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ABSTRACT

Cocoa is widely used by confectionary industries as a powder raw material for chocolate
production. The chemical properties such as high- or low-fat content determine the functionality
of the cocoa powder and constitute as a major factor in controlling the behavior of the final product.
Additionally, the physicochemical properties such as the cohesive characteristics of cocoa powders
create undesirable issues in industrial manufacturing settings. Thus, the evaluation of physical and
chemical attributes is relevant to differentiate the powder surface structure and define the material
behavior in presence of other materials or distinct environments.

This work evaluated three kinds of cocoa powders—varying mainly on the lipid content—
to assess the powder performance in terms of the role of surface properties on the physical
attributes (flowability and wettability) and stability under distinct frameworks. Various analytical
tools were used, and several methodologies were developed and implemented to determine the
surface area, changes in lipid melting phases at the surface level and particle interactions. The
characterization methods included particle true density, flow properties under aerated conditions,
bulk permeability, thermal properties, surface energetics, water sorption, and chemical surface
compositional analyses.

The findings of this work revealed that the cocoa surface composition, amount of lipids,
did not explain the low-flow performance or the water uptake. On the other hand, physicochemical
properties such as lipid polymorphism was introduced as an avenue to further understand the
results. From the surface energetics standpoint, a water diffusion mechanism is proposed as a
result of the observed effect of water on the performance and stability of the cocoa powder systems.
Owing to the hydrophobic nature of cocoa particles, this material can be used as a unique reference
to understand cohesive particle models with implications on the performance (flowability and
wettability) of lipid-based surface materials. The results indicated that powder behavior on the
performance is a confounding effect of all variables.

The major contribution of this thesis work demonstrates the importance of surface
chemistry characterization on the physical attributes of cocoa powder systems and the potential to

control surface composition to improve the performance and stability of food complex systems.
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1. INTRODUCTION

1.1 Cacao

The cocoa tree, Theobroma cacao, is mostly cultivated in the tropical regions and produces
a wide range of cocoa beans that are consumed globally from their unprocessed form to processed
products. Criollo, Forastero, and Trinitario are the most common genetic varieties of cocoa beans
available in the market (Beg et al., 2017; Ascrizzi et al., 2017). For clarity, all products of the

Theobroma cacao tree are referred to as cocoa, such as cocoa cake and cocoa butter.

Nowadays, cacao harvesting and the final production process involve a multistep value
chain. The fruitage of cacao beans has expanded the commercialization of this business in the last
50 years. Furthermore, the consolidation of cocoa products manufacturers has occurred not only
in the existing chocolate production establishments, but also in countries where the cacao fruit is
harvested. Cocoa-based products have a prominent place in the market and in people’s daily lives,

with chocolate bars being the most widely consumed solid cocoa product (Dand, 2011).

1.1.1 Global Importance

In economic terms, cocoa powder is classified as a commodity, and a total of 3.6 million
tons of cocoa powder is processed annually worldwide (Dand, 2011). The bean grinding process
is conducted by multinational companies such as Cargill, Archer Daniels Midland, Barry Callebaut,
Petra Foods, Blommer, and Nestlé. In Colombia, Nutresa and CasaLuker are two of the most

prestigious companies where beans are processed to final products (Abbott et al. 2018).

The global demand for cocoa has experienced a growth of more than 91% between 1997 and
2017 mainly because the global supply was facilitated by a production rise of 337% and 894%
from regions of Asia and Africa, respectively (Recanati et al., 2018). Cocoa exports mainly include
beans and processed products such as cocoa powder, cocoa butter, cocoa cake, and cocoa liquor

(Mujica et al., 2019). The major cocoa importing countries, which have the most considerable
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scale of processing cocoa powder and its derivatives, are the Netherlands, the United States, and
Germany; these regions consume 90% of the cocoa butter, 77% of the cocoa powder, and 88% of

the cocoa liquor in the world (Dand, 2011).

1.1.2 Industrial Processing

The production of cocoa powder is subjected to different unit-level operations to obtain the
desired final product with satisfactory properties. The post-harvest processing involves
fermentation, drying, cleaning, crushing, roasting, milling, pressing, alkalinization, and packing of
cocoa (Perego et al., 2004). Each of these unit operations must be controlled to achieve the desired
organoleptic and functional properties in the final product. Figure 1.1 summarizes the unit

operations involved in the conversion of cocoa fruit to cocoa powder.

The modification of the roasting process of cocoa fruit pods introduces variations in the
content of methylpirazines, which are the essential molecules that provide aroma and sweetness to
cocoa products. In addition, the Maillard reaction produces fluctuations in the volatile aroma-
active compounds; this is attributable to the roasting process temperature that ranges between 110—
140 °C (Perego et al., 2004). The polyphenolic and methylxanthine compounds present in cocoa
confer pharmacological properties to the human body: flavonoids affect the cardiovascular system,
and theobromine alters the nervous system (Bruinsma & Taren, 1999; Steinberg et al., 2003). The
alkalinization stage alters the solubility, flavor, and color of the cocoa powder. Basically, the cocoa
powder is subjected to a washing step by mixing it with an alkali solution to achieve improved
physicochemical and sensory properties (Beg et al., 2017). The oxidation of polyphenols and
antioxidants under the alkalinization treatment results in an improvement in consumer perception
qualities (Giacometti et al., 2015). After these various treatments on the cocoa fruit pods, the

roasted cocoa beans are ready for further processing.
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Figure 1.1. Standard process steps from cocoa fruit to cocoa powder.

Cocoa beans are ground to obtain cocoa liquor, which contains two main physical phases:
liquid and solid phases. The liquid phase is continuous and composed of triglycerides called cocoa
butter, and the solid phase comprises the cocoa particles suspended in this medium (Venter et al.,
2007). The pressing step partially removes the cocoa butter and produces an intermediate product
called cocoa cake, which then undergoes the milling process to produce cocoa powder (Alshekhli
etal., 2011).

The industrial scale-up processing of cocoa possesses several challenges such as the lack of
analytical tools to predict the behavior of intermediate products and the economic variables
involved in the processes (Alshekhli et al., 2011). For the latter, the circular economy of the
residual waste of cocoa shells and cocoa husks has become a promising source for organic material
applications (Vasquez et al., 2019). The food industry uses cocoa powder to produce value-added

cocoa products, such as chocolate-milk drinks and chocolate bars.

1.2 Description of the Problem

At an industrial scale, cocoa powder presents material handling difficulties through its
flowability and stickiness properties. Figure 1.2 shows the cocoa cake after the pressing process.
It should be noted that the pressing process determines the content of lipids in the cocoa powder;

therefore, the pressure applied during this step varies the lipid content of the cocoa cake.
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Figure 1.2. Cocoa cake after the pressing of cocoa liquor.

Thereafter, the cocoa cake was ground to obtain the cocoa powder. Interestingly, the
production staff of the chocolate company commented on the powder flow problems; however,
they also remarked that not all batches had the same drawbacks. Figures 1.3 and 1.4 illustrate the
difficulties occurring during the milling process and transportation through the pipes due to the
low flowability of cocoa powder. Figure 1.3 also reveals the material losses during the pipe-
cleaning process. Similar issues such as caking behavior and stickiness have been reported in the
literature, and they are described in Chapter 2 of this study.

Chapter 2 describes previous studies on powder flowability, particle microstructure, and
surface energetics for various complex food and pharmaceutical materials. The lessons learnt from
these previous studies have helped us to develop characterization methods for measuring the

surface, physical, chemical, and mechanical properties of cocoa powders in this current study.

Some questions regarding the flowability and stickiness of the cocoa powder appear as

follows:

1. How does the microstructure of cocoa powders affect their performance-related

properties?
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2. What are the main differences in terms of surface and bulk properties of cocoa powders

that are available in the Colombian market?

Figure 1.3. Milling machine used in the transformation of cocoa cake into cocoa powder.

The flowability of cocoa powder is not yet fully understood, and at the industrial scale,
inconveniences are still notorious as the figures display. These industrial issues cause material
losses during production and affect the cleaning process in machine handling. Therefore, the
influence of the microstructure on the performance of cocoa particles becomes relevant in

comprehending its flowability and stability issues.

Figure 1.4. Cocoa powder transported through pipes and the losses in cleaning steps.
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1.3 Cacao for Peace Initiative

This work is a part of the "Cacao for Peace (CfP)" initiative to strengthen cocoa production
in Colombia. It is recognized that the chocolate manufacturing industry faces challenges in the
field of particle technology in cocoa powder handling during production. Thus, there is a need for
improvements in the powder behavior such as stickiness, agglomeration, and flow. Although there
have been studies that describe the physicochemical bulk properties and chemical composition of
cocoa, limited information exists on the surface properties of complex cocoa systems. The aim of
this research is to understand the impact of surface characteristics on the physical performance and
stability of complex cocoa powder systems. The research presented herein could help this initiative
by implementing some of its findings. The materials used in this study are obtained from

Colombian companies.

1.4 Project Overview

This research aims to understand the microstructural properties of commercial cocoa
powders available in the Colombian market. In this study, three types of cocoa powders obtained
from two different companies were chosen as per their availability in the Colombian food market.
After a visit to one of the company’s production plant, we evaluated the cocoa powders based on
their rheological, surface, and bulk properties. This work not only provides the basis for future
studies on cocoa powder performance, but also contributes and expands the existing knowledge of
cocoa powder investigations for our research group at Purdue University and fills the knowledge

gap in the concerned literature.

This dissertation is divided into four chapters. Chapter 2 describes the literature related to
cocoa powder and performance-related physical properties. Chapter 3 provides information on the
physicochemical and rheological characteristics of the powders considered in this study. Chapter
4 describes the thermal and surface properties and its relationship with water diffusion in the cocoa
particles. Chapter 5 presents information on the thermodynamic parameters of the system and the

thermal properties of cocoa powders measured by inverse gas chromatography (IGC).
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2. BACKGROUND

2.1 Properties of Cocoa powder system

Cocoa powder has been used as a raw material for a wide variety of products in the market,
including cocoa beverages, chocolate bars, and chocolate drinks. Cocoa powder has been described
as a multi-component system that undergoes changes in the particles due to external stress factors.
The physical and chemical properties of the cocoa particles are critical for the performance of the
final cocoa powder products. This chapter presents the importance of understanding and
manipulating the physical properties of the cocoa complex system in an effort to produce a
consistent quality product. The cocoa system is composed of two main parts: solid units (cocoa
solids) and the lipid phase (cocoa butter). The cocoa solids are embedded in the lipid phase, which
is predominantly located at the surface of the particles. Therefore, this characteristic may explain

the degree and extent of lipids affecting the powder performance.

Concerning the manufacturing steps from cocoa nibs to cocoa powder, the quality is a
reflection of the specific unit-level operations during processing. The macroscopic characteristics
are directly associated with the microscopic particle aspects. Thus, this research aims to assess the
surface properties with an emphasis on the lipid phase followed by the response to physical

performance and stability.

Cocoa is a cohesive powder, and difficulties are encountered during its handling in the
manufacturing processes. Solid-state and physical changes of the particles jeopardize their
performance and stability. Moreover, the role of lipid content on the cohesive behavior of cocoa
particles needs to be addressed in order to understand the technical issues and manipulate
properties for desirable performance (Wojtkowski et al., 2013; Cuq et al., 2011).

