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Abstract

In this work, inulin particle gels, prepared with two types of long chain inulin, namely HP and
HPX, were examined in terms of their structural properties and mechanical response, depend-
ing on the solvent used to prepare the gels (distilled water, water-ethanol mixtures and water-
sucrose mixtures). The results are interpreted on the basis of a particle gel model, which takes
into account the varying gel structure, depending on the sample preparation parameters. X-
ray measurements of the inulin powders, used for the experiments, revealed HP as a mostly
amorphous and HPX as a semi-crystalline powder. The inulin gels with pure water acting as
solvent, were examined according to their sample preparation temperatures. The tempera-
ture profiles for the sample preparation, chosen from 25 °C to 60 °C for HP and from 25 °C to
80 °Cfor HPX, with constant stirring at 600 rpm, yielded viscoelastic particle gels with decreas-
ing hardness for the HP gels and increasing hardness for the HPX gels. By application of high
shear rates (7000 rpm) at the same temperature conditions, the gel hardness was increased
for both types of inulin. Time resolved X-ray scattering experiments during gel formation pro-
vided information about the crystallization kinetics and examination of the inulin gels, using
static light scattering, confirmed that the final gel particle size depends on the sample prepa-
ration temperature. Thus, the results show a high sensitivity of the structural and textural
properties of HP and HPX gels to the variation of applied temperature and shearing during
sample preparation. The inulin gels prepared with water-ethanol mixtures, were examined
according to the decreasing polarity of the solvent with increasing ethanol content. The etha-
nol concentration in the solvent varied from 0% (w/w) up to 15% (w/w) for both types of inu-
lin. Comparable to the inulin-water system, a constant stirring at 600 rpm during sample prep-
aration, yielded viscoelastic particle gels with decreasing hardness at increasing ethanol con-
centration in the solvent for both, HP and HPX. Again, time resolved X-ray scattering experi-
ments during gel formation provided information about the crystallization kinetics and exam-
ination of the inulin gels, using static light scattering, confirmed that the final gel particle size
depends on the polarity of the solvent. The inulin gels prepared with water-sucrose mixtures,
were examined according to the increasing saturation of the solvent with increasing sucrose
concentration. The sucrose content in the solvent varied from 0% (w/w) up to 15% (w/w). As
already mentioned for the inulin-water and the inulin-water-ethanol systems, a constant stir-

ring at 600 rpm during sample preparation, yielded viscoelastic particle gels with decreasing



hardness at increasing sucrose concentrations for both types of inulin. As before, time re-
solved X-ray scattering experiments during gel formation provided information about the crys-
tallization kinetics and examination of the inulin gels, using static light scattering, confirmed
that the final gel particle size depends on the saturation of the solvent. Finally, the different
systems could be linked to each other, by the determination of intersection points between
the solubility curves of all three systems. Thus, the results show a high sensitivity of the struc-
tural and textural properties of HP and HPX gels to the variation of applied temperature, po-
larity and saturation of the solvent. Those findings allow the controlled alteration of large scale
structures and thus of the textural properties in food systems containing inulin as texturizer

or fat replacement.



Kurzfassung

Diese Arbeit beschaftigt sich mit Partikel-Gelen, welche mit zwei langkettigen Typen von Inulin
(HP und HPX) hergestellt wurden. Diese wurden in Hinblick auf ihre strukturellen Eigenschaf-
ten und das Verhalten wahrend der Deformation, in Abhdngigkeit vom eingesetzten Losungs-
mittel, untersucht. Als Losungsmittel wurden demineralisiertes Wasser, Wasser-Ethanol Mi-
schungen und Wasser-Saccharose Mischungen, verwendet. Die Ergebnisse wurden auf der
Grundlage eines Partikel-Gel Modells interpretiert, welches die sich andernde Gelstruktur in
Abhangigkeit von den variierenden Probenvorbereitungsparametern beriicksichtigt. Rontgen-
beugungsmessungen der eingesetzten Inulin Pulver, identifizierten HP als grofRtenteils amor-
phes und HPX als semi-kristallines Pulver. Die Inulin-Gele, welche mit reinem Wasser als L6-
sungsmittel vorbereitet wurden, wurden in Abhangigkeit von einer zunehmenden Probenvor-
bereitungstemperatur (Temperaturprofil von 25 °C bis 60 °C fiir HP und von 25 °C bis 80 °C fir
HPX) mit einer konstanten Rihrgeschwindigkeit von 600 U/min untersucht. Die auf diese
Weise vorbereiteten Gele wiesen viskoelastische Eigenschaften auf, deren Gelharte mit zu-
nehmender Probenvorbereitungstemperatur (PV-Temp.) variierte (die Gelharte von HP-Gelen
nimmt mit zunehmender PV-Temp. ab und die Gelhdrte von HPX nimmt mit zunehmender PV-
Temp. zu). Durch die Anwendung erhéhter Scherraten (7000 U/min) bei identischen Tempe-
raturbedingungen, konnte die Gelharte fir beide Inulin Typen erhéht werden. Durch zeitab-
hangige Rontgenbeugungsmessungen konnten Informationen lber die Kristallisationskinetik
der Inulin-Gele gewonnen werden. Die PartikelgroRenbestimmung der Inulin-Gele mittels sta-
tischer Lichtstreuung bestatigte, dass die endgililtige GrélRe der Gelpartikel von der PV-Temp.
abhangig ist. Somit weisen Struktur und Textur von HP und HPX Gelen, welche mit deminera-
lisiertem Wasser als Lésungsmittel vorbereitet wurden, eine starke Abhangigkeit von der Pro-
benvorbereitungstemperatur und der angewendeten Scherrate wahrend der Probenvorberei-
tung auf. Die mit Ethanol-Wasser Mischungen praparierten Inulin-Gele, wurden in Abhangig-
keit einer sinkenden Polaritdt, mit zunehmenden Ethanolanteil im Losungsmittel, untersucht.
Die Ethanol Konzentrationen im Losungsmittel variierten von 0% (w/w) bis 15% (w/w) fir
beide Typen von Inulin. Vergleichbar zum Inulin-Wasser System, konnten durch eine kon-
stante Scherrate von 600 U/min wahrend der Probenvorbereitung, viskoelastische HP und
HPX Gele erhalten werden, deren Gelharte mit zunehmendem Ethanolanteil im L6sungsmittel

abnahm. Wie zuvor, lieferten zeitabhidngige Rontgenbeugungsexperimente Informationen



Uber die Kristallisationskinetik der Inulin-Gele und die PartikelgroRenbestimmung mittels sta-
tischer Lichtstreuung bestatigte eine starke Abhangigkeit der GelpartikelgroRen von der Pola-
ritdt des Losungsmittels. Die mit Saccharose-Wasser Mischungen praparierten Inulin-Gele,
wurden in Abhangigkeit einer zunehmenden Sattigung, mit zunehmenden Saccharoseanteil
im Losungsmittel, untersucht. Die Saccharose Konzentrationen im Losungsmittel variierten
von 0% (w/w) bis 15% (w/w) flir beide Typen von Inulin. Vergleichbar zum Inulin-Wasser und
zum Inulin-Wasser-Ethanol System, konnten durch eine konstante Scherrate von 600 U/min
wahrend der Probenvorbereitung, viskoelastische HP und HPX Gele erhalten werden, deren
Gelharte mit zunehmendem Saccharoseanteil im Losungsmittel abnahm. Erneut lieferten zeit-
abhangige Rontgenbeugungsexperimente Informationen Uber die Kristallisationskinetik der
Inulin-Gele und die PartikelgroRenbestimmung mittels statischer Lichtstreuung bestétigte
eine starke Abhangigkeit der GelpartikelgréRen von der Sattigung des Losungsmittels. Schluss-
endlich konnten alle drei Systeme (iber Schnittpunkte der jeweiligen Loslichkeitskurven mitei-
nander verknlipft werden. Zusammenfassend konnte festgestellt werden, dass die Gelstruk-
turen der HP-und HPX-Gele eine starke Abhangigkeit von der Temperatur, der Polaritat und
der Sattigung des Losungsmittels aufweisen. Die Resultate dieser Arbeit ermdglichen somit
die kontrollierte Beeinflussung der makroskopischen Eigenschaften von Lebensmittelsyste-

men, die Inulin als Texturgeber oder Fettersatzstoff enthalten.
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Introduction

1 Introduction

Inulin is a well-known, polydisperse oligosaccharide which can be easily extracted from several
economically important plants, such as chicory, onion, garlic and wheat by a production pro-
cess, that is very similar to the production process of sucrose [1]. Chemically inulin belongs to
the family of the fructans, built up of 2 - 90 B-(2,1) linked fructose units and, most often, a

terminal glucose molecule [2]. The molecular structure of inulin is pictured in Fig. 1.

CH,OH
0

OH

OH

Fig. 1: Molecular structure of inulin molecule, the n at the brackets adopts at maximum 90.

Due to its many hydroxyl groups, inulin exhibits a polar character and dissolves well in polar
solvents (e.g. water) and just marginally in less polar solvents (e.g. ethanol). The glycosidic
bond, linking each monosaccharide to each other, is very stable, making the inulin molecule
comparatively resistant against basic and acidic hydrolysis in aqueous solutions [1]. The inulin
molecule’s average degree of polymerization (DP) is dependent on the source it is extracted
from. By ion exchange processes, the polydisperse inulin can be separated into short (average
DP < 10), medium (average DP > 10) and log chain (average DP > 23) fractions (in this work the
focus is placed on the long chain fractions, namely HP and HPX). Nutritionally, inulin is a die-
tary fiber and exhibits low calorie content, prebiotic properties and is suitable for diabetic
nutrition [1, 3, 4]. Inulin/water suspensions can form particle gels with a fat like structure [5,
6]. Depending on the inulin molecule’s degree of polymerization, nowadays inulin is commer-

cially used as sugar replacement (low DP), texturizer (medium DP) and as fat replacer (high
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DP) [4, 7-9]. These days consumers are becoming more and more health-conscious and em-
phasize a healthy nutrition [10-12]. Therefore, taking the above mentioned properties of inu-
lin into account, inulin gels manifest as potential fat replacer in fat containing food. Regarding
the summarized information, this work is focused on the basic physical properties and the
development of a consistent model, explaining the gel formation of the two types of high DP
inulin (HP and HPX) and providing a better understanding for its potential as fat replacer in fat
containing food. Additionally the gel formation in different solvents (demineralized water,
ethanol-water mixtures, sucrose-water mixtures and ethanol-sucrose water mixtures) is ex-

amined and correlated to each other.

Therefore, in section 1 the theoretical background, necessary to understand the properties of
the inulin particle gels, and the analytical methods that have been used to examine the gels,
are briefly summarized. In section 2, the sample preparation for each analytical method is
outlined. Section 3 deals with the interpretation of the analytical results of each inulin-solvent
system. The discussed results are concluded in section 4 and a brief outlook is given in section

5.

1.1 The particle gel model
In this section, the formation of an inulin particle gel is introduced. The model consist of an

adaption of previous publications [13] and our personal findings.

When a certain amount of polydisperse (broad chain length distribution) long chain (average
DP = 23) inulin is added to water, the dissolved amount depends on the temperature of the
solvent and the chain lengths of the inulin molecules (Fig. 2). Naturally short, low molecular
weight chains dissolve faster and at lower temperatures, compared to long, high molecular
weight chains (this is due to the change in the Gibbs free energy of a solute/solvent mixture
AG,;, which decreases with decreasing DP of the solute, see section 1.5). The dissolved poly-
disperse oligosaccharides can be approximately visualized by (semi flexible) rods of different
lengths [14]. Upon cooling, the dissolved inulin molecules recrystallize selectively, driven by
chain length and temperature. In addition, to start the crystallization process, crystallization
nuclei are necessary. In the present case, undissolved material acts as “seeds” which enable a
relative fast recrystallization process. On the contrary, if the complete amount of inulin is dis-
solved, e.g. at sufficiently high temperatures, a particle gel as proposed in Fig. 2 will not be
formed during cooling [15]. The molecules with a larger DP recrystallize first, forming nuclei
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(due to the lower solubility in water and thermodynamic fluctuations), and the molecules with
a smaller DP accumulate on the outer regions of the developing crystallites. When the crystal-
lization process continues, the inulin crystallites form aggregates (acting as primary particles
in the particle gel network). Those are characterized by very strong interactions due to their
crystallization energy, when different crystallites interact via their crystalline surfaces. How-
ever, these processes happen at random places throughout the entire sample. When the gel
formation continues, the primary particles form clusters of random, irregular, perhaps fractal
nature, which are mainly attracted to each other by van der Waals forces [15]. Moreover,
when these random clusters meet at larger scales, a particle network is formed, which defines
most of the structural and mechanical properties of the macroscopic sample. The water is
trapped in the meshes and interspaces of the particle gel [13]. For varying types of inulin,
differing in their average DP, the particle gel network also varies in packing density and gel
particle size. Those variations have a significant impact on the physical properties of the com-
pletely developed inulin gels, illustrating once more the varying texture of inulin gels prepared
with different types of inulin. At the current state, it needs to be stressed, that this model is

not proven in all details.

A Inulin particle gel
'3 —
. Bot et. al. (2004) . Crystallite
Primary particle

Oligosaccharides in solution l Aggregation

Crystallization (Primary particle formation)

Fig. 2: Inulin particle gel model.
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1.2 Crystals
As mentioned above, the primary particles of the inulin particle gels consist of inulin crystal-
lites. Therefore, in this section the basic knowledge about crystals is presented. The infor-

mation in this section was mostly taken from [16, 17].

Crystals are solids, in which atoms/ions are arranged in three dimensional, repeating periodic
structure. In a purely geometrical sense, crystals can be represented by a “point lattice” (i.e.
the points represent the atoms/molecules of the crystal). A point lattice is arranged in a way,
that each point has identical surroundings with three spatial dimensions (a,b and c) and three
angles (a, B and y), which are spanned by the respective axes. An example of a point lattice is

pictured in Fig. 3b.

Unit cell

(a) (b)

Fig. 3: Unit cell a) and point lattice b) [18].
The lattice in Fig. 3b is made up of repeating units. Those units can be characterized by the
three dimensions a,b and ¢ and the three angles o, B and y. Choosing one of those units and
making use of the spatial dimensions and angles, the lattice can be reproduced indefinitely.
The mentioned lengths and angles are called “lattice parameters” and a single cell, con-

structed with those parameters is called a “unit cell” (see Fig. 4).

;

; -,

i * b
a

Fig. 4: Unit cell with lattice parameters [17].
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Altogether, fourteen different point lattices can be constructed (the “Bravais lattices”), which

can be separated in seven categories (the seven crystal systems).

®
® o *

[

Simple Face-centered Body-centered

cubic cubic cubic

p
| N
Simple Body-centered Hexagonal
tetragonal tetragonal

jif ;

Simple Body-centered Base-centered
orthorhombic orthorhombic orthorhombic

Base-centered
Rhombohedral

Face-centered
orthorhombic

Simple Triclinic

Monoclinic monoclinic

Fig. 5: Bravais lattices [19].
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\B
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Y

Orthorhombic
azb#c
o= B =y= 90°

=k

Triclinic
azb#c
a#PB#y#90°

Fig. 6: Crystal systems with lattice parameters [20].
All crystal systems in Fig. 6 are explicitly defined by the lattice parameters. Additionally, each
crystal system can also be defined by its symmetry, with four possible types of symmetry op-

erations: reflection, rotation, inversion and rotation-inversion. If a lattice exhibits one of those
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types of symmetry, the lattice is superimposed on itself after the execution of the respective
symmetry operation. Therefore, each lattice system can be defined by the minimum of sym-
metry elements, that must be present in a given crystal (a system can have more than the

minimum symmetry elements, but never less (see Tab. 1)).

Tab. 1: Symmetry elements.

Crystal system Minimum rotational symmetry
Cubic 4 threefold rotation axes

Tetragonal 1 fourfold rotation axis

Orthorhombic 3 twofold rotation axes

Rhombohedral 3 perpendicular twofold rotation axes
Hexagonal 1 sixfold rotation axis
Monoclinic 1 twofold rotation axis

Triclinic None

If any point on the lattice is chosen and considered as origin, all vectors from the origin can be
defined in terms of three coordinates. If a “cubic cell” is chosen as example, a vector going
from the origin to the intersecting point with the coordinates (1,1,1), will be represented by
a line going along the body diagonal in positive direction. This line will also intersect the point
with the coordinates (2,2,2) and all multiples. The direction of the line can be represented in
shorthand by square brackets e.g. [1,1,1] (the numbers are called the “indices” of the direc-
tion). A negative number is indicated by a bar over the number e.g. [1, 1,1]. A family of direc-
tions is represented by angle brackets e.g. (1,1,1). The family includes all the directions using
those indices, including positive and negative indices in all possible combinations. By conven-
tion, all indices are reduced to the smallest set of integers possible, either by division or by

clearing fractions. In Fig. 7, a unit cell with several directions indicated, can be seen.
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»[100]

/

[210]

g [100]
N [120] a

Fig. 7: Indices of directions [17].
Planes in the lattice are indicated by the “Miller indices”. In this convention, each plane is
described by three parameters (hkl), which are defined as the reciprocals of the intercepts
of the plane with the three crystal axes (a plane parallel to the given axis will be indicated by
the index 0). Negative indices are again written with bars over the numbers. Additionally, the
Miller indices refer not only to one plane, but to a whole set of planes, which are parallel to
the plane specified. If all equivalent planes are specified, the indices are written in curly brack-
ets e.g. {100} represents all cube faces. Examples of Miller indices and the respective planes

are given in Fig. 8.

Fig. 8: Miller indices of planes in the cubic system. The distance d is the interplanar spacing [17].
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1.3 Classical nucleation theory and isothermal crystallization
In this section, the basics necessary to understand the process of isothermal crystallization,

are summarized. The information in this section was again mostly taken from [16, 17, 21].

Isothermal crystallization is a rate process. Thus, the time required for the crystallization, de-
pends on a driving force. The driving force for the crystallization is the “supersaturation”. In a
supersaturated solution, the solute concentration exceeds the equilibrium (or saturation) so-
lute concentration at a given temperature. Therefore, supersaturated solutions are metasta-
ble. Supersaturation is often expressed as concentration difference between saturated (c*)
and supersaturated (c) solution and as ratio of those two different concentrations (see Eq.(1)

and Eq.(2)).

Ac=c—c" (1)

s_C (2)

In Eq.(2), S is the supersaturation. Supersaturated solutions can be prepared by benefiting
from the temperature dependence of the solubility. For most substances, the solubility in a
solvent increases with the temperature of the solvent. If a solution is saturated at a certain
temperature and this solution is cooled down, with a cooling rate faster than the crystalliza-
tion rate of the solute, the solution will become supersaturated until the solute crystallizes to
the saturation point at the respective temperature. Depending on the system (solute, solvent,
temperature, seeding nuclei etc.), the crystallization of the excessively dissolved solute occurs
in different time spans. Therefore, supersaturating a solution to some amount, does not nec-
essarily result in an immediate crystallization. A solution becomes more unstable with increas-
ing supersaturation, resulting in faster crystallization. Every solution can just be supersatu-
rated to a maximum amount, before becoming unstable. In Fig. 9, a solubility curve and its

metastable limit are pictured.
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Nucleation /
% @--O--

ISupersaturation Ac |

Concentration

Temperature (°C)

Fig. 9: Solubility and metastable zone width (MSZW) [22].

If a saturated solution (point 1 in Fig. 9) is cooled to a certain temperature, with a cooling rate
faster than the respective crystallization rate, the solution becomes supersaturated (point 2
Fig. 9). At those conditions, the supersaturated solution is still in a metastable state. If the
temperature is further decreased, eventually the metastable limit is reached, the supersatu-
rated solution becomes unstable and immediate crystallization occurs (point 3 Fig. 9). If the
temperature is further decreased, the solute crystallizes, following the desupersaturation
curve, until equilibrium at the solubility curve is reached again. The degree of supersaturation
at a given temperature, can be estimated by the concentration difference between the solu-
bility curve and the actual concentration (see Fig. 9 Ac). The metastable zone width (MSZW)
is defined as the concentration difference at a given temperature between the saturated so-

lution and the metastable limit.

The metastability of supersaturated solutions can be explained with the “classical nucleation
theory”. Nucleation is the start of the crystallization process and involves the birth of a new
crystal. If the solubility of a solute in a solvent at a given temperature is exceeded, the solute
molecules start to associate and form aggregates. This process is called primary nucleation.
When the crystallization process continues, the already formed crystals grow by the crystalli-
zation of solute molecules on the surface of the crystallites. Since the still dissolved solute
molecules are induced to crystallize by the already present crystallites (they act as seeding
nuclei), this process is called secondary nucleation and involves the growth of crystals. Homo-
geneous nucleation (i.e. just one type of nucleation occurs) exists very rarely in practice.

Therefore, most crystallization processes are a combination of primary nucleation and crystal
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growth. Before the formed crystallites can grow further, they need to exhibit a critical size 7.
Below this size the crystallites are unstable and dissolve again. The critical size of those crys-
tallites can be determined by the “classical nucleation theory”. If the crystallites (or solute
aggregates) are spherical, the Gibbs free energy change AG, required to form an aggregate of

a given size, can be expressed by Eq.(3).

3

(3)

Antr
AG = 4nro —
nr-o <3V

m

) RTIn(1+S)

In Eq.(3), r is the radius of the solute aggregate, o is the solid-liquid interface tension, V,, is
the molar volume of a solute molecule, R is the ideal gas constant, T the temperature of the
solution and S the supersaturation (see Eq.(2)). The left term of Eq.(3) represents the free
energy change for the surface formation of the aggregates AGs and the term on the right hand
side describes the change of the Gibbs free energy for the volume increase of the aggregates
AGy. The free energy changes and their sum are shown qualitatively for a spherical nucleus in

Fig. 10.

AG=4nr’o—((47r’)/(3V,,))RTIn(1+8)

Surface free energy AGq
—— Volume free energy AG,,
—— AGg + AGy = AG

Free energy AG
o
1
I
I
I
I
I
1
I
[}
1
I
I
I
1
I
I
I
1
1
I

Size of nucleus r

Fig. 10: Free energy vs. nucleus size [17].

For small aggregates (size below 7, see Fig. 10), the total Gibbs free energy change is positive
and the unstable aggregates dissolve. If the aggregate size increases, eventually a critical ag-
gregate size 1, is reached, above which the Gibbs free energy change decreases again, the

aggregates stabilize and grow spontaneously (nucleation occurs, size above 1, in Fig. 10). The
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critical size of the aggregates can be determined by setting the derivation of Eq.(3) dAG /dr =
0 (this derivation yields AG,,;;. in Fig. 10) and solving the equation for 7.
o= 2Vmo (4)
¢ RTIn(1+S)
If the supersaturation S in Eq.(4) increases, the critical size 7. of the aggregates decreases.

Therefore, solutions become less stable with increasing supersaturation.

If the above mentioned critical nucleus size is exceeded or the solution still contains seeding
nuclei, the Johnson — Mehl — Avrami — Kolmogorov model (JMAK) can be used to quantify the
isothermal crystallization kinetics and to provide an indication of the nature of the crystal
growth process. Applied to the study of inulin suspensions/gels by x-ray diffraction (see sec-

tion 1.7), the Avrami equation has the following form.

I(@) =1 — e~ (k(t=to)™ (3)

Inax
1(t) is the diffracted intensity at the sample age t, 1,4, is the diffracted intensity after 24 h
ageing, k the crystallization constant, t the age of the sample, t, the begin of the phase tran-
sition and m is the geometry factor. The JMAK model describes the kinetics of liquid-solid
phase transitions. It takes into account, that the crystallization occurs by primary nucleation
and crystal growth (secondary nucleation). The model is based on the assumptions of isother-
mal transformation conditions, spatially random nucleation and linear growth kinetics, in
which growth rate of the new phase depends only on the temperature and not on the time. It
is also assumed, that the density of the growing bodies/particles is constant. The Avrami pa-
rameters k and m provide information of the nature of the crystallization process. The con-
stant k is a crystallization rate constant. It is primarily a function of the crystallization temper-
ature (it generally obeys an Arrhenius-type temperature dependency) and takes both, nucle-
ation and crystal growth into account. In the case of the polydisperse inulin, k also depends
on the degree of polymerization (DP) of the crystallizing inulin molecules. The Avrami expo-
nent (or geometry factor) m indicates the crystal growth mechanism. This parameter is a com-
bined function of the time dependence of nucleation and the number of dimensions, in which
crystal growth takes place. Nucleation is either instantaneous, with nuclei appearing all at

once at early stages in the process, or sporadic, with the number of nuclei increasing linearly
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with time. Crystal growth either occurs as rods, disks or spheres in one, two or three dimen-
sions, respectively. Tab. 2 shows values for m, expected for various types of nucleation and
growth. The first number of the sum in the left hand column defines the geometry of the

crystals and the second number of the sum indicates the type of nucleation.

Tab. 2: Values for the Avrami exponent m for different types of nucleation and growth [16].

m Type of crystal growth and nucleation expected
3+1=4 Spherical growth from sporadic nuclei
3+0=3 Spherical growth from instantaneous nuclei
2+1=3 Plate-like growth from sporadic nuclei
2+0=2 Plate-like growth from instantaneous nuclei
1+1=2 Rod/needle/fiber-like growth from sporadic nuclei
1+0=4 Rod/needle/fiber-like growth from instantaneous nuclei

Although m should be an integer number, fractional values are usually obtained. This arises
from the simultaneous development of two (or more) types of crystals, or similar types of
crystals from different types of nuclei (sporadic vs. instantaneous). Deviations from integer
values may also occur in cases, where spherical crystals arise from initially rod— or plate-like
nuclei. Due to the different types of crystal geometries and/or the different types of nuclea-
tion combined, in those situations m is continually changing. This non-integer values for m
also occur for the crystallization of inulin gels and can arise from the above mentioned pro-
cesses (see also section 1.1). Therefore, in this work the focus of the examination of the crys-

tallization kinetics was set on the determination of the constant k.

1.4 Particle gels as fractal clusters [23]

In this subsection the fractal nature of the networks is suggested, analogously to fat crystal
networks, which are supposed to exhibit a fractal structure [24]. The nature of the crystalliza-
tion process in fats and inulin have definitely many similarities, despite fats are composed of
triacylglycerols. Nevertheless, the crystallization of fats is also selective, due to varying chain
lengths and their saturation degree, which determines the polymorphs and crystallization de-

fects inside the primary particles. The large scale properties look quite similar [25]. The fractal
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dimension Dy of the fat crystal network gives information about its structure and can be de-
termined by various methods such as light microscopy (Fractal Box counting) and the deter-

mination of the solid and the liquid fraction of fats [24, 26, 27]

In this section another method is introduced, using rheological measurements of amplitude
sweeps and their interpretation using a Kraus type model [24, 28, 29], where the breakdown
of the structure can be related to the applied shear amplitude. This approach turns out to be

more effective for (fractal) inulin particle gels.

To understand those ideas on a more quantitative basis, the basic notations, used in the fol-
lowing sections of this work, are summarized. The information in this section was mostly taken

from references [24], [30], and [31].

The essential property of a fractal object is its “scale invariance”, meaning it is “self-similar”.
Therefore, if an ideal fractal structure is subdivided into smaller structures, each subset will
contain scaled down versions of the whole object. Many natural objects, such as trees, coast-
lines or the vascular system, exhibit fractal properties. To describe those fractal objects in a
mathematical way, the Euclidian or Newtonian dimensionality, which is clearly defined in
three dimensions, is not sufficient any more. Since fractal objects exhibit an irregular struc-
ture, they cannot be described by an integer, but rather a fractal dimension Df. If an object
can be subdivided into N copies of itself with scaling factor f, then its fractal dimension D

can be determined by Eq.(6).

_ log(N) (6)

" rog(1/p)

Eq.(6) applies very well for objects, which contain exact subcopies of themselves (ideal frac-
tals). The fractal dimension of particle gels cannot be determined that easy. As already men-
tioned in section 1.1, the inulin particle gels consist of inulin primary particles, which aggregate
under quiescent conditions. The aggregation of spherical particles at rest leads to clusters with
a fractal structure [30]. The inulin particle gels consist of colloidal clusters with an average
random fractal structure on certain length scales and exhibit no exact self-similarity, as known

from “mathematical” fractals [32].

Nevertheless the irregular, fractal network structure is responsible for the viscoelastic re-

sponse of the inulin gels [33], which can be measured by oscillation rheology. Above a certain
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shear amplitude, the inulin gels show a strong and well defined shear thinning behavior [33].
This behavior suggests the comparison of the inulin particle network to a filler particle network
consisting of carbon black particles, as often used in rubber compounds [29]. The rheological
behavior under deformation of those network types is described by the “Payne effect”, which
can be quantified by applying the “Kraus model” on amplitude sweep curves, obtained by
rheological measurements [28]. The respective Equation can be seen in Eq.(7).

G -G, _ 1 (7)
Gy— G, 1+ KZ2a?™

In Eq.(7) G’ is the storage modulus, G, is the storage modulus at infinite deformation a, Gy is
the storage modulus without deformation, K is a constant depending on the system proper-
ties and a the respective deformation amplitude. The exponent m contains the fractal dimen-
sion Dy as shown in Eq.(8).

1 (8)

mECc-D,+2

In Eq.(8) C is the connectivity of the particle network. The determination of Dy provides infor-
mation about the network structure of the examined system and is therefore very important
to describe the physical behavior of the sample during deformation. Fig. 11 shows the storage
modulus of a typical amplitude sweep of a completely developed HP gel, prepared at 25 °C as
explained in section 2.8 and measured after 24 h of ageing at room temperature. The strong
decrease of the modulus corresponds to the successive break down of the particle gels for

increasing amplitudes (see section 3.2.5).
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Fig. 11: Determination of fractal dimension D by oscillatory rheology
The inulin gel in Fig. 11 was measured with the RMS800 oscillatory rheometer by Rheometrics
Inc. The sample was examined with a parallel plate geometry (dplate = 25 mm), with an angular
frequency of 10 rad/s and an oscillation strain between 0,1% and 100%. The parameters for
the “Kraus” fit and the obtained fractal dimension Dy can be seen in Fig. 11. The connectivity
C of the network was set to 1,3, assuming that the inulin particle network is completely per-
colated. The “Kraus fit” yields a formal fractal dimension of 2,3. Referring to a 3d particle gel
network, the fractal dimension must adopt a value between 2 and 3. Taking into account the
relatively small dry matter content of the sample (20% w/w) and the particle gel formation
(see section 1.1), the sample pictured in Fig. 11 should yield a fragmentary gel structure.
Therefore, the value for the fractal dimension Dy = 2,3 is located in the plausible range. Fur-

ther independent measurements will be presented in following works.

1.5 Solute-Solvent interactions

In this work, as already mentioned in section 1, two types of long chain inulin were examined
(HP: mostly amorphous powder, HPX: semi crystalline powder (see section 3.1)) in terms of
their gelling properties in different solvents (water, water-ethanol mixtures and water-sucrose
mixtures). The basis of the inulin gels is a particle gel network, with crystalline inulin primary
particles forming the network (see section 1.1). For the formation of a completely percolated

gel, the used inulin must partly dissolve in the solvent and recrystallize to form the primary
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particles, which are essential for the particle gel network. The dissolution and recrystallization
of inulin in the solvent, implicates solute-solvent interactions. Those can be quantified by the
“Flory-Huggins solution theory” and further solvent effects, which are the central theme of

this section. The information in this section was mostly taken from [34-39].

If a solute (i.e. a polymer) is mixed with a solvent, the Gibbs free energy G, of the mixture
changes, compared to the sum of the free energies of its components Ggy1te aNd Ggprpent aNd

can be expressed by Eq.(9).
AGy =Gy — (GSolute + GSolvent) (9)

In Eq.(9), AG), is the change in the Gibbs free energy of the mixture. Since the Gibbs free

energy can be calculated by Eqg.(10),

with Hy, as the enthalpy of the mixture, T its temperature and S;, the entropy of the mixture,

the change in the Gibbs free energy can be estimated by Eq.(11).

If the differential Gibbs enthalpy AG,, adopts negative values (exothermic), solute and solvent
are miscible and form a stable mixture. In contrast, when AG,, adopts positive values (endo-
thermic), solute and solvent are poorly miscible and the mixture is unstable. This instability
manifests by the precipitation of solute. For ideal mixtures, solute and solvent do not interact
with each other (AH,; = 0) and AG,,; always adopts negative values (the solute can adopt
more arrangements in the solution, than in the solid state. Therefore, the change in entropy
AS,, is always positive, what results in negative values for AG,, and a stable mixture). For real
solute/solvent mixtures, interactions occur between solvent-solvent, solute-solute and sol-
vent-solute. Those interactions must be considered in Eq.(11) and it results in the Flory-Hug-

gins expression for the Gibbs free energy of mixing (Eq.(12)).
AGM = RT(nllnd)l + nzln¢2 + Xn1¢2) (12)

In Eq.(12) ny and n, are the number of moles of solvent and solute, ¢p; and ¢, are the volume
fractions of solvent and solute, R is the ideal gas constant, T the temperature of the mixture

and y the Flory-Huggins interaction parameter. Multiplied with RT, the two terms on the left
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hand side of the bracket in Eq.(12) represent the mixing entropy AS;; and the term on the
right hand side of the bracket represents the mixing enthalpy AH,,. In Eq.(12), the volume
fractions ¢; and ¢, contain the Degree of Polymerization n as follows:

Nl nNZ

) P2 = N any)

~ (N, + nN, (13)

21

In Eq.(13) N; and N, are the number of solvent and polymer (solute) molecules, ¢; and ¢,
are again the volume fractions of solvent and polymer and n is the Degree of Polymerization
of the polymer. Thus, for polydisperse solutes, every DP fraction exhibits its own AG,,, deter-
mining the solubility of this DP fraction at the given conditions in the respective solvent (e.g.
if the Degree of Polymerization n increases, the left term in the bracket of Eq.(12) decreases
and the two terms on the right hand side of the brackets increase. This results in an increase
of AG,, and a decreasing solubility of this DP fraction in the solvent). The Flory-Huggins inter-
action parameter y represents the sum of all pair interactions and consists of following inter-

actions:

1
X :XMS—E(XMM‘FXSS) (14)

In Eq.(14), xus represents the interactions between the monomers of the polymer in the mix-
ture (solute) and the solvent, y, are the interactions between the monomers and ygs are
the interactions between the solvent molecules. For strong pair interactions, the respective
parameter Yus, Xmm OF Xss adopts small values, for weak pair interactions the respective pa-

rameter is large. The Flory-Huggins interaction parameter y depends on the state the system
is in (temperature, pressure etc.) however, it is independent of the Degree of Polymerization

(DP) of the polymer (in Eq.(14), just the interactions between the monomers and the solvent
molecules contribute to the Flory-Huggins parameter. Therefore, the DP of the respective pol-
ymer does not have an impact on the solute-solvent interactions). When a polymer molecule
dissolves in the solvent, for each monomer-solvent interaction established, one monomer-
monomer and one solvent-solvent bond must be broken. This is represented in Eq.(14), by the
factor “1/2” in front of the bracket. The Flory-Huggins interaction parameter is a very crucial
qguantity of Eq.(12), since it represents the interactions of the components in the mixture. If

the intra-component (solvent-solvent and solute-solute) and the inter-component (solvent-
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solute) interactions of a mixture are identical (Yys = Xmm = Xss), the Flory Huggins parame-
ter adopts the value 0 (see Eq.(14)), the enthalpy term of Eq.(12) adopts the value 0 too and
the mixture acts like an ideal mixture (see above). If the inter-component interactions exceed
the intra-component interactions (xus < Xmum, Xss), the Flory Huggins parameter adopts neg-
ative values and the components are miscible (stable mixture AG,, < 0) and if the intra-com-
ponent interactions exceed the inter-component interactions (Yys > Xmm, Xss), the Flory-
Huggins parameter will be positive and the components are poorly miscible (unstable mixture

AGy > 0). Thus, the Flory Huggins parameter y influences the values of AG), significantly.

