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Abstract: This study compares the rheological, thermal, and textural characteristics of four types of
chocolate—white, milk, ruby, and dark—produced by the same manufacturer. White, milk, and
ruby chocolates contain 36% fat, while dark chocolate has 39%. Cocoa content varies: from 28% in
white, 33% in milk, 47% in ruby, to 70% in dark chocolate. Rheological properties were assessed
with a rotational rheometer, while density was measured with a gas pycnometer. Particle size
distribution (PSD) was evaluated using laser diffraction, and thermal properties were analyzed with
differential scanning calorimetry (DSC). DSC results indicated that enthalpy increased with cocoa
content, whereby dark chocolate showed the highest value (55.04 ] g™') and white chocolate the
lowest (35.3 ] g™1). PSD followed a monomodal pattern; dark chocolate had the smallest particles
leading to the highest hardness. Density ranged from 1.2773 to 1.2067 g cm=. Results from classical
rotational rheological measurements were in accordance with oscillatory measurements.
Rheological measurements confirmed that the Casson yield stress was highest for milk chocolate
(17.61 Pa). The viscosity values decrease with increasing shear rate for all chocolates. All chocolate
samples showed strong shear-thinning behavior up to 100 s.1 shear rate. Oscillatory measurements
showed paste-like nature of all samples, i.e. storage modulus G” dominates loss modulus G’ at small
shear stress values, and that complex modulus G*, which represents the stiffness varied as follows:
milk > white > dark > ruby.

Keywords: milk chocolate; white chocolate; dark chocolate; ruby chocolate; rheological properties;
differential scanning calorimetry; density; hardness; particle size distribution

1. Introduction

Chocolate represents a complex and dynamic system that can be viewed as a homogeneous
suspension of various solid particles—such as sugar, cocoa solids, and milk powder—within a fat
phase, primarily composed of cocoa butter and milk fat [1]. By combining these components in
different ways, we can create various types of chocolate, including classic dark, milk, and white
chocolate, as well as innovative ruby chocolate. Each variety possesses unique sensory and
physicochemical characteristics that warrant detailed analysis.

In accordance with food legislation regarding chocolate [2,3], chocolate must contain at least 35%
cocoa solids, of which at least 18% is cocoa butter and 7% is cocoa mass. It does not contain dairy
ingredients and is typically referred to as dark chocolate if it contains more than 50% cocoa solids.
Milk chocolate must contain at least 25% cocoa solids, of which at least 14% are milk solids (either
milk powder or condensed milk). White chocolate does not contain cocoa mass but consists of a
minimum of 20% cocoa butter, 14% milk solids, and 30% sugar. The absence of cocoa solids
distinguishes white chocolate from dark and milk chocolate.

Since 2017, ruby chocolate has also been available on the market. The production process for
ruby chocolate was patented in 2012 by Barry Callebaut [4]. As of now, this type of chocolate is not

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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yet covered by European legislation and has not been recognized as the fourth type of chocolate.
However, ruby chocolate can be called chocolate because it contains at least 47% cocoa components
and at least 26% milk solids. According to the patent, under-fermented cocoa beans are used to
produce ruby chocolate. The characteristic purple color of the chocolate is achieved by immersing the
cocoa beans in acidic solutions of citric or phosphoric acid under strictly controlled conditions (pH,
time, temperature). According to the patent, ruby chocolate has a higher polyphenol content
compared to the three known types of chocolate. The literature has examined and compared the
polyphenol content of all four types of chocolate [5, 6]. However, very few studies have compared
these four chocolates rheologically, thermally, and texturally [7, 8].

Chocolates are a suspension of sucrose, solid cocoa particles, and powdered milk particles
coated with phospholipids in a continuous fat phase, usually cocoa butter and milk powder. The total
solid content ranges from 65% to 75%. Key rheological, thermal, and textural characteristics of
chocolate arise from the composition of the lipid phase (primarily cocoa butter), which affects melting
properties and mouthfeel [9], since all solid particles of sugar and cocoa are held together by this lipid
phase. Cocoa butter is a polymorphic fat and can crystallize into six polymorphic forms (I to VI).
Form [ is the least stable, while form V is the most desirable form, exhibiting optimal gloss, texture,
and solubility. With prolonged storage, form V can transform into form VI—the most stable form,
but at the cost of gloss and texture. Different polymorphic forms of cocoa butter have varying
physical and chemical characteristics, including melting temperature, stability, and texture. The
stability of polymorphs varies due to the distance and arrangement between fatty acid chains, directly
influencing the quality and properties of the final chocolates [8]. In the production process, tempering
is employed to achieve the desirable V form in cocoa butter, with a melting temperature of 32-34°C,
ensuring optimal gloss, firmness, shrinkage, and shelf life [10].