2.1.1 Chemical composition

Cocoa-based products contain an extensive number of chemical compounds, and their
derivatives are used in food and cosmetics industries. The chemical components are described in

this sub-section, and the physical properties are described in section 2.2.2.
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The development of flavors in cocoa products depends on the variables involved during
fermentation, alkalinization, and roasting processes, which highly influence the promotion of
aromatic compounds (Mueller & Kuzmeski, 1994). The aroma of cocoa can be chemically ascribed
to pyrazine and the Strecker aldehyde compounds besides around 550 other volatile chemical
components that have been identified in cocoa powder. In addition, odorant compounds like acetic
acid, 3-methylbutanal, and 2-methylbutanal are present in abundance (Frauendorfer & Schieberle,
2006)

Phenolics and melanoidins are found in cocoa powder, and their proportions depend upon
the cocoa variety and roasting process. Interestingly, positive health benefits have been attributed
to these compounds (Quiroz-Reyes & Fogliano, 2018). Fermentation reduces the number of total
oxalates present in the cocoa beans; however, insoluble oxalates cannot be reduced without
enzymatic treatment (Nguyén et al., 2018), but rather with an alkali solution leading to a higher
content of tannic (Mueller & Kuzmeski, 1994). Figure 2.1 displays the relationship between the
main quality characteristics of cocoa powder and the respective unit operations.

Roasting and fermentation (Phenolics and melanoidins)
-Consumer perceptions

Milling (Particle size)
/ -Consumer satisfaction (mouthfeel)

——————— . Pressing (Lipid content)
\ -Rheological properties
Tempering (Crystallinity of lipids)

-Stability, flowability

Alkalization (Dispersibility)
-Color

Storage (Stability)
-Surface relocation of lipids -

Figure 2.1. Quality attributes of cocoa powder in the respective process steps.

Cocoa fatty acids constitute the main component of cocoa beans. The differences in the

solid-states of triacylglycerols influence several physicochemical characteristics such as

22



crystallinity and melting point, and these differences make cocoa lipids a unique raw material for
highly specific applications in cosmetic, food, and pharmaceutical products (Afoakwa, 2014).
The lipids of cocoa beans are stored in the cotyledons. The lipid composition of cocoa
beans, cocoa cake, and cocoa powders are summarized in Table 1.2 (Afoakwa, 2014; Reinke et al.,
2015; Ghazani & Marangoni, 2018). The packing structure of fatty acids or triacylglycerols is
referred to as polymorphism, structures consequential from the number of those compounds within

the unit cell is called polytypism (Ghazani & Marangoni, 2018).

Table 2.1. Content and compositional ratios of cocoa lipids.

Cocoa bean dry basis Cocoa cake and
(unfermented) Cocoa powder
45-60% of lipids 10-12% in low lipid products
(Afoakwa, 2014). 22-24% in high lipid products
(Afoakwa, 2014).
95% fatty acids 5% other 95% triacylglycerols 5% other components
components
26.5% Palmitic Monoglycerides Variable proportions of 2% diacylglycerols
fatty acid and diglycerides | the three key triglycerides
upon process <1% monoacylglycerol
35.4% Stearic fatty Sterols
acid 1,3-dipalmitoyl-2- <1% polar lipids
Phospholipids oleoylglycerol (POP)
34.7% Oleic fatty <1% free fatty acids
acid Lauric acid 1,3-distearoyl-2-
oleoylglycerol (SOS) (Afoakwa, 2014)
3.4% Linoleic Myristic acid
fatty acid 1,3-Palmitoyl-stearoyl-2-
(Afoakwa, 2014) oleoyl-glycerol
(Afoakwa, 2014) (POS)
(Reinke et al., 2015;
Ghazani & Marangoni,
2018)

The chemical structures of POP, SOS, and POS are displayed in Figures 2.2-2.4. The
orientation of the triglyceride molecules inside a unit cell influences the thermal and mechanical

properties of the system.
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1,3-dipalmitoyl-2-olcoyl-glycerol

Figure 2.2. Chemical structure of POP.

The lipid phase of the cocoa powder contains all the triglycerides, as mentioned above.
Processing conditions such as pressing and milling of the cacao seeds induce organizational
changes through tempering of the powders. The crystalline structure of the lipids is influenced by
cocoa solid particles (Palmieri & Hartel, 2019), and multiple crystalline structures can be found in
the cocoa lipid phase. The number of possible polymorphic forms is still a subject of investigation
(Ghazani & Marangoni, 2018).

1,3-Distearoyl-2-oleoylglycerol

Figure 2.3. Chemical structure of SOS.

Numerous arrangements are present in the cocoa lipid phases of various products. This

phenomenon makes the system very challenging for a fundamental understanding when using a
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crystallographic approach. Consequently, a description of the lipid polymorphic forms in cocoa

powder is commonly missing in the literature.

/VW\MOJ/\O o

HO
1,3-Palmitoyl-stearoyl-2-oleoyl Glycerol

Figure 2.4. Chemical structure of POS.

Cocoa triglycerides have been identified to most commonly exhibit six structural
arrangements that can be differentiated by their melting points (Afoakwa, 2014; Reinke et al., 2015;
Ghazani & Marangoni, 2018). Table 2.2 describes the ranges of temperatures and nomenclature of

the most commonly known polymorphisms of cocoa lipids.

Table 2.2. Melting point and nomenclature of lipids polymorph.

Temperature range of melting point Crystallographic Numerals
(Afoakwa, 2014) (Reinke et al., 2015) nomenclature nomenclature

16-18 °C - Y I

22-24 °C - o I
24-26 °C - B2 I
26-28 °C 25.6-27.5°C B’1 [\
32-34 °C 30.8-33.87 °C B2 V
34-36 °C 32.3-36.3°C B1 VI

For an enantiotropic system, the stability of the polymorphs increases with the melting

point, resulting in denser packing and affecting the compaction and particle density of the cocoa
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particles. Thus, depending on the unit cell structure of the polymorphic lipids, exposure of a

different arrangement of the functional groups is expected at the surface.

2.1.2 Physical performance

Cocoa powder is routinely used in the confectionery industry. It is the main ingredient with
quality perceptions of consumer gratification because of its organoleptic properties, but it is not
always present in the highest quantity in chocolate beverages or chocolate products (Benkovic &
Bauman, 2011; Quiroz-Reyes & Fogliano, 2018). The importance of physical properties and
surface chemistry characterization is appropriate for understanding the behavior of this type of
complex powder systems. With that identification and understanding, one can propose the control
or manipulation of the surface to improve handling, flowability and stability of the cocoa powders.

Understanding its behavior requires knowledge of its physical properties based on the
chemical structure and components (Table 2.1). As indicated in section 2.1.1, cocoa contains a
butter phase (POP, SOS, and POS) and a solid phase. The main component of cocoa butter is
triglyceride, which is characterized by the esterification of fatty acids with a glycerol chain (Reinke
et al., 2015; Ghazani & Marangoni, 2018). The cocoa solids are located at the core where lipids
do not accumulate (Jacquot et al., 2016). This phenomenon is relevant for stability upon storage,
and it occurs when lipids move from the internal phase in the cocoa solids to the surface level, thus
changing the ratio of lipid surface to the core (Jacquot et al., 2016). This phenomenon also
influences the handling and flowability of the powder due to particle cohesion-adhesion
interactions (Kim et al., 2002; Jacquot et al., 2016). Conversely, particle cohesion and adhesion
interactions at the surface have been assessed using surface energetics, demonstrating their
influence on the behavior and performance of powder-based food systems (Charmarthy et al.,
2009).

The cohesiveness of powders is usually problematic for the powder flow performance.
Benkovic et al. (2013a) characterized the cohesive behavior of different conventional food
powders, including cocoa with a fat content of 16-18% wi/w. It was concluded that the low
flowability of the tested food powders was the result of a remarkably high cohesion index of
~19.54 and a small particle size (indicating large surface area). In another study, Wojtkowski et al.

(2013) studied two samples of cocoa powder with 12% and 22% lipid contents. In this experiment,

26



the shear sliding and slumping events in a rotatory drum were evaluated in order to understand the
dynamic performance of the cohesive powder. Although the cocoa powder containing 12% lipids
had smaller particles, it showed better flowability due to the occurrence of more shear sliding
events than that in the cocoa powder containing 22% lipids.

Comparing the cohesion properties of the two pure cocoa systems with 10-12% and 16—
18% lipid content, Benkovic et al. (2013b) quantified the compaction and cohesion index by
measuring the maximum compression and decompression forces when a rotating blade was moved
downward and upwards, respectively. The results of the cocoa powder with 10-12% lipid content
showed smaller particle size, higher compression force, and lower decompression force compared
to those of the counterpart material containing 16-18% lipid content. In addition, the cocoa powder
containing higher fat content exhibited a lower mean cake strength (Benkovié¢ et al., 2013b).
Furthermore, Petit et al. (2017) demonstrated that the caking strength was weaker for the cocoa
sample with 21% lipid content than that with 11% lipid content.

The appreciation of the findings described in the above paragraph raised the motivation
towards investigating the extent to which the particle size and fat content are correlated with the
performance behavior of cocoa samples, and the properties that will predominantly influence the
cohesive interactions, caking, flowability, and wettability of these particular cocoa powders.

The cohesive interactions are predominantly manifested in particle sizes below 200 pum.
The cocoa powder is very cohesive in nature as the particle size ranges from 20—40 um. In an
attempt to break the strength of the cohesive forces, several approaches including agglomeration
and mixing unit operations have been carried out. Agglomeration of cocoa using steam increased
the particle size up to 212-850 um (Vissotto et al., 2014). In the mixing process of particles in a
rotatory drum, fine cohesive particles cohered with each other to form large particles of sizes
ranging from 850 um-1250 um and improved the homogeneity of the products (Jarray et al., 2019).
It was reported in a study on a cocoa beverage product that large-sized particles affect wettability;
thus, an increase in the fraction of fine particles has been attributed to an increase in wetting times
(Hla & Hogekamp, 1999).

Cohesive interactions also play a role in the caking phenomenon. The caking behavior of
cocoa has been attributed to the solid-state properties of the cocoa butter. Palmieri and Hartel (2019)
studied the crystallization of cocoa butter during the pressing process with controlled tempering

conditions, and they evaluated the effects of the alkalization step and total fat content on the caking
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behavior of the cocoa powder matrix. The study used both low-fat (8-12%) and high-fat (20—24%)
cocoa powders and evaluated the results by a qualitative inspection on the amounts of powder that
adhered to metal balls after tumbling. It was found that the physical state of the cocoa lipids
modified the caking behavior rather than the lipid content. The high-lipid content cocoa was treated
with a pre-crystallization step and displayed a comparable caking tendency to those displayed by
the low-lipid content samples. In addition, the pre-crystallization process of the cocoa solids
embedded in the powder matrix was conferred to the most thermodynamically stable lipid
polymorph (Palmieri & Hartel, 2019).

The water content of cocoa powders controls the flowability properties. The powder flow
was measured with a shear cell to determine the decrease in flow index caused by the increase of
water content in the cocoa samples (Ostrowska-Ligeza & Lenart, 2015a). This decrease in flow
index was attributed to the increase in cohesion forces due to the presence of water, even though
the surface of cocoa particles is lipophilic (Ostrowska-Ligeza & Lenart, 2015b). Although water
does not affect the plasticization behavior of cocoa, the caking strength increases at a high
temperature and humidity (Chavez et al., 2011). The cocoa cake must be ground to pass through a
200 mesh to obtain cocoa powder that fulfills quality parameters. Agglomeration may occur at this
stage because surface interactions become predominant at such particle sizes (Firmanto et al.,
2015a). Issues with melting of lipids upon milling were also noticed, particularly in the cocoa cake
containing 26.8% fat. To prevent the occurrence of this issue and to increase the process efficiency,
the optimal temperature should be in the range of 25-26 °C (Firmanto et al., 2015b). However, the
glass transition temperature (Tg) of cocoa powder is not detected by differential scanning
calorimetric (DSC) analysis (Chavez et al., 2011).

The cohesion properties of cocoa powders with a lipid content of 12% have been
determined by addressing the unconfined yield stress of the powder under specific consolidation
stresses using a lambdameter and a FT4 powder rheometer (Imole et al. 2016). Bulk cohesion was
calculated by yield loci analysis at the lowest normal consolidation and found to be 7.4 kPa. It was
concluded that a five-fold increase in the normal consolidation increases the bulk cohesion to 41.8
kPa, thus, the bulk properties of these systems cannot differentiate this performance (Imole et al.,
2016).