If we now consider the behavior of HP and HPX in the different solvents, the observations can
be explained with the Flory-Huggins theory. For the sake of clarity, we consider all three sys-
tems (inulin-water, inulin-water-ethanol and inulin-water-sucrose) during sample prepara-
tion, when the inulin powder is mixed with the solvent, at 25 °C (see section 2.2). The inulin-
water system consists of the solute inulin and the solvent water. Both types of inulin exhibit a
certain solubility in water at 25 °C (see Fig. 50). Since the inulin powders are polydisperse (see
section 3.2.3), depending on the Degree of Polymerization of the respective inulin molecule,
the solute dissolves in a larger or smaller amount. This results in a different AG,, for each DP
of the inulin samples (see above). To simplify the discussion for the different DPs of the inulin
molecules, the fractions will be referred to as short (DP < 18), medium (DP < 36) and long
chain (DP = 36) inulin. In section 3.2.3 the DP dependent solubility of HP and HPX during sam-
ple preparation will be examined, revealing that the short and medium chain inulin molecules
(DP < 36) exhibit a significantly higher solubility in water than the long chain fractions (see Fig.
58 and Fig. 59) at 25 °C (the number of solvent molecules, that are necessary to solvate the
short and medium DP inulin molecules is significantly smaller than the number of solvent mol-
ecules, that are needed for the long chain inulin. Because if this, the short and medium chain
inulin dissolve much better in water than the long chain inulin). Therefore, the inter-compo-
nent interactions of the short and medium chain inulin molecules (inulin-water) exceed the
intra-component interactions (inulin-inulin and water-water), AG,, adopts negative values
and the inulin molecules dissolve. For the long chain fractions, the intra-component interac-
tions dominate, AG),, is positive and the long chain inulin molecules just slightly dissolve (see
Eq.(12) and Eq.(13)). If we consider the DP fractions, that remain dissolved after 24 h ageing
at room temperature (see Fig. 60 and Fig. 61), we can observe that only short and a small

amount of medium chain inulin (DP < 36) remain dissolved. For the inulin molecules that did
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not remain dissolved, the intra-component interactions dominate, resulting in AG,, > 0 and
a crystallization of those fractions (if a crystallite is formed, the lattice energy of the crystal is
released and the crystal adopts a very stable state of low Gibbs free energy). If we have a look
at the solubility curves of HP and HPX in water again (Fig. 50), we can see that HPX exhibits a
significantly lower solubility than HP at 25 °C. This is due to the superior crystallinity of the
HPX powder (see Fig. 47) and can also be explained with the Flory-Huggins theory. As men-
tioned before, the crystalline material in the HPX powder is in a very stable state of low Gibbs
free energy G. If the inter-component interactions do not exceed the intra-component inter-
actions of the HPX crystals (in the case of dissolution the solvation energy must exceed the
lattice energy of the crystal), to transfer the crystalline HPX molecules in a state of even lower
Gibbs free energy in the solution G, the crystals remain undissolved. This is the reason for
the lower solubility of HPX compared to HP in water (as mentioned before the HP powder is

mostly amorphous).

If the polarity of the solvent is decreased, by the addition of ethanol to water, the dissolution
trends of HP and HPX at 25 °C remain the same as mentioned above. One significant change,
compared to pure water as solvent, is very obvious. The overall solubility of HP and HPX in
water-ethanol mixtures decreases (see section 3.3.1 and section 3.3.3). This is due to the
change of the Flory-Huggins parameter y. If the polarity of the solvent is decreased, the inter-
component interactions of the relatively polar inulin molecules (see Fig. 1, the inulin molecule
exhibits many free hydroxyl groups, giving the molecule a polar character) with the solvent,
whose polarity is decreased, diminish and with it the Flory-Huggins parameter adopts larger
values. This results in an increased AGj, and the solubility of HP and HPX in the water-ethanol

mixture decreases.

If we consider the inulin-water-sucrose system, the solvent-solute interactions are not signif-
icantly different, compared to the inulin-water system. The overall solubility of HP and HPX is
also decreased, compared to the solubility of HP and HPX in water. Here, this is due to a semi
saturated solvent. Sucrose is also a component of the polydisperse inulin powders
(DPsucrose = 2, see section 3.2.3). This means, if the sucrose content of the solvent is increased,
the saturation degree of the solvent (by the dissolution of the well dissolving sucrose and short
chain fraction of inulin) increases too. Since the polarity of the solvent does not change at all,

the Flory-Huggins parameter remains the same, compared to the inulin water system. The
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semi saturation of the solvent mostly affects the poorly soluble long chain fractions of HP and
HPX, whose solubility is significantly decreased in comparison to the inulin-water system (see
Fig. 106 and Fig. 107). Since so many solvent molecules are already “bound” by the solvation
of the sucrose and the short chain inulin molecules, the number of “free” solvent molecules,
which are necessary to solvate the long and medium chain inulin molecules, is significantly
decreased. Therefore, the medium and long chain inulin is solvated to a much smaller extent.
As mentioned before, by the solvation of molecules, the mixing entropy AS), of this molecule
fraction increases. Thus, the mixing entropy of the partly solvated medium and long chain
fractions decreases, resulting in an increased AG,, for those fractions, manifesting in a de-
creased solubility. Despite of this overall decreased solubility of HP and HPX in water-sucrose
mixtures, the solute-solvent interactions are the same, as already described for the inulin-

water system.

1.6 Solubility measurements
In this section the basic principles of solubility measurements are summarized. The infor-

mation in this section was mostly taken from [17, 40-42].

As mentioned above, if a solute dissolves in a solvent, the solute molecules need to be solv-
ated completely by the solvent molecules and the lattice energy of the solute crystals needs
to be overcome by the exothermic solvation energy (see section 1.5). To determine the precise
solubility of a solute in a certain solvent, at a given temperature, the following requirements

must be met during the solubility determination:

1. A known mass of solvent needs to be preheated to the desired temperature in a tem-
perature controlled, sealed and preferably isolated vessel.

2. The solute must be added in excess (to ensure a saturated solution at the respective
temperature) to the stirred and preheated solvent. The sample must be stirred at the
desired temperature until equilibrium (normally up to 24 h. In this work, due to the
sample preparation procedure of the inulin gels, the solubility was determined after
10 min of stirring at the respective sample preparation temperature).

3. The clear solution and the undissolved solute need to be separated from each other
(e.g. by filtration or centrifugation) and the dissolved amount of solute in the clear

solution is determined.
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The dissolved amount of solute can be measured by several physical methods. In this work,
the principle of the determination of the concentration dependent refractive index, at 20 °C

with monochromatic light of the wavelength A = 589 nm, was used.

If a ray of light hits the interface between two media with different density (e.g. an air/glass
interface), one part of the light ray is reflected and the other part penetrates the second me-
dium. After penetrating the second medium, the direction of propagation of the light ray is
changed. This is called refraction. If a light ray propagates in vacuum and enters a medium
with a higher density than the vacuum, the light ray is absorbed and emitted again by the
atoms of the medium. This process repeats constantly, while the light ray moves through the
medium. If now two light rays are compared, that were emitted from the same light source,
and one of the beams propagated through vacuum and the other one through the above men-
tioned medium, the light ray, which propagated through the medium, arrives delayed com-
pared to the vacuum light ray. This means, the propagation speed in the medium is smaller.
Therefore, the medium exhibits a larger refractive index, than the vacuum (the refractive in-
dex of the vacuum equals 1). The refractive index n,- can be determined by Eq.(15).

ny =—— (15)

Cm

In Eq.(15), c is the speed of the light ray in vacuum and c,, is the speed of the light beam in
the medium (e.g. glass). Due to the definition of the refractive index in Eq.(15), all media ex-
hibit a refractive index n,. larger than 1. Since the refractive index of air is just marginally larger
than 1, it is approximated as 1 in practical cases. If two media are compared to each other,
the medium with the larger refractive index also exhibits the larger “optical density”. As men-
tioned above, if a light ray travels through a medium, the light is absorbed and emitted con-
tinually by the atoms of the medium. This process does not change the frequency of the light
ray, yet it changes the speed of the light ray c,, in the medium. The frequency v of the light

beam can be defined by:

vV=— (16)

Therefore, with a decreasing speed of the light beam in the medium c,,, the wavelength 1,,
of the light ray in the medium must also decrease, to ensure a constant frequency v. The
change of the wavelength in the medium can be estimated by Eq.(17).
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c c/n A
Adp=—= /e _ 4 (17)
v v n,

In Eq.(17), A is the wavelength of the light beam in vacuum. In Fig. 12, an air/glass interface is

pictured.

Fig. 12: Air/glass interface, with refracted and reflected light beams. a) Coming from air entering glass; b) coming from
glass entering air [40].

In Fig. 12a), the light beam comes from the medium air and enters the medium glass. The
incident light ray and the normal (dashed black lines in Fig. 12) span the angle 6. The reflected
light beam and the normal span the angle 8,,, which equals 6,. The light ray entering the me-
dium glass (glass exhibits a higher optical density than air and exhibits therefore also a larger
refractive index) is refracted to the normal, meaning the refractive angle 6, is smaller than 6, .
In Fig. 12b), the opposite situation is pictured. The light beam comes from glass and enters the
medium air (which exhibits a smaller optical density and a smaller refractive index than glass).
Therefore the normal and the refracted light beam span the larger angle 8, (compared to 6,).
The incident angle 8, and the refractive angle 8, and the refractive indices n, and n, of the
respective media, can be related to each other by “Huygens’ principle”. In Fig. 13, the refrac-

tion of a plane wave (light can also be described as wave) at an air/glass interface is pictured.
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Fig. 13: Application of Huygens’ principle on a plane wave at an air/glass interface [40].
In Fig. 13 the distance AP (red line in the medium air), represents a part of the incident light
wave. The wave hits the air/glass interface at the angle 6. The light wave originates from the
point P and covers the distance ¢, t in the time interval t, until arriving at point B. In the same
time interval t, the wave that originates from point A and propagates in the medium glass,
covers the distance c,t. Since the speed of the light wave in air ¢; and in glass ¢, is not iden-
tical, the new light wave front BB’ does not propagate parallel to the light front in air AP.

From the right-angled triangle BPA the distance AB can be determined via Eq.(18).

cqt cqt

AB = = 18
singp; sinf; (18)
The distance AB can also be determined from the right-angled triangle AB'B.
— c,t c,t
AB = —2 2 (19)

sing, sinf,

By setting Eq.(18) and Eq.(19) equal, substituting ¢c; = ¢/n; and ¢, = ¢/n, and the multipli-

cation with ¢, Eq.(20) is obtained.
n,sin@,; = n,siné, (20)

Eq.(20) is called “Snell’s law of refraction”. This law applies to all kinds of waves, which pass
the interface between to different media. In Fig. 14 a punctual light source in the medium

glass is pictured.
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Fig. 14: Total reflection [40].

Since air exhibits a smaller optical density than glass, the refractive angle 6, is larger than the
incident angle 6,. If the incident angle increases, the refractive angle increases too, until a
critical incident angle 6. is reached. A light ray, which propagates from a medium with higher
optical density to a medium with lower optical density, and hits the interface of the two media
at an incident angle which is larger or equal to 6., is reflected completely at the interface (at
an incident angle which equals 6., the refracted light ray propagates parallel to the glass/air
interface. If the incident angle exceeds 6., refraction does not occur anymore and the light
beam is reflected completely at the interface, see Fig. 14). This phenomenon is called “total
reflection”. The critical angle 6, (with a refractive angle 8, = 90°) can be determined by

Eq.(21).

, n;
sin@, = - (21)
1

In Eq.(21), n, is the refractive index of the medium with the higher optical density and n, is
the refractive index of the medium with the lower optical density (n; > n,). The principle of
the total reflection is applied for the determination of the refractive index of unknown media
via Abbé refractometers. In Fig. 15, a sketch of a simple Abbé refractometer is shown. The
illuminating light is emitted by the light source. The light enters the illuminating prism, is scat-
tered by the matted surface of the illuminating prism and diffuse light enters the sample,
which is contained between illuminating and measuring prism. After being refracted by the
sample, the light is refracted at the sample/measuring prism interface again (according to its

incident angle and the refractive indices of sample and prism). The measuring prism emits the
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refracted light, which is observed by the telescope. To determine the refractive index of the
examined sample, the telescope must be focused on the shadow boundary of the total reflec-

tion (upper right hand side of Fig. 15).

telescope

shadow boundary
seen through the telescope

measuring prism
/ sample

illuminating prism
L3

matted surface ® light source

Fig. 15: Abbé refractometer [43].
Since the total reflection at the sample/measuring prism interface is the crucial part of the
Abbé refractometer, in Fig. 16 the two interfaces illuminating prism/sample and sam-

ple/measuring prism are pictured more detailed.

{
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;’ Measuring prism
N ny > ng
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Fig. 16: Total reflection and shadow boundary in measuring prism [44].
To obtain a shadow boundary, which enables the determination of the sample’s refractive
index ng, the optical density of the measuring prism must be higher than the optical density

of the sample (ny; > ng). Therefore, the maximum refractive index, which can be determined
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with an Abbé refractometer, is limited by the measuring prism’s refractive index n,,. Every
light ray, which hits the sample/measuring prism interface at an incident angle 8; < 90°, can
be detected by the telescope as refracted light. The maximum possible incident angle 6, =
90° (“grazing incidence”), results in a refractive angle 6,, which equals 8. Since no larger in-
cident angle 68 is possible and the light is refracted at an angle 6, < 6; (due to the larger
optical density of the measuring prism), the lower part of the measuring prism is not illumi-
nated and appears dark (see Fig. 16). The shadow boundary represents the refractive angle of
total reflection 6. Therefore, if the telescope is focused on the shadow boundary, the refrac-
tive index of the sample can be determined by Eq.(21). Since the refractive index of materials
is dependent on the temperature of the material and the wavelength of the examination light,
the refractive index is determined with monochromatic light (A = 589 nm) and at a temper-
ature of T = 20 °C. Nowadays, the refractive index of samples is determined with digital re-
fractometers, which enable a direct and very fast examination of unknown samples. In Fig. 17,

an example of a handheld digital refractometer is pictured.

Fig. 17: Handheld digital refractometer by Bellingham and Stanley [45].

1.7 X-ray diffraction

Crystalline material can be examined by x-ray diffraction. As mentioned above, the inulin pri-
mary particles are crystalline (the basic information about crystals can be found in section 1.2).
Therefore, in this section the basic principles of x-ray diffraction are summarized. The infor-

mation in this section was mostly taken from [16, 17, 46].
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Radiation is scattered by electrons in atoms, molecules, particles and crystals. Since this scat-
tering process is specific for each substance, this method can be used to identify and examine
unknown substances. X-rays are also a type of electromagnetic radiation and therefore scat-
tered by the electrons of substances (the scattering of x-rays depends on the electron distri-
bution in the system). This enables the examination of samples with x-rays to obtain quanti-

tative structural information.

As mentioned above, light (i.e. electromagnetic radiation) can be described as wave or as pho-

ton. The photon energy is given by Eq.(22).

E=hv=— (22)

In Eq.(22), E is the photon energy, h is Planck’s constant, c is the speed of light, v is the fre-
guency and A is the wavelength. The different types of radiation are sorted according to their
frequency and wavelength in an electromagnetic spectrum (Fig. 18).
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Fig. 18: Electromagnetic spectrum [47].
Light, which is visible for the human eye, exhibits a wavelength of 380 nm — 700 nm (col-
ored region in Fig. 18). The shorter the wavelength A and the higher the frequency v of the
radiation are, the higher is the corresponding energy (see Eq.(22)). X-rays exhibit a wavelength
of approximately A = 0,01 nm — 10 nm and a frequency of v = 30 PHz — 30000 PHz
(10%). Therefore, x-rays have a very high energy content and belong to the ionizing radiation.
Conventionally, x-rays are obtained by an electron bombardment of a water cooled metal an-
ode (often a copper target, see Fig. 19). High voltage is applied between cathode (K with cor-
responding voltage U) and anode (A with corresponding voltage U,). Electrons are emitted
by the cathode, accelerated by the high voltage and collide with the water cooled anode. Elec-
trons of the anode material are accelerated by the collision and x-ray radiation is emitted. A

sketch of an atom of the anode material can be seen in Fig. 20.
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Fig. 20: Generation of x-rays [47].
If the accelerated electron hits an electron on an inner shell (in Fig. 20 the K-shell) of the anode
atoms, the inner electron is knocked out of the atom and the generated hole can be refilled
by an electron of an outer shell (in this case from the L, M and N shell). Depending on which
shell the refilling electron originates from, the excess energy is released as characteristic x-ray
radiation (e.g. for an electron transfers from L shell to K shell, the released x-ray radiation is
called K,). Additionally, when the accelerated electron enters the shell of the anode atom,
the electron is deflected by the charges inside the atom and slowed down. This results in a
decreasing energy of the electron. The excessive energy is released as continuous spectrum,

the “Bremsstrahlung”. Both types of x-ray radiation can be seen in Fig. 21.
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Fig. 21: Characteristic x-ray radiation and “Bremsstrahlung” [47].
Since the wavelength of this monochromatic x-ray radiation is similar to the distance of atoms
in crystals, the diffraction of x-ray radiation by crystalline material can be used to obtain quan-
titative structural information about unknown samples. The relationship between the wave-
length of x-rays and the spacing between the atoms in a crystal ( the interplanar spacing is
characteristic for each substance and type of crystal lattice, see “lattice parameters” section

1.2) is known as Bragg’s law (Eq.(23)), which is the basis of diffraction analysis.
nA = 2d sinf (23)

In Eq.(23), n is the order of the diffraction, A is the wavelength of the x-ray radiation, d is the
interplanar spacing in the crystal and 6 the angle of the incident x-rays to the diffracting lattice
plane. The diffraction of x-ray radiation by atoms of a lattice plane in a crystal can also be
explained by Huygens principle (see also section 1.6). In Fig. 22, the wave front of a plane x-

ray wave hits a lattice plane of a crystalline material.

\ /
e N

Fig. 22: Diffraction of x-ray wave front at lattice plane [48].
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The point where the wave hits the lattice plane (i.e. an atom) becomes a new center, radiating
spherical waves of x-rays. Since the spherical waves propagate in all directions (i.e. the inci-
dent wave is scattered), new wave fronts of various orders are formed, if the scattered waves
are in phase. In Fig. 22, only the new wave front of the first diffraction order is shown, which
propagates at an angle 8,, which equals the incident angle of the wave front ;. Since the new
wave front changes its direction of propagation (compare the wave fronts on the left hand
and on the right hand sides of Fig. 22), the incident x-ray wave has also been diffracted. If the
incident and the diffracted angle are equal (8; = 6,) and the conditions of Bragg’s law
(Eq.(23)) are fulfilled, the diffracted x-ray wave front shows constructive interference and can
be detected as signal with very high intensity (Bragg reflex). In Fig. 23, the diffraction of x-ray

radiation at a series of lattice planes is shown.

|. = |attice atom

®

Fig. 23: Diffraction of x-ray radiation at lattice planes.

In Fig. 23, two monochromatic x-ray beams, with identical wavelength and phase, are scat-
tered by atoms of two different lattice planes (if the x-ray radiation is described as plane wave,
the incident wave front is along the left hand dashed green line AB in Fig. 23). The interplanar
spacing between the two planes is given by the distance d. In Fig. 23, only the scattered beams
are shown, whose scattering angle 8, equals the incident angle 8,. The lower beam traverses
an extra length of 26 = 2d sin6 (after scattering the new wave front goes along the right
hand dashed green line AB’. Since the direction of propagation has changed, the plane x-ray
wave has been diffracted. See also Fig. 22). If this extra length equals an integer multiple of
the wavelength of the x-ray radiation nA, the two x-ray beams remain in phase after scattering

and constructive interference occurs, resulting in very intense Bragg reflexes. Therefore,
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Eq.(23) can be derived from Fig. 23. In diffraction experiments, the Bragg reflexes are detected
and identified according to their diffraction angles 26 (in diffraction experiments, the un-dif-
fracted beam, which exhibits a diffraction order of n = 0, is focused on the center of the de-
tector, see Fig. 24. Since the incident and the diffracted x-ray beam span the angle 8 with the
lattice planes and the un-diffracted x-ray beam also spans the angle 8 with the lattice planes,
the angle between un-diffracted and diffracted x-ray beam equals 26, see Fig. 23). In Fig. 24,

the experimental setup of the used x-ray device is shown.
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Fig. 24: a) Experimental setup and b) obtained diffractogram.

The x-rays are produced by the x-ray generator, collimated by the optics of the device (i.e. the
x-rays are parallelized by a series of pinholes, which block the x-rays, that are nonparallel to
the desired path of the x-ray beam) and diffracted by the sample at a diffraction angle of 26.
In this case, the sample can be solid (powder) or liquid and is contained in glass capillaries
made of quartz glass (quartz glass does not absorb Cu-K, radiation). It is also very crucial, that
the path between x-ray generator and sample is evacuated, to prevent the scattering of the
x-ray beam by air, what results in a decreased intensity of the beam. After being diffracted by
the sample, the x-rays are detected by a 2D detector (the un-diffracted beam is absorbed by
the beamstop, to prevent the still very intense x-ray beam from damaging the detector). A
radial averaging of the detected signals and a plotting of the registered intensity versus the
respective diffraction angle 28, yields the diffractogram shown in Fig. 24b. The diffraction an-
gles of the Bragg reflexes give information about the crystal structure of the sample and the
examination of the time dependent development of the Bragg intensities can be analyzed to

learn about the crystallization kinetics of the sample (see section 1.3).
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1.8 High Performance Anion Exchange Chromatography (HPAEC)

As being oligo saccharides, inulin molecules can be separated and analyzed according to their
degree of polymerization, by using High Performance Anion Exchange Chromatography.
Therefore, in this section the basic knowledge about HPAEC is summarized. The information

in this section was mostly taken from [49, 50].

HPAEC is a type of ion chromatography, making use of the high pressure of a HPLC (High Per-
formance Liquid Chromatography) system (10 — 50 MPa), resulting in a very high performance
of the separation process. It belongs to the family of the physical-chemical separating pro-
cesses and is based on the distribution of an anionic solute between a solid stationary phase

and a liquid mobile phase.

The stationary phase consist of a polymer substrate with covalently bound cationic exchange
groups (most often ammonium groups NR3, with N being nitrogen and R being the organic
side chains) and an exchangeable anionic group (often hydrogen carbonate groups HCO3,
with H being hydrogen, C being carbon and O representing oxygen). In Fig. 25, a typical ex-
ample of a surface functionalized Styrene-Divinylbenzene substrate particle can be seen,
which is very often used as stationary phase for the anion exchange chromatography (espe-

cially for the separation of oligosaccharides like inulin).

SN 00 QOO0
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Styrene-Divinylbenzene Copolymer

a) b)

Fig. 25: a) Surface functionalized anion exchange substrate particle [50], b) Structural formula of Styrene-Divinylbenzene
Copolymer [51].

Modern separation columns are packed with anion exchange granules of a diameterd = 4 —

15 pum. This type of substrate exhibits a very high stability concerning flow rate of the mobile
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phase, changing ionic strength of solute and mobile phase and changing pH values (the sub-
strate remains stable for pH values between 0 — 14). Additionally, the very small substrate
particles enable a very fast mass transfer between stationary and mobile phase, what results

in very efficient chromatographic separation of the different solute molecules.

If a sample containing the anions A~ and B~ is applied on the column, the anions are bound

by the anion exchanger and hydrogen carbonate anions are released (see Eq.(24) and Eq.(25)).
Substrate — NR}HCO3 + A~ - Substrate — NRIA™ + HCO;3 (24)
Substrate — NR;HCO3 + B~ - Substrate — NR}B~ + HCO3 (25)

To separate the different solute molecules from each other, the molecules must be in their
anionic state. Therefore, uncharged molecules are reduced by a strong Base (for HPAEC so-
dium hydroxide NaOH is often used), which can be added to the eluent (i.e. the mobile
phase). The separation of the anions A~ and B~ is controlled by their different affinity with

the stationary phase. The equilibrium process is characterized by a distribution coefficient K.

_ [X_]s ' [HCOE]m
K =171, Hc0;), (26)

In Eq.(26), [X~]sm is the concentration of the sample anion in the stationary respectively in
the mobile phase and [HCO3 ], ,, is the concentration of the hydrogen carbonate anion in the
solid and the mobile phase. If a sample contains two different types of anions A~ and B~, the
anions are separated more efficiently from each other, the more their distribution coefficients
K differ from each other (if an anion exhibits a very high affinity to the stationary phase, it is
restrained very long by the stationary phase, resulting in large values for K. If the sample anion
exhibits a very low affinity with the stationary phase, K is very small, the anion is just slightly
restrained and passes the separation column very quickly). For an exchanged anion X~, the

equilibrium distribution coefficient D is defined by Eq.(27).

After being separated by the anion exchange column, the different anions are registered by
different detection methods. In this section the focus is on the conductometric (or am-

perometric) detection. In Fig. 26, an amperometric flow detector can be seen. It consist of a
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working electrode (left hand electrode in Fig. 26) and a reference electrode (right hand elec-
trode). A voltage is applied on the two electrodes (in the case of oligosaccharides 0 — 0,05 V).
If the eluent (gray spheres in Fig. 26) passes the electrodes, no current is detected. If an elec-
troactive substance passes the measuring section between working and reference electrode,
the substance is partly oxidized or reduced (in this case the anions are oxidized). A cathodic or
anodic current between electrodes and sample ion is generated, which is proportional to the
concentration and charge of the detected substance. Therefore, the detected current can be
represented as chromatographic signal. In Fig. 26, the anion A™ has already been detected
(green spheres already passed the measuring section of the electrodes and are represented
as peak in the chromatogram on the upper right hand side) and anion B~ (red spheres) will be

detected afterwards.

pS/cm @

L\Metrohm

Fig. 26: Conductometric detection [52].

A very important requirement for a sensitive amperometric detection is, that no reaction
products of an oxidation or reduction are deposited on the electrode surface. However, in
practical experiments this is often occurs (especially if carbohydrates are detected. The depo-
sition of substances on the electrodes is called “electrode fouling”), reducing the sensitivity of
the electrodes. The electrode fouling can be reduced by application of Pulsed Amperometric
Detection (PAD). This is a special type of amperometric detection, which uses very short, al-
ternating negative and positive pulses (the duration of one pulse is approximately 60 ms), to
clean the electrode surfaces. This method increases sensitivity and lifetime of working and

reference electrode significantly. The amperometric detection yields a chromatogram, which
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gives information about the concentration of the different substances (area below the respec-
tive peak) contained in the analyzed sample. Since the different components of the sample
have been separated according to their affinity with stationary and mobile phase, the chro-
matogram gives also information about the type of substance. The polydisperse inulin mole-
cules for instance, can be separated according to their different DP. In Fig. 27, an example for

a chromatogram, with the most important parameters indicated, is given.

Signal intensity

to

Baseline

v

Timet

Fig. 27: Chromatogram with parameters indicated [53].

In Fig. 27, tg is the total retention time. This is the time interval from the application of the
substance until its peak maximum. Since ty is characteristic for each substance, it gives quali-
tative information about the examined substance (e.g. by comparing tp of the unknown sub-
stance to the total retention time of a known standard substance). The parameter t, repre-
sents the dead time. This is the time interval, from the application of a substance, which has
no affinity with the stationary phase, until its detection. This is the minimum time a substance
needs to travel through the separation column until being detected (in ideal cases the eluent
is a substance, which has no affinity with the stationary phase). The adjusted retention time

tr can be obtained by Eq.(28).
th =tg —t, (28)

The adjusted retention time gives the amount of time, the substance is restrained by the sta-
tionary phase. The parameters t and t, are also used to determine the capacity factor k' via

Eq.(29).
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tg—to g

kK = -
Ly L)

(29)

The capacity factor is a measure for the velocity of migration in the chromatographic system.
Additionally, it is independent of the column length and the flow rate of the eluent and there-
fore, in unique cases, more significant than the adjusted retention time tg. In Fig. 27, w and
Wy, are the peak width and the peak width at half peak height. The parameters w and w, /,
can be used to determine the resolution R (Eq.(30)) and the number of theoretical plates N

(Eq.(31)).

. 2(tr, —tr,) _ 1,18(tr, — tg,)

(30)
w1+ wy W1/21 + wl/Zz

In Eq.(30), tg, , are the total retention times of substance 1 and 2, wy ; are the peak widths of
substance 1 and 2 and Wi/, , are the peak widths at half peak height of substance 1 and 2.

The resolution R is a measure of the capability of the system, to separate substance 1 and 2

from each other. A resolution of 1,5 is sufficient to detect the two substances individually.

N=16 (%‘)2 =5, 54< d: )2 (31)

Wi,2

The number of theoretical plates N is a theoretical subdivision of the separation length of the
chromatographic column in sections, which can be treated analogously to the separation steps
of a bubble tray tower distillation (rectification). One theoretical plate corresponds to the
length of the column, which is necessary for the distribution equilibrium to be accomplished
once. The more numerous the number of theoretical plates is, the better is the resolution R
of the system. In Fig. 27, h and h, /, are the peak height and half peak height and A is the area
below the peak. The parameter hy/, is used to indicate the height of the peak, where w, /, is
determined. The height of the peak h can be used to determine the area A of Gaussian-shaped

peaks via Eq., to quantify the substance, which induced the analyzed peak.

In Fig. 28, the experimental setup of the used HPAEC device is shown.
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Fig. 28: Experimental setup of the HPAEC measurements [54].
The diluted sample is injected into the system by an autosampler and separated into its com-
ponents by the separation column as mentioned above. The eluent, which transports the sam-
ple through the HPAEC system, can either be provided as ready for use solution or be prepared
automatically by the eluent generator. After being separated from each other, the single com-
ponents are detected amperometric. In the case of the polydisperse inulin samples, the mol-
ecules are reduced by the basic eluent (which contains sodium hydroxid), separated according

to their different DP and oxidized again during amperometric detection.

1.9 Texture analysis (Gel Hardness)

Gels exhibit a distinctive behavior under deformation. Depending on the type of the gel and
its sample preparation, the gel can be characterized by the application of a certain defor-
mation and the measurement of the responsive force. Those results can be achieved by per-
forming texture analysis experiments. Therefore, in this section the basic knowledge about
the texture analysis of food gels is summarized. The information in this section was mostly

taken from [55, 56].

The texture of food products (including edible gels), can be considered as the composite of its
structural elements and the manner those elements are registered with physiological senses.
The term “structural elements” refers to the microscopic and molecular structures, as well as
to the macroscopic structure that can be observed visually. Textural characteristics can be

grouped into three main classes: Mechanical characteristics, geometrical characteristics and
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other characteristics (referring mainly to moisture and fat content of the food). “Mechanical
characteristics” are determined by the examination of the reaction of food to the application
of stress. Organoleptically, they are measured by pressures exerted on the teeth, tongue and
the roof of the mouth during eating. “Geometrical characteristics” refer to the arrangement
of the constituents of the food and are reflected mainly in the appearance of the food product.
They are mostly sensed visually. In the category of “other characteristics” mouthfeel factors
are included, that cannot be easily resolved on the basis of mechanical and geometrical prop-
erties. In this work, only mechanical properties were determined. Therefore, below the focus

is placed on those properties.

The mechanical characteristics can be divided into five basic parameters: Hardness, cohesive-
ness, viscosity, elasticity (or springiness) and adhesiveness. Those parameters (except the vis-
cosity which needs to be determined by e.g. oscillatory rheology measurements, see section
1.11) can be determined by a typical texture analysis experiment, either by compression of a
sample of defined geometry (most often cylindrical shaped samples) or by penetrating a sam-
ple with a cylindrical shaped probe. The two methods will be explained in more detail below.
An example of a texture analysis curve (which is plotted as force versus time), with the respec-

tive basic parameters indicated, can be seen in Fig. 29.
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Fig. 29: A typical texture analysis curve, which should be read from left to right, with peak A; being the first chew and
peak A, the second chew [56].

The “hardness” is defined as the force necessary to attain a given deformation. In Fig. 29, the
hardness of the sample can be determined as the maximum of peak A;. The “cohesiveness”

is the strength of the internal bonds, making up the body of the sample. It is defined as the
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ratio of the areas of peak A, and peak A;. The “viscosity” is the rate of flow per unit force. The
“elasticity” (or springiness), is represented by the rate at which a deformed material returns
to its un-deformed condition, after the deforming force is removed. In Fig. 29, it can be deter-
mined as the difference between the time constant of a standard substance C (in this case
clay) and the time that elapses from the begin of the first chew until the start of the second
chew (the time period B in Fig. 29). “Adhesiveness” defines the work, which is necessary to
overcome the attractive forces between the surface of the sample and the surface of other
materials the sample comes in contact with (e.g. tongue, teeth, palate etc.). It is visible as the
negative force area of peak Az in Fig. 29, after the first chew, when the plunger is pulled away

from the food sample.

The first four characteristics are related to forces of attraction between the molecules/parti-

cles of the food sample, whereas adhesiveness is related to surface properties.

