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ABSTRACT
In the present study, commercial cocoa powders with different cocoa fat 
contents were studied. It was found that the cocoa powders’ flow patterns 
were of a cohesive to highly cohesive characters. It was demonstrated, that 
the powders of higher crystalline structure were less flowable compared to 
the ones with the more amorphous ones. It was observed by SEM that the 
studied cocoa powders of higher cocoa fat content and the ones with the 
dietary fibers content (sample 2) exhibited more amorphous structure. The 
predominantly smooth surface structure of the higher fat content cocoa 
powder allowed its higher dense packing, triggering the decreased sound 
absorption typical for non-porous materials as quantified by NRC of 0.289 
(sample 1, 100 mm material height) and 0.227 (sample 3) to 0.182 (sample 2). 
The latter conclusions were also supported by the observed increase of the 
structural mechanical stiffness of the freely poured powder bed of high 
cocoa fat amorphous powders, as resulting in the increasing magnitude of 
the Kl of 12.83 MPa (sample 1, 100 mm material height) and 19.29 MPa 
(sample 3) to 37.82 MPa (sample 2). Melting temperatures of the samples 
were determined by DSC. Results were directly corresponded to the cocoa 
butter content. The highest enthalpy of fusion (ΔHm) of (23.32 ± 0.21) J/g was 
obtained for the highest cocoa butter containing sample 2 (of 20–22 wt. %). 
Obtained values of ΔHm for samples 1 and 2 were of (12.38 ± 0.20) J/g and 
(10.27 ± 0.17) J/g. Tp (melt) for reversing heat flow was ranging from 
(30.16 ± 0.10) °C to (32.28 ± 0.10) °C indicating the melting of stable β 
polymorph. The melting peaks observed at distinct temperatures in the non- 
reversing heat flow patterns were indicating melting of the unstable α and 
metastable β’ and stable β cocoa butter polymorphic forms.
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Introduction

The physical properties of powders, e.g., flowability, cohesion, adhesion, compression, etc., are influenced 
by the powders’ composition. Measurement of the physical properties allows the understanding of powder 
behavior under the processing, packaging and storage conditions. The powder behavior is susceptible to 
change with the environment or surface and particles´ morphology. The powder behavior, as measured by 
acoustical performance testing and particle size distribution provides an insight into the surface behavior 
and the size of particles, which is an important factor influencing the physical properties of the dispersed 
system.[1] The variation in size, shape and properties of powders makes it difficult to establish the factors 
contributing to the powder rheology; however, it has been well reported that the chemical composition and 
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surface properties of particles (including interactions and energetics) greatly influence its rheology.[2,3] The 
literature indicates an inverse relationship between the particle size and bulk density, consolidation 
behavior, and adhesivity between particles.[4] Stickiness in powders is a surface property occurring via 
five main mechanisms: intermolecular, electrostatic forces, mobile liquid bridges, solid bridges, and 
mechanical interlocking .[5,6] The interparticle interactions are also a characteristic of the particle’s shape. 
The viscosity has been linked directly with the particle shape and inversely with the size and sphericity of 
the particle .[7] Food powders are of particular interest due to their increasing application in food and 
pharmaceutical manufacturing technologies.[8] The majority of food powders have fat particles incorpo
rated in the microstructures of the bulk which gives them their characteristic flow property. However, like 
any other powders, the flowability of powders is essential in the industry to carry out many technological 
operations such as dosing, mixing, transport, packaging and hopper storage. Therefore, an extensive study 
of the mechanical properties of powders becomes essential. Our interest was focused on cocoa powders 
characterization due to their wide use in confectionery, baking and milk-based foods.

