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Notation

Latin Letters

Symbol Unit Meaning

A m2 area
AL - Þtting parameter
aw - water activity
b - Þtting parameter
cp J K! 1 speciÞc heat capacity at constant pressure
d m diameter
D m length short side
Dtower m diameter spray tower
EÕ Pa s storage modulus
EÓ Pa s loss modulus
F N force
FT N tangential force
G J mol! 1 Gibbs free energy
h m height
H J mol! 1 Enthalpy
Htower m height spray tower
i - sample i
k - Gordon-Taylor constant
kE - Einstein coe"cient
Kg kg mol! 1 " C constant

continued on next page
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Symbol Unit Meaning
(cont.) (cont.) (cont.)

L m length
lc m characteristic length
M kg mol! 1 molar mass
m0 kg mass empty pycnometer
m1 kg mass pycnometer Þlled with carrier ßuid
m2 kg mass pycnometer with added sample
m3 kg mass pycnometer with added sample and carrier

ßuid
úmA m3 s! 1 ßow rate atomization air

mc kg mass complex bound water
Mc kg mol! 1 molar mass of hydrated complex
mCB kg mass cocoa butter
Meff kg mol! 1 e!ective molecular weight

úmF kg h! 1 ßow rate feed
mh kg mass hydrated dry matter
úmL kg h! 1 ßow rate drying air

mdisp kg mass dispersed solids
ms kg mass dry matter
mt kg mass total
MW kg mol! 1 molecular weight
N - number panelist
n - ßow exponent
pHB - Herschel-Bulkley ßow behavior index
p Pa pressure
pA Pa atomization pressure
q3 µm! 1 frequency density particle distribution (volume)
Q3 - cumulative frequency particle distribution

(volume)
R m particle diameter

continued on next page
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Symbol Unit Meaning
(cont.) (cont.) (cont.)

Ra m outer radius
Ri m inner radius
S J K! 1 entropy
t s time
T " C temperature
Tair,atom

" C temperature atomization
Ta,crit

" C critical agglomeration temperature
tall s mean residence time spray tower/cyclone
TAmbient

" C ambient temperature
tan ! - ratio of EÕ and EÓ
Tb

" C boiling temperature
TCL

" C cooling limit temperature
tconf - conÞdence interval
teq s equilibration time
Tf

" C freezing temperature
TF eed

" C temperature feed
Tg

" C glass transition temperature
T#

g
" C glass transition temperature for maximally freeze

concentrated solutions
Tg,m

" C glass transition temperature mixture
Tg(" ) " C glass transition of limiting molecular weight
TInlet

" C inlet temperature spray dryer
TMiddle

" C temperature middle spray dryer
TOutlet

" C outlet temperature spray dryer
TP owder

" C temperature powder
Tstart

" C starting temperature
t tower s mean residence time spray tower
u - ratio mt /m s

V m3 volume

continued on next page
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Symbol Unit Meaning
(cont.) (cont.) (cont.)

V0 m3 volume pycnometer
va m s! 1 mean axial velocity
vF m s! 1 mean velocity ßuid
vp m s! 1 particle setting velocity
w - weight fraction
x µm particle size
x1,2 µm Sauter diameter
x10,3 µm 10% percentile Q3

x50,3 µm 50% percentile Q3 (median)
x90,3 µm 90% percentile Q3

z - number of samples

Greek Letters

Symbol Unit Meaning

" - phase state
" c - conÞdence level
" L - Þtting constant Lewicki model
# - phase state
$ - ratio mh/m t

% - ratio Ri /R a

&34.5 Pa s viscosity at ú' = 34.5 s! 1

&c Pa s viscosity continuous phase
&CA Pa s casson plastic viscosity
&F Pa s dynamic viscosity ßuid
&HB Pa s Herschel-Bulkley viscosity
&$ Pa s equilibrium viscosity
&R Pa s relative viscosity
&str Pa s structure dependent viscosity

continued on next page
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Symbol Unit Meaning
(cont.) (cont.) (cont.)

ú' s! 1 shear rate
ú' % s! 1 characteristic shear rate
' L N m! 1 surface tension liquid
' t N m! 1 transient surface tension
µ - mean
( v - solids volume fraction
( m,ef f - e!ective volume fraction
( v,max - maximum volume fraction
) CB kg m! 3 density cocoa butter
) disp kg m! 3 density dispersed solids
) f kg m! 3 density ßuid
) p kg m! 3 density particles
) S kg m! 3 density solid
* - standard deviation
+ Pa shear stress
+% Pa equilibrium shear stress
+0 Pa yield value
+1 Pa characteristic restructuring shear stress
+CA Pa Casson yield value
+HB Pa Herschel-Bulkley yield value
+m s average time scale

Dimensionless Numbers

Symbol Meaning

Oh Ohnesorge number
Re Reynolds number
Weg Weber number (gas)
Wel Weber number (liquid)
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Abbreviations

Abbrevation Meaning

CA Casson
CK Couchman-Karasz
DE Dextrose Equivalent
HB Herschel-Bulkley
LMVT Laboratory of Food Process Engineering (Lebensmittelver-

fahrenstechnik)
PGPR Polyglycerin-Polyricinoleat
ROC Receiver Operating Characteristic
S + at ú' = 0.1 s! 1

SRI R-Index
TE Tscheuschner
trs Transition
WH Windhab
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Summary

Calorie reduction in confectionery systems without sensory drawbacks is a chal-
lenging task since years in industry and research. Many approaches for calorie
reduction were developed and tested during the last years but with minor success.
This project introduces a new approach for calorie reduced confectionery products
with minimal sensory drawbacks. Conventional confectionery systems consist of ir-
regular cocoa, milk and sugar solids dispersed in cocoa butter with emulsiÞer. This
composition allows maximal packing fractions to generate typical ßow behaviors of
confectionery systems with the consequence that the fat content of such systems
is relatively high. The new approach has the aim to replace irregularly shaped
particles by spherical shaped particles produced in a spraying process. In contrast
to the typical irregularly shaped particles in confectionery products, our novel
spherical shaped confectionery particles were in an amorphous state and included
all disperse ingredients of the confectionery product and therefore exhibited di!er-
ent rheological ßow characteristics in general. The advantage of spherical shaped
particles compared to irregularly shaped ones is, that higher packing fractions can
be achieved at reduced steric interactions. Hence, the continuous fat phase can be
decreased without increasing the viscosity resulting in a calorie reduced product.
Amorphous, spherical shaped particles are novel in confectionery products and
therefore, little is known about their physical characteristics, cost-e!ective pro-
duction and potential of calorie reduction. This thesis tries to characterize such
novel particles in further physical detail. Their temperature stability is analyzed
using dynamic mechanical analysis (DMA) and di!erential scanning calorimetry
(DSC). Furthermore, the plasticizing e!ect and water sorption of such particles
were examined. Based on these characterizations compositions with adjusted glass
transition temperature, sorption behavior and particles surface stickiness were de-
veloped and proposed for application in confectionery systems.
Light and scanning electron microscopic analyses showed that the typical irreg-
ularly shaped particles contained in chocolate systems (sucrose, cocoa and milk
solids) can be completely embedded into the novel spray dried, spherical shaped
particles. Such polysaccaride composite particles exhibit smooth surfaces as could
be represented in scanning electron microscopic pictures.
Cost-e!ective production of these particles is of importance to further support the
new approach. For this purpose, di!erent operating conditions for spray drying
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Summary

polysaccaride composite particles were examined on lab scale and further trans-
lated to a pilot scale process, demonstrating the technical feasibility.
A major building block of this thesis is the rheological characterization of suspen-
sions with spherical shaped particles compared to such with irregularly shaped
particles in a typical confectionery matrix. Accordingly, di!erent confectionery
model systems were developed and evaluated using a rotational rheometer: Two
material systems, one with model suspension characteristics and one being close
to a real chocolate system, were examined. As the major particle structure in-
duced suspension characteristics, the rheological properties were quantiÞed: Vis-
cosity function and yield value were signiÞcantly reduced for the spherical shaped
particles as expected. Furthermore, novel insight was gained concerning surface
structure formation of surfactants, either with lecithin or PGPR, at smooth inter-
faces of spherical shaped sugar particles. Sterical interaction of respective molecu-
lar surface structures may replace the sterical interactions of irregularly shaped
particles in conventional chocolate suspension systems. By applying atomic force
microscopy it could be demonstrated, that lecithin increases the surface stickiness
of the smooth amorphous solid sugar surface, whereas PGPR decreases the surface
stickiness.
Sensory evaluation demonstrated that spherical shaped particles have no signi-
Þcant impact on sensory roughness perception compared to irregularly shaped
particles. This is explained by the human roughness stimulus being not su"-
ciently sensitive to the characteristic length scale of particle surface roughness.
The indirect calorie reduction potential provided by the rheological impact of
spherical shaped particles was estimated for the representative model system. It
could be shown that the continuous fat phase of a confectionery system containing
spherical shaped particles can be reduced up to 15 vol% compared to an con-
fectionery system containing irregularly shaped particles. This is equivalent to a
calorie reduction of about 25% in the Þnal product.
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Zusammenfassung

Kalorienreduzierte Schokolade mit sensorischer Premium-QualitŠt ist seit jeher ei-
ne Herausforderung in der Schokoladenherstellung und Forschung. In den vergan-
genen Jahren wurden verschiedenste AnsŠtze zur Kalorienreduktion in schokolade-
artigen Produkten erforscht, jedoch nur selten bis zur Marktreife weiterentwickelt.
Im Rahmen dieses Projektes wird ein neuer Ansatz zur Kalorienreduktion in scho-
koladeartigen Produkten vorgestellt. Schokoladeartige Produkte bestehen aus kan-
tigen Kakao, Milch und Zuckerfeststo!bestandteilen welche in einer kontinuierli-
chen Phase, bestehend aus Kakaobutter und Emulgatoren, suspendiert sind. Die
kontinuierliche Phase kann in solchen Systemen lediglich bis zu einer bestimmten
Volumenfeststo!konzentration reduziert werden ohne dabei die typischen Fliess-
eigenschaften signiÞkant zu verŠndern. Aus diesem Grund haben marktŸbliche
Schokoladen einen relativ hohen Fettgehalt und eine entsprechend hohe Kalori-
endichte. Der neue Ansatz zielt darauf ab, die konventionellen kantigen Teilchen
durch SprŸhtrocknung hergestellte sphŠrische Teilchen zu ersetzen. Im Gegensatz
zu kantigen Teilchen sind sprŸhgetrocknete, sphŠrische Zuckerteilchen amorph und
schliessen alle Ingredienzien des schokoladeartigen Produktes in der sphŠrischen
Kugel ein. Dadurch kann das Fliessverhalten schokoladeartiger Partikelnsuspensio-
nen beeinßussen Kakaobutter positiv beeinßusst werden. Vorteilhafterweise kann
mit sphŠrischen Partikeln eine hšhere Packungsdichte, bei gleichbleibender Fliess-
grenze, als mit kantigen Partikeln erreicht werden mit dem Resultat, dass mit
sphŠrischen Partikeln die kontinuierliche Fettphase reduziert werden kann.
Amorphe, sphŠrische Partikeln sind eine Neuheit in schokoladeartigen Produkten
und daher ist Ÿber ihr Verhalten bezŸglich thermischer StabilitŠt, kostene"ziente
Produktion und das wirkliche Potential zur Kalorienreduktion wenig bekannt. Die-
se Arbeit befasst sich deshalb mit diesen unbekannten Parametern und analysiert
die thermische StabilitŠt amorpher, spŠrischer Zuckerpartikeln mittels dynamisch
mechanischer Analyse und Di!erenzkalorimetrie. ZusŠtzlich wurde der plastiÞzie-
rende E!ekt von Wasser sowie die Sorption von Wasser in amorphen Zuckerfeststof-
fen untersucht. Mittels diesen Messungen konnte eine Zusammensetzung gefunden
werden, die in schokoladeartigen Produkten eingesetzt werden kann ohne dabei
den Prozess und die Fliesseigenschaften negativ zu beeinßussen.
Lichtmikroskopische sowie rasterelektronenmikroskopische Bildaufnahmen bewie-
sen, dass kantige Feststo!e durch die Zuckermatrix vollstŠndig eingeschlossen sind
und somit komplett runde Partikeln mit einer glatten OberßŠche in Kakaobutter
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Zusammenfassung

eingemischt werden kšnnen.
Die kostene"ziente Produktion sphŠrischer Partikel war ein weiterer wichtiger
Punkt in diesem Projekt. In Versuchen im Labormassstab wurden verschiedene
Prozessparameter fŸr deren Herstellung entwickelt und spŠter in einen Prozess im
Pilotmasssab Ÿbersetzt. Diese Versuche zeigten, dass sphŠrische Zuckerpartikeln
auf einer Pilot-Produktionsanlage produziert werden kšnnen und somit fŸr die
grosstechnische Herstellung geeignet sind.
HauptsŠchlich interessierten jedoch die rheologischen Fliesseigenschaften sphŠri-
scher Partikel in ßŸssiger Kakaobutter. Dazu wurden zwei verschiedene Modellsys-
teme eingefŸhrt: Ein sehr vereinfachtes Modell bestehend aus Maissiruppartikeln
suspendiert in Kakaobutter und Emulgator und ein vereinfachtes Schokolademo-
dellsystem fŸr dunkle Schokolade bestehend aus Maissirup, Saccharose, Kakaobe-
standteilen sowie Kakaobutter und Emulgator. In einem ersten Schritt wurden die
Eigenschaften vom vereinfachten Modellsystem bestimmt: Es konnte gezeigt wer-
den, dass sphŠrische Partikeln im Vergleich zu kantigen Partikeln die Fliessgrenze
wesentlich verringern, sowie die Beimischung von Lecithin zu einer sphŠrischen
Partikelsuspension sich negativ auf die Fliessgrenze (Fliessgrenzenerhšhung) aus-
wirkt. Mittels eines Rasterkraftmikroskopes konnte gezeigt werden, dass Lecithin
die OberßŠchenklebrigkeit amorpher ZuckeroberßŠchen erhšht und somit negative
Auswirkungen auf das Fliessverhalten von Suspensionen mit amorphen, sphŠri-
schen Zuckerpartikeln mit glatter OberßŠche haben kann. Sensorische Untersu-
chungen zeigten ausserdem, dass sphŠrische Partikeln im Vergleich zu kantigen
Partikeln keine signiÞkanten VerŠnderungen der sensorischen Rauhigkeitswahrneh-
mung hervorrufen.
Mit dem realen Schokoladenmodellsystem wurde zusŠtzlich das Potential zur Ka-
lorienreduktion abgeschŠtzt. Es konnte gezeigt werden, dass mittels sphŠrischen
Partikeln die kontinuierliche Phase um 15 vol% bei gleichbleibender ViskositŠt re-
duziert werden kann. Dies entspricht einer gesamten Kalorienreduktion von 25%,
sofern die eingesparte Fettphase mit einer kalorienneutralen Zutat ersetzt wird.
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1. Introduction

Chocolate is an unique indulgence food product which is solid at room temper-
ature but melts in the mouth at physiological temperature. The ingredients, the
highly developed processing and the related positive emotions make chocolate a
unique food product and a product of high sensory expectations.
Chocolate is constituted of sucrose, cocoa and milk solids (depending on recipe),
cocoa butter and emulsiÞer. The careful production process combines the ingredi-
ents in such a way that the solid particles are completely coated with cocoa butter
and are adjusted to a mean diameter < 30µm which causes the smooth mouthfeel
and unique sensory sensation of chocolate.
In addition to its sensory indulgence, chocolate is reputed to be psychogenic.
Hence, #-phenylethylamine, which is found in cocoa beans, is assumed to im-
pact on the mental balance of human beings. Furthermore, chocolate contains
polyphenols, also found in red wine, which have been approved to a vascoprotect-
ive e!ect.
Besides such positive health aspects, the high fat and sugar content makes chocol-
ate to high calorie density food product. For that reason, there is interest to reduce
its calorie content, although chocolate is primarily an indulgent food and has no
high priority for calorie reduction. The higher nutrition awareness and the high
consumption of chocolate (CH: 9.9 kg per person and year, around 7% of the total
recommended calorie intake per year1) justiÞes the interest in low calorie con-
fectionery products. However concerning consumer acceptance it is required that
the calorie reduced products are at least of comparable quality to the conventional
products.
Over the last two decades many researchers have taken great e!ort to reduce calorie
density in confectionery systems with minor success. In most of these approaches,
it was tried to partially replace the continuous fat phase by a water in oil (w/o)
emulsion, which results in calorie reduced chocolates with similar properties as
conventional chocolate but in general a signiÞcantly decreased shelf-life. In an-
other approach, milk powder in Þbre form, which inßuences the ßow properties of
a confectionery system positively and allows the fat reduction of a chocolate mat-
rix. More recently, a research team tried to replace sucrose by stevia (sweetener)

1Mean caloric content of chocolate: 530 kcal/100g, Recommended caloric intake per day (GDA):
2000 kcal
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1. Introduction

and inulin (bulk agent) without adversely a!ecting the important physico-chemical
properties and sensory acceptance of chocolate. However the sweetness proÞle of
stevia is not fully accepted to be equivalent to sucrose.
This work follows a new approach to reduce calories in confectionery systems, min-
imizing the impact on the unique properties of chocolate. Figure 1.1 illustrates a
conventional chocolate matrix with irregularly shaped particles (a) and the matrix
of the chocolate introduced by the new approach (b).

(a) (b)

Micelle

Figure 1.1.:Model of (a) a conventional chocolate matrix including sugar
(hexagon), cocoa (black) and milk (grey) solids suspended in cocoa
butter/emulsiÞer (lecithin) matrix and (b) spherical shaped polysac-
charide composite particles with integrated cocoa and milk solids in a
cocoa butter/emulsiÞer matrix.

The idea of the new approach is to compose spherical shaped particles which
include all non-spherical shaped solid components ingredients dispersed in the
continuous fat phase (cocoa butter/emulsiÞer). The advantage of such polysac-
caride composite particles is their positive inßuence on rheology, manly on yield
stress. Applying spherical shaped particles, it is possible to reduce the continuous
fat matrix fraction, which reduces calories of the confectionery product. Moreover,
chocolate processing could be simpliÞed to a mixing, tempering, molding and cool-
ing process.
In this PhD thesis, the properties of spherical shaped polysaccaride composite
particles in a chocolate fat matrix are investigated. Such polysaccaride composite
particles contain a mixture of long chain polysaccharides and sucrose and were pro-
duced suspending/dispersing and subsequent spray drying. The resulting particles
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were in an amorphous state. As well known, amorphous polysaccharide materials
are in general heat and moisture sensitive. Consequently their related stability
characteristics, such as glass transition temperature (Tg), surface stickiness, as
a function of water content/water activity was investigated. Suspensions with
spherical shaped shaped particles show a di!erent rheological behavior from sus-
pensions with irregularly shaped particles and consequently react di!erently on the
addition of typical emulsiÞers used in chocolate confectionery. Therefore, compar-
ison with conventional chocolates manufactured with irregularly shaped particles
is provided.
As mentioned before, the sensory properties of a confectionery product play a
pivotal role for acceptance by consumers. Hence, the sensory properties of the
novel confectionery were also investigated.
The thesis is structured into Þve chapters. Chapter 2 presents the theoretical
background of the applied concepts, chapter 3 introduces the materials and meth-
ods. Chapter 4,5 and 6 describe the results: Chapter 4 summarizes in detail
the key Þndings concerning the basic system properties (e. g. stability with re-
spect to moisture and temperature). Chapter 5 presents processing characteristics
of the novel polysaccaride composite particles. Finally, chapter 6 addresses the
rheological properties of spherical and irregularly shaped composite particle sus-
pensions.
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2. Background

This section gives a theoretical overview of the most important concepts applied
within this thesis. A short introduction to the properties and composition of con-
fectionery systems, glass transition and water sorption of polysaccharides (sucrose,
corn syrup) and an overview of rheological and sensory concepts applied in con-
fectionery systems is given.

2.1. Manufacturing, Composition and Properties of
Chocolate

Chocolates are indulgence food products which are fat based suspensions of Þne
solid particles from sugar, cocoa mass and milk powders suspended in cocoa butter
with the help of emulsiÞers. Extensive reviews about chocolate history, manufac-
turing and processing are given elsewhere (Afoakwa, 2010; Beckett, 2008; Mohos,
2010).
Hereinafter, this chapter gives a short insight to the ingredients, manufacturing of
chocolate and key approaches for calorie reduction in chocolate.

2.1.1. Manufacturing of Chocolate

Turning cocoa beans into chocolate starts in tropical rainforests and ends in chocol-
ate factories. In a Þrst step, cocoa is growed, harvested, fermented and dried in
a labour-intensive process. These Þrst processes take place at the cultivation area
of cocoa which is between the 20. northern latitude and the 20. southern latitude.
About 36 á105 tons of cocoa are harvested per year, mostly in Africa (72%), South
America (12%) and Asia (16%).
The cocoa tree blossoms and produces fruits throughout the year, once they reach
maturity. The fruits contain about 25-50 seeds, the cocoa beans. For fermentation
the cocoa beans are scooped into fermentation boxes, and fermented for the next
3-5 days. The fermentation initiates the aroma development and is terminated by
drying of the cocoa beans to a water content of at least 6.5 wt%. After drying the
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2. Background

fermented beans are selected by quality and shipped for further processing.
The shipped beans are selected, cleaned and optionally sterilized under pressure
(150-170" C). The cleaning step is important to separate metallic parts, stones and
further extraneus matters to guarantee premium quality. The cleaned cocoa nibs
are roasted for further aroma development, crushed and the shell separated. In
the roasting process, the water content is reduced to about 2 wt%. By applying
mills the cocoa nibs are further crushed and Þnely ground milled until a liquid
cocoa mass arises. After deacidiÞcation, the cocoa mass is mixed with the typical
chocolate ingredients such as milk powder, sucrose or aroma. This chocolate base
mass is roll reÞned, typically in a 5-roll reÞner, to particle sizes of 12-15µm.
The core process of chocolate reÞnement is conching, invented in 1879 by Rodolphe
Lindt. Whilst the cocoa mass is stirred for hours, the bitter-acidic ßavors gradu-
ally evaporate and chocolate is now smooth and has a harmonious taste. During
conching the water content is further reduced to about 0.6-0.7 wt%.
Finally, the so-called couverture is tempered by conventional tempering or seed
tempering to build the desired#V cocoa butter crystals which give chocolate the
typical gloss and melting behavior. After tempering, chocolate is moulded, cooled
and packed for sale (Imhof, 2011).

2.1.2. Sugar and Sugar Substitutes and Diary Components of
Chocolate

Typically, chocolate contains about 50 wt% sugar, mostly in the form of sucrose
and lactose from the milk components in milk chocolate. Sucrose is produced
from both sugar beet and sugar cane and is composed of the two monosaccharides
glucose and fructose. It can be in the very hygroscopic, unstable amorphous and
the stable crystalline state. Most chocolate manufacturers purchase crystalline
medium-Þne sugar with a grain size of 0.6-1.0 mm. In chocolate manufactur-
ing, amorphous sucrose is important as it can e!ect both the ßavor and the ßow
properties of liquid chocolate. Amorphous sucrose is very reactive and can easily
absorb any ßavors and water nearby, whereas during the recrystallization process,
it releases free water, which has a very negative impact on rheology and quality of
chocolate.
The most common powders used for chocolate making are skim and full cream
milk powders which are most commonly produced by spray drying. The largest
component of milk powder is lactose and fat. Like sucrose, lactose is also a dis-
accharide and contains a glucose and galactose molecule. It is part of cowÕs milk
and therefore found in all milk chocolates. Lactose can be used in its crystalline
form to replace sugar or in its amorphous form if the milk powder was spray dried.
Milk fat is vital in giving milk chocolate its distinctive texture and ßavor release,
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changes its snap and can inhibit the formation of large fat crystals on chocolateÕs
surface the so called "fat bloom" (Beckett, 2008).

2.1.3. EmulsiÞers in Chocolate

One of the most important ingredients in chocolate are emulsiÞers considering the
rheological properties of chocolate. EmulsiÞers increase the kinetic stability, de-
crease interfacial tension and are surface active agents in chocolate suspensions.
Furthermore, at a certain point, chocolate solids would agglomerate even above
the melting temperature of the fat phase due to high friction forces between the
particles. EmulsiÞers reduce friction forces between particles and hence, a further
dillution with fat can be avoided, which results in cost savings (Bueschelberger,
2007). In chocolate manufacturing, a low yield stress is desired. Thus, emulsiÞ-
ers reduce yield stress and guarantee good ßowability/depositing characteristics of
chocolate and decrease the viscosity of confectionery systems signiÞcantly as shown
in many previous works (Hasenhuettl and Hartel, 2008; Rector, 2000). In general,
lecithin and polyglycerol polyricinolelic acid (PGPR) are applied as emulsiÞers in
chocolate (Schantz and Rohm, 2005).

Lecithin

Lecithin is a mixture of phospholipids mostly extracted from soy plants. A phos-
pholipid is an amphiphilic molecule with a polar head group and attached apolar
tails. Depending on the source, the tails can be either saturated or unsaturated
(Bueschelberger, 2007; Vernier, 1997). It exists no precise explanation about the
modes of reaction of lecithin. Hugelshofer (2000); Vernier (1997); Ziegler et al.
(2003) state in their work that lecithin creates multiple layers on the surface of the
sugar particles and creates reverse micelles in the continuous fat phase. These re-
verse micelles possibly interfer with the mono- or multilayers on the sugar surfaces
and inßuence the ßow properties negatively.