The addition of milk fat found in milk, white, and ruby chocolate contributes to the softening of
the chocolate's crystalline structure and affects the melting properties of the final product [11]. Milk
fat is considered polymorphic due to its structure and can crystallize into three different polymorphic
forms: v, a, and 3. The ' form is the most stable, whereas the y form is the least stable. In the context
of polymorphism, tempering plays a crucial role in promoting crystallization into a
thermodynamically stable polymorphic form. Specifically, tempering lowers the temperature of the
chocolate, facilitating the coexistence of both stable and unstable polymorphs [12].

The size and distribution of solid particles are crucial parameters for high-quality chocolate, as
particles constitute more than half of the volume of the final product. Larger particles are important
for the texture (granularity) of chocolate, while smaller particles are more influential regarding the
liquid properties of the chocolate. During the grinding process, the number of smaller sugar particles
increases, creating new surfaces that must be coated with fat; consequently, more fat is consumed for
the same amount of sugar present. This primarily affects the yield stress, while viscosity at high shear
rates remains relatively unchanged. Yield stress values increase with the number of smaller particles,
as the surrounding fat particles reduce the amount of free fat available, which contributes to better
flow, while simultaneously increasing the specific surface area, enhancing particle interactions [13].

The goal of chocolate manufacturers is to grind the particles to a size that allows for good
cohesion while minimizing the surface area that requires fat coating. Even though that spherical
particles have the smallest specific surface area, they cannot be packed in the most efficient
configuration. Spherical particles of the same size can only occupy about 66% of the volume
(monomodal distribution) [14]; by adding particles of a second selected size to fill the gaps, this figure
increases to 86% (bimodal distribution). Including particles of a third selected size can achieve up to
95% packing density (trimodal distribution). Standard measurements in rheology determine yield
stress and viscosity, but yield stress can also be estimated using more precise oscillatory rheology
techniques. Oscillatory rheology has already been applied in the rheological testing of chocolate [15,
16]. Besides providing information about yield stress, this method offers insights into the viscoelastic
properties of chocolate and the length of the linear viscoelastic region (LVR) where stress and strain
are linearly proportional.
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In line with the proposed literature, this study will comprehensively define the thermal, textural,
and rheological characteristics, as well as particle size and density of all four types of chocolate. To
minimize various influences on chocolate quality (such as manufacturing processes, raw materials,
machinery, etc.), all four chocolates were purchased from the same manufacturer in a supermarket
in Serbia. Milk, white, and ruby chocolates contained 36% fat, while dark chocolate contained 39%
fat. Soy lecithin was used exclusively as an emulsifier in all four chocolates and the cocoa solid content
varied among the chocolates: 70%, 47%, 33%, and 28% (DC, RC, MC, WC).

2. Materials and Methods

2.1. Materials

All chocolates were purchased in a Serbian market (produced by a company named Premier,
Serbia). Four chocolates were used for the experiments— ruby chocolate (RC), dark chocolate (DC),
milk chocolate (MC), and white chocolate (WC). The RC, DC, MC and WC contain 47%, 70%, 33%
and 28% cocoa components respectively. Further characteristics (nutritional data) of these four
chocolates are given in Table 1.

Table 1. Nutritional data of the chocolate.

RC DC MC WC
Energy Value (k]) 2340 2255 2357 2379
Fats (g) 36 39 36 36
of which sat.urated fatty 1 3 » 216
acids
Carbohydrates (g) 50 31 51.9 55.5
Of which sugars 49 26 50 55
Proteins (g) 9.3 8.5 7 6
Salt (g) 0.27 0.02 0.2 0.2
sugar, cocoa butter, cocoa mass, sugar sugar, cocoa sugar, cocoa
skimmed milk / .’ butter, whole !
cocoa powder with butter, whole

powder, whole milk milk powder,

reduced cocoa
powder, cocoa mass,

milk powder,
cocoa mass,

Ingredients o butter content, " emulsifier soy
emulsifier soy " emulsifier soy s
L . emulsifier soy o lecithin,
lecithin, citric acid, . lecithin, .
. lecithin, natural ... natural vanilla
natural vanilla . natural vanilla
vanilla flavor. flavor.
flavor. flavor.
Cocoa parts: min. (%) 47 70 33 28
2.2. Methods

2.2.1. Particle Size Distribution (PSD)

Particle size analysis of samples was measured on Anton Paar PSA 1190 laser diffraction
instrument in liquid mode. Sunflower oil was used as carrier liquid and particles were dispersed for
1 minute with the use of a stirrer and 50 W power ultrasound. Particle size is determined according
to Fraunhofer theory [17]. The results were expressed as the volume-based PSD and described by
PSD parameters obtained using the laser diffraction instrument software: D[4,3]- mean size volume,
and parameters d(0.1), d(0.5), and d(0.9) that represent the particle sizes where 10, 50, or 90% of the
total sample volume consists of particles smaller than these sizes respectively.