The importance of surface energetics and chemical characterization to understand the

behavior of food powders such as lactose (Charmarthy et al., 2009), starch (Martinez et al., 2018),
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rigid silica bead particles coated with lipids (Jange & Ambrose, 2019), and cocoa and coffee
powders (Chavez-Montes et al., 2019) on flowability performance has been widely accepted.
Based on the above discussion, it can be said that several attributes of cocoa play an
important role toward powder behavior; however, the need of understanding the extent and degree
to which the various parameters contribute to the performance and stability of the cocoa systems
still persists. Thus, the agglomeration, caking, flowability, and wettability of cocoa powder need
to be evaluated based on approaches of surface chemistry (surface-lipid approach), energetics
characterization, and solid-state and particle morphology. Therefore, these aspects of cocoa will

be the focus of the following chapters.

2.1.3 Functionality in products

This sub-section presents the role of pure cocoa powders in the performance of cocoa
beverages. Additives are included in cocoa products to enhance the physical and chemical
characteristics and increase the consumer acceptability of the final products. In this context,
lecithin (emulsification and lubricant properties) is frequently added to improve the dispersibility
of cocoa beverages. Typically, after processing the cocoa powder with sugars, a lipid phase covers
the clusters forming a sugar—cocoa assembly. The addition of lecithin during the conching process
increases the hydrophilicity of cocoa beverage particles (Dimick & Hoskin, 1981).

Benkovic et al. (2011) used fluidized-bed agglomeration to prepare different cocoa
beverages and evaluated the bulk density, Hausner ratio, and physical properties of the
agglomerates. Cocoa powder agglomerates with 16-18% lipid content was not less denser than the
mixtures of the raw materials. Two agglomerate products of cocoa powder with 10-12% of lipids
showed higher bulk densities than the non-agglomerated ones. Powder flowability determined by
the Hausner ratio classification did not distinguish between the cocoa beverages prepared with 10—
12% and 16-18% lipid content. Sugar is another additive added to the cocoa beverage to influence
wetting, dispersibility, and dissolution properties (Abdelaziz et al., 2014). Typical sugar additives
for this type of products are lactose and sucrose; they are used at various compositional ratios. A
simple dry mixing process was used to prepare the cocoa—sugar systems. By measuring the change
in particle size (Dso) over a time of 900 s for the reconstituted product (Abdelaziz et al., 2014), it

was recognized that lactose—cocoa mixtures have significantly low wetting times. In addition,
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lactose—cocoa mixtures enhance dispersibility, whereas sucrose—cocoa mixtures increase
solubility.

The crystallization of the cocoa butter is also affected by the addition of sugar and lecithin.
As mentioned in section 2.2.1, the cocoa lipids exhibited improvement in their crystallization to a
higher energetic polymorph when cocoa solids were present. Similar results have been reported
for chocolate systems, where the formation of heterogeneous nucleation for triglycerides with a
low degree of crystallinity is observed by sugar addition (Svanberg et al., 2011). The two main
requirements, that seem to dominate the crystallization of lipids in the presence of cocoa solids,
are as follows: a) hydrophilicity offers higher affinity for crystal-seed nucleation, and b) a lower
particle size increases crystallization to higher energetic lipid polymorphs (Svanberg et al., 2011).
An increase in the hardness of cocoa confectionery products is explained by the polymorphic states
of the lipids. Kalic et al. (2018) found that a higher content of saccharides in the cocoa matrix
increases the nucleation of less denser polymorphs. Conversely, the presence of cocoa solids
increased the growth of denser polymorphs (Kalic et al., 2018), which is in line with the postulation
of Svanberg et al. (2011).

Sedimentation of cocoa solids is a common issue when consumers prepare instant
chocolate drinks. When sedimentation occurs, an increase in dispersibility and wettability of the
powder is necessary. Various attempts to improve the physical properties of cocoa-based
beverages by different processes have been made, such as spray drying (Selamat et al., 1998),
fluidization (Benkovic et al., 2011), and mixing of additives (Guneser et al., 2019). For the spray-
dried powder, the contributions of alkalizate and lecithin were evaluated. The bulk density of cocoa
powders with 10-12% lipid contents was reported to be lower for the spray-dried powder than the
unprocessed materials. It was reported that the dispersibility decreased for the alkalized powder
with a particle size that passed through a 0.43 mesh sieve, while the soy lecithin content did not
affect the dispersibility at all (Selamat et al., 1998). An approach to prevent sedimentation is the
addition of additives (mainly sugar), and it should be added after the pasteurization process in a
pre-heated milk solution (Guneser et al., 2019).

The inclusion of sucrose in instant cocoa malt beverages improved the wettability of cocoa
(Wee et al., 2020). A blade grinder was used in the cocoa paste agglomerate before the addition of
sucrose. An increase in the sucrose content resulted in a decrease in particle size and consequently,
improved the wetting time (Wee et al., 2020). Shittu & Lawal (2005) found that fat content in the
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range of 2-11% and particle size did not correlate with the wettability properties of the cocoa
beverage. Nevertheless, dispersibility and wettability in instant products were remarkably

improved by the addition of sucrose (Wee et al., 2020).

2.2 Motivation

The role of lipid-content, additives and processes in for different applications of cocoa
beverage products was emphasized in the previous section. Interestingly, most of the existing
studies have failed to explain the differences encountered when dealing with cocoa powders
processed differently and in those containing different lipid contents and additives that contribute
to the agglomeration, caking, wettability, dispersibility, and dissolution of the cocoa-based systems.
Clearly, there is a need for a better understanding of the overall characteristics and performance of
cocoa, as a material and as a product. The research presented herein aims to contribute to this

knowledge.
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3. FLOWABILITY PERFORMANCE OF COCOA POWDERS SYSTEMS

3.1 Abstract

The flowability of food systems has been an ongoing issue in the handling and processing
of dry powders. Cocoa particles contain multiple chemical components that are heterogeneously
distributed at the core and particle surface. This study focused on the lipids located at the surface
and on the physical properties to explain powder flow performance. The flow behaviors of pure
commercial cocoa powders, with similar particle size distribution and different fat contents, were
tested under dynamic and static conditions using aeration and permeability methods. The obtained
results revealed that the flow under aeration conditions was not only caused by the lipid content at
the surface but also by the bulk density and surface area properties. This chapter outlines the
importance of surface chemistry probing for gaining fundamental insights with regard to powder
flow behavior, and ultimately for improving the behavior by controlling the surface lipid

heterogeneity.

3.2 Introduction

Cocoa powder is a very cohesive powder with poor flow (Juliano et al., 2006). The flow
properties of cocoa powders have been investigated using shear cells to obtain the flow functions
by yield loci analysis. However, in industrial handling, fluidized conveyance is required to
transport the powder from the milling machine to the storage location. Grinding is a necessary unit
operation in cocoa processing, and the resulting particle properties, size, morphology, roughness,
and surface interactions (cohesion and adhesion) may affect the fluidization behavior of cocoa
powder (Tan & Balasubramanian, 2017; Abrahamsen & Geldart, 1980a; Xie, 1997; Leturia et al.,
2014). In a fluidized fine powder setting, particle interactions and gravitational forces are exposed
to greater risk, while the frictional forces seem to have a minimal effect on the powder behavior
(Baerns, 1966). This study used powder flow characterization methods, under fluidization or
dispersion in air, to assess the aeration and compressibility conditions to investigate the behavior

of the cocoa powder.
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In aeration testing, the expansion of the powder bed is achieved by the air crossing the
sample vessel, affecting the bulk properties of the materials, average solid phase packed density,
and particle interactions (Abrahamsen & Geldart, 1980b). The speed rate of air passes through the
powder bed sample in the vessel and it affects the powder density, fluidization behavior, and
particle interactions (Leturia et al., 2014).

In compression testing, the decrease of bulk density is achieved by applying a normal
perpendicular stress to the powder in the vessel. The percentage of volume change after
compression is calculated to obtain the compressibility index, which serves as an indicator for
classifying the cohesive and non-cohesive powder tendencies. A high compressibility index
indicates cohesion (Leturia et al., 2014). During the consolidation of cocoa, low angle of internal
is observed, and can be explained in terms of the low surface roughness owing to the presence of
fat at the surface (Juliano et al., 2006).

There are various instruments that can characterize the powder flow. All techniques
incorporate assumptions and have particular advantages and disadvantages. Currently, the FT4
powder rheometer is the preferred method, because it is a reliable device for differentiating the
cohesive behavior performance under compression and fluidization in several powder applications
(Leturia et al., 2014).

Cocoa particles have an average fine particle size (20-40 um), which increases by steam
agglomeration up to 212-850 um (Vissotto et al., 2014). The cohesion forces amongst the
materials are predetermined based on the range of particle size distribution. In rotatory drum
testing, the results obtained by an experiment with 0.85- and 125-mm surface-treated silica
particles revealed that, once the cohesion forces increase, the separation amongst the particles
decreases and the mixing process is improved (Jarray et al., 2019). Apart from the physical particle
properties, in a cocoa beverage system with a particle size dso of 180 um, the excessive amount of
fine particles with a size of + 20 um decreases the instant properties (Wettability, dispersibility,
solubility) (Hla & Hogekamp, 1999).

Cocoa exhibits plastic deformation when the powder is subjected to low or high
consolidation stresses, which is attributed to the lipid content (Juliano et al., 2006). In the
production of cocoa-milk beverages, milk powder is typically ground in combination with cocoa
powders. The particle interactions in the plastic regimen are achieved by controlling the grinding

temperature above the milk powder’s glass transition temperature (Ziegler & Langiotti, 2002).
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Inevitably, the components of both milk and cocoa are subjected to stress. Particularly, the lipid
components and triglyceride networks depend on the microstructure of the cocoa solid and process
parameters (Lechter, 2012). The proportion of cocoa butter in the powder provides advantages to
the rheological properties of chocolate products and intermediates (Fang et al., 1994). This study
investigated the role of the total and surface lipid content on the cohesive behavior of particles and
the viscoelastic characteristics of cocoa through aeration and permeability testing using the FT4

rheometer (Freeman Technology, UK).

3.3 Materials and methods

3.3.1 Materials

Three cocoa powders with different fat content, namely, Material 1 (M1), Material 2 (M2),
and Material 3 (M3), were used as received for the experiments, unless otherwise indicated. The
M1 and M2 batches were obtained from company A manufactured under the same process, but
with different total fat content. The M3 batch was obtained from company B processed and
manufactured under conditions different to those of batches M1 and M2.

3.3.2 Aeration test

Aeration testing was carried out using an FT4 rheometer, because it is a suitable technique
for differentiating the cohesiveness of various cocoa powders. Briefly, air is introduced into the
base of the vessel to fluidize the powder. Once the powder is exposed to the air flow, the flow rate
gradually increases. Before performing the aeration test, the powder undergoes several
conditioning cycles. A homogeneous powder sample is achieved by removing the previous stress
forces. The energy required for the blade to move through the powder is related to the force and
torque required to move the powder inside the vessel.

The basic flow energy is measured with the rotational blade at different air velocities to
assess the powder fluidization. Approximately 40-50 g of the powder were weighted and placed
in the experimental vessel. The air velocity of 0, 2, 4, 6, 8, and 10 mm/s was configured for test

analysis, and measurements were made in triplicate.
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3.3.3 Permeability test

This method involved a Venten piston, which applied a continuously preset normal load.
Additionally, using an automated procedure, the air flow passed from the bottom part of the
powder bed and the powders were filled up to the upper part of the vessel under standard operating
conditions. The air pressure difference through the lowest side and higher side of the vessel was
measured. The normal stresses of 0, 2, 4, 6, 8, 10, 12, and 14 kPa were applied during the test. The
powder permeability is inversely proportional to the pressure drop, which changes the powder bed
and compressibility of the materials. Measurements were made in triplicate using the FT4

rheometer.