PGPR

Polyglycerol polyricinoleic acid (PGPR) is a synthetic emulsiÞer and is a waxy,
yellow to brownish liquid with a fatty mouthfeel and a sweet, glycerol-like taste.
PGPR is chemically synthesized by esteriÞcation of polyglycerol and polyricinoleic
acid. Similar to lecithin, PGPR has a polar head and a lipophilic tail (Norn,
2007). This macromolecular structure leads to a di!erent speciÞc behavior than
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lecithin. Schantz and Rohm (2005) observed, that PGPR has the greatest impact
on yield stress and viscosity compared to lecithin in confectionery systems. PGPR
decreases or vanishes the yield value in confectionery systems. Nevertheless, PGPR
is much less investigated and therefore, the mode of reaction is unknown. It is
assumed that PGPR binds in a loose monolayer on the surface of the sugar surfaces.
Furthermore, PGPR is not charged and more lipophilic than lecithin, is readily
dissolved in cocoa butter and does not create any structures in the continuous fat
phase (Vernier, 1997; Ziegler et al., 2003).

2.1.4. Approaches for Calorie Reduction in Chocolate

In chocolate science, calorie reduction reasearch is present since the last 20 years.
Strategies aim of replacing partly or fully high-calorie ingredients (fat, sucrose)
with low-calorie substances, for example artiÞcial sweetener or calorie neutral Þller
materials such as microcrystalline cellulose. At the same time, such modiÞed
chocolates should basically maintain sensorial aspects, of conventional chocolates.
Some selected approaches are presented in the following:

¥ A widely researched Þeld is the mixing of chocolate with a water-in-oil (WO)
emulsion. The advantage of this approach is the mixing of a calorie neutral
(water) component into the chocolate matrix, which is well accepted by con-
sumers. Nevertheless, the disadvantages of mixing an emulsion with chocol-
ate are for example the drawback of the storage properties (dramatically
decreased shelf-life) (Ducret et al., 1999; Hugelshofer, 2000).

¥ Adjustement of the particle size distribution to control the maximum particle
packing in chocolate at minimum viscosity is another approach for calorie
reduced confectionery products (Kaiser and Purwo, 2000).

¥ The mixing of Þbrous milk powder into chocolate at di!erent volume frac-
tions showed advantageous rheological properties in combination with con-
ventional milk powder. However, this approach exhibited undesirable tex-
tural properties and was not marketable (Marti, 2004).

¥ A newer approach is the mixing of stevia and inulin as bulk agent into chocol-
ate in order to replace sucrose (Shah et al., 2010).
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2.2. Glass Transition of Solid, Amorphous
Polysaccharides

Amorphous solids (glasses) are thermodynamically super-cooled liquids, which do
not have a periodically structured grid. Glasses are due to its structure brittle and
hard. Hence, glasses have a continuous phase transition under increasing pressure
or temperature. In contrast, crystalline structures undergo a phase transition with
a sharp change of volume, the enthalpy and/or entropy (Atkins and de Paula,
2002). Therefore, cooling of a liquid may solidify a liquid either discontinuously to
a crystalline or continuously to an amorphous solid (see Figure 2.1). For example
the transition of a liquid to a crystalline solid is discontinuous in volume (V)
whereas the transition to a glass is continuous in V and the liquid persists until
the glass transition (Tg) temperature is reached. A glassy structure is built by
rapid-quenching (super cooling), rapid evaporation of a solute (e.g spray drying)
(Zallen, 2007), precipitation from solution or by milling and compaction of crystals
(Hancock and ZograÞ, 1997).
The average time scale (+m) of molecular motions within an amorphous solid is
usually less than 100 s and the viscosity is typically 1012 Paás. Further cooling
of an amorphous solid appears to reduce the molecular mobility of the material
to a point at which the material is kinetically unable to attain equilibrium in
the time scale of the measurement as it looses its thermal energy. This results
in a change in the temperature dependence of the enthalpy and volume and is
experimentally observed as Tg. Below Tg amorphous solids are "kinetically frozen"
into a thermodynamically unstable unstable glassy state. Any further reduction
of temperature has only a small e!ect upon its structure (Hancock and ZograÞ,
1997).
Amorphous solids may exist either as a very viscous glass or as a more liquid like
"rubbery state". The "rubbery state" is a supercooled liquid-like state and can be
observed above Tg which can be seen in Þgure 2.1 (Roos and Karel, 1991c).

First and Second Order Phase Transitions

Phase transitions are processes through which properties of substances change
discontinuous (abrupt changes). Such abrupt changes are already discussed above
and can be a change in volume, speciÞc heat, viscosity (MŸller, 2006). To describe
phase transitions of a system the Gibbs free energy can be used:

G = H ! TS (2.1)
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Figure 2.1.:The two general cooling paths in a solidiÞcation process (The graph
should be read from the right to the left) whereTb: Boiling Temper-
ature; Tf : Freezing (or melting) point); Tg: Glass Transition Temper-
ature and +m: time of molecular motion (Zallen, 2007)

where G is the Gibbs free energy, H the enthalpy, T the temperature and S the
entropy.

The Þrst derivatives of equation 2.1 with respect to T and S of a transition from
a phase" to another phase# are resulting in the following equations:

!
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p
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!
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p

= ! ! trs S (2.2)
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!
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T

= ! ! trs V (2.3)

If ! trs V #= 0 or ! trs S #= 0 of equation 2.2 or 2.3 the phase transition is a so-called
Þrst order transition (Ehrenfest transition) and the constant-pressure heat capa-
city ( cp) is inÞnite at the transition temperature due to the physical reason that
heating drives the transition raher than raising the temperature. Phase transitions
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of second order in the Ehrenfest sense are transitions in which the Þrst derivative of
G with respect to T is continuous but its second derivative is discontinuous. The
volume and entropy do not change during the transition and the heat capacity
is discontinuous at the transition but becomes not inÞnite (Atkins and de Paula,
2002).
Due to the fact that V, H and S of a super-cooled uncrystallized ßuid do not change
during the transition to an amorphous solid state, the glass transition should be
of second order. But the glass transition is not only dependent on temperature-
time relaxation but is as well dependent on kinetics. Hence, the glass transition
can not only be described by thermodynamics and therefore, during the experi-
mental determination of the glass transition the contemporary history (cooling-
and heating rates) has to be taken into account. Furthermore, second order phase
transitions are in equilibrium, whereas glasses are solid non-equilibrium systems
(Wagner, 1997). Due to these reasons di!erent models with various assumptions
were derived. In the following part some important relations are described.

Models Describing the Glass Transition

Polysaccharides increaseTg with increasing molecular weight due to the fact that
the free volume of the matrix is reduced by higher molecular weight molecules
(Slade et al., 1991). According to equation 2.4 derived by Fox and Flory (1950)Tg

reaches a constant value due to the fact that polysaccharides with a high molecular
weight build up a network (Levine and Slade, 1986)

Tg = Tg(" ) !
K g

Meff
(2.4)

whereTg(" ) is the glass transition of limiting molecular weight (243" C for malto-
dextrins), Meff the e!ective molecular weight andK g a constant (52.8 kg mol! 1

" C) (Roos and Karel, 1991a).

The dependency of glass transitionTg has been provided on a variety of binary
mixtures in food systems. An empirical equation which has been proven to be
successful in the Þtting of experimentalTg data is the Gordon-Taylor equation
(Gordon and Taylor, 1952)

Tg,m =
x1Tg,1 + k(1 ! x1)Tg,2

x1 + k(1 ! x1)
(2.5)

where k the Gordon-Taylor constant with respect to the variation of the compos-
ition, Tg,m the glass transition temperature of the binary mixture,x1,2 the weight
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fraction of component 1/2, andTg1,2 is the glass transition temperature of the
pure component 1 or 2, respectively. The empirical Gordon-Taylor equation can
be explained by a theoretical approach of the free volume derived from Gordon
and Taylor (1952).
Couchman and Karasz (1978) derived from a thermodynamic point of view a
formal identical equation as Gordon-Taylor:

Tg,m =
x1Tg,1 + k(1 ! x1)Tg,2

x1 + k(1 ! x1)
wherek =

!
! cp,2

! cp,1

"

(2.6)

where ! cp,1,2 is the molar heat capacity of the transition of component 1 resp. 2
and k the Gordon-Taylor constant.

According to Bhandari and Howes (1999) the Couchman-Karasz equation (see
equation 2.6) can be generalized for multicomponent systems:

Tg,m =

n#

i =1
xi ! cp,i Tg,i

n#

i =1
xi ! cp,i

(2.7)

2.3. Water Sorption and Plasticizing E!ect of Water
in Polysaccharides

Water plays a major role in food processing, storage and consumption. Hence,
food stability is one of the most important criterion in food preservation and pro-
cessing. Many food products are composed of a number of compounds and they
often exist in an amorphous state. Amorphous foods are extremely sensitive to
water content, temperature, time and therefore, water sorption, the plasticizing
e!ect of water is of great importance. In the past, many studies have been conduc-
ted to describe the sorption of water in amorphous foods. In these studies, water
is considered to be the most e!ective plasticizer in food matrices, decreasingTg

and mechanical resitance (textural changes e.g loss of crispness, higher stickiness)
(Pittia and Sacchetti, 2008).
Due to the fact, that water plasticizes and decreasesTg of a polysaccharide as well,
it is of importance to describe and model its water sorption. Literature provides
several models to describe water sorption in food products. A summary can be
found for example in Lewicki (2004) or Inchuen et al. (2009).
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Concept of Water activity

The concept of water activity expresses the state of water in a solution or solid
by the water activity coe"cient (a w). aw is a thermodynamic measure of chemical
potential of water in the system. It was proposed by Scott (1953) to express aw

as the ratio of vapor pressure of water in food (p) to the vapor pressure of pure
water (p0) at the same temperature and total pressure (equation 2.8).

aw =

$
p
p0

%

P,T

(2.8)

This description of aw assumes that food is in equilibrium of the surrounding
atmosphere. Food processing is done under isobaric conditions and moderate
temperatures and therefore, the deviation of water vapor from an ideal gas is
small. This results in very small di!erences of aw (< 0.5 %) calculated according
to equation 2.8 from the thermodynamic value (Lewicki, 2004).

LewickiÕs Model for Water Sorption

Lewicki (2000) derived a relation for food water sorption based on RaoultÕs law
with physical interpretable parameters. Parameter" L of Lewickis model is strictly
related to the amount of hydration water of the material and can be written as

" L =
18.016mc

(1 ! $)Mc
(2.9)

where mc denotes a constant which includes the the physical information about
the mass of the complex, bound water,Mc the molar mass of the hydrated complex
food product and$ (see equation 2.10).

$ =
mh

mt
(2.10)

$ is the ratio of the hydrated dry matter mh and the total mass of dry mattermt .
Both parameters," L and $, express the relation of water activityaw to the water
content based on RaoultÕs law

" L = u

!
1

aw
! 1

"

(2.11)
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where u represents the ratio of the total mass of water the food product (mt ) and
the mass of dry matter (ms).

With equation 2.11 LewickiÕs model can be derived

u = AL

!
1

aw
! 1

" b! 1

(2.12)

where AL and b are Þtting constants, respectively.

The advantage of LewickiÕs model compared to others is, that this model predicts
inÞnite adsorption ataw = 1 and furthermore, this model assumes that the present
water in food occurs in two states, as free water with properties of the bulk water
and as water of hydration.

2.4. Spray Drying Fundamentals

"Spray drying is a suspended particle processing (SPP) technique that utilizes
liquid atomization to create droplets that are dried to individual particles when
moved in a hot gaseous drying medium, usually air" (Huang et al., 2006). The spray
drying process is a one-step continuous unit processing operation and has become
one of the most important methods for drying the ßuid foods in the Western world,
especially in the dairy industry to cover the high demand of milk powders, in Þne
chemicals, foods, detergents and other products (Huang et al., 2006).
Fluid products can be dried in very short times in a spray drying process due to
the fact that the speciÞc surface area is very large and therefore, the mass transfer
facilitated (Windhab, 2006).
Generally, the spray drying process can be divided into four main steps (Masters,
1976):

1. Atomization of the feeding material

2. Droplet-gas mixing

3. Moisture evaporation and particle formation

4. Separation of solid particles from the wet drying gas

Hence, a common spray dryer operates in the following way: a liquid is pumped
from the product feed tank to the atomization device located in the air distributor
at the top of the drying chamber. The dispersed droplets from the product feed
are subsequently dried by evaporation drying with the drying air, which is usually
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heated by an open gas ßame, electrical heater or steam heater. After drying of the
droplets, the solids are separated by a cyclone and further processed, for example
post dried or reagglomerated for better handling and dissolution in a ßuidized-
bed dryer. In a spray drying process operated at temperatures of 150-220" C, the
product surface temperatures are relatively low (40-60" C) due to the cooling limit
temperature. Hence, spray drying is very advantageous for heat sensitive products
(Windhab, 2006).
Generally, drying can be divided into three drying stages (Kršll and Kast, 1989):

1. Evaporation drying with almost constant drying rate from the outer product
surface at cooling limit temperature.

2. Di!usion and capillary controlled drying from the inner and outer product
surface with increasing temperature of material.

3. Sorption controlled drying (for hygroscopic materials only) from the inner
product surface, which is as well di!usion controlled until equilibrium mois-
ture is reached and the material is equilibrated to the temperature of the
environment.

The drying from the inner and outer particle surface during drying stages 1 and
2, causes shrinking of almost every material. The shrinking of food products is
not regular and therefore, materials shrink in di!erent ways (Luyben et al., 1980).
Figure 2.2 illustrates typical types of shrinking found in food drying.

15



2. Background

(a)

(e)

(d)

(c)

(b)

Figure 2.2.:Di!erent types of shrinking: a) no shrinking (e.g animal feed pellets)
b) ideal, homogeneous shrinking (e.g glucose) c) ideal, homogeneous
shrinking, Þrst from the outside and then from the inside (e.g skim
milk) d) homogeneous shrinking, Þrst ideal then with wrinkling and
constant surface (e.g apple) e) combination of c and d (Luyben et al.,
1980).
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2.4.1. Atomization of Spraying Liquids

To achieve desired product properties, atomization is the most important process
step in the spray drying process. Particle size distribution determines the surface
available and thus, the drying rate of a spraying liquid. Further, the drying rate
of a spraying liquid deÞnes the chamber design. Commercially, a great variety of
di!erent atomization devices is available which can be categorized into three types
(see Þgure 2.3) (Huang et al., 2006):

¥ Rotary wheel atomizers

¥ Single-ßuid atomizers

¥ Two-ßuid atomizers

Typically an atomized stream includes a wide range of droplet sizes. Atomiza-
tion is a complex process for which no complete theory has been developed to
describe the hydrodynamic and aerodynamic processes involved when atomization
occurs. Hence, only empirical correlations are available predicting atomizing re-
gimes, mean drop sizes and drop size distributions (Lefebvre, 1989).
The disintegration of a liquid is initiated due to very high density di!erences
between gas and liquid (more than two orders of magnitude) and the velocity of
the injected jet with or without additional air ßow. In a spray, collisions and sub-
sequent coalescence can occur and play beside surface tension, shear/extensional
viscosity and viscoelasticity of the spraying liquid an important role (Dumouchel,
2008). A narrow particle size distribution is mostly desired in the production of
granular products whereas a small average drop size is usually targeted in mass-
transfer processes (Walzel, 2000).
Spraying liquids are generally formed by dripping, jet disintegration, sheet disin-
tegration and dispersions of liquids by gases (Walzel, 2000) and can be divided
into three main steps

1. Ejection of a liquid ßow

2. Primary breakup mechanism

3. Secondary drop breakup

The spraying liquid jet leaves the nozzle oriÞce into ambient air and breaks up in
the primary breakup. In the primary breakup the liquid jet forms into irregular
liquid elements and ligaments. These irregular liquid elements are subjected with
large drag forces exerted by the surrounding gas, which results in their deformation.
Finally, this instability leads into the secondary drop breakup.
In the disintegration of a liquid jet, Þve distinct regimes of breakup can be identiÞed
(Dubey, 2013; Lefebvre, 1989):
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Figure 2.3.:Di!erent types of atomization devices: a) Twin-ßuid nozzle with ex-
ternal mixing b) Twin-ßuid nozzle with internal mixing c) One-ßuid
nozzle d) Rotary atomizer. d1,2 indicates the nozzle diameter, Sp the
slit with of the gas duct, úmL the feed rate of liquid and úmA the feed
rate of atomizing gas (Walzel, 2000).
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1. Dripping regime: The drop is formed at the nozzle tip and will occur until
the liquid inertia force becomes larger than the surface tension force. Drop
diameters exceed the jet diameter.

2. Rayleigh instability regime: This regime is the drop formation without
the inßuence of air. Primary disturbances in the liquid and surface ten-
sion forces form symmetric waves which result in the drop breakup. Drop
diameters exceed the jet diameter.

3. First wind-induced regime: The jet velocity is increased and the aero-
dynamic forces are no longer negligible and tend to accentuate the waves
formed in Rayleigh breakup. The drop diameters are about the same as the
jet diameter.

4. Second wind-induced regime: The increasing e!ectiveness of aerody-
namic forces and the lowered relative inßuence of surface tension forms a
wavy jet breakup. The drop diameters are much smaller than the jet dia-
meter.

5. Atomization regime: In this regime the jet is completely disintegrated at
the nozzle in a chaotic manner and average drop diameters are much smaller
than the jet diameter.

Figure 2.4 visualizes these disintegration regimes of a liquid jet. Although these re-
gimes can be clearly identiÞed, there are no sharp boundary lines between them.

Furthermore, these breakup regimes can be classiÞed by dimensionless numbers
which are presented here. The Reynolds number (Re) is the ratio of inertial to the
viscous forces:

Re =
inertial forces
viscous forces

=
) F vF lc

&F
(2.13)

where ) F is the density of the ßuid, vF the mean velocity of the ßuid, lc the
characteristic length and&F the dynamic viscosity of the ßuid.
The Weber number (We) can be calculated for gases and liquids and is deÞned
as

We =
inertial force

surface tension force
=

) F v2
F lc

* F
(2.14)

where) F is the density of the ßuid (gas/liquid), vF the mean velocity of the ßuid
(gas/liquid), lc the characteristic length and* F the surface tension of the ßuid.

19



2. Background
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Figure 2.4.:Mechanisms of drop formation: a) without inßuence of air (oscillations
without air friction) b) with inßuence of air (oscillations with air fric-
tion) c) wave-like breakup caused by air friction d) complete chaotic
disintegration (e.g atomization). , : wavelength (Haenlein, 1932).

The dimensionless Ohnesorge number (Oh) takes into account the inßuence of
liquid viscosity on drop breakup:

Oh =

$
We
Re

=
&F$

) F * F lc
%

viscous forces
$

inertia ásurface tension
(2.15)

where&F is the dynamic viscosity of the ßuid,) F the density, * F the surface tension
and lc the characteristic length. Table 2.1 and Þgure 2.5 classify the disintegration
regimes in relation to Re and Oh.
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2.4. Spray Drying Fundamentals

Table 2.1.:ClassiÞcation of jet breakup regimes (Lefebvre, 1989; Lin and Reitz,
1998).

Regime Description Criteria for transition to next regime

1 Dripping WeL < 8

2 Rayleigh breakup WeL > 8 and Weg < 0.4

3 First wind-induced
breakup

1.2 + 3.41Oh0.9 < We g < 13

4 Second wind-induced
breakup

13 < Weg < 40.3

5 Atomization 40.3 < Weg

Figure 2.5.:Disintegration regimes as in table 2.1 summarized in relation to Re
and Oh (Lefebvre, 1989).
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2.5. Rheology

"Rheology is the study of the deformation and ßow of matter" (Barnes and Hutton,
1993). Hence, rheology investigates how materials exhibit/deform under applic-
ation of external forces. The rheological properties of the whole matter is in
the range between a purely viscous ßuid and a fully elastic solid. An analytical
technique for quantifying the rheological properties under well deÞned boundary
conditions is rheometry. The correlation between microstructure and rheological
properties rheometry is relevant in many Þelds of study, such as polymer science,
chemical- and bioengineering or food science (Weipert et al., 1993).
In most simple shear ßow experiments, material is placed between two parallel
plates and sheared. In general, the lower plate is Þxed and the upper plate is dis-
placed by applying a deÞned tangential force (FT ). Consequently, the shear stress
(+) can be deÞned by

+ =
FT

A
(2.16)

where A is the area on which FT is acting. The rate of deformation (ú' ) can be
deÞned as the rate of displacement (ds/dt) related to the derivative of the position
(dy) and therefore it follows

ú' =
d'
dt

=
ds(y)

dt

dy
=

dv
dy

(2.17)

where dv/dy is the velocity gradient.
In a Newtonian ßuid, an applied stress will lead to a ßow of the upper plane and
a continuous deformation in time. Therefore, the relation between applied stress
and rate of deformation can be expressed with equation

+( ú' ) = &áú' (2.18)

where & is the dynamic viscosity or the factor of proportionality. The dynamic
viscosity expresses the resistance to ßow and therefore, is a measure of the "internal
friction". The relationship of + versus ú' , is in the case of Newtonian liquid linear.
In food science the examined materials most often exhibit a complex structure
in which the viscosity does not follow Newtonian behavior anymore. Hence, the
viscosity is no longer independent from the forces applied and becomes a function
of the external stresses and also of time. An important characteristic of non-
Newtonian liquids is the presence of yield stress (+0) which represents a Þnite
stress required to achieve ßow and can may be deÞned as minimum stress required
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2.5. Rheology

to initiate ßow. The most simple case of non-Newtonian ßow exhibit Bingham
plastics:

+( ú' ) = +0 + &áú' (2.19)

As indicated in equation 2.19 Bingham plastics exhibit Newtonian ßow behavior
after exceeding+0 (see Þgure 2.6). Additionally, liquids exhibiting+0 show below
+0 solid like characteristics and do not level out under the inßuence of gravity to
form a ßat surface.
+0 can be evaluated in many ways for ßuid-like systems. Two di!erent concepts
are applied to determine yield stresses of ßuid foods (Cheng, 1986):

¥ Static yield stress is measured on an undisturbed sample with a creep test.

¥ Dynamic yield stress is measured from a completely broken down sample
and often determined from extrapolation of the equilibrium ßow curve (+%( ú' ))
measured by a rotational rheometer. The dynamic yield stress is signiÞcantly
higher than the static yield stress.

Newton 

shear-thinning

shear-thickening Bingham 

log !
.

lo
g 

"

" 0

shear-thickening
plastic

plastic
shear-thinning

Figure 2.6.:Di!erent types of ßow regimes (Weipert et al., 1993).

Furthermore, food products can exhibit even more complex ßow behavior than
Newtonian and Bingham plastics, such as shear-thickening (dillatant), shear-thinning
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2. Background

(pseudoplastic) or pastic shear-thickening/thinning illustrated in Þgure 2.6.
The viscosity of such materials is not only dependent upon temperature, but also
depends on shear stress and on certain cirumstances upon time (Weipert et al.,
1993). Time dependent ßow behavior under constant shear is called thixotropy
(pseudoplastic viscosity over time) and rheopexy (dillatant viscosity over time).
The shear stress of rheopectic and thixotropic ßuids reaches after substance-speciÞc
shearing time a steady-state. Hence, such ßuids need a speciÞc adjustment time
to shear (Windhab, 1986).

2.6. Rheology of Non-Colloidal Suspensions

A homogeneous ßuid containing solid particles is deÞned as a suspension. Three
kinds of forces coexist to various degrees in ßowing suspensions:

¥ Brownian forces are the ever-present thermal randomizing force. These
forces quickly equilibrate particles for sub-nanometer-size suspensions (particles
smaller than 10! 3 µm).

¥ Colloidal forces are potential forces and are elastic in nature.

¥ Hydrodynamic forces arise from the relative motion to the surrounding
ßuid and dominate for particles larger than 10µm.

For particles in the intermediate size range (10! 3 µm < x > 10 1 µm), the ßow
behavior is a!ected by a combination of hydrodynamic forces, Brownian motion
and interparticle forces (Brader, 2010; Qin and Zaman, 2003; Russel, 1980; Zhou
et al., 2001). Furthermore, suspension ßow is dependent upon particle concentra-
tion ( ( v). Hence, three di!erent suspension concentration ranges can be deÞned
(Barnes, 2000):

¥ Dilute suspensions (( v < 0.05)

¥ Semi-dilute suspensions (0.05 <( v > 0.15)

¥ Concentrated suspensions (( v > 0.15)

In diluted suspensions there are so few particles that occasional collisions between
particles can be ignored and the particles do not "see" each other. Therefore, the
ßow can be described by the study of a single particle: Particles rotate at a speed
of half the shear rate at their center of mass and the viscosity is above that of the
continuous phase due to local perturbations of particle-particle interactions in the
ßow Þeld. The viscosity (&) of diluted particle suspensions can be described with
the well known Einstein equation:
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2.6. Rheology of Non-Colloidal Suspensions

&= &c(1 + kE ( v) (2.20)

where &c is the viscosity of the continuous phase and kE the Einstein coe"cient
(2.5 for spherical shaped, monodispersed and non-interacting particles) (Mewis
and Wagner, 2011).
Equation 2.20 can be used for characterization purposes in semi-dilute suspensions
but cannot be applied to most commonly used suspensions, which normally have
much higher( v. The viscosity of semi-dilute suspensions is a!ected by the type of
ßow and will change with the particle size distribution. Furthermore, the viscosity
depends on the randomizing e!ect of Brownian motion of the particles and the
initial conditions of the microstructure.
Increasing( v will decrease the average separation distance between particles for
lubrication and hydrodynamic interactions are dominating the stresses. Such sus-
pensions are called concentrated suspensions to which confectionery systems be-
long to (Mewis and Wagner, 2011). A concentrated suspension exhibits complex
ßow behavior and therefore, the viscosity function follows depending on the type
of suspensions a certain ßow characteristic. Typically, a concentrated suspension
shows at low shear rates a Newtonian plateau or a yield value followed by a shear
thinning region, which levels o! to an upper Newtonian plateau and again to an
increase in viscosity based on instability e!ects (Barnes and Hutton, 1993; Wind-
hab, 1995, 1997, 2000).
The ßow of concentrated suspensions can be divided into two domains: The struc-
tural and the hydrodynamic domain. The structural domain, is the region in which
the ßow behavior is dominated by structural forces (hydrodynamic forces can be
neglected) and particles adhere in an edge-to-face manner. This formation of such
aggregates is responsible for the yielding behavior, the so called yield stress (+0),
of confectionery systems (Michaels, 1958). In the hydrodynamic domain the hy-
drodynamic forces are equal or higher than the structural forces. Therefore, the
rheology of concentrated suspensions is a!ected by various factors and depends
on the properties of the disperse phase, of the continuous phase and the interac-
tions between both. Inßuencing factors are on the one hand physical mechanical
factors, such as solids volume fraction, morphology of the particles, viscosity of the
continuous phase and on the other hand physical chemical factors such as particle-
particle interactions (electrostatic and van der Waals interactions) and surface
active components (emulsiÞers) which a!ect the particle-particle interactions and
physical state of interacting surfaces. An amorphous surface, for example, can be
highly hygroscopic (depending on aw) and hence, the uptaken water may alters
the properties of the surface and a!ects the interparticle potential (Becker, 1984).
The total interaction potential between two particles can be described using the
DLVO theory. This theory assumes that the overall interaction between a pair of
particles is the sum of van der Waals attractive an electrostatic repulsive interac-
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tions (Elimelech and OÕMelia, 1990).
Generally & is increased at increased (( v) because the free volume of liquid ßow is
reduced by the volume of the solid particles and particles begin to interact as soon
as ( v the suspension is not dilute anymore. Due to the fact that equation 2.20 is
not valid for concentrated suspensions Krieger and Dougherty (1959) developed a
model for concentrated monodisperse suspension systems

&r =
&
&c

=

!