Cocoa (Theobroma cocoa) is originally a native of dense tropical forests in the Amazon. The first 
known cocoa plantations were established by the Maya in the lowlands of south Yucatan about 600 A.D. 
.[9] The genus Theobroma comprises more than 20 species, but only T. cocoa is of commercial 
importance. The seeds are fermented and processed to make cocoa butter (CB) and cocoa powder.[10] 

Further processing of CB and cocoa powder is prepared for the production of chocolates, confectioneries 
and beverages. The essential constituent of the cocoa powder is cocoa fat that determines the mechanical 
behavior of the product. Cocoa butter consists of triglycerols (95%), namely oleic acid (37%), stearic acid 
(32%), palmitic acid (27%), and linoleic acid (2–5) %.[11] The cocoa fat exhibits fascinating crystallization 
behavior that affects the sensorial and rheological properties of the cocoa products, especially chocolate. 
It exists in six different polymorphic crystalline states (I–VI) with distinguished melting temperatures.[12] 

The polymorphic states undergo transitions from one state to another depending on the processing 
temperature. The rheological properties of cocoa are primarily dependent on its composition and the 
presence of additives such as anticaking agents and emulsifiers.[13] Cocoa fat particularly the surface fat 
plays a vital role in providing structure to the cocoa powder, thereby influencing its utility. Commercial 
cocoa powders have the fat content ranging from 10 to 22 wt.%. Highly defatted cocoa powders contain 
less than 1 wt.% of the cocoa fat.[14] In the presented study, commercial cocoa powders with different 
cocoa fat contents were investigated. It is a well-known that cocoa powder is a versatile product and its 
functionality is defined by its composition. However, its composition depends on many parameters such 
as biological origin, pedological and agronomical conditions and raw material processing conditions.[15] 

Therefore, there was found in the literature, a relatively high compositional variability among the studied 
samples.[16,17] However, in this study, the composition information declared by the respective companies 
complies with European Union Regulation (EU) No. 1169/2011 (EFSA).[18]

There were studied mechanical and thermal properties to find out the relation between samples’ 
fat contents and their collective mechanical properties, such as powder flowability and sound 
absorption performance. The latter parameters are affected by applied consolidation stresses during 
measurements influencing the packing density of the cocoa powder beds. Additionally, the thermal 
properties of the studied cocoa powders were determined by means of differential scanning 
calorimetry (DSC) and thermally modulated DSC (MDSC) method allowing in detail quantification 
of the melting heat flow patterns and crystalline cocoa butter polymorphic forms present in cocoa 
powder samples.

Materials and methods

Products

Three different commercial cocoa powders (see Tables 1 and 2) were tested in this study. The cocoa 
powders were kept in cool dry place at a constant laboratory temperature of 22°C and relative 
humidity of 35%.
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Methodology

Particle size analysis
A vibratory sieve shaker Fritsch Analysette 3 (FRITSCH GmbH – Milling and Sizing, Idar-Oberstein, 
Germany), was used for the particle size analysis. The analysis was carried out three times using 150 g 
sample for each batch. Masses of individual fractions retained on the sieve screens were determined 
(applied sieves screen mesh diameters were as follows: 0.71, 0.56, 0.45, 0.32, 0.22, 0.16, 0.125, and 
0.045 mm). The granulation of tested samples corresponded to granulation of fine flour (257 μm/96% 
to 162 μm/75%) and semi-coarse flour (366 μm/96% to 162 μm/75%). The mass average particle 
diameter (dw) was calculated from the particle size distribution by the following formula[19]: 

dw ¼

P di�wið Þ

Pwi (1) 

where di is the average particle diameter of the individual fraction, and wi is the weight fraction 
retained on the sieve. Samples were stored in the original package in dry form at ambient laboratory 
temperature of (25 ± 1) °C and relative humidity of 30%.

Differential scanning calorimetry thermal analysis
Thermal analysis was performed on a DSC 250 Discovery instrument (TA Instruments, New Castle, 
DE, USA) with Tzero measurement technology. The instrument was calibrated for indium standard 
(Tm = 156.6°C; ΔH = 28.45 J/g). Cocoa powder samples were weighed (5.0 ± 1.1) mg into aluminum 
pans and pressed with an aluminum lid. The measurement took place in an atmosphere of N2 (50 ml/ 
min flow rate); the heating rate was 10°C/min in the temperature range from 0 to 50°C. The melting 
temperature peak of cocoa butter was observed, and the results were expressed as Tonset (onset) and Tm 
(peak of melting temperature). Melting enthalpy ∆Hm was calculated by integrating the area under the 
thermograms and expressed as specific enthalpy in J/g (normalized enthalpy) at constant pressure.