3.3.4 Particle size analysis

The particle size was measured by laser scattering in a Malvern MasterSizer 3000 apparatus
(Malvern Instruments Ltd, United Kingdom). Approximately 30 mL of the powders were placed
in the dry dispersion unit, and 45% of the feed tray’s maximum speed was used to control the flow
of the material to reach an obscuration between 2 and 10%.

3.3.5 Particle true density

True density measurements were carried out in in an Accupyc Il 1340 Pycnometer Helium
gas (Micromeritics, GA, U.S.A.) according to the ASTM B923-16 standard. The instrument was
calibrated before use. A Metter-Toledo XS105 Dual-Range analytical balance was used to measure
the mass of the samples contained in a 3.5-cm® chamber, and ten consecutive cycles were

performed per sample.

3.3.6 Surface lipid extraction

The powder surface fat phase extraction procedure was adopted from Jacquot et al. (2016)
and Petit et al. (2017). A sample with approximately 10 g of cocoa powder was placed in an
Erlenmeyer flask. Then, 50 mL of Petroleum Ether ACS (Fisher Scientific, NJ, USA) were added
and stirred at a speed of 200 rpm for over 1 min. The fat extracted from the particles was collected
in a Buchner funnel with a Whatmann grade 2 filter. The filtered liquid was placed in a round-

bottom boiling flask, which was then placed in a Rotavapor® RII (Buchi, Switzerland). The
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petroleum ether was evaporated at 40 °C at the rotation speed of 60 rpm. The fat collected in the
round-bottom boiling flask was weighed and the free fat percentage at the powder surface was

obtained.

3.3.7 Surface area

Inverse gas chromatography (IGC; Surface Measurement Systems, United Kingdom) was
used to determine the surface area of the cocoa particles. A salinized column with a 4-mm internal
diameter was used, and approximately 450-500 mg of powder were filled into the column; a
temperature of 298.15 K and a flow rate of 5 cm®min were used. Ethanol was successfully used
as a hydrophilic probe molecule.

The use of octane, heptane, or cyclohexane as a probe molecule to calculate the surface
area by IGC has been reported (Legras et al., 2015). However, these probe molecules were not
suitable for the analysis of the cocoa powder surface area owing to their higher affinity for
lipophilicity, which made the retention time higher than 30 min at a flow rate of 5 cm®min. Thus,
physisorption was not achieved and chemisorption started to occur. A hydrophilic gas probe such
as ethanol is suitable because it provides only physisorption interaction between the cocoa particles
and the gas probe molecule. To date, the use of ethanol for calculating the surface area using IGC
has not been reported.

A method for measuring the surface area was developed using the physisorption of ethanol.
Generally, food powders have a small surface area. The International Union of Pure and Applied
Chemistry (IUPAC) recommends that surfaces of less than 5 m?g™ use probe molecules with
higher atomic mass, such as Krypton and Xenon molecules, in BET standard equipment (Sign et
al., 1985). By using IGC, it has been possible to obtain the plausible surface area values. Moreover,
interpreting the sorption of probe molecules using IGC is a promising technique for characterizing

the surface properties of organic materials (Duralliu et al., 2019).

3.3.8 Particle shape and qualitatively roughness.

Scanning Electron Microscopy (SEM) was used to visualize the particle morphology
(shape and surface qualitatively roughness). The samples were coated in a Cressington 208HR

sputter device with platinum under an Argon atmosphere for 60 s. The FEI Nova Nano SEM 200
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field emission scanning electron microscope (Hillsboro, Oregon, USA) at the Purdue Life Science
Microscopy Facility was used, and the electron beam was set to 5.00 kV at a working distance of

5.0 mm.

3.3.9 Thermal analysis

The thermal properties were measured using the Differential Scanning Calorimeter Q 2000
(TA Instruments, New Castle, DE. USA) coupled with a refrigeration system. Hermetically sealed
aluminum pans were used to analyze 13-15 mg of the samples. The samples were first cooled to -
10.00 °C in an isothermal step for 10 min and subsequently heated to 45.00 °C with an increment
of 2.00 °C/min. The analyses were carried out in duplicate: one sample without a cooling step, and

another sample with a cooling step.

3.3.10 Statistical analysis

One-way ANOVA was used for statistical analysis, and p<0.05 was considered to be
statistically significant. OriginPro version 2019b (OriginLab Corporation, Northampton, MA,
USA.) was used to produce the graphs and carry out the statistical analysis.

3.4 Results and Discussion

3.4.1 Physical properties

Monomodal particle size distribution was observed in all samples (Figure 3.1). The average
particle size, dvso, was in the range 14—17 um with no significant difference (p>0.05) was observed
amongst the samples. As has been previously reported, a cocoa product should have a particle size

of less than 50 um to satisfy the quality requirements (Tan & Balasubramanian, 2017).
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Figure 3.1. Particle size distribution of cocoa particles.

The SEM images for the cocoa particles exhibit agglomeration and a notorious rough
surface (Figure 3.2). The cluster particles result from cohesive interactions in the particle size
range of 14-17 um. Additionally, the surface exhibits various molten-looking particles, likely

lipids at the surface that contribute to the cohesive forces.

Figure 3.2. Scanning electron microscopy images of cocoa particles.
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The average true density for cocoa powders M1, M2, and M3 was 1.2249, 0.9022, and
1.1377 g/lcm?, respectively (Figure 3.3). The true density was significantly different (p<0.05).
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Figure 3.3. True density of cocoa samples.

The lipid content results are presented in Table 3.1. As can be seen, the M2 cocoa powder

with low density had lower lipid content compared with M1 and M3.

Table 3.1. Lipid percentage at the surface.
M1 M2 M3

% Surface
lipid
content +
S.D.

1157+1.44 751+1.09 19.43+4.45

In the bicomponent system of cocoa powder, the particle density depends on the cocoa
lipids and cocoa solids ratio. Moreover, the crystalline structure of the lipids affects the particle

density, and the type of polymorphism in the lipids influences the density of the structure (Afoakwa,
2014).

The DSC (Differential Scanning Calorimetry) thermogram exhibited differences in the
onset melting point and enthalpy amongst the samples. The M2 cocoa sample with the lowest lipid
content at the surface and lowest density exhibited low values for both the onset and enthalpy
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(Table 3.2). The other two samples, M1 and M3, exhibited similar enthalpy values. The data
obtained seems to indicate that there exists a direct relationship between the lipid content and the
enthalpy change. Two polymorphs have been reported for each of the three cocoa samples: for M1,
a and B’1; for M2, a and B’2; for M3, B’1 and B2; and that the cacao lipids with high energetic
polymorphs exhibit high packing structure, indicating high density (Afoakwa, 2014). In this study,
the low true density of the M2 sample may be explained by the low lipid-packing and onset

temperature (Table 3.2).

Table 3.2. Onset of melting point measured by DSC.

Enthalpy

First Onset Second normalized
(°C) Onset (°C) (kl/g)
M1 22.67 26.17 16.307
M2 21.47 25.36 11.979
M3 26.96 30.97 16.860

Triglyceride packing is affected by unsaturated lipids, and low packing is linked to a low
melting point (Lechter, 2012). The melting events obtained by the DSC provide a qualitative
estimation of polymorphic presence in the sample. Moreover, the polymorphism in the cocoa
powder influences the cohesive forces amongst the particles. The quantification and polymorph

type have to be evaluated using other techniques, such as X-Ray diffraction analysis.
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3.4.2 Surface area analysis
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Figure 3.4. IGC Surface area of cocoa samples

The mean of the surface area obtained by the IGC analysis was not significantly different
for M1 and M2 (p>0.05), but, the mean value for M3 was significantly different from M1 and M2
(p>0.05).

Table 3.3. Surface area values of cocoa samples obtained by IGC.

M1 M2 M3

Surface Area by IGC 2.82+0.14 2.89+0.11 3.30+£0.16
(m?/g) +S.D.

3.4.3 Flowability performance

The aeration test is based on the energy required for the blade to move through the powder
by axial forces and rotational torque; the test data are recorded over time. The flow energy (FE)

can be calculated using the following equation.

H

T

FE = F, H
J(Rtana-l_ base>d
0
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where H is the column height, T is the torque increment, R is the blade radius, o is the helix angle,
and Fase is the incremental vertical force (Ludwig et al., 2020).

The Aeration test describes the energy required to move a blade across the powder bed.
The energy required for the blade to move through the powders helps in understanding the dynamic
forces, and inter- and intra-particle interactions.

The aeration profiles of the cocoa powders are presented in Figure 3.5. The flow energy of
all cocoa powders substantially decreased when the air velocity increased. The air velocity
introduced across the vessel was sufficient for disrupting the particle cohesive forces for the bulk
amount of the powders. The data analysis focused on the air velocity value range of 0-6 mm/s.

Notably, at the higher air velocity of 6 mm/s, the powders tended to exceed the equipment vessel.
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Figure 3.5. Aeration test profile in cocoa powder.

The basic flow energy of aeration at low air velocity is displayed in Figure 3.6. The flow
energy for M1, M2, and M3 exhibited a similar tendency at the air velocities of 0.11 and 2.00
mm/s, and statistically significant differences (p<0.05) were observed amongst the cocoa powders.
These differences indicate that M3 has higher cohesive force, which makes this powder difficult
to fluidize, this observation seems to be as expected because of the higher lipid content at the

surface. This relationship for M3 does not seem to apply to the M1 and M2 powders, which
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indicates that, under fluidization, the lipid surface content is not the only factor affecting the flow
behavior.
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Figure 3.6. Data of basic flow energy of aeration at low air velocity.

The permeability test is based on the measurement of the pressure drop (AP) through the
powder bed. Darcy’s law (Equation 3.1) predicts the movement of a fluid across a powder material
as follows (Mohylyuk et al., 2019):

__kAP;-Pyp
= " T

Q Equation 3.1

where k is the permeability, Q is the air volume per unit time, A is the cross-sectional area of the
powder bed, P, — P, is the pressure drop (AP), u is the air viscosity, and L is the length dimension
of the powder bed (Mohylyuk et al., 2019).

For Equation 3.1, it is assumed that p is 1.74x10" mbar and the flux (q) is equal to Q/A;
Equation 3.2 is used in the FT4 calculations.

* -7 .
AP = 1'”116# Equation 3.2
or
* -7 .
k = w Equation 3.3
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The comparison amongst the permeability of the powders is presented in Fig 3.7. The pressure
drop throughout the powder was significantly altered by the applied normal stress. The powder
compression steady state was not reached by any of the materials, not even under 15 kPa. Cocoa
powders susceptibility for external consolidation stress to induce sintering or caking in the long
term may be elucidated with steady state at higher consolidations. Amount of surface lipids,
polymorph form and the porosity of the particles affect these instabilities. The length dimension
of the powder bed decreased when normal stress was applied, and this increased the bulk density
of the powders in the sample’s vessel. The permeability (k) and change in pressure AP throughout
the powder bed is directly related to the length of the powder bed (L). At 15 kPa of applied normal

stress, significant differences (p>0.05) were observed in the population means of pressure drop AP.
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Figure 3.7. Permeability scheme of cocoa samples.

For M1 and M2 powders, the pressure drop was very similar at low applied normal stress.
When the applied normal stress increased, response differences were observed. Sample M2 with
the lowest lipid content at the surface caused great pressure drop changes throughout the powder,
while sample M3 exhibited the lowest pressure drop variation throughout the powder over the

range of 0-10 kPa. The obtained results are attributed to the lipid content; Leturia et al. (2014) have
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reported similar findings. Moreover, in a previous study, the lipid content in cocoa and cheese
products reduced the friction force during the failure planes in a shear cell test (Juliano et al., 2006).