2.2.2. Density of Chocolate Samples

Anton Paar Ultrapyc 5000 gas pycnometer was used for measurements of the true (skeletal)
density of chocolate samples. Approximately 65 g of sample was placed in a large (135 cm?)
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measurement cell. Nitrogen was used as displacement gas, target pressure was set to 1.24 bar, flow
direction was reference chamber first, and measurements were performed at 20 °C. A one-minute
flow purge was used to prepare the samples before the measurement. At least 5 consecutive
measurements were performed on each sample, measurements were finished when the variance was
lower than 0.1%.

2.2.3. Melting Properties of Chocolates

The thermal profile of white chocolate and fortified white chocolates was determined by
differential scanning calorimeter DSC 214 Polyma, Netzsch. Aluminum crucibles with pierced lids
were used, and samples were measured in a nitrogen atmosphere with a 40 mL/min flow rate.
Approximately 16 mg of the sample was subjected to a temperature program from -30 °C to 50 °C at
a heating rate of 5 °C min‘l. Indium was used as a calibration reference.

2.2.4. Chocolate Hardness

The determination of the chocolate’s textural properties was performed using a texture analyzer
(TA-XT Plus Texture Analyzer), following the original method 3-Point Bending Rig HDP/3PB). The
working conditions were: pre-speed of 1.0 mm s, test of 3.0 mm s, post-speed of 10.0 mm s! distance
40 mm, and five repetitions at ambient temperature. The subject of the measurement was the intensity
of force used to crush the chocolate.

2.2.5. Rheological Properties of Chocolate Mass

All rheological measurements were performed on Anton Paar MCR 102e rheometer with
absolute coaxial cylinders measuring system CC27 according to ISO 3219. Samples were measured at
40 * 0.1 °C temperature. Prior to measurements, samples were prepared according to analytical
method 46 of the IOCCC 2000 standard [18].

Oscillating stress sweep measurements were performed to obtain more information about the
rheological characteristics of the samples. Shear stress was logarithmically increased from 0.1 Pa to
100 Pa, ten points per decade were acquired, and angular frequency was set to 10 rad s?. The duration
of the measurement point was left to be decided by the device software, according to a steady state
of measured values. Three measurements were performed on different samples, and two minutes
rest followed pre-shearing according to analytical method 46 of IOCCC 2000 standard. The yield
point was determined as a point in which complex modulus (1G*1) is 5% different than the plateau
value from the linear viscoelastic range (LVE range). The flow point was determined as an
intersection between storage modulus (G’) and loss modulus (G”), i.e. it is a point where the sample
changes from gel-like behavior to liquid state.

An extended shear rate range from 1 s? to 100 s' was used for measurements according to
analytical method 46 of the IOCCC 2000 standard. Eighteen points in the first and third interval were
measured, and the duration of the measurement point was 10 seconds. Measured data from the third
interval were fitted according to the simplified Casson model (exponent of 0.5) and the Windhab
model.

The shear rate was logarithmically increased from 0.1 s to 1000 s during viscosity curve
measurements. Seven points per decade were acquired, and measurement point duration was
logarithmically decreased from 10 seconds to 1 second.

In the first interval of three intervals of test, six points were measured, each after 10 seconds,
with a shear rate of 0.1 s™. In the second interval shear rate of 1000 s was applied for 5 seconds, and
ten measurement points were acquired. In the third interval shear rate was set at 0.1 s7, like in the
first interval, and viscosity changes which represent stabilization of the sample after high shearing
were monitored for one minute.

2.2.6. Statistical Analysis
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Data obtained in this study were expressed as means + standard deviations of replicate analyses.
A one-way analysis of variance (ANOVA) with Tukey's test was performed using Statistica 10.0
(StatSoft Inc., Tulsa, OK, USA). The significance of differences among the mean values was indicated
at the 95 % confidence level.

