrostatic interaction
between gelatin and polysaccharides seems to have a significant importance for
new practical applications of PECs in the food industry, i.e., for manufacturing
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of various food products. Polyelectrolyte complexes of polysaccharides and
proteins provide several unique properties (e.g., emulsion stabilization, flavour
encapsulation, modification of low-calorie food products) which can be very
useful in many food applications. These complexes can also be used as new
types of emulsifiers (Cao et al., 2016; Derkach et al., 2015a), and possibly could
serve as ingredients in dietary supplements. The production of dietary
supplements and dietary food is one of the main trends in the food industry
nowadays, particularly due to the fact that these products can substitute the diet
based on high consumption of simple sugars. In other words, the consumption of
dietary products involving PECs can prevent some diseases such as diabetes
resulting from an unhealthy diet (Li & Nie, 2016).

It is also possible to obtain new modifications of rheological properties of
gelatin-based products using gelatin-polysaccharide combinations of PECs.
Gelatin in food production is limited by its rheological properties, thermal
stability, etc., but the formation of polyelectrolyte complexes allows the
compatibility of gelatin with different ionic polysaccharides, such as guar gum,
xanthan gum and kappa-carrageenan. Moreover, the specific hydrophilic and
polydisperse character of gelatin provides the electrostatic complexes a great
nutritional value, favourable in the production of dietary food (Derkach et al.,
2015a).

Structural and conformational properties of food matrices and their changes,
depending on the physicochemical factors of production and storage conditions,
can significantly affect flow behaviour and functional characteristics of the final
products. From this point of view, the laboratory evaluation and scientific
research of food rheological behaviour is an absolute necessity for the
optimization of the production process.

1.2 Thermal analysis of food products and additives

The application of thermal analysis (TA) in food technology is relatively new.
Thermal analysis has been mainly used as a standard method for investigation of
polymers. The processes of conversion in complex foods and pure food
components (such as denaturation of proteins) exhibit, in many cases, only very
low energy changes. This places very high demands on the measuring
instruments and evaluation softwares; as found, TA techniques provide good
performance standards. At present time, thermal analysis became generally
accepted scientific method of food research and development. Above all,
differential scanning calorimetry (DSC) is now being used in the food industry
even for routine process analysis and quality control (Behlau & Widmann,
2003).

The results of thermal analysis of food products, additives and functional
ingredients, dependent on their structure, conformation and transition processes,
can bring new knowledge useful for practical application in food production.

13



Nowadays thermal analysis of food products is managed to reliably determine
thermal stability of particular food complexes (Behlau & Widmann, 2003).
Additionally, TA techniques enable to investigate the influence of changing
heating/cooling rate, atmosphere, stress and other conditions on the transitions
of individual food components. Using thermal analysis, it is also possible to
determine how the previous treatment and conditioning of the sample (so-called
thermal history) affect the physico-chemical properties of the foodstuffs. Based
on thermal data, the quality of food products can also be assessed in terms of
their structure and macromolecular composition.

In recent years, thermal properties of food hydrocolloids have been
intensively studied. In particular, thermal behaviour of starch in relation to its
gelatinization and glass transition temperature, swelling of starch granules, and
ratio of amylose and amylopectin in these granules were characterized in detail
(Bogracheva et al., 2002; Gryszkin et al., 2014; Homer et al., 2014).

However, there is a lack of knowledge about phase transition, thermal kinetics
and temperature dependency of several food additives. First of all, there is
clearly great value to extend previous studies about thermal properties of pure
powder polysaccharides and the molecular sensitivity of their solutions to
temperature. The future research can be also focused to explore structural and
phase changes of hydrocolloids during their storage and various heating/cooling
conditions.

For most additives, it is necessary to know their thermal stability, moisture
content and water binding capacity, as well as structural and phase transition
temperatures (i.e., temperatures of thermal events), which influence the
manufacturing of the additives (Igbal et al., 2013).

From practical point of view, the determination of transition temperatures
becomes increasingly important in food technology. For instance, the glass
transition temperature is closely connected to the stability considerations of
sweets, other amorphous dried foods and deep-freeze processes (Behlau &
Widmann, 2003).

An increasing number of scientific publications, which are focused on
thermoanalytical evaluation of reaction kinetics, indicate the applicability of TA
in the production processes. Obtaining kinetic data by thermal analysis brings
practical problems of correct measurement and the necessity of data verification.
Many factors can affect the kinetic parameters obtained by thermal processing
(process conditions, heat and mass transfer restrictions, physico-chemical
heterogeneity of the sample, etc.). Hence, the measurements are standardized
and optimal evaluation of experimental data comes to the centre of scientific
attention (Cai et al., 2018).

Non-isothermal (isoconversional) methods of TA are more suited for the
calculation of activation energy and other kinetic parameters. Using these
methods, it is possible to eliminate the uncertainty in determining Kkinetic
parameters of the reaction. Because model-fitting approach can provide very
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different values of kinetic parameters, the use of non-isothermal kinetic methods
seems to be the best solution how to obtain reliable data. With respect to this
problem, the scientists compare the equations for obtaining effective activation
energies, the advantages and disadvantages of various isoconversional methods,
as well as analytical methods for extracting reliable kinetic data from thermal
experiments (Cai et al., 2018). For example, Saddawi et al. (2010) investigated
the question of the most appropriate method for extracting kinetic data from
thermogravimetric analysis of woody biomass decomposition; the authors also
examined what Kinetics are the most suitable forms for description of high
heating rate thermal decomposition processes.

It could be possible to present many other questions and tasks related to the
issue of kinetic parameters and mechanisms of thermal reactions, and it can be
assumed that the research will be intensively focused on this topic in the future.
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2. FOOD RHEOLOGY

Rheology is the branch of physics focused on the way in which materials
deform or flow in response to applied forces or stresses. In the context of
physics, “flow” can be defined as continuous deformation over time. The ability
to flow is not only possessed by gases and liquids, but also by solids to a varying
degree. Unlike solids, liquids flow under the shear stress caused by their own
weight. A shear stress causes a continuously increasing strain, i.e., a constant
shear rate which is the ratio between tangential velocity and radius of the
applied rotation. Therefore, the fluids respond not only to an applied stress by
the flowing, but also to the changes in stress by the changes in speed of their
flowing (flow rate).

For liquids, the simplest rheological equation is Newton’s law of viscosity,
according to which the stress is proportional to the rate of straining:

T=1nY (2.1)

where 7 is the shear stress, # - the dynamic viscosity, y - the shear rate
(velocity gradient) (Macosko, 1994).

The Newtonian fluid is the basis for classical fluid mechanics. Most small
molecules liquids like water and oils are Newtonian. However, many colloidal
suspensions and (bio)polymer solutions do not obey the simple linear relation
between shear stress and shear rate. Nearly all these non-Newtonian fluids
provide a viscosity that decreases with increasing velocity gradient in shear.
This shear-thinning (pseudoplastic) behaviour occurs in a wide range of
materials, including hydrocolloid solutions. Some concentrated suspensions
(e.g., starch-water suspensions) show shear-thickening (dilatant) behaviour,
which is characterized by an increasing viscosity with increasing y.

Many important kinds of food products lie between the ideal elastic solid and
ideal viscous fluid. For instance, mayonnaise is a typical example of shear-
thinning substance. If mayonnaise is left on a piece of bread subject only to
gravity stresses, it will barely move, but when sheared by a knife it spreads
easily. In contrast, honey, which is more viscous than mayonnaise at high
stresses, will slowly run through holes in the bread. The viscosity of honey is
relatively constant, but the viscosity of mayonnaise is strongly dependent on the
shear stress (Macosko, 1994).

A number of food products exhibit a rheological property called yield stress
which must be overcome in order to flow or to deform a substance. Also, the
yield stress represents a minimum shear stress needed to be exceeded before the
liquid (material) is able to flow (Figura & Teixeira, 2007).

Examples of several flow curves (various fluid types) are illustrated in Fig.
2.1.
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Fig. 2.1. Flow curves of shear stress t versus shear rate y (with a yield stress zp)
representing different fluids: 1 — Newtonian fluid; 2 — shear-thinning
(pseudoplastic) fluid; 3 — shear-thickening (dilatant) fluid; 4 — real plastic
fluid; 5 — Bingham ideal plastic fluid; 6 — Eyring model of fluid
(Janalik, 2010).

2.1 Rheological properties of food products
2.1.1 Concentration regimes effect

Important factors of the rheological behaviour of food macromolecules
involve molecular size, shape and flexibility. An appropriate parameter of
macromolecular chain stiffness is the ratio of the contour length L of a chain to
the length b of a statistical segment unit comprising n monomers. A ratio L/b>10
would be required for the polymer conformation to be regarded as a coil
(Pruska-Kedzior & Kedzior, 2007).

Three concentration domains can be distinguished in biopolymer solutions:
dilute regime at concentration lower than critical concentration ¢* (c<c¥*),
semidilute regime at concentration between two critical concentrations ¢
(c*<c<c**), and concentrated regime at concentration c>c**.

In a very dilute solution, the volume available to each polymer molecule is
much higher than that of the individual coil. The coils remain statistically far
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from each other, and their contacts can be considered as infrequent. The coils
maintain the dimensions of an isolated chain. In this low-concentration region,
the hydrodynamic forces can be neglected (except only the Brownian motion
which is acting against structural forces).

Above critical overlap concentration c¢”, in semidilute regime, the polymer
coils fill the volume of the solution. There is a progressive interpenetration of
the coils, concomitant with a contraction of their individual volume. The
solution becomes a transient network of entangled chains, although the coils still
retain some degree of individuality. The progressive coil contraction and
increasing entanglement density govern the rheological behaviour of semidilute
solution, provided the molecular weight of the polymer above a critical value
(M>Mc). At the upper limit of the semidilute regime, the solution is about 100
times more viscous than the solvent because of the increase of entanglement
density.

At higher concentrations above c**, the polymer solution becomes an
entanglement network where the chains have completely lost their individual
character. Once the entanglement network is formed, the low-energy
interactions develop between chains in the regions of entanglements, and the
possibility of forming some junction zones appears. These junction zones
exhibit lifetimes much longer than those of entanglements. The system has then
shifted from the state of an entangled solution to the state of a physical gel.

Food polysaccharide solutions (e.g., guar gum, carrageenans) and food
proteins (like whey proteins, collagen, etc.) as well as polysaccharide-protein
mixtures exhibit this dependency of the molecule’s state on solution
concentration (Pruska-Kedzior & Kedzior, 2007).

2.1.2 Shear dependency of the viscosity

The non-Newtonian shear behaviour is typical for polymer solutions at
concentration c>c*. Below a critical shear rate value vy, the flow curve of the
solutions shows the low-shear Newtonian plateau, where the viscosity holds a
constant value #o. Above yqi, a shear-thinning region (where the viscosity
decreases as shear rate increases) follows. At high shear rates, the viscosity
tends to a second plateau, characterized by the value #... Due to instrumental
limitations and flow instability, this high-shear Newtonian plateau is rarely
observed experimentally, and it can be neglected in the most cases.

The flow curve of a concentrated biopolymer solution reflects the effect of
shear rate on entanglement density. If y is low enough, the system remains in its
equilibrium fully entangled state (#=70). As y increases, the entanglement
density and the viscosity decrease. Concentrated solutions are viscoelastic by
nature; therefore, they do not respond instantly to the changes in shear rate or
stress value. The constant equilibrium viscosity is reached at a given shear rate
only after a long enough time, sometimes even after a few days (Pruska-Kedzior
& Kedzior, 2007).
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2.1.3 Significance of yield stress in food products

Yield stress is a characteristic of plastic flow behaviour; it means that a liquid
not begin to flow until a minimum shear stress is provided, and a solid material
keeps its deformation as a permanent set after taking away the shear stress. A
great example of this type of behaviour is butter, which looks like a solid, but
can be deformed and keeps its plastic deformation. When a solid body is loaded
with a shear stress below its yield stress, it can be deformed elastically, but will
not flow.

In the case of liquids, the plasticity also stems from strong intermolecular
interactions between the molecules within the molecular structure. The stronger
are these interactions, the higher the yield stress. Yield stress also depends on
the temperature. For instance, butter kept cold in the refrigerator will have a
much higher yield stress than if we leave it out at room temperature (Figura &
Teixeira, 2007).

Yield stress in food products may lead to some serious processing problems
with significant economic losses, particularly in the manufacturing of coatings
for enrobed food products. The coatings may range from chocolate enrobed
confectionery to batter enrobed fish or meat products; all these products demand
an enrobing material that exhibits a yield stress. If the yield stress is too low, the
weight of enrobing liquid adhering to the sides of the product will induce a
stress in excess of the yield stress, either on the vertical side or on a plane
parallel to this within the enrobing material, and will cause the material to flow
off the product. Conversely, too high a yield stress will lead to excessive
thickness of enrobing material possibly attractive to the consumer of a chocolate
bar, but with unfavourable economic consequences for the manufacturer
(McKenna & Lyng, 2003).

In the preparation of certain meals, it is also important to achieve a needed
yield stress. For example, whipped cream must have a sufficiently high yield
stress in order to hold its shape as a decorative dessert topping (Figura &
Teixeira, 2007).
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3. THERMAL ANALYSIS

According to the definition by ICTAC (International Confederation for
Thermal Analysis and Calorimetry), thermal analysis is ,,a group of techniques
that study the relationship between a sample property and its temperature “
(Wagner, 2009).

From a general point of view, thermal analysis is a term used for a range of
thermoanalytical techniques which involve the measurement of physical and
chemical properties of a sample as a function of temperature or time. The
sample is subjected to a temperature program, which consists of a series of
preselected segments in which the sample is heated or cooled at a constant rate
or held at a constant temperature. A higher heating rate improves the sensitivity
of the measurement, but on the other hand reduces the differentiation between
simultaneous thermal events. In many experiments, the atmosphere of inert or
oxidizing gases plays also an important role (Behlau & Widmann, 2003;
Gorodylova et al., 2015; Klouzkova et al., 2012).

The data produced in a thermal analysis experiment are displayed as a
thermoanalytical curve in a thermoanalytical diagram. Frequently, several
different measured signals are displayed at the same time (simultaneous
measurements). The focus of the analysis is usually the interpretation of thermal
effects in which the measured signal changes more or less abruptly (Wagner,
2009).

3.1 Thermoanalytical methods and techniques
3.1.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a method based on recording of sample
mass as a function of temperature and time. For that reason, TGA is useful for
the investigation of effects which involve mass changes, such as dehydration,
decomposition, oxidation and others (Gorodylova et al., 2015).

Thermogravimetric measurement is performed in a defined atmosphere,
usually in inert conditions (nitrogen) or in an oxidative environment (air or
oxygen). The mass is measured with a highly sensitive electronic balance.
Interfering buoyancy or gas flow effects are compensated by a blank curve
correction. Thermogravimetric analysis provides information on the content of
volatile components such as solvents or water, on decomposition behaviour, and
also on the ash or filler content (Behlau & Widmann, 2003).

An example of a typical TGA curve of a polysaccharide sample is illustrated
in Fig. 3.1.
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Fig. 3.1. A typical TGA curve of a polysaccharide thermally treated under air
conditions. The numbers denote the following components or processes:
1 —volatile components (moisture); 2 — decomposition (dehydration);
3 — combustion of formed carbon black; 4 — residue (ash)
(Behlau & Widmann, 2003).

3.1.2 Differential thermal analysis

Differential thermal analysis (DTA) measures the difference in temperature
between the sample and an inert reference material as a function of temperature,
and detects changes in heat content. It is used to characterise thermal events,
such as melting, decomposition, oxidation, phase transition, glass transition, etc.
During these changes, the sample temperature either lags behind (if the change
is endothermic) or leads (if the change is exothermic) the temperature of the
reference (Gorodylova et al., 2015).

A very important factor for DTA measurements is the existence of the
temperature gradient within the sample which causes that the heat is not
absorbed or released at the same rate in all parts of the sample so that the peak
area does not have to be a linear function of the reaction heat. This condition can
be met in the samples which are small enough, but, on the other hand, for which
it becomes difficult to accurately measure their temperature. In the case of
decomposition reactions, which are associated with the release of gaseous
products and changes in the atmosphere, the temperature effects are shifted
depending on the heating rate because the peak temperature is related to the
partial pressure of each gaseous product. The peak area corresponding to the
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enthalpy change (reaction heat) 4H is not constant and increases with increasing
partial pressure (Blazek, 1972).

In sum, DTA peak is related qualitatively to the magnitude of the enthalpy
changes occurring, i.e., heat absorption or heat release. It is possible to calibrate
DTA equipment so that reliable quantitative enthalpy values can be obtained.
However, it is perhaps more convenient to use another thermoanalytical
techniques, such as differential scanning calorimetry, for the precise
measurement of the processes (Gorodylova et al., 2015).

Both DTA and TGA are very powerful techniques in investigation of the
mechanism of different reactions. Simultaneous record of DTA and TGA curves
helps to distinguish and identify processes which are connected with heat
content changes and the mass loss during thermal processing of the reaction
mixture. Besides very simple cases, DTA/TGA method does not provide
sufficient information to make conclusions on nature of the chemical
transformation occurring. If we want to know the step by step sequence of
elementary reactions, it is possible to combine thermoanalytical techniques with
X-ray diffraction (XRD). This combination can provide information about
overall chemical change leading to the formation of final product (Gorodylova
etal., 2015).

