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Abstract 

This dissertation explores the impact of confectioner’s sugar and processing on key physical 

characteristics of palm oil. Though bulk oils such as palm oil have been well-studied, fat-

continuous dispersions that include other ingredients such as sugar, cocoa solids, or milk 

powder are much more complex due to ingredient interactions and the resulting changes in 

properties such as fat crystal morphology and crystallization pathway. These implications 

restrict the ability to extrapolate responses from bulk oils towards multi-ingredient systems. 

This is particularly important given that palm oil in foods rarely exists in bulk but is usually 

mixed with multiple ingredients. 

The effects of processing on both bulk oil and oil-sugar blends were explored over four 

weeks of storage and clearly demonstrated that the existence of a dispersion resulted in large 

differences in rheology and texture compared to the bulk. Adding sugar significantly 

increased storage modulus and firmness of the oils while exhibiting increased sensitivity 

towards processing conditions. Predictive models were generated through multiple 

regression analysis that overcame limitations derived from extrapolation and corrected for 
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these behavioural differences using a single binary variable accounting for the presence of 

confectioner’s sugar. As a result, the contributions of sugar to the rheology and texture of 

oil-sugar blends were modelled, a first in such systems. 

The results contained within this dissertation are of great industrial relevance as they: 

i) limit the dependence on anecdote and empiricism to explain results, 

ii) generate detailed process maps, 

iii) identify optimal process values to attain desirable rheological and textural 

responses, and 

iv) open the door for further investigation into dispersion effects.  
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Introduction 

General Overview 

Confectionery fillings and coatings are complex materials consisting of multiple interacting 

ingredients. Though their production methods have been known for decades, there remains 

a dearth of knowledge regarding how sugar dispersions impact fat crystallization in such 

materials. To this day, many opportunities to improve process efficiency while maintaining 

shelf life and consumer acceptability of such products exist. The content within this 

dissertation is exceedingly relevant to the confectionery industry as it pertains to process 

optimization in confectionery product lines and product quality and stability. 

Chapter 1 of this dissertation reviews the role that non-fat ingredients have on fat 

crystallization with an emphasis on confectionery applications. This is followed by the 

establishment of a baseline effect that confectioner’s sugar has on the physical properties of 

palm oil processed under standard conditions (Chapter 2). From there, the effect that sugar 

has on processing (Chapter 3) as well as processing interactions (Chapter 4) are explored. 

In this last chapter, multiple regression analysis is utilized to create process maps and 

determine optimal process values that yield maximum predicted response of these physical 

properties. 

Dissertation Objectives 

The overall objective of this dissertation is to understand the effect that confectioner’s sugar 

has on palm oil crystallization with the goal of providing predictive tools to reduce saturated 

fat content and improve production efficiency. The specific research objectives were: 
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i. to establish a baseline effect that confectioner’s sugar has on palm oil crystallization 

processed under standard conditions (Chapter 2), 

ii. to determine how confectioner’s sugar alters the response of palm oil towards 

cooling endpoint temperature while introducing the concept of multiple regression 

analysis (Chapter 3), and 

iii. to generate process maps and optimal process values from predictive models that 

correct for the effect of confectioner’s sugar on processing interactions (Chapter 4). 

Hypotheses 

The proposed hypotheses were that: 

i. the addition of confectioner’s sugar would facilitate fat crystallization, thereby 

increasing viscoelasticity and textural properties, 

ii. higher cooling rates from the melt would enhance crystallization (rate and extent), 

storage modulus, and firmness while reducing crystal size and polymorphic stability, 

iii. higher endpoint temperatures would restrict crystallization as processing ends 

prematurely, ultimately reducing storage modulus and firmness, and 

iv. the general presence of a dispersed phase would alter processing response in palm 

oil limiting the ability to predict trends in oil-sugar blends based on the behaviour of 

bulk systems without the aid of statistical modelling. 

Contribution of Authors 

All experimental work enclosed within this dissertation was performed by myself. 

Furthermore, I am the primary author of all publications produced from this dissertation. 