3. Results and Discussion

3.1. Comparative Overview of Particle Size Distribution in Tested Chocolate Samples

Particle size is one of the most crucial properties of chocolate and can directly and indirectly
influence its quality. The direct effect pertains to the textural attributes, specifically to smoothness or
grittiness, while the indirect effect influences rheological properties and hardness. The optimal
particle size range for chocolate is reported to be between 17-30 um [19]. This range enhances the
sensory attributes [20]. A particle size exceeding 30 um manifests as a gritty mouthfeel [21].

The parameters of particle size distribution for the analyzed chocolate samples are presented in
Table 2, with the distribution curves illustrated in Figure 1.

Table 2. Particle size distribution parameters of chocolates.

Parameters Sample of Chocolate
DC RC MC WC
d(0.1) pm 3.392 £ 0.0392 4.078 £ 0.018 3.525 £ 0.052¢ 3.917 £ 0.0464
d(0.5) um 9.441 + 0.0342 14.569 + 0.133P 10.790 + 0.062¢ 11.831 + 0.2254
d(0.9) um 23.487 +0.1122 31.965 +0.211> 25.181 + 0.375¢ 25.575 + 0.505¢
D[4.3] um 12.301 £ 0.036° 17.427 +0.118 13.445 + 0.144¢ 14.155 £ 0.2594
SPAN 2.128 £ 0.0202 1.914 +0.011P 2.007 £ 0.2602> 1.831 +0.018¢

1 Values represent the mean (n = 3) + standard deviation. Values followed by different lower-case letters in the
same row differ significantly from each other (p < 0.05).

All four chocolates are produced in the same factory running on the same production line. The
varying compositions of the four chocolate types resulted in statistically significant differences (p <
0.05) in the parameters d(0.1), d(0.5), and d(0.9), as well as the average volumetric diameter D[4,3],
except the d(0.9) parameter for the chocolate samples MC and WC.

The distribution parameters indicate that chocolate DC has the finest particles, followed by
chocolate MC, then WC, and, finally, the coarsest particles are observed in sample RC. In sample RC,
10% of the particles exceed a size of 31.965 um; however, this does not elicit a gritty sensation since
the d(0.5) parameter and the average volumetric diameter D[4,3] are 14.569 pm and 17.427 pm,
respectively, considerably lower than the threshold for grittiness of 30 um.

The increase in particle size in milk-added chocolates is a result of the agglomeration of protein
particles [22]. Figure 1 demonstrates that all four chocolate samples exhibit a narrow monomodal
distribution, with the width of the distribution ranging from 1.831 to 2.128; the widest distribution is
observed in sample DC, while the narrowest is found in WC.

] 1000
_ 1 c
¥ 40 g
= 1 =
- a
i 1 MC
2 1 g 500+
A :
0 RC -
| \ F
£
L s T s LR DR T L A e
00 010 100 10.00 100,00 1000.00

001 010 1.00 1000 100.00 1000.00

Particle diameter [pam] Particle diameter [um)]
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Figure 1. Comparative overview of particle size distribution in chocolate samples. (a) distribution (%)
(b) cumulative distribution (%).

3.2. Comparative Overview of Density in Tested Chocolate Samples

According to the comparative analysis of the densities of the four types of chocolate
presented in Figure 2, it can be concluded that the primary factors influencing density are
the content of cocoa solids and the percentage of fat. As the content of cocoa solids
decreases, the density of the chocolate increases [23].

1.3
1.2773
1.28 1.2665
‘g 1.26
= 1.24 1.2335
2
2 1.22 1.2067
A 12
1.18
1.16
DC MC WC RC
Chocolate samples

Figure 2. Comparative overview of density in chocolate samples.

Notably, deviations are observed in the samples of chocolates RC and DC. When considering
solely the impact of cocoa solids, chocolate DC, which contains 70% cocoa solids, would be expected
to have the lowest density, whereas chocolate RC has a cocoa solids content of 47%. However, in this
instance, factors such as the mode of particle packing, the incorporation of air, the mixing speed of
the chocolate, and the tempering method play a more crucial role in determining density than the
content of cocoa solids and fat.

3.3. Comparative Overview of Melting Properties and Hardness in Tested Chocolate Samples

The thermal behavior of dark, milk, white, and ruby chocolates, differing in their raw material
composition, was evaluated using differential scanning calorimetry (DSC). The thermograms of the
examined chocolate samples are presented in Figure 3, while the DSC parameters, including onset
temperature (Tonset), peak temperature (Tpeak), final temperature (Tend), and enthalpy, are
summarized in Table 3.