Table 1. Sample description and labeling.

Sample 
labeling

dw * 
(μm)

Cocoa fat 
concentration 

(w.%)

Bulk density (g/ml)

Sample description

Freely 
poured 

powder bed

At 9 kPa 
consolidation 

stress

1 238 ± 10 10 0.360 0.913 Cocoa powder Holland cocoa Dr. Oetker (Dr. Oetker, Ltd. 
Kladno, Czech Republic), acidity regulator (potassium 
carbonate).

2 125 ± 5 20–22 0.456 0.510 Cocoa powder (Kavoviny, JSC, Pardubice, Czech Republic), 
acidity regulator (potassium carbonate), soy lecithin.

3 303 ± 10 10–12 0.466 0.544 Cocoa powder Holland type Marila (Mokate Czech, Ltd., 
Prague, Czech Republic), acidity regulator (potassium 
carbonate).

*dw – mass average mean diameter.

Table 2. Composition of the studied cocoa powders.

Sample labeling Energy (per 100 g) (kJ)

Composition (per 100 g)

Fat (g) Carbohydrates (g)

Proteins (g) Salt (g) Fibers (g)Total Saturated Total Sugars

1 1194 11 6.4 10 0.7 23 0.08 -
2 1460 13.7 7.5 17.1 0.6 24.6 1.98 24.6
3 1302 11 6.8 12.5 1 22 0.75 -
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Temperature modulated differential scanning calorimetry
Temperature modulated differential scanning calorimetry (MDSC) was performed on a DSC 250 
Discovery instrument (TA Instruments, New Castle, DE, USA) for resolution of polymorph type of 
cocoa butter in the samples. The instrument was calibrated for indium standard (Tm = 156.6°C; 
ΔH = 28.45 J/g). Cocoa powder samples were weighed (5 ± 0.1) mg into non-hermetic aluminum pans 
and sealed with an aluminum lid. An empty aluminum pan was used as a reference. The measurement 
was realized in an atmosphere of nitrogen (50 ml/min flow rate). The following temperature program 
was used: sample equilibration to 0°C by modulated temperature 1°C/120 s, isothermal crystallization 
at 0°C for 10 min, and subsequent heating to 50°C at a heating rate of 2°C/min. The temperature peaks 
related to cocoa butter melting were expressed as onset temperature To (melt) and peak melting 
temperature Tp(melt). Heat of fusion was calculated by integrating the area under the thermogram 
and expressed as melting enthalpy ∆Hmelt. Reversing and non-reversing heat flows were used to split 
the endothermic melting peaks, representing heat capacity component (reversing curve) and kinetic 
component (non-reversing curve) .[20,21]