3.1.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) measures the difference between the
heat flow to a sample and a reference which are subjected to the same
temperature-time program. Only the signal representing the difference between
sample and reference temperature is needed. DSC provides information on
thermal effects characterized by an enthalpy change or change in heat capacity,
such as melting, crystallization, solid-solid transition and chemical reactions
(Behlau & Widmann, 2003; Figura & Teixeira, 2007).

There are two general principles of DSC hardware: the temperature difference
AT-measuring system, and the power compensation technique.

In the AT-measuring system, the heat flow into the sample (reference) is
calculated using AT between oven and sample (reference). Thus, the temperature
difference between sample and reference over time (47 signal) is proportional to
the heat flow into the sample.

The power compensation system is based on the heaters beneath the pans
allowing independent control of heat flow in order to keep the same temperature
in both sample pan and reference pan. The difference between the pans is kept at
zero all the time; the transmitted power needed to keep this difference is
recorded as heat flow in watts or milliwatts (mW). If the heat flow is integrated
with respect to time then a quantity of energy is obtained which is expressed in
relevant units (joules or millijoules, mWs=mJ) (Behlau & Widmann, 2003;
Figura & Teixeira, 2007).
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3.2 Thermal properties of food products

There are many important applications of thermal analysis (TA) in food
industry. Various effects and properties of food products can be investigated by
TA techniques. It is possible to study the process of melting (thawing) and
freezing of meat and dough, to predict crystallization behaviour, as well as
thermal and oxidation stability of different food products. The process of drying,
sublimation and evaporation, denaturation and adsorption can be also examined.
More specifically, for amorphous carbohydrates, a glass transition temperature,
enthalpy change, and water plastication effects are determined (Behlau &
Widmann, 2003; Figura & Teixeira, 2007).

In many food ingredients, the mass loss during thermal processing (e.g.,
roasting of coffee beans) is not only due to moisture, but also many gaseous
components, such as CO, and volatile flavour and aroma compounds. To study
this complex process, a suitable technique (TGA) should be coupled to other
appropriate method, such as EGA (evolved gas analysis), and for extremely
accurate measurements, the correction factors for buoyance effects should be
involved in the calculations.

Additional information about food samples can be obtained from TGA by
modification of atmosphere surrounding the sample in the heating oven
chamber. For instance, by changing the atmosphere from low to high relative
humidity, we can study at first desorption, then adsorption. Or, using aerobic
and afterward anaerobic atmosphere, it is possible to study what part of the
reaction depends on oxygen. Thermal applications under near vacuum of food
materials are also realizable (Figura & Teixeira, 2007).

3.3 Kinetics study using thermal analysis

Thermal analysis enables to monitor the kinetics of a physico-chemical
reaction and determine its kinetic constants (Blazek, 1972).
Assuming that the course of a reaction can be expressed by formal Kinetic

equation, it is possible to state the following relationship:
2= k(1 — )™ (3.1)
where « is the degree of conversion, t - the time, k; - the rate constant, n; - the
reaction order.
The temperature dependency of the rate constant k; can be expressed on the

basis of the Arrhenius equation:

k; = Aexp (— 5—;) (3.2)

where A is the preexponential factor (having the meaning of the Kinetic
process parameter), E; - the activation energy, T - the thermodynamic
temperature, R - the universal molar gas constant (8.3144598 J.K'mol™)
(Kejnar, 2009).
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Kinetic transitions (evaporation, thermal decomposition, etc.) shift the
temperature peaks to higher values at higher heating rates. Higher heating rates
enhance the sensitivity, but, on the other hand, reduce the possibility to
distinguish the simultaneous physico-chemical reactions within the sample
(Klouzkova et al., 2012).

In the case of DTA, the type of reaction can be estimated from the curve
shape. For endothermic reactions, pure phase transition is manifested by the
gradual increase of the descending branch of the curve to a sharp peak; in the
case of a reaction whose speed is controlled by the diffusion, the endoeffect is
contrariwise shallow and the peak is considerably rounded. The curve area
corresponds to the reaction range, whereas the height of the effect represents the
highest reaction rate. However, the temperature of the sample becomes in a
certain sense uncontrollable during the reaction, and the temperature effect does
not show a defined dependency on the degree of conversion, which makes it
difficult to evaluate kinetic data from DTA curves (Blazek, 1972).

Using TGA to study the reaction kinetics, the degree of conversion («) can be
defined as the ratio of the weight loss at the time t to the maximal weight loss
displayed on the thermogravimetric curve (Kejnar, 2009). The main advantage
of TGA for kinetic experiments, in which a weight loss or gain is detected, is the
fact that the temperature during thermogravimetric analysis can be controlled
more accurately than by many other techniques, and the reaction temperature,
particularly in rate studies, may be reached very quickly (Ramajo-Escalera et al.,
2006).

There are two basic kinds of kinetic analysis: model-fitting and kinetic
methods (isothermal and non-isothermal models). The use of model-fitting may
reach analogous conclusions because almost any conversion function can
satisfactorily fit experimental data at the cost of estimating considerably
different kinetic parameter values. The uncertainty in estimating Kkinetic
parameters caused by model-fitting can be avoided using isoconversional (non-
isothermal) methods (Cai et al., 2018).

Isothermal and non-isothermal kinetic methods are basically different. The
isothermal method, which was previously used to a great extent, is based on the
determination of time dependency of the degree of conversion («) at constant
temperature. The non-isothermal method is based on the determination of time
dependency of « under dynamic conditions, i.e., at linearly increasing or
decreasing temperature. The isothermal method is more suitable to obtain
information about the driving (the slowest) process, i.e., to determine the
reaction order and reaction mechanism. The non-isothermal method is more
applicable to gain information about the reaction kinetics; the kinetic parameters
can be determined on the basis of a single thermoanalytical curve at the whole
temperature range and specific heating rate using only one sample (Kejnar,
2009).
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The isoconversional and model-free kinetic methods are used to process
thermoanalytical data in which the kinetic parameters (e.g., activation energy)
are evaluated without explicit model for concentration dependency. These
methods require analysis of several TGA (DSC) curves at different heating rates
for the same value of conversion («) to determine activation energy for each
conversion point (Jain et al., 2016).

Activation energy (E,) is very important effective parameter in the processing
of TA data. There are many reasons for the variations of E, values calculated by
the kinetic models. Some of the reasons in variations of Kinetic parameters can
be related to the temperature changes on account of the limited thermal
conductivity of the sample (heat and mass transfer limitations) and thermal
effects leading to sample self-heating/cooling. Other factors, which could affect
the Kinetic parameters, include physical and chemical heterogeneity of the
sample, specific process and measuring conditions, and systematic errors (Cai et
al., 2018; Vyazovkin et al., 2011).

It is also necessary to consider the fact that the concept of a reaction model as
a representative of reaction mechanism is inconsistent with the multi-step nature
of solid-state reactions. To overcome the discrepancy between the Kinetic
complexity of the reaction and the simplicity of its kinetic description, it is
convenient to substitute the overall rate of the process by a set of rate equations
for a given extent of reaction and temperature region (Vyazovkin, 2002). This
approach is implemented in the non-isothermal (isoconversional) models.

The non-isothermal models enable to evaluate the activation energy of the
process without determining the reaction model. However, the kinetic models
can provide the mechanistic conclusions derived from the calculations of kinetic
data in a specific way, which predetermine the kinetic parameters. To avoid the
producing of method-dependent values, the results of kinetic parameters should
be compared on the basis of different types of kinetic models.
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4. HYDROCOLLOIDS EXAMINED IN THIS STUDY

4.1 Guar gum

Guar gum is a polysaccharide derived from seeds of legume plant, Cyamopsis
tetragonalobus. It is a galactomannan having a 1,4-B-linked-D-mannopyranosyl
main chain with a-D-galactopyranosyl units attached by (1—6) linkages on both
sides of the backbone. Guar gum's mannose to galactose ratio can vary in
specific range, e.g., the ratio can be 2:1. Due to its unique high viscosity
properties, guar gum is an important food stabilizer used in a variety of food
applications. First of all, it is widely used as thickener in food products such as
sauces, syrups, ice cream, instant foods, beverages, confectionaries and baked
goods (Li et al., 2005; Gupta et al., 2015).

Chemical composition of guar gum (guaran unit) is plotted in Fig. 4.1.
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Fig. 4.1. Chemical structure of guar gum (Thombare et al., 2016).

4.2 k-carrageenan

Carrageenan is the generic name for the family of natural water soluble
sulfated polysaccharides which are extracted from red seaweeds. The
carrageenan fractions differ according to the number and position of the sulphate
groups and to the possible presence of a 3—6 anhydrogalactose bridge. There are
three main ideal carrageenan types: kappa (x), iota (1) and lambda (), which are
extensively used in the food industry as a gelling, stabilizing and viscosity-
building agent (Sen & Erboz, 2010).

Carrageenan is ranked among polysaccharides with specific functionalities.
Recently, the demand for these types of hydrocolloids has been increased.
Carrageenan is able to be kept at a solution state at high temperatures while
turns to a gelation state when temperature is decreasing. This phenomenon
(cold-set gelation) could be used to design gels able to improve food properties
under specific physicochemical conditions (Shao et al., 2014).
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K-carrageenan consists of an alternating linear chain of (1—3)-B-D-galactose-
4S0s-(1—4)-3,6-anhydro-a-D-galactose, as illustrated in Fig. 4.2. It is soluble
in hot water (>75 °C) and even low concentrations (0.1 to 0.5 %) yield high
viscosity solutions. Viscosity is stable over a wide pH range, because the semi-
ester sulphates are always ionized even under strongly acidic conditions (Nufiez-
Santiago et al., 2011; Dunstan et al., 2001).

—nn

Fig. 4.2. Idealized structure of k-carrageenan. G represents galactose,
AG means anhydrogalactose (Sen & Erboz, 2010).

4.3 Xanthan gum

Xanthan gum is a branched, anionic microbial heteropolysaccharide produced
by aerobic fermentation of the bacterium Xanthomonas campestris. Xanthan
consists of pentasaccharide repeat units which comprise glucose, mannose and
glucuronic acid in the molar ratio 2:2:1. Xanthan gum is widely and more
extensively used as a food gum than any other polysaccharide (except starch)
because of its unique and useful properties. Xanthan is soluble in hot or cold
water and its solutions exhibit high viscosities at low concentrations and are
highly pseudoplastic. This hydrocolloid shows excellent stability over a wide pH
and temperature range, and is resistant to action of enzymes found in food
systems (Garcia-Ochoa et al., 2000; Viturawong et al., 2008).

Xanthan gum does not form gels. By adding a small amount of salt or
reducing the temperature, it undergoes a conformational transition from
disordered structure (the side chains here are not associated and project away
from the backbone) to ordered form of 5-fold helices (a single- or double-
stranded model) where side chains are folded in and associated with the
backbone (Pelletier et al., 2001).

Structural formula of xanthan gum, illustrating the cellulosic backbone of
(1,4)-B-D-glucose residues, and a trisaccharide side chain of f-D-mannose-(1,4)-
B-D-glucuronic acid-(1,2)-B-D-mannose, is shown in Fig. 4.3. The mannose
residue attached to the backbone can be variably acetylated and the terminal
mannose can contain a pyruvate group depending on the fermentation conditions
(Pelletier et al., 2001).
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Fig. 4.3. Chemical structure of xanthan gum. Me — methyl group (Saboktakin, 2013).

4.4 Gelatin

Gelatin is a protein (polypeptide) extracted by denaturation of collagen from
mammalian or fish tissues, using either acids (type A gelatin) or alkali (type B
gelatin) (Fang et al.,, 2006; Roussenova et al., 2012). Even at high
concentrations, gelatin exhibit the Newtonian behaviour in aqueous solutions,
characterized by exponentially increasing viscosity with gelatin concentration
(Goémez-Mascaraque et al., 2015).

In solution at moderate temperatures above 40 °C, gelatin is present in the
form of flexible, disordered coils which associate into triple helices, similar to
native collagen. In other words, the polypeptide chains of gelatin have a random
coil conformation at higher temperatures; this conformation is slowly
transformed into single helix by lowering temperature (Pelc et al., 2014; Sarbon
etal., 2015).

By sufficient concentration (typically higher than 5 mg.mL™), gelatin bonds
with two other molecules to form a triple helix upon cooling. The triple helix is
an insoluble semi-rigid rod partly consisting of collagen due to unfinished
renaturation. Above the gelation temperature T, (ca. 40 °C), gelatin behaves as a
viscous liquid (sol state), under Ty as a thermoreversible weak gel (gel state). In
the gel state, the gelatin oligomers are strongly intertwined, forming extended
physical cross links resulting from the partial reversion of the polypeptide chains
into ordered triple helical segments. These tropocollagen-like segments are
joined along the chain contour by peptide residues in a random coil
conformation, forming a transparent elastic network, as presented in Fig. 4.4
(Roussenova et al., 2012).

Gelatin exhibits the increase in the gel strength upon cooling to below 30 °C.
However, at temperature above 35 °C, gelatin melts due to the dissociation of
triple helices (Pelc et al., 2014; Sarbon et al., 2015).
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In the food industry, gelatin due to its advantageous properties (neutral taste,
ability to hold dye colour, processing convenience, and glossy appearance) has
been applied as a stabilizer, thickener and texturizer for many years (Digenis et
al., 1994). In addition to that, gelatin is commercially available at a relatively
low cost (Gomez-Mascaraque et al., 2015). Owing to its ability of thermo-
reversible gelation which occurs at temperatures close to the human body
temperature, gelatin is extensively used for the manufacture of capsules and
gelatin-coated tablets. These dosage forms are used to encapsulate labile active
ingredients (e.g., essential nutrients and drugs) in order to protect them from
external influences (in particular atmospheric oxidation), facilitate the retention
of these active compounds and achieve their targeted release (Roussenova et al.,
2012).
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Fig. 4.4. Spatial structure of gelatin. The numbers refer to the partial renaturation
process in gelatin: 1 — forming of the “collagen fold” conformation after
cooling an aqueous gelatin solution; 2 - association of polypeptide chains
into a spatial network which is stabilized by lateral inter-chain hydrogen

bonding within the helical regions (Roussenova et al., 2012).
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5. AIMS OF THE THESIS

The main goal of the Doctoral Thesis is to examine rheological and thermal
properties of selected food matrices, particularly polysaccharide and protein
hydrocolloids which are used as food additives. The methods of the rheological
and thermal analysis will be employed in this study.

The flow properties of model solutions of food hydrocolloids and their blends
will be investigated using rheological analysis. Based on the rheological models,
the flow parameters of the samples will be determined in relation to the
concentration of the solutions, temperature and shear rate used. The influence of
conformational transition of the dissolved polymers (polysaccharides, proteins)
on flow properties of aqueous and salt solutions will be examined. The intrinsic
viscosity (limiting viscosity number) of the solutions will also be determined,
dependent on the specific physico-chemical conditions, and the temperature
sensitivity of the samples will be evaluated by Arrhenius model.

Another aim of the Doctoral Thesis is to determine thermal properties of food
samples, particularly of powder polysaccharides. As typical for food matrices,
thermal analysis of the samples will be focused on the determination of their
moisture content, on water release process, conformation and phase transition of
individual chemical components, as well as components interaction with each
other. In this context, the relationship between water (moisture) content, nature
of interactions within the sample and observed endo/exothermic effects, i.e., the
relationship between temperature peaks and weight loss of the sample during the
thermal treatment (heating procedure) will be studied. Thermal analysis methods
will also be used to evaluate the reaction kinetics, i.e., the evaporation of water
from powder polysaccharide samples. On the basis of the most appropriate
kinetic models, the reaction mechanism will be assessed, with a special focus on
the activation energy of the thermal process.
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6. MATERIALS AND METHODS

6.1 Rheological analysis of polysaccharide solutions
6.1.1 Materials

Powder samples of shear-thinning polysaccharides, guar gum (No. G4129),
k-carrageenan (No. 22048, viscosity of 0.3% solution at 25 °C reported as 5-25
mPa.s) and xanthan gum (No. G1253, viscosity of 1% solution reported as 800-
1200 mPa.s) were purchased from Sigma-Aldrich Co. (St. Louis, USA).

All samples were stored in a dry laboratory place at room temperature
(approx. 25 °C) and relative humidity of about 40 % (vol.).

6.1.2 Preparation of solutions

Solutions of studied polysaccharides were prepared in the concentration range
of 0.25 %, 0.50 %, 0.75 % and 1.00 % (w/w) in two different solvents (distilled
water and 0.07M KCI). The powder samples were dispersed in distilled water or
0.07M KCI and mixed by a magnetic stirrer. Because the polysaccharides were
only partially soluble in cold water, the solutions (with equivalent amount of the
solvent) were heated at higher temperature (above 50 °C), for a short time, to
make easy the total dispersion. Prepared solutions were then kept at room
temperature (ca. 25 °C) for 72 h to release air bubbles. Subsequently, the
samples were stored in a refrigerator at temperature about 4 °C. Before the
analyses, the solutions were gently and carefully mixed and shaken to ensure
their homogeneous consistency.

6.1.3 Rheological analysis

Viscosimetric analysis of the solutions was performed using universal
laboratory rheometer HAAKE RheoStress 1 (Thermo Scientific, USA) with
automatic software RheoWin Job Manager and RheoWin Data Manager. The
model type of measuring sensor geometry cylinder-cylinder (volume 40.1 mL)
was used. Thermal control was ensured by Thermostat HAAKE AC 200
(Thermo Scientific, USA).