Table 3. Mean values melting parameters of chocolates.

Melting Parameters Textural Properties
Chocolate
Tons (°C) Tend (°C) Tpeak (°C) AH (J/g) Hardness (g)
DC 244+0.082  40.2+0.16 34.5+0.21= 55.04 + 0.542 4994.0 + 28.50
MC 24.3 £0.142 35.9 +£0.19° 33.3+ 0.152 36.76 + 0.32b 4782.0 +26.70P
RC 19.9+0.11° 38.9 £0.12¢ 34.7+ 0.17> 39.91 + 0.34¢ 4648.0 + 38.20¢
WC 23.6+0.09c  36.8+0.13> 33.9+ 0.20ad 35.30 + 0.30° 4082.0 + 44.30¢

* Values represent average of triplicates + SD. Means with different letters in superscript in columns are
significantly different (p < 0.05).

Essentially, the DSC diagrams for the different types of chocolate provide insights into their
thermal characteristics and stability under varying temperatures. The melting curves obtained from
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DSC are influenced by particle size distribution, sugar content, and emulsifiers, but primarily by the
quantity and composition of the fat phase [9].

Chocolates MC, RC, and WC contain 36% fat, comprised of cocoa butter and milk fat, whereas
chocolate DC contains 39% fat exclusively from cocoa butter. Chocolate DC exhibits the highest
enthalpy (latent heat absorbed during melting) at 55.04 ] g7, corresponding to the highest cocoa solids
content of 70%. This is followed by chocolate RC with an enthalpy of 39.91 ] g! and 47% cocoa solids,
and milk chocolate with an enthalpy of 36.76 ] g and 33% cocoa solids. The lowest enthalpy is
observed in chocolate WC (35.3 ] g™!) with 28% cocoa solids. A clear trend is evident, indicating an
increase in enthalpy with higher cocoa solids content. The data from Table 3 are consistent with the
values reported in the literature [24, 25].

The chocolate containing only cocoa butter (DC) typically displays two peaks corresponding to
the melting of two of the six polymorphic forms of cocoa butter. All polymorphs of cocoa butter have
distinct shapes, sizes, volumes, and melting points. The melting temperatures of the different
polymorphs of cocoa butter are as follows: I sub-a at 17.3 °C, Il &« at 23.3 °C, III '2 at 25.5 °C, IV 1
at 27.5 °C, V B2 at 33.8 °C, and VI p1 at 36.3 °C [26]. The V crystal polymorph, which has a melting
point range of 33.7-34.9 °C, is primarily responsible for producing chocolate with optimal properties
[27].

Chocolates containing milk fat (WC, MC, and RC) exhibit significantly different melting curves
compared to DC, as the presence of milk fat leads to a reduction in melting temperature [28]. Milk fat
is polymorphic and crystallizes into three polymorphic forms (a, 83, y). The 8 form is the most stable,
while the y form is the least stable. On the DSC curve for milk fat, polymorphs can be observed with
peaks at temperatures of 14, 26, and 39.4 °C [9]. The melting point of milk fat is lower than that of
cocoa butter, and when these two fats are combined, an eutectic mixture is formed. Milk fat does not
affect the polymorphism of cocoa butter, provided that the milk fat does not exceed 30% of the fat
mixture. DSC diagrams of chocolates containing milk fat reveal characteristic peaks that reflect the
melting of cocoa butter, milk fat, and sugar [29]. The initial peaks of the three chocolates at
temperatures of 8.3 °C and 18.4 °C represent the melting of milk fat and polymorph I of cocoa butter.

DSC /(mW/mg)
09

| exo
0.8
07
0.6
05
0.4

03

0.2

01

0.0

-30 -20 -10 0 10 20 30 40 50
Temperature /°C

Figure 3. DSC curves for chocolate samples.

Crystals start melting first in the RC chocolate (19.9 °C), followed by WC, MC, and lastly DC
(24.4 °C). The melting temperature range is the broadest for RC, followed by DC, WC, and the
narrowest range for MC. The melting curves of MC and WC are similar and largely overlap. The
enthalpy and Tend parameters for both chocolates do not statistically differ (p > 0.05), while Tonset
differs by 0.7 °C. WC chocolate begins to melt earlier due to its higher milk fat content. RC chocolate
exhibits the lowest initial melting temperature, yet, compared to chocolates with 36% fat (MC and
WCQ), it has the highest Tpeak and Tena values, along with the greatest enthalpy. All four types of
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chocolate exhibited Tpeak values ranging from 33.3 to 34.7 °C, indicating that the chocolates were well-
tempered and thus melted pleasantly in the mouth.