1 !
( v

( v,max

" kKD á#v,max

(2.21)

where&r is the relative viscosity,( max ist the maximum packing fraction of solids,
and kKD the intrinsic viscosity. ( max is in the range of 0.45-0.7 for real systems
and is a!ected by shear rate, particle shape, particle size distribution, and particle
deformability (Fischer et al., 2009).
A general expression to calculate the relative viscosity of suspensions of particles
that are not monodisperse hard-spheres is represented in equation 2.22

&r =

!

1 !
( v

( m,ef f

" ! 2

(2.22)

where ( m,ef f is the e!ective packing fraction for the particluar suspension (Gen-
ovese, 2012).
As mentioned above, particle morphology has signiÞcant inßuence on the viscosity
of a concentrated suspension. "When the particles are non-spherical, there is an
extra energy dissipaiton and consequently an increase in the viscosity. In dillute
suspensions this increase is reßected by EinsteinÕs intrinsic viscosity (kE ) in equa-
tion 2.20" (Genovese, 2012). Further it was found, that( m,ef f decreases as the
aspect ratio (Longer side/shorter side, L/D) increases. If the aspect ratio (L/D)
is 1 (spheres) then( m,ef f = ( monodisperse,max = 0.74, if 6<L/D<8 (rough crystals)
then ( m,ef f =0.44 and if L/D = 18-27 (Þbers) ( m,ef f is 0.32-0.18 (Metzner, 1985;
Rao, 2007).
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2.6. Rheology of Non-Colloidal Suspensions

2.6.1. Transient Flow Beavior of Non-Colloidal Suspensions

The internal structure of concentrated suspensions often changes with di!erent
magnitudes of shear rate due to re-orientation of the particles. Therefore, ßow
measurements of concentrated suspensions are dependent on ßow history and show
structural ßow curves. These terms will be described in the following subchapter.
A ßuid exhibits "time behavior" if its viscosity is inßuenced with time at constant
shear. The viscosity change is the result of re-orientation of the internal structure
of a ßuid and is often observed in concentrated suspensions. The viscosity is
decreased with time under constant shear for thixotropic suspensions, whereas the
viscosity is increased under constant shear for rheopectic suspensions. Figure 2.7
shows schematically the mechanism of thixotropic and rheopectic suspensions.

t1 t2

Thixotrophy:     t1 < t2
Rheopexy:    t1 > t2

Figure 2.7.:Time evolution of a suspension containing "internal" agglomerates for
ú' = const. (t 1, t2 = time) (Windhab, 1986).

Flow history

Since the internal structure of a ßuid is related to the viscosity, the time-dependent
change is due to a transformation of the internal structure by a re-orientation of
the particles. Windhab (1986) observed re-orientation e!ects of concentrated sus-
pensions, high polymer ßuids and polymer solutions. Knowledge about the initial
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structure of a suspension is important, to quantify the time-dependent restructur-
ing. It is known, that the internal structure of a suspension changes with di!erent
magnitudes of shear rate. Hence, a well deÞned ßow history for the tested materi-
als has to be guaranteed to make assumptions about the change in structure over
time. There are two ways to provide a well-deÞned ßow history for suspensions
Windhab (1986):

¥ Suspension state of rest : A suspension is in state of rest if the viscosity
reaches an equilibrium after a certain time by building up a a structure.

¥ Pre-shearing : If a suspension is pre-sheared at a deÞned (high) shear rate,
an equilibrium is reached by the balance of setup and degradation of the
structure ensuring a deÞned ßow history.

Equilibrium Flow Curve

The equilibrium ßow curve (+%( ú' )) describes the steady-state shear stress measured
at a constant shear rate and inÞnite deformation. The progression of+%( ú' ) is signi-
Þcantly inßuenced by the ßow history: With pre-sheared suspensions, lower levels
of +%( ú' ) are obtained than with suspensions sheared from steady-state (Windhab,
1986).

Structural Flow Curve

The structural ßow curve of a suspension (if predominantly pre-sherared) is a curve
which connects points of identical structure of the suspension. Such a curve exists
for every shear rate. Every structural ßow curve equilibrates to the eqilibrium ßow
curve over time.
If a suspension is sheared at a constant shear rate (ú' 2), it has an equilibrated
deÞned "inner" structure and shear stress+%( ú' 2). If the shear rate is suddenly
increased to ú' 3, the measured shear stress corresponds Þrst to the "inner" structure
(+( ú' 2)) of the previous shear rateú' 2 and reaches steady-state over time to the value
of the equilibrum ßow curve+%( ú' 3) at the respective shear rate (ú' 3) as illustrated in
Þgure 2.8a. Structural ßow curves can be measured with a shear ramp experiment
as shown in Þgure 2.8b. If the shear rate is increased the viscosity is lowered over
time for a thixotropic ßuid whereas for a rheopectic ßuid the viscosity increases
over time (Windhab, 1986).
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Figure 2.8.:Time evolution curves of a suspension a) equilibrium ßow curve (+%( ú' ))
and Structural Flow Curve at shear rate ú' 2 and b) Experimental set
up of a time evolution experiment (Windhab, 1986).
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2.6.2. Rheology of Confectionery Systems

Confectionery masses are suspensions of emulsiÞer-coated polysaccharides and
other solid particles in a liquid phase, typically cocoa butter. Hence, confectionery
systems exhibit characteristic ßow behavior of concentrated suspensions (yield-
ing behavior, shear-thinning and thixotrophy) dependent on shear rate and ßow
history (Beckett, 2008). The concept of+0 is the most important concept in con-
fectionery industry for process design and quality assessment. In the measurement
of +0, an important issue is the reproducability of the experimental data. Thus,
it is of great importance to execute experiments in the same manner to compare
the overall characteristics of products made in di!erent confectionery production
lines. Most often, dynamic+0 is extrapolated from +%( ú' ) with the help of ßuid
models for describing the ßow properties of confectionery mass (Mohos, 2010).

Models for Flow Curve Fitting of Confectionery Systems

In literature, a large variety of rheological models exists for the characterization
of convectionery systems. Most of the models are empirical. Empirical models are
mathematical Þtting functions, which estimate a ßow curve with non physical ex-
plainable parameters. In contrast, phenomenological models take into account the
physical ßuid properties of a suspension into the model equation. In the following,
3 empirical and 1 phenomenological model will be presented.
Steiner (1959) determined that the Casson model (Casson, 1959), initially de-
veloped for pigment suspensions, can be used to describe the rheological properties
of chocolate mass:

$
+ =

$
+CA +

$
&CA áú' (2.23)

where+CA is the yield value and&CA the plastic viscosity. Based on this equation
OICC (1973) proposed a modiÞed form of equation 2.23 to provide a standardized
way to analyze confectionery systems

(1 + %)
$

+ = 2
$

+CA + (1 + %)
$

&CA á ú' i (2.24)

where %= Ri
Ra

is the ratio of the radii of the rotating inner cylinder of a couette
geometry. Nevertheless, it was concluded that the Casson model does not exactly
Þt the ßow curve of confectionery systems (Aeschlimann and Beckett, 2000).
Another empirical equation is presented by Tscheuschner (1994)
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2.6. Rheology of Non-Colloidal Suspensions

+( ú' ) = +0 + &str 1 áú' 1! n + &$ áú' (2.25)

where&str 1 is the structure dependent viscosity,+0 the yield value andn represents
the ßow exponent which quantiÞes the restructuring process.
The last empirical equation presented here is the Herschel-Bulkley-model which is
not commonly used for chocolate suspensions (Padar, 2009).

+ = +HB + &HB áú' pHB (2.26)

where +HB is the Herschel-Bulkley yield value,&HB the consistency coe"cient
which represents the plastic viscosity and the ßow behavior index (pHB ) which
describes the impact of shear on viscosity. A value of pHB < 1 represents a shear
thinning ßuid, pHB > 1 a shear thickening ßuid and for pHB = 1 delivers the
Bingham equation. All other parameters have no direct physical interpretation.
A fully revised standard method for rheological confectionery systems analysis
applies the phenomenological Windhab model as alternative to the Casson model
(IOCC, 2000):

+( ú' ) = +0 + ( +1 ! +0) á

$

1 ! e! ú!
ú! "

%

+ &$ áú' (2.27)

where+0 is the yield value and+1 the shear stress which leads to a maximum shear
induced restructuring. +1 can be constructed with a tangent to the ßow curve at
high shear rates with the+-axis. &$ is the equilibrium viscosity at high shear rates
and ú' $ the characteristic shear rate at

+$ = +0 + ( +1 ! +0) á(1 ! 1/e) (2.28)

at which 63.5% of the total suspension is restructured. The Windhab model at
ú' =0 reduces to

+( ú' = 0) = +0 (2.29)

and for ú' & " to the Bingham equation

+( ú' & " ) = +1 + &$ áú' (2.30)

Further the shear induced restructuring is described by the exponential term.
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2.7. The Sensory Threshold Concept

The absolute threshold or detection threshold was one of the earliest character-
istics of human function to be measured (Lawless and Heymann, 2010) and has
a large impact on the consumers preference of a food product (Tyle, 1993). A
deÞnition for a sensory threshold is provided by the American Society for Testing
and Materials (ASTM): "A concentration range exists below which the odor or
taste of a substance will not be detectabe under any practical circumstances, and
above which individuals with a normal sense of smell or taste would readily detect
the presence of the substance." - ASTM method E-679-79 (2008a, page 36).
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Figure 2.9.:The ROC curve, shows the behavior of a single individual under vari-
ous criterions shifts, plotting the proportion of hits against the pro-
portion of false alarms. Better discrimination (dÕ) is shown by a curve
that bows more toward the upper left corner (Cli! et al., 2000).

In chocolate, smoothness, meltiness and hardness are the three textural sensory
properties of great importance. Hence, for chocolates unique smoothness a particu-
lar particle size threshold are required. In literature, di!erent thresholds are found
which are in the range of 10-35µm (Liang and Hartel, 2004; Rao and Lopes da
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Silva, 2007; Rostagno, 1969; Tyle et al., 1990; Viaene and Januszewska, 1999) for
conventional confectionery products. Furthermore, fat-related texture attributes
are possibly a!ected by lubrication, particle size and particle shape. It was found
that lubrication by fat has measurable impact on the reduction of friction and
lastly on smoothness (de Wijk and Prinz, 2005).
It can be generally stated that smaller particle sizes enhance and "round out" ßa-
vor in an individualÕs opinion of chocolate (Tyle, 1993). The point of diminishing
return is reached at particle sizes of about 10-15µm (Cook, 1972).
A short-cut rating scale method is the concept of R-Index (SRI), which facilitates
the application of signal detection in food evaluations. The R-Index measures
the degree of di!erence between a standard or control sample, designated as the
"noise" sample and a comparison sample, designated as a "signal" sample. This
method provides an index of discrimination ability, which converts a rating scale
performance to an index related to the percentage of area under the receiver oper-
ating characteristic (ROC) curve. The ROC curve shows the hit rate in di!erent
situations plotted as a function of false alarm rate. A discrimination of dÕ = 0
shows that the hit rate is equal to the false alarm rate and therefore there is no
discrimination between the two levels (e.g stimulus vs. reference). A higher dÕ
indicates higher levels of discrimination as indicated in Þgure 2.9 where observer
1 has better discrimination rate than observer 2. Hence, the R-index is correlated
to the ROC-curve and value of 1.0 indicates perfectly distinguishable, whereas 0.5
indicates that the sample cannot be distinguished (Cli! et al., 2000). The R-Index
is computed using the response matrix shown in table 2.2.

Table 2.2.:Panel response matrix of one panelist by R-Index (OÕMahony, 1992)

Panel response
Sample sure Sample unsure Noise sure Noise unsure

Signali a b c d
Noise e f g h

The "signali " represents the sample i and "noise" the control, respectively. Within
a test more than one signal can be tested against a control sample. According to
equation 2.31 the index of discrimination ability can be calculated:

SRI i =
a á(f + g + h) + bá(g + h) + c á(h) + 0 .5 á(a áe+ báf + c ág + d áh)

(a + b+ c + d) á(e+ f + g + h)
(2.31)

where SRI is the R-Index, (a+b+c+d) and (e+f+g+h) are the sum of the responses
for a particular signal and noise, respectively (OÕMahony, 1992).
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3. Materials, Processes and
Methods

3.1. Raw Materials

All raw materials used during the experimental part of this PhD thesis are listed
in Table 3.1.

Table 3.1.:List of materials used with product speciÞcation and producer

Material Product speciÞcation Producer

Cocoa butter (CB) Cocoa butter DE200 DelÞ Nord Cacao SA, F
Corn syrup powder DE 43 Glucodry 435 Sedamyl SPA, IT
Corn syrup powder DE 19 Maldex 190 Sedamyl SPA, IT
Saccharose Feinkristallzucker ZuckermŸhlen

Aarberg, CH
Cocoa powder Gerkens Cacao Cargill Wommer, NL

(10-12% NE)
Hydranal¨ -Composite 5 34805-1L-R SigmaAldrich AG, CH
Hydranal¨ -Formamide dry 34724-1L SigmaAldrich AG, CH
Hydranal¨ -Methanol dry 34741-2.5L-R SigmaAldrich AG, CH
Hydriol Hydriol ¨ SOD.24 Hydrior AG, CH
Lecithin (soya) LECICO F-600 IPM Lecico GmbH, DE
Milk chocolate Milch konventionell Chocolats Halba, CH
Milk chocolate Milch Knospe Chocolats Halba, CH
50% cocoa dark chocolate CrŽmant 50% Chocolats Halba, CH
72% cocoa dark chocolate Noir 72% Chocolats Halba, CH
Polyglycerol Polyricinoleate Grindsted̈ 90 PGPR Danisco A/S, DK
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3.2. Characterization and Composition of Basic
Materials

Due to the fact, that many di!erent powders, suspensions and solutions with
di!erent compositions, particle size distributions and morphologies were produced
within this thesis, a systematic code is developed and presented in the following
subchapter.

3.2.1. Composition of Applied Solutions

In chapter 4.1 and 5, di!erent solutions were spray dryed and used for glass trans-
ition temperature, sorption and rheological measurements. Therefore, table 3.3
gives a summarized overview of the applied solutions. The complete overview can
be found in appendix A.1 in table A.1.

Table 3.3.:Compositions of basic solutions used for spray drying, glass transition
temperature and sorption measurements.

IdentiÞer Water DE 191 DE 432 Sucrose CP3 SMP4

[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]

DE43_10 50 0 5 45 0 0

DE19_50 50 25 0 25 0 0

DE43C_10 50 0 18 22.5 4.5 0

DE43CM_9 40 0 16 24 5 15

DE43M_28 50 0 14 21 0 15

1 Corn syrup with Dextrose Equivalent 19 (DE 19), MW = 900 g mol ! 1 (Roos and Karel,
1991a)

2 Corn syrup with Dextrose Equivalent 43 (DE 43), MW = 420 g mol ! 1 (Roos and Karel,
1991a)

3 Cocoa powder (CP)
4 Skimmed Milk Powder (SMP)

3.2.2. Composition Continuous Phase of Applied Suspensions

Various continuous phases for suspensions were used for sensory and rheological
tests. Table 3.5 gives an overview of the applied continuous phases:
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Table 3.5.:Compositions of suspensions used for sensory and rheological tests.

IdentiÞer ( v CB1 PGPR2 Lecithin3 Fat seed4

[wt%] [wt%] [wt%] [wt%] [wt%]

L0.5_48 0.48 99.5 0 0.5 0

P0.5_48 0.48 99.5 0.5 0 0

L0.5_485 0.48 99.5 0 0.5 1.5

L0.5_38 0.38 99.5 0 0.5 0

P0.5_38 0.38 99.5 0.5 0 0

1 Cocoa butter (CB)
2 PGPR content based on fat phase
3 Lecithin content based on fat phase
4 Fat seed based on total mass
5 Continuous phase for sensory tests

3.2.3. Particle Size Distributions and Morphology of the
Disperse Phase

A systematic code was developed for easier distinction between the di!erent samples.
The complete overview is given in appendix A.2. The Þrst letter of the code is
standing for the composition (D: corn syrup, C: cocoa), the second for the mor-
phology (S: spherical shaped, I: irregularly shaped) and the number at the end
represents the particle size (x90,3). Table 3.7 gives an overview of the compositions
used.

Table 3.7.:Abbreviations Code for Disperse Phases.

IdentiÞer Particle size (x90,3) DE 431 Sucrose CP2 SMP3

[µm] [wt%] [wt%] [wt%] [wt%]

DI32 32.3± 2.1 100 0 0 0

DS32 32.1± 1.5 100 0 0 0

CS30 30.0± 3.7 30.8 46.2 23.0 0
1 Corn syrup with Dextrose Equivalent 43 (DE 43)
2 Cocoa powder (CP)
3 Skimmed Milk Powder (SMP)

Therefore, the exemplary code DS32 decodes a sample containing 100 wt% corn
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syrup DE 43, spherical morphology and a particle size of x90,3 = 32.1 ± 1.5 µm.
Figure 3.1 shows the particle size distributions for sample DS32 and DI32 in com-
parison, which are typically used for rheological tests in model system I. Further-
more, typical scanning electron microscope pictures are illustrated in Þgure 3.2.
The morphologies depicted within these pictures are representative for all other
samples as well.

Figure 3.1.:q3 and Q3 distribution of sample DI32 (! ) and DS32 (' ) used for
rheological measurements.

200 µm 200 µm

Figure 3.2.:Typical REM picture of sample DS64 (left) and DI183 (right).
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3.3. Analytical Methods

3.3.1. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) measurements were performed on a DMA
Q800 (TA Instruments, USA) equipped with a nitrogen cooling system. The tem-
perature of the DMA was calibrated using indium (melting point 156.6" C) and
an alkane (Decane, Sigma Aldrich AG, CH, melting point -30.5) for the low tem-
perature range. All other calibrations (force, electronics, clamp compilance and
mass) were executed by following the assistant of the instrument software (Advant-
age Software v5.5.5, TA Instruments, USA). Two di!erent kinds of measurements
were performed using DMA: On the one hand, controlled force measurements and
on the other hand, oscillative measurements. Samples were measured in triplicate
to minimize outliers. ConÞdence intervals were calculated on the conÞdence level
" c = 0.05 under the standard normal curve according to equation

tconf = µ ±

!
*

$
z

"

(3.1)

whereµ is the mean,* the standard deviation and z the number of measurements.
Measured signals were extracted using the software Universal Analysis (SW 4.5A,
TA Instruments, USA) to a text Þle for further processing in MATLAB (MATLAB
R2013a v. 8.1.0.604, The MathWorks Inc., USA). A Matlab script was written and
used for automatized data processing.

Controlled Force Measurements

DMA controlled force measurements executed on a DMA are identical to thermo-
mechanical analysis (TMA) measurements, hereinafter referred as DMA controlled
force measurements. In DMA controlled force measurements the properties (e.g
change of dimension or deformation) of materials as they change with temperature
are studied. To execute DMA controlled force measurements, samples (120 mg)
were placed in the hole (d2 = 2.8mm; h = 3.1mm) of the sample holder (see Þgure
3.3) on the sample stage of the DMA.
Samples were cooled to the start temperature (Tstart , during cooling the penetra-
tion geometry has no contact with the sample) and an equilibration time (5 min,
Tstart ) was applied. Afterwards a constant force (F = 5 N) with the movable cyl-
inder (d1 = 2.8mm) of the modiÞed DMA controlled force geometry was applied
to the sample and simultaneous heating at a rate of 2" C min! 1 till the end-set
temperature (Tend). Typical start and end temperatures of the experiments are
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collected in table 3.8. Solid samples were additionally pressed to a pill using a
screw press (F = 5000N, Fischer Dottikon, CH)

d1

d2

F

h

Sample filling 
height

Figure 3.3.:Adapted DMA controlled force geometry used for controlled force
measurements: d1 = 2.8mm; d2= 5.7mm; h = 3.1mm

Table 3.8.:Temperature programs applied in DMA measurements

Sample Tstart Tend teq Scanning rate

[" C] [" C] [min] [" C min! 1]

Solid at 25 " C 10 170 5 2

Liquid 25 " C -100 30 5 2

During the dynamic heating step, the position of the movable clamp was recorded
and used for further evaluations.
Signal curves were analyzed in a systematic manner using a MATLAB script which
evaluated the slope of the measuring curve. The slope was determined iteratively
(every 0.5" C) using the built in MATLAB FIT function. The criterion for onset
Tg determination is deÞned at a critical slope of -30µm " C! 1 (see Þgure 3.4).

Oscillative measurements

Oscillative DMA applies a sinusoidal deformation to a material whilst the oscillat-
ing deformation is controlled to a Þxed maximum amplitude. The oscillating force
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Figure 3.4.:Typical measuring curves from DMA controlled force (a) and DMA
oscillation (b) measurements of a 30:70 corn syrup DE 43/sucrose
solution solution with a water content of 16.6 wt%.
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amplitude is measured and therefore, primary measured signals are stress, meas-
ured as force per unit area (Pa), and the phase angle between strain and stress
phases (! ). These are converted to the analyzed parameters storage modulus (EÕ),
loss modulus (EÓ) and tan(! ) (EÓ/EÕ). A comprehensive introduction to DMA can
be found in (Menard, 2008).
Oscillative measurements were performed for liquid samples only because these
measurements were not reproducible for solid powder samples with this device.
The measurements were carried out in a modiÞed clamp pan (length: 58.1mm,
height: 1.8mm, width: 11.6mm) for the dual-cantilever geometry (Mahlin et al.,
2009). The linear viscoelastic region was determined by a representative sample
(solution DE43_30, water content 21.3 wt%) by applying amplitude sweep at -30
" C and 1 Hz. Hence, the following experiments were executed at an constant amp-
litude (7 µm) and frequency (1 Hz).
After placing the sample (1.2 mL) on the modiÞed powder clamp, the sample was
cooled to Tstart (see table 3.8) and equilibrated (5 min) at Tstart . Thereafter, a
temperature ramp (2" C min! 1) was applied and the storage (EÕ), the loss modulus
(EÓ) and tan(! ) were recorded and used for further evaluation.
In Þgure 3.4 (bottom) measurement curves of a DMA oscillation measurement is
shown. To determine Tg maximum tan ! (see Chen and Zachmann (1991) and
Backfolk et al. (2007)) of the DMA oscillation curve is determined using the MAX
function in MATLAB.

3.3.2. Di!erential Scanning Calorimetry

Di!erential scanning calorimetry (DSC) is a thermal analysis technique that meas-
ures the change of heat capacity (cp) by temperature of a material. The changes
of cp are tracked as the changes in the heat ßow whilst a sample of known mass is
cooled or heated (Figura, 2004).
DSC measurements were performed on a DSC 822e (Mettler-Toledo GmbH, CH).
The respective sample (5 mg) was weighed into an aluminum crucible (40µm,
Mettler Toledo, Art. Nr. 5119870, CH), sealed (no water evaporation) and put
into the measuring cell of the DSC. The measurement started with an isothermal
equilibration step (teq) at the starting temperature (Tstart ) in order to temper the
sample properly. Followed by a dynamic heating step with a linear scanning rate
to the end-set temperature (Tend). The temperature program di!ered for solid and
liquid samples as shown in 3.9. Furthermore, after reaching Tend the samples were
again cooled to Tstart and the measuring procedure described above was repeated.

During the dynamic heating step, heat ßow of samples with respect to temperature
is recorded and further used for evaluation.

42



3.3. Analytical Methods

Table 3.9.:Temperature programs applied in DSC measurements

Sample Tstart Tend teq Scanning rate

[" C] [" C] [min] [" C min! 1]

Solid at 25 " C 10 170 5 10

Liquid 25 " C -60 30 5 10

DSC was calibrated using an indium sample according to the directions of the
manufacturer. During all measurements, an empty and sealed aluminum crucible
was also measured as a reference.
Measuring signals (heat ßow with respect to temperature) were evaluated using
the STARe-Software (SW 8.1, Mettler Toledo GmbH, CH). The integration limits
were automatically deÞned by the software. To determine the glass transition
temperature, pre-setting onset temperature provided by the software was used for
further data processing.