Prior to testing, the solutions were carefully mixed and gently shaken to
ensure the homogeneous consistency and thermally equilibrated in the water
bath. Values of shear stress and dynamic viscosity were determined at specific
temperatures: 20 °C, 25 °C, 30 °C, 35 °C, 40 °C and 45 °C. Temperatures were
kept constant with an accuracy of £ 0.5 °C using the heating circulator.
Viscometric properties were measured in the range of shear rate between 2 and
200 s*; shear rate was rising and decreasing with the duration of one cycle
180 s. Measurement was performed three times for each sample of the studied
concentration range. Experimental data were statistically analysed and fitted by
suitable rheological models: the Ostwald-de Waele (power-law) model and the
Herschel-Bulkley model.
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The rheological models characterize the flow behaviour of the solutions. The
Ostwald-de Waele relationship describes the effect of hydrocolloid
concentration on apparent viscosity of the solution (Marcotte et al., 2001b) and
the model has the following form:

r=ky" (6.1)

where 7 is the shear stress (Pa), k the consistency coefficient (Pa.s"), y the
shear rate (s?), n the flow behaviour index (dimensionless). In the case of
Newtonian behaviour, Eg. (6.1) becomes Newton's law of viscosity, with
viscosity equal to k. However, in the case of non-Newtonian behaviour with
n#l1, the flow characteristic is described as the shear-thinning behaviour if n<1
(pseudoplastic fluids) and as the shear-thickening behaviour if n>1 (dilatant
fluids) (Shao et al., 2014).

The Herschel-Bulkley model was used to describe the flow properties of the
polysaccharide solutions above some yield point. It means that the Herschel-
Bulkley model provides an extension of the Ostwald-de Waele model and
contains an additional term which is the yield stress. This model has the
following form:

T:T0+k'}/n (62)
where 1o is the yield stress (Pa) (Figura & Teixeira, 2007).

6.1.4 Kraemer equation

Polysaccharide solutions were characterized by viscosity intensifying effect,
I.e., by the intrinsic viscosity of the solutions. The intrinsic viscosity [7/
(limiting viscosity number) is possible to obtain as the intercept in a linear least-
squares fit (Bourbon et al., 2010; Tomsi¢ et al., 2008) and is defined as
following:

7] = lim 7 — i 2= =1

=0 ¢ c—0 C (63)
where 7, 1S the specific viscosity, ¢ the concentration of the solution, and #,
the relative viscosity.

The specific viscosity, which can depict the polymer coil behaviour at the
infinite dilution limit (Magny et al., 1994), was plotted and the reduced viscosity
(nsp/C) was determined for each solution. Because the dependency of reduced
viscosity versus concentration was not linear, the relationship of natural
logarithm of relative viscosity divided by concentration (/n #./c) against
concentration was used for the determination of intrinsic viscosity /n/. This
relationship is called Kraemer equation:

UL/ . A

- =ln]=kln] 6.4

where kg is the Kraemer constant. In the Kraemer plot, /7] is the intercept,

and -ke/n/? is the slope. The Kramer plot is linear only at sufficiently low
concentrations (Garrec et al., 2013; TomsSic et al., 2008).
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6.2 Thermal and temperature dependency of polysaccharide
hydrocolloids

6.2.1 Materials and conditioning

Powder samples of polysaccharides, guar gum, k-carrageenan and xanthan
gum, as described in previous section (chapter 6.1.1), were delivered by Sigma-
Aldrich Co. (St. Louis, USA).

Samples were stored at room temperature about 25 °C and relative air
humidity of approx. 40 % (vol.). To adjust a constant moisture level of powders,
one set of samples was conditioned in a desiccator at 25 °C for 72 hours, using
potassium acetate (Sigma Aldrich, USA) as water activity standard which was
dissolved at room temperature to prepare saturated aqueous solution of defined
water activity, providing the atmosphere of saturated vapours of 22.5 % relative
humidity. Another set of samples was conditioned in a desiccator at the same
conditions, using potassium chloride (Sigma Aldrich, USA) as saturated solution
to equilibrate the moisture level of the powders at 84.3 % relative humidity.

6.2.2 Thermal analysis of powders

Thermal properties of powder samples were evaluated by automatic
simultaneous thermal analyser DTG/60 (Shimadzu, Japan). Thermal effects
characterized by reaction enthalpy were analysed by software ta60 Version 1.40
(Shimadzu, Japan). Measuring device was calibrated for temperature correction
using indium and zinc standards. An equivalent amount of each polysaccharide
was placed into an aluminium measuring pan (10 mg = 0.5 mg). Pans were
evenly filled with powder samples and placed into the analyser; an empty pan
was employed as reference. Measurement was realized under nitrogen
atmosphere (the flow rate of 50 mL/min). Thermal stability of powders was
tested at 10 °C/min heating rate from 30 °C to 600 °C.

For kinetic parameters evaluation, the samples were heated from 30 °C to
200 °C at several different heating rates (5 °C/min, 10 °C/min, 15 °C/min and
20 °C/min). Afterwards, heat correction and baseline correction were performed
for each set of data. Based on the results, values of peak temperature (Tp),
reaction enthalpy (4H), weight loss, and moisture content (Am,), respectively,
were determined.

All experiments were conducted three times for each sample and statistically
analysed.
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6.2.3 Kinetic models

Based on TGA data, activation energy (E.) was determined for thermally
treated powder samples. Three different kinetic models (Friedman model,
Kissinger model, and Model-free kinetics) which represent specific types of
thermal Kinetic evaluation were chosen to calculate the values of E.. The
activation energy was related to the water evaporation and phase transition of
the polysaccharide samples occurred in the specified temperature range.

Degree of conversion a can be defined as the degree of sample transition or
degradation during thermal treatment, according to Eq. (6.5):

a(t) = 2 (6.5)

Wo—Wteo
where wy, W; and W, represent the initial mass of the sample, the mass of the
sample at a specific time t and the mass of the sample at the end of analysis,
respectively (Bercic, 2017).

Reaction model f{a) describes the dependency of the reaction on the extent of
conversion. Many different forms of this reaction model had been published. In
the case of my study, the reaction model was performed in the form which is
relevant to the kinetics of homogenous reactions (Eg. 6.6):

fl@)=(1-a)m (6.6)

where n; is the reaction order.

Upon a constant conversion, the reaction rate is a function of the conversion,
as stated by the isoconversional principle. Thus, according to this principle, the
values of activation energy are not a function of temperature, but only function
of the conversion (Berci¢, 2017). The isoconversional methods, used in this
study, are based on integral or differential analysis.

Friedman model belongs to differential isoconversional methods allowing the
calculation of activation energy for the specified conversion range from the plot

d . 1 . .
of lnd—‘f vs. reciprocal temperature — The numerical form of the Friedman

a

method is presented by Eq. (6.7):

== InA+nin(l-a)—=2 (6.7)

where A is the pre-exponential factor (min), E, activation energy (J.mol?), R
the molar gas constant (8.314 J.K*mol?) and T the thermodynamic temperature
(K). Values of activation energy can be determined from the slopes of
isoconversional lines obtained at measured conversions, and pre-exponential
factors from the intercepts of isoconversional lines with the ordinate axis (Cai et
al., 2018; Ber¢i¢, 2017).

Kissinger model is integral non-isothermal method. It is described by Eqg.
(6.8):

_ n-1
lnﬁzln[MRA]_%i (68)

TT%L E a Tm
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where £ is the heating rate (°C.mint), Ty, is the peak temperature (K) recorded
on derivative thermogravimetric curve (mg.min?), and o is the degree of
conversion corresponding to T,

To apply this Kissinger model, the samples were measured at four different
heating rates (it is necessary to use at least three ). To evaluate the values of

activation energy, the respective dependency of lnTﬁ2 VS. Ti was plotted,

m

providing the straight lines with the slope of — %, and thus E, was obtained as a

function of sample conversion (Cai et al., 2018).

The last method, which was used to calculate the activation energy in this
study, was Model-free kinetics. This isoconversional integral model is based on
the postulate, that the activation energy (dependent on extent of conversion) may
not be constant. Using several different heating rates, E, was determined for
various degrees of conversion, as stated by Eq. (6.9):

2
Inp+Ingla) =Ink(T)+ zn;ia—% (6.9)

where the value of g(a) integrating up to the conversion degree o provides
following relation (Eg. 6.10):

@ da _ — A (T ,—Eq/RT
0 7@ g(a) Z fTO e dT (6.10)
where Ty is an arbitrary temperature at which a given conversion (a) will be

reached (Ramajo-Escalera et al., 2006). According to the Model-free kinetics, E,
was calculated as a slope of the linear dependency In g versus % for specified
degrees of conversion (Vyazovkin & Wight, 1999).

6.2.4 Arrhenius model

Influence of temperature on the viscosity of polysaccharide solutions was
evaluated by the Arrhenius model. Polysaccharide solutions were prepared from
powder samples as described above (chapter 6.1.2). Dynamic viscosity of the
solutions was measured on the laboratory rheometer at conditions specified for
rheological analysis (chapter 6.1.3). Values of activation energy were reflecting
the sensitivity of the molecular structure to temperature at specified shear rates
(20 s and 100 st). The values of determination coefficient (R?) were calculated
for all solutions.

The form of Arrhenius model is shown in Eq. (6.11):

n = Aexp (g—;) (6.11)

where 7 is the dynamic viscosity (Pa.s), A the pre-exponential factor (-), Ea
the activation energy (J.mol?), R the molar gas constant (8.3144598 J.K*mol*)
and T the thermodynamic temperature (K) (Marcotte et al., 2001a). From the
linear plot /n 5 vs reciprocal temperature (T1), it was possible to calculate E; as
a slope and A as an intercept (Wang et al., 2015).
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6.3 Functional properties of gelatin-polysaccharide blends
6.3.1 Materials

Samples of powder polysaccharides, guar gum (No. G4129), k-carrageenan
(No. 22048) and xanthan gum (No. G1253) were delivered by Sigma-Aldrich
Co. (St. Louis, USA), as specified above. Gelatin (No. 2111104), potassium
chloride (KCI, No. 0163413) and sodium chloride (NaCl, No. 704212) were
obtained by the Czech company IPL - Ing. Petr Luke$ (Uhersky Brod, Czech
Republic). All chemicals were of analytical grade.

The samples of hydrocolloids were stored in a dry laboratory place at room
temperature (ca 25 °C) and relative humidity about 40 % (vol.).

6.3.2 Preparation of blends

Solution of 1.0% (w/w) gelatin was prepared by dissolving the sample in
70mM KCI (the first sample set) or 70mM NaCl (the second sample set). Firstly,
gelatin was swollen in a minor amount of the solvent. Afterwards, the solution
was heated at 45 °C to dissolve completely. Then the solution was cooled under
ambient temperature.

Polysaccharide solutions of 1.0% (w/w) concentration were prepared by
dissolving the samples in 70mM KCI or 70mM NaCl and mixing by a magnetic
stirrer. Since powder samples were only partially soluble in cold solvent, the
solutions were mixed at room temperature (ca. 25 °C) for a long time and heated
at higher temperature (above 50 °C) for a short time to make easy the total
dispersion.

The salt mixtures of gelatin/polysaccharide were prepared by blending the
equal amounts of 1.0% gelatin and 1.0% polysaccharide to achieve the final
concentration of 0.5% (w/w). The dispersions of gelatin/polysaccharide were
stirred at 45 °C for 10 min and afterwards kept at room temperature for 72 h to
release air bubbles. The blends were then stored in a refrigerator at temperature
about 4 °C, and immediately prior to analysis carefully mixed and shaken.

6.3.3 Rheological analysis

Rheological analysis of the samples was performed by universal laboratory
rheometer HAAKE RheoStress 1 (Thermo Scientific, USA) with automatic
software. The model type cylinder-cylinder geometry was used. Thermal control
was ensured by thermostat HAAKE AC 200 (Thermo Scientific, USA).

Prior to testing, samples were thermally equilibrated in the water bath. The
measurements were performed at specific temperatures: 25 °C, 30 °C, 35 °C,
40 °C and 45 °C. The temperature was kept constant with an accuracy of
+ 0.5 °C using the heating circulator. The viscosity was measured in the shear
rate between 2 and 200 s with the duration of one cycle 180 s.
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Flow parameters were obtained by fitting Ostwald-de Waele (power-law)
model and Herschel-Bulkley model to the data. The models are described above
by Egs. (6.1) and (6.2), respectively.

6.3.4 Arrhenius model

The effect of temperature on the apparent viscosity of gelatin/polysaccharide
blends was tested at constant temperatures (20 °C, 25 °C, 30 °C, 35 °C, 40 °C
and 45 °C) and evaluated using the Arrhenius equation at specified shear rates
(20 st and 100 s*). Viscosity of the studied solutions was measured on the
laboratory rheometer HAAKE RheoStress 1 (three times for each sample), as
described in the previous section. Determination coefficient (R?) was calculated
for all blends to verify the appropriateness of the Arrhenius model. The
Arrhenius relationship is described above by Eqg. (6.11).

6.3.5 Other analyses

Some additional characteristics of the blends were provided by conductivity
measurement and zeta potential analysis.

Conductivity of the blends was determined by conductometer Mettler-Toledo
(USA) in the temperature range 25-45 °C. Temperature of the samples was
ensured by water bath Julabo MA-4 (Germany). Each sample was measured
three times at specific temperatures: 25 °C, 27 °C, 29 °C, etc.

Zeta potential analysis of 0.5% gelatin/polysaccharide blends was measured
by Zeta Potential Analyzer, Zeta Plus (Brookhaven Instruments Corporation,
USA). The appropriate amount of the sample (1.6 mL) was poured into the
polystyrene cuvette, and temperature of the samples was equilibrated at 25 °C
by automatic software. Prior to testing, pH-values of the solutions were
measured by pH meter Five Easy Plus FEP 20 (Mettler-Toledo, Switzerland);
obtained results were entered as initial parameters for the analysis. The values of
zeta potential of the solutions, as well as effective diameter of the particles were
analysed by the software, each analysis was repeated ten times. The data were
compared to evaluate the potential stability of the blends.

6.4 Statistical analysis of the data
6.4.1 Statistical analysis of rheological parameters

Rheological measurement of polysaccharide solutions was performed three
times for each sample. Experimental data were statistically analysed and fitted
by suitable rheological models, Ostwald-de Waele (power-law) model and
Herschel-Bulkley model. Herschel-Bulkley parameters were evaluated with and
without the extrapolation of yield stress values.
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Herschel-Bulkley model was the most suitable model for all samples in terms
of determination coefficient (R?). The high values of R? obtained by fitting the
Herschel-Bulkley model indicate a good fit of this model for polysaccharide
solutions. However, for guar gum solutions and 0.25-0.50 % (w/w)
k-carrageenan in distilled water, Herschel-Bulkley model without extrapolation
provided negative values of yield stress (), which is naturally meaningless. For
that reason, the values of 7 were assumed to be zero in these cases, and thus the
Herschel-Bulkley model was leading to the Ostwald-de-Waele model, as
described in detail in the Discussion.

The same rheological approach was used for gelatin/polysaccharide blends.
The Herschel-Bulkley model (without extrapolation of yield stress) was the most
suitable model for all blends due to the high values of R? (0.99) obtained by
fitting this model.

Flow parameters were evaluated using the software SigmaPlot 2002 Version
8.0 (SPSS Inc., USA). The differences between the values of consistency
coefficient (k), flow behaviour index (n) and yield stress (m) were tested as
statistically significant at significance level 95 %, based on two-way ANOVA
statistical analysis (variability test) with repetition (evaluating three independent
sets of data). The differences between the rheological parameters at various
temperatures and concentrations of the solutions and interactions between the
data were analysed. An alfa level of 5 % was used to define the statistical
significance of the comparisons.

As evaluated by ANOVA testing, the values of the parameters at various
temperatures, and at various concentrations were significantly different (p<0.05)
in the studied temperature and concentration range. Thus, the null hypothesis Ho
proposing that the differences between rheological parameters are given by the
errors of the measurement can be rejected. Due to the p-values (significance
values) less than 5 %, the alternative hypothesis H; can be accepted. It means
that the influence of two tested factors (temperature, concentration) on the
results is verified. In other words, the effect of the factors on the data is
sufficiently higher than the influence of the random measurement errors.
Therefore, the differences between the results can be considered as statistically
significant, as also demonstrated by the Fisher distribution (F-values) of the
data.

6.4.2 Statistical analysis of thermal parameters

All thermal and kinetic experiments were conducted three times for each
powder sample. To evaluate thermal properties of order-disorder transition and
hydrocolloid-water interactions, as well as thermal stability of powders, the
results of peak temperature (T,), reaction enthalpy (4H), and weight loss (Amy)
were calculated as means of triplicate determinations.
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The kinetic study was based on TGA data obtained at four different heating
rates. The degree of conversion («), and the values of temperature T, and T,
were calculated from the data (three times for each heating rate). According to
the model used, activation energy (E,) was determined and expressed as a mean
value.

The differences between the values of thermal parameters were tested as
statistically significant at significance level 95 %, using one-way ANOVA
statistical analysis or two-way ANOVA statistical analysis with repetition. As
typical for physico-chemical measurements, an alfa level of 5 % was set as the
probability that the differences between the parameters were caused by the
random measurement errors.

In the case of powder thermal stability, one-way ANOVA test was employed
to assess the null hypothesis Hy that the differences between tested parameters
can be attributed to random errors. Due to sufficiently low significance value (p-
value less than 5 %), the alternative hypothesis H; can be accepted instead of Ho.
Thus, the values of thermal parameters were statistically different, according to
the type of sample.