The texture of certain food products plays a crucial role in determining both sensory attributes
and overall quality. For chocolate, hardness is one of the most significant parameters influencing
quality perception. An ideal chocolate should remain firm at room temperature while also melting
smoothly in the mouth, presenting a challenge in its formulation. Instrumental measurements of
chocolate hardness are illustrated in Table 3. These results align with the findings of Konar et al.,
which demonstrated an inverse relationship between particle size and chocolate hardness. Smaller
particle sizes contribute to increased hardness, as they enhance specific surface area and increase the
number of inter-particle contact points [30]. Moreover, smaller particles necessitate a greater amount
of fat to coat the particles, facilitating the desired rheological properties of the chocolate [31]. In
addition to particle size, the type and amount of fat significantly influence the hardness of chocolate.
Statistical analyses reveal that chocolate sample DC, which contains the smallest particles, exhibits
the highest firmness (p<0.05). Although chocolate RC has the largest particles, it is not the softest; this
feature belongs to chocolate WC. These variations can be attributed to the higher proportion of softer
fat—milk fat—in chocolate WC. The other chocolate samples (MC, RC, and WC) contain the same fat
content (36%), while sample DC comprises 39% fat.

According to research by Afoakwe [32], chocolates with a higher percentage of fat generally
exhibit decreased hardness due to reduced interactions between particles or between particles and
fat. While it may have been expected that chocolate DC would show lower hardness due to its fat
content, the actual outcome is the contrary. The determining factor in this case is the type of fat used;
sample DC exclusively contains cocoa butter, which is a firmer fat compared to the milk fat present
in the other chocolate samples. These differing compositions contribute to a complex interaction
between the textural properties of chocolate and consumer perceptions of its quality.

3.4. Comparative Overview of Rheology Properties in Tested Chocolate Samples

The yield stress and viscosity are usually the parameters used to evaluate the flow properties of
the molten chocolate. Yield stress is a characteristic that indicates the transition between pseudo-solid
and pseudo-liquid behaviors. It corresponds to the minimum shear stress required to first observe
the flow, marking the shift from elastic to viscous deformation. The viscosity of chocolate is a measure
of its resistance to flow or deformation under stress. It can vary based on temperature, composition,
and the presence of other ingredients, affecting the texture and behavior of chocolate during
processing and consumption. In Figure 4, the flow curves of dark, milk, white, and ruby chocolate
samples are presented. The viscosity values for all chocolate samples decrease as the shear rate
increases, indicating the shear-thinning behavior of all tested samples [12].

RheoCompass

1E+05 §

10000 1+

Viscosity n in mPa-s

1000 + + +
0.1 1 10 100 1000
Shear Rate y in 1/s

Anton Paar

Figure 4. Flow curves of chocolate samples (DC — black, MC- blue, WC- yellow and RC - red curve).
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A large number of researchers have shown that when the fat content is the same in chocolates,
viscosity is higher if the particle size is smaller. The reason for this behavior lies in the fact that cocoa
butter coats the solid particles of sugar, milk, and cocoa; thus, when the particles are smaller, the
contact surface with the cocoa butter is greater. The consequence of this is a reduction in the amount
of free cocoa butter and a decrease in the distance between particles, which results in an increase in
viscosity [12, 22]. If the chocolate has a higher fat percentage, a drastic reduction in viscosity occurs.
The impact of fat on viscosity is much greater than on yield stress [12 - 14].

Figure 5 provides a comparative overview of the viscosity measured by Casson and Windhab
regressions, and the viscosity recorded at 1000 s™. Based on the preceding information, one would
expect the DC chocolate, which has the finest particles, to exhibit the highest viscosity. However, a
deviation has been observed, as the impact of fat content is significantly greater (with DC chocolate
containing 3% more fat than the other chocolate samples, which affects the reduction of its viscosity)
than the effect of particle size on viscosity. Among the three chocolates with the same fat content of
36%—MC, WC, and RC—the MC chocolate is expected to have the highest viscosity when
considering only the effect of particle size, followed by WC, and then RC with the lowest viscosity.
However, when evaluating viscosity according to the Windhab model (which provides a better
description than the Casson model) and based on the viscosity value recorded at 1000 s, the lowest
viscosity is observed in RC chocolate, with significant deviations noted in MC and WC chocolates.
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Figure 5. Comparative overview of viscosity values in tested chocolates.