Gas chromatography-flame ionized detector (GC-FID)
Extraction of cocoa fat from cocoa powder samples was performed on Soxhlet extraction apparatus 
Soxtherm SOX 406 (Gerhardt GmbH & Co. KG, Wiesbaden, Germany) using n-hexane (97.0%, 
Chromasolv for GC, Sigma-Aldrich, St. Louis, USA) as extraction solvent. The extraction was applied 
for 2 h 22 min. Extracted fat fraction was concentrated by rotational vacuum evaporator Heidolph 
Hei-VAP equipped with a diaphragm pump Rotavac Vario Control (Heidolph Instruments GmbH & 
Co. KG., Schwabach, Germany). Samples of extracted cocoa butter were used for further analysis. 
Alkaline methyl-esterification of vacuum-dried samples was performed. The samples were mixed with 
20 ml of 99.9% methanol (Honeywell, Charlotte, NC, USA). Then, 0.5 ml of 1 M methanolic potassium 
hydroxide solution and 0.5 ml of 99.0% toluene were added. Mixture was heated for 30 min under 
reflux. After cooling, 10 ml of 97.0% n-hexane and 20 ml of 20% brine were added and followed by 
a perfect shaking. Separated water layer was extracted with second volume of 10 ml n-hexane. Organic 
phases were mixed together, and afterward shaken with another 20 ml of brine. Total organic phase 
with standard Supelco 37 Component FAME Mix (Merck Millipore, Burlington, Massachusetts, USA) 
was dried applying sodium sulfate. Analysis of FAME samples was realized using Shimadzu GC-14A 
gas chromatography (GC) system (Shimadzu Corporation, Kyoto, Japan) with a flame ionization 
detector (FID). The separation was carried out on a DB-WAX capillary column (25 m length, 
0.2 m internal diameter, 0.2 μm film thickness; Agilent Technologies, Santa Clara, CA, USA). Two 
microliters of sample were injected into a split mode (50:1) at a temperature of 225°C. Nitrogen was 
used as a carrier gas at constant flow rate of 2.82 ml/min. The programmed oven temperature was set 
as follows: 3 min at 110°C, 15°C/min up to 220°C, then held for 10 min. The detector temperature was 
230°C. FAME sample identification was performed by direct comparison of their retention times with 
a purchased standard Supelco 37 Component FAME Mix (Supelco, Bellefonte, PE, USA). Three 
replicates were injected for each sample.

Acoustical performance measurements

The ability of granular powder materials to absorb sound is quantified by the sound absorption 
coefficient α, which is given by the ratio[22]: 

α ¼
Pd

Pi
(2) 

where Pd is the dissipated acoustic power in the tested material, and Pi is the incident acoustic power. 
The acoustic measurements were performed according to the ISO 10534–2 .[23,24] The normal 
incidence sound absorption coefficient α is defined: 
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α ¼ 1 � rj j2 ¼ 1 � r2
r � r2

i (3) 

where r is the normal incidence reflection factor, rr and ri are the real and imaginary parts of the 
normal incidence reflection factor. The noise reduction coefficient (NRC) takes into account the 
excitation frequency on the sound absorption coefficient. It is defined as the arithmetical average of the 
sound absorption coefficients of studied samples at the following excitation frequencies of 250, 500, 
1000 and 2000 Hz[25,26]: 

NRC ¼
α250 þ α500 þ α1000 þ α2000

4
(4) 

The speed of sound c of transmitting acoustic wave through powder beds is proportional to the 
primary absorption peak frequency fp1 as follows[27]: 

c ¼ 4 � h � fp1 (5) 

where h is the powder bed height. The longitudinal elastic coefficient K of the studied powder beds is 
equivalent with the Young’s modulus of solid materials as follows[28]: 

K ¼ c2 � ρb ¼ 4 � h � fp1
� �2

� ρb (6) 

where ρb is the samples powder bed bulk density. Frequency dependencies of the normal incidence 
sound absorption coefficient were experimentally measured using a two-microphone impedance tube 
(BK 4206) in combination with a three-channel signal PULSE multi-analyzer (BK 3560-B-030) and 
power amplifier (BK 2706) in the frequency range of (200–6400) Hz (Brüel & Kjær, Nærum, 
Denmark). The normal incidence of sound absorption coefficient of freely poured samples with 
defined layer thickness (ranging from 15 to 100 mm) was determined. All experiments were performed 
under ambient laboratory conditions of 40% relative humidity and temperature of 22°C.

Scanning electron microscopy (SEM)
The SEM images were captured on Scanning Electron Microscope type Scios 2 Dual Beam (Thermo 
Fisher Scientific, Waltham, MA, USA) with accelerating voltage of 5 kV. For analyses, the samples 
were placed on a double-sided carbon tape on the aluminum holder and coated by 10 nm gold 
layer.

Statistical data analysis

Data were analyzed using a one-way analysis of variance (ANOVA method). Differences in the mean 
values among statistical groups were tested at a 0.05 significance level. Sigma Stat version 2.03 
statistical software (Systat Software, Inc., San Jose, CA, USA) was used for data analysis. All experi
ments were performed on cocoa samples prepared in at least three replicates.