For evaluation of thermal properties after different conditioning, and for
analysis of kinetic parameters, two-way ANOVA test was used. The values were
examined to assess the influence of conditioning conditions (temperature and
relative humidity) or heating rate, respectively, on the final results. The second
tested factor was the type of powder hydrocolloid, i.e., the ability of the
hydrocolloid to bound water to a specific extent. As proved by ANOVA testing,
the influence of random errors (hypothesis Ho) can be considered as negligible,
and the hypothesis H; (significant effects of tested factors) can be accepted.
Accordingly, it is possible to affirm with a high probability (95 %) that the
values of thermal and kinetic parameters rank to the defined confidence interval.
The differences between the results can be classified as statistically significant,
and the data described by relevant Fisher distribution.
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7. RESULTS AND DISCUSSION

7.1 Rheological properties of polysaccharide solutions
7.1.1 Flow parameters

The polysaccharide solutions were prepared in two sets to compare the flow
behaviour of samples in distilled water and samples in 0.07M KCI. The flow
behaviour of the solutions was different due to relatively strong inter- and intra-
molecular hydrogen bonding present between individual macromolecular coils
in distilled water, and, on the other hand, due to the presence of chaotropic
cations in 0.07M KCI which eliminated the contributions to the viscosity from
hydrogen bonding system and from intramolecular electrostatic repulsion
(polyelectrolyte effect) of the polymer chains (Kupska et al., 2014).

Thus, it was possible to follow concentration effect of expanded stiffed
macromolecular coil transition to random coil conformation, as well as
temperature effect of conformational transition (based on flow parameters of the
solutions), as induced by external stimuli, i.e., by changing temperature,
polymer concentration and type of solvent. Flow parameters were obtained by
fitting experimental data to the rheological models (Ostwald-de Waele and
Herschel-Bulkley models) applied to the data of shear stress vs shear rate,
because all the solutions exhibited shear-thinning behaviour.

Calculated flow curve model parameters for 25 °C temperature shear stress vs
shear rate data are given in Tables 7.1 and 7.2. The Herschel-Bulkley model was
the most suitable model for all samples in terms of the highest determination
coefficient (R?) values. However, for guar gum samples (for whole studied
concentration range and both solvents) and k-carrageenan (for 0.25 and 0.50%
w/w aqueous solutions), Herschel-Bulkley numerical non-linear regression
modelling of the flow curves without extrapolation was giving negative values
of the yield stress. This of course is from the physical point of view meaningless
(Kelessidis et al., 2006; Razi et al., 2014). That is why in these cases the
corresponding yield stress was assumed to be zero, and thus the Herschel-
Bulkley model was leading to the Ostwald-de-Waele model. Such behaviour is
typical with zero shear and infinity shear viscosities, and it is used for
description of the viscoelastic flow patterns. To overcome the problem of
negative yield stress optimized data modelling results, there was described a
method by Kelessidis et al. (2006) in the literature.

It is possible to compare the data of the present study with a wide range of
scientific works and reports on the relevant topic. On this place, it is worth to
introduce some examples.

The flow parameters of guar gum aqueous solutions in the present study are
comparable with the data obtained by Wang et al. (2015). For example, the flow
parameters of 0.5% guar gum in distilled water at 20 °C were determined as 0.76
(flow behaviour index) and 73.4 mPa.s" (consistency coefficient), according to
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the Ostwald-de Waele model. Wang et al. stated relatively close values of guar
gum in deionised water at the same concentration and temperature: 0.86 and
82.3 mPa.s", respectively.

The results of guar gum are also close to the data by Cevoli et al. (2013). The
authors focused on the rheological properties of several food hydrocolloids in
distilled water which were subjected to a shear rate 0-300 s at 25 °C. Their data
were fitted using the Ostwald-de Waele model and Herschel-Bulkley model with
and without extrapolation of the yield stress. The values of flow parameters of
1% guar gum in water at 25 °C in the present study were relatively consistent
with the results by the authors, both for Ostwald-de Waele and Herschel-Bulkley
models. For instance, the values of flow parameters in the present study for 1%
guar gum in water at 25 °C (0.18, 21.85 Pa.s", -17.74 Pa without extrapolation)
were almost consistent with the results by Cevoli et al. for 1% guar gum at the
same temperature (0.18, 27.41 Pa.s", and -18.15 Pa). The Herschel-Bulkley
parameters for xanthan gum solutions varied to a greater extent, e.g., the yield
stress determined for 1% xanthan aqueous solution in the present study (9.32 Pa
without extrapolation) was notably larger as compared to 7z, by Cevoli et al.
(6.90 Pa). The differences in the flow parameters may be explained by the
different molecular weights of the samples and different measuring procedures
applied to the hydrocolloid solutions.

The values of flow parameters of xanthan solutions in water are in compliance
with the data by Figura and Teixeira (2007). The authors provided some
exemplary results for xanthan aqueous solutions in the concentration range
0.125 - 1.0% (w/w). For instance, the flow parameters of 0.5% xanthan gum at
20 °C in the present study, 0.21 and 2.3 Pa.s" (the Ostwald-de Waele model), are
in good agreement with the values by Figura and Teixeira, 0.24 and 3.0 Pa.s",
respectively.

Effect of concentration

As determined in the present study, concentration ¢ had an obvious effect on
the flow behaviour of polysaccharide solutions. As evident from the Kraemer
plot (Fig. 7.2), there is a certain change at concentration about 0.5% (w/w)
which can be associated to the process of conformational transition, i.e., to the
process of chain entanglement and overlapping of macromolecular coils with
increasing polymer concentration. For the solutions in distilled water, this
process can be characterized as the transition from expanded stiffed
macromolecular coils to the conformation of interpenetrating random coils.
After addition of KCI (salt solution), the polysaccharide structure undergoes a
coil-helix transition with increasing entanglement of polymer network at higher
c. The change of the Kraemer plot at concentration about 0.5% (w/w) can also
represent the transition from the dilute (0.25 %) to semi-dilute regime of the
solutions.
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The effect of concentration was also demonstrated by the change of flow
parameters. The consistency coefficient calculated by the Ostwald-de Waele and
Herschel-Bulkley model increased with the concentration, which is typical
behaviour of hydrocolloid solutions (Cevoli et al., 2013).

On the other hand, the increase in concentration was accompanied by a
decrease of flow behaviour index (n), both for samples in water and KCI. In the
case of guar gum and k-carrageenan solutions, the flow behaviour index was
decreasing with concentration and increasing with temperature. On the contrary,
the consistency coefficient (k) was increasing with concentration and decreasing
with temperature.

Observed decrease of n with increasing polymer concentration for guar gum
aqueous solutions reflected their increasing non-Newtonian rheological
behaviour due to the higher mutual entanglement of the hydrogen bond stiffened
individual guar macromolecules. After addition of the background salt (KCI)
electrolyte into the guar aqueous solutions, the presence of strong chaotropic
potassium ions induced organized water structure breakage, thus resulting in
dissolution of the larger scale guar gum aggregates into individual molecules.
This effect is clearly visible for the diluted systems; however, with increasing
concentration it is diminishing due to the mutual macromolecular coils
overlapping.

For «-carrageenan in 0.07M KCI, the flow parameters were substantially
influenced by the gelation of the samples (at concentration ¢ > 0.50 % w/w);
therefore, the trend between the parameters was not possible to obtain by fitting
the models (because of lower values of determination coefficient). In the case of
1% «x-carrageenan in KCl, the value of flow behaviour index (0.42) at 20 °C
corresponds well to the lower value of n (0.34) of 1.5% carrageenan (i.e., of
more concentrated sample) at the same temperature determined by Marcotte et
al. (2001b). The authors investigated the flow behaviour of hydrocolloids with
1% salt addition at various temperatures and concentrations (at shear rate
0-300 s1). However, the yield stress and consistency coefficient of 1.5% sample
were higher than expected as compared with the parameters of 1.0% sample in
this study. The discrepancies between the results can be related to the different
molecular weight of the samples, as well as to different measuring procedure
applied by Marcotte and co-workers.

In general, there was found a clear relationship between the concentration and
flow parameters of hydrocolloid solutions. However, the samples of xanthan
gum in distilled water exhibited changing behaviour of n versus concentration
(after fitting the Herschel-Bulkley model). Obtained values of n fluctuated in a
relatively narrow range; at 20 °C, the flow behaviour index was even increasing
with concentration. This behaviour can be most probably related to the structural
change of individual xanthan macromolecules due to the expansion/collapse of
their macromolecular coils affected by the charged side chain groups, thus
modulating their mutual electrostatic repulsions. This triggers ability of
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individual xanthan macromolecules to entangle/disentangle as a function of the
polymer concentration.

In the presence of salt (KCI), the charge screening effect causes the change of
xanthan disorder conformation of macromolecular coils (present in the solution
at low ionic strength) to order helical structure (Brunchi et al., 2014); this
conformational transition undergone by increasing the ionic strength of the
solution can be analogous to the coil to helix transition by lowering the
temperature. Thus, xanthan solutions in KCI exhibited a prevalent decrease of n
with concentration, probably due to a more stable polymer structure, in
comparison to xanthan in distilled water. Moreover, the values of n and its
change with concentration are strongly affected by the polymer molecular
weight (Marcotte et al., 2001a).

Effect of temperature

Temperature had a direct effect on molecular motion in the studied solutions.
As temperature increases, molecular motion takes place at a faster rate
(molecules move with greater velocity) (Figura & Teixeira, 2007). Therefore,
temperature affected the flow behaviour of the solutions. However, it was an
opposite effect to that of concentration. The consistency coefficient of guar gum
and k-carrageenan solutions decreased with increasing temperature, whereas the
flow behaviour index increased.

The effect of temperature on the flow parameters of Herschel-Bulkley model
of 0.25 % (w/w) solutions is shown in Table 3. Flow curves of guar gum both in
distilled water and in KCI at 25 °C are shown in Fig. 7.1. As reflected in flow
index data dependencies, there is a change of the flow behaviour of studied
solutions at temperature about 30 °C. This noticeable change could correspond
to the conformational ordering of the shear-thinning polysaccharide, induced by
the temperature change.

Nevertheless, the solutions of xanthan gum, particularly at lower
concentrations (0.25 %, 0.50 % w/w), exhibited a different behaviour of n versus
temperature, as compared to other studied samples. For the samples of xanthan
in water and KCl, the flow behaviour index was decreasing until 30 °C, whereas
the consistency coefficient was increasing. After 30 °C, n was fluctuated in a
relatively narrow range, especially for the dilute solutions, as can be seen from
data in Tables 7.1-7.3. This is in contrast to guar gum and k-carrageenan which
tend to less pseudoplastic behaviour at elevated temperatures. Overall, xanthan
gum exhibited an evident change of its flow behaviour at temperatures around
30 °C, both for samples in water and KCIl, which could demonstrate the
transition of xanthan double helical structure to single coils conformation (in salt
solution) or the disentanglement process of the coil chains (in distilled water), as
shown in Table 7.3.
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Significance of yield stress

Xanthan gum exhibited a significant yield stress (%) within the whole studied
temperature range. The values of 7 were steeply increasing with concentration,
both for samples in water and in KCI. Even at the highest temperature studied
(45 °C) and the lowest concentration (0.25 % w/w), the yield stress was
noticeable (0.21 Pa for the aqueous solution, and 0.27 Pa for the KCI salt
solution, respectively). This fact is probably related to the ability of xanthan
solutions to retain their stable viscosity and their three dimensional network
structure at higher temperatures until reaching a specific “melting temperature”.
The viscosity stability at elevated temperatures (relatively high at low-shear
conditions) and the non-negligible value of yield stress result from the weak
intermolecular associations of xanthan structure, even at very low hydrocolloid
concentration. This rheological behaviour of xanthan gum is a consequence of
the progressive alignment of the rigid xanthan molecules with the shearing force
(Marcotte et al., 2001b).

Generally, higher yield stress values of xanthan solutions were determined at
higher concentrations and lower temperatures. The values of = were
substantially increasing with concentration. This is in agreement with expected
hydrocolloids’ yield stress behaviour. Although the yield stress of xanthan
solutions was decreasing with the rising temperature only for dilute solutions;
the more concentrated samples (0.75 %, 1.0 % w/w) showed an irregular change
of . The occurrence of a yield stress followed by shear thinning, which is
caused by intermolecular association realized via acetate residues, is a typical
behaviour of xanthan gum. The yield stress is a useful property of xanthan gum
as a binder, since it helps to keep various components of a food composition in
place (Marcotte et al., 2001a; Wang et al., 2017). The results obtained for
xanthan gum aqueous solutions are in agreement with the observations by
Marcotte et al. (2001a) who noticed a considerable value of yield stress for
xanthan gum in distilled water at 20 °C and 40 °C.

K -carrageenan in water at higher concentration (1 % w/w) was characterized
by a non-negligible yield stress in the temperature range of 20 to 35 °C. Flow
parameters of k-carrageenan obtained in my study are comparable with the
results published by other authors (Cevoli et al., 2013; Marcotte et al., 2001a).
As in the present study, Marcotte and co-workers (2001a) observed that
carrageenan samples provided large values of yield stress at lower temperatures
(20 °C).
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Table 7.1. Flow parameters of hydrocolloid solutions in distilled water at 25 °C (upward curves).

Sample C Herschel-Bulkley model Herschel-Bulkley model Ostwald-de Waele
(% wiw) without extrapolation with extrapolation model
70 k n R? 70 k R? K n R?
(Pa) | (Pa.s™) (Pa) | (Pa.s") (Pa.s")
Guar gum 0.25 -0.12 0.09 0.69 [0.9999 | 0.003 0.23 1.0 0.07 0.74 | 0.9995
0.50 -0.15 0.12 0.71 [0.9999 | 0.020 0.31 1.0 0.09 0.76 | 0.9996

0.75 -10.64 | 10.94 | 0.25 |0.9998| 0.620 730 | 09898 | 3.91 0.39 | 0.9939
1.00 -17.74 | 21.85 | 0.18 [0.9999| 3.61 11.48 | 0.9967 | 8.14 0.30 | 0.9953

K-carrageenan 0.25 -0.03 0.02 0.90 1.0 0.02 0.10 1.0 0.02 0.92 | 0.9999
0.50 -0.09 0.06 0.85 [0.9999| 0.03 0.23 1.0 0.05 0.88 | 0.9997
0.75 1.11 0.45 056 [0.999| 1.11 1.46 | 0.9861 | 0.89 0.45 | 0.9969
1.00 6.25 1.21 0.45 [0.9993| 6.20 3.68 | 09265 | 5.29 0.24 | 0.9875

Xanthan gum 0.25 0.68 0.24 0.48 [0.9992| 0.80 0.66 | 0.8817 | 0.61 0.34 | 0.9943
0.50 3.04 0.31 049 [0.9995| 3.42 0.72 | 09904 | 2.32 0.21 | 0.9828
0.75 6.42 0.43 0.47 [0.9987| 6.47 1.45 | 0.9992 | 5.27 0.15 | 0.9768
1.00 9.32 0.55 0.43 [0.9988| 8.14 197 | 0.9948 | 8.11 0.11 | 0.9793

Note: ¢ — concentration; 7o — yield stress; k — consistency coefficient; n — flow behaviour index; R? — determination
coefficient.
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Table 7.2. Flow parameters of hydrocolloid solutions in 0.07M KCI at 25 °C (upward curves).

Sample C Herschel-Bulkley model Herschel-Bulkley model Ostwald-de Waele
without extrapolation with extrapolation model
(0]
(Yo whw) = K n | R 70 K R? K n R?
(Pa) | (Pa.s") (Pa) (Pa.s") (Pa.s")
Guar gum 0.25 -0.03 0.02 0.85 1.0 7.0x10* | 9.5x10? 1.0 0.02 0.87 | 0.9999
0.50 -1.32 1.18 0.42 | 0.9997 0.02 1.47 0.9894 0.61 0.52 | 0.9971
0.75 -7.03 8.08 0.24 | 0.9999 0.95 5.60 0.9925 3.26 0.36 | 0.9955
1.00 -33.23 | 39.77 | 0.13 | 0.9999 5.99 14.31 0.9975 | 11.68 0.26 | 0.9938
K-carrageenan 0.25 0.14 0.31 0.45 | 0.9992 0.20 0.90 0.9020 0.37 0.42 | 0.9991
0.50 6.04 0.40 0.60 | 0.9608 71.47 9.76 0.9776 3.29 0.29 | 0.9521
0.75 - - : - ! ] ] ] ] ]
1.00 - - - - - - - - - -
Xanthan gum 0.25 0.49 0.25 0.44 | 0.9992 0.48 0.74 0.9525 0.53 0.33 | 0.9962
0.50 2.01 0.90 0.35 | 0.9995 2.04 2.07 0.9678 2.35 0.22 | 0.9948
0.75 5.51 1.86 0.29 | 0.9985 6.55 2.67 0.9830 6.44 0.14 | 0.9922
1.00 8.58 2.44 0.30 1.0 8.74 4.84 0.9443 9.38 0.15 | 0.9942

Note: ¢ — concentration; 7o — yield stress; k — consistency coefficient; n — flow behaviour index; R? — determination
coefficient. The hyphen means that no relevant value was possible to determine by the fitting of the model.
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Table 7.3. Effect of temperature on the flow parameters of Herschel-Bulkley model (without extrapolation) for 0.25%

(w/w) solutions.