These publications include: 
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i. West, R. and Rousseau, D. (2018). The role of non-fat ingredients on confectionery 

fat crystallization. Crit. Rev. Food Sci. Nutr. 58(11):1917-1936 (Chapter 1). 

ii. West, R. and Rousseau, D. (2016). Crystallization and rheology of palm oil in the 

presence of sugar. Food Res. Int. 85:224-234 (Chapter 2). 

iii. West, R. and Rousseau, D. (2017). Modelling sugar, processing, and storage effects 

on palm oil crystallization and rheology. LWT - Food Sci. Technol. 83:201-212 

(Chapter 3). 

iv. West, R. and Rousseau, D. (2018). Regression modelling of the impact of sugar and 

temperature on palm oil crystallization and rheology. Food Chem. (under review, 

Chapter 4).  
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Chapter 1:1.1 

THE ROLE OF NON-FAT INGREDIENTS ON FAT CRYSTALLIZATION 

Confections such as chocolate and biscuit fillings are composed of a continuous fat phase 

that contains dispersed non-fat ingredients such as sugar and cocoa powder. Research on fat 

crystallization and rheology in confections often extrapolates crystallization and textural 

properties from bulk to mixed systems while overlooking the important role of composition 

or particle interactions. For example, in chocolate processing the fat phase aids dispersed 

phase lubrication and fluidity whereas the dispersed particles assist in fat crystallization by 

providing many nucleation sites. In confections with a high dispersed phase volume fraction, 

fat crystallization may be hindered due to reduced triacylglycerol mobility, confinement, 

and increased tortuosity (i.e., twisting degree within a porous medium). This is further 

complicated in systems with slow crystallizing fats such as palm oil whose crystallization is 

exceptionally sensitive to composition and processing. This chapter breaks down the 

physical chemistry of fat-based confections and discusses the impact of different non-fat 

ingredients towards fat crystallization and rheology. The behaviour of palm oil is further 

highlighted as it is becoming increasingly popular as a confectionery ingredient. Lastly, 

ingredient-ingredient interactions and their role in fat crystallization are described along 

with force spectroscopy as a novel tool to characterize such phenomena. Force spectroscopy 

utilizes atomic force microscopy to measure intermolecular forces as a function of distance 

but remains largely unexplored in food science.  

                                                           
1.1 This chapter previously appeared as a published review article with following citation: West, R. and 
Rousseau, D. (2018). The role of non-fat ingredients on confectionery fat crystallization. Crit. Rev. Food Sci. 
Nutr. 58(11):1917-1936. 
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1.1 Fat-Based Confections 

1.1.1 Main Components 

Processed foods are composed of numerous ingredients often existing in a multi-phasic 

environment with structures ranging from the nano- to the macro-scale (Walstra, 2003; Rao, 

2007). In fat-based confections, non-fat ingredients such as sugar, salts, cocoa solids, and/or 

proteins are dispersed within a continuous semi-solid fat phase (Götz et al., 2005; Sokmen 

and Gunes, 2006; Afoakwa et al., 2009; Dahlenborg et al., 2011; Carvalho-da-Silva et al., 

2013; Svanberg et al., 2013), whose fat crystal morphology, polymorphic behaviour, and 

interactions with non-fat ingredients determine processability, quality, and sensory 

properties of the final product (Figure 1.1). Chocolate, which is perhaps the most popular 

and well-studied of these confections, is solid-like at room temperature (e.g., ≤ 25 °C), but 

melts rapidly once in the mouth (e.g., 33-38 °C) (Afoakwa et al., 2008a). The proper 

crystallization of cocoa butter (CB), which can account for up to 30-40 % (w/w) of the 

product, is largely responsible for the sensory behaviour that consumers have come to expect 

(Afoakwa et al., 2007; Rousseau, 2007; Fernandes et al., 2013). 