In this work, the texture profile analysis (TPA) experiments were performed with two types of
stainless steel stamps. One with a diameter of d = 7 cm, which exceeded the diameter of the
cylindrical shaped inulin samples (d = 4 cm) and the other stamp with a diameter of d =
1 cm. If the diameter of the plunger is larger than the diameter of the sample, the registered
responsive force of the sample is mostly due to uniaxial compression. If the diameter of the
stamp is smaller than the diameter of the sample, the registered responsive force results from
puncturing of the sample, which is a combination of uniaxial compression and shear. The per-
formance of the two different types of TPA measurements also have a very practical cause.
Since the inulin gels vary in texture according to the different type of inulin employed and the
sample preparation parameters used, some inulin gels exhibit a very soft texture after 24 h of
ageing. Those very soft samples cannot keep the cylindrical shape of the vessel they were
prepared in after being removed from it. Therefore, the determination of the gel hardness
was performed as puncture/indention experiments and the determination of the distinctive
crack pattern of the samples was performed as compression experiments (see section 3.2.4).
In Fig. 30 and Fig. 31, the compression and the indention measurements of an inulin gel sam-
ple are shown. The cylindrical shaped inulin gel sample in Fig. 30 exhibits a defined geometry.
All the samples are compressed for a certain distance (strain) and the responsive force is meas-

ured, which can be used to determine the gel hardness as mentioned above. Additionally, the
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inulin gels exhibit a distinctive crack pattern, after being compressed, which depends on the

gels hardness (see section 3.2.4).

Fig. 31: A) Setup of texture analyzer for indention measurement and B) indention measurement of inulin gel sample.
In Fig. 31, the stainless steel plunger is pushed into the plane-parallel cylindrical shaped sam-
ple. The responsive force is measured and the gel hardness determined as mentioned above.
Here it needs to be mentioned, that the measured responsive force depends on the area and

with it the diameter of the used stamp (see Eq.(33)). If identical samples are examined by both
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methods, the hardness trends are the same, yet the absolute hardness values are different.
This must be considered, if hardness values of samples, which have been measured with dif-

ferent plunger diameters d, shall be compared to each other.

2

F=0-A=a-(ng) (33)

In Eq.(33), F is the measured responsive force, o the stress applied on the sample, A the area
of the plunger and d the diameter of the plunger. The determination of the gel hardness is
very useful to learn about the texture of unknown samples. Since the compression/indention
of a gel sample also represents a stress being applied on the sample, the obtained hardness
trends go along with the initial shear moduli of the respective samples, which have been ex-
amined by oscillatory rheology (see section 1.11). Therefore, the results of those two methods

can be compared to each other.

1.10 Confocal Laser Scanning Microscopy (CLSM)

Inulin gel particles can be visualized by optical imaging methods such as light microscopy. Un-
fortunately, the primary particles of the completely developed inulin gels are very densely
packed, what makes the spatial analysis of those gels with conventional light microscopy very
difficult. Therefore, the inulin molecules are dyed with a fluorescent dye (Rhodamine B, see
below) and visualized by Confocal Laser Scanning Microscopy (CLSM), which enables a spatial
analysis of the gel samples and provides images with increased resolution, compared to con-
ventional light microscopy. In this section, the basic knowledge about CLSM is summarized.

The information in this section was mostly taken from [57, 58].

Confocal Laser Scanning Microscopy belongs to the fluorescent microscopy techniques, which
are based on the excitation of fluorochromes (or fluorophores) (e.g. a dye like Rhodamine-B,
which is bound to the molecule that should be examined. In the case of inulin dyeing, Rhoda-
mine-B is bound hydrophobic to the inulin molecules, see Fig. 32) and the detection of the
emitted light. Depending on the dye and the sample, those dyes can be bound to specific mol-

ecules or parts of the sample that shall be visualized.
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Fig. 32: Rhodamine-B structure [59].

Fluorescence belongs to the luminescent processes, in which a substance absorbs light and
reemits light (photons) after a given time from an electronically excited state. The basic prin-

ciple of fluorescence is pictured in Fig. 33.
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Fig. 33: Fluorescence principle [58].
In Fig. 33, a light quantum is absorbed (blue, A.,), which causes an electron to move to a
higher energy orbit. After residing in this “excited state” for a particular time, the so called
fluorescence lifetime, the electron falls back to its original orbit and the fluorochrome dissi-
pates the excess energy by emitting a photon (in this case green, 1,,,). The energy of photons
involved in fluorescence and generally a quantum of light, can be expressed by Planck’s law

(see Eq.(34)).

E=h-v=h-— (34)

In Eq.(34), E is the photon’s energy, h is Planck’s constant, v is the frequency, A is the wave-

length of the photon and c is the speed of light.

In fluorescence microscopy (as mentioned above CLSM is also based on fluorescence micros-

copy), the optical resolving power determines the details observed in a specimen. If an exam-
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ined object is hit by light, the incident light is diffracted by the object. This deflection is in-
creased with decreasing size of the object (see section 1.12). To obtain sharp microscopic im-
ages, the objective must capture as much of the diffracted light as possible. This is achieved
with wide, angular openings (aperture) of the objective. The objectives light capturing capacity

can be determined via its numerical aperture (N.A.).
N.A.=n-sina (35)

In Eq.(35), n is the refractive index of the medium between the examined object and the ob-
jective and « is half the objective opening angle. In air, the theoretical maximum N.A. is 1. In
practice, N.A. values in air above 0,95 cannot be achieved. By using immersion oils, N.A. values
larger than 1 can be achieved and therefore, the use of oil immersion objectives is the only
way to increase the magnification with sufficient resolution and contrast. In fluorescence mi-
croscopy, the resolution is not directly governed by the magnification. Additionally, resolution
and contrast are two interrelated parameters, which are very important for fluorescence mi-
croscopy. As mentioned before, the individual objects in a specimen diffract the incident light
and therefore, an illuminated point source within the examined sample is observed as bright

central spot (Airy disc) with surrounding diffraction rings (Airy pattern) (see Fig. 34).

(A) ® Wide-field Confocal

llig

. Distance

Intensity

Fig. 34: A) Objective and light beam path: A point source in the focal plane is imaged and projected as bright central spot
(Airy disc) with a surrounding diffraction ring pattern, B) Calculated x-y (upper images) and x-z (lower images) intensity
distributions (log scale) for a point source imaged with wide-field and confocal microscopy [58].
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Optical microscopes can be assumed to be linear and shift-invariant. This means, the image of
a specimen consists of the linear composition of all the specimen’s single elements, resulting
in the final image. This is described by the intensity point spread function (PSF). The Airy pat-
tern is the intensity distribution of the intensity PSF in the focal plane (x-y). If the PSF in lateral
(x-y) and axial (x-z) direction (see Fig. 34B) are combined, the three dimensional PSF is created,
which defines the response of the entire optical system (lenses, mirrors, optical apertures and
misalignments in the optical system) to the illuminated point source. Resolution can be de-
fined as the smallest distance between two points in the specimen, that can still be discrimi-
nated as separate points at a particular contrast (see Fig. 35, diffraction limit). Therefore, the

resolution can be determined via Eq.(36).

A A

= NA~ 2(n- sina)

(36)

In Eq.(36), d is the distance between the two resolvable points (the resolution).

[C) Airy patterns
A N Resolved
.é‘ - —
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Diffraction limit
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Fig. 35: Schematic diagram of an Airy disc diffraction pattern: Abbe diffraction limit, contrast, and optical resolution [58].

Contrast is defined as the difference between the maximum intensity and minimum intensity
occurring in the space between two objects of equal intensity. If the two point objects are well
separated, the contrast minimum between them is near zero and the objects can be discrimi-
nated (they are resolved, see green curve, Fig. 35). If the point objects approach each other
and their PSFs start to overlap, the smallest distance is reached, at which the two points can
still be detected separately (diffraction limit, see blue curve, Fig. 35). If the two points overlap
even further, the intensity minimum between the two objects maxima disappears and the two
objects are no longer resolved (see red curve, Fig. 35). Thus, the smaller the Airy patterns are,

the smaller is the minimum distance between the two points and the higher is the resolution
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(compare wide-field and confocal pattern in Fig. 34). For conventional light microscopes, the
smallest resolvable distance between two points cannot be smaller than half the wavelength
of the imaging light. Therefore, an increase in resolution can only be achieved if the wave-

length of light used is as small as possible.

CLSM is based on a conventional optical microscope in which instead of a lamp, a laser beam
is focused on the sample and an image is built up pixel-by-pixel by collecting the emitted pho-
tons with a photomultiplier. Therefore, CLSM combines point-by-point illumination with sim-
ultaneous point-by-point detection. A key feature of CLSM is its ability to block light, which is
emitted from out of focus parts of the sample (see Fig. 36). Therefore, the resolution of CLSM
is increased, compared to conventional light microscopy, and well focused images from vari-
ous depth within the sample can be obtained (this process is called “optical sectioning”). In
Fig. 36, the principle of conventional light microscopy (wide field) and CLSM are compared to
each other. The concept of illuminating the sample with excitation light (in this case blue) and
the detection of the light, which is emitted by the sample (the emitted light exhibits a longer
wavelength than the excitation light, in this example green), is identical for confocal micros-
copy and conventional wide field fluorescence microscopy. However, there are significant dif-
ferences between CLSM and wide field microscopy. Firstly, in CLSM the excitation laser light
is scanned over the sample and the emitted light originates from this area (in wide field mi-
croscopy the whole sample is illuminated at once). And secondly, on the detection beam path
of CLSM, a pinhole aperture in front of the detector, prevents light emitted from above or
below the focal plane (dotted black lines in Fig. 36A) and B)) from reaching the detector. Since
only light from the focal plane (solid black line in Fig. 36A) and B)) reaches the detector, the
resolution of CLSM is increased compared to wide field microscopy. Combined with the very
small focus of the excitation laser beam, this enables the collection of spatial information from
defined positions within the sample. Therefore, confocal microscopy is very often used for the
spatial analysis of sensitive samples, which can be damaged by the high energy of the imaging
beam (e.g. as used for Transmission Electron Microscopy TEM or Scanning Electron Micros-
copy SEM) or by the sample preparation necessary for this imaging method (e.g. for an ordi-
nary SEM measurement, the sample must be completely free from water. If the inulin gels are
freeze dried, to sublimate the contained water, the network structure is damaged by the sub-

limating water molecules).
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Fig. 36: Comparison of conventional light microscopy A) and CLSM B) [58].

1.11 Oscillatory rheology
Oscillatory rheology can be used to examine the viscoelastic properties of the completely de-
veloped inulin gels. Therefore, in this section the basic knowledge about oscillatory rheology

is summarized. The information in this section was mostly taken from [60, 61].

Generally, the term rheology describes the deformation and the yielding of substances. The
behavior of all substances under the application of a certain shear force is bordered by two
extreme cases: the yielding of ideal viscous fluids and the deformation of ideal elastic solids.
All real substances show properties of both extreme cases under deformation (i.e. on one
hand they react like a viscous liquid and on the other hand they exhibit properties of an elastic
solid) and exhibit therefore viscoelastic properties. The viscous part of the substance can be
defined by Newton’s law (see Eq.(37)) and the elastic part is described by Hooke’s law (see

Eq.(38)).

ny (37)

Q
Il

46



Introduction

=Gy (38)

In Eq.(37) and Eq.(38), o is the shear stress, 1 is the viscosity, y is the shear rate, G is the shear
modulus and y is the shear deformation (also called strain). All those basic rheological param-

eters can be defined via the “two plate” model (see Fig. 37).

Moving plate
(Area A) F
| . —
1S 3
1l
h4—>

i

| [

Fixed plate

Fig. 37: Two plate model [60].

The upper plate with area A is moved by a shear force F and the resulting speed v of the upper

plate is measured (the speed of the upper plate can be determined via Eq.(39)).

S

v = (39)

In Eq.(39), v is the resulting speed of the upper plate, s is the distance the upper plate is
moved by the applied shear force and t is the time period the force is applied on the upper
plate. The lower plate in Fig. 37 is fixed and does not move at all. Between the two plates with
the distance h to each other, a sample is sheared. Between the surface line of the sample
without deformation (dashed blue line in Fig. 37) and the resulting surface line of the sample
under deformation (solid blue line on the right hand side of Fig. 37), the angle ¢ is spanned.
To determine the rheological parameters precisely, the sample may not slip on the surface of
the plates and only laminar flow (no turbulences) should occur in the sample. The above men-

tioned basic rheological parameters can be derived from Fig. 37 with following equations.
F
=— 40
o= (40)

The shear stress o can be determined as ratio of the applied shear force F and the area of the
upper plate A.
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.V
v=y (41)

In Eq.(41), vis the current speed of the upper plate (v varies from its minimum to its maximum
value) and h is the distance between the two plates (see Fig. 37). A fluid that obeys the linear
relation of Eq.(37) is called “Newtonian” (representing the above mentioned viscous fluids),
which means that its viscosity is independent of shear rate for the shear rates applied (e.g.
water). A Newtonian liquid is also characterized by a constant viscosity with respect to the
time of shearing, and an immediate relaxation of the shear stress if the shear force is removed.
Often materials such as dispersions, emulsions and polymer solutions deviate from the New-
tonian behavior and the viscosity decreases or increases with increasing shear rate, what in-

dicates a shear thinning respectively a shear thickening (dilatant) behavior. The respective

curves of shear stress versus strain and viscosity versus strain can be seen in Fig. 38.

Shear stress Viscosity
4 [

Dilatant
Newtonian

Newtonian

Shear-thinning

(a) Shear rat:a (b) Shear rat:e
Fig. 38: Typical flow curves for Newtonian, shear thinning and shear thickening (dilatant) fluids: (a) shear stress vs. shear
rate ,(b) viscosity vs. shear rate [61].
For a prediction of the flow behavior of a substance, the flow history of a material needs also
to be taken into account. Two important phenomena related to the time dependent flow be-
havior are thixotropy and rheopexy. For materials showing thixotropic behavior, the viscosity
gradually decreases with time under constant shear rate or shear stress followed by a gradual
structural recovery when the stress is removed. A thixotropic behavior can be determined by
measuring the shear stress as a function of an increasing and decreasing shear rate. An exam-

ple of a flow curve of a thixotropic fluid is pictured in Fig. 39.
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Fig. 39: Flow curve of a thixotropic material [61].

The term rheopexy is defined as shear thickening followed by a gradual structural recovery

when the shearing is stopped.

As mentioned above, the other extreme response of substances to an applied shear force is
the ideal elastic behavior of solids, which can be described by Eq.(38). The shear deformation

y used in Eq.(38), can also be derived from Fig. 37 by following equation.

Y = tang = (42)

S| @

As mentioned above, s is the distance the upper plate is moved by the applied shear force and
h is the distance between upper and lower plate. The shear modulus G of an ideal elastic solid
is independent of the shear stress and duration of the shear load. As soon as a deformation is
applied, a responsive stress occurs instantaneously. In viscoelastic materials, stress relaxes
gradually over time at constant deformation and eventually vanishes for viscoelastic liquids.
In the so-called linear viscoelastic regime (LVE), the stress relaxation is proportional to the
applied strain and the substance recovers its structure completely after the shear deformation
is stopped. Above a critical strain, the apparent shear modulus becomes strain dependent and
the structure of the substance is damaged irreversibly. This is the so-called nonlinear viscoe-
lastic regime. To examine the linear viscoelastic properties of a substance, most often small
amplitude oscillatory shear (SAQOS) tests are performed. When a sinusoidal oscillatory shear
strain is applied with the amplitude y, and an angular frequency w the shear deformation

y(t) can be determined via Eq.(43).

Y (1) = vosin(wt) (43)
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In Eq.(43), y(t) is the time dependent shear deformation, y, is the applied amplitude, w is the
angular frequency and t the time. The shear rate y can be determined as the time derivative

of the shear strain y.

y(t) = d};—it) = yocos(wt) (44)

A linear viscoelastic substance responds with a sinusoidal course of shear stress o (t) with an
amplitude g, and an angular frequency w, but is phase shifted by an angle § compared to the

applied strain.
o(t) = gpsin(wt + §) (45)

Depending on the substance, the phase shift angle § can be between 0° and 90°. For ideal
elastic materials the phase shift disappears, resulting in 6 = 0°, while for ideal viscous liquids
the phase shift angle equals 90°. The shear modulus G can be expressed in a complex form

G”.
G'(w) =6 (w) +iG"(w) (46)

In Eq.(46), G' is the storage modulus, representing the elastic behavior of the substance and
G'"' is the loss modulus, representing the viscous properties of the sample. The storage and

the loss modulus can be expressed as sine and cosine function of the phase shift angle §.

G (w) = ﬂcosé‘ (47)
Yo

G'(w) = ﬂsiné‘ (48)
Yo

Therefore, the tangent of the phase shift represents the ratio of loss and storage modulus.

G/l(w)

o (49)

tand =

The viscoelastic properties of a fluid can be characterized by oscillatory measurements. To
characterize an unknown sample, most often amplitude sweeps (also called strain sweep) are
performed (the amplitude is varied at a constant frequency). Up to a critical strain y,. the struc-
ture of the tested fluid remains stable and G’ and G’ are independent of the strain amplitude

Yo- Those strain sweep tests have also been performed to analyze the completely developed
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inulin gels. To perform strain sweep tests, rotational rheometers are used (the materials are
then characterized with an oscillatory shear flow). Three types of measuring systems are com-
monly used in modern rotational rheometers, namely concentric cylinder, parallel plate and
cone-and-plate. The different types of measuring geometries are chosen according to the
sample properties (e.g. the concentric cylinder system is especially suitable for low viscous
liquids). Typical shear rates, that can be measured with rotational rheometers are in the range
of 1073 up to 1035~ 1. Due to the shear sensitivity of the inulin gels, in this work, a parallel
plate measuring system has been used, which can be seen in Fig. 40 (the samples have been

examined without being pre-sheared, see section 2.8).

Fig. 40: Parallel plate geometry [61].

In Fig. 40, the sample within the gap of height h (also called gap size) between the two parallel
plates, is sheared by the rotation/oscillation of one of the plates (most often the upper plate
is the rotating/oscillating plate and the lower plate is fixed) at an angular velocity w. The dis-
tance h between upper and lower plate is constant throughout the whole gap. The circumfer-
ential velocity v increases with increasing distance r from the center of the plate. For the
distance r the following applies: 0 < r < R, withr = 0 at the center of the plateandr = R,
at the rim of the plate. The shear rate y can be determined via Eq.(50).

v _ (1)

Y=h™"h 0

The shear rate at constant w is not constant within the gap. Therefore, the calculations and

analysis of rheological results in parallel plate measuring systems are typically related to the
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maximum shear rate value at the rim of the plate (r = R,,). Thus, the shear rate can be varied
over a wide range by changing the gap size h and the angular velocity w. The shear stress o is
a function of the shear rate. Since the shear is not constant within the gap (as mentioned
above), to relate the shear stress to the total torque M an expression for the o (y) dependence
is necessary. The shear stress of Newtonian liquids depends linearly on the shear rate and can

be expressed by Eq.(51).

G(Rp) = (51)

RS
In Eq.(51), 0(Ry) is called the “apparent shear stress”, M is the torque and R, is the radius of
the plate. For non-Newtonian fluids a simple approximate single point method was developed
[62], to correct the shear rate data, based on the assumption that the true and apparent shear
stress must be equal at some position near the rim of the plate. This actually occurs at the
position wherer/R,, = 0,76 and this holds for a wide range of liquids. The parallel plate meas-
uring system can be used for measurements of suspensions with large particles by using large
gap heights. Therefore, in this work the parallel plate geometry was chosen to analyze the

shear sensitive inulin particle gels.

1.12 Particle size determination (Light scattering)

The texture of the completely developed inulin gels is significantly influenced by its primary
particle size. Therefore, the determination of the average primary particle size is an essential
part of the examination of the inulin gels. In this work, the average primary particle size of the
completely developed inulin gels was determined by light scattering. Thus, in this section the
basic knowledge about light scattering is summarized. The information was mostly taken from

[63-65].

Normally, the average particle size is represented by a mean diameter. Since particles are
three dimensional objects, which are not necessarily of spherical shape, they cannot be de-
scribed by a diameter without further specification. Therefore, the concept of the “equivalent
sphere” (see Fig. 41) is introduced, which relates a non-spherical particle to an equivalent
sphere with the same properties (e.g. same weight, same surface, same volume etc.). This

enables the estimation of the average particle size with the respective mean diameter.
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Fig. 41: Model of equivalent sphere [63].
In practice, crystallization processes often result in particles with a polydisperse particle size
distribution (PSD). The particles are sorted according to their size in size classes. The narrower
the classes are, the more precise is the classification of the differently sized particles. PSDs are
expressed by normalized frequency distribution (g,) and cumulative distribution (Q,)
curves.The former describes the amount of fractions within a defined interval of particle sizes.
The latter indicates the quantity of particles larger or smaller than a certain size. Depending
on the analysis method, PSDs can be weighted by the number of particles in a particular size
class, by the volume those particles occupy or by the intensity of the detected signal (caused
by the respective size fraction). For example, microscopic methods generally yield number
weighted results and light scattering methods normally yield volume weighted PSDs. Nor-
mally, the results of particle size measurements are presented as weighted mean diameters.
In this work, the number weighted (Eq.(52)) and the volume weighted (Eq.(53)) mean diame-

ters were used.

D[1,0] = % (52)
_ (Zn;D})
D[4,3] = —(Z D7) (53)

In Eq.(52) and Eq.(53), n; is the number of particles in class i with the mean diameter D;.
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The determination of the average particle size by light scattering techniques is based on the
interaction of an incident light beam (with given wavelength A) with particles (most often in
solution). Depending on the particles physical properties, the light beam is reflected, dif-
fracted, refracted and/or absorbed (see Fig. 42). The scattered light (including diffraction, re-
flection and refraction) is detected and the particle size is determined by the angular distribu-
tion of the scattered intensities. In practice, two types of light scattering are employed: static
light scattering (SLS) and dynamic light scattering (DLS). In SLS experiments, the particle size is
derived from the angle dependent scattered intensities. This enables the detection of particle
sizes of a few hundred nanometers up to several micrometers. In DLS measurements, the par-
ticle size is determined by correlating light intensity fluctuations with hydrodynamic motions
of the particles. Therefore, with DLS particles ranging from the lower nanometer region to the

lower sub-micrometer region can be analyzed.

No interaction — undeviated ray

Diffraction

Absorption

Refraction

Reflection

Fig. 42: Light rays interacting with a particle [64].
As already mentioned above, in this work the average primary particles sizes were determined
by laser diffraction, which makes use of the principle of static light scattering. Static light scat-
tering is based on the scattering theories of Rayleigh, Fraunhofer and Mie. Each model is valid
in a particular size range of the particles and depends on the relative refractive indices be-
tween the scattering material and its surrounding medium. When a coherent laser beam hits
an object, the light is scattered in all directions, resulting in characteristic scattering-angle de-
pendent intensity patterns. As mentioned above, scattering is a combination of refraction,
diffraction and reflection. The scattering pattern of spherical particles is pictured in Fig. 43

(“Bull’s eye” pattern).
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Fig. 43: “Bull’s eye” scattering pattern [64]
The overlaid plot in Fig. 43 is a graphical representation of the intensity I (y-axis) versus the
scattering angle 6 (x-axis). This is how the scattering pattern appears to the eye if it is pro-
jected on a screen (or a 2D detector, compare section 1.7). The scattered intensity is a function
of the scattering angle 8, the wavelength A of the incident light, the particle size and the rela-
tive refractive index between scattering particles and the surrounding medium. With increas-
ing distance from the center of the “Bull’s eye” pattern, the intensity decreases and the dis-
tance between two rings becomes smaller (see Fig. 43). Simplified, small particles scatter light
with low intensity at large angles (the signal is visible in the outer, dark rings of the “Bull’s eye”
pattern) and large particles scatter light with high intensity at small angles 8 (represented by
the inner rings of the “Bull’s eye” pattern). In Fig. 44, the scattering patterns of differently

sized spherical particles are pictured.

Rayleigh scattering Mie scattering Mie scattering larger particles

o —

Direction of the incident Iighrt

Fig. 44: Rayleigh and Mie scattering [66].

55



Introduction

Particles that are significantly smaller than the wavelength of the incident beam (D < 0,14)
show Rayleigh scattering. Since the light is scattered equally in all directions in a Rayleigh scat-
tering process, no angular information can be obtained, that could be of use for a laser dif-
fraction experiment. Therefore, most laser particle size analyzers are based on the Fraunhofer
and Mie theories. Particles with a particle size, which is similar to the wavelength of the inci-
dent light (0,14 < D < 104), show Mie scattering (see Fig. 44). For large particles (D > 1041)
the Fraunhofer diffraction theory (the incident light is mainly diffracted at the outer bounda-
ries of the large spherical particles) is used. It can be approximately considered as Mie scat-
tering for very large particles (see Fig. 44, right hand side), with scattered intensities at narrow
angles (for large particles the scattering intensity is concentrated in the forward direction,
typically at angles smaller than 10 degrees. For this reason Fraunhofer diffraction is also

known as forward scattering).

In this work, a laser particle size analyzer (LS 13320) by Beckmann Coulter was used. A sche-

matic set-up of the device can be seen in Fig. 45.
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Fig. 45: Optical System of the LS 13320 [65].
The LS 13320 optical system consist of a “standard diffractometer set-up” (lower part of Fig.
45) for the detection of particles which exhibit a diameter D > 0,4 um and a set-up making
use of the Polarization Intensity Differential Scattering (PIDS) technology (upper part of Fig.

45) for the detection of particles with a diameter of D = 0,017 um — 0,4 um. The sample
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suspension is circulated continuously through both sample cells, to ensure a homogeneous
distribution of the differently sized particles in the optical system of the LS 13320. The stand-
ard set-up consist of an illumination source, the sample chamber in which the sample particles
interact with the illuminating beam, a Fourier lens system used to focus the scattered light
and an array of photodetectors that record the scattered light intensity patterns. The laser's
radiation is converted into a beam of light by passing through a spatial filter and a projection
lens. The laser beam then passes through the sample cell where particles suspended in liquid
scatter the incident light in characteristic patterns according to their size. Fourier optics collect
the diffracted light and focus it onto three sets of detectors, one for the low-angle scattering,
the second for mid-angle scattering, and the third for large angle scattering. The PIDS assem-
bly in the optical module uses an incandescent tungsten - halogen lamp (the PIDS light source)
and three sets of vertically and horizontally polarized filters to provide polarized monochro-
matic light at three different wavelengths A: 450 nm (blue), 600 nm (orange), and 900 nm
(near-infrared, invisible). The light is focused through a slit and is formed into a narrow, slightly
diverging beam that is projected through the PIDS sample cell. For each of the three wave-
lengths, the differential scattering pattern (PIDS pattern) is observed at six detectors centered
at a scattering angle of about 90°. To analyze particles with a diameter D < 0,4 um, the PIDS
principle makes use of two physical light scattering effects. Firstly, the intensity of the scat-
tered light I depends on the ratio of the particle size d of the scattering particles and the

wavelength of the incident light A (see Eq.(54)).
D
I=— 54
f) (54)

Thus, the smaller the particle size D is at a constant wavelength 4, the lower is the scattered
intensity I that can be detected. Therefore, the detected intensity can be significantly in-
creased, if the wavelength of the incident light is decreased. Secondly, the scattering of light
by small particles causes a so called “polarization effect”. If a small particle, much smaller than
the light wavelength (D < A7), is located in a light beam, the oscillating electric field of the light
induces an oscillating dipole moment in the particle (the electrons in the atoms of the particle
move back and forth relative to the stationary particle). The induced motion of the electrons
is in the direction of the oscillation of the electric field and therefore perpendicular to the
direction of propagation of the light beam. Due to the transverse nature of light, the oscillating

dipole radiates light in all directions except in the direction of oscillation as can be seen in Fig.
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46. Thus, if a detector is facing the direction of oscillation it will receive no scattering from
single dipoles. When the light beam is polarized in either the vertical or the horizontal direc-
tion, the detected scattering intensities I,erticar aNd Inorizontar @t a given angle will be differ-
ent. The difference between the detected intensity I and Iy izontar (I — Ihorizontar) Yields the
PIDS signal. Since the PIDS signal varies at different wavelengths, the measurements at several
wavelengths (as mentioned above) provide additional information that can be used to further

refine the size determination.
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Fig. 46: Scattering from different polarizations [65].
Therefore, particles with a size ranging from the sub-micrometer region up to sizes of several
micrometers, can be effectively analyzed by using the static light scattering principle of devices

such as the LS 13320.
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2 Materials and methods

2.1 Materials
All the samples were prepared with two types of long chain Inulin, HP and HPX (average DP =

23). They are commercially sold as spray dried, colorless powder by Beneo, Belgium.

2.2 Sample preparation and analytical methods

All samples had been prepared as inulin/solvent suspensions, containing 20% (w/w) inulin dry
matter. Four different types of solvents were used: Deionized water, deionized water mixed
with ethanol (VWR Chemicals, p.a., 20821.330; mass concentration of ethanol between 5—-15
%), deionized water with a specific amount of sucrose dissolved (Sigma Aldrich, p.a., 84100-
5KG; mass concentration of sucrose between 5 — 15 %) and the combination of deionized wa-
ter, ethanol p.a. and sucrose p.a. (ethanol and sucrose mass concentration between 5 — 10 %
respectively).The standard sample preparation was identical for all analysis methods. The sus-
pensions were prepared by adding the inulin powder in portions under constant stirring
(600 rpm) to the respective amount of solvent, which had been heated to the desired sample
preparation temperatures (for deionized water as solvent 25, 40 and 60 °C, for the other sol-
vents the samples were just prepared at 25 °C) in advance. The suspension was stirred at the
desired temperature for 10 min in a sealed beaker, to minimize water loss during heating. This
suspension was processed accordingly to the intended analysis method.

To learn about the impact of a higher shear rate (7000 rpm) during sample preparation, on
the gel hardness and the particle size of the inulin gels, the HP and HPX gels, prepared with
water acting as solvent, were also prepared as samples with a high shear rate applied during
sample preparation (the suspensions were prepared as mentioned above with a shear rate of
7000 rpm instead of 600 rpm). Those suspensions were prepared for the texture analysis (sec-
tion 2.6) and for the particle size determination (section 2.9). Apart from those exceptions, all

the samples, no matter which solvent, were only prepared with a shear rate of 600 rpm.

2.3 Solubility in water

To determine the solubility of 20% inulin in the respective solvent (i.e. 10 g inulin in 40 g sol-
vent), a sample was taken from the above mentioned suspension after 10 min stirring at the
desired sample preparation temperature. The undissolved inulin and the solution were sepa-

rated from each other by centrifugation (14800 rpm, 2 min). The refractive index of the inulin
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solution at 20 °C was measured, using a digital refractometer OPTI+ Brix/RI by Bellingham and

Stanley (measuring range n3° = 1,33 — 1,54).

2.4 X-ray diffraction

The crystallinity of spray dried inulin powder and developing inulin gels, was determined by
X-ray diffraction (XRD). The samples were contained in quartz mark tubes (length = 80 mm,
outer diameter = 1,5 mm, wall thickness = 0,01 mm) and measured in transmission geometry
for scattering angles 26 between 5° and 25°. Measurements were done at a self-made instru-
ment using a rotating anode x-ray generator (Rigaku MicroMax 007), multilayer optics (Osmic
Confocal Max-Flux, Cu — K,, A = 1,54 A) and a 2D online image plate detector (Mar345).
Diffraction patterns were obtained by radial averaging of the 2D data. To obtain the powder
diffractograms, the samples were exposed for 10 minutes. For the in-situ XRD experiments
during gel formation, inulin suspensions (section 2.2) were examined every 5 min over an ag-

ing time of 24 h.

2.5 High Performance Anion Exchange Chromatography

To examine how the chain length distribution of the inulin depends on the gel preparation
temperature, HPAEC was performed. A sample was taken from the inulin suspension (sec-
tion 2.2), after 10 minutes of stirring at the desired preparation temperature. The remainder
of the suspension was decanted into disposable vessels (d = 27 mm; h = 42 mm), sealed air-
tight and another sample was taken after 24 h of quiescent storage at room temperature. For
both samples, the undissolved inulin and the solution were separated from each other by cen-
trifugation (14800 rpm, 2 min) and the overlapping solution was diluted 1:20 with deionized
water. Of this dilution 10 pL were injected into the ICS — 5000+ DC by Dionex and separated
on a CarboPac PA200 IC column, with a gradient of 120 — 320 mM sodium acetate in 100 mM
sodium hydroxid, using a constant eluent flow of 0,5 mL/min. The separated fractions were

detected by a pulsed amperometric detector (PAD).

2.6 Texture analysis

For the texture analysis of the inulin gels, two different methods were performed. To deter-
mine the distinctive crack pattern of the samples, the inulin suspension, described in sec-
tion 2.2, was stored in cylindrical shaped Teflon vessels (d = 40 mm; h = 30 mm) and sealed
airtight. After 24 h storing at room temperature, the samples were removed from the vessels

and measured with the Z005 AllroundLine texture analyzer by Zwick Roell. The setup of the
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texture analyzer was a cylindrical shaped stainless steel stamp (d = 7 cm), that compressed
the sample to a maximum strain of 6 mm with a constant speed of 0,2 mm/s. To measure the
gel hardness, the above mentioned inulin suspension was stored in disposable vessels as de-
scribed in section 2.5 and measured after 24 h storage at room temperature with the Z005
Allround Line texture analyzer by Zwick Roell. The setup of the texture analyzer was a cylindri-
cal shaped stainless steel stamp (d = 1 cm), that penetrated the sample 6 mm deep with a
constant speed of 0,2 mm/s. To determine a reproducible zero point, a trigger force of 0,1 N
was set. The maximum strain of 6 mm for both types of measurements was chosen according
to the inulin gels’ shear sensitivity (a compression/indention with a maximum strain of 6 mm

was sufficient to exceed the point of shear breakdown for all the samples examined).

2.7 Confocal Laser Scanning Microscopy

To visualize the inulin particle gel network structure, inulin gels were analyzed with confocal
laser scanning microscopy. All the HP and HPX samples were prepared as mentioned in section
2.2. The samples were dyed with Rhodamine — B by adding 4% (w/w) of a Rhodamine-B solu-
tion (0,2% (w/w) of Rhodamine®-°B by Sigma Aldrich, R6626, dissolved in distilled water) to
the inulin suspension during sample preparation. After sample preparation, the suspensions
were stored in sealed nunc chambers (8 wells) and analyzed after 24 h of storing at room
temperature. The microscopy pictures were taken with a commercial setup consisting of an
inverted microscope (IX70) and a confocal laser scanning unit (FluoView FV300, Olympus, Ja-
pan). As objective, an Olympus UPLSAPO 60xW/1,2 water immersion objective (60x magnifi-
cation, N.A. = 1,2 and a working distance of 0,28 mm) was used. The Rhodamine-B dyes were
excited with a helium-neon laser with an excitation wavelength of 543 nm. The images were
recorded, using as emission filter a long pass filter LP565. All gel samples were examined at

room temperature.