Solvent T Guar gum K-carrageenan Xanthan gum
o
O 70 k n 70 k n 70 Kk n
(Pa) | (Pa.s") (Pa) | (Pa.s") (Pa) | (Pa.s")
Distilled 20 -0.15 0.12 0.67 -0.04 0.03 0.88 0.86 0.20 0.51
water 25 -0.12 0.09 0.69 -0.03 0.02 0.90 0.68 0.24 0.48
30 -0.07 0.06 0.74 -0.03 0.02 0.89 0.57 0.30 0.44
35 -0.08 0.06 0.73 -0.02 0.02 0.92 0.50 0.30 0.45
40 -0.07 0.05 0.74 -0.02 0.02 0.95 0.31 0.35 0.43
45 -0.06 0.05 0.76 -0.01 0.02 0.94 0.21 0.35 0.43
0.07M KCI 20 -0.04 0.03 0.80 0.43 0.31 0.47 0.72 0.19 0.49
25 -0.03 0.02 0.85 0.14 0.31 0.45 0.49 0.25 0.44
30 -0.03 0.03 0.81 0.38 0.17 0.54 0.32 0.31 0.41
35 -0.02 0.02 0.84 0.36 0.13 0.56 0.34 0.32 0.40
40 -0.02 0.02 0.85 0.27 0.13 0.55 0.34 0.28 0.41
45 -0.02 0.02 0.87 0.30 0.10 0.59 0.27 0.30 0.40

Note: T — temperature; 7o — yield stress; k — consistency coefficient; n — flow behaviour index.
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Fig. 7.1. Concentration dependent flow curves of guar gum solutions at 25 °C
(increasing shear rate): circle — 0.25 w.%, triangle — 0.50 w.%, square — 0.75 w.%,
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diamond — 1.0 w.%.
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7.1.2 Intrinsic viscosity

Polysaccharide solutions in distilled water and 0.07M KCI were characterized
by the intrinsic viscosity /n/ calculated according to the Kraemer equation (Eq.
6.4). The values of /5] were also tested by the Huggins equation without correct
results, because the plot of 7/c versus concentration (c) was not linear. The
Kraemer plots of the studied samples at 25 °C are presented in Fig. 7.2.

Values of intrinsic viscosity of guar gum and xanthan gum in KCI solutions
are moderately lower in comparison with /7] of these polymers in distilled water
at the same temperature (T), as evident from data given in Tables 7.4 and 7.5.
For comparison, the intrinsic viscosity of guar gum at 20 °C in water was 14.47
dL/g, while /5] of guar gum in KCI was 12.77 dL/g (at 20 s*). This fact can be
related to a partial dissolution of colloidal polymer aggregates due to the
presence of potassium cations. As stated by Ma and Pawlik (2007) for dilute
guar gum solutions with salt addition, the chaotropic electrolytes such as KCI
are able to accelerate the dissolution of colloidal aggregates which are ordinarily
present in polysaccharide solutions under ambient conditions. This dissolution
of colloidal polymer aggregates consequently results in a decrease of intrinsic
viscosity.

In the case of guar gum, the obtained results of intrinsic viscosity of salt
solutions are in accordance with the data in literature. For example, /n/ of guar
gum in KCI at 25 °C was 12.23 dL/g (at 20 s). This value corresponds very
closely to /»/ obtained by Wang et al. (2015) for guar gum dissolved in seawater
(12.53 dL/g, according to the Higiro et al.'s equation).

From a structural point of view, hydrogen bonding-induced network of guar
gum structure (Li et al., 2006) is more likely to collapse at higher temperatures;
as a consequence, the viscosity of guar gum solutions decreases with increasing
temperature. Intrinsic viscosity of guar gum in water was slightly decreasing
within temperature range 20-45 °C (at 20 s*), due to increasing intramolecular
distance between the molecules in the solution. However, the change of /5] at
higher shear rate (100 s*) was not so extensive, suggesting a lower temperature
dependency of intrinsic viscosity at higher shear rates, probably due to the
breakage of the original molecular arrangements. For guar gum solutions in
KCI, the intrinsic viscosity fluctuated in a relatively narrow range (see Tables
7.4 and 7.5).

Intrinsic  viscosity of xanthan gum is strongly dependent on its
macromolecular structure. As compared to other polysaccharides, xanthan is
relatively rigid, probably due to the interactions between the trisaccharide side
chains and polymer backbone, resulting in a greater conformational constraint.
The presence of ionizable groups on side chains, which dissociate in water,
affects xanthan solution properties. Backbone of xanthan in water at room
temperature (20-25 °C) is extended by the electrostatic repulsions between the
charged groups on the side chains; at 25 °C, the addition of salt causes the
collapse of side chains onto the backbone because of the charge screening effect,
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and xanthan chains tend to adopt a stable helical conformation. This screening
effect leads to a decreased intrinsic viscosity in the salt solution (Brunchi et al.,
2014).

Obtained results confirmed the fact that intrinsic viscosity of xanthan gum in
distilled water is higher than in KCI solution, although the differences between
the samples were only moderate. For instance, the value of [/ for xanthan in
water at 20 °C was 20.10 dL/g, whereas for xanthan in KCl 19.52 dL/g
(at 20 s1). Thus, the intrinsic viscosity of xanthan gum was influenced by its
specific conformations in various solutions. Secondary structure of xanthan gum
depends not only on solvent and salinity, but also on temperature. As
temperature increases, a new transition to disordered random coil conformation
occurs; the polymer macromolecules are dissociated, and therefore the observed
rheological properties of the solution are changed (Brunchi et al., 2014). Values
of intrinsic viscosity of xanthan gum both in water and KCI solution were
decreasing with increasing temperature; the increase was relatively constant,
although the change was larger at higher shear rate (100 s?), as compared to /5]
at lower shear rate (20 s?).

As evident from the results, xanthan gum undergoes an order-disorder
transition on heating at temperature about 30 °C. The disordered form is
characterized by the random coils, but the precise nature of the ordered helix
form is still in debate. The thermal transition is reversible and the original state
Is recovered upon cooling. The addition of electrolyte promotes the ordered state
as demonstrated by an increase in the conformational heterogeneity at a given
temperature, which is described in many scientific studies (Viebke & Williams,
2000; Mannion et al., 1992).

Viebke and Williams (2000) performed the order-disorder transition of
xanthan gum aqueous solutions. The transition was broad, in the temperature
range of ca. 30-70 °C, as measured by DSC. In the same way, Williams et al.
(1991) found that the midpoint transition temperature (Tmig) of xanthan gum
mixed with konjac mannan or locust bean gum in water was 51 °C, whereas in
0.04 mol.dm= NaCl the Tpig even increased to 84 °C. In general, the value of
xanthan transition temperature changes with concentration of salt solution
(of different ionic strength), and is naturally dependent on the character of
hydrocolloid and feasible combinations of dissolved polymers (Pelletier et al.,
2001). Moreover, a suitable technique (such as DSC) enables to determine a
thermoanalytical curve with a Tnig value of the solution, whereas the rheological
approach in this study was focused on the change of solution flow behaviour,
represented by a specific change related to the temperature of conformational
transition.

The transition from ordered macromolecular structure stabilized by relatively
strong hydrogen bonding system to a collapsed random coil conformation of
studied aqueous solutions (in distilled water) and helix-coil transition (in KCI)
were demonstrated by the plots of Kraemer constant (kk) versus temperature, as
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presented in Fig. 7.3. The presence of chaotropic ions K* in KCI solutions leads
to a small increase of Kraemer constant of guar gum in KCI as compared to
water. Generally, the increasing values of kg indicates a better solubility of the
polymer in the solution. When compared guar gum in water with one in salt
solution, the Kraemer constant (at 20 s?) mildly increased at the lowest
temperature (20 °C), as well as at the highest temperature (45 °C). It means that
salt solution (0.07M KCI) point to be a better solvent for guar gum than distilled
water.

Observed differences in kg between the samples of xanthan gum in water and
KCI were only minor. On the other hand, the values of intrinsic viscosity and
Kraemer constant of k-carrageenan were substantially different for samples in
salt solution than for samples in distilled water. This rheological behaviour of k-
carrageenan solutions is consistent with the observations of many other authors
(Brenner et al., 2014; Chen et al., 2002; Nufiez-Santiago et al., 2011; Piculell et
al., 1997), and it can also be the conformation of better solubility of studied
polysaccharide types (of shear-thinning character) in KCI solution as compared
to distilled water.

As can be seen in Fig. 7.3, k-carrageenan showed a conformational transition
at temperature about 30 °C. Viebke and Williams (2000) determined by DSC
technique the order-disorder transition of k-carrageenan in 0.1M sodium iodide
at 37 °C (Tmig). lodide salts stabilised the helical conformation of k-carrageenan
(the ordered state), but prevent aggregation. As stated by Plashchina et al.
(1986), the concentration of solution ions strongly affects the midpoint
temperature of k-carrageenan helix to coil transition. In the case of «-
carrageenan in KCI solution, the authors define the temperature of «-
carrageenan conformational transition as linearly increasing function of the
logarithm of potassium cations concentration.

K-carrageenan even at low concentrations (0.1-0.5 % w/w) provides high
viscosity solutions; it forms strong gels with potassium ions. The mechanism of
gelation involves coil-helix transition of carrageenan molecules (Dunstan et al.,
2001). Gel is an intermediate state of hydration between solid and sol, and has a
continuously three dimensional network in which solid matrix encloses a
delicately separated liquid phase and immobilizes the liquid within it to form a
rigid structure. This structure is resistant to flow. From rheological aspect, gel is
a viscoelastic system with the storage (elastic) modulus (G") larger than the loss
(viscous) modulus (G”). The textures of hydrocolloid gels vary extensively,
from the elastic gel to the brittle gel. As far as brittle gels are concerned, they
may be generated when carrageenans are involved, which is the case of my
study. Gel structure of k-carrageenan is easy to shrink and prone to syneresis (Li
& Nie, 2016).

As confirmed in the present research, it is possible to yield carrageenan gels
upon cooling depending of the presence of specific cations. This is in agreement
with the research of other authors who characterized k-carrageenan gels as hard
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and brittle, and the formation and aggregation of carrageenan helices to be
strongly dependent on the identity of alkaline cations (Brenner et al., 2014;
Nuiez-Santiago et al., 2011).

In the case of this study, k-carrageenan in 0.07M KCI provided hard gels,
except at concentration of 0.25 % (w/w) which exhibited an unstable gelation at
room temperature (approx. 25 °C). Intrinsic viscosity of these polymer-salt
solutions was evidently higher than that of samples in water, particularly at
lower shear rates. The less negative values of Kraemer constant determined for
k-carrageenan in KCI also indicate a better affinity of carrageenan chains to this
salt solvent as compared to distilled water, as discussed above.

Table 7.4. Intrinsic viscosity and Kraemer constant at 20 s and 100 s*
for samples in distilled water.

Sample T Kraemer equation | Kraemer equation
(°O) (20 s1) (100 s?)
[77]« Kk [77]x Kk
(dL/g) (dL/g)
Guar gum 20 14.47 -0.03930 13.17 -0.04600
25 14.36 -0.03882 13.19 -0.04544
30 13.74 -0.03836 12.82 -0.04501
35 13.61 -0.03806 12.75 -0.04454
40 13.58 -0.03789 12.84 -0.04426
45 13.62 -0.03778 12.86 -0.04396
K-carrageenan 20 11.37 -0.04407 11.46 -0.05383
25 11.59 -0.04339 11.78 -0.05299
30 12.01 -0.04762 12.09 -0.05406
35 12.45 -0.05272 12.35 -0.05633
40 13.07 -0.05457 13.08 -0.05604
45 13.52 -0.05429 13.32 -0.05568
Xanthan 20 20.10 -0.03717 15.18 -0.04872
gum 25 20.46 -0.03644 15.62 -0.04739
30 20.98 -0.03567 16.05 -0.04620
35 21.27 -0.03508 16.49 -0.04510
40 21.55 -0.03457 16.91 -0.04410
45 21.66 -0.03422 17.25 -0.04321

Note: T — temperature; /n/x — intrinsic viscosity according to the Kraemer
equation; kx — Kraemer constant.
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Table 7.5. Intrinsic viscosity and Kraemer constant at 20 st and 100 s*
for samples in 0.07M KCI.

Sample T Kraemer equation Kraemer equation
(°O) (20 s1) (100 s?)
(7] Kk (7] Kk
(dL/g) (dL/g)
Guar gum 20 12.77 -0.03503 11.65 -0,04359
25 12.23 -0.03311 11.48 -0.04236
30 12.87 -0.03400 11.83 -0.04210
35 12.83 -0.03328 11.92 -0.04141
40 12.82 -0.03278 12.01 -0.04086
45 12.77 -0.03239 12.06 -0.04036
K-carrageenan 20 19.71 -0.03205 15.98 -0.04317
25 19.59 -0.03162 15.52 -0.04264
30 19.49 -0.03099 15.51 -0.04271
35 20.05 -0.03107 15.95 -0.04226
40 19.87 -0.03120 15.78 -0.04233
45 19.82 -0.03156 15.77 -0.04281
Xanthan 20 19.52 -0.03638 14.40 -0.04759
gum 25 19.76 -0.03612 14.74 -0.04672
30 20.01 -0.03552 15.12 -0.04573
35 20.51 -0.03499 15.49 -0.04487
40 20.73 -0.03469 15.77 -0.04420
45 20.97 -0.03426 16.07 -0.04347

Note: T — temperature; [/ — intrinsic viscosity according to the Kraemer
equation; kg — Kraemer constant.
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Fig. 7.2. Kraemer plot of studied hydrocolloids samples in water (empty symbols)
and in 0.07M KCI (full symbols) at 25 °C (viscosities read at shear rate 20 s™):
circle — guar gum, triangle — x-carrageenan, square — xanthan gum. Linear regression
curves: full line — in water, dash-dot line — in 0.07M KCI.
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Fig. 7.3. Temperature dependency of the Kraemer constant (kk) of studied samples
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triangle — x-carrageenan, square — xanthan gum.
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7.2 Thermal and temperature dependency of polysaccharide
hydrocolloids

7.2.1 Thermal analysis - endothermic transition and moisture content

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA)
of powder polysaccharide hydrocolloids were used to investigate the
hydrocolloid-water interactions. TGA and DTA curves of studied samples are
shown in Figs. 7.4 and 7.5. Measured values of peak temperature (T,), reaction
enthalpy (4H), weight loss, and moisture content (Am,), respectively, were
determined at different heating rates with regard to the kinetics of phase
transition and water evaporation. According to the ability to bind water in
different amount, the hydrocolloids showed different values of 4H and T,, as
given in Tables 7.6 and 7.7.

As listed in the tables, different moisture content of the samples after their
conditioning proved the ability of hydrocolloids to bind water to different extent,
I.e., the role of polysaccharide structure to equilibrate the moisture content of
powders was evident. After the conditioning by saturated vapours, guar gum
was able to bind relatively low moisture content, as compared to other
hydrocolloid samples (e.g., 27.3 % w/w by potassium acetate conditioning).
This fact can be related to the unique structure of guar gum, consisting of
galactomannan chains of various mannose to galactose ratio. This ratio can vary
in specific range (e.g., 2:1) (Gupta et al., 2015; Li et al., 2005), and it can be the
reason of different sample solubility (affinity to water). From a structural point
of view, guar gum is a galactomannan of which the twofold guaran helix is
stabilized by periodic intramolecular hydrogen bonds between the galactosyl
side chains and mannan main chain (Li et al., 2006), which can be responsible
for the lower affinity of guar structure to water molecules in comparison to other
hydrocolloids examined.

On the other hand, xanthan gum was able to bound relatively high moisture
content (e.g., 38.7 % w/w using potassium acetate standard) which indicates the
higher affinity of its polymeric structure to water molecules. Xanthan gum is a
branched hetero-polysaccharide built up from sugar nucleotides precursors
(Viturawong et al., 2008) and it can be assumed that the water molecules may be
included in the complex structure of xanthan pentasaccharide repeating units.
Character of xanthan order-disorder transition is dependent on the degree of
ionization of xanthan carboxyl and acetyl residues (Bilanovic et al., 2015;
Pelletier et al., 2001), and this fact may be related to the obtained values of
thermal parameters.

In the case of k-carrageenan, the moisture content ranged between 9.0 and
34.1 % (w/w) within the conditioning regime used. k-carrageenan consists of an
alternating linear chain of [-D-galactose and 3,6-anhydro-a-D-galactose
(Dunstan et al., 2001), and it is conceivable that the number and position of the
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sulphate groups attached to the galactose units (Sen & Erboz, 2010) can be
related to the ability of powder hydrocolloid to bind moisture.

Observed results confirmed the ability of powder hydrocolloids to bind
moisture in varying degrees, depending on their chemical configuration and
higher-order conformational structure. This mode of behaviour seems to be
characteristic for the polysaccharide hydrocolloids examined in this study. It
means that the course of phase transition is controlled by water availability in
the system. This availability is related not only to the ability of particular
hydrocolloids to hold water molecules, but also to their conformational changes,
and can be used for the identification of individual samples (Baranowska et al.,
2008), as evidenced by the fact that the same mode of hydrocolloids’ behaviour
was found for all tested moister content regimes.