Often, the main ingredient of fat-based confections is sucrose (Krüger, 1999; Beckett, 2000), 

which provides sweetness and mouthfeel (Jamieson, 2008) as well as energy (4 kcal·g-1) 

(Aidoo et al., 2013). Adjusting the sugar content by as little as 5 % (w/w) can significantly 

impact the perceived sweetness in some food applications (Beckett, 2008). In products such 

as chocolate, optimal sugar particle size is approximately 30 µm in diameter to maintain 

proper textural properties (Jeffery, 1993). Coarser particles tend to confer grittiness while 

finer particles impact fluidity (Beckett, 2000). A particle size distribution of 60 % coarse 
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Figure 1.1 Multiscale interpretation of chocolate from acylglycerol assembly to fat bloom. 
 

and 40 % fine particles has been shown to minimize the relative viscosity of fluid chocolate 

(Servais et al., 2002). 

Emulsifiers are added to confections to lubricate and aid in the dispersion of sugar and other 

non-fat ingredients within fat-continuous environments (Beckett, 2000; Götz et al., 2005; 

Afoakwa et al., 2007; Van Der Vaart et al., 2013). The most commonly used emulsifiers are 

soy lecithin, which contains phospholipids that contribute to its amphiphilic properties, and 

polyglycerol polyricinoleate (PGPR), a synthetic equivalent that shows a greater reduction 

in confectionery yield stress (τ0) than soy lecithin (Vernier, 1998; Schantz et al., 2003). 

Other non-fat ingredients commonplace in confections includes milk solids, composed of 

casein and whey proteins, which have traditionally been added to provide a ‘creamy’ 
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mouthfeel (Haylock and Dodds, 1999), and cocoa solids, which contribute to flavour, 

texture, and are a source of antioxidants (Doká et al., 2013). 

1.1.2 Rheology 

This section summarizes the role of key ingredients found in confections on rheology, 

including the fat phase, sucrose, milk proteins, cocoa powder, and emulsifiers. The 

rheological properties of foods are important given their close association with processing 

efficiency, e.g., extrusion, enrobing, etc., and organoleptic properties (Kilcast and Clegg, 

2002; Servais et al., 2002, 2004; Engelen et al., 2005; Ahmed and Ramaswamy, 2006; 

Denker et al., 2006; Baixauli et al., 2007; Engelen and Van Der Bilt, 2008; Ziegleder, 2009; 

Liu et al., 2010; Zarić et al., 2012). Oscillatory rheology is used to explore confectionery fat 

crystallization in the absence of shear, i.e., under conditions where the material is not 

irreversibly deformed (Omar et al., 2005; De Graef et al., 2006). By contrast, rotational 

rheology explores the influence of both torque and rotational shear on material properties, 

such as the apparent viscosity (η) of dark chocolate during conching (Vivar-Vera et al., 

2008). 

The rheological properties of confections depend on the physical properties of the 

continuous fat phase, e.g., solid fat content (SFC), crystal morphology, etc., the volume 

fraction of non-fat ingredients, and specific ingredient interactions (Tscheuschner and 

Wünsche, 1979; Van Den Tempel, 1979; Jeffery, 1993; Tscheuschner, 1994; Bouzas and 

Brown, 1995; Kulozik et al., 2003; Liang and Hartel, 2004; Schantz and Rohm, 2005; 

Sokmen and Gunes, 2006; Do et al., 2007; Pérez-Martínez et al., 2007; Rao, 2007; Tang and 

Marangoni, 2007). 
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Fat-based confections are often shear-thinning, non-Newtonian pseudoplastic materials, 

possessing a measurable τ0 (Chevalley, 1999; Rector, 2000; Schantz and Rohm, 2005; 

Chhabra, 2006). Reduction of the continuous phase volume, as seen in fat-reduced products, 

results in a harder, more brittle texture (Beckett, 1999; Spearing, 2007). In fat-reduced dark 

chocolate, η has been shown to increase because of the reduced lubrication of sugar and 

other non-fat ingredients (Afoakwa et al., 2008b). In contrast, the addition of the continuous 

phase results in a smoother, more fluid product (Aidoo et al., 2012) and plateaus at 32 % 