Results and discussion

Particle size and shape analysis

Captured SEM images of studied samples are shown in Figure 1. Here, a typical combination of crystal 
and amorphous regions can be distinguished. The studied cocoa powders exhibited a rounded shape of 
the individual cocoa particulates composed of mutually adhered cocoa fat micro/nano crystallites. 
Additionally, in the case of sample 3, there was found a spherical milk fat globule.[29] The highest 
cocoa fat crystal appearance was found for sample 1. The occurrence of ill-developed crystallites was 
the most profound in sample 2 similarly as found in the literature.[13,30] Mass average particle diameter 
(dw) of (303 ± 10) μm was found for the sample 3, and the lowest one of (125.1 ± 5) μm was found for 
the sample 2. All results are summarized in Table 1 and Figure S1 (supplementary data).

2188 L. LAPČÍK ET AL.



Differential scanning calorimetry thermal analysis

Results of the DSC thermal analysis of the studied cocoa powders are given in Table 3. Observed 
heating curves are depicted in Figure 2. There was found an excellent agreement between the 
declared cocoa fat content as presented by the manufacturers (Tables 1 and 2) and the values 
obtained on the basis of the measured melting heat of fusion. Melting enthalpy corresponded to 
the internal energy of the system, i.e. binding forces in the sample, and was related to the 
amount of cocoa powder triglycerides – oleic, palmitic and stearic acids. There were clearly 
distinguished the Tonset corresponding to the temperature at which the specific crystalline form 
begins to melt, the Tm corresponding to the maximum of the highest melting rate and the Tend 
corresponding to the end of heat of fusion peak completion, when all of the matter was being 
completely liquefied.[31] The Tonset fluctuated around the value of (26.14 ± 0.16) °C, and Tm of 
(31.65 ± 0.77) °C, regardless of the cocoa sample type.

Figure 1. Comparison of mass average diameter of cocoa powders.

Table 3. Results of the thermal analysis of the studied cocoa powders.

Sample Tonset(°C) Tm(°C) Tend(°C) ∆Hm(J/g)

1 26.29 ± 0.03 32.71 ± 0.07 36.54 ± 0.12 12.38 ± 0.20
2 25.92 ± 0.06 30.93 ± 0.10 34.15 ± 0.09 23.32 ± 0.21
3 26.22 ± 0.04 31.31 ± 0.08 35.13 ± 0.06 10.27 ± 0.17

Note: Tonset – onset melting temperature; Tm – peak melting temperature; Tend – end melting temperature; 
∆Hm – melting enthalpy.

Figure 2. Fusion enthalpy of cocoa butter for different cocoa powder samples.
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Temperature modulated differential scanning calorimetry (MDSC)

MDSC technique was used to characterize the melting profiles and the polymorphic forms of the cocoa 
butter in the tested samples (see Figure 3). The latter MDSC technique allows to separate total heat 
flow into two components (reversing and non-reversing). The reversing heat flow curve represents the 
process of molecular rearrangement (melting of fat crystals), whereas the non-reversing flow defines 
the kinetic events during the melting process. The sum of the reversing and non-reversing flows 
provides the total heat flow.[20] Using MDSC, complex thermal behavior of cocoa powder was 
observed, resulting from various crystal configurations of cocoa butter present in the samples.

From the total heat flow, there was found a higher peak melting temperature (Tp (melt)) of 
(32.12 ± 0.09) °C for sample 1 in comparison to both the samples 2 and 3 where Tp (melt) was 
(28.71 ± 0.13) and (29.26 ± 0.15) °C, respectively. These were in an excellent corelation with the 
observed reversing melting peak temperature (Tp (melt)) of (32.28 ± 0.1) °C compared to Tp (melt) of 
(30.16 ± 0.1) °C (sample 2) and (30.35 ± 0.14) °C (sample 3) (Table 4 and Fig. S2 in (Supplementary 
material)). These results were in association with the SEM analysis (Figure 1), for sample 1 which 
exhibited well-developed cocoa fat crystals.