The highest viscosity is found in WC chocolate, attributed to its higher content of whole milk
powder. Amorphous or crystalline lactose and milk fat interact with the fat phase similarly to sugar
crystals or cocoa particles, thereby influencing the rheological behavior of the chocolate mass [33].
Additionally, if the milk in the chocolate has been spray-dried, the particles can become deformed
and asymmetrical due to the heat applied during grinding, which adversely affects viscosity [13].
Statistically, there is no significant difference (p > 0.05) in the viscosity of chocolate masses DC-WC
and MC-RC according to the Casson model, while MC-RC shows no statistical difference according
to the Windhab model.

The yield stress of Casson and Windhab exhibits an identical dependency. Yield stress is the
minimum force required for chocolate to begin flowing. A clear inverse relationship between yield
stress and particle size, as well as fat content, has been observed [34]. As particle size decreases, the
distance between particles also decreases, resulting in increased contact friction, which in turn raises
the yield stress. Based on particle size, the highest yield stress was expected in DC chocolate, while
the lowest was anticipated in RC, following the sequence of DC-MC-WC-RC, which corresponds to
increasing particle size. However, deviations occur because DC chocolate contains a higher fat
percentage compared to the other chocolates. The impact on yield values, as well as on viscosity
values, is significantly influenced by the fat content in the recipe as opposed to particle size. Fat has
a greater effect on viscosity than on yield stress, as the addition of fat “lubricates” the solid particles,
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facilitating flow. In contrast, yield stress is more closely related to particle-particle interactions and is
less dependent on fat. In chocolates with the same fat content (MC, WC, and RC), the influence of
particle size is unequivocal, as illustrated in Figure 6. There is a clear dependence: higher yield stress
corresponds to smaller particles. The Casson yield stress does not statistically differ between DC and
WC chocolates (p > 0.05). However, the Windhab yield stress shows statistically significant
differences among all four chocolates (p < 0.05).

To assess yield stress, in addition to classical rheology, an oscillating stress sweep can be
employed. The sample is subjected to increasing oscillation stresses while measuring deformation.
This test also measures the width of the LVE (linear viscoelastic) region in which stress and strain are
proportional. The linear viscoelastic region (LVE) indicates the range within which the sample can
be exposed to forces without damaging its structure. The wider the LVE range, the stronger the
network of forces within the sample, and vice versa. For a structural breakdown to occur, the
chocolate must be irreversibly deformed, making this test useful for determining yield stress.
Structural failure is identified by a sudden drop in the complex modulus. Oscillatory rheology
provides information about yield stress, viscoelastic properties, and microstructure [35].
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Figure 6. Comparative overview of yield stress in tested chocolates.

Figure 7 shows the changes in both modulus (storage modulus G” and loss modulus G”) for all
tested chocolates as a function of the applied shear stress. For all chocolates, inside the LVE range,
the storage modulus is greater than the loss modulus. This indicates that there is a network of forces
built within the sample which provides elastic properties up to the critical yield stress, where
structural breakdown occurs [36].
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Figure 7. Dependence of the modulus of stored and lost energy on shear stress (legend: Loss modulus
G”- A ; storage modulus G- m ; chocolate samples: DC — black, MC- blue, WC- yellow and RC - red
curve).

The MC chocolate has the widest LVE range and the highest values of modulus, while the RC
chocolate has the narrowest LVE range and the lowest modulus. The order of decrease in the length
of the LVE range is MC > WC > DC > RC. With increasing shear stress the structure is disrupted, and
the chocolate passes to the transition range and eventually begins to flow, when viscous, i.e.loss
modulus prevails. Structural breakdown occurs at the following critical stresses (Pa): for DC
chocolate 1.32 + 0.05, for RC chocolate 1.40 +0.01, for WC chocolate 1.59 + 0.07, and MC chocolate 2.78
* 0.28. The results are statistically different for all chocolates (p<0.05), except for DC and RC
chocolates. The stresses (Pa) at which the chocolates begin to flow, so-called flow stresses, are: for DC
chocolate 1.77 = 0.06, for RC chocolate 1.91 +0.03, for WC chocolate 2.00 +0.12, and MC chocolate 3.48
+ 0.37. The results are statistically different for all chocolates (p<0.05), except for WC and RC
chocolates. The yield stress at which the structure is disrupted and the flow stress at which the
chocolates begin to flow are correlated with the yield stress according to Windhab from classical
rheological measurements, although their values are significantly lower.