(w/w), above which no continued effect is seen (Afoakwa et al., 2007). The proportion of 

fat used in confections must also be considered during processing because of its impact on 

pumping, moulding, and other unit operations (Do et al., 2008). For example, chocolate may 

be pumped within pipelines at a flow rate of 10 t·h-1 across several dozens of metres within 

a production setting (Walker, 2009). Complications due to fat-reduced formulations, such 

as increased hardness and difficulty to swallow (Beckett, 1999; Spearing, 2007), have been 

circumvented by either increasing emulsifier content or the addition of CB replacers (Wang 

et al., 2010), oleogels (Kaiser et al., 1998; Marangoni, 2012), or limonene (Beckett, 1999; 

Do et al., 2008), all of which help to maintain proper rheology. 

Both volume fraction and size distribution of a dispersion strongly impact rheology. 

Importantly, surface area and interactions with the continuous phase increase with a 

reduction in particulate size as this increases the energy barrier needed to overcome τ0 and 

results in a much higher η (Beckett, 1994; Mongia and Ziegler, 2000; Ziegler et al., 2001; 

Walstra, 2003; De Graef et al., 2011; Fernandes et al., 2013). For the consumer, this is 

perceived as increased hardness and decreased spreadability (Chevalley, 1999; Beckett, 

2000; Afoakwa et al., 2008b, 2008c). Control of particulate size is critical to maintain 
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rheology and prevent undesirable texture attributes, such as coarseness and grittiness, 

because of this (Jeffery, 1993; Servais et al., 2002; Afoakwa et al., 2007). 

Many commonplace ingredients will greatly contribute to the rheology of fat-based 

confections. Emulsifiers aid in processability and minimization of raw material costs by 

improving the flow properties of chocolate and vegetable fat-based suspensions (mostly 

used as coatings) through lowering the friction between the particulates suspended in the 

liquid fat phase. As a result, τ0 is reduced and ease of flow within these suspensions is 

permitted, even at low total fat content. 

Using a sugar particle as an example, to coat dispersed particulates, the hydrophobic moiety 

of the emulsifier will protrude into the fat phase whereas its hydrophilic moiety will adsorb 

onto the surface of the sugar particle. In general terms, surface activity from an emulsifier 

will depend on its chemical structure, namely the balance in size between the hydrophilic 

headgroup and hydrophobic tailgroup. Those with larger headgroups will bind more strongly 

to sugar whereas others will be less strongly attached and may even be removed by the 

addition of different emulsifiers. Similarly, tailgroup length may affect the flow properties 

in different ways, implying that emulsifiers which are especially beneficial towards τ0 may 

be poor towards η and vice versa (Beckett, 2008). 

Lecithins are derivatives of sn-glycero-3-phosphates with one or two fatty acids (FAs) 

attached to a glycerol backbone and an alcohol esterified to a phosphate group at the third 

glycerol position. They are commonly used to stabilize particulates in oil-continuous 

dispersions (e.g., sugar particles in CB), as they align into layers at the solid surface to reduce 
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Table 1.1 Effect of soy lecithin concentration on τ0 and η of milk chocolate (Schantz and 
Rohm, 2005). 

Concentration (g·kg-1) τ0 (Pa) η (Pa·s) 
0 79.60 12.30 
1 19.50 4.18 
2 11.80 3.63 
3 10.20 3.28 
4 9.00 3.04 
5 9.15 2.89 
6 9.59 2.79 
7 10.30 2.71 

 

η stemming from particle aggregation (Johansson and Bergenståhl, 1992). For example, in 

chocolate manufacture, cocoa liquor (or mass) is mixed with sugar, additional CB, milk 

powder, and soy lecithin. Through refining and conching, the action of shear and coating of 

sugar with fat and soy lecithin improves chocolate flow properties. The addition of soy 

lecithin decreases τ0 and η in chocolate until a maximum concentration of 4 g·kg-1. Beyond 

this point, continued addition begins to increase τ0 (Table 1.1) (Chevalley, 1999; Schantz 

and Rohm, 2005). This is attributed to the micelles produced from lecithin phospholipids 

that disrupt particulate flow (Vernier, 1998). 