3.3.3. Determination Water Content and Water Activity

Water content (wwater ) and water activity (aw) was determined using Karl-Fischer-
Titration and a thermoconstanter, respectively. Samples were measured in trip-
licate to minimize outliers. ConÞdence intervals were calculated on the conÞdence
level " c = 0.05 under the standard normal curve according to equation 3.1.

Karl-Fischer Titration

Karl-Fischer-titration is a technique to determine quantitatively the water content
of a material. In this method, water is titrated with iodine (Fischer, 1935).
The water content was determined by volumetric Karl-Fischer Titration (784 KFP
Titrino, 703 TiStad, Metrohm AG, CH). Samples (250 mg) were poured into
a double-wall glass container (50" C), which was Þlled with methanol (20 mL,
Hydranal¨ -Methanol dry, Sigma Aldrich, CH) and formamide (20 mL, Hydranal¨ -
Formamide dry, Sigma Aldrich, CH) and dissolved. After complete dissolution
of the sample, the solution was titrated (Hydranal¨ -Composite 5, Sigma Aldrich,
CH) and water content determined. The measurement device was calibrated before
every single measurement using a standard procedure provided by Sigma Aldrich
(Hydranal¨ -Water Standard 10.0).
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Determination of Water Activity Using a Thermoconstanter

Water activity (a w) of a sample cannot be determined directly. The applied ther-
moconstanter measures aw by a resistive-electrolytic measurement method. Resist-
ive electrolytic sensors consist of a sensing element in form of an electrolyte, which
changes its resistance if water vapor is absorbed or desorbed. The resistance is dir-
ectly proportional to aw if the vapor-liquid equilibrium in the measurement chaber
has been established (Lawson, 1978).
To determine aw samples (500 mg) were placed in a small plastic beaker and put
into the measuring cell of the thermoconstanter (25" C, Thermoconstanter TRD-
33/TH2, Novasina, CH). After an equilibration time (2 h) the aw value was determ-
ined and noted. The thermoconstanter was calibrated using humidity standards
(SAL-T11/SAL-T53/SAL-T90, Novasina, CH).

3.3.4. Atomic Force Microscopy

To determine interaction forces between polysaccharide composite particles and
emulsiÞer, atomic force microscopy (AFM) was used. AFM is a technique, which
delivers very high resolution type of scanning probe microscopy. It measures
force/distance functions of materials in the nanometer scale with forces as small
as 10! 18 N (Binnig et al., 1986).
Experiments were performed using an AR-AFM (MFP 3D, Asylum Research,
USA) equipped with 200µm long v-shaped cantilevers with a nominal spring
constant of 0.12 N m! 1 (Wafer-00113-29-1, Nanoprobeª SPM tips, DI). On the
tip sample particles (see Þgure 3.5) were glued (Alicor Crystal epoxy glue, CH).

F10 µm

investigated surface

AFM tip with particle

emulsifier coated
surface

Figure 3.5.:Schematic sketch of an AFM tip with a glued spherical shaped particle
in a cocoa butter matrix with lecithin scanning a polysaccharide
surface.
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The AFM was operated at a frequency of 18 Hz, a Q-factor of 58.6 and a deßaction
InvOLS of 126.3 mm V! 1.
The surface being investigated is composed of a sample powder (1.5g, DS32)
pressed to a tablet (d = 10 mm, h = 3 mm) using a spindle press (Manufac-
turing number 405, spindle pressure 5000 kg, Fischer Dottikon, CH) for spherical
shaped particles. Particles were glued with epoxy on microscopic glass slides for
irregularly shaped particles.
To measure interactive forces between the colloidal AFM tip and the surface be-
ing investigated, a surface scan was provided to determine the surface properties
(spherical shaped particles, area: 20X20µm). A proper surface scan for irregularly
shaped particles was not possible due to high friction forces between the cantilever
tip and the surface. Hence, a systematic, rasterized measurement at predeÞned
places was performed, whereas measurement spots for spherical shaped particles
were selected depending on the surface scan (see Þgure 3.6).
The AFM was operated with an approach and retraction force of 0.18µm s! 1 and
a maximum contact force of 5 nN. In total, 40 measuring points within 3 di!erent
measuring areas were evaluated. For every emulsiÞer, new samples and AFM tips
were used to avoid cross contaminations.

20
 µ

m

1 µm

Figure 3.6.:AFM scanning area with measuring places (¥) for spherical shaped
particles (left) and rasterized measuring area for irregularly shaped
particles (right).

3.3.5. Scanning electron microscope

Scanning electron microscopy (SEM) is a technique which analyzes sample surfaces
by scanning the surfaces with a focused beam of electrons. The interaction of the
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electrons with the sample surface is used to generate a picture of the surface.
Samples were analyzed by SEM at BŸhler AG, Uzwil using a SEM (DSM962, Carl
Zeiss AG, CH). Powder samples were glued on a sample stage using a paint brush,
coated with gold and analyzed in the SEM using the resolutions 100, 500, 1000,
5000. Additionally to record cross sections of the particles, particles glued on the
sample stage were cut using a razor blade.

3.3.6. Light microscopy

Samples were analyzed using a light microscope (Diaphot TMD, Nikon, JP) with a
connected camera (DS-Fi 1, Nikon, JP) to take real-time pictures recorded with the
software NIS Elements D 3.00 (Nikon, JP). For analysis, particles were dispersed
in oil (Hydriol ¨ .SOD4, Hydrior AG, CH) containing PGPR (10 wt%, Grinsted
PGPR 90, Danisco, DK) and further treated in an ultrasonic bath (37 kHz, 2
min, 45 " C, Elmasonic P30 H, Elma GmbH and Co. KG, DE). The oil with the
dispersed particles was put on a microscope slide, covered with a cover glass and
further analyzed.

3.3.7. Laser Di!raction Measurements

Particle size distributions (PSD) were provided using a laser di!raction particle size
analyzer (LS 13 320, Beckman Coulter, USA). This analyzer evaluates particles
with a monochromatic laser. The monochromatic laser delivers a scattered light
distribution which can be analyzed and particle size distributions calculated. To
quantify the particle size distributions a terminology is introduced as represented
in table 3.10.
Within this thesis x90,3, which means that 90% of the particles are below this value
with respect to the total volume of the sample, is used as representative value for
PSD. Figure 3.7 illustrates x10,3, x50,3 and x90,3 graphically of sample DS32.
To measure PSD, a small amount of the sample (1 g) was dispersed in oil (Hydriol¨ .
SOD4, Hydrior AG, CH) containing PGPR (10 wt%, Grinsted PGPR 90, Dan-
isco, DK) and further treated in an ultrasonic bath (37 kHz, 2 min, 45" C, El-
masonic P30 H, Elma GmbH and Co. KG, DE). The measurements were per-
formed using the universal liquid module with an adjusted obscuration (8-12%).
The measurement procedure was run using the instrument software (LS13320,
Version 6.01) with the following settings: Rinsing (4 times), Aligning, Measur-
ing O!sets, Measuring Background, Measuring Obscuration, Start Measurement,
Pump Speed (55%). The raw data was evaluated by applying Fraunhofer the-
ory (Fraunhofer.rf780d) and further treated using a software (LSBetter_1.0.exe).
The measurement device was calibrated using standard nominal 15µm garnets
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(Coulter¨ LS Control G15, Beckman Coulter, USA). Samples were measured in
triplicate to minimize outliers. ConÞdence intervals were calculated on the con-
Þdence level" c = 0.05 under the standard normal curve according to equation
3.1.

Table 3.10.:Convention and indices used to quantify PSD. 1 is the number, 2 the
surface and 3 the volume distribution.

Indice Description

q frequency density

Q cumulative frequency

x10 10% percentile Qi

x50 50% percentile Qi (median)

x90 90% percentile Qi

x1,2 Sauter diameter

Figure 3.7.:Graphical representation of x10,3, x50,3 and x90,3 of sample DS32.
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3.3.8. Rheological Measurements

Equilibrium and structure (transient) ßow curves of suspensions (see chapter 3.2.2
on page 36) containing irregularly and spherical shaped particles (see chapter 3.2.3
on page 37) were recorded. The sample preparation for rheological measurements
is described in chapter 3.4.6 on page 56.
Rheological measurements were executed on a rotational rheomoeter (Physica
MCR300, Anton Paar GmbH, DE) equipped with a vane geometry (40 mL, ST22-
4V-40, Anton Paar GmbH, DE) for suspension rheology and with a couette geo-
metry (20 mL, CC27, Anton Paar GmbH, DE) for solutions. The rheometer was
heated and cooled using a peltier element (TEZ-150-P, Anton Paar GmbH, DE)
and a water cooling system. All measurements were run using the instrument
software (Rheoplus v3.61, Anton Paar GmbH, DE) at measuring set position 0
(stirrer does not touch the bottom of couette cup) at 40" C for suspensions and at
25 " C for solutions. Representative samples were measured in triplicate to minim-
ize outliers. ConÞdence intervals were calculated on the conÞdence level" c = 0.05
under the standard normal curve according to equation 3.1.
In order to calculate solids volume fractions (( v) of suspensions, densities of the
dispersed particles must be known.( v can be calculated according to equation 3.2
(Taylor et al., 2009).

( v =
mdisp ) CB

mdisp ) CB + mCB ) disp
(3.2)

where ) CB and ) disp are the densities of cocoa butter and dispersed solid phase
and mdisp , mCB are the mass of cocoa butter and the dispersed solid phase, re-
spectively.

Determination of Equilibrium Flow Curve

For determination of the equilibrium ßow curve (+%( ú' )), a shear rate ramp ex-
periment was executed by applying di!erent shear ramps (logarithmic measuring
point distribution, see table 3.11). For suspension measurement, samples were
taken right after preparation (see chapter 3.4.6 on page 56). Then, 2 di!erent
measuring modes were performed: Procedure I was applied using the vane geo-
metry prodedure II was applied for measurements with the couette geometry.

Generally ßow curves were extracted from the instrument software (Rheoplus
v3.61, Anton Paar GmbH, DE) for further processing in Origin (OriginPro v8.5
SR1, OriginLab Corp., USA). Flow curves were Þtted by applying appropriate
model functions (see chapter 2.6.2) using a default non-linear curve Þt provided
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Table 3.11.:Overview experiment for determination of the equilibrium ßow curve.

Procedure Ramp Datapoints Interval ProÞle ú'
Start End

[-] [-] [# ] [s] [-] [s! 1] [s! 1]

I
Upwards 30 20 log 0.01 250

Downwards 30 20 log 250 0.01

II
Upwards 60 20 log 0.01 500

Downwards 60 20 log 500 0.01

by Origin. For Þtting, the downwards ramp was used, because Aeschlimann and
Beckett (2000) could show that the downwards ramp is more reproducible than
the upwards ramp. Data was Þtted fromú' = 0.1 - 60 s! 1.

Determination of Transient Flow Curve

For quantifying the transient ßow behavior, it was necessary to apply a comparable
ßow history to each point in the ßow curve. Samples were pre-sheared (15 s, 150
s! 1) before starting the measurement with a shear rate step. Subsequently, after
completion of the shear rate step, the shear rate was set back to 150 s! 1 for 15 s to
break up any structures which might be built-up during the previous measurement.
On one sample, 15 shear rate steps (ú' = 125/100/90/80/70/60/50/40/30/20/10/1/
0.05/0.025/0.01 s! 1) were performed while recording 8 datapoints during 292 s. It
was assumed that ßow history can be neglected and that the structure recovered
completely during the intermediate short exposure to high shear (Padar, 2009).

Assessment of Temperature Dependent Flow Curves

Temperature dependent ßow curves were recorded to characterize the agglomer-
ation intensity of amorphous polysaccharide composite particles in cocoa butter
suspensions. Such measurements allow the estimation of the temperature sensit-
ivity of polysaccharide composite particles at process typical conditions. Agglom-
eration phenomena in suspensions containing amorphous polysaccharide compos-
ite particles occur at increased rate at the phase transition of the amorphous
glassy state to a "rubbery" deformable state, which is typically characterized by
Tg. Therefore, this novel method in is an alternative determine process-relevant
Tg of chocolate confectionery systems.
To assess temperature dependent ßow curves, samples (40 mL) were poured into
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the sample holder, pre-sheared (ú' = 60 s! 1, 40 " C) for equilibration and afterwards
measured at constant shear (60 s! 1) while driving a temperature ramp (40-130" C,
2 " C min! 1).
The measuring signals (viscosity versus temperature, see Þgure 3.8) exhibit a min-
imum viscosity in the ßow curve of the suspension containing amorphous polysac-
charide composite particles.

Figure 3.8.:Typical temperature dependent ßow curve of a suspension containing
spherical shaped cocoa/polysaccharide composide particles dispersed
in cocoa butter/lecithin (L05_38/CS32) at constant shear rate ú' =
60 s! 1 and ( v = 0.38.

The temperature at minimum suspension viscosity is assumed to be the critical
temperature at which the amorphous polysaccaride composite particles are in rub-
bery deformable state and irreversible caking, agglomeration or recrystallization
phenomena occurs in an increased rate. This temperature can be considered as
the critical agglomeration temperature of amorphous polysaccharide composite
particles (Ta,crit ) and was determined using the MIN function of Excel (Microsoft¨

Excel̈ for Mac 2011 v. 14.3.8).
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3.3.9. Surface Tension Measurements

To measure the surface tension of chocolate mass and sugar suspensions, the
pendant drop tensiometer (PAT-1, Sinterface Technologies, Germany) was used.
A drop is formed at the end of a capillary and monitored with a video camera.
The Young-Laplace equation is used to Þt the resulting drop contour. At a con-
stant drop size, controlled by a piezo element, the transient surface tension (' t ) is
measured. Measurements were performed at 20" C (Mšbius and Miller, 2001).

3.3.10. Powder Density Measurements

Various methods can be used to determine densities. Within this thesis, gas and
liquid pycnometer are used. Gas pycnometers determine densities volumetrically
whereas liquid pycnometers determine densities gravimetrically.
Densities were measured using a gas pycnometer (AccuPyc 1330, Micromeritics,
DE) with a carrier gas (helium). Samples (2g) were transferred into the measuring
chamber (25" C) and analyzed by a pre-set, automatical program, which directly
delivers sample densities. The device was calibrated using a standard calibration
kit (AccuPyc 1330 standard kit, Micromeritics, DE).
Alternatively, densities were determined by gravimetric liquid pycnometry at 25
" C. The mass of the empty pycnometer (m0, 50.114 mL), the pycnometer Þlled
with the carrier ßuid (m1, Hydriol.SOD24, Hydrior AG, CH), the pycnometer with
added samples (m2, 2 g) and the mass of the pycnometer with added samples and
Þlled with carrier ßuid (m3) were measured. Sample densities were then calculated
according to equation 3.3.

) S =
m2 ! m0

(m1 ! m0) ! (m3 ! m2)
á

(m1 ! m0)
V0

(3.3)

Samples have to be completely insoluble in the carrier ßuid to determine the dens-
ity properly. Furthermore, very porous materials, high moisture contents and
inappropriate operation temperatures can inßuence the results (Figura, 2004).

3.3.11. Water Sorption Measuerements

In literature, various methods are used to determine water sorption isotherms.
In general, water sorption isotherms are measured by gravimetric methods at
controlled atmosphere (Figura, 2004). Water sorption behavior of amorphous
materials was detected by a multisample, gravimetric sorption balance (SPS11,
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Mercer Instruments, FR). Completely dehumidiÞed samples (250 mg, see chapter
3.4.5 on page 56) were placed under nitrogen atmosphere in tared sample cups
(max. 24 per run) and weighed. Afterwards a controlled humidity proÞle (RH
= 10,20,30,40,50,60,70,60,50,40,30,20,10; equilibration time per step 48h) was ap-
plied at constant temperature (25" C). Sample weight was measured every 10 min.
Dynamic sorption raw data (equilibrium values respective relative humidity) were
imported from Excel (Microsofẗ Excel̈ for Mac 2011 v. 14.3.8) to Origin (Ori-
ginPro v8.5 SR1, OriginLab Corp., USA) for further processing. The sorption data
was Þtted by applying appropriate model functions (see chapter 2.11 on page 13)
using a default non-linear curve Þt provided by Origin.

3.4. Processes

In this section, technical speciÞcations and generalized operating procedures are
summarized. The descriptions are generalized and valid for all experiments.

3.4.1. Spray drying

Spherical shaped particles were produced by spray drying of various polysaccharide
solutions (see chapter 3.2.1).

Technical SpeciÞcations Spray Dryer

Most relevant parameters of the spray dryer are illustrated in Þgure 3.9 and table
3.12. The spray dryer (ETH Spray, Serial No. BE-78, Bowen Engineering Inc.,
USA) was extended (1m) and equipped with a process control system based on
a data logging software (SprŸhturm-Log_V0.91, Eidgenšssisch Technische Hoch-
schule ZŸrich, CH) executed in LabView software (LabView 2010 V. 10.0, National
Instruments, USA). Characteristic process parameters (temperatures, relative hu-
midities) were logged by a data logger (ETH ZŸrich, CH) by applying the process
control system.
Atomization air ßow rate ( úmA ) was measured with a ßoat measurement device
(type 1100, Wisag AG, CH). These measurements are summarized in appendix
C.1. Flow rates of the drying air (úmL ) were measured by determining the axial
ßow velocities using a pitot tube (type 435-2, testo AG, CH) and subsequently
calculated over a mass balance (see chapter 5.1 on page 79). The measurement
of air ßow rates was not possible during the process, because the measurement
device can be operated at ambient condidions (25" C) only. Therefore, process
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parameters (úmL , úmF , úmA ) were measured over a characteristic time period (10
min) at ambient conditions, averaged and assumed to be constant at operating
conditions.
For feeding the spray solutions, a spiral pump (Nemo NM003BY11S12B, Netzsch
Monopumpen GmbH, DE) with a linear pump curve was used. To atomize the
spray solution, a twin-ßuid nozzle (150.009.17, Lechler GmbH, DE) was used. The
dimensions of the applied nozzle are illustrated in table 3.13.

Table 3.12.:Dimensions and typical operating characteristics of the spray drying
process.

Height spray tower (Htower ) 2 m

Diameter spray tower (Dtower ) 1 m

Flow rate drying air ( úmL ) 200 kg h! 1

Flow rate atomization air ( úmA ) 0.4-3.7á10! 3 m3 s! 1

Flow rate feed (úmF ) 0.5-1.5 kg h! 1

Temperature Inlet (TInlet ) 150-190" C

Temperature Middle (TMiddle ) 90-140" C

Temperature Outlet (TOutlet ) 60-110" C

Temperature Feed (TF eed) 25 " C

Temperature Atomization Air (T Air,atom ) 100 " C

Temperature Powder (TP owder ) 20 " C

Ambient Temperature (TAmbient ) 25 " C

Table 3.13.:SpeciÞcations nozzle of the spray dryer applied within this project.

Nozzle Twin-ßuid nozzle with external mixing

Diameter Nozzle 4 mm

Gap area nozzle 2.4á10! 5 m2
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Figure 3.9.:Schematic sketch of the spray dryer. Parameters are described in table 3.12.
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Procedure Spray Drying Process

The spray dryer was preheated to the pre-set process parameters (see table 3.12)
without feeding material (1h). After preheating, the spraying process was initially
started with water to achieve steady-state process conditions. Finally, the spray
solution (see 3.2.1 on page 3.2.1) was feeded and subsequently atomized by the
nozzle.

3.4.2. Roll ReÞning

Samples CI30, DI18, DI23 and DI35 (see appendix A.2) were produced and ad-
justed in a roll reÞning step. The solid raw materials were premixed in a kitchen
mixer (SM-20, Pitec AG, CH) with cocoa butter (40" C, 20-27 wt% based on total
mass) until a homogeneous mass resulted. This mass was processed further in a
3-roll reÞner (STX 200, BŸhler AG Uzwil, CH) grinding particles to the desired
particle size (operating pressures 6-22 bar). The 3 milling rolls were operated at
di!erent temperatures (25, 25 and 30" C). The reÞned powders were analyzed to
determine the particle size with a micrometer screw (Mitutoyo, Digital series 323,
JP) Þrst and later with laser di!raction (Beckman Coulter, LS 13320, see chapter
3.3.7)

3.4.3. Sieving

Samples DI22, DI20, DI32, DI64, and DI184 (see appendix A.2) were produced
by fractionating the raw material using an analytical basic sieve shaker (Retsch,
A200, DE). Raw material (200 g per batch) was placed on the top sieve (sieve
fractions: 125, 75, 45, 32, 25, 20µm) and sieved (10 min, vibration height 2.5mm).
Consequently fractions were collected in the corresponding sieves and analyzed
using laser di!raction (Beckman Coulter, LS 13320, see chapter 3.3.7).

3.4.4. Jet Milling

Sample DI08 (see appendix A.2) was produced using a jet milling process (100
AS, Hosokawa Micron Group, GB). The raw material was processed in a grinding
chamber (100 mm) via a nozzle ring with 4 holes (diameter 1.3-1.7mm). Two air
streams were used for feeding and grinding purposes. The reÞned powder was
deagglomerated in a dispersion nozzle and Þnally separated via a cyclone in a
collector box. The Þnal particle size distribution of the powder was analyzed with
laser di!raction (Beckman Coulter, LS 13320, see chapter 3.3.7).
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3.4.5. Drying and Evaporation

For glass transition measurements, various solutions (see chapter 3.2.1) were evap-
orated to di!erent moisture contents. To do so, solutions (80g) were evaporated
under vacuum (100-15 mbar, 60-65" C) in a rotation evaporator (Rotavapor R-110,
BŸchi Labortechnik AG, CH). The vacuum was increased continuously (2.5 bar
min! 1) and samples taken (every 3-60 min) depending on the water content of the
sample. The water content was analyzed immedeately by Karl-Fischer titration.
Since e"cient sample drying in the rotation evaporator is possible to a sample
moisture content of 5 wt%, the remaining samples were transferred for further
drying to a vacuum oven. For vacuum drying samples were placed into plastic
beakers (100-2000 mL) and dried in a vacuum oven (Salvis, Roche, CH) at 45-70
" C (below Tg and 1 mbar for 24 up to 48 h depending on the desired Þnal water
content.

3.4.6. Making of Suspensions

Within this thesis, suspensions were used for rheological ßow measurements and
sensory evaluations. Hence, particles (see chapter 3.2.3), subsequently called dis-
perse phases, were dispersed in continuous fat phases (see chapter 3.2.2). Disperse
phases were mixed into the continuous phase (50" C) using a lab kneading device
(IKAVISC, Measuring Kneader, MKD 0.6 - H60, IKA¨ -Werke GmbH & Co. KG,
DE). Suspensions were mixed at constant kneader speed (50 rpm, 20 minutes) and
temperature (40" C).

3.5. Sensory Methods

3.5.1. Sample Preparation

Suspensions for sensory tests (see chapter 3.4.6) were transferred into a con-
tinuously stirred, water tempered double wall beaker (1000 mL) equipped with
an anchor stirrer and cooled to 32.5" C. Suspensions were tempered by adding
pretempered seed crystals (1.5 wt% based on total mass, produced with Seed-
Master CrystMix, BŸhler AG Uzwil, CH) and subsequently moulded. Samples
were solidiÞed at 16" C, subsequently covered with aluminium foil and stored in a
fridge (16 " C) until further use. Samples were cut into pieces of 2.7 cm width, 1.9
cm length and 0.5 cm height and presented to the panelist on a cardboard plate,
properly labeled with a three-digit code.
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3.5.2. Test Panel

For sensory test I, 23 and for sensory test II, 25 trained panelists participated.
To increase statistical signiÞcance, sample replicates were included in the sensory
tests. Panelists were trained before the test as described in chapter 3.5.3.

3.5.3. Test Design

Two sensory tests with a di!erent test design were provided during this work.
Table 3.14 summarizes both tests and in tables 3.15 and 3.16 the examined particle
fractions can be found.

Table 3.14.:Summary sensory test I and II.

Sensory Test I II

Panelist (N) 23 25

References1 2 1

Runs 4 4

Total di!erent particle fractions 1 8 5

Total samples 40 36

Total repetitions stimulus 3 3
1 See table 3.15 and 3.16

Table 3.15.:Tested particle sizes in sensory test I (particle size distributions see
appendix A.2).

Sample Irregularly Shaped Particles Spherical Shaped Particles
[#] [IdentiÞer] [IdentiÞer]

Reference DI8 DS22

Sample 1 DI22 DS25

Sample 2 DI32 DS40

Sample 3 DI64 DS65

Sample 4 DI183 DS80

In sensory test I, various samples with di!erent particle size distributions and
spherical morphology were tested against a spherical shaped reference and irregu-
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Table 3.16.:Tested particle sizes in sensory test II (particle size distributions see
appendix A.2).

Sample Irregularly Shaped Particles Spherical Shaped Particles
[#] [IdentiÞer] [IdentiÞer]

Reference DI18 DI18 (irregularly shaped)

Sample 1 DI23 DS23

Sample 2 DI35 DS35

Sample 3 - DS54

larly shaped samples with various particle size distributions against an irregularly
shaped reference. Within this test the particle morphologies were tested separ-
ately. In contrast, in sensory test II, all samples were tested against an irregularly
shaped reference, which refers to a particle size typical for chocolate in Switzerland
(x90,3 = 19 µm). A further di!erence from sensory test I to II is the production
procedure of irregularly shaped particles. While in sensory test I, particles were
produced by sieve fractionation and jet milling, particles of sensory test II were
produced by roller reÞning.
Panelists were trained with a pretest to familiarize by the stimulus. In the pretest,
the panelist had to evaluate a reference sample against a known sample with high
roughness. Panelists were told to slowly melt samples on the tongue and chewing
of samples was not allowed.
After the training session, the evaluating session followed. In this session an
amount of maximum di!erent 10 samples was tested. The samples were ran-
domized and balanced according to the Latin Square (Software Fizz, Biosystemes,
FR). In both sensory tests, each stimulus was repeated 3 times whereas the ref-
erence was repeated 8 times. Each panelist had to Þll a protocol (see appendix
B on page 151) in which every sample had to be rated with "Signal sure", "Signal
unsure", "Noise sure", "Noise unsure".