The heterogeneous distribution of fat in cocoa particles, particularly at the surface domain,
provides elastic characteristics that confer a non-resistant pathway for the air to pass across the
bed system. At higher consolidation normal stresses, in a lipid surface particle, the lipid bridge
formation could explain reaching a plateau. To understand the differences in AP, normal stresses
higher than 15 kPa must be applied in an attempt to explain the material’s tendency to form a lipid
bridge under a consolidation change.

The permeability behavior results for the three cocoa powders cannot be explained on the
basis of fat content. Instead, particle sintering and interlocking forces should be considered. The
interlocking forces amongst the particles increase with the applied normal stress and lipid content
(Juliano et al., 2006). It has been reported that the cocoa powders are highly compressible, although
lipid polymorphism can influence the compressibility, decrease the interaction of surface level

forces, and reduce the cohesiveness of cocoa particles (Juliano et al., 2006).

3.4.4 Bulk properties and performance

The aeration behavior responds to the true powder density. The flow energy required to
move the blade within the powder bed is less for an air velocity of 2.00 mm/s compared with the
initial values at 0.11 mm/s. Powder with low true density is more susceptible to air flow, which
facilitates the movement of the stainless-steel blade. In figure 3.8, the true density and surface area

appear to be related to the aeration performance of cocoa powders.
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Figure 3.8. Relationship between bulk properties and aeration test.

The permeability results for these cocoa powders are not correlated with the bulk properties,
and it remains unclear to what extent the surface fat content affects the viscoelastic deformation.
Therefore, it seems that looking at particle morphology of the material, surface roughness and bulk

porosity, may contribute to the permeability behavior.

3.5 Conclusions

The flow behavior of cocoa powders was assessed using different methods to understand the
powder performance. Although aeration and permeability variations were observed, the powder
behavior cannot be explained by any single bulk property. The aeration test differences can be
explained by the true density and surface area, but this is not the case for the permeability results.

The findings indicate that the performance of these cocoa powders is likely due to a
confounding effect of all variables. The lipid content is different on the cocoa samples and seemed
to be responsible for the differences observed in the flow behavior for M1 and M2 samples,
because the particle size Dso and the mean surface area were very similar (not significantly
different). In addition, lipids are vulnerable to slight changes in temperature, triggering the

possibility of sintering at higher normal consolidation stresses. Sintering makes the powdered
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material to coalesce developing particle agglomeration; changing the particle interface roughness,
which in turn, increase the interparticle forces among particles. All these variables contribute to
the flow behavior of powders containing multiple components, however, the extent of contribution

of each variable is hard to quantify and is often is very challenging.
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4. WATER UPTAKE ON A LIPID SURFACE PARTICLE SYSTEM

4.1 Abstract

Food systems contain multiple components, including fat located at the surface of particles.
Controlling the amount of fat or lipids in food powders can improve the stability of the product.
An important quality of food products such as dry powder cocoa-based beverages is their “instant”
properties which include wettability, dispersibility and dissolution. Hence, the rehydration of
cocoa particles is important for understanding water uptake behavior that governs these instant
properties. Water sorption and desorption studies on cocoa particles with different lipid contents
at various relative humidities (RH) were performed to determine the diffusion coefficient using
Fick’s law. Sorption and desorption profiles were similar among the three cocoa powders used in
the study, reaching a minimum at 30% RH. The diffusion coefficient results suggest that water
diffusion through the particles depends on the hydrophobic surface and internal chemical structure.
Surface energetic profiles of the particle microstructure supported the conclusion that a
hydrophobic surface, i.e., high lipid content, and high melting points slowed the water uptake

kinetics.

4.2 Introduction

Cocoa products, including cocoa beverages and chocolate, are extensively used in the food
industry. They are universally consumed and represent a good source of lipids, theobromine, and
sugars. These organic compounds contribute to the caloric intake and essential nutrients in the
human diet. Cocoa powder is the main ingredient in many beverage formulations, with stabilizers
and solubilizers added to enhance the instant properties (Ghosh et al., 2002). The production of
cocoa powders involves grinding cocoa nibs after fermentation and drying. When cocoa liquor is
produced, a two-phase product is obtained, where solid particles are suspended in a liquid phase
enriched with lipids. Subsequently, the cocoa liquor is pressed, wherein the total amount of lipids
decreases. Cocoa butter and cocoa cake are obtained separately and cocoa powder is obtained by

milling the cocoa cake.
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The cocoa powder particle is mainly composed of lipid clusters at the particle surface,
whereas cocoa solids are fine particles that concentrate at the core (Vissotto et al., 2010; Do et al.,
2011; Vissotto et al., 2014). This is observed during grinding and pressing at high temperature (95-
98 °C) and pressure; the high pressure (around 540 bars) (Afoakwa, 2014) and temperature induced
the molecular mobility of lipids to the surface; milling produced fine particles 2040 pum in size
with cohesive properties (Figure 4.1).

urface Compositj,

Lipid surface particle system

Cocoa powder

Figure 4.1. Schematic representation of a cocoa particle.

The water content in cocoa powders is commonly used as a quality parameter that must be
controlled during processing and storage (Cunningham, 2013). Water exhibits a surface tension
higher than the surface energy of cocoa powder, rendering cocoa, with its hydrophobicity, to be
not thermodynamically favorable for interaction with water; this significantly affects its wettability
(Vuetal., 2003; Kondor & Hogan, 2017; Nnaedozie et al., 2019). The wettability of cocoa powders
for beverages with water can be modified using additives (Galet et al., 2004). In the chocolate
industry, a commonly used additive in cocoa beverages is lecithin, an emulsifying agent that
improves instant properties (Kowalska et al., 2011). This enhanced wettability and dispersibility
can be attributed to the increased surface energy of the lecithin—cocoa powder (Galet et al., 2004).
Emulsification or dispersion of water—cocoa mixtures improves the particle interactions of
hydrophilic and lipophilic substances (Joseph et al., 2019a, 2019b; Wollgorten et al., 2016).

Cocoa particles are complex mixtures that contain multiple components with various

physical and chemical properties. A main physical descriptor, particle size by surface-volume
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mean, commonly referred to as the Sauter mean diameter, reflects the ratio between the volume to

surface area of a circular particle, and is defined by Eq. 4.1. (Kowalczuk & Drzymala, 2016).

d
X d3q(d)dd

Ay, = Smin__ 777 4.1.
327 pdmax g2g q)ad
min

where q(d) is the diameter frequency distribution, and d,,,, and d,,;,are the maximum and
minimum values of q(d), respectively. ds> allows identification of an equienergetic point to
compare samples and is used for systems with identical surface area, total volume, and surface
energy (Kowalczuk & Drzymala, 2016). Herein, the use of the Sauter diameter was selected to

obtain meaningful insights regarding the surface-particle size for comparison.
In powders, the diffusion coefficient is used to measure water movement Kinetics into each

particle. The second Fick’s law defines the diffusivity of water through the particle by Eq. 4.2.
(Ghosh et al., 2002).

—=D — 4.2.

The coefficient of diffusion is calculated based on the mass change in a boundary condition,

and Eq. 4.3 is the solution of Eq. 4.2 for a circumference.

In(1-45) =n(5) - == 423.

where M; is the mass in a specific time, t, during adsorption, Me is the mass in the equilibrium, r is
the particle radius, and D is the diffusion coefficient. The boundary conditions for the calculation

fall between the relations of change of the mass being % > 10 % and % < 50 %. In this range,

e

the plot of In (1 — %) vs. tis linear and obeys Fick’s law.

e
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Herein, inverse gas chromatography (IGC) was used to investigate the surface energetics
of both the hydrophobic, lipidic surface and the fat-free surface of cocoa particles and their role in

wettability and kinetics of water penetration through the powder.

4.3 Materials and methods

4.3.1 Materials

Three cocoa powders with different fat contents, Material 1 (M1), Material 2 (M2), and

Material 3 (M3), were used. A description of the material origin is provided in Section 3.3.1.

4.3.2 Particle size analysis

A Malvern MasterSizer 3000 (Malvern Instruments Ltd, United Kingdom) was used to
measure the particle size via laser scattering. A dry dispersion unit was utilized to obtain particle

size measurements.

4.3.3 Surface fat phase extraction

The procedure for surface fat phase extraction was described in Section 3.3.6. For
discussion, the extracted fat material will be referred to as non-fat or fat-free to differentiate it from

the non-extracted sample, i.e., fat.

4.3.4 Inverse gas chromatography

IGC was used to obtain the surface area of the samples (Section 3.3.7) and surface
energetics profiles. The total energetics (y"), dispersive (y?), and acid-base (y*P) surface energy
was measured using the SMS-IGC 200 system (Surface Measurement Systems, UK). Six different
surface coverages were used to calculate the surface energetics. The surface coverages were chosen
depending on the ranges allowed for each solvent, 0.0383, 0.0764, 0.1145, 0.1526, 0.1907, and
0.2288 n/nm. Approximately 600 mg of the cocoa powder samples were placed inside a pre-
salinized glass column with a 1 min control tapping. The dead volume of the column was measured
by methane injection at flow rate of 5 cm®min. Gas probes, polar and non-polar, were injected

into the column to determine the affinity to the powder in the column. A series of non-polar
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solvents, alkanes, include hexane, heptane, octane, nonane, and decane, as well as polar solvents
ethanol, dichloromethane, ethyl acetate, acetone, and acetonitrile were used. The Schultz method

was used to calculate the surface energy components.

4.3.5 Dynamic vapor sorption

Water sorption isotherms were obtained via gravimetric analysis (Model SGA-100, VTI
Corporation, USA) and the drying stage was performed at 25 °C until a constant weight was
obtained. Relative humidities of 10-90% were used to obtain the sorption properties of the samples,

where the equilibrium criterion was set to 0.01% weight change at 25 °C.

4.3.6 Differential scanning calorimetry

Thermal properties were measured by differential scanning calorimetry Q 2000 (TA
Instruments, New Castle, DE. USA) with methodology conditions described in Chapter 3.

4.3.7 Statistical Analysis

One-way ANOVA tests were used among samples as a statistical analysis tool. OriginPro,
Version 2019b (OriginLab Corporation, Northampton, MA, USA.) and p <0.05 were used to

determine significance.

4.4 Results and Discussion

4.4.1 Equienergenetic comparison

The particle size data, described by the mean Sauter diameter, are displayed in Table 4.1.
The samples showed a monomodal particle size distribution and the SPAN parameters indicate the
width of the distribution, where high span indicates a wide particle size distribution. The mean

Sauter diameter for all milled samples ranged from 11 to 13 um.
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Table 4.1. Particle size parameter and surface area of the analyzed cocoa samples (p>0.5).

M1 M2 M3
D [3,2] um 12.10 £ 0.37 11.40£0.34 11.73 £0.27
SPAN (Dx(90)- 1.74 £ 0.02 2.79+£0.36 2.67 £0.06
Dx(10)/Dx(50))
Surface Area by IGC (m?/g) 2.82+£0.14 2.89+0.11 3.30+£0.16

The surface area (Table 4.1) was determined by adsorption of ethanol and infinite dilution
by IGC. The SA values were similar for M1 and M2 and lower than that of M3, M3 is significantly
different (p>0.5) for M1 and M2 samples.

Table 4.2. Total surface energetics values at 0.2288 surface coverage.

M1 M2 M3

Total surface energy

(mJ/m?) at 0.2288 coverage 42.92 4222 4368

For materials to have a point of equienergetic comparison, the surface energy should not
be significantly different (Kowalczuk & Drzymala, 2016). Table 4.2 shows that the value of total
surface energy for all materials ranged from 42 to 44 mJ/m? at a surface coverage of 0.2288. This
coverage was chosen to ensure that physisorption occurred during the interaction between the gas
probe and powders. A plateau was reached at approximately 0.22 of surface coverage (Figure 4.3),
and values above 0.22 showed the same energetic magnitudes (Williams, 2015).