PGPR is a synthetic food-grade emulsifier consisting of polyglycerol as the hydrophilic 

group and interesterified ricinoleic FAs as the hydrophobic group (molar mass between 

1200-2000 g·mol-1) (Middendorf et al., 2015). It is increasingly being sought as a 

replacement given its η-reducing effects as with soy lecithin but at lower % (w/w) values. 

For example, Ghorbel et al. (2011) found PGPR decreased τ0 more significantly than either 

soy lecithin or total fat content in molten milk chocolate. Both emulsifiers had similarly 

influenced η. The interaction between emulsifier and fat on the one hand — and those 

between the emulsifier and solid particles on the other— play an important role not only in 
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determining chocolate flow properties but also texture of the final product. Rousset et al. 

(2002) stated that PGPR enhanced the lipophilicity of sugar particles thereby decreasing 

sugar-sugar interactions and increasing the fluidity of the fat-based suspension. Finally, 

Middendorf et al. (2015) concluded that PGPR interacts with CB immobilized on the surface 

of sugar to form pillow-like deposits, which act as spacers to reduce interaction between 

sugar particles. In addition to providing creaminess, milk solids also impact rheology where 

casein, which possesses both polar and non-polar sites, behaves similar to an emulsifier 

(Haylock and Dodds, 1999). 

An increase in demand of low-calorie confections has resulted in many sugar-free products 

(Zumbé and Brinkworth, 1993; Sokmen and Gunes, 2006). Sugar substitutes, which include 

bulk sweeteners such as sugar alcohols, e.g., sorbitol and xylitol, and saccharide alternatives, 

e.g., trehalose and isomaltulose (Olinger, 1994; Kroger et al., 2006; Aidoo et al., 2013), have 

a negative impact on rheology (Clayton and Conn, 2005). For example, sugar alcohols were 

found to reduce the quality of chocolate and result in poorer rheology (Zumbé and 

Brinkworth, 1993). A further study showed that maltitol produced a η most similar to 

sucrose whereas isomalt significantly increased it (Sokmen and Gunes, 2006). In another 

study, the substitution of sucrose with steviol glycosides, which are natural sweet-tasting 

compounds isolated from the plant Stevia rebaudiana, in combination with inulin and 

dextrose as bulking agents was not found to significantly alter hardness of the chocolate 

(Shah et al., 2010). 

Moisture often has a dire effect on fat-based confections. It causes dispersed particulates to 

cluster through attractive polar forces and capillary action, resulting in poor mixing and 

increased particle heterogeneity as well as deleterious effects on η (Nováková et al., 2002). 
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This is in large part due to the low affinity sugar has for the continuous phase. The effect of 

moisture has also restricted the usage of hygroscopic low-calorie ingredients such as glucose 

or fructose (Afoakwa et al., 2007). To counteract this effect, confections are formulated with 

a higher fat content, though this is clearly not cost-effective. For example, CB is adjusted 

by a three-fold addition for every one-fold addition of unwanted moisture to correct its 

rheology (Beckett, 2000; Aidoo et al., 2012). Approaches such as high intensity conching 

(Nováková et al., 2002) and ultrasound (Yucel and Coupland, 2011) may also remove these 

aggregates. 

A nascent area is that of the role of micro-viscosity (ημ) and rheology on particle networks. 

Characterizing the micro-rheological properties of liquid-state oil may improve our 

understanding of the role of confinement and non-fat ingredient interactions on fat 

crystallization. Therefore, it is important to isolate this behaviour from the bulk rheology as 

much as possible. It was previously reported that oil ημ was influenced by the fractal 

dimension of fat-oil mixtures and not their SFC. Relying on the twisted intramolecular 

charge transfer properties of the molecular rotor citrus red, ημ was determined to increase as 

oil confinement and fractal dimension increased (Du et al., 2014). While determination of 

oil ημ may possibly give insight into its migration and impact on crystallization in systems 

containing non-fat ingredients, any existing study remains to be published. 