In general, as given in Table 7.7, there was obtained higher values of reaction
enthalpies with increased moisture content in the whole relative humidity
conditioning regime started from 22.5 % up to 84.3 % of relative humidity (RH).
It seems reasonable to assume that the application of the different relative air
humidity conditioning affected the saturation of powders by means of initiating
their swelling at higher relative humidity of the air/powder interface. Hence, this
triggered at the higher relative humidity the decrease of total surface available
for water sorption. Therefore, there was a higher saturation of polysaccharide
powders during potassium acetate conditioning (providing relatively low values
of air humidity) than using potassium chloride conditioning of relatively high
RH (84.3 %) but accompanied by the process of powder swelling, which didn’t
allow an “adequate” saturation of conditioned powders.

As already mentioned, the hydrocolloids with increasing moisture content (at
the same heating rate) provided higher values of reaction enthalpy (regardless of
the hydrocolloid type), suggesting that the endothermic transition is fully
completed at higher moisture level in the system. The comparison of different
saturated hydrocolloids also enables the evaluation of the relations between the
results of thermal analysis and Arrhenius parameters (see chapter 7.2.4),
considering the fact that an “intermediate” water content usually occurs in the
real food systems during practical food applications.

As obvious from the graphs (Figs. 7.4 and 7.5), the first thermal transition is
an endothermic process initialized at the beginning of heating procedure (30 °C).
This process can be related to the change of hydrocolloid structure analogous to
the gelatinization of starch (Ai and Jane, 2015; Coral et al., 2009; Liu et al.,
2006; Zobel and Stephen, 2006). Reaction enthalpy provides energy required to
change the structure of powder samples, thus AH illustrates the order-disorder
transition reflecting changes on molecular scale of tested samples. This fact is in
accordance with the moisture weight loss at temperatures ranging between 30 to
200 °C. This is demonstrated by the first step on TGA curves in the above
mentioned temperature range (Fig. 7.4), corresponding to the phase transition
observed on DTA curves (Fig. 7.5).
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The drop of system enthalpy proved the fact that the underlying process deals
with the water vaporization from the powders, corresponding to the process of
water diffusion and, at higher temperatures, water desorption from the samples.
These two steps of water release are closely related to the molecular mobility
and binding of water to polymer network. When the sample is heated, water
rearranges its partition over the system, and the more tightly bound water
becomes less free to move away, thus requiring higher temperatures to be
evaporated by the desorption process (Appelgvist et al., 1993; Fessas and
Schiraldi, 2001).

The observation of order-disorder transition with characteristic peak
temperature coheres with the moisture content of the samples because water
molecules promote the beginning of the transition process in the polysaccharide
powders. In other words, water molecules have a function of plasticizing agents
in the polymer molecular network (Roos, 1995), and for that reason without
presence of water as a plasticizer, the transition in polymeric structure (which is
induced by thermal changes) could not be possible to occur and powders would
be thermally decomposed at higher temperatures without any phase transition.

In spite of this important role of water, there was no obvious relationship
between moisture content (weight loss) and peak temperature of the samples, as
evident from the experimental data. The endothermic process, centred in the
temperature range between 50 and 85 °C, showed no systematic change with the
moisture content due to the fact, that the values of T, provided apparently non-
systematic variations with Am,,. Therefore, it was impossible to generalize the
relationship between these parameters, which is in accordance with the results
by Appelgvist et al. (1993) for polysaccharides at low moisture content. As
stated by the authors, the peak temperature variations may reflect thermal
histories of the samples, i.e., the maximal temperatures encountered during their
storage. Appelgvist and co-workers investigated the polysaccharide samples
containing 5-25 % (w/w) water (conditioned at room temperature), as a general
probe of water-carbohydrate interactions. Except for a few materials of very low
moisture content (less than 5 % wi/w), all polysaccharides showed an apparent
endothermic event centred in the temperature range 50-80 °C (except those
above their glass transition temperature), which corresponds to the data of my
research.

As obvious from the results in the present study (Table 7.6), a shift of thermal
peak to higher temperatures was observed using larger heating rate. The higher
heating rate also leads to a higher value of reaction enthalpy, determined during
the faster thermal treatment of the sample. This is typical thermal behaviour
based on the fact that the diffusing elements (water molecules) cannot
immediately react to the driving force imposed, i.e., to the increase of
temperature, requiring some time to relax (Fessas and Schiraldi, 2000; Fessas
and Schiraldi, 2001).
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Thus, reaction enthalpy, related to the order-disorder transition and water
evaporation, was evidently affected by the moisture content and heating rate
used. Although each polysaccharide family may have a different water dose-
response relation (Appelqvist et al., 1993), there was found a clear dependency
between reaction enthalpy and moisture content of different polysaccharide
samples. As can be seen in Table 7.6, k-carrageenan with the lowest moisture
content (after room conditioning) provided the lowest values of reaction
enthalpy. On the other hand, xanthan gum exhibited the highest Am,
corresponding to the highest 4H among the studied samples. Obtained values
determined for xanthan gum (relatively large peak temperatures and reaction
enthalpies) can be related to the specific structure of this polymer, as discussed
above.

Table 7.6. Thermal analysis of powders (conditioned at room conditions) in
the temperature range 30-200 °C at different heating rates.

Sample p TGA DTA
(°C.min™) Weight loss | Temperature | Enthalpy
(% wiw) Tp AH (Endo)
(30-200 °C) (°O) (J.g%)
Guar gum 5 10.9 52.4 169.0
10 10.0 64.4 216.0
15 9.9 72.1 236.3
20 94 774 221.1
K-carrageenan 5 9.5 49.6 94.0
10 9.0 64.5 139.3
15 8.7 70.7 137.9
20 8.4 82.1 154.4
Xanthan gum 5 11.3 56.7 171.7
10 12.1 69.2 259.6
15 11.9 76.6 264.0
20 11.9 83.1 298.5

Note: £ — heating rate; TGA — thermogravimetric analysis; DTA — differential
thermal analysis; T, — peak transition temperature; AH — reaction enthalpy.
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Table 7.7. Thermal analysis of powders at constant moisture level (adjusted at different conditions) in the temperature

range 30-200 °C at heating rate 10 °C/min.

Sample Type of conditioning
Room conditions Potassium chloride Potassium acetate
(25 °C, 40 vol.% RH) conditioning conditioning

(25 °C, 84.3 % RH) (25 °C, 22.5 % RH)
Amy Tp AH Amy Tp AH Amy Tp AH
(oww) | (°C) | (J.g9 | (Yoww) | (°C) 0gh) | (ww) | (°C) (3.9
Guar gum 10.0 64.4 216.0 18.4 53.2 231.5 27.3 52.1 363.3
K-carrageenan 9.0 64.5 139.3 20.1 55.5 267.3 34.1 57.8 481.0
Xanthan gum 12.1 69.2 259.6 24.6 57.9 369.0 38.7 72.6 670.9

Note: RH — relative humidity; Am,, — moisture content; T, — peak transition temperature; 4H — reaction enthalpy.
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Fig. 7.4. TGA curves of powder samples (conditioned at room conditions) in the range 30-600 °C (heating at 10 °C/min).
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Fig. 7.5. DTA curves of powder samples (conditioned at room conditions) in the range 30-200 °C (heating at 10 °C/min).
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7.2.2 Thermal stability of polysaccharide powders

Thermal stability of powder samples was found to be restricted to the
temperature range between 200 and 230 °C. Exceeding this temperature limit,
there was a noticeable decrease in the weight of each sample. As can be seen in
Fig. 7.4, there was observed a second step on TGA curves in the temperature
range from 200 to 400 °C. This weight loss represents thermal decomposition of
polysaccharide chains and is different with the type of studied hydrocolloid
(Table 7.8).

For all studied samples, the weight loss on TGA curves was accompanied by
the second peak (exothermic) as observed on DTA curves (the peaks are not
shown) which was assigned to thermal decomposition (burning profile) of the
powders. In the studied temperature range (between 200 and 400 °C, at heating
rate 10 °C/min), samples of k-carrageenan showed a multi-step degradation,
which was characterized by relatively low weight loss about 43 % (w/w), i.e., k-
carrageenan exhibited the highest thermal stability of all powders under study.
This specific degradation can be associated with the peak observed on DTA
curve at approx. 240 °C.

In comparison to other samples, guar gum exhibited the most rapid decline of
TGA curve (as shown in Fig. 7.4), corresponding to relatively high weight loss
of 62.4 % (w/w). It means that thermal stability of guar gum powder was
relatively low. Xanthan gum was characterized by one-step symmetric
degradation with the weight loss of 47.6 % (w/w).

Table 7.8. Thermal stability (burning profile) of powders (conditioned at
room conditions) in the temperature range 200-400 °C at heating rate 10 °C/min.

Sample TGA DTA
Weight loss Temperature Enthalpy
(% wiw) Tp AH (Ex0)
(200-400 °C) °O) (J.gh)
Guar gum 62.4 345.6 124.2
K-carrageenan 42.9 244 .4 85.8
Xanthan gum 47.6 284.2 152.6

Note: TGA - thermogravimetric analysis; DTA — differential thermal
analysis; T, — exothermic peak temperature; 4H — enthalpy of thermal
decomposition.
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7.2.3 Kinetic models

Three different kinetic models were used to evaluate the process of water
evaporation and order-disorder phase transition as induced on heating of powder
samples (in the temperature range from 30 to 200 °C after room conditioning).
The non-isothermal models used in this study enable to evaluate the activation
energy of the process without determining the reaction model. To avoid the
producing of method-dependent values, the results of E, were compared on the
basis of three different model types.

Values of activation energy (E.), representing the energy barriers which has to
be overcome to attain sample transition, were determined based on TGA results.
According to the kinetic model used, E; values varied in a specific range, as can
be seen in Table 7.9. Using Friedman model, activation energy was found to
range between 10 and 30 kJ/mol. In the case of guar gum, E; fluctuated in the
range about 25 to 30 kJ/mol. For k-carrageenan, activation energy was generally
increasing with rising heating rate until 15 °C/min (the maximum value was
approx. 31.4 kJ/mol). By Kissinger model, activation energy was determined in
the range from 25 to 45 kJ/mol for samples studied at specified heating rates
(Fig. 7.6).

To discuss the results obtained in my study, it is necessary to compare
different model types. Friedman model (built on differential calculation of
activation energy at different heating rates) is the most universal differential
kinetic model because it is applicable to wide range of temperature programs.
However, the use of this method requires the derivative conversion data which
can be numerically unstable and noise sensitive (Cai et al., 2018).

Kissinger model as an integral method (based on integral calculation of a
summary E, value for all heating rates) can accomplish the same degree of
multiple-heating rate universality as Friedman model but it has some important
limitations. A main limitation of Kissinger model is the fact that produces a
single value of E, for the reaction process regardless of its actual Kinetic
complexity. Thus, activation energy determined by this model adequately
represents only single-step kinetics. Moreover, because the degree of conversion
am May significantly vary with heating rate S, the determination of accurate E,
value requires the reaction model to be independent of f. Otherwise, the
Kissinger plot would deviate systematically from a straight line, resulting in a
systematic error in activation energy (Vyazovkin et al., 2011). For that reason,
the Kissinger estimations of multi-step mechanism should be verified by other
non-isothermal methods.

In my study, the values of E, calculated by Friedman and Kissinger models
match relatively closely in the case of k-carrageenan and xanthan gum powders.
Besides, the plots of Kissinger model in the present study (Fig. 7.6) confirmed a
satisfactory accuracy of linear regression determined for all samples examined
(no less than 95 % of R?).
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Model-free kinetics was used to provide information about the relation
between degree of conversion («) and activation energy; this energy may not be
constant at the same heating rate and is a function of sample conversion
(Ramajo-Escalera et al., 2006). The dependency of a on temperature for xanthan
gum is plotted in Fig. 7.7. Model-free kinetics for the calculation of E; values of
K-carrageenan is illustrated in Fig. 7.8. This method demonstrated an evident
decrease of activation energy (from 180 to 60 kJ/mol) during heating of powders
with increasing a, particularly between 5 and 20 % of sample conversion. The
largest decrease of E, values was obtained for k-carrageenan, the lowest for
xanthan gum (as given in Table 7.9).

The decrease of activation energy with a can be related to the loss of moisture
and increasing disordering of powder system. The energetic associations
between water molecules and polysaccharide chains (hydrophilic moieties) are
disrupted during thermal treatment (Dranca & Vyazovkin, 2009) and the energy
necessary to overcome the energy barriers of the system drop continually until
60 % of sample conversion. Above this limit, there was no systematic change of
activation energy with a; an increase or fluctuation of E, values was observed,
which can be related to the process of thermal equalization.

Model-free Kkinetics is free of any temperature integral approximations. It
allows even complex chemical reactions to be analysed using a few TGA
measurements without making any assumptions about a particular reaction
model (Cai et al., 2018; Jing, 2005). This kinetic approach reveals the reaction
complexity as a dependency of the effective activation energy on «; it means
that E, varies with « in multi-step kinetics (Vyazovkin, 2002). Compared to
other methods used in this study, the values of E, calculated for powder samples
by Model-free kinetics were obviously higher due to the multi-step character of
the reaction process, providing a total value of activation energy based on
energy barriers of individual steps.
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Table 7.9. Activation energy of powders (conditioned at room conditions) calculated by kinetic models in the temperature

range 30-200 °C.

Friedman model Kissinger Model-free kinetics

p (°C/min) model a (%)
Sample

Ea (kJ/mO|)
5 10 15 20 5 10 | 20 30 | 40 50 60

Guar gum 29.9 28.3 25.3 31.5 43.3 148.7 | 138.2 | 110.2 | 99.2 | 90.6 | 86.6 | 85.7
K-carrageenan 11.0 18.7 31.4 26.7 26.4 179.8 | 146.0| 78.2 | 69.7 | 64.2 | 61.7 | 60.5
Xanthan gum 24.2 20.9 28.0 24.3 32.4 123.4 | 109.5| 90.8 | 88.7 | 87.0 | 86.3 | 86.2

Note: S — heating rate; E, — activation energy; « — degree of conversion.
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Fig. 7.6. Kissinger plot of studied powders in the temperature range 30-200 °C:
empty circle — guar gum, full triangle — x-carrageenan, full square — xanthan gum;
S — heating rate; Tm — peak temperature on derivative thermogravimetric curve.
Full line — linear regression curve.
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Fig. 7.7. Degree of conversion (a) vs. temperature T (in the temperature range
30-200 °C) at different heating rates for xanthan gum powder: empty circle —heating
rate 5 °C/min, full diamond — heating rate 10 °C/min, empty square — heating rate
15 °C/min, full hexagon — heating rate 20 °C/min.
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Fig. 7.8. Model-free kinetics plot of x-carrageenan in the temperature range 30-200 °C: S — heating rate;
To — thermodynamic temperature at the degree of conversion o. Full line — linear regression curve.
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7.2.4 Arrhenius parameters

Temperature sensitivity of 0.25% to 1.0% (w/w) hydrocolloid solutions both
in distilled water and in 0.07M KCI was evaluated by the Arrhenius model (at
shear rates 20 s and 100 s?). Effect of temperature dependency on the apparent
viscosity of 0.5% samples at shear rate 20 s is presented in Fig. 7.9.

As clear from the data given in Tables 7.10 and 7.11, hydrocolloid samples in
water generally exhibited higher values of activation energy (Ea) and higher
values of pre-exponential factor (A), than samples in KCI (except E, values for
xanthan gum). This behaviour can be explained by the presence of chaotropic
cations K* in KCI solution, which partially shield the ionic charges along the
polymer chains via electrostatic adsorption (the cations K* diminish the
electrostatic repulsion effect). As a result, this leads to a decrease in polymer
bulk viscosity. In accordance with this fact, a lower activation energy has to be
overcome to achieve the disentanglement of higher-order polymer structure in a
salt solvent, and thus, to promote viscous flow of the solution. This is very
important technological aspect in the manufacturing of food products modified
by the hydrocolloids.

In my study, KCI was chosen to modify physicochemical properties of the
solutions due to the specific character of K* ions, as stated above. On the other
hand, the electrostatic repulsion effect in distilled water contributed to a
stretching state of polymer chains, which resulted in a higher hydrodynamic
volume of dissolved polymer and a higher intrinsic viscosity (Ma & Pawlik,
2007; Wang et al., 2015). Therefore, higher activation energy was needed to
promote viscous flow of samples in water as compared to samples in KCI
solvent.

The values of pre-exponential factor (A) determined for hydrocolloids in
distilled water as well as in KCI correlate with the values of E,. As listed in
Tables 7.10-7.11, the values of A increase with decreasing activation energy,
I.e., with increasing concentration of solutions (guar gum, xanthan gum). On the
other hand, a decrease of pre-exponential factor with increasing E, (at higher
concentrations) was typical for «-carrageenan in distilled water. From a
thermodynamic point of view, this relationship is consistent with the theory that
pre-exponential factor is related to the entropy of the system. Lower values of A
represent a more ordered (i.e., less chaotic) molecular structure which requires
higher energy to be broken down. It is in accordance with the fact that the
hydrocolloids in KCI at higher concentrations (except k-carrageenan due to its
gelation) provide higher values of activation energy, as compared with the
samples in distilled water owing to higher-order assembly of hydrocolloid
structure in salt solution.