3.5.4. Evaluation of sensory data

Responses of sensory tests were evaluated according to equation (2.31). Equa-
tion 2.31 delivers the rate of discrimination (R-Index) for each panelist. Hence,
individual threshold of each panelist was obtained by extrapolating the sample R-
Index to 75 % within the data set of the respective panelist. If every stimulus had
a R-Index above 75%, the lowest stimulus was taken as the individual threshold
value for the respective panelist.
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4. Characterization of Polysaccaride
Composite Mixtures

The implementation of amorphous polysaccaride composite particles into confec-
tionery systems requires basic knowledge about the physical behavior, especially
knowledge about the phase transition of such particles from glassy or crystalline
to rubbery and liquid. The related phase transition for aqueous solutions and hy-
drated solids depends on water content and temperature of such materials. This
transition is characterized by the glass transition temperature (Tg), which is of-
ten reported in literature as the glass transition temperature for maximally freeze
concentrated solutions TgÕ (Levine and Slade, 1986, 1988; Roos and Karel, 1991b).
Within this work T gÕ is summarized in the more general term Tg.
Tg of amorphous materials can be measured with various methods (e. g. DMA con-
trolled force/oscillation or DSC) (Boonyai et al., 2005). For DMA controlled force
measurements, DMA is operated in a thermomechanical analysis (TMA) mode,
hereinafter referred as DMA controlled force measurements. Thus, this chapter
discusses Tg data measured with DMA controlled force (see chapter 3.3.1 on page
39) and correlates di!erent Tg measurement methods. For storage purposes, water
sorption kinetics are examined to deÞne critical temperature and moisture levels
(aw) for safe storage of amorphous polysaccaride composite particles.

4.1. Glass Transition Temperature

Glass transition temperature of amorphous polysaccharide mixtures plays a central
role in food materials, especially in confectionary products. When proccess tem-
perature exceedsTg of the amorphous solid, the structure switches to a rubbery
deformable state. This leads to sticking, caking, agglomeration and recrystalliza-
tion (Bhandari and Howes, 1999). Such physico chemical changes of an amorphous
solid can have a markedly impact on the Þnal structure. Particle agglomeration
is highly undesired in chocolate due to increasing roughness and related loss of
smooth melting and ßow perception. (Braun, 2000).
Furthermore, detailed knowledge aboutTg is required for spray drying of amorph-
ous solids. Hence, for a processing in a feasible drying regime, it is of importance to
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4. Characterization of Polysaccaride Composite Mixtures

set the process conditions such that Tg of the resulting composite particle product
is not exceeded in the cone at the bottom of the spray dryer to get a non agglom-
erated product (Adhikari et al., 2004).

4.1.1. ModiÞed Couchman-Karasz-Equation

To describe Tg of ternary mixtures (see table 3.3, page 36), the generalized Couchman-
Karasz-Equation (equation 2.7) was simpliÞed by introducing a second constant
k2:

Tg,m =
(1 ! w2)(1 ! w3)Tg,1 + w2Tg,2k1 + (1 ! w2)w3k2Tg,3

(1 ! w2)(1 ! w3) + w2k1 + (1 ! w2)w3k2
(4.1)

k1 and k2 are ratios of speciÞc heat for system components (! cp,i ) at glass trans-
ition temperature.

k1 =
! cp,2

! cp,1
respectivelyk2 =

! cp,3

! cp,1
(4.2)

Component component 1 is sucrose, component 2 water and component 3 corn
syrup DE19/43. Furthermore, w2 is the total water content of the sample and w3
the mass ratio of sucrose and corn syrup (system component 1 and 3).
This simpliÞed equation was Þtted to all examined measurement series within this
thesis. Therefore, assumptions had to be made, as illustrated in table 4.1. To
further simplify equation 4.1 to a one parametric Þt, Tg,1/ 2/ 3 and k1 were kept as
known Þxed values. It was also assumed that the applied corn syrups, which are
a mixture of various polysaccharides, can be summarized in constant k3.
Figure 4.1 shows a representative Þt of equation 4.1 (CK-Fit) with a 10:90 mixture
of sucrose/corn syrup DE 19 (DE19_10). Equation 4.1 Þts ternary polysaccharide
mixtures examined within this work with good accuracy (R2 = 0.90-0.99) and
therefore, appropriate estimations onTg were provided. For binary mixtures it was
already shown earlier that predictions with equation 4.1-type Þt well (Kalichevsky
et al., 1992; Roos and Karel, 1991a,b,c).
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Table 4.1.:Parameters used for Þtting of equation 4.1.

Tg DE 19 1 178.2± 0.5 " C

Tg DE 43 1 119.2± 5.0 " C

Tg sucrose2 56.6 " C

Tg cocoa powder1 56.0 " C

Tg water 2 -135.0" C

k1
2 6.0

1 Own measurements.
2 Taken from Roos and Karel (1991a,b,c).

Figure 4.1.:Glass transition temperature of a 90:10 sucrose/corn syrup DE 19
mixture (DE19_10) as a function of the water content (w2). The
experimental data is Þtted with equation 4.1 (CK-Fit): k2 = 4.2 and
R2 = 0.99.
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4.1.2. Inßuence of Polysaccharide-types on Glass Transition
Temperature

As discussed in literature (Imamura et al., 2002), the weight fraction of corn syrups
containing polysaccharides with high number average molecular mass (w3) have a
signiÞcant impact onTg of related sucrose mixtures. Higher w3 leads to an increase
in Tg. This behavior can be seen in Figure 4.2 which demonstrates three di!erent
Þtting curves of of sucrose, corn syrup DE 19 and water mixtures, respectively. w3

is varied from 0.10 to 0.70.

Figure 4.2.: Inßuence of the weight fraction of corn syrup DE 19 (w3) on Tg: Fit-
ting curves of sucrose/corn syrup DE 19 mixtures with varying w3 =
0.10-0.70 and varying water content (w2). The Þtting parameters are
illustrated in Þgure 4.4.

Tg increases by factor 1.5, if corn syrup DE 19 content from w3 = 0.1 to w3 = 0.7
is increased. Thus, it could be experimentally shown that increasing w3 increases
Tg signiÞcantly.
Not only the weight fraction of various corn syrups (w3) has an impact onTg, but
also the dextrose equivalent (DE). DE is directly correlated to the average chain
length respectively the number average molecular mass (Mn) of polysaccharides
(Roos and Karel, 1991a,b,c). Table 4.2 gives a representative overview of the
applied corn syrups with corresponding number average molecular mass.
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4.1. Glass Transition Temperature

Table 4.2.:Number average molecular mass (Mn) and dextrose equivalent (DE) of
applied corn syrups (Avaltroni et al., 2004; Roos and Karel, 1991a).

DE [-] Mn [g mol! 1]

19 1250

43 400

Figure 4.3 illustrates the inßuence of varying DE (corn syrups with DE19/DE43)
at di!erent w 3 on Tg and constant water contents (w2 = 0 and 0.05 respectively).

Figure 4.3.:Dependence of Tg on w3 and DE of a mixture sucrose/corn syrup DE
19 (¥) and sucrose/corn syrup DE 43 (" ) at constant water levels of
w2 = 0.05 (dotted line) and w2 = 0 (solid line). w1 is the sucrose
weight fraction and w3 the weight fraction of corn syrup.

The glass transition is linearly dependent on w3, whereas increasing DE of corn
syrups shows a non-linear dependency on Tg, because corn syrups are mixtures
of polysaccarides without a well deÞned molecular structure but a characteristic
number average molecular mass (Mn, see table 4.2).
Table 4.3 summarizes Þtting data of the linear curve Þts provided in Þgure 4.3.
Comparing the slopes, the inßuence of corn syrups containing polysaccharides with
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high Mn (DE 19) compared to corn syrups containing polysaccharides with low
Mn (DE 43) becomes obvious: The slopes for corn syrup DE 19 are between 2 and
3 times higher than for corn syrup DE 43. The intercept of the Þt indicates Tg of
the pure sucrose at respective water content. Therefore, the values should be the
same for both measurement series at constant w2 and linear Þtting lines in Þgure
4.3 should cross at w3 = 0, which is approximately fulÞlled.

Table 4.3.:Overview of linear Þts in Þgure 4.3 with varying sucrose/corn syrup
ratio.

w2 [-] DE 19 DE 43

0
slope 91.5 38.6

intercept 83.2 78.0

R2 0.98 0.99

0.05
slope 67.8 23.6

intercept 40.4 42.1

R2 0.98 0.99

0.10
slope 52.3 23.6

intercept 8.9 14.2

R2 0.97 0.92

Comparing Tg of pure sucrose within the measurement (78" C) at w3 = 0 and w2

= 0 in Þgure 4.3 with literature values (56.6" C, (Roos and Karel, 1991a)), reveals
more than 20" C higher Tg in the recent measurements. Nevertheless, one has to
take into account that the recent measurements are not based on pure, anhydrous,
amorphous sucrose, but on a mixture of sucrose and corn syrup containing poly-
saccharides with various Mn. Furthermore, the recent measurements are based on
extrapolation of a sucrose/corn syrup mixture at water contents of w2 > 0.005.
In contrast, if T g of corn syrup DE43/19 (116.5/174.7" C) at water content w2

= 0 are compared, Tg from measurements Þts quite well to calculated values of
Tg (117.3/178.2" C) from equation 2.4. The analytical methods to determine Tg
may give di!erent results: Here the values for corn syrups (DE 43/DE 19) for
Þtting are taken from own measurements, whereas Tg for pure sucrose is taken
from literature.
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4.1.3. Inßuence of Number Average Molecular Mass of
Polysaccharides on Couchman-Karasz Fitting Constant

As shown before, corn syrups containing polysaccharides with high number average
molecular mass (Mn) increaseTg in a sucrose mixture. This e!ect can also be
illustrated by the Þtting constant k2 in the modiÞed Couchman-Karasz model (see
equation 4.1). k2 denotes the ratio of the speciÞc heat atTg of the polysaccharide
and sucrose fractions.

k2 =
! cp,polysaccharide

! cp,sucrose
(4.3)

From this realtionship, it becomes clear, why corn syrups with low Mn increaseTg

more than corn syrups with high Mn:

¥ Wunderlich (1960) showed in his work, that the higher the molecular weight
of polymers is, the lower! cp at Tg. Similar experimental results were found
by Santangelo and Roland (1998). This means thatk2 decreases with in-
creasing Mn of corn syrups. At the same timek1 increases. Consequently,
by considering equation 4.1, an increased k1 respectively decreased k2 leads
to increased Tg values obtained from this model equation.

¥ Measurements of Levine and Slade (1988) revealed that the correlation of
Tg and Mn showed a linear correlation. Hence, polysaccharides with high
Mn are able to build up structural networks within a sucrose/polysaccharide
mixture which leads to increased Tg.

Figure 4.4 denotes a decrease of the experimentally determined k2 with increasing
weight fraction of corn syrup (w3) in the sucrose mixture. In addition, it gets
visible, that corn syrups with high Mn (DE 19) increase Tg more e"ciently than
corn syrups with low Mn (DE 43) by considering the Couchman-Karasz Þtting
constant (k2) in more detail. First, it is obvious that k2 approaches a constant
value of 1.5 at high weight fractions (w3 > 0.5) for corn syrups with high and
low Mn. Additionally, k 2 of the sucrose/corn syrup DE 43 mixture at w3 = 0.1 is
comparable to k2 of pure sucrose (k2 = 6) whereby k2 of the sucrose/corn syrup
DE 19 mixture at w3 = 0.1 is signiÞcantly decreased. This illustrates that corn
syrups with high Mn have higher impact on Tg than corn syrups with low Mn.
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Figure 4.4.:Couchman-Karasz Þtting constant (k2) as a function of the corn syrup
weight fraction (w3, w1 weight fraction of sucrose). a) DE 19 (¥) b)
DE 43 (" )). ConÞdence intervals were calculated on the conÞdence
level " c = 0.05 according to equation 3.1.
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4.1.4. Inßuence of Low-Fat Cocoa Powder on the Glass
Transition Temperature in Sucrose

Low fat cocoa powder has a di!erent inßuence on Tg in sucrose mixtures com-
pared to the above discussed corn syrups as indicated in Þgure 4.5. At low water
contents (w2 < 0.2) cocoa powder respectively the cocoa starch is at high concen-
tration of co-solute sucrose within the aqueous matrix. Hence, it is hypothesized
that cocoa starch is forming "gel particulates" or "starch islands" embedded within
the co-solute matrix, rather than a continuous starch network (Nickerson et al.,
2004). Thus, the presence of high concentrations of co-solutes and the resulting
formation of "gel particulates" or "starch islands" allows the determination of Tg
of the sucrose mixtures containing low fat cocoa powder.

Figure 4.5.: Inßuence of the weight fraction of water (w2) on Tg of a sucrose/low-fat
cocoa powder dispersion (CP_50) Þtted with the Couchman-Karasz-
equation up to w2 = 0.2 (k2 = 1.8 and R2 = 0.89).

At high water contents (w2 > 0.2) cocoa powder is able to form a gel network
and therefore, no glass transition regions are measurable. Nevertheless, the gel-
network weakens with raising temperature, while the softening point of the cocoa
gel network (-10" C) is independent of x2. Hence, Þgure 4.5 shows the described
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e!ects for a representative 50:50 mixture of cocoa powder and sucrose (CP_50)
with di!erent water content. In literature, a similar e!ect was described for a
mixture of tomato pulp and maltodextrin (Goula and Adamopoulos, 2008). Mix-
tures of tomato pulp and maltodextrin or cocoa powder and sucrose, both include
high molecular weight polysaccharides and low fat cell material with a low starch
content (Scha!er and Petreikov, 1997; Schmieder and Keeney, 1980).
Comparing Tg of the sucrose/cocoa powder dispersion at w2 = 0 with previous
measurements with polysaccharides with high Mn, it is obvious that cocoa powder
has comparable e!ect on Tg as a mixture of 30:70 sucrose/corn syrup DE 19 mix-
ture (see Þgure 4.2).

4.1.5. Rheological Determination of Critical Agglomeration
Intensity Temperature

Glass transition temperature of the investigated amorphous polysaccharide com-
posite particles is Þxed by their composition. However, Tg related properties like
surface stickiness and depending agglomeration behavior rely on the "agglomera-
tion treatment" conditions. Here, the particle agglomeration intensity under shear
ßow conditions in a rheometric ßow by using a vane geometry in a continuous
fat phase of cocoa butter is measured and expressed as the critical agglomeration
intensity temperature of amorphous polysaccharide composite particles (Ta,crit ).
Agglomeration interaction of the particles compeds with the acting hydrodynamic
stresses in ßow. Higher ßow stresses lead to more intensive separating particle-
particle interactions in the highly concentrated suspension ßow, which leads to a
decrease in the intensity of agglomeration. In contrary, increasing temperatures
increase the particles surface stickiness resulting in an increased agglomeration in-
tensity.
Accordingly Þgure 4.6a demonstrates the inßuence of various lecithin weight frac-
tions (xLecithin ) in the continuous cocoa butter matrix on agglomeration intensity.
It is obvious that increasing lecithin concentrations in the continuous fat phase
do not inßuence agglomeration intensity respectively Ta,crit , although lecithin is a
surface active agent. In contrast, Þgure 4.6b shows that a temperature increase
from 65 to 86" C increases particle stickiness such that similar agglomeration and
related viscosity increase result at a 3 decade higher shear rate (0.1 to 100 s! 1).
Furthermore, increased( v lead to increased Ta,crit due to higher particle-particle
interactions in highly concentrated suspensions as shown in Þgure 4.6c.
The determination of Ta,crit is not appropriate if absolute Tg values are required.
However, the experiments describe relevant information on the impact on Tg re-
lated stickiness impact on the suspension rheology under application workouts.
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Figure 4.6.: Inßuence of lecithin content a) and shear rate b) on Ta,crit determina-
tion of suspension L05_38/CS32. Graph c) shows the inßuence of( v

on Ta,crit of particles DI32 suspended in cocoa butter with 0.5 wt%
lecithin. ConÞdence intervals were calculated on the conÞdence level
" c = 0.05 according to equation 3.1.

69



4. Characterization of Polysaccaride Composite Mixtures

4.1.6. Comparison of DSC, DMA Glass Transition Temperature
and Critical Agglomeration Intensity Temperature

Tg data or Tg related data can be determined using various methods as shown
before. Hence, it is of great interest to compare these methods and relate them to
practical applications due to the fact that DSC determines Tg thermodynamically,
whereas DMA measurements determine Tg based on the mechanical structure of
the amorphous material. Figure 4.7 gives an overview of the Tg measured with
di!erent methods.

Figure 4.7.:Correlation Tg measurements DMA oscillation (¥), DSC (" ) and crit-
ical agglomeration intensity temperature (Ta,crit , ( ) to DMA con-
trolled force of a 70:30 sucrose/corn syrup DE 43 mixture (DE43_30)
with various water contents (0.01 < w2 > 0.4).

Accordingly, critical agglomeration intensity temperature (Ta,crit ) is most relevant
for practical application in confectionery industry, because this method measures
the agglomeration of suspended particles at typical process conditions. Due to the
fact, that the measurement of Ta,crit is executed in liquid cocoa butter above 40
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" C it is not possible to measure materials which are liquid at these conditions and
on the other hand, Ta,crit of particles have to be higher than 40" C because of the
liquid cocoa butter. Therefore, 2 datapoints were measured only with this method.
To compare the applied methods for absolute Tg determination, a 70:30 sucrose/corn
syrup DE 43 (DE43_30) solution was evaluated. The methods correlate linearly
as indicated in Þgure 4.7. The data in Þgure 4.7 Þts very well to a linear curve
with a preset slope of 1. A linear curve Þt with a slope of 1 and an intercept
of 0 would correspond exactly to the Tg measured by DMA controlled force (see
dashed line in Þgure 4.7). Thus, the intercept of the Þtting curve corresponds to
a characteristic temperature shift of the respective method (see table 4.4).

Table 4.4.:Overview and comparison of Þtting parameters of linear Þts in Þgure
4.7 of a 70:30 sucrose/corn syrup DE 43 (DE43_30) solution.

DMA oscillation DSC

slope 1 1
temperature
shift from DMA

8.0 -13.5

controlled force
(intercept)
R2 0.98 0.99

Hence, DMA oscillation measurements overestimate (+8" C) and DSC measure-
ments underestimate (-13.5" C) T g compared to DMA controlled force. Further-
more, Tg,crit correlates to DMA oscillation measurements. These temperature
shifts can be explained with the di!erent measuring principles, the di!erent heat
transfer of the various measurement geometries, the various heating rates and the
di!erent sample sizes. All these factors inßuence the absolute value of Tg, but not
the basic correlation between the methods.
Tg,crit is most relevant for practical application in confectionery systems, as dis-
cussed above. Nevertheless, DMA controlled force measurements are of higher
relevance than rheological or oscillation measurements due to the fact, that this
method is very simple, reproducible and liquid as well as solid samples are measur-
able. The determination of Tg,crit is only possible for solid powder samples above
40 " C (if the measurements are provided in cocoa butter), whereas the Tg determ-
ination of solid powder samples using DMA oscillation is hardly reproducible. In
summary, all methods provide relevant data which correlates linearly, but which
have to be di!erentiated concerning their interpretation as a real Tg value.
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4.2. Watersorption

Tg depends on the water content of the polysaccharide matrix and decreases with
increasing water content. Furthermore, recrystallization of amorphous polysac-
charides depends on water activity (aw) and water content during storage (Joup-
pila et al., 1997). Crystallization of an amorphous polysaccharide is accompanied
by the loss of absorbed water as a function of time and therefore, the amorphous
solid undergoes a phase transition (Jouppila and Roos, 1994). Hence, knowledge
of water sorption properties in food products is extremely important to estimate
the physical properties and behavior concerning processing, microbial growth and
stability (Roos, 1995b).
Figure 4.8 represents a diagram which connects Tg and water sorption data of a
70:30 sucrose/corn syrup DE43 solution (DE43_30).

Figure 4.8.:Glass transition temperature Tg as a function of water activity (aw) Þt-
ted with the modiÞed Couchman-Karasz equation (CK-Fit) and sorp-
tion data (sorption equilibrium values at 25" C) Þtted with the Lewicki
model for a 70:30 sucrose/corn syrup DE 43 mixture (DE43_30).
With the dashed line, locations of critical Tg respectively aw at 25" C
are shown.

In Þgure 4.8 the plasticizing e!ect of water on Tg is visible: Tg decreases rapidly
with increasing water content. Hence, the sucrose/corn syrup mixture is solid at
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ambient conditions up to a water content of 5% and therefore, Tg is higher than
room temperature. With the help of this Þgure, critical aw levels can be determined
for safe storage and processing of the distinct polysaccharide. Thus, the mixture
of sucrose/corn syrup DE43 can be safely stored below aw = 0.38 at 25" C. Roos
(1993) determied similar critical values for polysaccharides ranging from aw = 0.7
for corn syrup DE 5 to aw = 0.45 for corn syrup DE 36. For skim milk solids they
proposed a critical aw value of 0.37 (Roos, 2002).
Additionally, critical humidity levels can be determined with dynamic sorption bal-
ance measurements by detecting recrystallization peaks in water sorption data. In
Þgure 4.9 a representative sorption balance measurement for a 70:30 sucrose/corn
syrup DE43 mixture (DE43_30) is shown.

Figure 4.9.:Sorption balance measurement of a 70:30 sucrose/corn syrup DE 43
mixture at 25 " C. dm indicates the weight di!erence in% of the dry
sample and the actual sample weight.

Hence, if an amorphous structure recrystallizes the structure collapses and the
bound, complex water is released. Therefore, recrystallization peaks can be de-
termined with the weight di!erence (dm) from water sorption data: deceasing dm
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indicates a loss of bound water and shows the phase change from an amorphous
to a crystalline structure. Therefore, this is a simple method to experimentally
determine critical humidity levels of solid, amorphous samples. Furthermore, dy-
namic water sorption measurements give information about water sorption kinetics
of amorphous polysaccharide matrices. In general, recrystallisation occurs within
5-10 h for the examined samples within this thesis if the critical humidity level is
exceeded.
Figure 4.10 indicates critical humidity levels (aw) at 25 " C at which a mixture of
sucrose/polysaccharide recrystallizes (recrystallization peak in sorption data) un-
der real conditions in a sorption measurement. No recrystallization of the mixtures
containing low-fat cocoa powder and sucrose was detectable in the sorption iso-
therms (no recrystallization peak). It can be postulated, that the starch network
as well as the cell material stabilized the adsorbed water within the structure and
therefore, released free water after recrystallization migrated to the cell material
of cocoa, while amorphous sucrose/polysaccharides recrystallizes.
The lower graph of Þgure 4.10 shows the inßuence of polysaccharides on Lewicki
Þtting constant " L . A linear increase of" L is clearly visible upon a polymer con-
tent of w3 = 0.5. Additionally, " L of cocoa powder is smaller than" L of both
corn syrups (DE 19 and DE 43), which indicates that polymers with high Mn are
able to bind more free water than cocoa powder. Generally, the Þtting parameter
" L , as described in equation 2.12, is the ratio of the mass of the complex, bound
water and the mass of the free water in the distinct food product. Therefore, with
increasing polymer content the Þtting parameter" L should increase, because less
free water is available in the structure. This inßuence can be seen up to a polymer
content of w3 = 0.5. At higher polymer content, " L remains constant.
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Figure 4.10.:Critical aw (25" C, recrystallization, for values with aw = 1 no recrys-
tallization was visible in the sorption data) in function of polysacchar-
ide/cocoa content (w3) of the sucrose matrix (w1, top) and inßuence
of polysaccharide/cocoa content on Þtting constant" L of the Lewicki
model. ConÞdence intervals were calculated on the conÞdence level
" c = 0.05 according to equation 3.1.
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4.2.1. Inßuence of humidity during storage

As before discussed, amorphous polysaccharide solids are very hygroscopic and
therefore absorb water immediately under certain conditions. As a consequence of
water uptake, Tg of the polysaccharide composite mixtures decreases dramatically
and undesirable caking phenomena can occur. A number of mechanisms respons-
ible for caking phenomena are proposed in literature, but compressive caking and
moisture migration caking are the two dominating mechanisms (Christakis et al.,
2006). Amorphous materials above Tg are in a non-equilibrated, "stable" glassy
state and have an extremely high viscosity (& > 1012 Pa s) (Roos, 1995a), which
assures that the material supports its own weight and the prevention of caking
e!ects (Slade et al., 1991). Water plastiÞcation of an amorpous material results
in a dramatic reduction of viscosity and therefore, the decreasing viscosity induces
ßow and deformation of the amorphous material which then undergoes a typical
caking process by bridging, agglomeration, compaction and most probably lique-
faction (Aguilera et al., 1995).
In Þgures 4.10 and 4.8 critical humidity levels of amorphous solids were deÞned.
Thus, it was found that amorphous sucrose/polysaccharide solids recrystallize at
critical humidity levels of about aw = 0.4 at 25" C. To underline this fact, a mixture
of sucrose, corn syrup DE 43 and cocoa powder (CS32) was stored at two di!erent
humidity levels (aw = 0.33, 0.43) at 25 " C for 5 days and Þnally analyzed with
Scanning Electron Microscopy and laser di!raction particle size analysis. Figure
4.11 gives a summarized overview of this experiment.
From the former results, it could be expected that amorphous polysaccharide com-
posite particles containing cocoa solids should remain stable at aw = 0.33 and col-
lapse at aw = 0.43. Exactly this behavior is illustrated in Þgure 4.11: on the one
hand with the particle size distribution, which remains constant if the particles are
exposed to an aw of 0.33, and on the other hand with the SEM picture on which no
agglomerated particles are visible. If the analyses of the amorphous polysaccharide
composite particles containing cocoa solids particles stored at aw = 0.43 are con-
sidered, a completely restructured and partially collapsed powder (agglomerated)
is visible. The particle size distribution shows a clear shift to higher values and
the SEM picture indicates caked particles. Thus, the particles changed from a free
ßowing powder to a compacted powder.
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200 !m200 !m

Figure 4.11.:Particle size distribution (x) of a powder confectionery system (CS32)
stored at di!erent humidity levels (5 days at 25¡C). The solid line
represents the PSD of freshly produced CS32 (reference), the dashed
line the PSD of CS32 stored at aw = 0.33 (corresponding SEM picture
on the left side) and the dotted line the PSD of CS32 stored at aw =
0.43 (corresponding SEM picture on the left side).
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5. Spray Drying Process

Spray drying is a standardized process widely used in food processing to produce
powders from ßuids. Among the parameters in this process inßuencing the product
properties whe have selected particle size and particle humidity. Furthermore,
based on lab scale results scale-up trials were done.