Furthermore, in the measured non-reversing curves, there was observed a small peak in the 
temperature range of 22 to 23°C which was ascribed to the melting of unstable α modification of 
cocoa butter for all samples.[32–34] The observed melting peaks in the temperature range of 26 to 27°C 
were associated with the transition of unstable form III to metastable form IV (β’ modification). Based 
on the available literature, it is worth mentioning that form III does not exist itself but it is 
a polymorph mixture of forms II (unstable α-modification) and form IV.[35–37] Observed peaks at 
the temperature of 28°C were attributed to the β’ transition to (form IV) the stable β modification 
(form V).[38,39] Melting of β polymorph was observed in the temperature range of 29 to 34°C 
indicating a higher thermodynamic stability.[35] The results of our study correspond very well with 
melting peaks observed by[40] and crystalline polymorphic forms reviewed by[41] of cocoa butter with 
specific melting temperatures. The melting heat of fusion (ΔHmelt) of non-reversing heat flow 
represented minor values of total melting enthalpy, because cocoa powder samples adequately 
followed the temperature modulation in fashion typical for unstable crystallites that are not in 
thermodynamic equilibrium. The observed high value of ΔHmelt in the reversing heat flow curve 
was accredited to the crystallization of stable β polymorph which is typically appearing for stable 
crystals present in local equilibrium [42] (Table 4).

Gas chromatography-flame ionized detector (GC-FID)

Based on chromatographic peak area analysis, the main fatty acids present in cocoa powders were 
stearic acid C18:0 (32.15–33.70 wt.%), oleic acid C18:1 (31.75–32.25 wt.%) and palmitic acid C16:0 
(27.60–28.60 wt.%), as given in Table 5. Each of the main fatty acids represented approximately one 
third of total fatty acid content. The observed quantities of major fatty acids were similar to those 

Figure 3. Temperature modulated DSC thermograms of cocoa powder samples with detected endothermic peaks on total heat flow 
(black), reversing heat flow (blue) and non-reversing heat flow curves (red).
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found by other authors.[40,43,44] Minor amounts of the other fatty acids determined were unsaturated 
linoleic acid C18:2 (2.40–2.60 wt.%), saturated myristic acid C14:0 (1.40–2.60 wt.%), lauric acid C12:0 
(0.50–1.05 wt.%) and arachidic acid C20:0 (0.85–0.95 wt.%). Fatty acids determined in low quantities 
was myristoleic acid (C14:1) (present in low-fat samples 1 and 3 in traces (≤0.30 wt.%)). However, it 
was not detected in sample 2 of high fat content. The fatty acid content statistically varied between the 
samples (Tukey test, α ≤ 0.05) for palmitic and stearic acid, although there was no variation in the oleic 
acid content for all three samples.

Acoustical performance measurements

Material´s sound absorption is governed by several factors such as excitation frequency, material 
thickness, porosity and density.[45] Frequency dependencies of the sound absorption coefficient are 
shown in Figures 4 and 5. As clear from Figure 4, the lowest sound absorption was found for sample 2 
indicating its higher compact structure compared to samples 1 and 3. Interestingly, both lower fats 
containing cocoa samples 1 and 3 exhibited occurrence of the sound absorption peak maximum at the 
primary absorption peak frequency fp1 of 440 Hz. The decreasing cocoa powders’ particle size led to 
the increasing contact area available, thus increasing adhesive forces. This might have resulted in 
higher structural compactness. The latter increase of the sound absorption of the lower fat content 
cocoa powders as reflected in the higher magnitudes of the observed NRC indicates a strong effect of 
cocoa fat crystallite platelet edges on interparticle packing loose structure with increased nano/micro 
sized voids. It can be assumed that the latter crystalline morphology occurrence in samples 1 and 3 
might be due to the absence of the fiber content unlike sample 2, where more amorphous structure of 
the badly developed cocoa fat structures was observed due to the declared fiber content of 24.6 w.% 
(Table 2) which is expected to be detrimental for adequate cocoa fat crystal formation.[46] Mechanical 

Table 5. Content of fatty acids (wt. %) in cocoa powders determined by GC-FID analysis.