The data from these cocoa properties suggested that these powders M1 and M2 are
equienergetic as shown in Table 4.2. In addition, to the similar surface energy range values, the
surface area was also similar but the particle size was slightly different. Interestingly, M3 particle
size is not significant different among powders, but the surface area and surface energetics are
significantly different from M1 and M2. This information is going to be relevant for the

explanations provided below.
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4.4.2 Surface energetics

As mentioned previously, the multiple components in cacao particles are distributed in a
non-uniform manner. Fat, the major component of interest, is located on the surface and in the
core. Upon fat extraction from the cacao surface, the total fat content was reduced, leaving fat in
the core. The extracted amount of lipids was different for all three samples (Figure 4.2), where

the sample M3 exhibited higher fat content than the M1 and M2 samples.
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Figure 4.2. Lipid contents in the cocoa samples.

The physisorption of non-polar and polar probe molecules on the surface allows for the
determination of dispersive and acid—base components, respectively (Ho, R et al., 2012; Willians
et al., 2015). The surface chemistry heterogeneity was evaluated by measuring the surface energy
profiles at six different surface coverages for samples with and without fat on the surface.

The surface energetics profiles are displayed in Figures 4.3 and 4.4 for powders containing
fat (as-received samples) and without fat (fat extraction), respectively. At a low surface coverage,
infinite dilution principles apply, while the probe molecules were assumed to interact only with
active sites on the particle. Therefore, particle interactions are stronger and high surface free

energies are expected (Ho, R et al., 2012).
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The surface energetics, at surface coverages of 0.05-0.25 n/nm, for samples with fat ranged
between 42—46 and 40-45 mJ/m? for total and dispersive components, respectively. The surface
energetics, at the same surface coverage range (0.05-0.25 n/nm), for the non-fat samples (fat
extracted) were 40-45 and 35-40 mJ/m?, for the total and dispersive components, respectively.

" Acid-Base
Dispersive

J . . . .
40 40 ' = L ] ]

]
n2)
8
&

NN oW
8 8 8 ¢
PR
rgetics (mJir
_.
8
& 3
L.

>

4 16 ] . M

Surface Energetics (mJ/m*2)
>
1

s o om N oW
=]
'

3
=

= M3

Surface Energetics (mJ/m*2)

o

e o
IS

T - T g T - 1 0 T T T 0 — e — oy
0.10 015 0.20 0.25 0.00 0.05 0.10 0.15 0.20 025 000 0.05 010 0.15 0.20 0.25
Coverage (n/nm) Coverage (n/nm) Coverage (n/nm)

=)
o
3
°
o

Figure 4.3. Surface energetic profiles of the as-received samples and fat at the surface.

The total surface energetics (y') for the fat and non-fat samples were very similar. The
dispersive component of surface energy (y°) reflects the hydrophobic character; the y¢ for the fat
samples was 40-45 mJ/m? while that of the non-fat samples was 35-40 mJ/m?. Clearly, y*
displayed higher value for the lipid-rich surface than for the lipid-starved surface, suggesting the
overall surface interactions, cocoa-cocoa or cocoa-water, are more favorable for fat-containing
samples. In this regard, surface properties have an impact on the interactions of dry cocoa powders,
and on the reconstitution of cocoa-based products. The instant properties (wettability, dispersibility

and dissolution) depend on both the surface and microstructural characteristics of the particles.
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Figure 4.4. Surface energetic profiles for the samples with lipids and lipid-extracted (non-fat).

Surface energetics for the components of the non-fat samples are listed in Table 4.3. The
acid—base component of the surface energy (y*°) for M1 was 0.55 mJ/m?. Conversely, the y¢ for

M1 was 42.37 mJ/m? and was the highest among the samples tested, where non-polar interactions
were predominant.

Table 4.3. Components of the surface energy of non-fat extracted samples.

M1 M2 M3

Dispersive surface energy
(mJ/m?) at 0.2288 coverage 4237 38.95 4026

Acid-base surface energy
(mJ/m?) at 0.2288 coverage ~ 0-2° 3:26 342

Figure 4.5 shows the specific acid—base free energy distribution obtained using ethanol as
a probe molecule. The SEA analysis software calculated the area under the curve in the surface
coverage plot figure 4.3. The surface energy distribution obtained using ethanol increases
understanding of the water sorption, as an ethanol is a polar probe. The information in figure 4.5
is only displayed for surface heterogeneity comparisons.
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Figure 4.5. Specific (acid—base) free energy obtained using ethanol (polar probe) with the ‘area
under the curve’ method for six surface coverages on the as-received samples.

The information in Figure 4.5 displays detailed energetic profile distributions of the surface
that represent the heterogeneity among the three samples. The surface energy distributions of the
samples represent the availability of energy sites that contribute to interactions. Narrow
distributions for the M1 and M3 powders suggest less heterogeneous active sites compared to the
M2 powder. The uniformity of M3 showed narrow uniformity distribution suggesting more
specific available energetic sites expressed in the percentage of the overall contribution. This
represents high affinity for the polar (ethanol) vapor molecules per unit of surface area at 9.5-10.5
kJ/mol, M1 has fewer active sites per unit surface area with a maximum of 0.7% of area increment
at around at 8-9 kJ/mol. The broad energetic distribution of the M2 powder refers to highly
heterogenic active sites in the range 6-15 kJ/mol for polar (ethanol) interactions.

4.4.3 Thermal properties and polymorphism in the cocoa samples

Each cacao material showed different onset temperatures (Table 4.5) of the polymorphic
transformations that may occur during grinding of the cocoa cake. From the DSC thermograms
(Figure 4.6), the onset temperatures were determined (Table 4.5). Subsequently, when the samples
were tested using a cooling step methodology, the M1 and M2 powders showed polymorphic

transformations. The polymorphs onset measurement for M3 exhibited melting points of 26.96
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and 30.97 °C (Table 4.5), corresponding to highly energetic polymorphs, p’1 and B2 (Table 2.1 in
chapter 2 ) (Afoakwa, 2014), respectively, mainly due to the packing structure.

Table 4.4. Thermal physical transition properties of the as-received samples.

First onset Second Peak temperature Enthalpy.(AHf)
°C) onset (°C) °C) normalized
(kl/g)
M1 22.67 26.17 30.32 16.307
M2 21.47 25.36 30.03 11.979
M3 26.96 30.97 33.12 16.860

The enthalpies of fusion (AHy) were different for all three samples and the AHs for M1 and
M3 were lower than that of M2, which could be attributed to the low lipid content. Table 4.5 lists
the two onset temperatures for each sample, indicating the existence of multiple polymorphs in the
cocoa particle.

Polymorph onsets are visible in the DSC heating thermogram, and the differences between
the as-received samples with sample subjected to cooling show shifts in the onsets and distinction

between peak maxima.
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Figure 4.6. Thermal properties of the cocoa samples measured by DSC.

Samples were subjected to a cooling stage at —10 °C for 10 min. The analysis results
showed that the cooling step generates changes and increases the number of melting onsets,
especially in the M1 and M2 samples (Table 4.6). Sample M1 showed four onset temperatures a,
B’2, B’1, and B1; M2 displayed three a, , ’1, and B1; and M3 exhibited two polymorphs, f’1 and ..
The fact that the M1 and M2 samples contained various polymorphs, they are expected to be highly
unstable at temperatures of >30 °C. The data indicated the importance of controlling the
temperature during processing. Tempering can be considered as an approach to improve the
stability for M1 and M2 during grinding, if it can form the p. polymorph. The conversion of

polymorphs due to changes in temperature history destabilizes the cocoa powder (Petit et al., 2017).
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Table 4.5. Thermal physical transition properties of the as-received samples processed

with a cooling step.

Enthalpy
of melting
Onset (°C) (AHy)
normalized
(kJ/g)
First: 22.82
M1 Second: 24.45 18.194
Third: 26.66
Fourth: 31.42
First: 22.97
M2 Second: 24.15 12.109
Third: 32.18
M3 First: 24.94 18.063

Second: 29.36

4.4.4 Sorption isotherms and diffusion coefficients

The sorption isotherms results are very similar across samples, without apparent
differences in the water uptake or wettability (Figure 4.7.) All powders exhibited a type 11 isotherm
(Medeiros et al., 2006). Figure 4.7a revealed three regions in the isotherm curve, | (0-20% RH),
I1 (20-40% RH), and 111 (40-80% RH). Region I involves the beginning of adsorption of water on
the powder bed; Region Il represents the region of a monolayer and further to conversion to
multilayer formation on the surface; and in Region 111, more layers are formed due to condensation
and saturation of water molecules. The hysteresis after desorption represents water molecular
mobility inside the particle and retention ability of the particles. Figure 4.7b represent the region |

and Il and the inflection point where a monolayer total surface coverage was reached.
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Figure 4.7. a. Sorption/desorption isotherms of cocoa samples, b. Relative humidity of the point
of a monolayer formation.

Using diffusion coefficients, it is possible to determine differences in water diffusion
kinetics through the cocoa powders. The diffusion coefficient was measured at different relative
humidities. At low RH, the water molecules first interact with the particle surface with
hydrophobic character and high lipid content. As RH increases, the water molecules diffuse inside

the particle structure and mass transfer occurs.
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Figure 4.8. Diffusion coefficients over a range of relative humidity: (a) sorption and (b)
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In Figure 4.8a, the M3 sample contained the highest lipid content and lowest diffusion
coefficient at 10-40% RH (Region | and Il) compared to the other cacao powders. All samples
exhibited a dramatically decreased diffusion coefficient at >40% RH (Region Ill). Thus, water
surface affinity can be discussed from an energetics standpoint in Section 4.4.5. Figure 4.8 b shows
the desorption behavior was similar among all samples. The diffusion coefficient increases from
80% to 50% RH and overall decreases between 50% to 10%. Although, it is particular interesting
to notice the diffusion coefficient in the desorption process drop for minimum value for M2 at 30%
RH (Figure 4.8b), lower humidifies induce changes in the water particle affinity.

4.45 Water diffusion coefficients as a function of surface energetics

The water sorption isotherms of powdered materials depend on their nature and
composition. The cocoa powders exhibited similar particle sizes and surface areas; thus, the
affinity for water was driven by the surface energy and composition. The water sorption isotherms
seemed independent of composition in terms of fat content. The diffusion coefficient offers deeper
insight in the microstructure of the cocoa powder matrix. At low RH values, water vapor adsorbs
into the powder and significant increase in diffusion coefficient was observed. At RH >50%,
saturation condensation or liquid diffusion may occur, reaching a similar plateau for all three
samples.

The water mobility reached at maximum at 30-40% RH, which can be explained in terms
of surface energetics (Fig. 4.9). The maximum diffusion coefficient was observed after a water
monolayer was formed on the particles, where the surface energy of the particle should be close
the water surface tension. The surface is in principle lipophilic, but a water monolayer was created
at 30% RH, whereas at >40% RH, the diffusion coefficient reached equilibrium and considerably
dropped by approximately five times for all powders.
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Figure 4.9. Schematic of the water sorption mechanism in a lipid surface particle system.

During desorption, the diffusion coefficient at 80-50% RH was governed by the core
structure, with water movement from the core to particle surface. Differences in diffusion
coefficient of desorption among samples were significant (Figure 4.8b), core chemical
composition affect the affinity for water to the internal structure, while surface and core
composition differ, a chemical core-surface gradient explain the differences in the kinetic of
diffusion. M1 exhibited the highest desorption diffusion coefficient, but no strong trend was
observed in terms of lipid content.

The energy profile of the acid—base component for the M3 powder showed a high value of
specific surface energy 3.30 mJ/m?, suggesting high affinity for water. The water mobility on the
powder surface may depend on the lipid polymorph. Polymorphs have different crystal packing in
the unit cell, with the results, it is hypothesized that polymorphs impact water mobility in the
microstructure. Measuring the water coefficient diffusion at 25 °C may cause lipid physical
transformation, and the water mobility depends on polymorph packing, imparting a high affinity
to water. M1 and M2 contained less packed polymorphs compared to M3.