5.1. Dimensions and Energy Consumption of the
Spray Drying Process

During a spray drying process, a ßuid is atomized and dried in a drying chamber
in which, the liquid droplets are in contact with hot air. Three basic types of
relative air to liquid droplet ßow are distinguished (Huang et al., 2006):

¥ Cocurrent ßow: the droplets fall down the spraying chamber with the
drying air in the same direction. This is the most common setup for spray
drying systems, also applied in the process within this thesis.

¥ Countercurrent ßow: the drying air ßows coutercurrent to the falling
liquid droplets. It is used for heat sensitive materials that require coarse
particles, special porosity or high bulk density.

¥ Mixed-ßow ßow: this set up is employed when a coarse product is required
and the size of the drying chamber is limited.

ParticlesÕ drying e"ciency depends on the particle diameter and the temperature
di!erence between the drying air and the corresponding steady-state temperature
of the particle surface (Gianfancesco et al., 2008). Furthermore, the drying time
di!ers for shrinking and non shrinking particles due to transfer area change and
skin formation. With the knowledge of these parameters and known type of air
ßow in the spray dryer, the drying time can be estimated for non hygroscopic
materials, which undergo evaporation drying only, whereas the drying time for hy-
groscopic materials is more complex (Windhab, 2006). The drying of hygroscopic
materials can be typically separated into three drying stages: 1) Evaporation dry-
ing, 2) Capillary drying and 3) Di!usion controlled drying (Heiss and Eichner,
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2002).
Hence, the drying of hygroscopic materials depends on di!erent mass transfer
phenomena and it is not possible to dry such materials completely. Hygroscopic
materials can maximally dry to the steady-state moisture depending on the state
of the drying air (Windhab, 2006). It is of importance to guarantee a su"ciently
long residence time of the particles throughout the spray dryer, due to the fact
that di!usion controlled drying is rather slow compared to evaporation drying.
The needed residence time for evaporation drying of waterdroplets can be easily
estimated by using standardized tables: All following estimations are provided us-
ing tables from Windhab (2006) which can be found in appendix D. Table 5.1 gives
an overview of the assumptions which have been made for the sizing calculations of
the spray dryer. The basic data as well as a sketch of the applied spray dryer can
be found in the section materials and methods (see chapter 3.4.1 on page 52).

Table 5.1.:Representative parameters used for the energy and mass balance of the
lab scale spray dryer operated in cocurrent ßow.

Sauter diameter particles (x1,2) 8 µm

Flow rate drying air ( úmL ) 1 200 kg h! 1

Mean axial velocity tower (vA ) 0.06 m s! 1

Cooling limit temperature (TCL )2 62 " C

Temperature Inlet (TInlet ) 185 " C

Temperature Middle (TMiddle ) 139 " C

Temperature Bottom (TBottom )1 118 " C

Temperature Outlet (TOutlet )3 102 " C

Temperature Feed (TF eed) 25 " C

! T (T Inlet - TBottom ) 67 " C

! T (T Middle - TCL ) 77 " C

! T (T Inlet - TMiddle ) 46 " C
1 Calculated with a mass balance over the spray dryer.
2 Estimated using a Mollier i, X diagram.
3 Air mixed with fresh air (25 " C).

Table 5.2 summarizes the results of the sizing calculations of the spray dryer used
within this project. The calculations are based on a mass balance over the volume
ßow of the drying air and on an simpliÞed energy balance.

Additionally to table 5.1 further assumptions were made:
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Table 5.2.:Overview sizing calculations of the applied spray drying process (see
tables in appendix D on page 155.

Parameter Calculated Real

Diameter Tower (DT ower )1 1.1 m 1.0 m

Height Tower (HT ower )2 2.0 m 2.0 m

Mean drying time particle (t)3 0.8 s -

Mean residence time tower (+T ower )4 5.3 s -

Mean residence time tower/cyclone (+all )4 5.6 s -

Maximum drying capacity ( úmW,max )4 4.65kg h! 1 3.76kg h! 1

1 Estimated according to table D.2.
2 Calculated for particles with a diameter of 100µm and ! T = 100 " C according

to table D.1.
3 Calculated for shrinking particles with a diameter of 100µm and ! T = 100 " C

according to table D.4.
4 Calculated according to equation 5.1 and mean axial velocity.
5 Calculated with the assumption: ! T (T Inlet - TBottom ) according to table D.3.
6 Measured.

¥ Heat capacity and density of water was considered to be constant over the
whole temperature range.

¥ Heat capacity of air was considered to be constant over the whole temperat-
ure range whereas the density was calculated for the di!erent temperatures.

¥ Mean residence time of the particles was calculated using StokesÕlaw:

vp =
2R2g() p ! ) f )

9&
(5.1)

where vp is the particle setting velocity, ) p and ) f the mass density of the
sphere and the ßuid, g the gravitational acceleration, R the diameter of the
particle and & the dynamic viscosity of the ßuid (Batchelor, 1967).

¥ Theoretical energy consumption calculation is based on a measurement with
pure water (see Þgure 5.1) and the assumption of complete evaporation.
Energy losses of the spray dryer are not considered in the assumption. This
leads to:

úQtheo = úmW (cp,H 2O(100" C ! TF eed) + ! Hv,H 2O) (5.2)
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¥ The measured energy consumption is calculated according to the following
equation:

úQmeas = úmL cp,air ! T (5.3)

where! T = T Outlet, 1 - TOutlet,i . TOutlet, 1 is the steady-state outlet temperat-
ure without feeding and TOutlet,i is the the steady-state outlet temperature
at feed rate i.

¥ The mass ßuxes are measured indirectly with the air velocity at the inlet
and outlet using a Prandl pitot tube.

With such assumptions, estimations about the spray drying process could be be
provided as summarized in table 5.2. All calculated parameters correspond quite
well with the measurements of the applied spray drying process, except the estima-
tion of the parameter maximum drying capacity (úmW,max ). The measured úmW,max

is about 20% lower than the calculated value (see table 5.2). The assumption of
ideal conditions and the very general sizing without considering the geometry of
the dryer may leads to such errors in this order of magnitude. Nevertheless, such
calculations o!er reasonable estimations of spray dryer dimensions and perform-
ance, which further allow a better understanding and description of the process in
a simple model for further process optimization.
Figure 5.1a shows a typical temperature and Þgure 5.1b a typical energy proÞle of
the spray dryer. The calculated theoretical energy consumption overestimates the
energy consumption with an error of again about 20%. This is acceptable due to
the already above discussed assumptions. It can be seen that the measured energy
drops at a feeding rate of 4.8 kg h! 1. This energy drop indicates the maximum
drying capacity of the spray dryer. Considering the estimation of the maximum
drying capacity in table 5.2, this Þnding corresponds quite well to the theoretical
value. From this experiment, it can be concluded that about 3.7 kg h! 1 water can
be evaporated without reaching the dryers maximum capacity.
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Figure 5.1.:Typical temperature proÞle (symbols are described in Þgure 3.9 on
page 54) in the spray dryer (a) with increasing feeding rateúmW from
0 to 5 kg h! 1 and the corresponding energy proÞle including the meas-
ured energy consumptionúQ in the middle of the dryer and at the out-
let compared with the calculated theoretical energy consumption for
water (b).
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5. Spray Drying Process

Maximum drying capacity of the spray dryer (úmW,max ) may be visualized by con-
sidering the di!erence of the theoretical respectively measured energy heat ßow
(! úQ) and temperature drop measured in the middle of the spray dryer TMiddle at
various feeding rates (úmW , see Þgure 5.2).! úQ remains constant until úmW,max of
the spray dryer is reached. At this point,! úQ increases by a factor 3 compared to
the constant values below! úQ. Additionally, the measured temperature drop in
the middle of the dyer TMiddle linearly depends on úmW until úmW,max is exceeded.
Furthermore, TMiddle (see Þgure 5.1) drops below 100" C by exceeding úmW,max

indicating the maximum drying capacity limit of the spray dryer.

Figure 5.2.:Correlation of TMiddle and ! úQ = úQtheoretical - úQmeasured on water feed-
ing rate ( úmW ).

Not only the drying capacity, but also the residence time of the dried particles in
the dryer is important to guarantee a satisfactory drying result. As visible in table
5.2, a residence time of about 0.8 s is needed to dry shrinking waterdroplets with
a diameter of about 100µm completely. Nevertheless, this estimation is based on
evaporation drying and therefore, a rough estimate for hygroscopic materials. The
rate determining step in drying hygroscopic materials is the last drying step, the
di!usion controlled drying. Hence, hygroscopic materials need a longer residence
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time in the spray dryer. The mean residence time of a particle in the spray dryer is
about 5.6 s. This is 7 times longer than the estimated drying time for a shrinking
water droplet (see table 5.2). Due to this fact, it is assumed that the residence
time of the particles is long enough to dry polysaccharides completely. This theor-
etical assumption correlates well with the experiments (see section 5.2), in which
the residual moisture of the spray dryed powder is in the range of 2-4 wt%.
It is of further importance, that the particles are not treated above the glass trans-
ition temperature to avoid sticky surfaces which could result in an agglomerated
Þnal product. In the Þrst stage of drying (evaporation drying) the cooling limit
temperature (TCL = 62" C) prevents heating of the particles above Tg. After
evaporation drying the particles slowly equilibrate with the environment (Wind-
hab, 2006) temperature and therefore, the outlet temperature should be below Tg

(BŸchi AG, 2002). The admixture of cooling air at room temperature at the out-
let guarantees a rapid cooling of the product particles and avoids agglomeration
e"ciently in the applied process, which is experimentally demonstrated.

5.2. Parameters Inßuencing Particle Size
Distribution

A major goal of this project was to implement the spray dried particles into a
confectionery matrix. Thus, to obtain smooth textures in confectionery matrices,
the particles have to be smaller than 30µm (Bourne, 2002). The atomization
of liquids is dominated by surface tension forces and spray dried particles results
always in spherical shaped particles (Blei and Sommerfeld, 2005). In practice, to
obtain Þnely atomized particles di!erent nozzles are used (Walzel, 2000). This
project focuses on a twin-ßuid nozzle with external mixing due to the fact that
twin-ßuid nozzles produce particles with a particle size up to factor 10 smaller
than one-ßuid nozzles (RŠhse and Dicoi, 2009).
Not only the type of the spray nozzle inßuences the particle size but also the prop-
erties of the dispersed phase (i.e., viscosity liquid, feeding rate) and the continuous
phase (i.e., the gaseous medium into which the droplets are discharged) (Lefebvre,
1989).
Ohnesorge (1936) quoted criteria for classifying jet disintegration which were mod-
iÞed by Miesse (1955). According to these criteria, jet disintegration can be quan-
tiÞed by the dimensionless Reynolds (Re) and Ohnesorge (Oh) numbers. The
boundary line from the second wind induced drop break up regime to the atomiz-
ation regime can be described with relation 5.4:

Oh = 100Re! 0.92 (5.4)

85



5. Spray Drying Process

In Þgure 5.3 the di!erent jet disintegration regions are represented as well as the
examined disintegration regimes within this project.

Figure 5.3.:ClassiÞcation of modes of disintegration (Lefebvre, 1989) and the
examined disintegration regimes for a corn syrup DE 43 solution
(DE43_100, TS = 0.5, " ) and a corn syrup/cocoa powder solution
(DE43C, TS = 0.5 and varying cocoapowder content in the solution
of 4.5, 8.5, 12.5, 16.5 wt%, ! ).

The inßuence of di!erent spraying pressures (ranging from 1-6 bar) denoted with
increasing Re on a 50 wt% corn syrup DE 43 solution (DE43_100) and the in-
ßuence of increasing surface tension/viscosity of corn syrup DE 43/cocoa powder
solutions (DE43C) with varying cocoa powder content (4.5 - 16.5 wt%) were ana-
lyzed. According to the di!erent analyzed disintegration regimes, solutions were
disintegrated in the region of the second wind induced drop breakup and the atom-
ization regime. Similarly the disintegration regimes can be determined considering
the gas Weber number (Weg).
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Weg =
) F v2

F lc
* F

(5.5)

where) F is the density of the spray solution, vF the mean velocity of the atomizing
air, lc the diameter of the nozzle and* F the surface tension of the spray solution.
With the help of Weg, critical values for the di!erent regimes were deÞned. Com-
paring these critical values with the values of the experiment, a similar statement
can be provided: Weg,crit for the atomization region is 43.3 (Ohnesorge, 1936) and
the calculated Weg in the experiment (corn syrup DE 43, TS = 0.5) are 37, 58 and
75 respectively, for the three points in the transition region.
Considering the inßuence of Re on the particle size (x90,3), illustrated in Þgure 5.4,
of a sprayed corn syrup DE 43 solution (DE43_100) the transition region from the
second wind induced regime (3) to the atomization regime (4) is remarkably visible
by a clear decrease of x90,3. At the transition point from regime 2 to 3, the drop
breakup length is maximum and decreases rapidly with increasing Re (Schneider,
2003) which could explain the sudden decrease of x90,3 in the atomization regime.
Consequently, the water activity of the resulting powders decreases as well due
to the increased particle surface which allows more e"cient drying. Furthermore,
increased feed rates (úmw) increase x90,3 due to the higher mass ßux: Increasingúmw

decreases the ratio of mass ßux atomizing air (úmA ) to úmw and therefore, atomizing
e"ciency is decreased with the consequence of increasing x90,3.

Besides the inßuence of feed rate and Re on x90,3, viscosity and surface tension (' L )
of the spraying solution have an remarkable e!ect on the particle size distribution.
Ejim et al. (2010) reported that a 67-fold increase in viscosity results in 46µm
increase of the Sauter-diameter within a two-phase gas/liquid ßuid coker nozzle.
They found as well that a 2.4-fold increase in' L results in an increase of the
Sauter-diameter of 42µm. These investigations were performed with spraying
water, canola oil and a glycerine-water solution.
Similar results were found within this project by spraying corn syrup DE 43/cocoa
powder solutions (DE43C) with increasing viscosity. The increasing cocoa powder
content resulted in an increase of viscosity, but in a decrease of' L . Table 5.3
summarizes the measured values of' L and &34.6 for the di!erent cocoa solutions.
The viscosity (&34.6) is measured at a shear rate of 34.6 s! 1 due to the fact that
this value corresponds to the calculated representative shear rate in the nozzle1.

1Calculated representative shear rate of a pipe ßow according toú! s = 0 .8154 úm L
3!r 3 assuming

Newtonian ßow (Menges, 2002)
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Figure 5.4.: Inßuence Re on particle size distribution (x90,3) and aw of a corn syrup
DE43 solution (TS = 0.5) with a feed rate úmw = 1 kg h! 1 (a, b) and
úmw = 1.5 kg h! 1 (c). ConÞdence intervals were calculated on the

conÞdence level" c = 0.05 according to equation 3.1.
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Table 5.3.:Surface tension (' L ) and viscosity (&34.6) for a sucrose/corn syrup DE
43 (DE43C) solution with di!erent cocoa powder contents.

Cocoa powder Viscosity &34.6 Surface tension ' L

[wt%] [Pa s] [mN m! 1]

0 0.02 60.2

4.5 0.04 52.1

8.5 0.06 49.9

12.5 0.11 45.1

16.5 0.91 38.1

Figure 5.5 shows the inßuence of changing surface&34.6 and ' L on x90,3 and on the
water content. The particle size increases with increasing viscosity. From these
measurements it seems that the viscosity has bigger inßuence on the particle size
as the surface tension. As already mentioned above Ejim et al. (2010) found that
increasing&34.6 and ' L should lead to bigger particles. Here, the' L is decreasing
and &34.6 is increasing. Therefore, the decreasing' L could possibly have some
compensatory e!ect.
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Figure 5.5.: Inßuence of cocoa content on x90,3 (a), water content of dried particles
(b) and viscosity (c) of a corn syrup DE 43/cocoa powder solution (TS
= 0.5 and varying cocoapowder content of 0.5, 0.1, 0.15, 0.25 wt%)
sprayed with úmw = 1 kg h! 1 and Re = 8300 = constant. ConÞdence
intervals were calculated on the conÞdence level" c = 0.05 according
to equation 3.1.
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5.3. Scale up

The measurements of the previous chapter were performed on lab scale (about
0.2 kg Þnal product per hour). For an e"cient and cost optimized production,
it is of importance to scale-up the process and evaluate the powder properties to
assure constant quality reached like for lab scale experiments. Scale-up experiment
were successfully completed on a pilot spray dryer with a capacity of about 3 kg
Þnal product per hour. Hence, the scaling factor is 15. Additionally, this scale-up
focused on the translation of the process to typical industrial conditions. Therefore,
recipes were adjusted to a milk chocolate type, because this ßavor/taste is the most
important in chocolate industry.
In a Þrst trial, a solution of skim milk powder, cocoa powder, sucrose, corn syrup
DE 43 and water (DE43CM_9, TS = 0.6) was spray dried in the pilot spray
dryer. The spray dryer was equipped with a twin-ßuid nozzle with internal mixing.
Hence, this nozzle was used instead of the nozzle with external mixing as used in
the previous experiments. The applied spray dryer was equipped with simple
metrology and therefore, no further energy and mass calculations are provided.
Instead, table 5.4 gives an overview of typical operating conditions of that pilot
scale spray dryer.

Table 5.4.:Typical operating parameters of the spray dryer applied for the scale-
up.

Inlet Temperature (TIn ) 15" C

Outlet Temperature (TOut ) 80" C

Feedrate (úmW ) 7.6 kg h! 1

Atomization Pressure (pA ) 2-6 bar

Temperature Feed (TF eed) 55" C

Main di!erences of this scale-up trial are the di!erent nozzle and the increased
feeding rate, otherwise the conditions were comparable to the conditions for the
lab scale trials. Main focus of the scale-up trial was on the particle size of the
produced particles. Figure 5.6 and 5.7 give an overview of the reached particle
sizes, a light microscopic and a SEM picture of the sprayed particles. The light
microscopic picture demonstrates the "coating e!ect" of the polysaccharide matrix:
The cocoa powder as well as the milk powder is completely embedded within the
sucrose/polysaccharide matrix. This embedding allows to transfer all disperse
particles into spherical shaped ones which can then be dispersed in cocoa butter
to form a chocolate matrix.
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Figure 5.6.:Characteristic particle sizes from scale up trial 1 depending on spray
pressure of a solution containing skim milk powder, cocoa powder,
sucrose, corn syrup DE43 and water (DE43CM_9, TS = 0.6). Con-
Þdence intervals were calculated on the conÞdence level" c = 0.05
according to equation 3.1.
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50 µm

20 µm

Figure 5.7.:Light microscope picture (top) and SEM-picture (bottom) of particles
sprayed in scale-up trial 1 of a solution containing skim milk powder,
cocoa powder, sucrose, corn syrup DE43 and water (DE43CM_9, TS
= 0.6) here showing in addition a partially aerated internal structure.
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As visible from these Þgures, it is not possible to spray particles below x90,3 = 30
µm for several reasons:

¥ The particle size of the applied cocoa powder was at x90,3 = 25 µm and
therefore it is almost impossible to spray particles below 30µm.

¥ The particles have an aerated structure (see Þgure 5.7) which possibly in-
creases the size of the particles due to the high amount of air, which increases
its volume dramatically at high temperature, in the particles.

The gas bubble structure could be advantageous for calorie reduction in confec-
tionery systems because the air bubbles are small and not visible in the Þnal
product. Nonetheless, a gas bubble structure was undesired within these trials
and the particles too big. Therefore, to reach the targeted particle size, a second
trial was provided. In the second trial some modiÞcations have been introduced
to reduce the particle size and avoid aeration:

¥ The cocoa powder has been left out to lower the viscosity and to avoid
particles of x90,3 > 25 µm. Hence, a solution of skimmed milk powder,
sucrose and corn syrup DE 43 (DE43M, TS = 0.5) was sprayed instead.

¥ A spray nozzle with external mixing was employed to avoid foamy structures.

These modiÞcations resulted in a powder with the desired properties summarized
in table 5.5.

Table 5.5.:Summary scale up trial 2

Averaged Yield 67.5%

Total amount produced 21.8 kg

Particle Size (x90,3) 22.5 ± 1.0 µm

Moisture 3.55± 0.1 wt%

Onset Tg 51.3 " C

As can be seen from Þgures 5.8 and 5.9 the particles have the targeted particle size
and are only little foamed. Moreover, the air inclusions have been created due to
drying itself. Therefore, the hypothesis that the nozzle type with internal mixing
is responsible for the undesired product properties in trial 1 is proven. Last but
not least, it can be stated that with these experiments, it is feasible to produce
spherical shaped amorphous polysaccharide composite particles on a pilot scale.
The scale up to economically proÞtable industrial scale would be the next logical
step.
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Figure 5.8.:Particle size distribution of the particles sprayed in scale-up trial 2.

Figure 5.9.:REM-picture of particles sprayed in scale-up trial 2.
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6. Properties of Polysaccharide
Composite Particles in
Confectionery Systems

It is a novel strategy to produce confectionery products with spherical shaped
polysaccharide composite particles. An advantage of spherical shaped particles is
their lowering e!ect on viscosity compared to irregularly shaped particles. Con-
sequently, it is possible to reduce the continuous fat phase (cocoa butter) of a
confectionery system resulting in calorie and cost reduction. Due to the novelty
of spherical shaped composite particles in confectionery products, no studies have
been performed in this Þeld. This chapter will quantify rheological and sensory
properties of spherical shaped polysaccharide composite particles in cocoa but-
ter.

6.1. Selecting Model Equation

To compare ßow properties of di!erent confectionery model systems, character-
istic ßow parameters obtained from rheological measurements can be derived. In
confectionery systems, yield stress (+0) is one of the characteristic reference value
to compare ßow properties. Furthermore,+0 is relevant for estimating process
properties such as pumping or moulding of a respective confectionery mass. To
determine +0, many di!erent methods and models were proposed. Padar (2009)
reported in his work, that recording of the equilibrium ßow curve (+%( ú' )) and the
indirect determination of +0 by extrapolation of the shear stress (+) to the zero
shear rate (ú' !& 0) delivered well reproducible and su"ciently accurate values.
Approximation models used for confectionery systems can be found in chapter
2.6.2 on page 30. A parameter of further importance is the upper Newtonian vis-
cosity (&$ ). &$ is relevant for related ßow properties of confectionery systems at
higher shear rates.
By applying approximation model functions (see chapter 2.6.2 on page 30) to the
ßow curves of the model systems used here, some deviations of approximated and
measured results were obtained as illustrated in Þgure 6.1.
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Figure 6.1.:Yield stress (+0) extrapolated to ú' = 0.1 s! 1 from Tscheuschner (TE),
Casson (CA), Windhab (WH), Herschel-Bulkley (HB) model, shear
stress at shear rate 0.1 s! 1 (S) (a, b) and corresponding relative errors
of the models over the Þtting range (c, d). The graphs a, c relate to a
suspension of irregularly shaped particles (DI32) and b, d to spherical
particles (DS32) suspended in cocoabutter/lecithin (L0.5_48).
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In Þgure 6.1, suspensions containing spherical (DS32) or irregularly shaped corn
syrup DE 43 particles (DI32) in cocoa butter (0.5 wt% lecithin, ( v = 0.48, L0.5_48)
are represented. Here, the Casson model estimates 2-4 fold lower+0, compared to
the other models, which estimate+0 in the same order of magnitude. Considering
the measured shear stress atú' = 0.1 s! 1, this value correlates well with+0 estim-
ated with Windhab, Tscheuschner and Herschel-Bulkley model. At shear rates of
ú' = 0.1 s! 1 the suspensions are in structural domain. In this domain, the ßow be-
havior is dominated by structural forces being responsible for yield value forming.
Hence, this value can be considered as representative value for+0.
Considering the deviation of model and experimental data (relative error) in Þgure
6.1, all models deliver relative errors lower than 0.2% except the Casson model.
While comparing the root-mean-square error (RMSE) the Windhab model results
with smallest errors and the Casson model with the highest errors (see table 6.1).
Nevertheless, the models predict the ßow curve at low shear rates (below 1 s! 1)
with reduced accuracy.

Table 6.1.:Root-mean-squared error (RMSE) of Þts of Tscheuschner (TE), Casson
(CA), Windhab (WH), Herschel-Bulkley (HB) model (goodness of Þt
in Þgure 6.1).