2.8 Oscillatory Rheology

To determine the viscoelastic properties of the completely developed inulin gels, oscillation
rheology was performed at two different devices. All the HP samples, no matter which sample
preparation temperature (between 25 °C and 60 °C) or solvent (see section 2.2) possessed a
sufficient gel hardness, to be measured with the RMS 800 oscillation rheometer by Rheomet-
rics Inc. The HP suspensions (section 2.2) were decanted into the circular opening

(dhole = 25 mm, hnole = 10 mm) of rectangular plastic frames, to mold the HP gels into the
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shape, necessary for the rheological measurements, without pre-shearing the shear sensitive
samples. The frames were sealed airtight and after 24 h ageing at room temperature, the sam-
ples were removed from the frames and examined with a parallel plate geometry
(dpiate = 25 mm), with an angular frequency of 10 rad/s and an oscillation strain between 0,1%
and 100%. To prevent the samples from slipping, p60 sandpaper was attached to the upper
and the lower plate during the measurement.

All HPX gels, no matter which preparation temperature and solvent, had to be measured with
a more sensitive rheometer, due to their low gel hardness. For this purpose, the Discovery HR-
3 oscillation rheometer by TA Instruments was used. The HPX suspensions (section 2.2) were
processed identically to the above mentioned HP samples. The samples were also measured
with a parallel plate geometry (d = 25 mm) and an angular frequency of 10 rad/s. Due to the
very low gel hardness, the minimum oscillation strain varied between 0,001% and 0,1%. The
maximum strain was set to 100% for all HPX samples. Here also p60 sandpaper was attached

to upper and lower plate, to prevent the sample from slipping on the tool’s surface.

2.9 Particle size determination (Light scattering)

To perform the particle size analysis, the inulin suspension was kept in disposable vessels as
described in section 2.5. The inulin gel (24 h age) was diluted 1:20 with a 1:1 sucrose/water
(same type of sucrose as mentioned above) solution. To disperse the gel primary particles, the
diluted inulin suspension was treated with ultrasound for 1 min, with the amplitude set to
75% using the UIP1000hd ultrasonic rod (d(sonotrode) = 22 mm) by Hielscher. To remove remain-
ing aggregates, the treated sample was filtered through a filter with 4 — 7 um pore size. The
filtrate was analyzed by static light scattering using the LS13320 laser diffraction particle size
analyzer by Beckmann Coulter. To determine the particle size distribution of the inulin primary
particles, an optical model had to be formulated, which requires the complex refractive index
as input parameter. For the real part of the refractive index 1.52 was used [67]. It is also
known, that the refractive index of inulin is only marginally influenced by differences in mo-
lecular weight [13]. So the above mentioned real part of the refractive index could be used for
high DP inulin and also for other types of inulin. Since the imaginary part of the complex re-
fractive index of inulin is unknown, it was set to 0,1 according to the guidelines of Beckmann
Coulter [65]. To minimize the influence of inulin aggregates, that passed the pores of the
round filter or re-aggregated after filtration, the number weighted arithmetic mean diameter

(D[1,0] ) of the inulin primary particles was analyzed.
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3 Results and discussion

3.1 X-ray powder diffraction

The x-ray powder diffraction was performed with the untreated HP and HPX powders provided
by Beneo. The resulting patterns are represented in Fig. 47. The HP sample yields a mostly
amorphous halo, without any visible Bragg reflexes for 20 = 5° — 25° (except one small re-
flexat 260 = 12,1°). The spectrum of HPX identifies the powder as semi - crystalline with sev-

eral visible Bragg reflexes in the region of 20 = 5° — 25°.
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Fig. 47: X-ray powder diffraction.

The different crystallinity of the HP and HPX powders has a significant impact on the physical

behavior of the analyzed samples, as will be seen later in this chapter.

3.2 The inulin-water system
In this chapter the results of the HP and HPX samples, that have been prepared with water

acting as solvent, will be presented and discussed.

3.2.1 Solubility in water
Since inulin is a polydisperse oligosaccharide, the solubility does not only depend on the tem-

perature of the used solvent (here deionized water), it also depends on the total amount of
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inulin in the sample. If the total amount of inulin is increased at the same sample preparation
temperature, the solubility will also increase. This is due to the broad DP distribution of the
inulin powder. Because of their significantly higher solubility in water, the inulin molecules
with a small DP will dissolve first and the molecules with a larger DP will follow later on, until
the solution is saturated at the respective sample preparation temperature (see section 3.2.3).
If the amount of added inulin at the same sample preparation temperature is increased, the
amount of well dissolving small DP Inulin is also increased and the overall amount of dissolved
inulin also increases. The dissolved amount of HP and HPX at 25 °C preparation temperature,

dependent on the total amount added to the solvent, can be seen in Fig. 48.
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Fig. 48: Solubility of HP and HPX in water at 25 °C, dependent on added amount (w/w).
As mentioned above, with an increasing total amount of inulin added to water, the amount of
dissolved HP and HPX increases too. Since the HP sample, with an added amount of 30% (w/w)
of inulin, formed very hard gels, even after 10 minutes sample preparation, the dry matter
and the liquid phase could not be separated properly from each other by centrifugation and
no values for this concentration could be obtained. As all samples in this work were prepared
with 20% dry matter of inulin, here the solubility of HP and HPX at the different sample prep-
aration temperatures also refers to 20% dry matter in the sample. The equilibrium solubility
of both types of inulin in deionized water can be seen in Fig. 50. To determine the concentra-
tion of dissolved matter, a reference curve was generated, by examination of the refractive
indices at specific mass concentrations of inulin dissolved in deionized water. The measured

indices were plotted against the mass concentration of inulin and fitted linearly. The data has
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been fitted over the concentration range 0 < ¢ £0,35 and the equation of the linear fit can be
found in Fig. 49. This reference plot is the same for HP and HPX. This is why only one plot is

pictured in Fig. 49.
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Fig. 49: Refractive index in dependency of the mass concentration.
The solubility of inulin increases with increasing sample preparation temperature. The mostly
amorphous HP powder can be dissolved in a relative large amount with a comparatively small
energy input. This is why almost 90% of the total amount is already dissolved at 25 °C prepa-
ration temperature. The maximum solubility of 20% of inulin dry matter is reached at temper-
atures slightly above 60 °C. Since the total amount of added inulin was 20%, even at increased
preparation temperatures the dissolved amount will remain the same. In respect of the for-
mation of a completely percolated gel, the maximum sample preparation temperature for HP
samples was limited to 60 °C, to ensure a seeded crystallization during gel formation. The HPX
powder exhibits a significantly lower solubility as HP at each sample preparation temperature
employed, as can be seen in Fig. 50. The solubility trend for HPX is the same as for HP. The
different solubility at each sample preparation temperature stems from the superior crystal-
linity of the HPX powder (see Fig. 47). During HPX production, inulin recrystallizes (see section
1), what results in crystalline inulin particles in the HPX powder. At the respective sample
preparation temperature, first the amorphous parts of the HPX powder will be dissolved, start-
ing with the short chain inulin and the longer chains follow later on. Afterwards, if still enough
thermal energy is available in the solvent and the solution is not saturated yet, the inulin crys-

tallites will start to dissolve. Because of their moderate solubility in water, the inulin molecules
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with a larger DP will crystallize first during the production process. So the inulin crystallites in
the HPX powder consist mainly of hardly soluble long chain inulin molecules. Additionally, to
dissolve a crystalline structure, the lattice energy of the crystal network needs to be overcome
by the thermal (or kinetic) energy of the solvent. Consequently, the crystalline HPX particles
will remain mostly undissolved, even at increased sample preparation temperatures (at 80 °C,
10 % of the added amount of HPX are still undissolved), what results in the significantly lower
solubility in water compared to the HP powder. To ensure a seeded crystallization, which leads
to the formation of a completely percolated HPX gel, the sample preparation temperature of

the HPX samples was limited to a maximum temperature of 80 °C.
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Fig. 50: Equilibrium solubility of 20% (w/w) inulin in water.

3.2.2 X-ray diffraction during gelation

The development of the particle gel network was examined by in-situ x-ray diffraction. Radial
averaged diffraction patterns of an HP gel, prepared at 25 °C with a shear rate of 600 rpm and
measured for 24 h during gelation, can be seen in Fig. 51. The intensity of the sample increases
with increasing aging time. Since the intensity is representative for the crystallinity of the de-
veloping particle gel network [68], the crystallinity also increases with increasing sample age.
Taking into account that the HP powder is mostly amorphous (Fig. 47), this result confirms

that the dissolved inulin partly recrystallizes during gelation (see section 1.1). The intensities
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of the Bragg reflexes at 260 = 12,1° have been projected to the left hand layer, to make the

gelation process more obvious.
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Fig. 51: XRD during gelation of an HP gel, prepared at 25 °C and 600 rpm shear rate.

The diffraction patterns of an HPX gel, prepared at 25 °C with a shear rate of 600 rpom and
measured for 24 h during gelation, is pictured in Fig. 52. Here the same trend as for the devel-
opment of the HP gel can be observed meaning, the crystallinity of the HPX sample increases
with increasing aging time. This is again due to the recrystallizing inulin molecules, that had
been dissolved previously during sample preparation. Again the intensities of the Bragg re-
flexes at 20 = 12,1° have been projected to the left hand layer, to clarify the gelation pro-
cess. If Fig. 51 and Fig. 52 are compared to each other, one can see, that the HPX sample
exhibits a significantly higher initial intensity (black diffractogram in Fig. 52). This arises from
the crystallinity of the HPX powder (see Fig. 47). The mostly amorphous HP powder dissolves
almost completely even at a sample preparation temperature of 25 °C. So there are very few
crystalline particles present at the beginning of the gel formation, what is represented by the
relatively small initial intensity of the HP sample (see Fig. 51 black diffractogram). Since the
HPX powder exhibits a certain crystallinity, during sample preparation at 25 °C, most of the
already crystalline particles remain undissolved. So those particles are present from the be-
ginning of the gel formation and generate a significantly higher initial intensity than compared

to the respective HP sample.
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Fig. 52: XRD during gelation of an HPX gel, prepared at 25 °C and 600 rpm shear rate.
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For both, HP and HPX, an increasing sample preparation temperature results in a decreased

initial intensity. This finding will be explained further down in this section. Apart from that,

the trends for the development of the crystallinity with increasing sample age remain the

same. Because of this reason, in this section just the diffractograms for HP and HPX, prepared

at 25 °C, are shown. The remaining diffractograms can be found in the Appendix section.

To examine the crystallization kinetics of the gel formation, the 12,1° reflexes were integrated

and normalized to the respective maximum intensity. In Fig. 53 the relative intensities of the

Bragg reflexes at 260 = 12,1° of HP gels, prepared at 25 °C, 40 °C and 60 °C (shear rate

600 rpm), are compared to each other.

Fig. 53: Development of the relative intensity of HP gels prepared at 25 °C, 40 °C and 60 °C.
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For all samples, the predominant fraction of the crystalline material forms within the first two
to three hours of the gelation. In those first hours, the intensity increases to 80 — 85% of the
maximum intensity. This rapid increase of the intensity is due to the crystallization process of
the inulin particles. In the initial phase of the crystallization, the system exhibits a very high
crystallization rate, arising from the presence of many seeds and a large amount of crystalliz-
able material. Therefore, the crystallization will proceed very fast, distributed throughout the
whole sample. In this initial phase, mostly the primary particle formation occurs. When the
crystallization progresses for several hours, the system achieves a state of low Gibbs free en-
ergy, the main part of the primary particles is already formed (meaning the main part of the
crystallizable material already crystallized) and the crystallization rate decreases significantly.
This can be observed in Fig. 53 at sample ages above 5 h. In this stage of the crystallization
process, the already formed primary particles almost reached their final size and mostly the
gel network is formed by binding the primary particles to each other. In Fig. 53 it is also obvi-
ous, that the initial crystallinity of the inulin samples, represented by the values at roughly
20 min sample age, depends on the sample preparation temperature. With increasing prepa-
ration temperature, the solubility of inulin also increases, what results in decreased initial in-
tensities. In Fig. 54 one can see, the development of the relative intensities of the 260 = 12,1°
Bragg reflexes of HPX gels, prepared at 25 °C, 40 °C, 60 °C and 80 °C (shear rate 600 rpm).
Again the main part of the crystallization occurs in the first two to three hours (intensity in-
creases to 85 — 90% of maximum intensity). The Increase in intensity is not as distinctively
pronounced as for the HP samples (due to the crystallinity of the employed HPX powder, as
explained further down in this section), still the sequence of the crystallization is the same as
explained above for the HP gels. In Fig. 54 the initial crystallinity also decreases with increasing
sample preparation temperature. The reason is again the increased solubility of HPX at in-

creased sample preparation temperatures.
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Development of crystallinity HPXT25-80
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Fig. 54: Development of the relative intensity of HPX gels prepared at 25 °C, 40 °C, 60 °C and 80 °C.

To illustrate the significantly larger initial intensity of the HPX samples at the different sample

preparation temperature again, the graphs of Fig. 53 and Fig. 54 have been plotted on a loga-

rithmic scale and are illustrated simultaneously in Fig. 55.
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Fig. 55: Development of the relative intensity of HP/HPX gels, plotted on logarithmic scale.

In Fig. 55 it is obvious, that the initial crystallinity increases from HP prepared at 60 °C (at 60 °C,

20% (w/w) of HP are almost completely dissolved (see Fig. 50).Because of this the HP sample

exhibits an initial intensity even smaller than 0,1. For the sake of clarity, the y — axis in Fig. 55

exhibits a starting value of 0,1) to HPX prepared at 25 °C (initial intensity of 0,85). This means,

that the initial intensity increases with a decreasing solubility of the employed inulin. On one
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hand, this depends on the applied sample preparation temperature and on the other hand on

the crystallinity of the used inulin powder (see Fig. 47 and Fig. 50).

To determine the crystallization constant k of the gel formation, a Johnson — Mehl — Avrami —
Kolmogorov fit (JMAK) was applied to the curves shown in Fig. 53 and Fig. 54. The IMAK model
describes an isothermal phase transition [16, 69], in this case the transition from liquid to
crystalline. The respective equation can be seen in Eq.(55).

I(t) — 1 _ e_(k(t_to))m (55)
I

max
1(t) is the diffracted intensity at the sample age t, 1,4, is the diffracted intensity after 24 h
ageing, k the crystallization constant, t the age of the sample, t, the begin of the phase tran-
sition and m is the geometry factor(see section 1.3). As mentioned above, in this work we just
focused on the crystallization constant. In Tab. 3 and Tab. 4 the average crystallization con-
stants for HP and HPX samples, prepared at different sample preparation temperatures and

determined by applying Eq.(55) on the curves shown in Fig. 53 and Fig. 54, can be seen.

Tab. 3: Average crystallization constant of HP samples

Tiprep) (°C) k (1/h) Error (1/h)
25 1,34 0,04
40 1,19 0,07
60 1,00 0,44

Tab. 4: Average crystallization constant of HPX samples

Tiprep) (°C) k (1/h) Error (1/h)
25 2,08 0,10
40 1,26 0,03
60 1,17 0,03
80 1,02 0,04
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For both types of Inulin the crystallization constant k decreases with increasing preparation
temperature. As mentioned above, the solubility increases with increasing sample preparation
temperature (Fig. 50) and with it the amount of nuclei, which act as seeding material, de-
creases. This results in a decreased crystallization rate. The decreased crystallization rate in-
fluences the average gel particle size, altering the texture of the completely developed inulin

gel significantly. Those results will be explained in the following sections.

3.2.3 High Performance Anion Exchange Chromatography

To determine the chain length distribution of the initially dissolved inulin, a sample was taken
from the inulin suspension (20% inulin dry matter) after 10 min stirring at the respective prep-
aration temperature. Another one was taken from the same gel after 24 h storage at room
temperature, to determine the amount of inulin remaining dissolved. Both samples were di-
luted with deionized water and analyzed by HPAEC. To determine the DP distribution of the
samples, a reference value was prepared by completely dissolving 20% dry matter of inulin in
deionized water at 85 °C. The respective chromatograms for HP and HPX can be seen in Fig.

56 and Fig. 57.
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Fig. 56: HP separated according to DP.
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Fig. 57: HPX separated according to DP.

The retention times of the peaks are automatically compared to literature values by the chro-
matography software, which was used to perform the HPAEC measurements (“Chromeleon”
by Thermo Fisher Scientific) and are indicated respectively in Fig. 56 and Fig. 57. The first peak
identified is the DP-6 peak, meaning one glucose head group bound to a chain of five B-(2,1)
linked fructose units. Molecules with a smaller DP could not be completely separated from
each other, represented by the large peak at approximately 2 min retention time, originating
from the application of the CarboPac PA200 column, which is mainly used for the separation
of oligosaccharides. To figure out the amount of inulin of a certain DP, dissolved during sample
preparation, the areas below the peaks in the chromatogram were integrated. To point out
changes in the DP distribution of the dissolved inulin and to minimize concentration errors,
resulting from the sample preparation, a region of ten following DPs was summed up to one
fraction. The results for HP and HPX, prepared at different sample preparation temperatures

and the samples taken after 10 min stirring, can be seen in Fig. 58 and Fig. 59.
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Fig. 58: Temperature dependent DP distribution of dissolved HP after 10 min stirring at preparation temperature.
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Fig. 59: Temperature dependent DP distribution of dissolved HPX after 10 min stirring at preparation temperature.

With increasing sample preparation temperature, the amount of dissolved inulin also in-
creases. Compared to the reference values, even at 60 °C preparation temperature, for HP
and at 80 °C for HPX, a small amount of inulin remains undissolved, ensuring a seeded crystal-
lization during gel formation. As already mentioned in section 1.1, a seeded crystallization is
inevitable for the formation of a completely percolated inulin gel. With increasing solubility,
the amount of dissolved long chain inulin (DP 36 — 85) also significantly increases. If one com-

pares Fig. 58 and Fig. 59, the differences between HP and HPX are clearly visible in particularly
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this long chain region. For HP, even at 25 °C sample preparation temperature, a significant
amount of long chain inulin is dissolved. During crystallization, the whole range of DPs is in-
corporated in the gel primary particles, giving a relatively homogeneous gel structure (see
sections 3.2.4 - 3.2.7).Since HPX exhibits a significantly lower solubility than HP, the inulin mol-
ecules with the largest DPs (76 — 85) are just dissolved at 80 °C sample preparation tempera-
ture, in a very small amount. With decreasing sample preparation temperature, the amount
of dissolved long chain inulin also decreases. Therefore, during gel formation of the HPX gels,
prepared at lower temperatures (25 °C — 40 °C), almost no long chain inulin is incorporated in
the crystallizing gel primary particles and a gel with an inhomogeneous gel structure forms

(see sections 3.2.4 - 3.2.7).

To determine the DP distribution of the inulin, remaining dissolved after 24 h of storage at
room temperature, the 24 h samples were analyzed accordingly to the 10 min samples, as

already explained earlier in this section. The results are visible in Fig. 60 and Fig. 61.
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Fig. 60: Temperature dependent DP distribution of dissolved HP after 24 h storage.
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Fig. 61: Temperature dependent DP distribution of dissolved HPX after 24 h storage.

If Fig. 58 and Fig. 60 respectively Fig. 59 and Fig. 61 are compared to each other, one can
clearly see, that the previously dissolved inulin almost completely recrystallizes during gel for-
mation. Only a small amount of short and medium chain inulin, increasing with increasing
preparation temperature, remains dissolved after 24 h. Above a DP of 35, for both HP and
HPX, the dissolved inulin completely crystallizes. Referring to the DP distribution of the gel
primary particles, which are formed during crystallization (see section 1.1), an increased sam-
ple preparation temperature leads to the incorporation of a larger amount of long chain inulin
in those particles. This influences the primary particle size and the resulting texture of the

completely developed inulin gel (see sections 3.2.4 and 3.2.6).

3.2.4 Texture analysis (Gel hardness)
To elucidate the fracture behavior of the completely developed inulin gels, the samples were
compressed beyond their fracture stress. In Fig. 62 the reader can see two HP samples after

compression, prepared at different sample preparation temperatures.
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Fig. 62: HP gels compressed beyond fracture stress. A was prepared at 25°C, B was prepared at 60°C
The gel in Fig. 62 A was prepared at 25 °C. It shows a distinctive crack pattern. This is a typical
behavior for a strong gel [30]. When the inulin sample is compressed uniaxial, the upper and
lower parts of the sample are compressed in the direction of the applied force and the outside
parts are forced sideways. This gives rise to shear forces along the diagonals, as drawn in Fig.
63. For this fracture behavior, the gel needs a certain stiffness, which arises from the binding

forces between the particles in the gel.

X=X

Fig. 63: Crack pattern of strong gels [30]

If the bonds between the particles of the gel get weaker, this crack pattern disappears and at
larger strains the gels begin to yield and flow instead of fracturing [30]. This behavior can be
observed for an HP gel, prepared at 60 °C (Fig. 62 B). In Fig. 64 one can see two HPX samples

after compression, prepared at 25 °C and 80 °C.

Fig. 64: HPX gels compressed beyond fracture stress. A was prepared at 25°C, B was prepared at 80°C
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The HPX gel, prepared at 25 °C, is so weak, that it cannot keep the shape of the vessel it was
prepared in. If the sample preparation temperature is increased to 80 °C, the hardness of the
HPX gel also increases, but still not reaching the hardness of a strong gel, what is visible by the
lacking crack pattern. Hence, the hardness of the HP gels decreases with increasing sample
preparation temperature and the hardness of the HPX gels increases with increasing sample
preparation temperature. If Fig. 62 and Fig. 64 are compared to each other, it is obvious, that
HP forms harder gels than HPX at the respective preparation temperatures. So the fracture
behavior of the inulin gels gives a first hint of the influence of the different sample preparation

temperatures and the type of inulin that has been used, on the hardness of the gels.

To examine the hardness of the inulin gels, the samples were penetrated by a stainless steel
stamp to a maximum strain of 6 mm. The responsive force was measured and the resulting
gel hardness could be determined, as the first maximum of the force versus strain curve before
the fracturing of the gel [56]. The results of the hardness measurements of the HP and HPX
gels, prepared at different sample preparation temperatures and with low (600 rpm) and high
(7000 rpm) shear rates, are pictured in Fig. 65. The hardness of the HP gels decreases with
increasing sample preparation temperature. The application of a higher shear rate (7000 rpm)
during sample preparation, results in increased hardness values, whereas the hardness trends
for low and high shear rates remain identical throughout the whole temperature range. For
the HPX samples the hardness increases with increasing sample preparation temperature. The
application of a higher shear rate results also in increased hardness values and the hardness
trend remains the same as for the samples, prepared with 600 rpm. The explanation for those

trends will be given in the following sections.
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Fig. 65: Hardness of inulin gels prepared at different temperatures

For a sample preparation temperature higher than 60 °C for HP and higher than 80 °C for HPX,
due to its solubility in water, no inulin gels had been prepared. Above those preparation tem-
peratures, more than 20% of HP (T, > 60 °C) respectively HPX (T}, > 80 °C) are dis-
solved, which leads to an unseeded crystallization upon cooling and results in a fragmentary
gel structure. So the texture of the developing inulin gels can be influenced by the variation of
shear rate and temperature during sample preparation. To illustrate the different gel structure
of the HP and HPX gels once again, confocal microscopy pictures of both gels, prepared at

25 °C, are pictured in Fig. 66 and compared to the respective hardness values.

Hardness HP and HPX gels
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Fig. 66: Comparison of gel structure of HP and HPX gels, both prepared at 25 °C. Each picture was taken in a depth of

10 pm.
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On the left hand side of Fig. 66, one can see the sample preparation temperature dependent
hardness curves of HP and HPX gels, prepared with a shear rate of 600 rpm. Those curves have
already been presented in Fig. 65. The CLSM pictures of an HP and an HPX gel, both prepared
at 25 °C, can be seen on the right hand side of Fig. 66. Both pictures have been taken from the
bulk of the samples, 10 um above the bottom of the nunc chambers. The associated hardness
values are highlighted in the diagram on the left. It is clearly visible, that HPX (T, = 25 °C)
forms the weakest gel of the whole series and HP (also T, = 25 °C) yields the hardest gel.
If the pictures on the right are compared to each other, significant differences in the gel struc-
tures of the HP and HPX gels are clearly visible. Since both gels are dyed with Rhodamine B,
which binds hydrophobic to the inulin molecules [70], the regions where water is accumulated
should appear just lightly red or almost dark in both gels. Apart from the large, lightly dyed
remnants of the HP powder, that have not been dissolved during sample preparation and are
dispersed throughout the whole gel, the HP gel network appears homogeneously died, with-
out any obviously darker regions. This is a clear indication for a homogeneous and strong net-
work, what can be confirmed by the associated hardness value. The HPX gel on the opposite
yields an inhomogeneous gel network, interspersed with dark regions, where water is clearly
accumulated. This results in a fragmentary weak gel structure, also confirmed by the respec-
tive hardness value, visible on the left hand side of Fig. 66. As already mentioned above, the
formation of the different gel networks and the corresponding hardness values, will be ex-

plained in the following sections.

3.2.5 Oscillatory rheology

The viscoelastic properties of inulin gels, can be determined by oscillation rheology. Above a
certain shear amplitude, the inulin gels show a shear thinning behavior [33], due to the suc-
cessive breakdown of the particle gel. To determine the viscoelastic properties of the com-
pletely developed HP and HPX gels, amplitude sweeps have been performed at the unsheared
samples. In Fig. 67 one can see the amplitude sweep curves of HP gels, prepared at 25 °C, 40 °C
and 60 °C. The samples have been measured between 0,1% and 100% oscillation amplitude.

The error bars are not indicated, due to the sake of clarity.
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Fig. 67: Amplitude sweep curves of HP gels, prepared at 25 °C, 40 °C and 60 °C. The device setup is indicated in the figure.

In Fig. 67 one can see the storage modulus G’ and the loss modulus G’ plotted against the

applied oscillation strain y. The dissipation factor tan ¢ is also plotted against the oscillation

strain. Since the dissipation factor is defined as the ratio of loss and storage modulus (G”/G,),
it indicates very clearly, when the inulin gels start to flow (shear thinning behavior) and trans-
form from a viscoelastic, solid gel, with dominating elastic properties (G’ > G"'), into a liquid
suspension with dominating viscous properties (G'' > G'). In Fig. 67 the Linear Viscoelastic
Region (LVE) is indicated with diagonal, brown lines. In this region, with the applied oscillation
frequency and if the indicated maximum strain is not exceeded (right border of the LVE re-
gion), a deformation of the HP gels is completely reversible and the sample exhibits elastic
behavior. This means, if the applied deformation does not exceed the borders of the LVE re-
gion, the sample regains the viscoelastic properties (e.g. hardness, stiffness etc.), it exhibited
before the shear was applied, completely. In Fig. 67 the trend of the HP gel’s shear moduli
follows the trend of the respective hardness values (Fig. 65). The HP gel, prepared at 25 °C,
exhibits the largest initial storage modulus, just as it exhibits the largest gel hardness. With
increasing sample preparation temperature, the initial shear moduli decrease, comparable to
the trend of the respective gel hardness. For all the HP samples, the initial storage modulus
G' exceeds the initial loss modulus G''. So for all the HP samples examined, the elastic prop-
erties dominate at small oscillation amplitudes, marking them as “solid” gels. If the oscillation
amplitude is increased, both the moduli decrease. Because of the applied shear, the bonds

between the primary particles are stressed and the gel starts to soften. If the applied strain
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exceeds a certain amplitude, the gel network cannot withstand a further deformation, the
primary particles are separated from each other and the gel network is destroyed. This certain
point is visible for all the examined HP samples, where G’ falls below G"’ and is called “shear
breakdown” [71]. The oscillation strain at this point, that causes the shear breakdown, is called
“fracture strain” [13]. The shear breakdown of the gel is also indicated very clearly by the
dissipation factor tan §, when it adopts the value 1 (horizontal dashed line in Fig. 67). At this
oscillation amplitude the gel network loses its solid character and starts behaving like a viscous
fluid. To illustrate the shear thinning behavior of the inulin particle gel network, in Fig. 68 a
simplified model of an inulin gel under the influence of a horizontal shear force can be seen.
As already mentioned above, as long as the applied shear does not exceed the LVE region, the
deformation of the gel is completely reversible (sketch in the middle of Fig. 68). When the
applied strain exceeds the LVE region, the gel still exhibits dominating elastic properties, but
the applied deformation is not reversible anymore. Due to the successive breakdown of the
particle network, the gel shows a shear thinning behavior. As soon as the applied oscillation
strain exceeds the point of shear breakdown, the particle network is completely destroyed,
G' falls below G'' and the gel acts like a fluid with dominating viscous properties (right hand

sketch in Fig. 68).

Moving plate
Strain Strain
increased increased
Fixed plate Amplitude still in Amplitude above
LVE region shear breakdown
Gl > Gfl Gl < G"

Fig. 68: Shear thinning behavior of an inulin gel, under the influence of a horizontal shear force.

What is very eye-catching, if one has a look at Fig. 67 again, is the fact that this shear break-
down is shifted to larger oscillation amplitudes, if the sample preparation temperature is in-
creased. This means, the “softer” the HP gel is the more insensitive it reacts to deformation.
So for an HP gel, prepared at increased temperatures, the primary particles in the completely
developed gel are not that strong bound to each other, giving the gel a softer and more flexible
structure (the primary particles can be moved to a certain extent without being separated

from each other). The harder the gel is, the stiffer and more brittle the gel network becomes
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(e.g. HP prepared at 25 °C). Above an oscillation amplitude of 20%, for all the gels the particle
network is destroyed, the primary particles are completely separated from each other and the

samples behave like viscous fluids.

In Fig. 69 one can see the amplitude sweep curves of HPX gels, prepared at 25 °C, 40 C, 60 °C
and 80 °C. Again G',G""and tan ¢ are plotted against the oscillation strain y. Due to their lower
gel hardness, the HPX samples have been measured between 0,01% and 100% oscillation am-

plitude. Again the error bars are not indicated.
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Fig. 69: Amplitude sweep curves of HPX gels, prepared at 25 °C, 40 °C, 60 °C and 80 °C. The device setup is indicated in the
figure.

Again the LVE region is indicated with diagonal brown lines and the dashed horizontal line
indicates again a tan § of 1. The points of shear breakdown are also indicated for the respec-
tive curves. Here again the shear moduli G’ and G’ follow the hardness trends of the respec-
tive HPX gels (Fig. 65). If the sample preparation temperature is increased, the hardness values
of the completely developed HPX gels also increase and with it the initial values of the shear
moduli are increased too. Here again, as already explained above, with increasing gel hardness
and increasing initial shear moduli, the gels become more shear sensitive. If one has a look at
the indicated points of shear breakdown in Fig. 69, it is obvious, that the shear sensitivity in-
creases with increasing sample preparation temperature (the HPXT25 gel shows its shear
breakdown at y = 20% and the HPXT80 gel at y = 1,8%). This behavior is also clearly visible,

if the LVE regions of the gels are compared to each other. The HPX gels, prepared at 40 °C,
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60 °C and 80 °C exhibit comparable LVE regions, whereas the gel prepared at 25 °C exhibits by
far the largest LVE region. The reason for this behavior is again, as already explained for the
HP gels, the stiffness and brittleness of hard gels and the flexibility of the primary particles in
soft gels. In Fig. 70 the storage moduli of the HP and HPX gels, presented in Fig. 67 and Fig. 69,
are plotted against the oscillation amplitude and compared to each other. To obtain compa-
rable measurements, the curves are plotted between 0,1% and 100% oscillation amplitude.

Again for the sake of clarity, the error bars are not indicated.
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Fig. 70: Comparison amplitude sweeps of HP and HPX gels. Point of shear breakdown is indicated for each sample.

If the initial storage moduli of the HP and the HPX gels are compared to each other, again the
hardness trends are followed. All the HP samples exhibit a significantly higher initial storage
modulus G'. The initial storage modulus decreases from HPT25 to HPXT25. The reason for this
decrease is again, as already explained for the hardness trends of the HP and HPX gels (see
section 3.2.4 and Fig. 66), the change in the network structure of the gels (HPT25 homogene-
ous, strong network, HPXT25 fragmentary, weak network). The explanation for the changing
particle network structure will be given in more detail in the following sections. In Fig. 70 the
loss moduli are not plotted (for the sake of clarity). Still the points of shear breakdown are
indicated. Here again the weakest gel (HPXT25), shows the point of shear breakdown at the
largest oscillation amplitude. The trend of an increasing shear sensitivity with increasing initial
storage moduli is still fulfilled (at least in the HP and HPX series). Except the extraordinary high

shear insensitivity of the HPX gel, prepared at 25 °C, no overall trend can be seen. So the HPX
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gels (Tprep. > 25 °C) and the HP gels (Tprep. = 25 — 60 °C) exhibit comparable stiffness and brittle-

ness, what results in points of shear breakdown at similar oscillation amplitudes.

3.2.6 Particle size

The particle size trends of the different inulin gels provide an explanation for the above dis-
cussed hardness trends and can be observed in Fig. 71. The average size of the HP gel primary
particles, prepared at low and high shear rates, increases with increasing sample preparation
temperature. This is due to the increasing solubility of HP in water at higher sample prepara-
tion temperatures and the depletion of seeding material connected therewith [13]. Since all
samples are cooled to room temperature for crystallization and all samples contain 20% of
inulin dry matter, the amount of crystallizable material is comparable in all the samples. With
increasing sample preparation temperature, the amount of seeding material, which is left in
the inulin suspension, decreases, resulting in a decreasing crystallization constant k (see sec-
tion 3.2.2). Additionally, a larger amount of long chain inulin is dissolved at increased prepa-
ration temperatures. As already seen in section 3.2.3, above a DP of 35, the previously dis-
solved inulin completely recrystallizes upon gel formation. This results in the incorporation of
a larger amount of long chain inulin in the gel primary particles of the HP gels, prepared at
higher temperatures. Therefore, the decreasing crystallization constant and the incorporation
of a larger amount of long chain inulin at increased preparation temperatures, cause the for-
mation of larger and less numerous crystalline gel primary particles. Those larger gel particles
are also responsible for the decreased hardness of the inulin gels [15] at increased sample
preparation temperatures (see Fig. 65). The gel primary particles are approximately spherical

shaped. Since the surface S of a sphere increases with the radius r squared (S = 4mr?) and
the volume V' with the radius r cubed (V = gnr3), compared to smaller spherical particles,

the surface to volume ratio of larger spherical particles is smaller. Thus, the larger particles
can form fewer bonds between each other and the HP gel hardness decreases with increasing

sample preparation temperature.
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Fig. 71: Gel primary particle size (number average) in dependency of sample preparation temperature and shear rate.