The lipid contents were calculated to examine the potential correlation of the surface lipid
contents with water sorption properties, and the associated impacts on the diffusion coefficient.
The mobility of water on the powder surface could depend on the polymorph instead of other

powder physicochemical properties. It was clear that powders with lower onsets (M1 and M2)
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exhibited higher diffusion coefficients at 10 to 40% RH, and higher desorption from 80 to 40%
RH. This study explains the water adsorption phenomenon from a surface energetics standpoint,
and a mechanism was proposed to understand the significant drop in diffusion coefficient after 40%
RH in lipid surface particle systems. Water diffusion coefficients at different RHs were not

dependent on the lipid content in the particles.

45 Conclusions

A mechanism was proposed based on the surface energy contributions of the particles.
Chemical compositional differences between the core and the surface particle structure create a
chemical gradient that affect the water diffusion. Surface heterogeneity, measured to polar solvent
(Ethanol), were evident among particles. Water sorption isotherms were insufficient to distinguish
water—cocoa powder interactions among the cocoa powders studied herein. The diffusion
coefficient of sorption profile at 10-90% RH showed differences in diffusion as follows: 1) At 0—
20% RH, the diffusion coefficient of vapor water increased; 2) At 20-40% RH, another adsorption
step was observed, reaching saturation; 3) At 40-90% RH, saturation occurred, switching to
absorption of liquid water. The formation of a water monolayer influenced further water diffusion
at higher RH, representing a boundary for surface diffusion control. The complementary
explanation for the diffusion results at the molecular level involves the change of particle surface
energetics over the range of RH tested herein. Whereas desorption showed differentiation of the
powders due to hysteresis from 90 to 50% RH, the internal structure of the M3 powder showed
higher water affinity. A diffusion mechanism is proposed and it serves the purpose of
understanding the water affinity behavior of complex food products, where the food product must
present a considerable lipid content located at the surface for quality and consumer acceptance.
Core composition also influences the kinetics of diffusion, a chemical gradient permits it to be
thermodynamically posible. The IGC technique offers a detailed energetic profile of the surface

and provides the necessary means to assess changes in surface energy over a range of RH.
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5. THERMODYNAMICS AND SURFACE PROPERTIES OF COCOA
POWDERS

5.1 Abstract

In this study, the thermodynamic properties of cocoa powder systems were investigated
based on surface characterization methodology. It is important to understand the effect of
temperature fluctuations during processing on the surface of the cocoa powders. The surface
properties associated with cocoa powders include surface chemistry compositional variations,
particle interactions and particle morphology changes, as well as phase transitions, all in turn,
affect the quality of the cocoa-based beverages. The cocoa particles contain multiple constituents,
with those at the surface, such as lipids are of particular interest. The physical state of these lipids
impacts the cohesive and adhesive interactions of particles leading to caking, flowability,
agglomeration and stickiness. In this research, particle surface characterization addresses the
susceptibility of lipids to temperatures that influence water sorption and interactions. Various
surface analytical methods were developed to address the thermodynamic parameters, these were
probed using inverse gas chromatography (IGC), the enthalpy of sorption assessed the surface
affinity with n-heptane under isosteric conditions while the melting point transition evaluated lipid
phase transformations. The sorption isotherms were used for determining the water diffusion
coefficients at three temperatures using dynamic vapor sorption (DVS), and the activation energies
of diffusion were fitted into the Arrhenius-type equation. The surface of the cocoa matrix was
evaluated by X-ray photoelectron spectroscopy (XPS) to distinguish chemical surfaces species.
The results revealed the vulnerability of the cocoa powders to temperature changes. The M1
sample was characterized by the initiation of lipid melting at the surface; the M2 sample exhibited
the highest sorption enthalpy, indicating the strongest molecular surface interactions with the n-
heptane among of the powders. This thermodynamic study shows the importance of the surface
approach for understanding powder performance in order to improve the stability of cocoa powder

systems.
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5.2 Introduction

Surface properties are not included in the stability protocols for evaluating powder food
products. The lipids at the surface affect particle interaction and powder performance (Jacquot et
al., 2016). Crucially, the lipid phase is susceptible to melting and polymorphic transformations
when the temperature changes. The cocoa industry regularly encounters issues in cocoa powder
production, as pointed out in chapter one. Cocoa powder instability is attributed to particle-particle
interactions, promoting agglomeration and losses during production. Modifications of the cocoa
matrix, such as alkalization or lecithination, have produced beneficial outcomes in cocoa
beverages production (Selamat et al., 1998).

Chemical characterization techniques for food powders based on the surface are important
for differentiating the core from the outer particle composition (Murrieta-pazos et al., 2012).
Generally, the particles in the cocoa powders, with high amounts or low-melting-point lipids,
commonly form fat bridges, for example, upon storage (Burgain et al., 2017). Differential scanning
calorimetry (DSC), a thermal technique, is used to detect the onset of the melting point without
distinguishing the core—surface interparticle transition. Conversely, inverse gas chromatography
(IGC) has been employed for quantifying the surface glass transition temperature and melting point
in pharmaceuticals and polymers, respectively (Otte & Carvajal, 2011; Fernandez-Sanchez et al.,
1991). However, the IGC has not been used for complex food mixtures, in this case, to measure
phase transitions for lipids at the surface. In fact, the surface microstructure evolution due to
temperature must be considered to improve the stability of dry powders in compositionally
complex powder systems.

The IGC involves a configuration suitable for achieving solid-gas phase equilibrium in a
specific experimental condition. The Clausius-Clapeyron equation relates the two-phase
equilibrium (Levine, 2009) as follows:

d_P — AH_m AH

ar _ TAv, Tav Equation 5.1.

where P is the pressure, T is the temperature, AH,,is the molar enthalpy of the process, and
AV, indicates the molar volume change. For the IGC configuration, at the infinite dilution setting,

the probe molecule is assumed to follow the ideal gas regimen expressed as
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RT RT

P = . " AV, = — Equation 5.2.

Therefore, for the IGC, the Clapeyron equation is (Onjia & Nastasovi, 2008) restated as

dlnV _ AHp

~

ar RT?

Equation 5.3.

Likewise, since d(1/T) = — (1/T?) dT (Levine, 1. 2009), the previous equation can be written as

dlnV - AHp
d(1/T) R

Equation 5.4.

Further, for the IGC, the volume is measured from the sorbate retention time, and this is termed

the net retention volume Vg, and so, equation 5.4 is transformed to (Onjia & Nastasovi, 2008)

dlnVy - AH
d(1/T) R

Equation 5.5.

During a phase transition, the solid phase and gas probe molecules interact, causing
retention volume changes. For the IGC plotting In1j, vs (1/T) produces a Z-shaped retention
diagram. Detailed descriptions of the transition diagram from the IGC are provided in (Onjia &
Nastasovi, 2008) and (Otte & Carvajal, 2011), with a straight line indicating no phase transition.
Considering the surface coverage (0), equation 5.6 is suitable for calculating the isosteric sorption

enthalpy.

(d lnlvg) g~ - =l Equation 5.6.

Onjia & Nastasovi (2008) calculated AH using equation 5.5, and proposed it to be termed

the enthalpy of sorption before the system attains the T4, and enthalpy of mixing thereafter. For
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the first, physisorption is assumed as the primary interaction in the solid—gas system. After
achieving the Tg, the gas molecules interact stronger with the solid phase at the surface, and to
some extent in the bulk. For the cocoa system, the interactions are limited to surface physisorption,
since the glass transition temperature phenomenon is absent, and so, the term enthalpy of mixing
is unnecessary for the cocoa system.

In surface particle—water interactions, most studies focus on producing sorption isotherms,
primarily, to assess the water uptake for a relative humidity range. However, when the kinetics of
water diffusion is more relevant, water—sorption isotherms are useful for obtaining diffusion
coefficients and determining the Arrhenius activation energies. Predicting the water absorption
susceptibility of powders and understanding the kinetics of the water movement through the solid
is useful (Fiorentini et al., 2015). Initially, Arrhenius developed the equation relating the reaction
rate (k) and the temperature as follows (Levine, 2009):

k = Ae Ea/RT Equation 5.7.

where A is a constant parameter, Ea is the activation energy, T is the temperature, and R is the gas
constant, with a value of 8.314 J K moll. The Arrhenius equation has been applied to
unconventional phenomena including the chirping of tree crickets, creeping of ants, flashing of
fireflies, rate of terrapin heartbeat, and alpha brainwave frequencies (Laidler, 2019). In the
pharmaceutical field, the Arrhenius activation energy is widely applied and satisfactorily used for
accelerated studies at variable temperatures to predict the shelf life of drug substances and their
products.

The diffusion coefficient displays a temperature dependence that is predictable by the
Arrhenius equation (Chvoj, 1999). If the Ea is independent of the temperature, the integration of

equation 5.7 produces the expression (Levine, 2009)

dinK _ Eq
dT ~ RT2

Equation 5.8.

To calculate the diffusion coefficient, equation 5.7 is transformed as follows:

D(T) = AeEa/RT Equation 5.9.
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where D is the temperature-dependent diffusion coefficient, if A and Egq are constant. By

considering the natural logarithm of Equation 5.9, the following expression is obtained

InD = Ind — 24 Equation 5.10.
RT

Following the Arrhenius approach for the diffusion coefficient analysis, plotting 1/T versus In D

produces a slope for calculating the Eq according to the relationship:
Slope = —E;/R Equation 5.11

Thus, the activation energy of a reaction in terms of diffusion coefficient is defined as the
minimum energy required for the water molecules to initiate diffusion through the solid particles
(Levine, 2009).

When a solid is involved in adsorption, two types of gas-solid interactions include: 1)
physical adsorption (physisorption) and 2) chemical adsorption (chemisorption). In a
physisorption event, weak intermolecular forces like the van der Waals are exhibited, whereas for
chemisorption stronger chemical interactions and molecular bonding (e.g., covalent) are present.
The thermodynamic parameters measured by the IGC and the dynamic vapor sorption (DVS) can
reveal particle-gas interactions, particle-particle affinities, and water-particle interactions useful
for stability assessment.

The aim of this study was to determine the thermodynamic properties of cocoa powder
systems by using surface characterization techniques. The stability of cocoa powders may be
predicted from the enthalpy of sorption; hence, a probe molecule with high affinity and appropriate
interaction is selected to differentiate the transition temperatures for predicting the flowability and
caking instabilities among the samples. Moreover, the diffusion activation energy may serve in
predicting the rate of water movement from the surface to the core of particles at different
temperatures indicating which powders are liable or susceptible to instability in the long term. In
this study, the possibility of using the IGC under isosteric conditions or DVS to assess enthalpy of

sorption and the diffusion coefficient is highlighted, respectively.
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5.3 Materials and Methods

5.3.1 Materials

Three cocoa powders termed Material 1 (M1), Material 2 (M2), and Material 3 (M3), with
different fat (lipid) contents were used in the experiments (as in Chapter four). M1 and M2 samples
were obtained from the same manufacturer (A) that used the same procedure with the only
difference between the two lots was in the fat content: whereas M3 sample was obtained from

company B and produced under different conditions.

5.3.2 X-ray photoelectron spectroscopy (XPS) measurements

A Kratos Ultra DLD (Manchester, UK) instrument was used to obtain the XPS spectra with
an Al Ka source (hv = 1486.58 ¢V) operated at 160 eV. Quantification with the survey spectra was
carried out in Casa XPS software, which defined peaks regions of energy. The atomic
concentration was computed using the predefined relative sensitivity factor (RSF) for each element,
following the Shirley and Tougaard methods utilized for background corrections.