Large deformation experiments, e.g., cone penetrometry and two-plate compression, are 

used to determine the textural properties of foods, e.g., mechanical firmness and 

adhesiveness, and are often used to corroborate sensory tests (Hayakawa and DeMan, 1982; 

Rousseau and Marangoni, 1999; Liang and Hartel, 2004; Omar et al., 2005). These 

experiments may also be used in conjunction with rheology (Beckett, 2000; Bourne, 2002). 
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The main limitation with texture analysis is its inability to reproduce chewing and explore 

salivary effects, which can invert phases within fat-based confections, changing the way in 

which they are perceived (Lee and Pangborn, 1986; Carvalho-da-Silva et al., 2013). 

Tribology, which studies the interaction between food and oral epithelia, has been developed 

to minimize this challenge. The tribological properties of some fat-based confections have 

been studied, though much work remains to be done in this area (Carvalho-da-Silva et al., 

2011; Lee et al., 2002). 

1.2 Fats and Oils 

1.2.1 Molecular Structure 

Like all food fats, confectionery fats are mixtures of higher- and lower-melting 

triacylglycerols (TAGs) where FAs are esterified to a glycerol skeleton (Figure 1.2) (Timms, 

1984). These molecules conform to an asymmetric tuning fork or chair geometry due to 

steric hindrance at the sn-2 position (Larsson et al., 2006). Hindrance is exacerbated with 

unsaturation at this position, e.g., oleic acid in CB TAGs, which is partially responsible for 

its rapid melting behaviour in the mouth (Smith and Dahlman, 2005; Afoakwa et al., 2007). 

Mixtures of fats may be simple, consisting of just a few key TAGs, e.g., CB (Sato et al.,1989; 

Loisel et al., 1998; Beckett, 2000; Smith and Dahlman, 2005), or complex with several 

hundreds, e.g., milkfat (MF) (Gresti et al., 1993). As composition becomes more complex, 

the thermal profile of the fat becomes less defined and broader, e.g., MF melts between -40 

and 40 °C (Larsson, 1994). Both origin and terroir, e.g., temperature and rainfall, can alter 

the composition of the source, influencing the physical properties of the fat (Table 1.2) 

(Timms, 2003; Marty and Marangoni, 2009). 
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Figure 1.2 Molecular structure of (A) 1,3-dipalmitoyl-2-oleoylglycerol, (B) 1-palmitoyl-
2,3-dioleoylglycerol, and (C) 1-palmitoyl-2-oleoyl-3-linoleoylglycerol. 
 

Common minor components include partial acylglycerols, e.g., monoacylglycerols (MAGs) 

and diacylglycerols (DAGs), free fatty acids (FFAs), and other components, e.g., carotene, 

tocopherol, etc. (Gee, 2007; Gibon et al., 2007; Kellens et al., 2007; Smith et al., 2011). 

DAGs have higher slip points than TAGs, which can negatively impact the intended 

application (Ab Latip et al., 2013). For example, in one study the slip points of commercial 

and DAG-enriched margarines were determined to be 30.5 ± 0.2 and 35.5 ± 0.1 °C, 

respectively (Saberi et al., 2012). With the consideration of oral temperature, a DAG-

enriched margarine would have a longer, waxier thermal profile. DAGs are also believed to 

slow fat crystallization, although this mechanism is not fully understood (Siew and Ng, 
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Table 1.2 Effect of CB origin on TAG composition (Marty and Marangoni, 2009).1.2 

TAG (%) Brazil China Ecuador Ivory Coast Malaysia Nigeria 
OOL 0.5 1.0 1.1 0.6 1.0 1.8 
PLP 1.5 1.1 1.3 1.5 1.2 1.1 
OOO 5.1 0.8 1.9 1.8 1.4 1.2 
POP 22.8 23.5 24.1 24.3 22.7 23.1 
PPP 0.0 0.1 0.0 0.0 0.0 0.1 
SOO 7.0 1.7 2.1 2.1 1.8 1.2 
POS 34.1 37.0 37.3 37.3 36.9 37.3 
PPS 0.1 0.2 0.1 0.1 0.1 0.2 
SOS 28.3 33.1 31.1 31.4 33.4 32.5 
SSP 0.1 0.4 0.3 0.3 0.4 0.5 
SSS 0.6 1.0 0.8 0.7 1.1 1.1 

 

1999; Tshiamala, 2013). Though emulsifiers are a mainstay of the fat and oil industry, there 

remains a dearth of information on their structure-function relationship and the mechanisms 

by which they influence TAG nucleation and growth. In this regard, they may significantly 

impact fat nucleation, crystal growth, or both, depending on their composition, added 

amount, and mechanism of action (Smith et al., 2011). 