To illustrate the increasing particle size of the HP primary particles once again, the number
distribution of the HP gel particle size, prepared at 25 °Cand 60 °C and examined by static light
scattering, are pictured in Fig. 72. If one compares the particle size distribution of the sample
prepared at 25 °C and the one prepared at 60 °C, it is obvious, that the curve of the 60 °C
sample is shifted to larger particle sizes. The mean primary particle size (number average) is

written next to the respective curve in Fig. 72.
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Fig. 72: Number distribution of HP gel particle size, prepared at 25 °C and 60 °C.
The average primary particle size of HPX gels, prepared at different sample preparation tem-

peratures, behaves considerably different as the respective HP primary particle size. For the
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HPX gels, prepared at low and high shear rates, the average primary particle size remains con-
stant even at increased sample preparation temperatures. This arises from the semi-crystal-
linity of the used HPX powder. When the sample preparation temperature is increased, the
solubility of the HPX powder in water also increases. Since the HPX powder already contains
a certain amount of crystalline particles, its solubility in water is significantly smaller than the
respective solubility of HP. Even at a sample preparation temperature of 80 °C, 10% of the
added amount of HPX is still undissolved (see Fig. 50).The inferior solubility of HPX at the par-
ticular sample preparation temperatures results in increased crystallization constants k (due
to the existence of a sufficient amount of seeds at each preparation temperature), compared
to the respective crystallization constants of HP. Apart from the average particle size of the
samples prepared at 25 °C, the average primary particle sizes of the HPX gels are significantly
smaller than the respective HP gel particles (see Fig. 71). Taking into account the surface to
volume ratio of small particles compared to large ones (see above), the HPX gels should exhibit
a considerably higher gel hardness than the comparable HP gels. If we have a look at Fig. 65,
we can see, that the gel hardness of the HPX gels increases with increasing sample preparation
temperature, yet it remains clearly below the hardness value of even the weakest HP gel. To
understand the hardness and particle size trends of the HPX gels, we need to consider the
primary particle size distribution of the HPX samples. In Fig. 73 the number distribution of the
primary particle size of HPX gels, one prepared at 25 °C and one at 80 °C, are pictured. The
particle size distributions of both gels look almost identical. For the preparation of the number
distribution of the primary particle size, each particle, no matter which size, is weighted
equally. Therefore, changes in the outer regions of the number distribution, where the less
numerous small and large particles are represented, are just slightly visible in Fig. 73. To point
out changes in the particle sizes of the less numerous particles (the ones in the outer regions
of the number distribution), one needs to examine the volume distribution of the HPX gel
particle size. For the volume distribution, the particles are weighted according to their volume.
This means that very few, very large particles, exhibit a comparable volume as a large number
of very small particles. The volume distribution of the HPX gels pictured in Fig. 73, can be seen

in Fig. 74.
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Fig. 73: Number distribution of HPX gel particle size, prepared at 25 °C and 80 °C.
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Fig. 74: Volume distribution of HPX gel particle size, prepared at 25 °C and 80 °C.
In Fig. 74 the changes in the particle sizes are clearly visible. At 25 °C preparation temperature,
HPX exhibits a moderate solubility (Fig. 50). If one looks at Fig. 59, it is obvious, that almost no
long chain HPX (DP > 35) is dissolved at 25 °C. Since the crystalline particles, which are already
present in the HPX powder, exhibit a very low solubility in water and remain mostly undis-
solved at 25 °C, those particles consist of mainly long chain inulin. This means, those crystalline
particles are present in the HPX gel after 24 h of ageing as very large primary particles, visible

on the right hand side of the volume distribution in Fig. 74. Since mostly HPX with a DP < 35 is
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dissolved at 25 °C sample preparation temperature, the primary particles that crystallize dur-
ing gel formation, consist mainly of short and medium chain length inulin. Therefore, the crys-
tallizing primary particles are mainly visible as very small particles on the left hand side of the
volume distribution in Fig. 74. The volume average primary particle size of the HPX gel, pre-
pared at 25 °C, can be roughly determined at the maximum in the center of the volume distri-
bution. Since the particle sizes in Fig. 74 are volume weighted, aggregates that passed the
pores of the filter or re-aggregated after filtration during sample preparation, have a signifi-
cant impact on the volume average of the primary particle size. Because of this the volume
average differs significantly from the number average of the primary particle size. If the sam-
ple preparation temperature is increased to 80 °C, the solubility of HPX also increases and a
significant amount of long chain HPX is dissolved during sample preparation (see Fig. 59). This
means, that the crystalline particles, which are already present in the HPX powder, are par-
tially dissolved and decrease in size. On the other hand, the additionally dissolved long chain
inulin is incorporated in the crystallizing primary particles upon gel formation, which increase
in size. This development is clearly visible if the volume distributions in Fig. 74 are compared
to each other. The significant amount of very small and very large particles, present in the
25 °C sample (maxima on the right and on the left of the 25 °C volume distribution), decreases
and with it the amount of medium sized primary particles increases (maximum in the center
of the 80 °C volume distribution). If one compares the maxima in the centers of the volume
distributions of the 25 °C and the 80 °C samples to each other, it is obvious that the average
primary particle size of the HPX gels remains constant (the maxima in the middle of the 25 °C
and the 80 °C sample are in the same particle size region), even at increased sample prepara-
tion temperatures (see Fig. 71). The maximum in the center of the 80 °C sample is much more
intense, whereas the two maxima in the outer regions almost vanish. This means that the HPX
gels, prepared at increased preparation temperatures, exhibit a narrower primary particle size
distribution. This results in gels with a more densely packed particle network with an increased
gel hardness. As already mentioned above, in Fig. 71 the development of the number average
was examined, to minimize the undesired impact of aggregates in the samples on the average

primary particle size.

Another obvious trend is the smaller particle size for both, HP and HPX gels, prepared with
high shear rates (7000 rpm). The inulin powder, depending on the amount of inulin and the

temperature, partly dissolves in water. The undissolved material, as already mentioned, acts
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as seeding material upon cooling. If the shear rate during sample preparation is significantly
increased (comparing 600 rpm and 7000 rpm), the undissolved material is much better dis-
persed and eventually numerous seeds are broken apart and therefore reduced in size [72].
This results in smaller and more numerous gel primary particles. Those smaller particles yield
gels with increased hardness (see Fig. 65) [73]. The reason for this is again the larger surface
to volume ratio of smaller spherical particles and the additional bonds, which can be estab-
lished between those primary particles. The impact of a higher shear rate on the HPX primary
particle size is not as distinctive as for the HP primary particle size. This is due to the superior
crystallinity of the used HPX powder. The undissolved crystallites in the HPX samples, which
act as crystallization seeds, are much more robust than the mostly amorphous crystallization
seeds in the HP samples. Nevertheless, the crystalline seeds in the HPX samples are also re-
duced in size and yield gels with increased hardness (Fig. 65). The reason for this effect is again
the increased surface to volume ratio of smaller particles, as already explained above. So the

inulin gel properties depend delicately on the gel primary particle size.

3.2.7 Summary
Taking the above discussed results into account, the preparation temperature dependent
hardness variation of the completely developed inulin gels can be summarized by a simple

model. The models are pictured in Fig. 75 and Fig. 76.

L
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Fig. 75: HP particle size variation

In Fig. 75 one can see the particle gel structures of two completely developed HP gels, one
prepared at 25 °C and one prepared at 60 °C. Since the model in Fig. 75 is simplified and in-
tended to illustrate the temperature dependent particle size variation, the pictured dimen-

sions are randomly chosen. For the gel prepared at 25 °C, a sufficient amount of inulin remains
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undissolved during sample preparation and acts as crystallization nuclei, ensuring a seeded
crystallization. After 24 h of crystallization, the resulting HP gel consists of small primary par-
ticles and exhibits a hard texture. If the preparation temperature is increased to 60 °C, the
solubility of HP in water also significantly increases and with it the amount of undissolved
nuclei decreases. This causes a considerable decrease in crystallization velocity. Additionally,
a larger amount of long chain inulin is incorporated in the crystallizing gel primary particles.
The resulting gel consists of fewer but larger particles and exhibits a remarkably decreased

hardness (Fig. 65 and Fig. 71).
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Fig. 76: HPX particle size variation
In Fig. 76 the particle gel structures of two completely developed HPX gels, one prepared at
25 °Cand one prepared at 80 °C, are pictured. Again this is a very simplified model to illustrate
the particle size variation. At 25 °C, HPX exhibits a moderate solubility in water (Fig. 50) and
mostly short and medium chain inulin is dissolved during sample preparation. Additionally,
the HPX powder already contains a significant amount of crystalline particles, which can act
as seeding material during crystallization. For the HPX gel, prepared at 25 °C, this results in a
fragmentary gel structure (see Fig. 66 and Fig. 76), consisting of small, during gel formation
crystallized primary particles (black particles in Fig. 76, that mainly consist of short and me-
dium chain inulin) and large, undissolved crystalline primary particles, that were already pre-
sent in the HPX powder (red particles in Fig. 76, which mainly consist of long chain inulin, see
also Fig. 74). Because of this fragmentary, not very densely packed gel structure, the 25 °C HPX
gel exhibits a very low gel hardness. If the sample preparation temperature is increased to
80 °C, the solubility of HPX also increases and the crystalline powder particles are partly dis-
solved and decrease in size. The dissolved long chain inulin is incorporated in the crystallizing

particles, which increase in size. So the particle size of the crystalline powder particles and the
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crystallizing primary particles equalizes. The gel structure of the completely developed gel be-

comes more homogeneous and more densely packed and the gel hardness increases (Fig. 65).

3.3 The inulin-water-ethanol system

In this chapter the results of the HP and HPX samples, that have been prepared with water-
ethanol mixtures acting as solvent, will be presented and discussed. For all the measurements
in this section the results for HP and HPX, prepared at 25 °C in water, were used as reference
values. This means, the sample preparation temperature was set to 25 °C for all the samples
and the ethanol concentration in the solvent adjusted to 0% (reference values of HP and HPX
at 25°C in water), 5%, 10% and 15% (w/w). Due to the significant change in polarity of the
solvent (with increasing ethanol content the polarity of the solvent decreases) and the increas-
ing disequilibrium of the system connected therewith, the maximum concentration of ethanol
was limited to 15% (w/w). In the following sections the processes, that give rise to the dise-
quilibrium, will be explained in more detail. For further information concerning the solute-

solvent interactions see also section 1.5.

3.3.1 Solubility in water-ethanol mixtures

In section 3.2.1 the solubility of 20% dry matter of inulin at different sample preparation tem-
peratures in water, was discussed. In this section, we consider water-ethanol-mixtures, with
different mass concentrations of ethanol, as solvent. As mentioned above, the preparation
temperature was set to 25 °C and the ethanol concentration (w/w) of the solvent increased
from 0% to 15%. As already noted in section 3.2.1, all samples in this work were prepared with
20% dry matter of inulin, so here the solubility of HP and HPX in the varying solvent also refers
to 20% dry matter in the sample. The equilibrium solubility of both types of inulin in deionized
water with increasing ethanol content can be seen in Fig. 78. Again, the concentration of the
dissolved inulin was determined by measuring the refractive indices of the samples and com-
parison to reference values, obtained at specified mass concentrations of dissolved inulin.
Since the refractive index of the pure solvent changes with differing ethanol content, a refer-
ence curve had to be generated, as described in section 3.2.1, for each ethanol content used
for the experiments. For the determination of the concentration of dissolved inulin in water
(ethanol content 0%), the reference curve from section 3.2.1 was used (Fig. 49). For the etha-
nol-water mixtures with an ethanol content > 5%, the data has been fitted over the concen-

tration range 0 < ¢ £ 0,075 and the equations of the linear fits can be found in Fig. 77. The
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reference curve for an ethanol content of 0%, was fitted as mentioned in section 3.2.1. The
reference plots are again the same for HP and HPX. This is why only one series of plots is

pictured in Fig. 77. The reference plot for pure deionized water can be found in Fig. 49.

Refractive index dependent on concentration and ethanol content

1,36 -
m HPT25E5
m HPT25E10
m HPT25E15
—— Linear Fit E5
]| — Linear Fit E10
Sa —— Linear Fit E15
NE
x
(]
©
=
o 1,34
2
8 | n’=0,00142c + 133614 |
T .
o [ nZ =0,00135¢ + 1,33970 |
| % =0,00133¢ + 1,34326 |
1,32 T T T T T T

0 1 2 3 4 5 6 7 8
Inulin concentration ¢ (%)

Fig. 77: Refractive index in dependency of the mass concentration in water-ethanol mixtures.
The solubility of inulin decreases with increasing ethanol content in the solvent (Fig. 78). Since
ethanol exhibits a lower relative polarity than water [37], with increasing ethanol content, the
polarity of the solvent decreases. Due to the free hydroxyl groups of the fructose and glucose
units of the inulin chain (see Fig. 1), the inulin molecules exhibit a semi-polar character. This
enables the inulin molecules to dissolve to a certain amount in the polar solvent water (de-
pending on the chain length of the inulin molecule and the temperature of the water). If the
polarity of the solvent is decreased (e.g. ethanol addition), the solubility of inulin in this solvent
also decreases (see also section 1.5 and section 3.3.3). From Fig. 78, it is also obvious, that HPX
exhibits a significantly lower solubility than HP at each ethanol content examined. The reason
for this is again, as already discussed in section 3.2.1, the superior crystallinity of the employed
HPX powder. Apart from this overall decreased solubility of HPX, the solubility trend of both
types of inulin in the water-ethanol mixtures is comparable. If one compares the increase of
the preparation temperature to the decrease of the solvent polarity, the change in polarity
has a significantly higher impact on the system. If the preparation temperature of water is
increased, the solubility of HP and HPX increases too. Since all the samples are cooled to room
temperature after heating (see section 2.2), the previously dissolved inulin recrystallizes (de-

pending on its DP) and contributes to the gel formation process. If the polarity of the solvent
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is decreased by the addition of ethanol to water, depending on their chain length (or DP), the
inulin molecules are precipitated (see section 3.3.3). This means, the precipitated molecules
are insoluble in the solvent, are removed from the system and do not take part in the gel
formation process anymore. By changing the polarity of the solvent, the whole inulin-solvent
system is changed. Because of this, the ethanol mass concentration in the solvent was mini-
mized to 15%. The DP dependent solubility of HP and HPX in water-ethanol mixtures will be

discussed more detailed in section 3.3.3.
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Fig. 78: Equilibrium solubility of 20% (w/w) inulin in water-ethanol mixtures.

3.3.2 X-ray diffraction during gelation

The development of the particle gel network, with water-ethanol mixtures acting as solvent,
was examined by in-situ x-ray diffraction too. The radial averaged diffraction patterns of the
HP and HPX gels, prepared at 25 °C, with an ethanol mass concentration of 5% and measured
for 24 h during gelation, can be seen in Fig. 79 and Fig. 80. The intensities of the Bragg reflexes
at 268 = 12,1° have been projected to the left hand layer, to make the gelation process more
obvious. Again, as already seen in section 3.2.2 (see Fig. 51 and Fig. 52), the intensity of the
HP and HPX samples increases with increasing aging time. This increasing intensity confirms,
that HP and HPX in a water-ethanol milieu, with 20% (w/w) of inulin in the sample, crystallize
during gelation. The process is the same as described in section 3.2.2. If one compares Fig. 79

and Fig. 80 to each other, the HPX sample exhibits a significantly higher initial intensity. The
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reason for this is the same as for the inulin-water system, namely the superior crystallinity of
the employed HPX powder (see Fig. 47 and section 3.2.2). If the absolute intensities of Fig. 79
and Fig. 80 are compared to Fig. 51 and Fig. 52, it is obvious, that the diffraction spectra of the
HP and HPX samples, prepared with 5% ethanol in the solvent, exhibit a remarkably lower
intensity than the respective samples prepared with pure water. This could arise from three
reasons. Firstly, the intensity of the incident x-ray beam, emitted from the x-ray source, fluc-
tuates (due to the setup of the x-ray diffractometer and the configuration of the x-ray source).
If the intensity of the incident beam decreases, the diffracted intensities also decrease, what
results in x-ray spectra with decreased absolute intensities. Secondly, the used mark tubes
exhibit a diameter variability of approximately 20%. Due to the setup of the x-ray device, only
a small part of the sample in the mark tube (roughly 1 mm in height, depending on the beam-
width of the incident beam) actually diffracts the x-ray beam. If the diameter of the irradiated
part of the mark tube varies, the volume of the irradiated part of the sample varies too. Since
the intensity of the diffracted radiation is proportional to the amount of diffracting material,
the diffracted intensity also varies with the diameter of the used mark tubes. And thirdly, the
amount of inulin in the sample. All the samples were prepared as inulin/solvent suspensions,
containing 20% (w/w) of inulin. As already mentioned in section 3.3.1, a decreasing polarity of
the solvent by addition of ethanol, results in the precipitation of inulin. The precipitated ma-
terial does not take part in the gelation process anymore (this also influences the gel structure
of the completely developed gels significantly, as will be explained in the following sections).
If the suspension is pipetted into the mark tubes, the precipitated material accumulates on
the bottom of the mark tubes. During the diffraction experiment, this material is not in the
beam path of the incident beam (due to the setup of the device) and does not contribute to
the diffracted intensity, also resulting in diffraction spectra with decreased absolute intensi-
ties. The first two reasons for the decreased diffracted intensities are exclusively of experi-
mental nature (setup of the device and mark tubes, that were used to contain the samples).
Reason three is of physical nature and arises from the polarity decrease of the solvent. The
fluctuations in the absolute intensities could not be investigated systematically. So all the sam-
ples, belonging to the same series of experiments (e.g. the samples prepared in pure water),
were measured in the shortest time interval possible, to minimize the influence of a fluctuat-
ing incident x-ray intensity. Additionally, as already mentioned in section 3.2.2, all the intensi-

ties of the 20 = 12,1° reflexes of one sample were normalized to the respective maximum
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intensity (i.e. the measured intensity after 24 h of ageing), to further minimize the influence
of a fluctuating incident intensity. Apart from the above mentioned difference in initial inten-
sity, the development of the diffraction patterns of the HP and HPX gels, prepared with
5% - 15% ethanol in the solvent, look very similar. Because of this, in this section just the dif-
fractograms for HP and HPX, prepared at 25 °C with an ethanol content of 5%, are shown. The

remaining diffractograms can again be found in the Appendix section.
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Fig. 79: XRD during gelation of an HP gel, prepared at 25 °C, 600 rpm shear rate and 5% Ethanol.
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Fig. 80: XRD during gelation of an HPX gel, prepared at 25 °C, 600 rpm shear rate and 5% Ethanol.

To examine the crystallization kinetics of the gel formation, the 12,1° reflexes were integrated

and normalized to the respective maximum intensity. In Fig. 81 the relative intensities of the
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Bragg reflexes at 260 = 12,1° of HP gels, prepared at 25 °C, with an ethanol concentration of
0%, 5%, 10% and 15%, are compared to each other.
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Fig. 81: Development of the relative intensity of HP gels prepared at 25 °C, with 0% - 15% ethanol.

For all the samples, the main part of the crystallization takes place in the first two to three
hours of the gelation. In those first hours, the intensity increases to 85 — 95% of the maximum
intensity. This rapid increase of the intensity is again due to the crystallization process of the
inulin particles, as already explained in section 3.2.2 (first primary particle formation, followed
by aggregation and particle gel network formation). In Fig. 81 it is also obvious, that the initial
crystallinity of the inulin samples, represented by the values at roughly 20 min sample age,
depends on the amount of ethanol in the solvent. With increasing ethanol content, the solu-
bility of HP decreases (Fig. 78), what results in increased initial intensities. In Fig. 82 one can
see, the development of the relative intensities of the 260 = 12,1° Bragg reflexes of HPX gels,
prepared at 25 °C, with an ethanol content of 0%, 5%, 10% and 15% in the solvent. The error
bars are not indicated for the sake of clarity. Again the main part of the crystallization occurs
in the first two to three hours (intensity increases to 90 — 95% of maximum intensity) and
again this is due to the crystallization process and the particle gel formation. The increase in
intensity is not as distinctively pronounced as for the HP samples (due to the crystallinity of

the employed HPX powder, already mentioned in section 3.2.2). The curves in Fig. 82 look
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almost identical and no obvious trend concerning the ethanol concentration can be deter-
mined. If the reader has a look at Fig. 78, it is obvious, that the already moderate solubility of
HPX at 25 °C in water, is not influenced as much as the solubility of HP, by an increasing etha-

nol content in the solvent (see Tab. 5).

Tab. 5: HP/HPX dissolved dependent on ethanol content in solvent

Sample Ethanol conc. (%) Inulin diss. (%)
HPT25EO0 0 17,49
HPT25ES 5 16,05
HPT25E10 10 13,26
HPT25E15 15 11,68
. mextse0 | o | 9xu ]
HPXT25ES 5 8,12
HPXT25E10 10 7,28
HPXT25E15 15 6,17

Since only a very small amount of long chain, hardly soluble HPX (DP > 45) is dissolved at 25 °C
in water (see Fig. 59), the solubility of HPX at 25 °Cis not influenced very much by a decreasing
polarity of the solvent (HPX solubility decreases from 9,24% at 0% ethanol content to 6,17%
at 15% ethanol content) and a significant part of the medium and short chain inulin (DP < 46)
gets dissolved, even at an ethanol content of 15% (see Fig. 85). So the initial intensity of HPX
is just slightly influenced by an increasing ethanol content and no obvious trend is visible. For
HP, a significant amount of long chain inulin is already dissolved at 25 °C in water (see Fig. 58).
The dissolved amount of long chain HP, which is just slightly soluble in pure water at 25 °C,
reacts very sensitive to a decreasing polarity of the solvent. This is visible in Tab. 5, at the

severe decrease of dissolved HP at increased ethanol contents.
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Development of crystallinity HPXT25E0-E15
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Fig. 82: Development of the relative intensity of HPX gels prepared at 25 °C, with 0% - 15% ethanol.
If Fig. 81 and Fig. 82 are compared to each other, it is obvious, that the HPX samples exhibit a
significantly larger initial intensity. This is again, as already explained in section 3.2.2, due to
the superior crystallinity of the HPX powder. To illustrate the significantly larger initial inten-
sity of the HPX samples at the different ethanol contents again, the graphs of Fig. 81 and Fig.
82 have been plotted on a logarithmic scale and are illustrated simultaneously in Fig. 83. Again

the error bars are not indicated for the sake of clarity.
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Fig. 83: Development of the relative intensity of HPT25E/HPXT25E gels, plotted on logarithmic scale.

In Fig. 83 it is obvious, that the initial crystallinity increases from HP, with an ethanol content

of 0% to HP with an ethanol content of 15%. As mentioned above, the reason for this is the
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decreasing solubility of HP with decreasing polarity of the solvent. Here it is also visible again,
that the HPX samples exhibit no obvious trend, concerning the ethanol concentration, as al-

ready explained above.

To determine the crystallization constant k of the gel formation, a Johnson — Mehl — Avrami —

Kolmogorov fit (JMAK) was applied to the curves shown in Fig. 81 and Fig. 82 (see section 3.2.2
and Eq.(55)). Again we just focused on the crystallization constant k. In Tab. 6 and Tab. 7 the
average crystallization constants for HP and HPX samples, prepared with different ethanol
concentrations in the solvent and determined by applying Eq.(55) on the curves shown in Fig.

81 and Fig. 82, can be seen.

Tab. 6: Average crystallization constant of HPT25E samples

C(Ethanol) (%) k (1/h) Error (1/h)
0 1,34 0,04
5 2,75 0,05
10 3,16 0,13
15 4,05 0,09

Tab. 7: Average crystallization constant of HPXT25E samples

C(Ethanol) (%) k (1/h) Error (1/h)
0 2,08 0,10
5 3,29 0,29
10 3,73 0,10
15 4,07 0,33

For both types of Inulin the crystallization constant k increases with increasing ethanol con-
tent in the solvent. As mentioned above, the solubility decreases with increasing ethanol con-
centration (Fig. 78) and with it the amount of nuclei, which act as seeding material, increases

(The material, that is not precipitated, but remains undissolved during sample preparation,
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acts as seeding material. Additionally, as mentioned in section 1.5, the polar inulin molecules
and the solvent with a decreased polarity, form an unstable mixture. Therefore, the Gibbs free
energy G, of the mixture can be decreased, by the crystallization of inulin molecules, that can
also act as seeding nuclei for further inulin molecules to crystallize on.). This results in an in-
creased crystallization rate. The increased crystallization rate, as mentioned in section 3.2.2,
influences the average gel particle size, altering the texture of the completely developed inulin
gel significantly. Those results will again be explained in the following sections. If Tab. 6 and
Tab. 7 are compared to each other, one can see, that the crystallization constant of the HP
samples increases much more rapid, than it does for the HPX samples. This confirms the state-
ment from above once more, that HP is influenced more by a decreasing polarity of the solvent

at 25 °C sample preparation temperature, than HPX at the same conditions.

3.3.3 High Performance Anion Exchange Chromatography

To determine the chain length distribution of the inulin, dissolved during sample preparation
and remaining dissolved after 24 h of ageing, one sample was taken from the inulin suspension
(20% inulin dry matter, ethanol concentration 0% - 30%, Tprep. = 25 °C) after 10 min stirring
and one was taken from the same gel after 24 h of ageing at room temperature. The samples
were processed as described in section 2.5. To determine the DP distribution of the samples,
a reference value was prepared, as described in section 3.2.3. The chromatograms are identi-
cally to the ones used for the inulin-water HPAEC experiments and can be seen in Fig. 56 and
Fig. 57. To figure out the amount of inulin of a certain DP, dissolved during sample preparation,
the areas below the peaks in the chromatogram were integrated, as mentioned in section
3.2.3. Again, the changes in the DP distribution of the dissolved inulin were pointed out and
the concentration errors were minimized, by summing up a region of ten following DPs to one
fraction. The results for HP and HPX, prepared at 25 °C with different ethanol contents in the
solvent and the samples taken after 10 min sample preparation, can be seen in Fig. 84 and Fig.

85.
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Fig. 84: DP distribution of dissolved HP after 10 min stirring at 25 °C, with ethanol content of 0% - 30%.
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Fig. 85: DP distribution of dissolved HPX after 10 min stirring at 25 °C, with ethanol content of 0% - 30%.

With increasing ethanol content, the amount of dissolved inulin decreases. If the HP and HPX
samples with increasing ethanol content in the solvent, are compared to the respective sam-
ples prepared in pure water, it is obvious, that the solubility is significantly decreased by a
decreasing polarity of the solvent. Since the long chain inulin exhibits a very low solubility in
water, the most crucial change in the DP distribution of the dissolved inulin is visible in this DP

region (DP > 36 — 45). At ethanol contents of 20%, for both HP and HPX, practically no long
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chain inulin is dissolved during sample preparation. Since the previously dissolved inulin par-
tially crystallizes during gel formation, a considerable change in the DP distribution of the dis-
solved inulin changes the properties of the completely developed particle gel too. Because of
this, as already mentioned in section 3.3.1, the ethanol concentration in the solvent was lim-
ited to 15% (w/w) for all the other experiments. With a decreasing solubility, the amount of
undissolved material, that could act as seeding nuclei, also increases. Here it is important to
consider, that undissolved material is also precipitated and removed from the system, that
forms the particle gel network. So not all the undissolved material contributes to the gel for-
mation. Due to the nature of the inulin suspensions during sample preparation, a selective
separation of undissolved, not precipitated and undissolved, precipitated material was not
possible. So here no information about the ratio of undissolved inulin and undissolved precip-
itated inulin can be given. Yet, the amount of undissolved HP and HPX, that acts as nuclei
during crystallization, increases with increasing ethanol content in the sample (see section
3.3.2, increasing crystallization constant k for HP and HPX with increasing ethanol content).
Still the gel hardness of the HP and HPX gels decreases with increasing ethanol content, what
will be explained in section 3.3.4. If one compares Fig. 84 and Fig. 85, the significantly lower
solubility of HPX is once again clearly visible (superior crystallinity of HPX powder, see section
3.3.1). Due to the lower solubility of HPX, even at an ethanol concentration of 0% in the sol-
vent (pure water), almost no long chain inulin is dissolved. At an ethanol content of 10%, no
long chain inulin (DP > 36 —45) is dissolved anymore. So a further decreasing polarity by in-
creasing the ethanol concentration, only affects the well dissolving medium and short chain
HPX (DP < 46). For HP the decreasing polarity of the solvent has a more fiercely impact on the
solubility. If one has a look at Fig. 84, even at 25 °C sample preparation in pure water (red
columns), a significant amount of long chain inulin is dissolved. If the ethanol content is in-
creased, all the DP fractions of HP are affected by a decreasing polarity and with it the precip-
itation of dissolved material. So the overall decrease in solubility of HP with an increasing eth-
anol content is much more pronounced, than for HPX (see section 3.3.1). Thus, with an in-
creasing ethanol content in the solvent, the amount of dissolved HP and HPX is decreased and
also the overall amount of inulin, that is incorporated in the crystallizing primary particles, is
decreased (e.g. the slightly soluble long chain inulin is precipitated even at low ethanol con-

tents and partly removed from the system).
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To determine the DP distribution of the inulin, remaining dissolved after 24 h of storage at
room temperature, the 24 h samples were analyzed accordingly to the 10 min samples, as

already explained earlier in this section. The results are visible in Fig. 86 and Fig. 87.
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Fig. 86: Polarity dependent DP distribution of dissolved HP after 24 h storage.
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Fig. 87: Polarity dependent DP distribution of dissolved HPX after 24 h storage.

If Fig. 84 and Fig. 86 respectively Fig. 85 and Fig. 87 are compared to each other, one can
clearly see, that the previously dissolved inulin almost completely recrystallizes during gel for-
mation. Only a small amount of short and medium chain inulin, decreasing with increasing

ethanol content, remains dissolved after 24 h. Above a DP of 35, for both HP and HPX, the
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dissolved inulin completely crystallizes. Referring to the DP distribution of the gel primary par-
ticles, which are formed during crystallization (see section 1.1), an increased ethanol concen-
tration in the solvent leads to the incorporation of a smaller overall amount of inulin, but an
increased amount of long chain inulin in those primary particles. Since the solubility of long
chain inulin is affected more fiercely by a decreasing polarity of the solvent, than the short
and medium chain inulin, a significant amount of long chain inulin already remains undissolved
at small ethanol contents. With increasing ethanol content in the solvent, the undissolved
amount increases too. This undissolved long chain inulin is only partly precipitated during sam-
ple preparation. So the undissolved, not precipitated amount can act as seeding nuclei and is
incorporated in the gel primary particles during crystallization. This influences the primary
particle size and with it the texture of the completely developed inulin gel (see sections 3.3.4

and 3.3.6).

3.3.4 Texture analysis (Gel hardness)

In section 3.2.4, the completely developed inulin gels were compressed beyond their fracture
stress, to learn about their fracture behavior. This type of experiment was not possible for the
HP and HPX gels, prepared with ethanol in the solvent, due to the decreasing hardness of the
gels. At increasing ethanol contents, even the HP gels became too soft to keep the cylindrical
shape of the vessel, after being removed from it. In consequence, no compression experi-

ments were performed for the water-ethanol system.

To examine the hardness of the inulin gels, the samples were penetrated by a stainless steel
stamp to a maximum strain of 6 mm and the resulting gel hardness was determined as de-
scribed in section 3.2.4. The results of the hardness measurements of the HP and HPX gels,
prepared at 25 °C with different ethanol concentrations in the solvent (shear rate 600 rpm),
are pictured in Fig. 88. One can observe the hardness of the HP and HPX gels decrease with
increasing ethanol content. The explanation for those trends is on one hand, as already men-
tioned in section 3.3.1 and 3.3.3, the decreased solubility of HP and HPX and the precipitation
of material connected therewith, that is not incorporated in the gel formation. This results in
fragmentary, soft gels and the gel hardness decreases. On the other hand, the incorporation
of more long chain HP and HPX in the gel primary particles and the increasing crystallization
constant k with increasing ethanol content, result in a changing primary particle size. This will

be explained more detailed in section 3.3.6.
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Fig. 88: Hardness of inulin gels prepared with different ethanol contents in the solvent

Therefore, the texture of the developing inulin gels can be influenced by the variation of the
polarity of the used solvent. To illustrate the different gel structure of the HPT25E and
HPXT25E gels, in Fig. 89 confocal microscopy pictures of an HP gel, prepared at 25 °C with an
ethanol content of 0% and an HPX gel, prepared at 25 °C with an ethanol concentration of 15%

in the solvent, are presented and compared to the respective hardness values.
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Fig. 89: Comparison of gel structure of HP and HPX gels, both prepared at 25 °C with different ethanol contents in the
solvent. Each picture was taken in a depth of 10 pm.