Fatty acids Sample 1 Sample 2 Sample 3

Palmitic 
acid 
C16:0

27.60 ± 0.10 a 28.10 ± 0.20 b 28.60 ± 0.20 c

Stearic acid 
C18:0

32.15 ± 0.35 a 33.70 ± 0.10 b 32.50 ± 0.50 a

Oleic acid 
C18:1

31.90 ± 0.40 a 32.25 ± 0.15 a 31.75 ± 0.35 a

Lauric acid 
C12:0

1.05 ± 0.05 a 0.50 ± 0.00 b 0.85 ± 0.05 c

Myristic 
acid 
C14:0

2.60 ± 0.00 a 1.40 ± 0.00 b 2.30 ± 0.10 c

Myristoleic 
acid 
C14:1

0.30 ± 0.00 a n. d. 0.10 ± 0.05 b

Palmitoleic 
acid 
C16:1

0.50 ± 0.00 a 0.50 ± 0.20 a 0.20 ± 0.10 a

Margaric 
acid 
C17:0

0.70 ± 0.30 a 0.25 ± 0.05 b 0.15 ± 0.05 b

α-Linoleic 
acid 
C18:2

2.45 ± 0.05 a 2.40 ± 0.10 a 2.60 ± 0.20 a

Arachidic 
acid 
C20:0

0.85 ± 0.15 a 0.90 ± 0.10 a 0.95 ± 0.05 a

n. d. – not detected. Results are stated as arithmetic mean ± standard deviation of three 
replicates. The values followed by the same letters in the same raw are not significantly 
different at significance level α ≤ 0.05 by Tukey test.
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stiffness of the powders was investigated based on the speed of sound (c) and the longitudinal modulus 
of elasticity from equations 5 and 6. There was found the highest magnitude of the longitudinal 
modulus of elasticity (Kl) of 37.8 MPa for the 100 mm powder bed of the sample 2 indicating the 
compact character of the powder bed compared to samples 1 and 3 (12.8 MPa and 19.3 MPa) where 
more porous structures were observed. With the increasing powder bed height (up to 75 mm), the 
primary absorption peak frequency was shifted to lower frequencies as shown in Figure 4, which was 
reflected in the higher mechanical stiffness (Kl) of the studied cocoa powders (Table 6). At the highest 
powder bed height of 100 mm, the primary absorption peak frequency was shifted to higher 
frequencies.

Powder rheology

Results of the powder rheological measurements are summarized in Table 7 and Figure 6. Flowable 
materials at the zero normal stress exhibited zero value of the shear stress, hence resulting in the yield 
stress curve crossing the intercept at the origin. As evident from Figure 6(a) obtained yield locus 
dependencies were typical for cohesive powders, as the intercepts of the observed flow patterns were 
the highest for samples 1 and 3 (1.68 kPa and 1.76 kPa). Observed cohesion value of 0.75 kPa for 
sample 2 indicated a better flowability in comparison with the samples 1 and 3. These results were in 
agreement with the flow factor (FF) values, where for sample 2 the flow factor was of 5.46 indicating 
cohesive character of the powder; however, the values of FF for samples 1 and 3 were in the range of 

Figure 4. Frequency dependencies of the sound absorption coefficient of the studied cocoa powders as obtained for 75 mm powder 
bed height.

Figure 5. Results of the frequency dependency patterns of the sound absorption coefficient of the tested cocoa powders bed height.
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2.39 to 2.67 typical for highly cohesive powders. There was confirmed the increasing trend of the 
cohesion with the increasing consolidation stress as shown in Figure 6(b) indicating the rising 
cohesiveness of the powders.