5.3.3 Phase transition by inverse gas chromatography

Approximately 600-620 mg of the cocoa powder sample was filled in a silane-treated
column of length 30 cm and internal diameter 4 mm. A non-polar hydrophobic adsorbate, n-
heptane, was injected into the IGC by using a single pulse with a carrier gas flow of 10 cm*/min.
Isosteric conditions at 0.2 surface coverage were maintained over the temperature range from 20
°C and 40 °C, representing the minimum and maximum temperatures, respectively, allowed by the
equipment. The reasons for choosing n-heptane as the adsorbate are: 1) its molecular affinity with
cocoa lipids and 2) its short retention time of 2-8 min in every pulse, that enables sample analysis
in 2-3 hours. The samples were analyzed as received, without preconditioning, since cocoa lipids
in the powder can be affected by any preconditioning temperature.

The data from the chromatograms were used to calculate the minimum phase transition
temperature and the sorption enthalpy. The columns were prepared for each run, with 3 columns
utilized per sample. The re-use of a filled column is unadvisable because of irreversible changes

in the sample surface structure caused by temperature. The Surface Energy Analyzer Software
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Advanced version 1.4.1.0 was used for calculating the phase transition temperature. The raw data

were collected and used to calculate the sorption enthalpy using equation 5.6.

5.3.4 Activation energy of diffusion from dynamic vapor sorption

The water sorption isotherms were obtained in the relative humidity (RH) range 10-90%
using 5-6 mg of sample placed in a quartz sample holder. A gravimetric equipment (Model SGA-
100, VTI Corporation, USA) was used to obtain isotherms at 25, 30, and 35 °C; an equilibrium
criterion of 0.01% was used as the boundary between the changes in RH. The activation energy of

diffusion Eag was then calculated using the Arrhenius equation.

5.4 Results and Discussion

5.4.1 Chemical surface composition

The XPS data enables evaluation of the carbon (C), oxygen (O), and nitrogen (N) surface
ratios, it allows distinguishing the functional groups (chemical components) on the surface with
and without fat samples. The O and N compositions are higher for the samples subjected to lipid
extraction, samples M2 and M3 showed similar C, O and N signals compared to M1 (Figure 5.1).
The fat extracted samples were characterized by lower C atomic percentage (Figure 5.1), this

confirms that lipids are mainly responsible for the C signal in XPS analysis.
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Figure 5.1. Plot depicting the surface compositional differences for extracted and non-extracted
samples from the XPS analysis spectra.

The high-resolution spectra for carbon and oxygen signals are displayed in Figure 5.2, the
signal intensities suggest surface heterogeneity among the samples. The carbon signal is attributed
to the chemical species: C-Hz, C-OH, and HO-C=0. Particularly for the sample with lipid
extraction, additional chemical specie is indicated, N-C=0, which is associated with theobromine.

The binding energies for the analysis and signals were reported by Briggs (1998).
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Figure 5.2. lllustrations of carbon and oxygen signals from the XPS analysis.
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Conversely, the oxygen signals exhibit the presence of C=0 and C-O-C for both groups

of samples. However, the non-extracted samples display lower C-O-C signal intensities.

5.4.2 Surface phase transitions.

The IGC phase transition diagram (Figure 5.3) displays the Z-shape characteristic of a
transition due to temperature. The regions A, B, and C show differences attributed to the interaction
affinity between the adsorbent and the adsorbate. Without a transition, a straight line is obtained,
and the behavior is predicted by Henry’s law (Otte & Carvajal, 2011). Usually, in an amorphous
system subjected to an increasing temperature ramp, the transition from the amorphous to the
crystalline phase is characterized by the Z-shape diagram (Fernandez-Sanchez et al., 1991; Onjia
& Nastasovi, 2008; Otte & Carvajal, 2011).
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Figure 5.3. Phase transition diagram variations for cocoa powder extracted with n-heptane. The
regions A, B, and C involve different phase transitions.

The Z-shape diagram for the glass transition temperature indicates that for region A, the
adsorption equilibrium is at the surface. In region B, a non-equilibrium regime is at the edge of the

surface and bulk location interface; whereas in region C, equilibrium is achieved by the bulk and
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surface interactions (Onjia & Nastasovi, 2008). However, for a material with a defined crystalline
phase, the equilibrium is mainly at the surface instead of the bulk (Otte & Carvajal, 2011). The
latter is predominant in the cocoa samples because no glass transition temperature is detected by
the differential scanning calorimetry (DSC). Melting-related phenomena are common for the entire
temperature range due to the presence of polymorphs of various components (mainly lipids), rather
than a single glass transition for a single component system. Additionally, the adsorbate retention
volume can be described using the bulk and surface equilibrium interactions by the following
equation (Onjia & Nastasovi, 2008):

V; = K AL+ K,V Equation 5.11.
where Ka is the surface adsorption partition coefficient, A_ is the surface area of the adsorbent, Ky
is the bulk sorption partition coefficient, and V. is the adsorbent volume. The K values, however,
depend on the experimental conditions (Onjia & Nastasovi, 2008), and for our system, this
variability was reduced by limiting equilibrium to the surfaces.

Vy; = KA, Equation 5.12.

The transitions in each region and the associated thermodynamics parameters are illustrated

in Figure 5.4 for regions A and B and Figure 5.5 for region C.
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Figure 5.4. Retention diagram highlighting the transitions in regions A and B.

By analyzing the A region in Figure 5.4, the differences in the melting transition onset
among the samples are apparent. The highest surface melting point is exhibited by M3, followed
by M2 and M1. The IGC phase transition data for the surface presents different onset temperatures
compared to those presented by the DSC data (chapters three and four). This also suggests that the

surface thermal properties differ from the bulk.

Table 5.1. Cocoa transition temperatures measured by the IGC.

T (°C) SD
M1  24.64 0.58
M2 25.09 0.30
M3  25.68 0.07
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The sintering, agglomeration and caking properties are driven by surface temperature
variations and interactions. Therefore, information obtained by the IGC may serve in predicting

the surface interaction mechanisms rather than the bulk thermal properties.
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Figure 5.5. Retention diagram for the C region.

The sorption enthalpy of n-heptane in the cocoa powder was calculated in the C region of
the retention diagram (Figure 5.5). Fernandez-Sanchez et al. (1991) suggested that if bulk and
surface equilibriums are achieved in the C region, the enthalpy can be used to predict solubility.
In our cocoa system, at the experimental temperature in the C region, the surface contains high
proportions of energetic lipid polymorphs, and the surface equilibrium reflects the only possible
interaction. The peaks of the raw retained n-heptane data confirm that only physisorption occurs,

with symmetric peaks exhibited over the entire temperature range.
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Table 5.2. Partial molar sorption enthalpies.

AH
(kJ/mol)

M1 -26.894 0.066

M2 -27.338 0.226

M3 -26.989 0.349

The molar enthalpy values of the cocoa powder in n-heptane range from —26 to —28 k] /mol
under isosteric conditions, thereby confirming that only physisorption occurs. Typically, for
physisorption, the enthalpy (AHs) range is from —4 to —40 kJ/mol, in contrast to chemisorption
with values from —40 to —800 kJ/mol (Levine, 2009). The absolute enthalpy of sorption (AHs) for
M2 sample is the highest for among the samples, suggesting that the interaction between the
adsorbent and adsorbate becomes stronger with increasing temperature. This information is useful
for predicting the interphase stability, in addition to the blue and red arrows displayed in Figures
5.4 and 5.5, respectively. As displayed in Figure 5.4, the value for the M1 sample is initially low,
but as the temperature increases in zone C, its value surpasses that of sample M2 in Figure 5.5.
These differences are due to the surface interactions of the cocoa particles with the n-heptane. The
lipid polymorphs with higher energetic properties are created when the temperature increases and
the affinity between the cocoa particles and the n-heptane is altered. Further studies are needed to
confirm this hypothesis. Experiments under different isosteric conditions as well as reducing the
flow rate of the adsorbate would vary the magnitude of the interactions.

5.4.3 Activation energy of diffusion.

The water sorption isotherms were measured at 25, 30, 35 C to calculate the diffusion
coefficients for the samples. Figure 5.6 shows the Arrhenius-type plots used for calculating the
activation energy of diffusion. The plots show measurements at constant RH of 10% (Fig. 5.6 A)

and 80% (Figure 5.6 B). The reason for choosing these RH values is that the R? values at other RH
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values were significantly low, and these may favor a non-Arrhenius-type rate of diffusion. In fact,

Chvoj et al. (1999) also explained the principle of non-Arrhenius diffusion coefficient behavior.
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Figure 5.6. Arrhenius-type plots showing the relationships between the natural logarithm of the
diffusion coefficient and temperature for (A)sorption data at 10% RH and (B) sorption data at 80%
RH.

To explain the activation energy of diffusion, the sorption process is schematized following

the chemical reaction analogy as follows:

Cocoa particle + water vapor ™ 10%RH Cocoa_water (syrf equi) Step 1
Cocoa_water (syrf equiy + water vapor T 802% RH ¢ 0C0a_Water core and surf equi) LEP 2

First, the cocoa particles are exposed to water vapor at 10% RH; the products of this system
are cocoa particles containing water in equilibrium with the surface. Second, when the RH is
increased to 80%, the products are cocoa particles with water at the surface and core levels. This
two-step process is reversible as indicated by the double arrows and it obeys the Le Chatelier’s
principle. Evidently, any change in the RH or cocoa particles disrupts the system equilibrium. The

active energy barrier (Chvoj et al., 1999), for our purpose, can be called the activation energy of
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diffusion, Eaqd, and this is essentially constant for the temperature range evaluated (25-35 °C), as

shown by the values in Table 5.3.

Table 5.3. The activation energy of diffusion in the cocoa system.

10% RH 80% RH
Activation Activation
energy of R? energy ofRZ
diffusion diffusion
(kJ/mol) (kJ/mol)
M1 23.67 0.9382 42.45 0.9826
M2 37.33 0.8749 31.05 0.9971
M3 23.68 0.9984 4528  0.9945

Regardless of the material, the activation energy of diffusion (Eaq) values are lower at 10%
RH. According to chemical reaction interpretation (step 1 and 2), the low Eaq value implies that
the diffusion process is faster at 10% RH that at 80%. This indicates that the sample susceptibility
to water decreases as the relative humidity increases for samples M1 and M3. Interestingly, the
shape of the sorption isotherms at different temperatures exhibit a pattern, as depicted in Figure
4.8a. For the 10 % RH plot, the diffusion coefficient increases considerably until it attains a
maximum at around 40% RH. Conversely, for the plot at 80% RH, a steady state is already reached,
and the water diffusion coefficients are minimum at RH between 60% and 90%. Therefore, the
water migration mechanism proposed in chapter four is reinforced by the of activation energy
values. Additionally, the M2 sample shows the lowest activation energy value at 80% RH and the
highest value at 10%. This also suggests that the internal structure of this powder exhibits higher

affinity for water than its surface. Further, the higher value at 10% RH for sample M2 may indicate
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a high energy barrier that prevents water absorption into the powder. Improved stability to water
is observed for the M2 sample at 10% RH, whereas this occurs for the M1 and M3 samples at 80%
RH. The highest stability to temperature and water diffusion changes is therefore, predicted for the
M2 sample.

5.5 Conclusions

The thermodynamic parameters for cocoa powder systems were evaluated by developing
testing methods involving the IGC and DVS. The extent and degree of changes in the sorption
enthalpy and activation energy of diffusion improved the understanding of the thermal and water
interactions properties of these systems. Although studies using these parameters for food systems
are scant, insightful relationships were obtained for the powders in this study. Physisorption was
the primary mechanism for evaluating the thermodynamic properties using the IGC data. For cocoa,
the gas probe—adsorbate equilibrium was achieved under isosteric conditions.

The methodology developed from these techniques was used for the first time to
demonstrate phase transition and obtain the sorption enthalpy and Arrhenius energy of diffusion
of cocoa-based systems. These results highlight the suitability of these techniques for food
powders. Also, the methods developed herein may be used for experiments needed to examine
the phase transition at different surface coverages. This work successfully evaluated the feasibility
of the thermodynamics and surface approaches to address and improve physical attributes of
complex food powdered systems such as cocoa.
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