The complex modulus (G*) is a measure of the system's rigidity. It provides insight into how
chocolates respond to dynamic forces. When G* is high, it suggests that the chocolate is sufficiently
strong and resists deformation, which is often interpreted as the "rigidity" of the system. Conversely,
a lower G* indicates that the material deforms or relaxes more easily under stress, which may mean
it is less rigid or stiff [16]. Figure 8 presents a comparative overview of the complex modulus for all
tested chocolates.
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Figure 8. Dependence of complex modulus (G¥) on sheer stress for tested chocolates (legend: DC —
black, MC- blue, WC- yellow and RC - red curve).

It is evident that the rigidity of the chocolates decreases in the following order: MC > WC > DC
> RC. Rigidity depends solely on the complexity of the recipes. The MC chocolate contains sugar,
milk powder, cocoa mass, and cocoa butter, while WC chocolate does not contain cocoa mass, and
DC chocolate does not include milk powder in its recipe. RC chocolate, like MC chocolate, has all
four ingredients but with a significantly higher cocoa content, at 47% compared to 28% in MC
chocolate.

We tested all four chocolates using the “three intervals” test, which gives us insight into how the
chocolates behave under industrial conditions. This method is rarely used for chocolates, and there
is extremely limited literature on the subject [37]. This method allows for a detailed understanding
of the rheological properties of chocolate, which can be useful for optimizing the production process
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and improving the quality of the final product. The results of the three intervals test are shown in
Figure 9.
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Figure 9. Dependence of viscosity on time for tested chocolates (legend: DC — black, MC- blue, WC-
yellow and RC - red curve).

We monitored the viscosity of the chocolates during the first 60 seconds when exposed to a shear
rate of 0.1 s, then for 5 seconds at a shear rate of 1000 s, and in the third interval, we returned to
the conditions of the first and observed the recovery of the chocolate structure. During the second
measurement interval, when shear rates of 1000 s™ are applied, the chocolate undergoes conditions
of high processing, which can have several effects on its rheological properties: a reduction in
viscosity (the cocoa, sugar, and fat particles separate and orient into flow direction which leads to
shear-thinning behavior, an increase in temperature, changes in structure (which includes alterations
in the shape and arrangement of particles that affect product stability), and so on. In the first interval,
we observe an identical viscosity as that found at a shear rate of 0.1 s on the viscosity curve depicted
in Figure 4. The second interval causes a sharp decrease in viscosity due to the sudden increase in
shear rate. The rise in viscosity is in the order of RC > MC > WC > DC. This trend is also confirmed in
Table 1, where viscosities behave similarly according to Windhab, as well as at a shear rate of 1000
s71. At the very beginning of the third interval, all the chocolates have higher viscosity than in the first
interval, which is the result of structural changes. Recovery of structure occurs in all chocolates after
exposure to stress [37]. It takes a longer time for the viscosity to “return” to the value from the first
interval. RC chocolate recovers its structure the fastest compared to the other chocolates.

4. Conclusions

This comparative study of four types of chocolate (milk, dark, white, and ruby) demonstrated
that the highest influence on thermal, rheological, and textural properties comes from the raw
material composition and particle size distribution. The MC, RC and WC chocolates contained 36%
fat (milk fat and cocoa butter), while the DC chocolate had 39% fat (composed solely of cocoa butter).
All chocolates used only soy lecithin as an emulsifier, while the cocoa content varied: DC - 70%, RC
—47%, MC - 33% and WC - 28%. Testing of the chocolates revealed:

e Particle size (according to all parameters: d(0.1), d(0.5), d(0.9) and D[4,3]) increases in the
following order: DC - MC - WC - RC.

¢ Density increases in the order RC - DC - MC - WC and depends on the cocoa content and fat
quantity.

e The hardness of the chocolates decreases in the following order: DC - MC - RC - WC (inversely
proportional to particle size and the amount of milk fat).
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e Melting enthalpy in the chocolates increases with the rise in cocoa content.

¢ In classical rheological measurements (viscosity and yield stress), the greatest influence comes
from particle size (larger particles result in lower viscosity and yield stress) and the quantity and
type of fat (higher fat content reduces both viscosity and yield stress, but has a much greater
effect on viscosity).

e According to oscillatory rheological measurements, all chocolates exhibit greater elastic response
compared to viscous one until the point of structural disruption (G' > G").

e The LVE (Linear Viscoelastic) range decreases in the order MC - WC - DC - RC indicating that
the strongest network of forces is built in MC and weakest in RC

¢ Based on oscillatory rheological measurements, the complex modulus (G*), or the rigidity of the
system, decreases in the chocolates in the order MC - WC - DC - RC.
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