On the left hand side of Fig. 89, one can see the polarity dependent hardness curves of HP and

HPX gels, prepared with a shear rate of 600 rpm. Those curves have already been presented
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in Fig. 88. The CLSM pictures of an HPT25EQ (T¢p. = 25 °C, cgep, = 0%) and an HPXT25E15
gel (Tyrep. = 25 °C, cgep, = 15%), can be seen on the right hand side of Fig. 89. Again, both
pictures have been taken from the bulk of the samples, 10 um above the bottom of the nunc
chambers. The associated hardness values are highlighted in the diagram on the left. It is
clearly visible, that HPXT25E15 forms the weakest gel of the whole series and HPT25EOQ yields
the hardest gel. If the pictures on the right are compared to each other, significant differences
in the gel structures of the HP and HPX gels are clearly visible. As already mentioned in section
3.2.4, both gels are dyed with Rhodamine B. Therefore, the regions where water is accumu-
lated, again appear just lightly red or almost dark in both gels. Apart from the large, lightly
dyed remnants of the HP powder, that have not been dissolved during sample preparation
and are dispersed throughout the whole gel, the HPT25EQ gel network appears homogene-
ously died, without any obviously darker regions. As before, this is a clear indication for a ho-
mogeneous and strong network, what can be confirmed by the associated hardness value. The
HPXT25E15 gel on the opposite yields an inhomogeneous gel network, interspersed with dark
regions, where water is clearly accumulated. Comparable to the HPX gel, prepared at 25 °Cin
pure water (Fig. 66), this results in a fragmentary weak gel structure, also confirmed by the
respective hardness value, visible in Fig. 89. Due to the precipitation of inulin, that does not
take part in the particle gel network formation, the HPXT25E15 is even weaker, than the re-
spective HPX gel, prepared in pure water (hardness value at 0% of ethanol in Fig. 89). As al-
ready seen for the HP and HPX gels, prepared with pure water, the hardness values of the
HPXT25E gels remain way below the respective HPT25E hardness values, what is due to the
fragmentary gel structure of the HPX gels. As already mentioned above, the formation of the
different gel networks and the corresponding hardness values, will be explained in the follow-
ing sections. Since the confocal microscopy pictures of the HP and HPX gels, prepared with
different ethanol contents in the solvent, did not show any obvious change in structure, that
could be referred to the respective ethanol concentration, in this section just the two micros-
copy pictures pictured in Fig. 89, are presented (the remaining pictures can be found in the

Appendix section).

3.3.5 Oscillatory rheology
As already presented for the inulin-water samples, the viscoelastic properties of the com-

pletely developed HP and HPX gels, prepared at 25 °C and with an increasing ethanol content
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in the solvent, were also determined by performing amplitude sweeps at the unsheared sam-
ples. In Fig. 90 one can see the amplitude sweep curves of HP gels, prepared at 25 °C and with
ethanol concentrations of 0%, 5%, 10% and 15% in the solvent. The samples have been meas-
ured between 0,1% and 100% oscillation amplitude. The error bars are not indicated, due to

the sake of clarity.
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Fig. 90: Amplitude sweep curves of HP gels, prepared at 25 °C, with ethanol contents of 0%, 5%, 10% and 15% in the sol-
vent. The device setup is indicated in the figure.

Again, the storage modulus G’ and the loss modulus G"' are plotted against the applied oscil-
lation strain y. The dissipation factor tan ¢ is also plotted against the oscillation strain. In Fig.
90 the Linear Viscoelastic Region (LVE) is again indicated with diagonal, brown lines. The LVE
regions of all the HP gels span comparable strain regions and do not show any obvious change,
that could be traced back to the different ethanol contents. The trend of the HP gel’s shear
moduli follows the trend of the respective hardness values (Fig. 88). The HP gel, prepared at
25 °Cwith an ethanol content of 0% in the solvent, exhibits the largest initial storage modulus,
just as it exhibits the largest gel hardness. With increasing ethanol concentration, the initial
shear moduli decrease, comparable to the trend of the respective gel hardness. For all the HP
samples, the initial storage modulus G’ exceeds the initial loss modulus G". Therefore, the
elastic properties of all the HP samples dominate at small oscillation amplitudes, marking

them as “solid” gels. If the oscillation amplitude is increased, both the moduli decrease. This
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shear thinning behavior is again due to the weakening of the bonds between the primary par-
ticles, which are stressed by the increased shear forces (see section 3.2.5). If the applied strain
exceeds the “fracture strain”, the particle gel network is destroyed, what is again visible in the
point of shear breakdown. The shear breakdown for each gel is indicated in Fig. 90 and a dis-
sipation factor tan 6 of the value 1, can be recognized again by a horizontal dashed line. Com-
parable to the HP gels, prepared at different sample preparation temperatures (Fig. 67), the
shear breakdown is shifted to larger oscillation amplitudes, if the ethanol concentration in the
solvent is increased. This means, the “softer” the HP gel is the more insensitive it reacts to
deformation. Therefore, for an HP gel, prepared with increased ethanol concentration in the
solvent, the primary particles in the completely developed gel are not that strong bound to
each other, giving the gel a softer and more flexible structure. This is on one hand due to the
change of the primary particle size with a changing polarity of the solvent (see section 3.3.6)
and on the other hand, as already mentioned in section 3.3.1 and 3.3.4, to the precipitation
of inulin at increased ethanol concentrations and the weakening of the network structure con-
nected therewith. Above an oscillation amplitude of 10%, for all the gels the particle network
is destroyed, the primary particles are completely separated from each other and the samples
behave like viscous fluids. If Fig. 67 and Fig. 90 are compared to each other, it is obvious, that
an increasing sample preparation temperature and a decreasing polarity of the solvent, have
a similar impact on the viscoelastic properties of the HP gels and result in a weakening of the

particle gel network.

In Fig. 91 one can see the amplitude sweep curves of HPX gels, prepared at 25 °C, with an
ethanol content of 0%, 5%, 10% and 15% in the solvent. Again G',G''and tan § are plotted
against the oscillation strain y and the samples have been measured between 0,1% and 100%

oscillation amplitude. Again, the error bars are not indicated.
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Fig. 91: Amplitude sweep curves of HPX gels, prepared at 25 °C, with an ethanol content of 0%, 5%, 10% and 15% in the
solvent. The device setup is indicated in the figure.

As before, the LVE region is indicated with diagonal brown lines and the dashed horizontal line
indicates a tan § of 1. The points of shear breakdown are also indicated for the respective
curves. Here again the shear moduli G’ and G'’ follow the hardness trends of the respective
HPX gels (Fig. 88). If the ethanol concentration is increased, the hardness values of the com-
pletely developed HPX gels decrease and with it the initial values of the shear moduli decrease
too. As already mentioned above, with decreasing gel hardness and decreasing initial shear
moduli, the gels become more shear insensitive. If one considers the indicated points of shear
breakdown in Fig. 91, it is obvious, that the HPX gels with different ethanol concentrations,
show no obvious trend concerning the shear sensitivity. This is due to the very soft structure
of the HPX gels. If the initial shear moduli are compared to the initial shear moduli of the
respective HP gels (Fig. 92), one can see, that the shear moduli of the HPX gels are at least to
orders of magnitude smaller than the respective HP values. So even the “stiffest” HPX gel,
namely the HPX gel with pure water acting as solvent, is already very soft and shear insensi-
tive. Therefore, the HPXTE gels are relatively indifferent to increased ethanol concentrations,
concerning the shear breakdown. In Fig. 92 the storage moduli of the HPT25E and HPXT25E
gels, presented in Fig. 90 and Fig. 91, are plotted against the oscillation amplitude and com-
pared to each other. The curves are plotted between 0,1% and 100% oscillation amplitude and

the error bars are not indicated.
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Fig. 92: Comparison amplitude sweeps of HPT25E and HPXT25E gels. Point of shear breakdown is indicated for each sam-
ple.

If the initial storage moduli of the HP and the HPX gels are compared to each other, again the
hardness trends are followed. All the HP samples exhibit a significantly higher initial storage
modulus G'. The initial storage modulus decreases from HPT25E0 to HPXT25E15. The reason
for this decrease is again, as already explained for the hardness trends of the HPT25E and
HPXT25E gels (see section 3.3.4), the change in the network structure of the gels (HPT25EQ
homogeneous, strong network, HPXT25EQ - E15 fragmentary, weak network). The explanation
for the changing particle network structure will be given in more detail in the following sec-
tions. In Fig. 92 the loss moduli are not plotted (for the sake of clarity). Again, the points of
shear breakdown are indicated. The trend of an increasing shear sensitivity with increasing
initial storage moduli is still fulfilled (at least in the HP series). As mentioned above, due to
their soft gel structure, for HPX no overall trend can be seen. The HPX gels (Cethanos = 0% - 15%)
and the “soft” HP gels (Cethanol 2 10%) exhibit comparable stiffness and brittleness, what results

in points of shear breakdown at similar oscillation amplitudes.

3.3.6 Particle size

The particle size trends of the HP and HPX gels, prepared at 25 °C and with an ethanol content
of 0%, 5%, 10% and 15% in the solvent, provide an explanation for the above discussed hard-
ness trends and can be observed in Fig. 93. The average size of the HP gel primary particles,
increases with increasing ethanol content in the solvent. As already shown in section 3.3.2

(Tab. 6), the crystallization constant k of the HP samples prepared at 25 °C, increases with
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increasing ethanol content in the solvent. Typically, the average particle size decreases with
increasing crystallization speed (see section 3.2.6). Thus, the average particle size of the HP
samples with increasing ethanol content, acts inversely as expected concerning the respective
crystallization constants. This is due to the decreasing solubility of HP with decreasing polarity
of the solvent (see Fig. 78) and the incorporation of a larger amount of long chain inulin in the
crystallizing gel primary particles connected therewith (see section 3.3.3), which overcompen-
sates the increasing crystallization speed. Those larger gel particles and the precipitation of
inulin, that is not incorporated in the primary particles (see section 3.3.4), are responsible for
the decreased hardness of the inulin gels at increased ethanol concentrations (see Fig. 88). As
mentioned before, the surface to volume ratio of larger spherical particles is smaller. Thus,
the larger particles can form fewer bonds between each other. Additionally, the smaller over-
all amount of inulin, that is incorporated in the primary particles, results in a fragmentary and
weak particle gel network. Therefore, the HP gel hardness decreases with increasing ethanol
content in the solvent, as already expected from the polarity considerations and the develop-

ment of the crystallinity.
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Fig. 93: Gel primary particle size (number average) in dependency of ethanol content in the solvent.

To illustrate the increasing particle size of the HP primary particles once again, the number
distributions of the HP gel particle size, prepared at 25 °C with an ethanol content of 0% and
15% in the solvent and examined by static light scattering, are pictured in Fig. 94. If one com-

pares the particle size distribution of the sample prepared with 0% of ethanol and the one
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prepared with 15% of ethanol, it is obvious, that the curve of the 15% sample is shifted to
larger particle sizes. The mean primary particle size (number average) is indicated next to the

respective curve in Fig. 94.
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Fig. 94: Number distribution of HP gel particle size, prepared at 25 °C with 0% and 15% ethanol in the solvent.
The average primary particle size of the HPX gels, prepared with different ethanol contents in
the sample, behaves considerably different as the respective HP primary particle size. For the
HPX gels the average primary particle size remains constant even at increased ethanol con-
centrations. This arises from the semi-crystallinity of the used HPX powder. The decreasing
polarity of the solvent, with increasing ethanol concentration, affects the HPX powder just as
the HP powder and the solubility of HPX decreases too, with increasing ethanol content. As
mentioned before, due to its semi-crystalline character, the HPX powder exhibits a signifi-
cantly lower solubility in the solvent than HP. If we recall the DP distribution of the dissolved
HPX with increasing ethanol content (Fig. 85), we recognize, that even at 25 °C with an ethanol
content of 0% in the solvent, only a very small amount of long chain inulin is dissolved, that
can be incorporated in the primary particles during gelation. Therefore, at increased ethanol
contents almost no long chain inulin is dissolved during sample preparation, that can be
“forced” to crystallize by the decreasing polarity and inversely to the HP samples at increased
ethanol contents, the amount of long chain HPX, that is incorporated in the primary particles
during crystallization, decreases with increasing ethanol content. This should result in a de-
creasing average particle size, yet the average particle size remains constant. Additionally, due

to the decreased solubility and with it an increased amount of undissolved material, that can
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act as crystallization nuclei, the crystallization constant k of the HPX samples increases with
increasing ethanol content (see Tab. 7). This should also result in gels with decreased primary
particle sizes and connected therewith, increased hardness values at increased ethanol con-
centrations. Yet the HPX gel hardness decreases with increasing ethanol content and remains
way below the gel hardness of the respective HP gels (see Fig. 88). To understand this, we
need to consider the distribution of the HPX primary particle sizes. In Fig. 95 the number dis-
tribution of the primary particle size of HPX gels, prepared at 25 °C with 0% and 15% ethanol
in the solvent, are pictured. The particle size distributions of both gels look almost identical.
As already mentioned in section 3.2.6, changes in the outer regions of the number distribu-
tion, where the less numerous small and large particles are represented, are just slightly visible
in Fig. 95. Still we can see, that the amount of very small primary particles (on the left hand
side of the curve) increases with increasing ethanol content and the amount of very large pri-
mary particles (on the right hand side) decreases with increasing ethanol content in the sol-
vent. Again, as already mentioned in section 3.2.6, to point out changes in the particle sizes of
the less numerous particles (the ones in the outer regions of the number distribution), one
needs to examine the volume distribution of the HPX gel particle size. The volume distribution

of the HPX gels pictured in Fig. 95 is visible in Fig. 96.
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Fig. 95: Number distribution of HPX gel particle size, prepared at 25 °C with 0% and 15% ethanol in the solvent.
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Fig. 96: Volume distribution of HPX gel particle size, prepared at 25 °C with 0% and 15% ethanol in the solvent.
In Fig. 96 the changes in the particle sizes are clearly visible. If one compares the curves of the
0% ethanol and the 15% ethanol sample to each other, it is obvious, that the volume the very
small particles take up decreases and the volume the very large particles occupy increases
with increasing ethanol content. The average primary particle size (approximately repre-
sented by the maximum in the middle) remains relatively constant. To interpret the develop-
ment of the primary particle sizes correctly, we need to take the number and the volume dis-
tribution into account. As already mentioned above, the number of very small particles in-
creases with increasing ethanol content (Fig. 95 left hand side). The increased number of very
small particles at an ethanol content of 15% in the solvent, occupy a smaller volume than the
less numerous small particles at 0% ethanol in the sample (Fig. 96 left hand side). This means,
the very small primary particles decrease in size with increasing ethanol content. If we have a
look on the right hand side of the number and the volume distributions, we can see, that the
number of very large particles decreases with increasing ethanol content (Fig. 95 right hand
side). Those less numerous very large primary particles occupy a larger volume at an increased
ethanol concentration (Fig. 96 right hand side). This means, the very large primary particles
increase in size with increasing ethanol content in the solvent. As already mentioned, with a
decreasing polarity the solubility of HPX in the solvent decreases too. Normally, with increas-
ing solubility, the crystalline particles, which consist of mainly long chain inulin and are already
present in the HPX powder, are partly dissolved and decrease in size. Since the solubility de-

creases, the crystalline particles are just poorly dissolved and exhibit a larger size, compared
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to the crystalline, undissolved particles at lower ethanol concentrations. The long chain inulin,
that is contained in the undissolved crystalline particles, is unavailable for the crystallizing pri-
mary particles. Therefore, a smaller amount of long chain inulin is incorporated in the newly
crystallizing primary particles and they decrease in size, compared to the crystallizing particles
at decreased ethanol contents in the solvent. This means, with increasing ethanol content, the
newly crystallizing primary particles decrease in size and the already crystalline, undissolved
primary particles increase in size. Those two processes roughly compensate each other and
the average primary particle size of the HPX gels remains constant, even at an increased eth-
anol concentration. The decreased solubility of HPX (resulting in an increased amount of un-
dissolved material, that can act as crystallization nuclei) and the decreasing particle size of the
newly crystallizing primary particles at increased ethanol contents, go along with an increased
crystallization constant k (see Tab. 7). Still, as already mentioned above, the hardness de-
creases with decreasing polarity of the solvent (inversely to the expectation of an increasing
gel hardness with decreased primary particle size or a constant hardness with constant aver-
age particle size). This is due, as mentioned in section 3.3.4, to the precipitation of inulin at
increased ethanol concentrations and with it the overall decreased amount of inulin, that is
incorporated in the primary particle network during gel formation. Here it should be men-
tioned again, that inulin primary particle clusters, which passed the pores of the filter or re-
aggregated after filtration during sample preparation, have a significant impact on the volume
average of the primary particle size. Because of this, the volume average differs significantly
from the number average of the primary particle size. Therefore, as already done in section
3.2.6, in Fig. 93 the number weighted average primary particle sizes of the HP and HPX gels
have been evaluated, to minimize the undesired impact of particle clusters in the samples on

the average primary particle size.

3.3.7 Summary
Taking the above discussed results into account, the polarity dependent hardness variation of
the completely developed inulin gels can be summarized by a simple model. The models are

pictured in Fig. 97 and Fig. 98.
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Fig. 97: HPT25E particle size variation

Fig. 97 illustrates the particle gel structures of two completely developed HP gels, one pre-
pared at 25 °C with 0% ethanol in the solvent and one prepared at 25 °C with an ethanol con-
centration of 15%. Since the model in Fig. 97 is simplified and intended to illustrate the polarity
dependent particle size variation, the pictured dimensions are randomly chosen. For the gel
prepared with an ethanol concentration of 0%, a sufficient amount of inulin remains undis-
solved during sample preparation and acts as crystallization nuclei, ensuring a seeded crystal-
lization. After 24 h of crystallization, the resulting HP gel consists of small primary particles
and exhibits a hard texture. If the polarity is decreased by the addition of ethanol to water,
the solubility of HP in this solvent significantly decreases and with it the amount of undissolved
nuclei increases. This causes a considerable increase in crystallization velocity. Inversely to the
expectations, the average primary particle size increases (Fig. 93). At increased ethanol con-
centrations, a significant amount of long chain HP remains undissolved during sample prepa-
ration, acting as crystallization nuclei (Fig. 84). The increased amount of undissolved long chain
inulin is partly incorporated in the crystallizing primary particles during gel formation, but also
partially precipitated. This results in HP gels with an increased average primary particle size
(due to the increased amount of long chain inulin in the primary particles) and a decreased gel
hardness (due to the decreased overall amount of inulin incorporated in the particle gel net-

work) at an increased ethanol content in the solvent (Fig. 88).
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Fig. 98: HPXT25E particle size variation

In Fig. 98 the particle gel structures of two completely developed HPX gels, one prepared at
25 °C with 0% ethanol in the solvent and one prepared at 25 °C with an ethanol concentration
of 15%, are pictured. Again, this is a very simplified model to illustrate the particle size varia-
tion. At 25 °C and 0% ethanol content, HPX exhibits a moderate solubility in the solvent (Fig.
78) and mostly short and medium chain inulin is dissolved during sample preparation. Addi-
tionally, the HPX powder already contains a significant amount of crystalline particles, which
can act as seeding material during crystallization. For the HPX gel, prepared with an ethanol
concentration of 0%, this results in a fragmentary gel structure (see Fig. 66 and Fig. 98), that
consists of small, during gel formation crystallized primary particles (black particles in Fig. 98,
that mainly consist of short and medium chain inulin) and large, undissolved crystalline pri-
mary particles, that were already present in the HPX powder (red particles in Fig. 98, which
mainly consist of long chain inulin). As already mentioned in section 3.2.7, this fragmentary,
not very densely packed gel structure of the 0% ethanol content HPX gel results in a very low
hardness. If the ethanol concentration is increased to 15%, the solubility of HPX decreases. At
25 °C sample preparation temperature with an ethanol content of 0% (solvent is pure water),
the crystalline powder particles are poorly dissolved and therefore just slightly decreased in
size. If the solubility of HPX decreases at increased ethanol concentrations, the crystalline
powder particles are even less dissolved and therefore their size is increased compared to the
crystalline powder particles at 0% of ethanol in the solvent (see section 3.3.6). Since the un-
dissolved crystalline particles consist of mainly long chain HPX, this undissolved amount of
long chain inulin is unavailable for the newly crystallizing particles during gel formation (black
particles in Fig. 98), a smaller amount of long chain HPX is incorporated in those crystallizing
particles and they decrease in size, compared to the crystallizing particles at 0% of ethanol in
the solvent. Additionally, due to the decreased polarity at increased ethanol concentrations,
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part of the undissolved HPX (mainly medium and long chain inulin) is precipitated. Therefore,
the amount of long chain inulin, that can be incorporated in the crystallizing particles, is even
further decreased, also adding to the decreased size of the crystallizing particles. Furthermore,
by the precipitation of HPX, the overall amount of inulin, that is incorporated in the particle
gel network during gel formation, decreases, weakening the gel network even more. This
means, at increased ethanol contents, HPX still forms a fragmentary network, that is even
weaker than the HPX gel prepared with an ethanol concentration of 0% in the solvent (Fig.

88).

3.4 The inulin-water-sucrose system

In this chapter the results of the HP and HPX samples, that have been prepared with water-
sucrose mixtures acting as solvent, will be presented and discussed. For all the measurements
in this section the results for HP and HPX, prepared at 25 °C in water, were used as reference
values. This means, the sample preparation temperature was set to 25 °C for all the samples
and the sucrose concentration in the solvent adjusted to 0% (reference values of HP and HPX
at 25°Cin water), 5%, 10% and 15% (w/w) (the sucrose mass concentrations were also chosen,
to operate at similar additive concentrations in the solvent as used for the inulin-ethanol sys-

tem).

3.4.1 Solubility in water-sucrose mixtures

In section 3.2.1 the solubility of 20% dry matter of inulin at different sample preparation tem-
peratures in water, was discussed. In this section water-sucrose mixtures act as solvent. As
mentioned above, the preparation temperature was set to 25 °C and the sucrose concentra-
tion (w/w) of the solvent increased from 0% to 15%. As already mentioned in section 3.2.1, all
samples in this work were prepared with 20% dry matter of inulin, so here the solubility of HP
and HPX in the varying solvent also refers to 20% dry matter in the sample. The equilibrium
solubility of both types of inulin in deionized water with increasing sucrose content is shown
in Fig. 100. Again, the concentration of the dissolved inulin was determined by measuring the
refractive indices of the samples and comparison to reference values, obtained at specified
mass concentrations of dissolved inulin. Since the refractive index of the pure solvent changes
with differing sucrose content, a reference curve had to be generated, as described in section
3.2.1, for each sucrose content used for the experiments. For the determination of the con-

centration of dissolved inulin in water (sucrose content 0%), the reference curve from section
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3.2.1 was used (Fig. 49). For the sucrose-water mixtures with a sucrose content > 5%, the data
has been fitted over the concentration range 0 < ¢ £ 0,075 and the equations of the linear fits
can be found in Fig. 99. The reference curve for a sucrose content of 0%, was fitted as men-
tioned in section 3.2.1. The reference plots are again the same for HP and HPX. This is why
only one series of plots is pictured in Fig. 99. The reference plot for pure deionized water can

be found in Fig. 49.
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Fig. 99: Refractive index in dependency of the mass concentration in water-sucrose mixtures.

The solubility of inulin decreases with increasing sucrose content in the solvent (Fig. 100). Su-
crose is a disaccharide (DPsucrose = 2) and therefore very well soluble in water, even at 25 °C
(compared to the inulin molecules with a DP > 3, the small and polar sucrose molecule can be
very easy hydrated by the water molecules.). Thus, the amount of sucrose, added to the sol-
vent, is preferably dissolved. The higher the sucrose content in the solvent, the higher is also
its degree of saturation. Therefore, the amount of inulin that can be still dissolved in the sol-
vent at 25 °C, decreases with increasing sucrose concentration (the long chain fractions of HP
and HPX will again be affected the most by the increasing saturation of the solvent, see section
3.4.3). If one has a look at Fig. 100, it is also obvious, that HPX exhibits a significantly lower
solubility than HP at each sucrose content examined. The reason for this is again, as already
discussed in section 3.2.1, the superior crystallinity of the employed HPX powder. Apart from
this overall decreased solubility of HPX, the solubility trend of both types of inulin in the water-

ethanol mixtures is comparable.
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Fig. 100: Equilibrium solubility of 20% (w/w) inulin in water-sucrose mixtures.

3.4.2 X-raydiffraction during gelation

The development of the particle gel network, with water-sucrose mixtures acting as solvent,
was examined by in-situ x-ray diffraction too. The radial averaged diffraction patterns of the
HP and HPX gels, prepared at 25 °C, with a sucrose mass concentration of 5% and measured
for 24 h during gelation, can be seen in Fig. 101 and Fig. 102. The intensities of the Bragg re-
flexesat 268 = 12,1° have been projected to the left hand layer, to make the gelation process
more obvious. Again, as already seen in section 3.2.2 (see Fig. 51 and Fig. 52), the intensity of
the HP and HPX samples increases with increasing aging time. This increasing intensity con-
firms, that HP and HPX in a water-sucrose milieu, with 20% (w/w) of inulin in the sample,
crystallize during gelation. The process is similar as already described in section 3.2.2. If one
compares Fig. 101 and Fig. 102 to each other, the HPX sample exhibits a significantly higher
initial intensity. The reason for this is the same as for the two other inulin-solvent systems,
namely the superior crystallinity of the employed HPX powder (see Fig. 47 and section 3.2.2).
If the absolute intensities of Fig. 101 and Fig. 102 are compared to Fig. 51 and Fig. 52, it is
obvious, that the diffraction spectra of the HP and HPX samples, prepared with 5% sucrose in
the solvent, exhibit a remarkably lower intensity than the respective samples prepared with
pure water. Again, this could arise from the three reasons, already discussed in section 3.3.2.
Since an increased sucrose content in the solvent does not change the polarity of the same
and no inulin is precipitated during sample preparation, the decreased diffracted intensity of
the sucrose samples is exclusively of experimental nature. If one compares the absolute in-

tensities of the HP and HPX samples, prepared with 5% sucrose in the solvent (Fig. 101 and
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Fig. 102), to the respective absolute intensities of the samples, prepared with 5% ethanol in
the solvent (Fig. 79 and Fig. 80), the decreased intensities of the samples prepared in the wa-
ter-ethanol mixture, attract the observers attention. As the water-ethanol and the water-su-
crose samples have been examined in immediate succession, the intensity fluctuations, which
arise from the experimental setup, were minimized and have just a minor impact on the de-
creased diffracted intensity values. Therefore, the decreased absolute intensities of the water-
ethanol samples are of physical nature, namely the decreasing polarity of the solvent with
increasing ethanol content and the precipitation of inulin connected therewith (see section
3.3.2). Again, the fluctuations in the absolute intensities could not be investigated systemati-
cally. So all the samples, belonging to the same series of experiments (e.g. the samples pre-
pared in water-sucrose mixtures), were measured in the shortest time interval possible, to
minimize the influence of a fluctuating incident x-ray intensity. Additionally, as already men-
tioned in section 3.2.2, all the intensities of the 260 = 12,1° reflexes of one sample were nor-
malized to the respective maximum intensity (i.e. the measured intensity after 24 h of ageing),
to further minimize the influence of a fluctuating incident intensity. Apart from the above
mentioned difference in initial intensity, the development of the diffraction patterns of the
HP and HPX gels, prepared with 5% - 15% sucrose in the solvent, look very similar. Because of
this, in this section just the diffractograms for HP and HPX, prepared at 25 °C with a sucrose

content of 5%, are shown. The remaining diffractograms can again be found in the Appendix.

HPT25Suc gel

1 10
— E0 /, .
C(Sucrose) =5% - — 13m!n 6h
| Bragg reflex e JOin 192hh L8
201205 —2h ——16N

Intensity (a.u.)

Scattering angle 20 (°)

Fig. 101: XRD during gelation of an HP gel, prepared at 25 °C, 600 rpm shear rate and 5% sucrose.
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Fig. 102: XRD during gelation of an HPX gel, prepared at 25 °C, 600 rpm shear rate and 5% sucrose.
Again, the crystallization kinetics of the gel formation were examined, by the integration and
normalization of the 12,1° reflexes. In Fig. 103 the normalized intensities of the Bragg reflexes
at 20 = 12,1° of HP gels, prepared at 25 °C, with a sucrose concentration of 0%, 5%, 10% and

15%, are compared to each other.

Development of crystallinity HPT25Suc0-Suc15
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Fig. 103: Development of the relative intensity of HP gels prepared at 25 °C, with 0% - 15% sucrose.

For all the samples, the main part of the crystallization takes place in the first two to three

hours of the gelation. In those first hours, the intensity increases to 85 — 90% of the maximum
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intensity. This rapid increase of the intensity is again due to the crystallization process of the
inulin particles, as already explained in section 3.2.2 (first primary particle formation, followed
by aggregation and particle gel network formation). In Fig. 103 it is also obvious, that the initial
crystallinity of the inulin samples, represented by the values at roughly 20 min sample age,
depends on the amount of sucrose in the solvent. With increasing sucrose content, the solu-
bility of HP decreases (Fig. 100), what results in increased initial intensities. The minor devia-
tions of the initial intensities from the predicted trend (i.e. increasing initial intensity with in-
creasing sucrose concentration), are again of experimental nature (fluctuating intensity of the
incident x-ray beam and varying diameter of the used mark tubes). In Fig. 104 one can see the
development of the relative intensities of the 260 = 12,1° Bragg reflexes of HPX gels, pre-
pared at 25 °C, with a sucrose content of 0%, 5%, 10% and 15% in the solvent. The error bars
are not indicated for the sake of clarity. Again the main part of the crystallization occurs in the
first two to three hours (intensity increases to 90 — 95% of maximum intensity) and again this
is due to the crystallization process and the particle gel formation. Comparable to the obser-
vations in section 3.3.2, the increase in intensity is not as distinctively pronounced as for the
HP samples (due to the crystallinity of the employed HPX powder, already mentioned in sec-
tion 3.2.2). Again, the curves in Fig. 104 look almost identical and no obvious trend concerning
the sucrose concentration can be determined. If the reader has a look at Fig. 100, it is obvious,
that the already moderate solubility of HPX at 25 °C in water, is not influenced as much as the

solubility of HP, by an increasing sucrose content in the solvent (see Tab. 8).

Tab. 8: HP/HPX dissolved dependent on sucrose content in solvent

Sample Sucrose conc. (%) Inulin diss. (%)
HPT25SucO 0 17,49
HPT25Suc5 5 16,60
HPT25Suc10 10 14,46
HPT25Sucl15 15 12,14
. MPxt2ssuc0 | o | 92
HPXT25Suc5 5 8,49
HPXT25Suc10 10 8,24
HPXT25Suc15 15 7,99
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The reason for the different solubility behavior of HP and HPX in water-sucrose mixtures and
the different crystallization characteristics connected therewith, is the same as already dis-
cussed for the water-ethanol mixtures (section 3.3.2). In short, almost no long chain HPX (DP
> 45) is dissolved in pure water at 25 °C, that can be affected by an increasing saturation of
the solvent (i.e. increasing sucrose concentration). Therefore, the solubility of HPX remains
relatively constant just as the initial intensity of the gels with increasing sucrose content. The
good solubility of HP and with it the dissolution of a significant amount of long chain inulin at
25 °Cin pure water, result in a relevantly decreased solubility at increased sucrose contents
and a non negligible amount of undissolved long chain HP connected therewith. Therefore,
the initial intensity of the HP samples increases with an increasing sucrose concentration in

the solvent.

Development of crystallinity HPXT25Suc0-Suc15
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Fig. 104: Development of the relative intensity of HPX gels prepared at 25 °C, with 0% - 15% ethanol.
If Fig. 103 and Fig. 104 are compared to each other, it is obvious, that the HPX samples exhibit
a significantly larger initial intensity. This is again, as already explained in section 3.2.2, due to
the superior crystallinity of the HPX powder. To illustrate the significantly larger initial inten-
sity of the HPX samples at the different sucrose contents again, the graphs of Fig. 103 and Fig.
104 have been plotted on a logarithmic scale and are illustrated simultaneously in Fig. 105.

Again the error bars are not indicated for the sake of clarity.
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Fig. 105: Development of the relative intensity of HPT25Suc/HPXT25Suc gels, plotted on logarithmic scale.

In Fig. 105 it is obvious, that the initial crystallinity increases from HP, with a sucrose content
of 0% to HP with a sucrose content of 15%. As mentioned above, the reason for this is the
decreasing solubility of HP with increasing saturation degree of the solvent. Here it is again
visible, that the HPX samples exhibit no obvious trend, concerning the sucrose concentration,

as already explained above.

To determine the crystallization constant k of the gel formation, a Johnson — Mehl — Avrami —

Kolmogorov fit (JMAK) was applied to the curves shown in Fig. 103 and Fig. 104 (see section
3.2.2 and Eq.(55)). Again we just focused on the crystallization constant k. In Tab. 9 and Tab.
10 the average crystallization constants for HP and HPX samples, prepared with different su-
crose concentrations in the solvent and determined by applying Eq.(55) on the curves shown

in Fig. 103 and Fig. 104, can be seen.

Tab. 9: Average crystallization constant of HPT25Suc samples

C(Sucrose) (%) k (1/h) Error (1/h)
0 1,34 0,04
5 2,85 0,10
10 3,28 0,21
15 4,04 0,23
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Tab. 10: Average crystallization constant of HPXT25Suc samples

C(Sucrose) (%) k (1/h) Error (1/h)
0 2,08 0,10
5 3,00 0,30
10 3,53 0,22
15 4,00 0,23

For both types of Inulin the crystallization constant k increases with increasing sucrose con-
tent in the solvent. As mentioned above, the solubility decreases with increasing sucrose con-
centration (Fig. 100) and with it the amount of nuclei, which act as seeding material, increases.
This results in an increased crystallization rate. The increased crystallization rate, as men-
tioned in section 3.2.2, influences the average gel particle size, altering the texture of the com-
pletely developed inulin gel significantly. Those results will again be explained in the following
sections. If Tab. 9 and Tab. 10 are compared to each other, it can be seen, that the crystalliza-
tion constant of the HP samples increases much more rapid, than it does for the HPX samples.
This again confirms the statement from above, that HP is influenced more by an increasing
saturation of the solvent at 25 °C sample preparation temperature, than HPX at the same con-
ditions. Compared to the X-ray diffraction experiments of the samples prepared in water-eth-
anol mixtures (section 3.3.2), an increased sucrose concentration in the solvent results in the

same trends as observed for the water-ethanol system, for both types of inulin.