Obtained results of the present study confirmed the fact that the activation
energy of hydrocolloid solutions, both in water and KCI, decreases with
Increasing shear rate. It suggests that the energy necessary for reorientation of
solvent molecules is substantially reduced by higher shear rate. However, the
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energy intake at 100 s is still relatively high, which indicates a possible
reorganisation of hydrocolloid chain structure during the energy input. In the
region of higher shear rate values, hydrodynamic forces become of the same
order of magnitude as the structural forces, which induces a new structure, and
thus a new equilibrium can be attained after some time (Figura & Teixeira). This
behaviour can be also related to the fact that the pre-exponential factor A of the
solutions, representing the viscosity at infinite temperature (Busch et al., 2007),
is generally decreasing (guar gum, xanthan gum) at higher shear rates, and hence
the entropy of the system can be interpreted as a measure of the degree to which
structural re-arrangement occurs during the flow (Chandler, 2014). The lower
values of pre-exponential factor at higher shear rate are in agreement with the
expected restructuring of polysaccharide chains. It suggests that the using of
higher shear forces may re-establish a relatively ordered polymer structure
during solution shearing process.

In addition, as stated above, the E, values of salt solutions are lower in
comparison to water samples at the same shear rate which may be explained by
the ion-induced assembly of molecular chains in KCI, resulting in a higher
temperature sensitivity at higher shear rates. The application of a higher shear
stress broke up the original arrangement of hydrocolloid macromolecules which
are associated into an incoherent structure (Pruska-Kedzior & Kedzior, 2007).
This breakdown of samples’ structure into small complexes led to a decrease of
their structural resistance to temperature, according to the type of hydrocolloid
and solvent used.

The results of the present study show that activation energy of guar gum both
in water and in salt solutions was predominantly decreasing with increasing
concentration, probably due to higher-order assembly of molecular structure at
higher polymer concentrations. The decrease of E, could be attributed to
entanglement density of guar chain structure; the equilibrium of the density,
representing the entanglement stability of the structure, is also decreasing with
increasing shear rate (Wang et al., 2015). A new entanglement state results from
the balance between the flow-induced disentanglement of the chains and the re-
entanglement process governed by Brownian motion (Pruska-Kedzior &
Kedzior, 2007). Thus, the activation energy necessary for the viscous flow of the
sample was lower at higher shear rates. The observed temperature behaviour can
be also related to the unique high viscosity properties of guar gum which
provides high viscosity to food products when used even at low concentrations
(Gupta et al., 2015; Nor Hayati et al., 2016).

Among all the samples, k-carrageenan solutions provided the largest values of
activation energy, thus exhibited the highest resistance of their molecular
structure to the viscous flow. The highest E, was determined for 1.0 % (w/w)
carrageenan aqueous solution at 20 s?, 85.88 kJ/mol. In other words, k-
carrageenan was the most temperature resistant polymer with the lowest
sensitivity of its structure to temperature changes, which is in agreement with
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the observations of hydrocolloids behaviour by other authors (Marcotte et al.,
2001a; Marcotte et al., 2001b). The values of activation energy in distilled water
were substantially increasing with rising concentration of k-carrageenan. This
fact can be related to the specific properties of k-carrageenan which yield high
viscosity solutions even at low concentrations (ranging between 0.1 to 0.5 %).
By cooling a salt solution at concentration no less than 0.5 %, the intermolecular
association of carrageenan double helices occurs, and a super helical structure is
formed (Nufez-Santiago et al., 2011; Sen & Erboz, 2010). In the presence of
potassium cations, the solutions of k-carrageenan (at concentration ¢ > 0.5 %
w/w) formed firm and brittle gels; the gelation of k-carrageenan in KCI was
caused by coil to helix transition. However, there was no strong dependency of
activation energy on polymer concentration in salt solution; E, values fluctuated
in a relatively narrow range at both shear rates.

Xanthan gum showed the lowest E, values of all samples both in water and
KCI, i.e., xanthan gum was the least temperature dependent sample. The
activation energy of xanthan in 0.07M KCI ranges from 6.1 to 3.8 kJ/mol at
20 s, and from 4.4 to 2.0 kJ/mol at 100 s, respectively. Observed low values
of activation energy can correspond to flow properties of xanthan solutions
which show excellent thermostability over a wide temperature range (Brunchi et
al., 2014).

Observed xanthan behaviour is in accordance with the results by Marcotte et
al. (2001b) who ascertained that apparent viscosity of xanthan gum (in salt
solution) is slightly affected by temperature but particularly affected by shear
rate. As in the case of guar gum, activation energy of xanthan gum was mostly
decreasing with increasing concentration. Xanthan solutions are highly
pseudoplastic and do not form gel itself (Viturawong et al., 2008). For that
reason, the formation of a stable molecular structure in the presence of
potassium cations can lead to a decrease of E, at higher xanthan concentrations.
Nevertheless, the Arrhenius model was not suitable to apply to xanthan gum in
distilled water, because of lower values of determination coefficient (R?) and
due to negative values of activation energy obtained for more concentrated
samples.
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Table 7.10. Activation energy and pre-exponential factor at 20 s and 100 s (upward curves) for samples in distilled

water.
Sample C Arrhenius equation Arrhenius equation
(% wiw) (20 s1) (100 s?)
A Ea R? A Ea R?
(mPa.s) (kJ/mol) (mPa.s) (kJ/mol)
Guar gum 0.25 1.09 x 102 19.59 0.9816 3.09 x 10 16.13 0.9852
0.50 8.16 x 10* 26.61 0.9553 441 x 103 21.73 0.9734
0.75 9.68 10.18 0.9741 9.68 10.18 0.9878
1.00 149.5 4.84 0.7541 88.30 3.36 0.7037
K-carrageenan 0.25 0.34 9.40 0.8650 0.75 1.27 0.7852
0.50 0.86 8.56 0.5533 1.33 7.19 0.5106
0.75 3.00 x 107 60.78 0.8950 1.58 x 10* 32.02 0.9178
1.00 4.03 x 1013 85.88 0.8949 8.75 x 107 46.87 0.9066
Xanthan 0.25 12.16 4.82 0.8860 13.81 1.83 0.9397
gum 0.50 117.1 1.52 0.8191 73.40 -0.51 0.2845
0.75 669.1 -1.23 0.7429 151.0 -1.01 0.9720
1.00 1291 -2.21 0.9764 218.5 -1.34 0.9737

Note: ¢ — concentration; A — pre-exponential factor; E, — activation energy; R — determination coefficient.
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Table 7.11. Activation energy and pre-exponential factor at 20 s and 100 s (upward curves) for samples in 0.07M KCI.

Sample C Arrhenius equation Arrhenius equation
(% wiw) (20 s1) (100 s
A Ea R? A Ea R?
(mPa.s) (kJ/mol) (mPa.s) (kJ/mol)
Guar gum 0.25 3.30 x 102 15.11 0.9306 5.96 x 102 13.13 0.9770
0.50 6.81 7.56 0.9188 6.74 5.76 0.9718
0.75 20.79 7.67 0.9628 20.72 5.21 0.9842
1.00 94,22 6.45 0.9818 58.88 4,70 0.9947
K-carrageenan 0.25 2.21 x 107 19.99 0.9886 2.94 x 107 16.91 0.9820
0.50 n.c. n.c. 0.1421 0.63 13.16 0.6818
0.75 3.70 15.33 0.8681 4,13 9.60 0.9140
1.00 0.61 20.93 0.5778 0.22 17.58 0.7783
Xanthan 0.25 7.98 5.48 0.9401 4,12 4.35 0.9875
gum 0.50 28.46 5.24 0.8452 15.56 3.54 0.9656
0.75 42.65 6.07 0.9575 28.96 3.59 0.9771
1.00 168.5 3.78 0.6130 81.55 2.04 0.8419

Note: ¢ — concentration; A — pre-exponential factor; E, — activation energy; R? — determination coefficient; n.c. — not
computed value.
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Fig. 7.9. Arrhenius plot of 0.5% (w/w) samples in water (empty symbols) and in
0.07M KCI (full symbols) (viscosities 7 read at shear rate 20 s1): circle — guar gum,
triangle — x-carrageenan, square — xanthan gum; T — temperature. Linear regression

curves: full line — in water, dash-dot line — in 0.07M KCI.

75



7.3 Functional properties of gelatin-polysaccharide blends
7.3.1 Rheological analysis

The blends of 0.5% (w/w) gelatin/polysaccharide were dissolved in two
different salt solvents (0.07M KCI or 0.07 M NaCl) to follow the effects of
conformational transition induced by external stimulus, i.e., by the change of
temperature and type of solvent.

The electrostatic interactions were the main forces in the formation and
stabilization of the prepared biopolyelectrolyte complexes (PECs), although the
hydrogen bonds and hydrophobic interactions were also important. From a
general point of view, an anionic polysaccharide plays a role of a basis in the
electrostatic complexation. As stated by Voron’ko et al. (2016), at high
temperatures, when biopolymer macromolecules in solution assume the random
coil conformation, hydrophobic interactions contribute to a large extent to
complex stabilization. On the other hand, below and at the temperature of
gelatin coil to helix conformational transition, the electrostatic interactions and
hydrogen bonds play a decisive role in the complex formation. In the presence
of a positively charged natural polyelectrolyte (gelatin), the polysaccharide self-
assembles with the complementary polyelectrolyte. The complexation with
gelatin is provided by the electrostatic interaction between positively charged
groups in gelatin and negatively charged groups in the polysaccharide (e.g.,
sulfate groups in k-carrageenan) leading to conformational changes of gelatin
macromolecules (Derkach et al., 2015a).

There was a detectable change of rheological behaviour of gelatin/
polysaccharide blends reflecting the conformational transition (helix-coil) at
temperature about 35 °C. The change corresponds to the conformational
ordering of hydrocolloid chains in the complex (leading to the enhancement of
gelatin/polysaccharide electrostatic complexation) and gelatin gel-sol transition
upon heating. Thus, at higher temperatures (above 40 ©°C), gelatin and
polysaccharide in the complex are present in the form of disordered flexible
coils. On the other hand, gelatin/polysaccharide complex dissociates during
cooling by reverse conformational ordering (coil to helix transition), as reported
by Cao et al. (2016) for gelatin/k-carrageenan complexation.

It is also important to consider the effect of salt concentration on the
complexes. The conformational transition temperature of the polysaccharide
increases with the addition of salts such as KCI and NaCl. This is due to the
reduction of electrostatic complex coacervation of a gelatin/polysaccharide
mixture with increasing salt concentration; the coacervation is entirely screened
after a certain salt concentration level is reached. For example, the electrostatic
complex coacervation of 0.75% gelatin/k-carrageenan blend is completely
screened when KCI concentration is more than 100 mM (Cao et al., 2016). In
the present study, the concentration of 0.07M (70mM) KCI and NaCl was used
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as sufficiently high to be assumed that the complex coacervation of 0.5% (w/w)
blends will be completely screened.

As shown in Tables 7.12-7.13, temperature had an obvious effect on the flow
behaviour of studied solutions. The flow curves of the blends read at
35 °C are shown in Fig. 7.10. Temperature dependency of flow behaviour index
of the blends is presented in Fig. 7.11. The consistency coefficient (k) of guar
gum/gelatin and «-carrageenan/gelatin blends was predominantly decreasing
with temperature, whereas the flow behaviour index (n) was increasing in the
studied temperature range (25-45 °C). However, xanthan gum/gelatin blends
exhibited an opposite behaviour of n versus temperature, as compared to other
samples. For xanthan gum/gelatin blend in NaCl, the flow behaviour index was
predominantly decreasing, whereas the consistency coefficient increasing with
temperature. Both for xanthan gum/gelatin in KCI and NaCl, there was an
evident change of n at temperature about 35 °C, demonstrating a conformational
transition of xanthan chains (Fig. 7.11).

Overall, xanthan gum provided more viscous blends at higher temperatures,
in contrast to guar gum and «-carrageenan blends which tend to less
pseudoplastic behaviour at elevated temperatures. The blends of xanthan gum
also exhibited a significant yield stress (=) within the whole temperature range.
Although the values of % were predominantly decreasing with temperature, the
yield stress was noticeable even at 45 °C, the highest temperature under study
(1.647 Pa for the blend in KCI, and 0.973 Pa for the blend in NaCl,
respectively). The viscosity stability of xanthan blends at elevated temperatures
(relatively high at low-shear conditions) and the non-negligible values of yield
stress result from the weak intermolecular associations of xanthan structure,
typical even at very low hydrocolloid concentration (Marcotte et al., 2001b).

For «-carrageenan and gelatin blends, the solutions in NaCl exhibit
substantially larger values of yield stress and consistency coefficient, and
comparatively lower values of flow behaviour index, than the samples in KCI.
This fact can be related to the presence of potassium or sodium cations which
effect the gelation properties of the blends. It means that the flow parameters of
gelatin/k-carrageenan blends, including yield stress, are notably affected by the
type of salt solvent.

Gelatin/x-carrageenan blends in NaCl provided a gel of high consistency at
temperature about 25 °C, whereas the blend in KCI did not undergo a sol to gel
transition within the studied temperature range. Therefore, the differences in
flow parameters between the blends in KClI and NaCl were substantial,
particularly between the values of k and . This behaviour proves that «-
carrageenan can be largely used as co-gelator of gelatin-based solutions via
interaction of charged gelatin with the polysaccharide macroions leading to
formation of specific PECs. As stated by Derkach et al. (2015a), the addition of
K-carrageenan to aqueous gelatin solutions affects gelation kinetics of the
blends, as well as thermal stability of the system; moreover, gelatin/k-
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carrageenan ratio has a substantial influence on the flow parameters of the
blends. In other words, according to the type of solvent used and concentration
of the components, the blends of gelatin/k-carrageenan tend to form a gel. The
blends of gelatin with guar gum or xanthan gum in the present study did not
undergo a sol to gel transition between 25-45 °C.

Overall, the values of k and n are comparatively different for the blends in
KCI and NaCl, respectively. The presence of chaotropic cations (K*) and
kosmotropic cations (Na*) leads to the reduction of electrostatic complex
coacervation of gelatin/polysaccharide system (Cao et al., 2016). However, the
mechanism of action of these ions is opposite: the chaotropic electrolytes (KCI)
suppress the electrostatic repulsion effect on the polymer chains. Moreover, the
chaotropic ions can enhance the dissolution of colloidal aggregates which are
ordinarily present in polysaccharide solutions under ambient conditions (Ma &
Pawlik, 2007; Wang et al., 2015). On the other hand, the kosmotropic
electrolytes (NaCl) promote interactions between water molecules and thus
stabilize intramolecular interactions in protein macromolecules such as gelatin
(Moelbert et al., 2004).

These specific properties of salt solvents also affect flow behaviour of guar
gum/gelatin blends. The effect of Na* ions on the hydrocolloid macromolecules
seems to tend guar gum/gelatin blends to less pseudoplastic fashion at higher
temperatures, as compared to the effect of K* ions in the same system showing
more pseudoplastic behaviour (higher values of k, and lower values of n).
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Table 7.12. Flow parameters of 0.5% (w/w) gelatin/polysaccharide blends in 0.07M KCI (upward curves).

Sample T (°C) Herschel-Bulkley model Ostwald-de Waele model
without extrapolation
70 (Pa) | k(Pa.s") n R? k (Pa.s") n R?
25 -7.008 6.830 0.22 0.9990 1.956 0.38 0.9905
Guar 30 -0.9089 0.8898 0.45 0.9998 0.5246 0.53 0.9982
gum/gelatin 35 -0.7405 0.5905 0.51 0.9998 0.3434 0.59 0.9980
40 -0.6377 0.4812 0.53 0.9997 0.2826 0.61 0.9980
45 -0.5032 0.3679 0.56 0.9998 0.2265 0.64 0.9984
25 0.1580 0.0139 0.83 0.9962 0.0438 0.64 0.9895
K-carrageenan/ 30 0.1794 0.0015 1.18 0.9675 0.0201 0.72 0.9425
gelatin 35 0.2516 0.0404 0.55 0.9198 - - -
40 0.1044 0.0030 1.07 0.9906 0.0120 0.83 0.9824
45 0.3453 0.0038 0.89 0.6532 - - -
25 3.282 0.8333 0.36 0.9998 3.264 0.187 0.9931
xanthan 30 2.10 1.489 0.27 0.9985 3.177 0.180 0.9961
gum/gelatin 35 1.179 1.989 0.23 0.9985 2.953 0.186 0.9978
40 2.057 1.292 0.28 0.9993 2.919 0.185 0.9963
45 1.647 1.077 0.32 0.9988 2.281 0.224 0.9959

Note: T - temperature; 7o - yield stress; k - consistency coefficient; n - flow behaviour index; R? - determination coefficient.
The hyphen means that no relevant value was possible to determine by fitting of the model.
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Table 7.13. Flow parameters of 0.5% (w/w) gelatin/polysaccharide blends in 0.07M NaCl (upward curves).