1.2.2 Polymorphism and Morphology 

The key polymorphs identified in most fats and oils, in order of increasing stability, are the 

α – hexagonal, β′ – orthorhombic, and β – triclinic forms (Figure 1.3) (Talbot, 1999; Bresson 

et al., 2011; Tshiamala, 2013). These different configurations describe the lateral packing of 

molecules and provide the fingerprint short spacings. While polymorph subtypes have been 

reported in pure TAG systems, e.g., sub-α, pseudo-β′, sub-β, etc., they are not universally 

accepted (D’Souza et al., 1990). 

                                                           
1.2 Oleic (O), linoleic (L), palmitic (P), and stearic (S). 
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Figure 1.3 Polymorphic forms of TAGs (Bresson et al., 2011). 
 

X-ray diffraction (XRD) is used to identify fat crystal polymorphs (Figure 1.4) (D’Souza et 

al., 1990; Schenk and Peschar, 2004; Da Silva et al., 2009). With wide-angle XRD, the 

simplest definition is based on short spacings where one strong peak at 4.15 Å is observed 

for α crystals, peaks at 4.2 and 3.8 Å for β′ crystals, and one strong peak at 4.6 Å and two 

lesser peaks at 3.9 and 3.7 Å for β crystals (Larsson, 1966; Hernqvist, 1988a; DeMan, 1992; 

Verstringe et al., 2012). These forms are driven by van der Waals forces to further pack into 

bilayer or trilayer lamellae either two to three alkyl chains thick, respectively, which is 

interpreted as the long spacings of the crystal (Talbot, 1999; Larsson et al., 2006). 

Other than XRD, many techniques can be used to characterize the crystallization behaviour 

of fats (Van Malssen et al., 1994, 1999; Loisel et al., 1998; Van Langevelde et al., 2001a, 

2001b), including differential scanning calorimetry (DSC) (Foubert et al., 2008; De Cock, 

2011; Tshiamala, 2013), Raman spectroscopy (Kobayashi, 1988; Bresson et al., 2005, 2006, 

2011; Hu et al., 2005; Schoukens and De Clerck, 2005; Da Silva et al., 2009), and 

dilatometry (Wille and Lutton, 1966), although this final technique is rarely used nowadays. 

Polymorphs are associated with specific fat crystal morphologies under static crystallization. 

For example, α crystals are least dense and form platelets ~ 5 µm in length (Rousseau et al., 
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Figure 1.4 Diffractograms of different tristearin polymorphs (adapted from Da Silva et 
al., 2009). 
 

2005). Both β′ and β crystals are acicular where growth is more energetically favoured along 

its length. These needle-like crystals are typically 1-2 and potentially upwards of 50 µm in 

length for β′ and β, respectively. Morphology may affect textural properties of bulk oils. 

Rounded crystals, such as those shaped by shear, will flow past each other more easily to 

produce a smoother texture whereas sharper, more angular crystals will fracture and become 

brittle. For example, the ideal textural properties for palm-based margarines, including 

proper smoothness and spreadability, are obtained if β′ crystals are formed. In more complex 

foods, the effect of crystal morphology on texture is not fully understood because of factors 

such as multiple phases, ingredient interactions, and compartmentalization (i.e., the internal 

segregation within a colloidal by its dispersed phase) (Hartel, 2001). 
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Table 1.3 Melting point and chain-length packing of CB polymorphs (Afoakwa et al., 2007). 