Model Irregularly Shaped Spherical Shaped

RMSE

TE 1.6 0.6

CA 32.2 18.9

WH 1.5 0.5

HB 1.7 0.7

In the work of Padar (2009) the Herschel-Bulkley model is suggested to be applied
on confectionery compound masses for high and very low viscous confectionery
samples. He found in his work that this model describes a large variety of ßow
curves satisfactorily. Despite the broad range of the Herschel-Bulkley model, this
model was only able to describe about 80% of the ßow curves within this study.
To illustrate the limitations of the model Þts at low shear (ú' = 0.1 s! 1), Windhab
and Hershel-Bulkley model are compared in Þgure 6.2. From this Þgure it is ob-
vious, that the Herschel-Bulkley model underestimates the yield stress while the
Windhab model approaches the ßow curve more precisely in this region. Never-
theless, Windhab model overestimates+0 and does not estimate+0 appropriately
for all cases in this study.

99



6. Properties of Polysaccharide Composite Particles in Confectionery Systems

Figure 6.2.:Windhab versus Herschel-Bulkley-Fit Þtted to a confectionery model
suspension containing irregularly shaped corn syrup DE 43 particles
(DI32) suspended in cocabutter and lecithin (L0.5_48).

To complete the picture in Þgure 6.2 the statistical parameters of both Þts, rep-
resented in table 6.2 have to be considered.

Table 6.2.:Fitting parameters derived from Þgure 6.2

Parameter Windhab-Model Herschel-Bulkley-model

+0 4.4 2.1

R2 0.99 0.99

RMSE 4.4 54.9

The correlation coe"cient (R2) indicates in both cases a good model Þt, but con-
sidering RMSE, the less good model Þt of the Herschel-Bulkley model becomes
visible. In summary, it can be stated that the examined ßow models do not Þt
optimally the large variety of suspensions generated within this study. Thus, for
an overall comparison the shear stress at 0.1 s! 1 and 60 s! 1 were taken as repres-
entative values for+0 and &$ .
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6.2. Rheological Flow Behavior of Confectionery
Model Systems

Rheological properties of confectionery systems determine e"ciency of mixing,
pumping and transportation of confectionery products during processing (Afoakwa,
2010). In this sub-chapter, +0, &$ and transient orientation e!ects of spher-
ical shaped polysaccharide particles are compared with irregularly shaped ones.
Furthermore, possible mechanisms for particle surface interaction of emulsiÞers
(PGPR, lecithin) were derived and underlined with atomic force microscope (AFM)
measurements. For all measurements two model systems were examined:

¥ A model system containing corn syrup DE 43 particles, cocoa butter and
emulsiÞer (lecithin, PGPR).

¥ A model system containing corn syrup DE 43/sucrose/cocoa powder particles,
cocoa butter and emulsiÞer (lecithin, PGPR).

Model system with corn syrup DE 43 was introduced to detect possible side ef-
fects of cocoa powder, whereas the model system containing low-fat cocoa powder,
sucrose and corn syrup DE 43 was introduced as a simpliÞed recipe for a dark
chocolate. The results are presented Þrst for model system D and after for model
system C.

6.2.1. Key Findings of Flow Properties of Spherical and
Irregularly Shaped Particles

In confectionery science, the inßuence of di!erent emulsiÞers was widely examined:
it was found that emulsiÞers play a central role in confectionery industry because
they can inßuence the ßow properties to facilitate the processing of confection-
ery systems (Beckett, 1999, 2008; Mohos, 2010). Schantz et al. (2001) and others
reported that lecithin and PGPR decrease+0 signiÞcantly in conventional confec-
tionery systems containing irregularly shaped particles.
Figure 6.3 shows the inßuence of lecithin and PGPR in suspensions containing
spherical and irregularly shaped particles at( v = 0.48. As indicated in Þgure 6.3,
the addition of lecithin decreased+0 in suspensions containing irregularly shaped
particles. In the contrary the addition of lecithin to suspensions containing spher-
ical shaped particles increased+0. However, the addition of PGPR decreased+0

for both morphologies.
First, suspensions containing irregularly shaped corn syrup DE 43 particles shown
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in in Þgure 6.3 are considered in more detail: From conventional chocolate manu-
facture it is known that lecithin reduces+0 signiÞcantly when added to an amount
of of 0.1 and 0.3 wt%.

Figure 6.3.: Inßuence of emulsiÞers concentration (wEmulsif ier ) Lecithin (closed
symbols), PGPR (open symbols) and no addition of emulsiÞer (WO,
semi closed symbols) on+0 of spherical (DS32, spherical symbols) and
irregularly shaped (DI32, quadratic symbols) particles suspended in
cocoa butter and varying emulsiÞer content and( v = 0.48.

Lecithin reduces chocolates viscosity and enhances tolerance of higher moisture
levels for irregularly shaped particle suspensions. If more than about 0.5 wt%
lecithin is added to a confectionery suspension, the yield value increases again due
to the formation of micelles in the suspension (Afoakwa et al., 2007; Chevalley,
1999). Alternatively, PGPR can reduce+0 up to a factor of 2 at an addition of 0.2
wt% and can remove it completely at about 0.8 wt% (Afoakwa et al., 2007; Rector,
2000; Schantz and Rohm, 2005). These Þndings could be reproduced in the model
system applied here: In Þgure 6.3 the yield stress of irregularly shaped model
particles decreases dramatically if 0.1 wt% of lecithin is added, reaches its lowest
value at 0.5 wt% and increases with the addition of 1 wt% of lecithin, whereas
PGPR reduces+0 by a factor of about 1.8 at a concentration of 0.1 wt%. Further-
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more, suspensions with irregularly shaped particles containing PGPR reach up
to factor 9 lower +0 by comparing to suspensions containing lecithin at emulsiÞer
concentrations of 0.5 wt%. +0 vanishes at PGPR concentrations) 0.5 wt%.
In the contrary, spherical shaped particles show partly opposite behavior compared
to irregularly shaped ones:+0 is increased by the addition of lecithin, however+0

vanishes at PGPR concentrations of 0.5 wt% and the suspension turns into a
Newtonian-like ßuid as shown later in Þgure 6.6 on page 109.
Nevertheless, by comparing+0 of suspensions containing spherical and irregularly
shaped particles,+0 is decreased by a factor 2-10 for spherical shaped particle
suspensions independent of emulsiÞer type or emulsiÞer content. Even if such
suspensions get Newtonian-like at PGPR concentrations above 0.5 wt% with van-
ishing +0, shear stress at constant shear rate 0.1 s! 1 is up to a factor 6 lower for
spherical shaped particle suspensions (see table 6.3).
The fact that lecithin increases+0 of spherical shaped particle suspensions can be
explained by considering its molecular structure and adhesion at particle surface
as shown by AFM measurements in the following sub-chapter.

Table 6.3.:Comparison of+0 of irregularly shaped (DI32) and spherical (DS32)
corn syrup DE 43 particle suspensions at varying emulsiÞer concentra-
tions (wEmulsif ier ) of PGPR and Lecithin and ( v = 0.48.

wEmulsif ier EmulsiÞer +0,Irregular +0,Spherical Factor

[wt%] [-] [Pa] [Pa] [-]

0.0 10.9 1.1 9.6

0.1
Lecithin 4.6 1.2 3.8

PGPR 5.9 1.0 5.9

0.5
Lecithin 3.9 2.3 1.7

PGPR 0.4 0.1 4.0

1.0
Lecithin 5.8 3.4 1.7

PGPR 0.5 0.1 5.0
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6.2.2. Determination of Surface Stickiness with AFM
Measurements

Rheological measurements presented before showed that increasing lecithin con-
centration in cocoa butter suspensions containing spherical shaped corn syrup DE
43 particles, increases+0 of related suspensions. This observation is surprising on
the Þrst sight because, the addition of lecithin generally decreases+0 in confection-
ery systems (De Graef et al., 2011; Schantz and Rohm, 2005; Schantz et al., 2001,
2003). Nevertheless, it can be clearly seen from the measurements above, that
lecithin increases+0 of cocoa butter suspensions containing amorphous, spherical
shaped corn syrup DE 43 particles, but lowers+0 in suspensions with irregularly
shaped particles. In contrast, PGPR lowered+0 in cocoa butter suspensions con-
taining either spherical or irregularly shaped particles. An explanation for this
observation can be found by considering the di!erent chemical structure of both
emulsiÞers, which have di!erent mechanisms of reaction:

¥ Lecithin forms rheologically active monolayers (RAM) or so called "hairy
layers" (Hugelshofer, 2000). This concept proposes a hairy structure on the
surface of the dispersed particle and therefore, this structure could make the
smooth surface of the spherical shaped particles more "sticky" and act as a
hook-and-loop fastener (see Þgure 6.4).

A hook-and-loop fastener consists of tiny hooks and very small "hairier"
loops. When the two components are pressed together, the hooks bind tem-
porarily to the loops and stick together. Hence, lecithin could act similarly
like this principle. Furthermore, it is possible that lecithin creates structures
in the continuous phase such as reverse micelles, that react with the mono-
layers or multilayers on the surface of the solid corn syrup DE 43 particles
(Vernier, 1997).

¥ PGPR does not form "hairy layers" but it binds in a loose monolayer to the
surface of the sugar particles. PGPR is not charged, does not create any
structures in the continuous phase, is readily dissolved in cocoa butter and
is more lipophilic than lecithin (Vernier, 1997; Ziegler et al., 2003). Further-
more, PGPR has up to a 3 times longer tail (8-15nm, calculated with CS
ChemDraw, v. 13.0) than lecithin (3-4 nm, calculated with CS ChemDraw,
v. 13.0). This leads to the postulation that PGPR forms so called "internal
slip layers" which are able to lower the yield stress of particle suspensions
dramatically.

The above described modes of action of the emulsiÞers were underlined with col-
loidal atomic force microscopy (AFM). This measurement technique provides very
precise measurements of the adhesion forces (FA ) between a speciÞc surface and a
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200 µm

Micelle

Velcro-
Effect

50 µm

Figure 6.4.:Concept of the rheologically active monolayer (RAM): Left: Schematic
model concept of RAM where the spheres are of amorphous corn syrup
DE 43, the gray hydrophilic head with the two black hydrophobic tails
is lecithin. Right: SEM Picture of spherical shaped corn syrup DE 43
particles with its smooth surface.

particle glued to the AFM cantilever tip. For these measurements, it is of import-
ance to fully saturate particles surfaces (see table 6.4).

Table 6.4.:Calculation of RAM for spherical shaped corn syrup particles.

Lecithin PGPR

Formula C42H80NO8P H(C18H32NO2)nOH

M [g mol! 1] 760 25201

RAM Lit. [ µmol m! 2] 2 1.35 0.61

RAM conc. [wt%] 3 0.04/0.06 4 0.20/0.30 4

1 9 repetition units.
2 taken from Hugelshofer (2000)
3 assumptions: Suspension particles are glass spheres, sauter diameter spherical

shaped particles: 8µm, " cocoabutter = 892 kg m! 3.
4 Minimum emulsiÞer concentration fat phase to reach fully saturated surface cal-

culated for #v = 0.38/0.48.

Hugelshofer (2000) deÞned in his work the adsorbed amount of emulsiÞer needed
to cover the suspension particle surface to assure maximum viscosity e!ect by the
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"rheologically active monolayer (RAM)". He found in a suspension of hydrophilic
glass spheres and a medium-chain triglyceride oil the RAM concentration for le-
cithin being 1.35µmol m! 2 and for PGPR equal to 0.61µmol m! 2. With these
results, a minimal emulsiÞer concentration was estimated for the applied system,
at which the particle surface should be fully covered with emulsiÞer and where the
maximum viscosity e!ect should be observed.
Based on these calculations, it was decided to carry out the measurements at total
emulsiÞer concentrations of 0.5 wt% with respect to the fat phase. At this con-
centration, the particles surface should be fully covered by emulsiÞer molecules.
Figure 6.5 shows the result of the AFM measurement with irregularly (DI32) and
spherical shaped particles (DS32) measured in liquid cocoa butter.

Figure 6.5.:Normalized adhesion force (FA,i / FA,without Emulsif ier ) required to sep-
arate corn syrup DE 43 particle surfaces in cocoa butter with/without
addition of emulsiÞer (0.5 wt% lecithin/PGPR) at 40 " C. Spher-
ical symbols represent measurements with spherical shaped particles,
quadratic symbols with irregularly shaped ones.

For further considerations, it is assumed that FA correlates with the surface stick-
iness of the examined surfaces and hence, higher FA indicate higher surface stick-
iness. Both measurements indicate clearly, that PGPR decreases FA or surface
stickiness for irregularly as well as for spherical shaped particles. The e!ect of
PGPR on irregularly shaped particles is less clear compared to spherical shaped
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ones, because the contact area of irregularly shaped particle is not well deÞned.
Hence, every datapoint in Þgure 6.5 represents the mean of FA of 40 single meas-
uring points. In the case of spherical shaped particles, the contact area is sim-
ilar for every single measurement whereas the contact area of irregularly shaped
particles is di!erent for every single measurement due to the shape of the particles.
Therefore, measurements executed with irregularly shaped particles cause higher
uncertainties reßected by the higher standard deviation in Þgure 6.5. Nevertheless,
in measurements with PGPR the surface stickiness is signiÞcantly reduced by a
factor of 1.9 for irregular and by a factor of 4.2 for spherical shaped particles.
In contrast, lecithin increases the surface stickiness of spherical shaped particles by
a factor of 3.1. This conÞrms the rheological measurements as shown before. The
AFM measurements with irregularly shaped particles indicate a similar trend.
Therefore, it can be postulated, that increased surface stickiness of suspensions
containing irregularly shaped corn syrup DE 43 particles and lecithin, should in-
crease structural interaction forces between particles. In the structural force dom-
inated ßow of concentrated suspensions, irregularly shaped particles adhere in an
edge-to-face manner and consequently, at increased structural forces, increased+0

should be observed (Barnes, 2000). This is not conÞrmed for suspensions contain-
ing irregularly shaped particles, for which decreasing+0 was observed by addition
of lecithin. This leads to the conclusion that surface stickiness measured with
AFM can not describe the yielding behavior of such suspensions.
+0 can be compared indirectly to FA , because+0 is a shear related characteristic
whereas FA is a normal force and thus, particles surface stickiness is normal force
related. Therefore, AFM measurements allow statements on microscale (e.g sur-
face behavior of emulsiÞer) which is not only relevant for concentrated suspension
ßow. Within a concentrated suspension, hydrodynamic forces may be domin-
ated by macro- and mesoscopic e!ects such as particle morphology or particle
surface roughness. Furthermore, shear force will bend lecithin molecules towards
the particle surface and thus, the layers will act as coating layers. Such coating
layers may cover some microroughness of irregularly shaped particles and reduce
Coulomb friction e!ects under acting shear forces resulting in decreased+0 of re-
spective suspensions containing irregularly shaped particles. In contrast, spherical
shaped particles already have smooth surfaces. Thus, an adhesive surface coating
by lecithin increases frictional forces between spherical shaped particles resulting
in increased+0.
Furthermore, the assumption was conÞrmed that PGPR builds non adhesive "in-
ternal slip layers" on the particles surface. On the one hand PGPR smooths uneven
surfaces of irregularly shaped particles and decreases surface stickiness of spher-
ical shaped particles due to its good solubility and non adhesive layer formation
in cocoa butter. Consequently, PGPR decreases+0 of confectionery suspensions
independently of particles morphology and reduces structural forces as observed
in the measurements before.
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6.2.3. Transient Flow Properties of Spherical and Irregularly
shaped Corn Syrup DE 43 Particles

In the chapter above, aspects PGPR and lecithin interactions with the particle sur-
faces were discussed. Rheological shear rate step experiments provided extended
information about structural and transient ßow properties of cocoa butter suspen-
sions containing irregularly and spherical shaped corn syrup DE 43 particles with
lecithin or PGPR. As discussed in chapter 2.6.1 on page 27, rheopectic and thixo-
trophic ßuids exhibit (re)structuring of internal structures under shear. Padar
(2009) reported that ßow curves of confectionery systems signiÞcantly restructure
within the Þrst 30 s after a shear rate step. To assure complete restructuring of
respective suspensions in the measurements, shear rate steps were measured over a
pre-set time period of 292 s assuming that the related shear stress measured after
this time corresponds to an equilibrium ßow curve (+%( ú' )).
Restructuring e!ects can be observed at low shear rates in concentrated suspen-
sions, because structural forces dominate ßow. At high shear, little restructuring
is observed due to dominating hydrodynamic forces. Restructuring e!ects occur
due to orientation of particles and recovery or destruction on the macrodisperse
length scale (e.g particle agglomeration) or non the meso- to micro length scale
(e.g interfacial layers and molecules of surfactants). Thus, restructuring of suspen-
sions containing irregularly shaped particles occurs due to orientation of particles
in ßow direction and due to recovery or destruction of internal structures. Con-
versely, particles with spherical morphology cannot orientate in ßow but in spher-
ical shaped particle suspensions internal structures can be recovered or destructed
(Eischen, 2000). According to Þgure 6.6 restructuring e!ects were observed for
spherical and irregularly shaped particle cocoa butter suspensions. Most of the
examined suspensions exhibited thixotrophic ßow behavior, particularly indicated
by remarkable changes of the ßow curve within the Þrst few seconds after a shear
rate step. As illustrated in this Þgure, restructuring e!ects are also dependent on
the emulsiÞers used (PGPR and lecithin): Suspensions containing lecithin or no
emulsiÞer show clear restructuring e!ects for both particle shape classes invest-
igated, whereas suspensions containing PGPR did not show such restructuring
behavior. This correlates with the Þnding that suspensions containing PGPR do
not reveal a yield value at concentrations above 0.3 wt% and hence, the suspension
behaves Newtonian-like. In general, Newtonian ßuids do not exhibit any restruc-
turing (Windhab, 1986). As discussed in chapter 6.2.2 emulsiÞers a!ect particles
surface stickiness, interaction potential and consequently, the ßow behavior of re-
lated particle suspensions.
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Figure 6.6.:Time evolution of transient ßow curves (dashed lines) compared to the
equilibrium ßow curve (+%( ú' ), solid line, t = 292s), shown for spherical
shaped particles (DS25, left column) and irregularly shaped particles
(DI25, right column) in cocoa butter (( v = 0.48) with no emulsiÞer
(upper row), 0.5 wt% lecithin (L0.5_48, middle row) and 0.5 wt%
PGPR (P0.5_48, last row).
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Additionally, restructuring can be quantiÞed by considering restructuring times
which are calculated from the ratio of shear stress measured at time t (+(t)) and
the equilibrium shear stress at the respective shear rate (+%( ú' )). Values for re-
structuring times were calculated atú' = 0.1 s! 1. The shear stress+( ú' = 0.1s! 1) is
representative for the yield value+0. Figure 6.7 demonstrates restructuring times
for all measured suspensions illustrated in Þgure 6.6.

Figure 6.7.:Restructuring time (+(t)/+ %( ú' = 0.1s! 1)) of spherical (DS25, spherical
symbols) and irregularly shaped particles (DI25, quadratic symbols) of
model system C in cocoabutter (( v = 0.48) without emulsiÞer (WO),
0.5 wt% lecithin (L, L0.5_ 48) and PGPR (P, P0.5_48).

Generally, suspensions containing irregularly shaped particles restructure faster
than suspensions containing spherical shaped particles, because the surface rough-
ness of irregularly shaped particles is higher than of spherical shaped ones. Thus,
particles with higher surface roughness subject higher friction forces in a ßuid and
consequently, restructure faster than particles with a low surface roughness. Due
to the fact that lecithin builds hairy layers on particles surface (see chapter 6.2.2),
it is a logical consequence that suspensions containing lecithin restructure faster
than suspensions without emulsiÞer. Hence, polar head groups of lecithin adhere
strongly to amorphous particle surfaces, whereas PGPR binds in loose monolay-
ers. Consequently, as in transient measurements observed, lecithin increases hydro-
dynamic friction forces of amorphous particles in a shear rate controlled suspension
ßow resulting in decreased restructuring times. In contrast, loose monolayers of
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PGPR act as slippery layers which reduce particles surface signiÞcantly that no
shear induced restructuring can be observed.
Additionally, particle size distributions (x90,3) of disperse phases may inßuence
ßow properties of suspensions (see chapter 6.2.4 below) and consequently their
impact on structuring kinetics is of interest. In Þgure 6.8 restructuring times of
spherical and irregularly shaped particles suspended in cocoa butter and lecithin
(( v = 0.48) for di!erent particle size distributions with x 90,3 = 25 and 65 µm are
represented.

Figure 6.8.:Restructuring time (+(t)/+ %( ú' )) of spherical (spherical symbols) and
irregularly shaped particles (quadratic symbols) of model system C
(x90,3=25/65 µm, ( v = 0.48) with 0.5 wt% lecithin (L).

As shown in Þgure 6.8, restructuring times increase at increased x90,3 for spherical
and irregularly shaped particle cocoa butter particle suspensions for two reasons:

¥ Small particles have lower mass than big particles and hence, mass forces are
less relevant in such viscous systems.

¥ Small particles need smaller deformation to rotate or orient in hydrodynamic
ßows.

Moisture has signiÞcant inßuence on the ßow properties in chocolate and confec-
tionary systems. Molten chocolate typically has moisture contents of 0.5-1.5 wt%,
mainly in the cocoa solids, that does not a!ect chocolate ßow (Afoakwa et al.,

111



6. Properties of Polysaccharide Composite Particles in Confectionery Systems

2007). The addition of 3-4 wt% of "free" water to chocolate will turn chocolate
into a very thick paste. To compensate additional free water in the chocolate mat-
rix, about 1 wt% of extra fat has to be added every 0.3 wt% of extra water up
to a critical water content at which particularly sugar particle surfaces get sticky
and faster agglomeration occurs (Beckett, 2000). In the examined systems, some
water can be bound in the amorphous structure of the disperse particles and thus
not available as free water resulting in higher tolerances for water in the chocol-
ate matrix. Nevertheless, water lowers the Tg of amorpous solids resulting in less
brittle structures due to viscosity decrease and therefore, the amorphous particle
suspensions also have limited tolerance of water. The impressive impact of mois-
ture on ßow properties and restructuring was exemplary shown with suspensions
containing irregularly shaped particles and PGPR. Figure 6.9 shows the impact of
moisture on restructuring and ßow curves in a cocoa butter suspension contain-
ing 0.5 wt% PGPR, amorphous, irregularly shaped corn syrup DE 43 particles at
various moisture contents of the disperse phase.

Figure 6.9.:E!ect of moisture content in disperse phase (( v = 0.48, 0.5 wt%
PGPR). Flow curves (left) of a suspension with dry, irregularly shaped
particles (DI32, water content 0.5 wt%), moist particles (DI32, water
content 3.4 wt%) respectively, and restructuring times (right) of wet,
dry and dry particles measured after storage of at 50" C for 23 days
(Dry 23).
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Considering the ßow curves in Þgure 6.9 (left graph) the moisture inßuence is
clearly visible: While the suspension with dry corn syrup DE 43 particles (water
content particles 0.5 wt%, suspension dry 1) behaves close to Newtonian, the
suspension with moist corn syrup DE 43 particles (bound water content particles
3.4 wt%, suspension moist) builds up a pronounced+0: While corn syrup DE 43
solids with a moisture content of 3.4 wt% have a glass transition temperature of
about 45 " C, corn syrup DE 43 solids with a water content of 0.5 wt% have a Tg

of about 80" C. This makes clear, that the surface of moist particles is less brittle
than the surface of dry particles. Further, PGPR decreases the sterical distance to
particles and hence, the particle-particle interactions are increased. Accordingly,
due to the decreased particle brittleness of moist particles, weak agglomerates due
to particle collisions are formed during shearing. Therefore,+0 of moist particle
suspensions is increased.
The e!ect of moist particles in cocoa butter suspensions is additionally visible in
restructuring times (left graph in Þgure 6.9). While no restructuring for particle
suspensions containing dry particles is measurable, moist particles restructure very
slowly because of agglomerate formation due to collisions and decreased particle
brittleness. Furthermore the suspension containing dry particles was stored in a
heating oven for 23 days at 50" C. Remeasurement of this suspension revealed
slower restructuring than measured at day one due to moisture sorption during
storage and loss of particles brittleness.
The inßuence of moisture and loss of brittleness of the disperse phase can also be
visualized in time evolution curves of the above discussed suspensions. Figure 6.10
shows time evolution curves for three suspensions with di!erent water contents in
the dispersed phase: Graph a) shows the Newtonian-like behavior of dry irregularly
shaped particles suspended in cocoa butter and 0.5 wt% lecithin (suspension dry 1),
whereas graph b) represents the time evolution curve for the suspension measured
in a) stored for 23 days at 50" C (dry 23). Graph b) shows little restructuring of at
low shear rates indicating the loss of brittleness of corn syrup DE 43 particles due
to moisture sorption during storage. The decrease of particle brittleness causes
that some agglomerates can be built up in the suspension resulting in a yield
value. As discussed above, suspensions containing moist particles exhibit+0 which
is illustrated in graph c).