3.4.3 High Performance Anion Exchange Chromatography

To determine the chain length distribution of the inulin, dissolved during sample preparation
and remaining dissolved after 24 h of ageing, one sample was taken from the inulin suspension
(20% inulin dry matter, sucrose concentration 0% - 15%, Tprep. = 25 °C) after 10 min stirring
and one was taken from the same gel after 24 h of ageing at room temperature. The samples
were processed as described in section 2.5. To determine the DP distribution of the samples,
a reference value was prepared, as described in section 3.2.3. Apart from the overall de-
creased intensity of the amperometric signal, the chromatograms are identically to the ones

used for the inulin-water HPAEC experiments and can be seen in Fig. 56 and Fig. 57 (see also
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Appendix). This decreased overall intensity, compared to the respective intensities of the
HPAEC measurements in water and water-ethanol mixtures, is visible for all the measure-
ments, presented in this section. This arises from the operating hours of the used gold elec-
trode. The longer the electrode is in use, the more organic material is precipitated perma-
nently on the electrode (normally the electrode can be cleaned by a short electric shock, called
“cleaning pulse”, but after certain hours of operating time, even this pulse cannot remove the
contaminations from the electrode anymore. This process is called “electrode fouling”, see
section 1.8). Therefore, the sensitivity of the electrode is decreased and the detected signals
decrease in intensity. Apart from this decrease in intensity, the retention times of the individ-
ual DP fractions remain the same. Thus, for each solvent series a reference value was meas-
ured, to make a qualitative and quantitative interpretation of the achieved chromatograms
possible. To figure out the amount of inulin of a certain DP, dissolved during sample prepara-
tion, the areas below the peaks in the chromatogram were integrated, as mentioned in section
3.2.3. Again, the changes in the DP distribution of the dissolved inulin were pointed out and
the concentration errors were minimized, by summing up a region of ten following DPs to one
fraction. The results for HP and HPX, prepared at 25 °C with different sucrose contents in the
solvent and the samples taken after 10 min sample preparation, can be seen in Fig. 106 and

Fig. 107.
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Fig. 106: DP distribution of dissolved HP after 10 min stirring at 25 °C, with sucrose content of 0% - 15%.
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Fig. 107: DP distribution of dissolved HPX after 10 min stirring at 25 °C, with sucrose content of 0% - 15%.

With increasing sucrose content, the amount of dissolved inulin decreases. If the HP and HPX
samples with increasing sucrose content in the solvent, are compared to the respective sam-
ples prepared in pure water, it is obvious, that the solubility is significantly decreased by an
increasing saturation degree of the solvent. Since the long chain inulin exhibits a very low sol-
ubility in water, the most crucial change in the DP distribution of the dissolved inulin is visible
in this DP region (DP > 36 — 45). At sucrose contents of 15%, for both HP and HPX, practically
no long chain inulin is dissolved during sample preparation. Since the previously dissolved in-
ulin partially crystallizes during gel formation, a considerable change in the DP distribution of
the dissolved inulin changes the properties of the completely developed particle gel too. With
a decreasing solubility, the amount of undissolved material, that can act as seeding nuclei,
also increases (see section 3.4.2, increasing crystallization constant k for HP and HPX with
increasing sucrose content). Yet, the gel hardness of the HP and HPX gels decreases with in-
creasing sucrose content, what will be explained in section 3.4.4. If one compares Fig. 106 and
Fig. 107, the significantly lower solubility of HPX is once again clearly visible (superior crystal-
linity of HPX powder, see section 3.4.1). Due to the lower solubility of HPX, even at a sucrose
concentration of 0% in the solvent (pure water), almost no long chain inulin is dissolved. Thus,
a further increasing saturation by increasing the sucrose concentration, only affects the well
dissolving medium and short chain HPX (DP < 46). For HP the increasing saturation of the sol-
vent has a more fiercely impact on the solubility. Fig. 106 indicates, that even at 25 °C sample
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preparation in pure water (red columns), a significant amount of long chain inulin is dissolved.
If the sucrose content is increased, all the DP fractions of HP are affected by an increasing
saturation. So the overall decrease in solubility of HP with an increasing sucrose content is

much more pronounced, than for HPX (see section 3.4.1).

In contrast to a decreased polarity with increasing ethanol content (see section 3.3.3), an in-
creasing degree of saturation with increasing sucrose content in the solvent, does not have a
significant impact on the solubility of HPX (if one compares Tab. 5 and Tab. 8, the dissolved
amount of HPX decreases from 9,24% of dissolved HPX at 0% ethanol to 6,17% dissolved HPX
at 15% ethanol. For sucrose the dissolved amount of HPX decreases from 9,24% to 7,99% at
15% of sucrose in the solvent).Therefore, at increased sucrose concentrations the DP distribu-
tion of HPX, even for the long chain fractions, is just slightly influenced (if Fig. 85 and Fig. 107
are compared to each other, one can see, that almost no HPX with DP > 45 is dissolved at an
ethanol concentration of 10%. The dissolved amount of HPX with DP > 45 at a sucrose con-
centration of 10% is also very small, yet larger than for the respective water-ethanol sample
and not significantly decreased compared to the reference value in pure water.). This is due
to the change of AG,, of the respective solvent-solute mixture (see section 1.5). If the polarity
of the solvent is decreased, the Flory-Huggins parameter y changes with it. Since the miscibil-
ity of inulin and the water-ethanol mixtures is getting worse with increasing ethanol content,
the Flory-Huggins parameter adopts positive values and AG,, adopts positive values too (see
Eq.(12)). This results in unstable mixtures, a significantly decreased solubility of inulin in this
solvent and the precipitation of material. If the sucrose content of the solvent is increased,
the Flory-Huggins parameter does not change at all. As already mentioned in section 1.5, the
differential Gibbs free energy AG,, of the inulin-water-sucrose mixture adopts positive values,
due to a decreasing differential mixing entropy AS),,, arising from the decreased degree of
solvation of the medium and long chain inulin fractions at increased sucrose concentrations
in the solvent. However, this is due to an increasing degree of saturation and not to a changing
polarity. Therefore, the miscibility of inulin and the water-sucrose mixtures is not influenced
(as mentioned above, the Flory-Huggins parameter y remains constant with increasing su-
crose content), AG,, just slightly increases and just a minor decrease of the solubility (com-

pared to the respective samples in the water-ethanol mixtures) can be observed.
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To determine the DP distribution of the inulin, remaining dissolved after 24 h of storage at
room temperature, the 24 h samples were analyzed accordingly to the 10 min samples, as

already explained earlier in this section. The results are visible in Fig. 108 and Fig. 109.
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Fig. 108: Saturation dependent DP distribution of dissolved HP after 24 h storage.

504
DP 18-25
404 HPXT25Suc 24h
Il Reference

_ DP 26-35 Bc....=0%
c = =5%
<304 == Csycrose
EE) DP 6-15 - Csucrose = 10%
= == Csucrose = 15%
@® DP 36-45
0 20+
<

10 DP 46-55

DP 56-65
DP 66-75
A DP 76-85
O = T T T T T

Fig. 109: Saturation dependent DP distribution of dissolved HPX after 24 h storage.

If Fig. 106 and Fig. 108 respectively Fig. 107 and Fig. 109 are compared to each other, one can
clearly see, that the previously dissolved inulin almost completely recrystallizes during gel for-
mation. Only a small amount of short and medium chain inulin, decreasing with increasing

sucrose content, remains dissolved after 24 h. Above a DP of 35, for both HP and HPX, the
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dissolved inulin completely crystallizes. Referring to the DP distribution of the gel primary par-
ticles, which are formed during crystallization (see section 1.1), an increased sucrose concen-
tration in the solvent leads to the incorporation of an increased amount of long chain inulin in
those primary particles. Since the solubility of long chain inulin is affected more fiercely by an
increasing saturation of the solvent, than the short and medium chain inulin, a significant
amount of long chain inulin already remains undissolved at small sucrose contents. With in-
creasing sucrose concentration in the solvent, the undissolved amount increases too. This un-
dissolved long chain inulin is not precipitated during sample preparation. Therefore, the un-
dissolved amount can act as seeding nuclei and is incorporated in the gel primary particles
during crystallization. This influences the primary particle size and with it the texture of the

completely developed inulin gel (see sections 3.4.4 and 3.4.6).

3.4.4 Texture analysis (Gel hardness)

In section 3.2.4, the completely developed inulin gels were compressed beyond their fracture
stress, to learn about their fracture behavior. This type of experiment was not possible for the
HP and HPX gels, prepared with sucrose in the solvent, due to the decreasing hardness of the
gels. At increasing sucrose contents, even the HP gels became too soft to keep the cylindrical
shape of the vessel, after being removed from it. In consequence, no compression experi-

ments were performed for the water-sucrose system.

To examine the hardness of the inulin gels, the samples were penetrated by a stainless steel
stamp to a maximum strain of 6 mm and the resulting gel hardness was determined as de-
scribed in section 3.2.4. The results of the hardness measurements of the HP and HPX gels,
prepared at 25 °C with different sucrose concentrations in the solvent (shear rate 600 rpm),
are pictured in Fig. 110. One can observe the hardness of the HP and HPX gels decrease with
increasing sucrose content. As already mentioned in section 3.4.2 and 3.4.3, the increasing
degree of saturation with increasing sucrose content results on one hand in increasing crys-
tallization constants k and on the other hand in the incorporation of a larger amount of long
chain inulin in the crystallizing primary particles. The primary particle size distribution of the
HP and HPX gels changes and fragmentary, soft gels with a decreased gel hardness are formed.

This will be explained more detailed in section 3.4.6.
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Fig. 110: Hardness of inulin gels prepared with different sucrose contents in the solvent

Therefore, the texture of the developing inulin gels can be influenced by the variation of the
degree of saturation of the used solvent. To illustrate the different gel structure of the
HPT25Suc and HPXT25Suc gels, in Fig. 111 confocal microscopy pictures of an HP gel, prepared
at 25 °C with a sucrose content of 0% and an HPX gel, prepared at 25 °C with a sucrose con-

centration of 15% in the solvent, are presented and compared to the respective hardness val-

ues.
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Fig. 111: Comparison of gel structure of HP and HPX gels, both prepared at 25 °C with different sucrose contents in the
solvent. Each picture was taken in a depth of 10 pm.
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On the left hand side of Fig. 111, one can see the saturation dependent hardness curves of HP
and HPX gels, prepared with a shear rate of 600 rpm. Those curves have already been pre-
sented in Fig. 110. The CLSM pictures of an HPT255ucO (Tyyep, = 25 °C, Csyc = 0%) and an
HPXT25Sucl5 gel (Tyrep. = 25 °C, csyyc = 15%), can be seen on the right hand side of Fig. 111.
Again, both pictures have been taken from the bulk of the samples, 10 um above the bottom
of the nunc chambers. The associated hardness values are highlighted in the diagram on the
left. It is clearly visible, that HPXT25Suc15 forms the weakest gel of the whole series and
HPT25SucO yields the hardest gel. If the pictures on the right are compared to each other,
significant differences in the gel structures of the HP and HPX gels are clearly visible. As already
mentioned in section 3.2.4, both gels are dyed with Rhodamine B. Therefore, the regions
where water is accumulated, again appear just lightly red or almost dark in both gels. Apart
from the large, lightly dyed remnants of the HP powder, that have not been dissolved during
sample preparation and are dispersed throughout the whole gel, the HPT25SucO gel network
appears homogeneously died, without any obviously darker regions. As before, this is a clear
indication for a homogeneous and strong network, what can be confirmed by the associated
hardness value. The HPXT25Suc15 gel on the opposite yields an inhomogeneous gel network,
interspersed with dark regions, where water is clearly accumulated. Comparable to the HPX
gel, prepared at 25 °C in pure water (Fig. 66), this results in a fragmentary weak gel structure,
also confirmed by the respective hardness value, visible in Fig. 111. As already seen for the HP
and HPX gels, prepared with pure water, the hardness values of the HPXT25Suc gels remain
way below the respective HPT25Suc hardness values, what is due to the fragmentary gel struc-
ture of the HPX gels. As already mentioned above, the formation of the different gel networks
and the corresponding hardness values, will be explained in the following sections. Since the
confocal microscopy pictures of the HP and HPX gels, prepared with different sucrose contents
in the solvent, did not show any obvious change in structure, that could be referred to the
respective sucrose concentration, in this section just the two microscopy pictures, visible in

Fig. 111, are presented (the remaining pictures can be found in the Appendix section).

3.4.5 Oscillatory rheology

As already presented for the inulin-water samples, the viscoelastic properties of the com-
pletely developed HP and HPX gels, prepared at 25 °C and with an increasing sucrose content
in the solvent, were also determined by performing amplitude sweeps at the unsheared sam-

ples. In Fig. 112 one can see the amplitude sweep curves of HP gels, prepared at 25 °C and
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with sucrose concentrations of 0%, 5%, 10% and 15% in the solvent. The samples have been
measured between 0,1% and 100% oscillation amplitude. The error bars are not indicated,

due to the sake of clarity.
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Fig. 112: Amplitude sweep curves of HP gels, prepared at 25 °C, with sucrose contents of 0%, 5%, 10% and 15% in the sol-
vent. The device setup is indicated in the figure.

Again, the storage modulus G’ and the loss modulus G"' are plotted against the applied oscil-
lation strain y. The dissipation factor tan ¢ is also plotted against the oscillation strain. In Fig.
112 the Linear Viscoelastic Region (LVE) is again indicated with diagonal, brown lines. The LVE
regions of all the HP gels span comparable strain regions and do not show any obvious change,
that could be traced back to the different sucrose contents. The trend of the HP gel’s shear
moduli follows the trend of the respective hardness values (Fig. 110). The HP gel, prepared at
25 °C with a sucrose content of 0% in the solvent, exhibits the largest initial storage modulus,
just as it exhibits the largest gel hardness. With increasing sucrose concentration, the initial
shear moduli decrease, comparable to the trend of the respective gel hardness. For all the HP
samples, the initial storage modulus G’ exceeds the initial loss modulus G". Therefore, the
elastic properties of all the HP samples dominate at small oscillation amplitudes, marking
them as “solid” gels. If the oscillation amplitude is increased, both the moduli decrease. This
shear thinning behavior is again due to the weakening of the bonds between the primary par-
ticles, which are stressed by the increased shear forces (see section 3.2.5). If the applied strain

exceeds the “fracture strain”, the particle gel network is destroyed, what is again visible in the
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point of shear breakdown. The shear breakdown for each gel is indicated in Fig. 112 and a
dissipation factor tan § of the value 1, can be recognized again by a horizontal dashed line.
Comparable to the HP gels, prepared at different sample preparation temperatures (Fig. 67),
the shear breakdown is shifted to larger oscillation amplitudes, if the sucrose concentration
in the solvent is increased. This means, the “softer” the HP gel is the more insensitive it reacts
to deformation (in contrast to the inulin-water and the inulin-water-ethanol system, in Fig.
112 a significant shift to larger shear amplitudes of the shear breakdown is only noticeable for
the HPT25Suc15 gel. This again confirms the larger impact of an increased sample preparation
temperature and a decreased polarity on the viscoelastic properties of the HP gels). Therefore,
for an HP gel, prepared with increased sucrose concentration in the solvent, the primary par-
ticles in the completely developed gel are not that strong bound to each other, giving the gel
a softer and more flexible structure. As already mentioned in section 3.4.4, this is due to the
change of the primary particle size with a changing degree of saturation of the solvent (see
section 3.4.6). Above an oscillation amplitude of 10%, for all the gels the particle network is
destroyed, the primary particles are completely separated from each other and the samples
behave like viscous fluids. By comparing Fig. 67, Fig. 90 and Fig. 112 to each other, it is obvious,
that an increasing sample preparation temperature, a decreasing polarity and an increased
degree of saturation of the solvent, have a similar impact on the viscoelastic properties of the
HP gels and result in a weakening of the particle gel network (yet the impact of the increasing
sample preparation temperature and the decreasing polarity on the viscoelastic properties is

more pronounced).

In Fig. 113 one can see the amplitude sweep curves of HPX gels, prepared at 25 °C, with a
sucrose content of 0%, 5%, 10% and 15% in the solvent. Again G',G''and tan § are plotted
against the oscillation strain y and the samples have been measured between 0,1% and 100%

oscillation amplitude. Again, the error bars are not indicated.

136



Results and discussion

:I-‘.I:::_\ “
3:8:8:8:8:8:3:8:8:8:8:8:8:8:82525%'!‘3*

e
102 ———————————————————j,% ___________ '-'1
= s W 3
N i

B - 100
7x10 —=— HPXT255uc0 G' —A— HPXT25SucO tan delta F
—0— HPXT25Suc0 G" —A— HPXT258uc5 tan delta F
5 —=— HPXT25Sucs G' HPXT255uc10 tan delta
10 —0— HPXT255uc5 G* —A— HPXT25S5uc15 tan delta
(T HPXT255uc10 G'
o ®© HPXT25Suc10 G"
~ 0 —=— HPXT255uc15 G
n — 4 —o— HPXT255uc15 G"
O: 10 u L 10
@ O 3
=
33 EE |_Shear breakdown |
3 —R=R=R=m==-E-. Shear breakdown —
23 10 EEREE g <
o ~u<p=§ ©
o £ &
<))
o &
S ©
£ 3
w

A7 A —0%8ag..
/‘/A:;/A ‘:igt Eg"p
1 ’A/x,A/‘ ieg 03f
DHR3 sstup e
Uy ,A—‘;;S’A/‘ DSS: 0,1%-100% ~u
_A;_':;_&;A Geometry: plate/plate (d = 25 mm)
1;A:'Ai-'—7 = Frequency: 10rad
A-d— Sandpaper: ps0
0
10° L ——— Ty — Ty — Ty 0,1
0,1 1 10 100

Oscillation strain y (%)

Fig. 113: Amplitude sweep curves of HPX gels, prepared at 25 °C, with sucrose contents of 0%, 5%, 10% and 15% in the
solvent. The device setup is indicated in the figure.

As before, the LVE region is indicated with diagonal brown lines and the dashed horizontal line
indicates a tan § of 1. The points of shear breakdown are also indicated for the respective
curves. The shear moduli G’ and G"' of the HPX gels show no obvious trend concerning the
sucrose content and the respective hardness values (Fig. 110). If the sucrose concentration is
increased, the hardness values of the completely developed HPX gels decrease. Since the HPX
gel, prepared at 25 °C with pure water, already exhibits a very soft, flexible gel structure and
the solubility of HPX is only slightly affected by an increased sucrose concentration (see sec-
tion 3.4.1 and 3.4.2), the viscoelastic properties of the HPX gels are also just slightly affected
by an increased saturation of the solvent, what results in almost identical curve progressions
of the HPXT25Suc gels’ shear moduli. As already mentioned above, with decreasing gel hard-
ness and decreasing initial shear moduli, the gels become more shear insensitive. If one con-
siders the indicated points of shear breakdown in Fig. 113, it is obvious, that the HPX gels with
different sucrose concentrations, show no obvious trend concerning the shear sensitivity. This
is due to the very soft structure of the HPX gels. If the initial shear moduli are compared to the
initial shear moduli of the respective HP gels (Fig. 112), one can see, that the shear moduli of
the HPX gels are at least to orders of magnitude smaller than the respective HP values. So even
the “stiffest” HPX gel, namely the HPX gel with pure water acting as solvent, is already very
soft and shear insensitive. Therefore, the HPXT25Suc gels are relatively indifferent to in-
creased sucrose concentrations, concerning the shear breakdown. In Fig. 114 the storage
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moduli of the HPT25Suc and HPXT25Suc gels, presented in Fig. 112 and Fig. 113, are plotted
against the oscillation amplitude and compared to each other. The curves are plotted between

0,1% and 100% oscillation amplitude and the error bars are not indicated.
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Fig. 114: Comparison amplitude sweeps of HPT25Suc and HPXT25Suc gels. Point of shear breakdown is indicated for each
sample.

If the initial storage moduli of the HP and the HPX gels are compared to each other, as men-
tioned before, the hardness trends are followed by the HP gels and the HPX gels show no
obvious trend. All the HP samples exhibit a significantly higher initial storage modulus G'. The
initial storage modulus decreases from HPT25SucO to HPXT25Suc0-15. The reason for this de-
crease is again, as already explained for the hardness trends of the HPT25Suc and HPXT25Suc
gels (see section 3.4.4), the change in the network structure of the gels (HPT25Suc0 homoge-
neous, strong network, HPXT25SucO - Suc15 fragmentary, weak network). The explanation for
the changing particle network structure will be given in more detail in the following sections.
In Fig. 114 the loss moduli are not plotted (for the sake of clarity). Again, the points of shear
breakdown are indicated. The trend of an increasing shear sensitivity with increasing initial
storage moduli is still followed (at least in the HP series). As mentioned above, due to their
soft gel structure, for HPX no overall trend can be seen. The HPX gels (Csucrose = 0% - 15%) and
the “soft” HP gels (Csucrose = 15%) exhibit comparable stiffness and brittleness, what results in

points of shear breakdown at similar oscillation amplitudes.
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3.4.6 Particle size
The particle size trends of the HP and HPX gels, prepared at 25 °C and with a sucrose content
of 0%, 5%, 10% and 15% in the solvent, provide an explanation for the above discussed hard-

ness trends and can be observed in Fig. 115.
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Fig. 115: Gel primary particle size (number average) in dependency of sucrose content in the solvent.

The average size of the HP gel primary particles, remains constant with increasing sucrose
content in the solvent. As already shown in section 3.4.2 (Tab. 9), the crystallization constant
k of the HP samples prepared at 25 °C, increases with increasing sucrose content. Typically,
the average particle size decreases with increasing crystallization speed (see section 3.2.6).
Thus, the average particle size of the HP samples with increasing sucrose content, acts diver-
gently as expected concerning the respective crystallization constants. This is due to the de-
creasing solubility of HP with increasing saturation of the solvent (see Fig. 100) and the incor-
poration of a larger amount of long chain inulin in the crystallizing gel primary particles con-
nected therewith (see section 3.4.3). Therefore, the average primary particle size of the HP
gels should increase with increasing sucrose content, yet it remains constant. To understand
this, we need to consider the primary particle size distributions of the completely developed
gels, with different sucrose concentrations in the solvent. In Fig. 116, the number distributions
of the HP gel particle size, prepared at 25 °C with a sucrose content of 0% and 15% in the

solvent and examined by static light scattering, are pictured. As before, the mean primary
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particle size (number average) is indicated next to the respective curve in Fig. 116. If one com-
pares the particle size distribution of the sample prepared with 0% of sucrose and the one
prepared with 15% of sucrose, the curves look almost identically. The particle size distribution
of the sample with 15% of sucrose in the solvent, appears to be slightly shifted to larger par-
ticle sizes, still the average particle size remains constant. As mentioned before, to illustrate
changes in the outer regions of the particle size distribution more obvious, one needs to con-
sider the volume distribution of the samples too. The volume distributions of the HP gels pic-

tured in Fig. 116 are pictured in Fig. 117.
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Fig. 116: Number distribution of HP gel particle size, prepared at 25 °C with 0% and 15% sucrose in the solvent.
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Fig. 117: Volume distribution of HP gel particle size, prepared at 25 °C with 0% and 15% sucrose in the solvent.
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If the volume distributions of the 0% sucrose and the 15% sucrose samples are compared to
each other, it gets obvious, that the curve of the HPT25Suc15 gel is not shifted to increased
particle sizes (here it should be mentioned, that the peaks above a particle size of 3 um arise
from primary particle clusters, that passed the pores of the filter during sample preparation
or re-aggregated after filtration. Those clusters have just a minor impact on the number aver-
age of the primary particle size. Therefore, for both HP samples pictured in Fig. 117, those
peaks are neglected concerning the interpretation of the particle size distribution). However,
the volume, that is occupied by small particles (particle size < 0,4 um) and by large particles
(particle size > 0,5 um), is significantly increased, compared to the HPT25SucO curve. This
means, the number of small and large primary particles increases, with increasing sucrose
content in the solvent. This is, as already mentioned before, due to the decreased solubility of
HP at increased sucrose contents. If the degree of saturation of the solvent increases, the
amount of undissolved HP increases too (most significantly the amount of undissolved long
chain HP increases, see section 3.4.3). The undissolved long chain inulin acts as seeding nuclei,
is incorporated in the crystallizing primary particles during gel formation and those primary
particles increase in size, compared to the ones of the HP gels, prepared with lower sucrose
contents in the solvent. Additionally, the increasing degree of saturation with increasing su-
crose concentration, results in an increased nucleation rate (see section 1.3). This means, new
nuclei are formed faster than compared to lower sucrose concentrations in the solvent. Since
only a very small amount of long chain HP is still dissolved at a concentration of 15% sucrose
in the solvent, the newly formed nuclei mainly consist of medium and short chain inulin. This
process also contributes to the increasing crystallization constant k (see section 3.4.2) and
with it the formation of smaller HP primary particles, as compared to the primary particles at
lower sucrose contents. Therefore, the developing HP primary particles at increased sucrose
contents can be roughly separated into two types. Firstly, the ones, that originate from the
crystal growth of seeding nuclei, consisting of mainly undissolved long chain inulin. Those pri-
mary particles exhibit a larger particle size, compared to the respective particles at decreased
sucrose concentrations. And secondly, the particles that develop out of newly formed seeds
consisting of mainly medium and short chain inulin, arising from the increased nucleation rate
at increased sucrose contents. Those primary particles exhibit a smaller particle size, com-

pared to the respective primary particles at decreased sucrose concentrations. Those two pro-
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cesses result in an increased number of large and small primary particles and the average pri-
mary particle size remains constant at increasing sucrose concentrations in the solvent. Due
to this, the primary particle size distribution becomes more unbalanced (see Fig. 117, the two
maxima increase in size, retaining the bimodal character of the volume distribution) and com-
parable to the HPX gel, prepared at 25 °C in pure water (see Fig. 66), the HP gels at increased
sucrose contents develop a weaker gel structure with an increasing fragmentary character.
Therefore, the gel hardness of the HP gels decreases with increasing sucrose content in the

solvent.

The average primary particle size of the HPX gels, prepared with different sucrose contents in
the sample, behaves similar as the respective HP primary particle size. For the HPX gels, the
average primary particle size also remains constant at increased sucrose concentrations. In
this case, this mainly arises from the semi-crystallinity of the used HPX powder. The increasing
saturation of the solvent, with increasing sucrose concentration, affects the HPX powder just
as the HP powder and the solubility of HPX decreases too, with increasing sucrose content. As
remarked before, due to its semi-crystalline character, the HPX powder exhibits a significantly
lower solubility in the solvent than HP. If we recall the DP distribution of the dissolved HPX
with increasing sucrose content (Fig. 107), we recognize, that even at 25 °C with a sucrose
content of 0% in the solvent, only a very small amount of long chain inulin is dissolved, that
can be incorporated in the primary particles during gelation. Therefore, at increased sucrose
contents almost no long chain inulin is dissolved during sample preparation, that can be incor-
porated in the newly crystallizing primary particles and inversely to the HP samples at in-
creased sucrose contents, the amount of long chain HPX, that is incorporated in the primary
particles during crystallization, decreases with increasing ethanol content. This should result
in a decreasing average particle size, yet the average particle size remains constant. Addition-
ally, due to the decreased solubility at an increased degree of saturation of the solvent, the
nucleation rate and the amount of undissolved material, that can act as crystallization nuclei,
increase and the crystallization constant k of the HPX samples increases with increasing su-
crose content (see Tab. 10). This should also result in gels with decreased primary particle
sizes and connected therewith, increased hardness values at increased sucrose concentra-
tions. Yet the HPX gel hardness decreases with increasing ethanol content and remains way

below the gel hardness of the respective HP gels (see Fig. 110). To understand this, we need
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to consider the distribution of the HPX primary particle sizes. In Fig. 118 the number distribu-
tion of the primary particle size of HPX gels, prepared at 25 °C with 0% and 15% sucrose in the
solvent, are pictured. The particle size distributions of both gels seem to be almost identical,
yet it is noticeable, that the number of small primary particles slightly increases with increas-
ing sucrose content. Again, as already mentioned in section 3.2.6, to point out changes in the
particle sizes of the less numerous particles (the ones in the outer regions of the number dis-
tribution), one needs to examine the volume distribution of the HPX gel particle size. The vol-

ume distribution of the HPX gels pictured in Fig. 118 is visible in Fig. 119.
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Fig. 118: Number distribution of HPX gel particle size, prepared at 25 °C with 0% and 15% sucrose in the solvent.
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Fig. 119: Volume distribution of HPX gel particle size, prepared at 25 °C with 0% and 15% sucrose in the solvent.
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In Fig. 119 the changes in the particle sizes are clearly visible. If one compares the curves of
the 0% sucrose and the 15% sucrose sample to each other, it is obvious, that the volume the
very small particles take up decreases and the volume the very large particles occupy increases
with increasing sucrose content. The average primary particle size (approximately represented
by the maximum in the middle) remains relatively constant. To interpret the development of
the primary particle sizes correctly, we need to take the number and the volume distribution
into account. As already mentioned above, the number of very small particles increases with
increasing sucrose content (Fig. 118 left hand side). The increased number of very small par-
ticles at a sucrose content of 15% in the solvent, occupy a smaller volume than the less nu-
merous small particles at 0% sucrose in the sample (Fig. 119 left hand side). This means, the
very small primary particles decrease in size with increasing sucrose content. As already de-
scribed for the HPT25Suc gels at increased sucrose contents, this arises from the increased
nucleation and crystallization rates at increased sucrose contents and the formation of newly
crystallizing, small primary particles, that mainly consist of short and medium chain HPX (due
to the almost non existent dissolution of long chain inulin, that cannot be incorporated in the
primary particles during crystallization, see Fig. 107). If we have a look on the right hand side
of the number and the volume distributions, we can see, that the number of very large parti-
cles decreases with increasing sucrose content (Fig. 118 right hand side). Those less numerous
very large primary particles occupy a larger volume at an increased sucrose concentration (Fig.
119 right hand side). This means, the very large primary particles increase in size with increas-
ing sucrose content in the solvent. As already mentioned, with an increasing saturation the
solubility of HPX in the solvent decreases too. Normally, with increasing solubility, the crystal-
line particles, which consist of mainly long chain inulin and are already present in the HPX
powder, are partly dissolved and decrease in size. Since the solubility decreases, the crystalline
particles are just poorly dissolved and exhibit a larger size, compared to the crystalline, undis-
solved particles at lower sucrose concentrations. The long chain inulin, that is contained in the
undissolved crystalline particles, is unavailable for the crystallizing primary particles. There-
fore, a smaller amount of long chain inulin is incorporated in the newly crystallizing primary
particles and they decrease in size, compared to the crystallizing particles at decreased su-
crose contents in the solvent. This means, with increasing sucrose content, the newly crystal-
lizing primary particles decrease in size and the already crystalline, undissolved primary parti-

cles increase in size. Those two processes roughly compensate each other and the average
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primary particle size of the HPX gels remains constant, even at an increased sucrose concen-
tration. The decreased solubility of HPX (resulting in an increased amount of undissolved ma-
terial, that can act as crystallization nuclei) and the decreasing particle size of the newly crys-
tallizing primary particles at increased sucrose contents, are in agreement with an increased
crystallization constant k (see Tab. 10). Still, as already mentioned above, the hardness de-
creases with increasing saturation of the solvent (inversely to the expectation of an increasing
gel hardness with decreased primary particle size or a constant hardness with constant aver-
age particle size). This is due, as already mentioned above for the HPT25Suc gels, to an in-
creasing unbalance of the HPX primary particle size distribution and the HPX gels at increased
sucrose contents develop a weaker gel structure with an increasing fragmentary character.
Therefore, the HPX gel hardness decreases with increasing sucrose content in the solvent.
Here it should be mentioned again, that inulin primary particle clusters, which passed the
pores of the filter or re-aggregated after filtration during sample preparation, have a signifi-
cant impact on the volume average of the primary particle size. Because of this, the volume
average differs significantly from the number average of the primary particle size. Therefore,
as already done in section 3.2.6, in Fig. 115 the number weighted average primary particle
sizes of the HP and HPX gels have been evaluated, to minimize the undesired impact of particle

clusters in the samples on the average primary particle size.

3.4.7 Summary
Taking the above discussed results into account, the saturation dependent hardness variation
of the completely developed inulin gels can be summarized by a simple model. The models

are pictured in Fig. 120 and Fig. 121.
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Fig. 120: HPT25Suc particle size variation
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Fig. 120 illustrates the particle gel structures of two completely developed HP gels, one pre-
pared at 25 °C with 0% sucrose in the solvent and one prepared at 25 °C with a sucrose con-
centration of 15%. Since the model in Fig. 120 is simplified and intended to illustrate the sat-
uration dependent particle size variation, the pictured dimensions are randomly chosen. For
the gel prepared with a sucrose concentration of 0%, a sufficient amount of inulin remains
undissolved during sample preparation and acts as crystallization nuclei, ensuring a seeded
crystallization. After 24 h of crystallization, the resulting HP gel consists of small primary par-
ticles and exhibits a hard texture. If the degree of saturation is increased by the addition of
sucrose to water, the solubility of HP in this solvent significantly decreases and with it, the
amount of undissolved nuclei increases. This causes a considerable increase in crystallization
velocity. Divergently to the expectations, the average primary particle size remains constant
(Fig. 115). At increased sucrose concentrations, a significant amount of long chain HP remains
undissolved during sample preparation, acting as crystallization nuclei (Fig. 106). Due to the
increased amount of long chain HP, that is incorporated in the growing primary particles, they
increase in size, compared to the respective particles at decreased sucrose concentrations in
the solvent (black particles in Fig. 120. Those larger particles are mainly formed by crystal
growth of the nuclei, mainly consisting of long chain inulin, see section 3.4.6). Additionally,
the increased degree of saturation results in an increased nucleation rate. The newly formed
nuclei mainly consist of short and medium chain HP (since almost no long chain HP is dissolved
at increased sucrose concentrations, that can be incorporated in the newly formed nuclei),
the crystallization constant k increases too (see Tab. 9) and those primary particles decrease
in size, compared to the respective particles at decreased sucrose concentrations (shaded par-
ticles in Fig. 120). Those two processes compensate each other and the average primary par-
ticle size remains constant at increasing sucrose concentrations. Due to the increasing unbal-
ance of the primary particle size distribution, the gel network weakens, the fragmentary char-
acter of the particle network increases and the gel hardness of the HP gels decreases with

increasing sucrose content in the solvent (Fig. 110).
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Fig. 121: HPXT25Suc particle size variation

In Fig. 121 the particle gel structures of two completely developed HPX gels, one prepared at
25 °C with 0% sucrose in the solvent and one prepared at 25 °C with a sucrose concentration
of 15%, are pictured. Again, this is a very simplified model to illustrate the particle size varia-
tion. At 25 °C and 0% sucrose content, HPX exhibits a moderate solubility in the solvent (Fig.
78) and mostly short and medium chain inulin is dissolved during sample preparation. Addi-
tionally, the HPX powder already contains a significant amount of crystalline particles, which
can act as seeding nuclei during crystallization. For the HPX gel, prepared with a sucrose con-
centration of 0%, this results in a fragmentary gel structure (see Fig. 66 and Fig. 119), that
consists of small, during gel formation crystallized primary particles (black particles in Fig. 121,
that mainly consist of short and medium chain inulin) and large, undissolved crystalline pri-
mary particles, that were already present in the HPX powder (red particles in Fig. 121, which
mainly consist of long chain inulin). As already mentioned in section 3.2.7, this fragmentary,
not very densely packed gel structure of the 0% sucrose content HPX gel results in a very low
hardness. If the sucrose concentration is increased to 15%, the solubility of HPX decreases. At
25 °C sample preparation temperature with a sucrose content of 0% (solvent is pure water),
the crystalline powder particles are poorly dissolved and therefore just slightly decreased in
size. If the solubility of HPX decreases at increased sucrose concentrations, the crystalline
powder particles are even less dissolved and therefore their size is increased compared to the
crystalline powder particles at 0% of sucrose in the solvent (see section 3.4.6). Since the un-
dissolved crystalline particles consist of mainly long chain HPX, this undissolved amount of
long chain inulin is unavailable for the newly crystallizing particles during gel formation (black
particles in Fig. 121), a smaller amount of long chain HPX is incorporated in those crystallizing

particles and they decrease in size, compared to the crystallizing particles at 0% of sucrose in
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the solvent. Additionally, due to the increased degree of saturation at increased sucrose con-
centrations, the nucleation and crystallization rate are increased, also resulting in a decreased
size of the crystallizing particles. Due to the increasing unbalance of the primary particle size
distribution at increased sucrose concentrations, the fragmentary character of the HPX gels
increases even further, yielding soft gels with a weakened particle network and the gel hard-

ness of the HPX gels decreases with increasing sucrose content in the solvent (Fig. 110).