Conclusion

It was found in this study that the cocoa powders´ yield loci patterns were of cohesive to highly cohesive 
character as indicated by increased factor from 2.39 (sample 1) and 2.67 (sample 3) typical for highly 
cohesive powders and to 5.46 for sample 2 typical for cohesive powders. It was clearly demonstrated that 
the cocoa powders of higher crystalline structure (samples 1 and 3) were less flowable compared to the 

Table 6. Results of the sound absorption measurements of the studied loose powder beds.

Sample Quantity

Material height [mm]

15 25 40 75 100

1 NRC [–] 0.229 0.259 0.321 0.281 0.289
fp1 [Hz] 928 600 504 432 472
c [m⋅s−1] 55.7 60.0 80.6 129.6 188.8
Kl [MPa] 1.12 1.30 2.34 6.05 12.83

2 NRC [–] 0.203 0.208 0.191 0.191 0.182
fp1 [Hz] 1168 1016 736 648 720
c [m⋅s−1] 70.1 101.6 117.8 194.4 288.0
Kl [MPa] 2.24 4.71 6.32 17.23 37.82

3 NRC [–] 0.202 0.201 0.287 0.282 0.227
fp1 [Hz] 1048 600 504 440 512
c [m⋅s−1] 62.9 60.0 80.6 132.0 204.8
Kl [MPa] 1.82 1.66 2.99 8.12 19.29

Table 7. Results of the powder rheology measurements.

Sample Consolidation stress (kPa) Cohesion (kPa) FF (–) AIF (°) UYS (kPa) MPS (kPa) MCS (kPa)

1 9 1.68 2.67 30.35 5.85 15.64 3.22
2 3 0.25 5.86 27.72 0.82 4.80 1.45
2 6 0.26 10.22 31.14 0.92 9.41 2.70
2 9 0.75 5.46 30.95 2.66 14.53 3.81
2 15 1.35 5.12 28.41 4.52 23.16 6.62
3 9 1.76 2.39 33.72 6.58 15.74 2.62

Abbreviations: FF – flow factor, AIF – angle of internal friction, UYS – unconfined yield strength, MPS – major principal stress, MCS – 
minor consolidation stress.

Figure 6. Yield locus of the studied cocoa powders (a) at 9 kPa consolidation stress, (b) flow curves obtained for the sample 2 at 
varying consolidation stresses as mentioned in the legend.
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ones with the more amorphous character (sample 2) as indicated by decreased cohesion from 1.68 kPa 
and 1.76 kPa to 0.75 kPa. It was confirmed by SEM analysis that the studied cocoa powders of higher 
cocoa fat and dietary fiber contents were more amorphous in nature. It was proposed that the dietary 
fibers hindered the creation of the well-developed crystals. Observed low sound absorption patterns 
indicated relatively dense packing of the high cocoa fat powder sample 2 typical for non-porous materials. 
The latter observations were supported by the observed increase of the structural mechanical stiffness as 
represented by Kl of the freely poured powder bed of the high cocoa fat amorphous powder (sample 2) in 
comparison to samples 1 and 3 from 37.82 MPa (material height of 100 mm) to 12.83 MPa and 19.29 
MPa respectively. MDSC demonstrated cocoa butter polymorph transition, detected by reversing and 
non-reversing heat flow curves. Cocoa powder samples adequately followed the applied temperature 
modulation resulting in minor values of total melting enthalpy (on non-reversing heat flow curves) typical 
for unstable polymorphs. Transition of metastable β’ cocoa butter crystalline modification was detected 
around the melting point of 28°C; melting of stable β polymorph was found in temperature range of 29 to 
34°C. Resulting thermal parameters of cocoa powders correlated with fatty acids content determined by 
GC-FID analysis. The main fatty acids determined were stearic acid C18:0 (32.15–33.70 wt.%), oleic acid 
C18:1 (31.75–32.25 wt.%) and palmitic acid C16:0 (27.60–28.60 wt.%). Statistically significant differences 
were found for palmitic and stearic acid contents as evaluated by Tukey test, α ≤ 0.05.
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