Sample T (°C) Herschel-Bulkley model Ostwald-de Waele model
without extrapolation

70 (Pa) | k (Pa.s") n R? k (Pa.s") n R?
25 -2.823 2.493 0.31 0.9987 0.9213 0.45 0.9927
Guar 30 -0.4414 0.3243 0.58 0.9998 0.2066 0.65 0.9986
gum/gelatin 35 -0.2869 0.1849 0.66 0.9998 0.1253 0.72 0.9989
40 -0.2373 0.1557 0.67 0.9999 0.1086 0.73 0.9991
45 -0.1773 0.1166 0.70 0.9999 0.0848 0.76 0.9993
25 4.80 0.7628 0.56 0.9983 3.093 0.35 0.9867
K-carrageenan/ 30 9.877 0.2149 0.76 0.9977 5.478 0.25 0.9427
gelatin 35 3.009 1.083 0.48 0.9992 2.674 0.34 0.9946
40 2.084 1.044 0.39 0.9889 2.386 0.28 0.9953
45 0.208 0.0727 0.68 0.9998 0.126 0.59 0.9982
25 3.30 0.6827 0.38 0.9997 3.112 0.184 0.9913
xanthan 30 2.288 0.8347 0.36 0.9985 2.428 0.220 0.9976
gum/gelatin 35 1.911 0.940 0.34 0.9987 2.332 0.219 0.9944
40 1.394 1.184 0.30 0.9990 2.221 0.222 0.9970
45 0.973 1.375 0.28 0.9992 2.106 0.227 0.9983

Note: T - temperature; 7o - yield stress; k - consistency coefficient; n - flow behaviour index; R? - determination coefficient.
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Fig. 7.10. Flow curves of 0.5% (w/w) gelatin/polysaccharide blends in 0.07M KClI
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Fig. 7.11. Temperature dependency of flow behaviour index (n) (Herschel-Bulkley
model) of 0.5% (w/w) gelatin/polysaccharide blends in 0.07M KCI and 0.07M NaCl:
full circle — guar gum/gelatin, empty triangle — x-carrageenan/gelatin,
full square — xanthan gum/gelatin.
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7.3.2 Arrhenius parameters

Temperature dependency of the blends' viscosity was investigated by the
Arrhenius model. The Arrhenius plots of the blends read at shear rate of 20 s
are shown in Fig. 7.12. The activation energy (E.), representing an energy
barrier of reorientation of water molecules in biopolymer system (Baranowska et
al., 2008), was calculated according to the model. The Arrhenius parameters are
stated in Table 7.14.

As can be seen from the data, relatively high values of E, were determined for
blends of guar gum/gelatin both in KCI and NaCl, and for k-carrageenan/gelatin
blend in NaCl; these blends are relatively high temperature-dependent samples
indicating a higher resistance of their molecular structure to temperature (i.e., a
higher resistance to achieve the structural changes by elevating the temperature).
On the other hand, the lowest values of E, were calculated for mixtures of
xanthan gum with gelatin which were less affected by temperature changes. This
fact proves that xanthan gum/gelatin blends have the ability to retain their
polymer network and viscosity at higher temperatures which is in compliance
with the temperature dependency of apparent viscosity observed for xanthan
gum solutions (Marcotte et al., 2001a; Marcotte et al., 2001b). A relatively high
difference between the values of E; was determined for k-carrageenan/gelatin
blends in KCI and NacCl, respectively. However, the Arrhenius model was not
suitable to apply for k-carrageenan/gelatin blends because of low values of
determination coefficient (R?).

Overall, the activation energy of samples in 0.07M NaCl was higher than that
of samples in KCI; it means that the blends in NaCl need higher amount of
activation energy to promote viscous flow than the samples in KCI, probably
due to more complex structure of hydrocolloids in NaCl solution. Samples in
KCI provided lower values of E, and higher values of pre-exponential factor (A),
indicating a less stabilized structure, as compared to Arrhenius parameters for
NaCl blends. This mode of behaviour was the same for all blends, regardless of
the polysaccharide type.

In the same way, the activation energy read at 20 s** was higher than E, read
at 100 s for all samples. This is in accordance with the fact that the structure of
a hydrocolloid and its change with the shearing plays an important role in the
temperature dependency of the solutions. As stated by Marcotte et al. (2001a),
the decrease in activation energy of the hydrocolloid solutions is, in varying
degree, associated with an increase of the applied shear rate, depending on the
hydrocolloid type. The observations indicate that energy necessary for
reorientation of water (solvent) molecules in gelatin/polysaccharide blends is
obviously influenced by the type of hydrocolloid and salt solution, as well as by
the applied shear rate.

83



Table 7.14. Arrhenius parameters at 20 s and 100 s (upward shear rate) of 0.5% (w/w) gelatin/polysaccharide blends in
0.07M KCI and 0.07M NaCl.

Sample Solvent Arrhenius equation Arrhenius equation
(20 s1) (100 s1)
A Ea R? A Ea R2

(mPa.s) (kJ/mol) (mPa.s) (kJ/mol)
Guar gum/gelatin KCI 2.64x107 50.94 0.8438 1.03x10* 34.02 0.8234
NaCl 4.52x108 53.90 0.8398 2.45x10° 36.62 0.8682
K-carrageenan/ KCI n.c. n.c. 0.2940 n.c. n.c. 0.0419
gelatin NaCl 3.576x1013 87.53 0.6613 1.494x10° 75.30 0.7083
Xanthan KCI 7.873 8.926 0.9113 4.995 6.727 0.9747
gum/gelatin NaCl 5.498 9.545 0.9153 4.163 6.992 0.9600

Note: A - pre-exponential factor; E, - activation energy; R? - determination coefficient; n.c. - not computed value.
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Fig. 7.12. Arrhenius plots of 0.5% (w/w) gelatin/polysaccharide blends
in 0.07M KCI (empty symbols) and in 0.07M NaCl (full symbols) at temperature T
(viscosities 77 read at shear rate 20 s): circle — guar gum/gelatin, triangle —
k-carrageenan/gelatin, square — xanthan gum/gelatin. Linear regression curves:
full line —in 0.07M KClI, dash-dot line —in 0.07M NacCl.
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7.3.3 Other analyses

Gelatin/polysaccharide blends were examined by conductivity measurement
and zeta potential analysis, which provided an additional information about the
conformational properties and stability of the blends.

The effect of conformational transition on the conductivity C of the blends
was tested, depending on temperature. As stated by Cao et al. (2016), pure
gelatin solution contributes only negligibly to the conductivity of gelatin/
polysaccharide blends. Therefore, the difference in conductivity between pure
polysaccharide solution and gelatin/polysaccharide mixture reflects the
difference between the polysaccharide in free and complex states. The average
values of C (mS/cm), determined for gelatin/polysaccharide blends, are plotted
in Fig. 7.13.

As can be seen from the graph, there is an evident change of conductivity at
temperature about 35 °C, both for blends in KCI and NaCl, which can be
attributed to the conformational transition of the hydrocolloids. This
conformational change entails a steep rise of conductivity above 35 °C. As in the
case of rheological behaviour (temperature dependency of n), the change in the
slope of conductivity can be considered as confirmation of the effect of
conformational ordering on the functional properties of gelatin/polysaccharide
blends.

Besides, as evident from the graph, the conductivity of the blends in KCI
solution was patently higher than in NaCl solution, due to the different character
of the ions employed in the PECs. Kosmotropic cations Na* (which stabilize the
intramolecular interactions in gelatin) could provide more complex structure of
gelatin/polysaccharide blends, as compared with chaotropic ions K*. This fact
can be attributed to the different conductivity of the same gelatin/polysaccharide
mixtures in different solutions, and can cohere with lower temperature resistance
obtained for KCI samples, in comparison to higher temperature resistance of the
blends in NaCl (characterized by higher values of E, and lower values of A), as
discussed above.

Potential stability of gelatin/polysaccharide blends was evaluated by zeta
potential ({-potential) analysis. The experimental data of (-potential, pH-values
of the solutions and effective diameter of the particles are summarized in Table
7.15.

C-potential value is dependent on the nature of particle surface and its charge
(related to pH), on the electrolyte concentration in the solution and nature of the
electrolyte and solvent used. The most important factor for {-potential analysis
Is pH-value, which was measured for each tested blend in its natural state.
As can be seen in Table 7.15, the pH-value of all blends ranged between 4.60
and 6.60; thus, the (-potential was determined under moderately or slightly
acidic conditions. A zero value of (-potential indicates the least stable state of a
colloidal system at a defined pH, i.e.,, an isoelectric point of the system
(Anonym, 2000; Delgado et al., 2007).
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The {-potential is an electrokinetic potential at the plane of shear, i.e., at the
interface between compact and diffusive part of the electric double layer,
characterized by charged surface and liquid moving with respect to each other.
The sign of {-potential value is opposite to the charge of ions of outer layer in
the electric double layer (Szymczyk et al., 1998). Hence, the analysis of the
blends provided information about the electric charge of their double layer or,
more specifically, about the electro-potential difference between the medium
and the layer of fluid related to the dispersed particles.

The colloidal particles in an aqueous medium prone to interact with each
other to form aggregates or clusters by attractive forces or remain dispersed via
electrostatic repulsion. The balance between attractive and repulsive forces
depends on surface charge of the blends; even an electrostatically stabilized
system is possible to coagulate by adding enough electrolyte such as KCI
(Anonym, 2000; Gerzhova et al., 2016; Wu et al., 2015). Thus, the {-potential
analysis was used to characterize the influence of antagonistic forces acting in
the gelatin/polysaccharide blends on their potential stability.

In the present study, the low values of (-potential determined for all samples
(less than =10 mV) indicate an instability of the blends, which tend to coagulate.
It suggests that the electrostatic repulsion (between similarly charged nearby
particles in the solution) is weak and the blends do not resist aggregation,
because the particles are not small enough, and the attractive forces between
them exceed the electrostatic repulsion. The highest (-potential (in absolute
value) was obtained for k-carrageenan/gelatin blend in NaCl (7.21 mV) with
corresponding effective diameter d of the particles 14 463 nm, exceeding the
size limit for dispersed colloidal particles (1 um). On the other hand, the lowest
values of (-potential were determined for guar gum/gelatin blends (around +1.0
mV) with d about 8 000 nm (in KCI) and 3 000 nm (in NaCl), which represent
the least electrostatically stabilized blends under study.

Table 7.15. {-potential analysis of 0.5% (w/w) gelatin/polysaccharide blends
in 0.07M KCI and 0.07M NacCl.

Sample Solvent | {-potential d pH
(mV) (nm) ()
Guar gum/gelatin KCI -0.99+0.36 792241280 4.83
NaCl 1.00+0.20 32261919 5.00
x-carrageenan/gelatin KCI 2.37+0.84 6385+478 6.61
NaCl -7.21£0.95 14463+734 6.44
Xanthan gum/gelatin KCI -4.93+1.02 5402049863 4.59
NaCl -5.01£1.72 28891+6874 4.63

Note: d - effective diameter; & values indicate standard deviation (for 10
replicate measurements).
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Fig. 7.13. Temperature dependency of conductivity (C) of 0.5% (w/w)
gelatin/polysaccharide blends in the temperature range 29-41 °C: full circle —
guar gum/gelatin, empty triangle — x-carrageenan/gelatin,
full square — xanthan gum/gelatin.
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8. CONTRIBUTION TO SCIENCE AND PRACTICE

The study of rheological and thermal properties of food hydrocolloids is very
perspective area. The research on this field is promising new approaches how to
understand the effect of these hydrocolloids on the functional character of food
products and how to optimize their amount in selected food matrices.

From a general point of view, the study of flow properties of hydrocolloid
solutions (food rheology or, more specifically, macromolecular hydrodynamics)
Is an effective tool in elucidating various levels of macromolecular structure of
different food products. For that reason, accurate description, measurement and
classification of the flow behaviour of macromolecular liquids are directly
useful in practical processing, and have an immense stimulus to the science of
rheology (Macosko, 1994).

The main contributions of this Doctoral Thesis in the field of hydrocolloid
rheology can be summarized into the following points:

e Structural change of food hydrocolloids in aqueous and salt solutions

(semi-dilute regime) can be detected by appropriate rheological models

(Ostwald-de Waele model and Herschel-Bulkley model), i.e., by temperature

and concentration dependency of the flow parameters. The transition of

hydrocolloid chains (order-disorder transition) with changing temperature
obviously influences the flow behaviour of hydrocolloid solutions.

e Conformational ordering of gelatin/polysaccharide blends (polyelectrolyte

complexes) induced by temperature changes has an effect on their rheological

behaviour and other functional properties (conductivity) of the blends.

e Presence of specific ions (chaotropic cations K*, kosmotropic cations Na*)

in the solvent used affects the flow behaviour and gelation of the hydrocolloid

solutions.

Thermal and temperature dependency of food hydrocolloids can characterize
endothermic and exothermic events in these materials, and also the resistance of
their molecular structure to the changes in temperature, concentration, shear rate
and other physico-chemical factors. The key points determined during the study
of hydrocolloids’ thermal and temperature properties are stated here:

e The ability of powder samples to bind moisture in varying degrees

depends on the chemical and higher-order structure of each polysaccharide

studied. The moisture content is related to the values of reaction enthalpy and
peak temperature upon thermal treatment of powders.

e In dependence of the kinetic approach used (Friedman model, Kissinger

model, and Model-free kinetics), the values of activation energy (E.) of

polysaccharide powders vary in a specific range. The largest values of E,

determined at low conversions (at the onset of thermal treatment) suggest that

energy barriers of the powders originate from cooperative disruption of
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energetic associations between water molecules and hydrophilic groups on the
polymer matrix.

e There was found a reverse dependency between activation energy of
polysaccharide solutions and reaction enthalpy of powder samples. The
highest resistance of «-carrageenan solution molecular network to
temperature changes was related to the lowest energy intake needed to
dissociate the polymeric structure of k-carrageenan powder sample. Vice
versa, xanthan gum with the highest sensitivity of its solution structure to
temperature changes provided the largest reaction enthalpy during thermal
treatment of powders.

The Doctoral Thesis also offers another point to be discussed in the field of
food science:

e Relatively low values of (-potential and large values of particle diameters

obtained for 0.5% (w/w) gelatin/polysaccharide blends indicate that these

polyelectrolyte complexes are electrostatically unstable systems which tend to

coagulate.
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CONCLUSION

At the present time, there is a large number of food hydrocolloids and natural
hydrogels with excellent water holding capacity. They are being used as
functional foods and food additives. These materials are becoming more and
more popular because of being safe, biodegradable and biocompatible, and due
to their ability to change the functional properties of specific food products in a
favourable way. They can be used as emulsifying and gelling agents, stabilizers,
thickeners, fat replacers, etc. The increasing importance of these additives has
motivated the scientists to study their physico-chemical properties in order to
find their property-based applications, and was also a great motivation for the
author of the present study.

This Doctoral Thesis was focused on the rheological and thermal properties of
several food hydrocolloids (shear-thinning polysaccharides and gelatin) which
find the growing use in the food industry.

Rheological analysis of polysaccharides solutions in distilled water and
0.07M KCI provided information about their hydrodynamic properties as a
function of polymer concentration, type of solvent and temperature. Flow
parameters of the solutions were described by suitable rheological models
(Ostwald-de Waele and Herschel-Bulkley models). The transition from double
helical polysaccharide structure to conformation of single coils at temperature
about 30 °C (in salt solution) and the disentanglement process of polymer coils
(in distilled water) were proved by the temperature dependency of the Kraemer
constant (kg). The intrinsic viscosity of the solutions was dependent on the
hydrocolloid type and solvent used. Overall, the intrinsic viscosity at lower
shear rate (20 s) was higher than that at higher shear rate (100 s*) owing to the
breakdown of the original molecular structure. The differences of kx in the
studied temperature range (20-45 °C) were relatively small. However, for all
polysaccharides, based on the kg results, KCI seems to be a better solvent as
compared to distilled water, especially for k-carrageenan.

The same rheological approach was used for gelatin/polysaccharide blends,
dissolved in 0.07M KCI and 0.07M NaCl. The functional properties of the
blends were influenced by the conformational transition of hydrocolloid chains.
A noticeable change of flow parameters upon heating, determined about 35 °C,
corresponds to the order-disorder transition of the hydrocolloids, as well as to
the gel-sol transition of gelatin. The flow behaviour and gelation properties of
the blends were affected by the type of hydrocolloid and solvent used. The effect
of Na" ions on the macromolecules of guar gum/gelatin blends can be
characterized by less pseudoplastic behaviour of the blends at higher
temperatures (above 35 °C), as compared to the effect of chaotropic K" ions.
Xanthan gum both in KCI and NaCl blends showed more pseudoplastic
behaviour at elevated temperatures, in comparison to guar gum and «-
carrageenan blends.
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Thermal properties of powder polysaccharides were assessed by thermal
analysis techniques (TGA and DTA). The powders were able to bind moisture to
different extent, dependent on the chemical and higher-order structure of the
polysaccharides, as well as on their conditioning. On the basis of the latter water
binding ability, samples showed different values of reaction enthalpy and peak
temperature. The order-disorder phase transition (endothermic process) occurred
in the temperature range 50-85 °C. Different kinetic models (Friedman model,
Kissinger model, and Model-free kinetics), were used to assess the Kinetics of
phase transition and water evaporation, providing information about the energy
barriers which has to be overcome during thermal treatment of the powders.
Model free kinetics revealed a significant decrease in activation energy (Ea) with
increasing degree of conversion («), in the highest extent between 5 and 20 % of
a, probably due to the release of water molecules from polymer matrix at the
onset of powder thermal treatment. Temperature dependency of polysaccharide
solutions was evaluated using the Arrhenius model. Higher values of activation
energy (Ea.) and pre-exponential factor (A) determined for samples in water can
be explained by a more complicated (less ordered) structure of these solutions,
in comparison to samples dissolved in 0.07M KCI. k-carrageenan solutions were
exhibiting the most temperature resistant flow behaviour, based on the highest
values of E;. On the other hand, xanthan gum was the least temperature
dependent hydrocolloid, as proved by the lowest E, values of all samples.

In the field of rheology and thermal analysis, other research of hydrocolloids
examined in this study and further development of food additives of desirable
functional properties can be expected. New investigation will bring a better
understanding of hydrocolloid performance in specific food applications, such as
functional food, polyelectrolyte complexes, etc. Future research will also enable
the optimisation of hydrocolloid concentration and combination in different food
matrices in regard to the storage and manufacturing conditions.
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