3.5 The inulin-water-ethanol-sucrose system

In this chapter the results of the HP and HPX samples, that have been prepared with water-
ethanol-sucrose mixtures acting as solvent, will be presented and discussed. As before, for all
the measurements in this section the results for HP and HPX, prepared at 25 °C in water, were
used as reference values. This means, the sample preparation temperature was set to 25 °C
for all the samples and the ethanol, respectively the sucrose concentration in the solvent ad-
justed to 0% (reference values of HP and HPX at 25°C in water), 5% and 10% (w/w). Thus, the
minimum concentration of additives in the solvent was set to 0% (pure water) and the maxi-
mum concentration was set to 20% (10% of ethanol and 10% of sucrose in the solvent). As
already seen in section 3.3 and 3.4, the addition of ethanol and sucrose to the solvent result
in similar trends concerning the macroscopic gel structure (an increasing concentration of eth-
anol and sucrose in the solvent yields softer HP and HPX gels after 24 h of ageing at room
temperature). Therefore, this section focusses on the analysis methods, which clearly show
the different impact of ethanol and sucrose on the macroscopic gel structure of the HP and

HPX gels (i.e. solubility, HPAEC and texture analysis).

3.5.1 Solubility in different solvents

In this section the solubility trends of the three examined systems, namely inulin-water, inulin-
water-ethanol and inulin-water-sucrose, are compared to each other in terms of the solubility
of 20% (w/w) HP and HPX in those systems. The identification of intersection points, concern-
ing the solubility in the different solvents, allows the establishment of a relationship between
temperature, polarity and saturation of the solvent. In Fig. 122 and Fig. 123 the solubility of
20% (w/w) of HP and HPX in water (Tprep. = 25 — 60 °C for HP and Tprep. = 25 — 80 °C for HPX,
representing the temperature dependent solubility), water-ethanol mixtures (Tprep. =25 °C,

Cethanol = 0 — 15%, representing the polarity dependent solubility) and water-sucrose mixtures
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(Tprep. = 25 °C, Csucrose = 0—15%, representing the saturation dependent solubility) are pic-
tured. The curves have been fitted with a linear fit (slopes m visible next to the respective fit),
to identify intersection points between the different systems. The sample preparation tem-
perature and respectively the ethanol and sucrose concentration of the solvent can be read
off on the x-axis. All three solubility curves have one intersection point in common. This refer-
ence point “y,” is indicated in Fig. 122 and Fig. 123 with the amount of HP and HPX dissolved
at the respective conditions. This intersection arises from the reference system, namely the
solubility of HP respectively HPX at 25 °C in pure water, used for all three systems. To adjust
the x-coordinates of the reference point for all three systems to “x, = 0”, the sample prepa-
ration temperature dependent solubility curves for HP and HPX in pure water, were shifted
for “-25 °C”. Therefore, the sample preparation temperature can be read off on the x-axis, by
adding 25 °C to the respective value. Due to the freezing point of pure water at atmospheric
pressure (T yqter = 0 °C; 1013 mbar), the x-axis shows as smallest value “-25 °C” (due to
the shift of the x-axis, as already mentioned above, 0 °C— 25 °C). At sample preparation tem-
peratures significantly below room temperature, the kinetic processes in the system become
very slow and render a proper particle gel formation almost impossible. Therefore, this lower

limit of the x-axis was chosen.
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Fig. 122: Comparison of the solubility of 20% (w/w) HP in different solvents
The solubility of HP at 25 °C decreases with increasing ethanol and sucrose content in the sol-
vent (resulting in linear fits with negative slope, red and blue lines in Fig. 122). The solubility

of HP in pure water increases with increasing temperature (linear fit with positive slope, black
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fit in Fig. 122). Therefore, an intersection point of the three solubility curves, except the ref-
erence point, is not possible. The areas below the solubility curves, which are bordered by two
different systems, have been indicated in Fig. 122. The red region connects the inulin-water
and the inulin-water-ethanol system, the inulin-water and the inulin-water-sucrose system
are connected by the blue region and the grey shaded region connects the inulin-water-etha-
nol and the inulin-water-sucrose systems. Any horizontal line, that is drawn in one of those
regions and intersects the solubility curves of the two bordering systems, indicates the condi-
tions in each system, at which the dissolved amount of HP during sample preparation in those
different solvents is identical. Thus, the HP gels, which are prepared at those conditions (e.g.
for the inulin-water and the inulin-water-sucrose systems a sucrose concentration of 3,4% and
a sample preparation temperature in pure water of 11,6 °C, result in the dissolution of the
same amount of HP, namely 16,4%, and with it also the similar DP distribution of the dissolved
inulin molecules. For the inulin-water and the inulin-water-ethanol systems, 16,4% of HP are
dissolved at a temperature of 11,6 °C in pure water and an ethanol concentration of 2,7%),
result in the formation of very similar gel structures with comparable macroscopic properties.
This is due to the similar DP distribution of the dissolved and undissolved amount of inulin,
which are available for the formation of the particle gel network. Here it needs to be men-
tioned, that the practical implementation of those similar samples, prepared in different sol-
vents, proves to be very problematic. If the HP gel, prepared at 25 °C with a concentration of
3,4% sucrose in the solvent, should be prepared in pure water, the sample preparation tem-
perature needs to be adjusted to 11,6 °C, to achieve the same amount of dissolved HP during
sample preparation. The resulting particle gel structure is influenced by many parameters, e.g.
the crystallization constant k and the nucleation rate, which delicately depend on the temper-
ature of the system. Therefore, the temperature of the HP sample must be adjusted to 25 °C
again, directly after dissolving the respective amount of inulin at 11,6 °C, to provide the same
crystallization conditions as the 3,4% sucrose sample. Due to the increased solubility of HP in
pure water at 25 °C, compared to the solubility at 11,6 °C, previously undissolved HP mole-
cules dissolve during gel formation. The DP distribution of the dissolved and undissolved
amount of inulin changes and the resulting gel structure differs from the HP gel, prepared at
25 °C with a sucrose content of 3,4% in the solvent. Therefore, at the current state of this

work, the established relationships between temperature, saturation and polarity are of
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mostly hypothetical nature. Additionally, in Fig. 122 the regions have been marked with num-
bers, where two of the previously mentioned bordering regions overlap. In region number 1,
the intersecting region of the inulin-water and the inulin-water-ethanol systems (red region)
overlaps with the intersecting region of the inulin-water and the inulin-water-sucrose systems
(blue region). In region number 2, the intersecting region of the inulin-water and the inulin-
water-sucrose systems (blue region) overlaps with the intersecting region of the inulin-water-
ethanol and the inulin-water-sucrose systems (grey region). Region number 3 is just an inter-
secting region of the inulin-water-ethanol and the inulin-water-sucrose solubility curves.
Therefore, every horizontal line, which is drawn in regions number 1 and number 2, and inter-
sects the solubility curves of all three bordering systems, indicates the conditions in all three
systems, at which the dissolved amount of HP in those different solvents is identical. Thus, the
inulin-water, the inulin-water-ethanol and the inulin-water-sucrose system are connected to
each other by region number 1 and region number 2 (e.g. 16,4% of HP dissolve at 11,6 °C in
pure water, at 25 °C with 2,7% of ethanol in the solvent and at 25 °C with 3,4% of sucrose in

the solvent).

The slightly steeper negative slope of the water-ethanol solubility curve in Fig. 122, compared
to the slope of the water-sucrose solubility curve (slightly decreased solubility of HP in water-
ethanol mixtures compared to the respective water-sucrose mixtures) confirms again, as al-
ready mentioned in section 3.3 and 3.4, the larger impact of a decreasing polarity, than the
impact of an increasing saturation of the solvent, on the solubility of HP. This will become
apparent once again in section 3.5.3, when the hardness values of the gels, prepared in all

three solvents, are compared to each other.
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Solubility 20% HPX (w/w) 10min SP in different solvents
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Fig. 123: Comparison of the solubility of 20% (w/w) HPX in different solvents
In Fig. 123, the trends of the solubility of HPX in the three different systems are similar to the
solubility trends of HP. The solubility of HPX in water increases with increasing temperature
and decreases in water-ethanol and water-sucrose mixtures at 25 °C, with increasing etha-
nol/sucrose content in the solvent. Again, the solubility of HPX in water-ethanol mixtures is
decreased, compared to the respective water-sucrose mixtures (slope of the water-ethanol
solubility curve is steeper than the slope of the water-sucrose curve). This illustrates the larger
impact of a decreased polarity of the solvent on the solubility of HPX once again. The areas
below the solubility curves, which are bordered by two different systems, have again been
indicated in Fig. 123 (red region: connects inulin-water and inulin-water-ethanol systems, blue
region: connects inulin-water and inulin-water-sucrose systems, grey region: connects inulin-
water-ethanol and inulin-water-sucrose systems). As already mentioned above, any horizontal
line, that is drawn in one of those regions and intersects the solubility curves of the two bor-
dering systems, indicates the conditions in each system, at which the dissolved amount of HPX
in those different solvents is identical. Again, the gels prepared at the determined conditions
in the different solvents exhibit a comparable gel structure after 24 h of ageing at room tem-
perature. As before, due to the complicated practical implementation of those gels, the es-
tablished relationships of temperature, polarity and saturation are mostly hypothetical. In Fig.
123, the regions, that connect all three systems to each other, have been indicated with the
numbers 1 and 2 again (in region number 1, again the intersecting region of the inulin-water

and the inulin-water-ethanol systems (red region) overlaps with the intersecting region of the
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inulin-water and the inulin-water-sucrose systems (blue region). In region number 2, the in-
tersecting region of the inulin-water and the inulin-water-sucrose systems (blue region) over-
laps with the intersecting region of the inulin-water-ethanol and the inulin-water-sucrose sys-
tems (grey region). Region number 3 is again just an intersecting region of the inulin-water-
ethanol and the inulin-water-sucrose solubility curves). As before, every horizontal line, which
is drawn in regions number 1 and number 2, and intersects the solubility curves of all three
bordering systems, indicates the conditions in all three systems, at which the dissolved
amount of HPX in those different solvents is identical. Thus, the inulin-water, the inulin-water-
ethanol and the inulin-water-sucrose system are again connected to each other by region
number 1 and region number 2 (e.g. 7,9% of HPX dissolve at 16,6 °C in pure water, at 25 °C

with 6,5% of ethanol in the solvent and at 25 °C with 14,6% of sucrose in the solvent).

If Fig. 122 and Fig. 123 are compared to each other, the overall decreased solubility of HPX in
all three systems stands out again. As mentioned before, this is due to the superior crystallinity
of the used HPX powder (Fig. 47). Considering the slopes of the solubility curves of HP and HPX
in all three solvents (Fig. 122 and Fig. 123), the following can be observed: The slope of the
solubility curve of HPX in water exceeds the slope of the respective curve of HP. This is due to
the added amount of inulin to the solvent. As mentioned in section 2.2, the total amount of
inulin in every sample is 20% (w/w). For HP, 20% of inulin are dissolved at 60 °C in pure water.
Since 17,49% of HP are already dissolved at 25 °C, the solubility curve exhibits a small slope
until the maximum solubility is reached at 60 °C. Due to the lower solubility of HPX at 25 °C
(9,24% of HPX are dissolved at 25 °C in pure water), the undissolved amount of HPX is signifi-
cantly larger as compared to the respective HP samples and the solubility curve exhibits a very
steep slope, until the maximum solubility of 20% (w/w) is reached at 80 °C. The solubility
curves of HP in water-ethanol and water-sucrose mixtures exhibit a significantly steeper neg-
ative slope, than the respective HPX curves. This is due to the DP distribution of the dissolved
HP and HPX in the water-ethanol and water-sucrose mixtures (see section 3.3.2 and 3.4.2).
The HP solubility curves in water-ethanol/sucrose mixtures exhibit very similar, steep slopes.
Since a large amount of long chain HP is already dissolved at 25 °C in water (see section 3.2.3),
the increasing ethanol and sucrose contents in the solvent have a very similar impact on the
solubility of the moderately soluble long chain inulin. Thus, the decreasing solubility at in-
creased ethanol and sucrose concentrations in the solvent is mostly caused by the undissolved

long chain HP (see section 3.3.3 and 3.4.3). For HPX at 25 °C in water, mostly short chain inulin
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is dissolved (section 3.2.3). This well dissolving short chain HPX is only marginally affected by
an increasing ethanol and sucrose content, the solubility of HPX at increased ethanol and su-
crose contents is only slightly decreased and the slopes of the HPX solubility curves are
smoother than the slopes of the respective HP curves. What is also very eye catching, is the
larger difference of the slopes of the HPX water-ethanol/sucrose solubility curves compared
to the corresponding HP curves. Therefore, the solubility of HP is similarly influenced by a
decreasing polarity and an increasing saturation of the solvent (due to the significant amount
of poorly soluble long chain inulin). The solubility of HPX reacts more sensitive to a decreased
polarity compared to an increased saturation of the solvent (due to the almost exclusively
dissolved short and medium chain inulin). The different impact of polarity and saturation on
the solubility of HP and HPX will be visible again in section 3.5.3, by the varying decrease in gel
hardness of the HP and HPX gels.

3.5.2 High Performance Anion Exchange Chromatography

To determine the chain length distribution of the inulin, dissolved during sample preparation
and remaining dissolved after 24 h of ageing, one sample was taken from the inulin suspension
(20% inulin dry matter, ethanol and sucrose concentration 0% - 10%, Tprep. = 25 °C) after
10 min stirring and one was taken from the same gel after 24 h of ageing at room temperature.
The samples were processed as described in section 2.5. To determine the DP distribution of
the samples, a reference value was prepared, as described in section 3.2.3. Apart from the
overall decreased intensity of the amperometric signal, the chromatograms are identically to
the ones used for the inulin-water HPAEC experiments and can be seen in Fig. 56 and Fig. 57
(see also Appendix section). As already mentioned in section 3.4.3, the decreased overall in-
tensity, compared to the respective intensities of the HPAEC measurements in water and wa-
ter-ethanol mixtures, arises from “electrode fouling”. Apart from this decrease in intensity,
the retention times of the individual DP fractions remain the same. Thus, for each solvent
series a reference value was measured, to make a qualitative and quantitative interpretation
of the achieved chromatograms possible. To figure out the amount of inulin of a certain DP,
dissolved during sample preparation, the areas below the peaks in the chromatogram were
integrated, as mentioned in section 3.2.3. Again, the changes in the DP distribution of the
dissolved inulin were pointed out and the concentration errors were minimized, by summing

up a region of ten following DPs to one fraction. The results for HP and HPX, prepared at 25 °C
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with different ethanol and sucrose contents in the solvent and the samples taken after 10 min

sample preparation, are shown in Fig. 124 and Fig. 125.
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Fig. 124: DP distribution of dissolved HP after 10 min stirring at 25 °C, with ethanol/sucrose content of 0% - 10%.
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Fig. 125: DP distribution of dissolved HPX after 10 min stirring at 25 °C, with ethanol/sucrose content of 0% - 10%.

With increasing additives content (i.e. ethanol and sucrose) in the solvent, the amount of dis-
solved inulin decreases. If the HP and HPX samples with increasing ethanol and sucrose con-
tent in the solvent, are compared to the respective samples prepared in pure water, it is ob-

vious, that the solubility is significantly decreased by a decreasing polarity and an increasing
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saturation degree of the solvent. Since the long chain inulin exhibits a very low solubility in
water, the most crucial change in the DP distribution of the dissolved inulin is visible in this DP
region (DP > 36 — 45). Thus, both additives combined show the expected impact on the solu-
bility of HP and HPX. The decreasing polarity and the increasing saturation add to each other
and based on the respective ethanol and sucrose content in the solvent, the decreased solu-
bility of HP and HPX is just a combination of the two systems, water-ethanol and water-su-
crose. At ethanol and sucrose contents of 10% (i.e. 20% of additives in the solvent), for both
HP and HPX, practically no long chain inulin is dissolved during sample preparation. Since the
previously dissolved inulin partially crystallizes during gel formation, a considerable change in
the DP distribution of the dissolved inulin changes the properties of the completely developed
particle gel too. The processes, that give rise to the change of the gel properties of the HP and
HPX gels with decreasing polarity and increasing saturation, have already been discussed in
section 3.3 and 3.4 (e.g. particle size distribution, precipitation of inulin etc.), and as already
mentioned above, are combined according to the respective ethanol and sucrose content in
the solvent. The impact of the respective additives on the gel hardness is illustrated again in
section 3.5.3. In Fig. 124 and Fig. 125, the larger impact of a decreasing polarity on the solu-
bility of HP and HPX is clearly visible once again. If only the total amount of additives in the
solvent is taken into account, the samples with ethanol and sucrose contents of 5% and 10%
(dark blue columns in Fig. 124 and Fig. 125) and the ones with ethanol and sucrose concentra-
tions of 10% and 5% (cyan columns in Fig. 124 and Fig. 125), equal each other. Yet the dissolved
amount of HP and HPX is significantly decreased for the samples with an ethanol content of
10%. This again confirms the larger impact of a decreased polarity compared to an increased
saturation on the solubility of HP and HPX. If one compares Fig. 124 and Fig. 125, the signifi-
cantly lower solubility of HPX is once again clearly visible. This is again due to the superior
crystallinity of the HPX powder. The resulting impact on the solubility and the particle gel
structure is, as mentioned before, a combination of the water-ethanol and water-sucrose sys-

tems, and was already discussed in section 3.3 and 3.4.

To determine the DP distribution of the inulin, remaining dissolved after 24 h of storage at
room temperature, the 24 h samples were analyzed accordingly to the 10 min samples, as

already explained earlier in this section. The results are visible in Fig. 126 and Fig. 127.
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Fig. 126: Polarity/saturation dependent DP distribution of dissolved HP after 24 h storage.
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Fig. 127: Polarity/saturation dependent DP distribution of dissolved HPX after 24 h storage.

If Fig. 124 and Fig. 126 respectively Fig. 125 and Fig. 127 are compared to each other, one can
clearly see, that the previously dissolved inulin almost completely recrystallizes during gel for-
mation. Only a small amount of short and medium chain inulin, decreasing with increasing
ethanol and sucrose content, remains dissolved after 24 h. Above a DP of 35, for both HP and
HPX, the dissolved inulin completely crystallizes. Again, the trends for HP and HPX behave as
expected and represent a combination of the water-ethanol and water-sucrose systems. The

larger impact of a decreased polarity on the solubility of HP and HPX is visible anew, by the
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comparison of the 5% ethanol and 10% sucrose samples with the 10% ethanol and 5% sucrose

samples.

3.5.3 Texture analysis (Gel hardness)

In section 3.2.4, the completely developed inulin gels were compressed beyond their fracture
stress, to learn about their fracture behavior. This type of experiment was not possible for the
HP and HPX gels, prepared with ethanol and sucrose in the solvent, due to the decreasing
hardness of the gels. At increasing ethanol/sucrose contents, even the HP gels became too
soft to keep the cylindrical shape of the vessel, after being removed from it. In consequence,

no compression experiments were performed for the water-ethanol-sucrose system.

To examine the hardness of the inulin gels, the samples were penetrated by a stainless steel
stamp to a maximum strain of 6 mm and the resulting gel hardness was determined as de-
scribed in section 3.2.4. The results of the hardness measurements of the HP and HPX gels,
prepared at 25 °C with all three solvents (i.e. water, water-ethanol and water-sucrose mix-

tures) and a stirring rate of 600 rpm, are pictured in Fig. 128 and Fig. 129.
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Fig. 128: Hardness of HP gels prepared with different solvents

As already observed in the previous sections, the hardness of the HP gels decreases with in-
creasing sample preparation temperature, increasing ethanol content and increasing sucrose
concentration in the solvent. The processes, that give rise to the hardness trends of the HP
gels in the different solvents, have already been presented in sections 3.2, 3.3 and 3.4 (HPT:

increasing sample preparation temperature results in an increasing average primary particle
158



Results and discussion

size and the formation of softer gels. HPT25E: precipitation of inulin at decreased polarity of
the solvent yields softer gels. HPT25Suc: increasing saturation of the solvent causes increasing
unbalance of the primary particle size and the formation of softer gels). Therefore, the focus
in Fig. 128 is set on the comparison of those hardness trends. Again, all three hardness curves
exhibit the same initial value. As mentioned before, this is due to the reference value, that all
three systems have in common, namely the hardness value of the HP gel, prepared at 25 °Cin
pure water. If we focus on the intersection points of the different curves, we can observe two
obvious crossovers, one between the water (T, ~ 35°C) and the water-ethanol curve
(CEthanot = 5%) at approximately 3,6 N gel hardness and one between the water (Tp,¢p =
50 °C) and the water-sucrose (Csycrose ® 12%) curve at roughly 3,4 N gel hardness. The wa-
ter-ethanol and the water-sucrose curves do not show a common intersection point. At the
intersection points, the HP gels, prepared in different solvent, exhibit the same hardness val-
ues (the gels, prepared with all three solvents, exhibit many intersection points with each
other, at the crossover points of a horizontal line with the hardness curves, drawn at a certain
gel hardness in Fig. 128. Here, the two above mentioned intersection points were chosen,
because those two points illustrate the different impact of ethanol and sucrose on the gel
hardness very clearly). Yet those same hardness values do not arise from similar particle gel
structures, due to the different DP distribution of dissolved and undissolved inulin. If the dis-
solved amount of HP for the respective systems is determined (Fig. 122), at the conditions of
the intersection points of the corresponding hardness curves (for the water and the water-
ethanol systems the dissolved amounts of HP at the intersection points of the hardness curves
are 18,2% and 15,9%, for the water and the water-sucrose systems the dissolved amounts are
19,5% and 12,7%), one can see, that the dissolved amounts and with it the DP distribution of
dissolved and undissolved HP, are not similar. Therefore, those same hardness values arise
from gels with different gel structures (e.g. different primary particle size distributions). The
similar hardness values of the gels just occur, because of the different processes, that alter
the particle gel structure of the respective system and decrease the gel hardness at those
conditions to the same extent (e.g. for the intersection point of the hardness curves of the
water and the water-ethanol system, the hardness of the gel, prepared at 35 °C in pure water,
decreases because of the increasing average particle size. The hardness of the gel, prepared
at 25 °C with 5% of ethanol, decreases due to the precipitation of inulin at a decreasing polar-
ity of the solvent). If the hardness curves of the water-ethanol and the water-sucrose system
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in Fig. 128 are compared to each other, the larger impact of a decreased polarity of the solvent
on the gel hardness becomes obvious again (the hardness of the water-ethanol HP gels re-
mains below the hardness of the respective water-sucrose gels throughout the whole concen-
tration range). The different impacts of ethanol and sucrose on the solubility of HP, have al-

ready been explained in section 1.5 and 3.4.3.
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Fig. 129: Hardness of HPX gels prepared with different solvents

In Fig. 129, the hardness curves of all three systems also follow the trends observed in the
previous sections. As before, the processes giving rise to the hardness trends have already
been explained sections 3.2, 3.3 and 3.4 (HPXT: increasing sample preparation temperature
induces the formation of gels with equalizing primary particle sizes and increasing gel hard-
ness. HPXT25E: precipitation of inulin at decreased polarity of the solvent results in softer gels.
HPXT25Suc: increasing saturation of the solvent causes an increasing unbalance of the primary
particle sizes, yielding softer gels). Similar to the HP gels, the HPX gels exhibit the same initial
hardness value, due to the same reference value. The increasing sample preparation temper-
ature for the water system and the increasing ethanol and sucrose concentrations in the sol-
vent for the other two systems, have a contrary impact on the gel hardness (gel hardness
increases with increasing sample preparation temperature and the gel hardness decreases
with increasing ethanol and sucrose contents in the solvent). Thus, no intersection points of
the water hardness curve with the water-ethanol and water-sucrose curves can be deter-

mined. Again, the larger impact of a decreasing polarity on the gel hardness is obvious in Fig.
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129 and the hardness values of the water-ethanol system remain below the hardness values

of the water-sucrose system, throughout the whole concentration range.

To examine the combined impact of ethanol and sucrose on the gel hardness, HP and HPX gels
have been prepared at 25 °C, with ethanol and sucrose contents of 0% - 10% in the solvent.

The results of the hardness measurements of the HP and HPX gels, can be seen in Fig. 130 and

Fig. 131.
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Fig. 131: Hardness of HPX gels, prepared at 25 °C with 0% - 10% of ethanol and sucrose in the solvent.
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In Fig. 130 and Fig. 131, the sucrose content is plotted on the x-axis, the ethanol content on
the y-axis and the gel hardness on the z-axis. Again, the trends in both figures confirm the
decreasing hardness of the HP and HPX gels with increasing ethanol and sucrose content in
the solvent. Additionally, no antagonistic (meaning an increasing ethanol and an increasing
sucrose content in the solvent, neutralize each other’s impact on the gel hardness) and no
synergistic (an increasing ethanol and an increasing sucrose content in the solvent, potentiate
each other’s impact on the gel hardness) effects can be observed. The impact of ethanol and
sucrose on the gel hardness just add up, related to their respective content in the solvent. The
larger impact of an increased ethanol content on the gel hardness is again visible in Fig. 130
and Fig. 131. This is visible very clearly, if a diagonal line in the xy-plane is traced in the direc-
tion of the red arrow from the back to the front. For all the samples, located on the same
diagonal line, the overall amount of additives in the solvent is the same. The sucrose content
in the solvent decreases and the ethanol content increases from the back to the front. For
both types of inulin, HP and HPX, the samples with the highest ethanol content located on
those diagonals, exhibit the lowest gel hardness. This larger impact of a decreasing polarity on
the gel hardness is again due, as mentioned in the previous sections (see section 1.5), to the
increase of the Flory-Huggins parameter y with increasing ethanol content in the solvent. This
is also clearly visible at the blue columns in Fig. 130 and Fig. 131. Those samples have been
prepared with the highest ethanol content in the solvent (cethanos = 10%) and exhibit the lowest

gel hardness of all the gels pictured in Fig. 130 and Fig. 131.
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4 Conclusions

In this work, the gel formation process of HP and HPX has been examined according to the
sample preparation temperature (in the solvent water), the polarity of the solvent (ethanol-
water mixtures) and the saturation of the solvent (sucrose-water mixtures). To learn about
the crystallinity of the used inulin powders, HP and HPX were successfully examined by x-ray
powder diffraction and identified HP as mostly amorphous and HPX as semi-crystalline pow-
der. X-ray diffraction during gelling confirmed the crystallization of the gel primary particles,
as postulated by Bot et al. [13] and provided information about the crystallization kinetics of
the gel formation process of both inulin types. For HP, the results indicated a decreasing crys-
tallization constant k with increasing sample preparation temperature, an increasing constant
k with increasing ethanol content (and therefore a decreasing polarity) and an increasing crys-
tallization constant k with increasing sucrose content (meaning an increasing saturation of the
solvent). Similar to the crystallization constant of the HP samples in the different solvents, the
constant k of the HPX samples decreased with increasing sample preparation temperature
and increased with decreasing polarity and increasing saturation of the solvent. By the appli-
cation of HPAEC, the preparation temperature dependent, the polarity dependent and the
saturation dependent chain length distribution of the initially and the after 24 h still dissolved
HP and HPX was successfully determined. The results showed a significant increase in solubil-
ity of the large DP molecules at increased preparation temperatures and a significant decrease
in solubility of the large DP molecules with increasing ethanol and sucrose content, for both
types of inulin. Hardness measurements of the completely developed gels revealed a distinct
dependency of the texture on the variation of shear rate, temperature, polarity and saturation
during sample preparation for the HP and the HPX gels. An increase in shear rate from 600 rpm
to 7000 rpm resulted in an increased hardness for both types of inulin gels. The reason for this
increase could be successfully identified as a decrease in the primary particle size of the gel
network. An increase in temperature during sample preparation resulted in HP gels with de-
creased hardness, arising from the increase in primary particle size and an increased gel hard-
ness for HPX, resulting from the equalizing primary particle size and connected therewith a
more homogeneous gel network formation. An increasing ethanol content in the solvent (de-
creasing polarity), yielded HP and HPX gels with decreasing gel hardness. For both types of
inulin, the decreasing hardness arose from the precipitation of inulin with decreasing polarity.
The decreasing polarity also resulted in an increasing average primary particle size for HP and
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an increasing inhomogeneity in the gel particle size for HPX, decreasing the gel hardness even
further. An increasing sucrose concentration in the solvent (increasing saturation), also re-
sulted in HP and HPX gels with decreasing gel hardness. For both types of inulin, the decreasing
hardness arose from the increasing inhomogeneity of the gel primary particle size and con-
nected therewith an increasing fragmentary character of the completely developed inulin gels.
The above mentioned hardness trends of the inulin gels, prepared with the three different
solvents, could be confirmed by the determination of the gel particle size by static light scat-
tering. Eventually, the preparation temperature dependent, the polarity dependent and the
saturation dependent variations of the gel primary particle size could be summarized by a
simple model. Finally, the different systems could be linked to each other, by the determina-
tion of intersection points between the solubility curves of all three systems. All told, the
achieved results mark inulin gels as suitable fat replacer or texturizer in food applications,
which offer the user a large variation in applicability due to the excellent controllability of the
resulting texture of the gels, by the variation of the temperature, the polarity or the saturation

of the solvent.
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5 Outlook

In this study, the gel structures of HP and HPX gels, prepared with solvents of different tem-
perature, polarity and saturation, were examined. The results were also interpreted on the
basis of a fractal structure of the inulin gels (see section 1.4). As already mentioned in this
section, the fractal dimension Dy of a substance gives significant information about its net-
work structure and therefore also its textural properties. In section 1.4, an example is given
for the determination of the fractal dimension of an HP gel, by the application of the Kraus
model on an amplitude sweep curve, obtained by oscillatory rheology. Due to time limitations,
this method was just performed experimentally for the HP sample mentioned in section 1.4.
Since the application of the Kraus model on the inulin gels yielded promising results, it is worth
to extend the determination of the fractal dimension by oscillatory rheology on the whole
inulin sample spectrum, presented in this work. Additionally, the fractal dimension obtained
by the rheological measurements could be certified with other methods such as 3D box count-
ing [74]. For this purpose, confocal microscopy images of completely developed inulin gels
could be examined to analyze the fractal dimension. Furthermore, Dy can be determined by
Small Angle X-ray Scattering (SAXS) [75]. Therefore, the examination of inulin gels by SAXS
could yield another independent value for the fractal dimension. If the values for the fractal
dimensions of the inulin gels, examined with the above mentioned methods, are compared to
each other, relatively reliable data could be obtained about the spatial structure of the com-
pletely developed inulin gels. This information could be the basis for further experiments, con-
cerning the structure of inulin gels prepared with different types of inulin or even different

solvents, not yet employed in this work.
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Fig. 132: XRD during gelation of an HP gel, prepared at 40 °C and 600 rpm shear rate.

HP gel
T 360 ocf . o Bragg refle | 14min —— 6h 20
Seree‘! 26 =12,1° 30min Sh pi
Al I : i ——1znft 157
2h ——16h ©
——20h —
|—4h —— ol 102

, AR\
AN SR A

11055 ' AR \l;

5 10 15 20 25
Scattering angle 26 (°)

Fig. 133: XRD during gelation of an HP gel, prepared at 60 °C and 600 rpm shear rate.
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Fig. 134: XRD during gelation of an HPX gel, prepared at 40 °C and 600 rpm shear rate.
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Fig. 135: XRD during gelation of an HPX gel, prepared at 60 °C and 600 rpm shear rate.
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Fig. 136: XRD during gelation of an HPX gel, prepared at 60 °C and 600 rpm shear rate.
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Fig. 137: XRD during gelation of an HP gel, prepared at 25 °C, with 10% (w/w) of ethanol in the solvent and 600 rpm shear
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Fig. 138: XRD during gelation of an HP gel, prepared at 25 °C, with 15% (w/w) of ethanol in the solvent and 600 rpm shear

rate.
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Fig. 139: XRD during gelation of an HPX gel, prepared at 25 °C, with 10% (w/w) of ethanol in the solvent and 600 rpm
shear rate.
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Fig. 140: XRD during gelation of an HPX gel, prepared at 25 °C, with 15% (w/w) of ethanol in the solvent and 600 rpm
shear rate.
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Fig. 141: XRD during gelation of an HP gel, prepared at 25 °C, with 10% (w/w) of sucrose in the solvent and 600 rpm shear
rate.
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Fig. 142: XRD during gelation of an HP gel, prepared at 25 °C, with 15% (w/w) of sucrose in the solvent and 600 rpm shear

rate.
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Fig. 143: XRD during gelation of an HPX gel, prepared at 25 °C, with 10% (w/w) of sucrose in the solvent and 600 rpm

shear rate.
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Fig. 144: XRD during gelation of an HPX gel, prepared at 25 °C, with 15% (w/w) of sucrose in the solvent and 600 rpm

shear rate.
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Fig. 145: HP separated according to DP, used as reference for the HPAEC measurements with ethanol-water mixtures

acting as solvent.
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Fig. 146: HPX separated according to DP, used as reference for the HPAEC measurements with ethanol-water mixtures

acting as solvent.
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Fig. 147: HP separated according to DP, used as reference for the HPAEC measurements with sucrose-water mixtures act-

ing as solvent.
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Fig. 148: HPX separated according to DP, used as reference for the HPAEC measurements with sucrose-water mixtures
acting as solvent.
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