113



6. Properties of Polysaccharide Composite Particles in Confectionery Systems

Figure 6.10.:Inßuence moisture on ßow properties of irregularly shaped corn syrup
DE 43 particles (DI25) in cocoa butter (( v = 0.48) and 0.5 wt%
PGPR (P0.5_48). a) Suspension measured at day 1, water content
particles 0.5 wt% b) Suspension measured in a) after 23 days storage
in heating chamber at 50" c) Suspension measured at day 1, water
content particles 3.4 wt%.
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6.2.4. General Flow Properties of Spherical and Irregularly
Shaped Particles

Particle-particle interactions (sterical interactions, interactions of electrostatic or
van-der-Waals interactions) occur in concentrated non-colloidal suspensions. Such
particle interactions have a signiÞcant inßuence on the ßow properties of the model
systems. Particle-particle interactions depend according to Eischen (2000):

¥ particle volume or mass concentration

¥ particle morphology

¥ particle surface property (e.g. particle roughness, stickiness)

¥ particle size distribution (e.g. mono-, bi- or trimodal distribution)

Based on these results, it is possible to determine di!erences as well as similarities
of irregularly and spherical shaped particles as already summarized in the key
Þndings in sub-chapter 6.2.1. Measurements were executed in chocolate typical
range of 27 to 40% fat by weight, which corresponds to solid volume fractions
(( v) of 60 to 45% (Do et al., 2007; Mongia and Ziegler, 2000; Taylor et al., 2009).
The uncommon ßow behavior of spherical shaped suspensions with lecithin was
reproduced at ( v = 0.38 as represented in Þgure 6.11. The e!ect, that lecithin
increases+0 of spherical shaped particle suspensions is very well reproducible at
lower ( v: The addition of lecithin increases the yield stress linearly upon+0 remains
constant at lecithin concentration of 0.5 wt% even if the lecithin concentration is
further increased. Alternatively, PGPR reduces the yield value until the suspension
reaches Newtonian-like ßow behavior with vanishing+0 at PGPR concentration of
0.3 wt%. This reproduction shows as well, that decreasing( v decreases the e!ects
on +0 due to lower particle-particle interactions in the structural domain (Weipert
et al., 1993). For comparison, lecithin highers the yield stress of spherical shaped
particle suspensions compared to suspensions without emulsiÞer at( v = 0.38 up
to a factor of approximately 2, whereas at( v = 0.48 +0 increases up to a factor of
3.
In table 6.4 on page 105 the adsorbed amount of emulsiÞer needed to cover the
suspension particle surface to assure maximum viscosity (RAM) was calculated.
The calculated values predict the maximum viscosity e!ect quite well for PGPR:
PGPR reaches at concentrations of 0.2 wt% at ( v = 0.38 the maximum viscosity
e!ect, while at these concentrations 0.2 wt% the transition region begins at which
+0 vanishes for spherical shaped particle supensions.
On the other hand the measurements of Hugelshofer (2000) predict a very low
lecithin concentrations for maximum viscosity e!ect. In the measurements, the
maximum viscosity e!ect was observed at higher concentrations (0.5 wt%) for

115



6. Properties of Polysaccharide Composite Particles in Confectionery Systems

spherical shaped particles, while for irregularly shaped particles maximum viscosity
e!ect was observed at lecithin concentrations of about 0.1 wt% (see Þgure 6.3 and
6.11).

Figure 6.11.:Inßuence of Lecithin (L, closed symbols), PGPR (P, open symbols)
and no addition of emulsiÞer (WO, semi closed symbols) on+0 of
spherical shaped corn syrup DE43 particles (DS32) suspended in co-
coa butter with varying emulsiÞers and( v = 0.38.

Three reasons could explain that the maximum viscosity e!ect was observed at
much higher lecithin concentrations for spherical shaped particles:

¥ The ßow properties of spherical shaped particles are inßuenced by di!erent
particle-particle interactions as irregularly shaped particles as discussed in
chapter 6.2.2.

¥ Lecithin forms multilayers on particles surfaces which inßuences the ßow
properties whereas Hugelshofer (2000) deÞned the monolayer.
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¥ Hugelshofer (2000) determined RAM for glass spheres which are not a real
confectionery system.

Furthermore, PGPR and lecithin mixtures at di!erent ratios were examined. Based
on the results above, it is of interest to examine how PGPR and lecithin inßuence
each other in a blend. Figure 6.12 shows measurements of lecithin/PGPR blends
at total emulsiÞer contents of 0.3, 0.5 and 1 wt% for spherical shaped particle
suspensions.
As can be seen from this Þgure, the ßow curves of lecithin/PGPR lay in between
of the pure lecithin respectively PGPR. Therefore, suspensions containing le-
cithin/PGPR blends have very low +0. These results indicate, that lecithin has
higher a"nity to the polysaccharide surface than PGPR: Lecithin is a polar emul-
siÞer which tries always to align on hydrophilic/liphophilic interfaces by forming
"hairy layers" due to its chemical structure (Bueschelberger, 2007). On the other
hand, PGPR a dipolar emulsiÞer which also aligns on hydrophilic/liphophilic in-
terfaces but with higher a"nity to the lipophilic phase than lecithin due to its
dipolarity and its longer fatty acid chains (Norn, 2007). This leads to the conclu-
sion that lecithin forms on particles surface "hairy layers" which are partly coated
with PGPR resulting in very low +0 as observed in the experiments.
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Figure 6.12.:Inßuence of Lecithin/PGPR blends on ßow properties of spherical
shaped corn syrup DE43 particles (DS32) suspended in cocoabutter
(( v = 0.38) at total emulsiÞer concentrations a) 0.3 wt%, b) 0.5 wt%,
c) 1.0 wt% and di!erent Lecithin:PGPR ratios.
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The inßuence of x90,3 of spherical shaped corn syrup DE43 particles on+0 and
&$ suspended in cocoa butter containing 0.5 wt% lecitihn and ( v (0.38/0.48) is
illustrated in Þgure 6.13.
This Þgure shows that increasing x90,3 decreases+0/ &$ and at decreasing( v the
e!ect of x90,3 is decreased.

Figure 6.13.:Inßuence of x90,3 on +0 (left) and &$ (right) on spherical shaped corn
syrup DE 43 particles (DS) with( v = 0.48 (closed symbols) and( v =
0.28 (open symbols) suspended in cocoa butter/lecithin (L0.5_48).

Particle size distributions a!ect the ßow behavior of suspensions through a mech-
anism, which relates to the spatial arrangement of the suspended particles. The
particles of a suspension at rest are randomly dispersed throughout the continu-
ous phase due to the perpetual action of Brownian motion. At very low shear
rates, the viscosity of suspensions is high due to high resistance of the particles,
which move to the ßow direction, while maintaining the overall random distribu-
tion. However, at higher shear rates, the particles re-orientate and are moved from
the overall random distribution towards a situation where they begin to form into
strings and layers. In oriented particle suspensions, the average distance between
the particles increases in a direction at right angles to the ßow direction and it
decreases along the ßow direction. This re-orientation of spatial rearrangement
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lowers the viscosity of the particles. As these reorientation e!ects are considered,
the backwards driving force from orientation to randomness is Brownian motion
(thermal origin). Therefore, it is obvious that shear thinning is easier for large
particles, where Brownian motion is less e!ective and shear forces dominant. Con-
sequently, shearing of suspensions with small particles needs higher shear rates to
produce the same amount of shear thinning as for particle suspensions with big
particles, because the e!ect of Brownian motion is longer lasting along the shear
rate axis for small particles. Hence, the smaller particles in a suspension are the
higher +0 of respective suspensions is (Barnes, 2000).
With the above considerations it should be obvious that+0 and &$ of spherical
shaped particle suspensions depends upon x90,3. Therefore, it is of interest if ir-
regularly shaped particles behave similar as spherical shaped particles. In table
6.5 +0 and &$ are compared for irregular and spherical shaped corn syrup DE 43
cocoa butter suspensions at( v = 0.48.

Table 6.5.:Comparison of+0 and &$ of irregular (DI25/32) and spherical shaped
(DS25/32) particle suspensions (L0.5_48) with 0.5 wt% Lecithin and
( v = 0.48.

x90,3 Irregularly Shaped Spherical Shaped Factor

25 µm
+0 [Pa] 12.6 5.7 2.2

&$ [Pa s] 2.1 0.8 2.6

35 µm
+0 [Pa] 7.6 2.4 3.2

&$ [Pa s] 1.6 0.7 2.3

The inßuence of x90,3 is better visible considering+0 for both morphologies because
the particle-particle interactions have great inßuence at low shear, whereas at high
shear (&$ ) particles are oriented in ßow and particle-particle interactions play a
minor part. In spherical shaped particle suspensions particle-particle interactions
and local frictions are signiÞcantly reduced resulting in up to factor 3.2 lower+0

respectively&$ . Furthermore, at increased( v (see Þgure 6.13) less inßuence of
x90,3 on &$ is observed because at high( v than at low ( v suspensions are packed
very dense and the average distance of particles is similar for di!erent x90,3. In
contrast at ( v = 0.28 x90,3 has little inßuence on+0 because the suspension is less
dense packed and hence, particles have bigger average distance resulting in lower
+0. The e!ect of ( v on +0 is discussed below in further detail.
Figure 6.14 shows the inßuence of di!erent( v on +0 and &$ with respect to di!erent
particle sizes (x90,3). As reported in literature (Fischer et al., 2009; Je!rey and
Acrivos, 1976),+0 and &$ increase exponential with increasing( v.
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Figure 6.14.:Inßuence of( v on +0 (top) and &$ (bottom) of irregular (DI22/35)
and spherical shaped (DS22/35) particles with particle sizes x90,3 =
22 (closed symbols) and 35µm (open symbols) at 40" C and ( v =
0.48 (L0.5_48).
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Einstein and the semi-empirical Krieger-Dougherty equation (see equations 2.20
and 2.21) is not applicable within these measurements due to the fact that these
theoretical approaches are developed for strictly monodisperse suspensions, whereas
the suspensions used in this work were polydisperse, especially for irregular particles.
Furthermore, it can be seen from Þgure 6.14 that the particle morphology inßu-
ences the ßow properties at solid volume concentrations above 35 v% markedly.
Below ( v = 0.35 the particle morphology has low inßuence on the ßow properties,
due to the fact that the suspension is dilluted and therefore, particle-particle in-
teractions are low (Genovese, 2012).

6.2.5. Rheological Flow Behavior of Spherical Shaped
Cocoa-Polysaccharide Particles

The model system containing corn syrup DE 43 particles, as discussed above, is a
very simpliÞed system which does not contain any cocoa solids. To underline the
Þndings above, a confectionery model system containing cocoa, was introduced.
This model system is a mixture of sucrose/corn syrup DE 43 and cocoa solids
(CI18/CS23/CS32/CI32), which are suspended in cocoa butter containing emul-
siÞer (0.5 wt%). First +0 both should be compared to examine the inßuence of
cocoa on+0 (see table 6.6).

Table 6.6.:Comparison+0 of irregular and spherical shaped particle suspensions
of both model systems containing 0.5 wt% lecithin with conventional
dark chocolate at( v = 0.55.

Model system +0 Irregular +0 Spherical
[Pa] [Pa]

DI22/DS22 18.6 8.5

CI20(conched)/CS23 20.7 7.1

Conventional dark chocolate 19.0 -

+0 of both model systems is very well comparable to each other, which indicates
that cocoa solids do not have signiÞcant inßuence on the ßow properties in the ex-
amined particle suspensions. Consequently, particle morphology (spherical shaped
particles have up to a factor 3 lower+0 than irregular particles) and particle size
a!ect mainly the ßow properties of the applied systems. Additionally, confection-
ery systems containing spherical shaped particles do not need a conching step to
exhibit excellent ßow behavior.
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Similar as in spherical shaped corn syrup DE 43 particle cocoa butter suspensions
the addition of lecithin increases+0 linearly upon +0 remains constant at lecithin
concentration of 0.5 wt% even if the lecithin concentration is further increased (see
Þgure 6.15).

Figure 6.15.:+0 for spherical shaped cocoa-polysaccharide-particles (CS23) in co-
coa butter (( v = 0.55) with variable lecithin concentrations.

These results show, that spherical shaped particles, depending on whether they
contain cocoa solids or not, inßuence viscosity in confectionery systems signiÞc-
antly. Therefore, it is of interest what advantages spherical shaped particles deliver
in confectionery systems: The main advantage of spherical shaped particles is, that
+0 is lowered compared to irregular particles. Hence, this advantage could be used
to produce spherical shaped confectionery systems with increased( v than ones
without increasing+0. At increasing ( v the continuous fat phase is reduced result-
ing in a calorie reduced product.
To quantify the potential of this novel concept,+0 of various cocoa butter suspen-
sions containing spherical and irregularly shaped cocoa-polysaccharide particles
were evaluated and compared to each other. In Þgure 6.16 the comparison of
spherical and irregularly shaped particles at di!erent( v is illustrated.
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On the one hand, suspensions containing PGPR exhibit up to factor 10 lower yield
values than lecithin (di!erent scale on graph!). On the other hand, higher max-
imum packing fractions for irregular particles are reached using PGPR: PGPR
builds "internal slip layers" on particles surface, which reduce particle-particle in-
teractions and friction forces signiÞcantly resulting in low+0. Due to the "internal
slip layers", average distances between particles can be reduced, and hence, very
high ( v,max can be achieved with suspensions containing PGPR (see chapter 6.2.2
on page 104).
Maxiumum packing fractions (( v,max ) were determined by exponentially Þtting
datapoints in Þgure 6.16. It was assumed that( v,max was reached if the percental
change of+0 remained constant. Table 6.7 gives an overview about calculated
( v,max .

Figure 6.16.:Yield value +0 for irregular and spherical shapedcocoa-polysaccharide
particle suspensions (CI32/CS32) at variable( v containing a) 0.5
wt% lecithin or b) 0.5 wt% PGPR.
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By comparing +0 in table 6.7, it is remarkable that spherical shaped particles
reduce+0 dramatically. Hence, it is possible to reduce the continuous fat phase of
confectionery systems by 15 v% (compare+0 marked bold in table 6.7 at varying( v)
with spherical shaped particle suspensions without increasing+0. A continuous fat
phase reduction corresponds to about 25% of calorie reduction in a Þnal chocolate
product if the continuous phase is replaced by a calorie neutral component.

Table 6.7.:Comparison maximum volume fraction (( v,max ) and +0 at di!erent ( v

of cocoa butter suspensions containing cocoa-polysaccharide particles
(DI32/DS32).

( v,max +0(( v = 0.48) +0(( v = 0.625) +0(( v = 0.635)

[v%] [Pa] [Pa] [Pa]

PGPR
Spherical 0.745 0.05 0.31 0.41

Irregular 0.705 0.44 14.14 18.08

Lecithin
Spherical 0.760 0.81 9.30 11.64

Irregular 0.475 9.24 82.61 96.57

6.3. Sensory Roughness of Spherical and Irregularly
Shaped Polysaccharides

Another important characterization of confectionery products is sensory, which
is able to evaluate consumers acceptance of a product. Therefore, the most im-
portant textural property of spherical and irregularly shaped corn syrup DE 43
particles - the sensory roughness - was examined using a widely applied concept
in sensory (R-Index) to determine thresholds of food products.
Following the hypothesis that spherical shaped particles exhibit increased rough-
ness thresholds compared to irregular particles, sensory roughness of spherical
against spherical shaped corn syrup DE 43 particles and irregularly against irreg-
ularly shaped corn syrup DE 43 particles suspended in a cocoa butter matrix (( v

= 0.48) containing 0.5 wt% (L0.5_48) lecithin were evaluated over a broad particle
size range (x90,3 = 8-180 µm). Table 3.15 on page 57 gives a detailed overview of
the examined particle sizes for both morphologies. In this sensory test, panelists
evaluated within two test sets (see description of the test in chapter 3.5 on page 56)
20 di!erent samples regarding the detectable roughness based on the divergence to
a blank reference. An individual threshold for each panelist is obtained by extra-
polating sample thresholds to a R-index of 75%. With this procedure a threshold

125



6. Properties of Polysaccharide Composite Particles in Confectionery Systems

value of 30.0± 4.1 µm for spherical and 23.1± 1.0 µm for irregularly shaped
particles was found on the 95% conÞdence level. In Þgure 6.17 the number of
panelist with threshold in respective range is summarized. For irregular particles,
95 % of the panelist have an individual roughness threshold below 29µm whereas
less than 70 panelists have a threshold below 29µm. This indicates, that spherical
shaped samples are more di"cult to distinguish between each other than irregular
ones but also shows, that the di!erences are small between both morphologies.
Hence, this test was used to limit the broad range of various particle fractions
with di!erent x 90,3 for a secondary threshold test to reÞne the results.

Figure 6.17.:Panel performance of sensory test (N=23).

In the secondary sensory evaluation (see table 3.16 on page 58) limited particle
fractions of spherical and irregularly shaped corn syrup DE 43 particles were tested
against an irregular reference with x90,3 in range of typical chocolate (x90,3 = 18
µm). The test set up included 25 panelists wihich evaluated 36 samples within 4
runs in total (see chapter 3.5.3, page 57). Every particle size was repeated 3 times
to increase statistical signiÞcance and in contrast to the Þrst sensory evaluation,
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both morphologies were tested against the same reference (DI18). The secondary
evaluation reÞned the Þndings of the Þrst sensory evaluation, as shown in table
6.8 and delivered thresholds in the same order of magnitude.

Table 6.8.:Threshold values determined in sensory test 2 for irregularly and spher-
ical shaped particles.

Irregularly Shaped Spherical Shaped
Particles Particles

Total Panelist (N=25) 27.1 ± 1.4 µm 25.2± 2.5 µm

Figure 6.18 represents averaged R-incdices (sum of panelists individual R-index
for respective sample divided by the number of panelists) which are a measure for
discrimination of respective samples: Samples with x90,3 = 23 µm which are below
the mean of the measured roughness threshold (27µm) are distinguished with a
lower probability than samples with x90,3 > 27 µm above the threshold (* 30 µm).
Surprisingly, in this test spherical shaped particles are discriminated with higher
probability than irregular particles, but the discrimination rates are very near to
the signiÞcance level of 75%. This leads to the conclusion, that no signiÞcant
di!erence between irregular and spherical shaped particles can be found. It was
found by Engelen et al. (2005) that polystyrene spheres between 2µm < x 90,3 >
40 µm decreased the perceived smoothness and slipperiness of custards similarly
as irregular silica particles. They concluded, that for semi-solid foods with relat-
ively low fat contents the underlying mechanisms for the fat-related dimension is
lubrication. Therefore, foods with low levels of fat show poor lubrication causing
increased friction forces between tongue and particles resulting in an increase of
roughness. Finally they concluded, that rounded particles a!ect roughness less
than sharp particles at x90,3 > 40 µm whereas below x90,3 < 40 µm particle shape
has minor inßuence on roughness. This explains, that spherical shaped particles
in the chocolate typical size range are not advantageous compared to irregular
particles in terms of sensory roughness.
Tyle (1993) evaluated the e!ect of size, shape and hardness of suspended per-
ception of grittiness of syrups. In his study, he reported that soft, rounded or
relatively hard, ßat particles were not perceptually gritty up to about x90,3 = 80
µm whereas hard, angular particles contributed to grittiness perception when they
were above a size range of 11-22µm.
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Figure 6.18.:Average R-Index of sensory test 2.
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The present work studied the inßuence of spherical shaped particles in a confec-
tionery model system. The aim of this study was the replacement of irregularly
shaped components in a confectionery product by amorphous, spherical shaped
polysaccharide composite particles in order to improve ßow properties of the re-
lated suspension systems.
The novel processed spherical shaped particles implied questions whether such
particles can be advantageous in confectionery systems and how they compare to
irregularly shaped particles of sugar, cocoa or milk particles generally contained
in chocolate confectionery systems. A major challenge where the process develop-
ments for the generation of the amorphous polysaccaride composite particles in a
spray drying process as well as their implementation into confectionery processes,
because it was unclear if such particles were thermally su"ciently stable.
The developed amorphous, spherical shaped polysaccharide composite particles
even though being highly hygroscopic and heat sensitive can be safely processed
into a confectionery matrix. The mixing of long chain polysaccharides from corn
syrups with sucrose increased the glass transition temperature and allowed to ad-
just the thermal stability of the Þnal product. An additional possibility to increase
Tg in a sucrose/polysaccharide matrix is demonstrated by mixing of low-fat cocoa
powder with sucrose.
The comparison of di!ererent glass transition measurement methods (DMA, DSC,
rheological determination) were in accordance. DMA controlled force measurement
was shown to be the the most simple and best reproducible method, whereas the
rheological determination of the critical agglomeration intensity temperature is the
most practically relevant method to estimate the structural stability of amorphous
materials in confectionery matrices. In addition, using water sorption measure-
ments, critical storage conditions could be deÞned for the amorphous, spherical
shaped particles: Generally, it could be derived that amorphous polysaccharide
composite matrices containing at least 30 wt% of corn syrup, can be safely stored
below aw = 0.38 at 25 " C.
From lab scale spray drying trials optimized processing conditions were explored
and applied successfully to scale up the spraying process. Related experiments
showed that particle sizes of x90,3 < 30 µm can be produced on lab and pilot scale
devices. Spray drying of solutions containing in addition cocoa solids is possible
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but dispersed cocoa solids particles should exhibit particle sizes distributions be-
low x90,3 = 20 µm in order to reach a spray particle size x90,3 = 30 µm.
This work clearly proved that rheological properties of spherical shaped particle
suspensions are advantageous compared to irregularly shaped particle suspensions
of confectionery systems. The yield stress of spherical shaped particle confec-
tionery suspensions can be up to a factor of 12 lower than for irregularly shaped
particles. This can also be used for adjusting maximum particle volume fractions
at similar viscosity than for irregularly shaped particles containing similar suspen-
sion system. This advantage can be used to reduce the continuous fat phase by
up to 15 v% and consequently reduce calories of the Þnal product up to 25%.
As most relevant, fundamental Þnding, it could be shown that emulsiÞers have sig-
niÞcantly di!erent inßuence on the ßow properties of confectionery suspensions.
While the addition of lecithin increased the yield stress, PGPR reduces the yield
stress signiÞcantly until it vanishes at PGPR concentrations of about 0.3 wt%
in confectionery suspensions containing spherical shaped particles. This beha-
vior was explained with di!erent particle surface emulsiÞer interactions. Lecithin
increases surface stickiness and forms "hairy layers" at particles surfaces, while
PGPR reduces the surface stickiness signiÞcantly by building up "slip layers" at
particles surfaces. "Structure ßow curves" of spherical shaped particle suspensions
conÞrmed this behavior. Suspensions containing lecithin also restructured slower
than suspensions containing PGPR.
To increase consumers acceptance, calorie reduced confectionery products should
exhibit minimal di!erences from the original product. Hence, sensory roughness
evaluations indicated, that the novel approach using spherical shaped particles
provided similar behavior as irregularly shaped particles in terms of sensory rough-
ness. Accordingly, it can also be concluded that the novel approach should have
no negative impact on sensory and textural properties if applied in confectionery
systems.
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A. Appendix A

A.1. Applied Solutions

Table A.1.: Compositions basic solutions used for spray drying, glass transition
temperature and sorption measurements.

IdentiÞer Water DE 191 DE 432 Sucrose CP3 SMP4

[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]

DE43_10 50 0 5 45 0 0

DE43_20 50 0 10 40 0 0

DE43_30 50 0 15 35 0 0

DE43_40 50 0 20 30 0 0

DE43_50 50 0 25 25 0 0

DE43_75 50 0 37.5 12.5 0 0

DE43_100 50 0 50 0 0 0

DE19_10 50 5 0 45 0 0

DE19_20 50 10 0 40 0 0

DE19_30 50 15 0 35 0 0

DE19_40 50 20 0 30 0 0

DE19_50 50 25 0 25 0 0

DE19_75 50 37.5 0 12.5 0 0

DE19_100 50 50 0 0 0 0

C_10 50 0 0 45 5 0

C_20 50 0 0 40 10 0

C_30 50 0 0 35 15 0

C_40 50 0 0 30 20 0
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C_50 50 0 0 25 25 0

C_75 50 0 0 12.5 37.5 0

C_100 50 0 0 0 100 0

DE43C_10 50 0 18 22.5 4.5 0

DE43C_15 50 0 16.5 25 8.5 0

DE43C_25 50 0 15.5 23 12.5 0

DE43C_35 50 0 13.5 20 16.5 0

DE43C_40 50 0 12.5 18.8 18.7 0

DE43CM_9 40 0 16 24 5 15

DE43M_28 50 0 14 21 0 15

1Corn syrup with Dextrose Equivalent 19 (DE 19)
2Corn syrup with Dextrose Equivalent 43 (DE 43)
3Cocoa powder (CP)
4Skimmed Milk Powder (SMP)
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A.2. Particle Sizes

A.2. Particle Sizes
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A.2. Particle Sizes

Figure A.1.: Particle volume distributions (q3) of spherical and irregular corn syrup
DE43 particles after mixing into cocoa butter containing 0.5 wt%
lecithin used in sensory test II.
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B. Appendix B
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Figure B.1.: Protocol for sensory test I and II.
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C. Appendix C

Table C.1.: Conversion from pressure to air velocity during spray drying consider-
ing pressure lost in the tube and calibration correction.

P set [bar] Flow rate [m3/s] Gap area nozzle [m2] Air velocity [m/s]
0.5 0.00040 2.4E-05 16.8
1 0.00072 2.4E-05 30.3

1.25 0.00090 2.4E-05 37.7
1.5 0.00102 2.4E-05 43.0
1.75 0.00115 2.4E-05 48.2

2 0.00128 2.4E-05 53.7
2.5 0.00153 2.4E-05 64.2
3 0.00186 2.4E-05 78.3

3.5 0.00213 2.4E-05 89.6
4 0.00238 2.4E-05 100.3

4.5 0.00265 2.4E-05 111.6
5 0.00290 2.4E-05 122.1

5.5 0.00316 2.4E-05 133.0
6 0.00343 2.4E-05 144.4

6.5 0.00371 2.4E-05 156.3
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D. Appendix D

Figure D.1.: Height (H) of the spray dryier as a function of particles diameter
(d) for di!erent temperature di!erences ! - between drying air and
product (Windhab, 2006).
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D. Appendix D

Figure D.2.: Diameter spray tower (D) as a function of úmL with variable mean
axial velocity (vA = w L ) and air density () L ) = 1 kg m! 3 (Windhab,
2006).
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Figure D.3.: Drying air úmL as a function of the quantity water to be evapor-
ated at variable temperature di!erence! T = T inlet - Toutlet = - e

- - a(Windhab, 2006).
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D. Appendix D

Figure D.4.: Drying time (t) of evaporating water droplets as a function of dia-
meter (d) for di!erent temperature di!erences ! - between drying
air and particle surface: tI,abn (left) shrinking droplets; tI,konst (right)
droplets with constant diameter (Windhab, 2006).
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