Polymorph Melting point (°C) Chain-length 
γ 16-18 2 
α 21-22 2 

β′2 25.5 2 
β′1 27-29 2 
β2 34-35 3 
β1 36 3 

 

As in other fats, polymorphism in confectionery fats is monotropic evolving from less to 

more stable polymorphs. CB polymorphism has been studied extensively because of its close 

association to organoleptic properties and shelf life. A previous XRD study (Wille and 

Lutton, 1966), later to be confirmed by DSC (Huyghebaert and Hendrickx, 1971), showed 

a total of six polymorphs to exist in CB, i.e., γ, α, β′2, β′1, β2, and β1, melting over a range of 

16 to 36 °C (Table 1.3), with β2 crystals exhibiting optimal macroscopic properties (Smith 

and Dahlman, 2005). The triple chain-length packing of higher order polymorphs further 

allows for higher thermodynamic stability and lower occupied volume compared to double 

chain-length packing (Talbot, 1999). With proper tempering, β2 crystals initially form at 1-

3 % (v/v), establishing a template for further crystallization of the remaining melt (Svanberg 

et al., 2013). More contemporary methods use pre-made β2 crystals to seed the melt and 

facilitate proper crystallization of the chocolate mass (Windhab, 1999; Zeng, 2000). 

Svanberg et al. (2011a) showed that seeded samples of molten chocolate formed multiple 

nucleation sites and increased in morphological homogeneity. In the absence of seeding, 

large spherical crystals were observed in some areas, but were absent in others. 

Importantly, β2 crystals contribute to a glossy finish, clean fracture, i.e., snap, quick melting 

at oral temperature, flavour release, and contraction for demoulding of shelled confections 
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(Timms, 1984, 2003; Seguine, 1991; Stapley et al., 1999; Talbot, 1999; Beckett, 2000, 2008; 

Khan and Rousseau, 2006; James and Smith, 2009). Shelf life is also prolonged because of 

the ability for β2 crystals to restrict liquid oil from migrating to the surface and promote fat 

bloom, characterized by the onset of large β1 crystals, i.e., > 5 µm, that have the ability to 

diffuse light, giving a dull, greyish appearance on the surface (Cebula and Ziegleder, 1993; 

Lohman and Hartel, 1994; Loisel et al., 1997; Ziegleder, 1997; Hartel, 1999; Sato, 2001; 

Timms, 2003; Dibildox-Alvarado et al., 2004; Lonchampt and Hartel, 2004; Smith et al., 

2007; Nopens et al., 2008; Dahlenborg et al., 2011; Glicerina et al., 2013). Furthermore, 

with β1 crystals, melting point is increased and the product adopts a grittier texture (Afoakwa 

et al., 2009). Internally, β1 crystals may also form but are typically smaller and more 

irregularly shaped (Jewell, 1972; Hartel, 1999; Lonchampt and Hartel, 2004; James and 

Smith, 2009; Dahlenborg et al., 2011; Dahlenborg, 2014). With proper storage, it may take 

years for properly-tempered chocolate to produce enough bloom-inducing β1 crystals 

(Bomba, 1993; Subramaniam, 2000; Rousseau et al., 2010). With under-tempering, this 

process occurs in just days (Vaeck, 1960; Campbell, 1967; Hernqvist, 1988b; Rousseau, 

2007; Bresson et al., 2011), as β′1 crystals rapidly form due to the lack of a proper template 

and undergo a β′1→β2 transition on the surface of chocolate (Schlichter-Aronhime and Garti, 

1988; Seguine, 1991; Hodge and Rousseau, 2002). 

1.2.3 Crystallization 

Fat crystallization may occur from either melts or solutions (Figure 1.5) (Himawan et al., 

2006; Kellens et al., 2007). This process is driven by the reduction of activation free energy 

as the system is shifted from equilibrium and either the melt is cooled below its melting 
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Figure 1.5 Timeline of events during fat crystallization and storage (adapted from 
Himawan et al., 2006). 
 

point or the solution has reached saturation. For melts, the chemical affinity (Φ), which is 

the driving force promoting TAGs to associate, is expressed by: 

𝛷 = 𝛥𝐻௙

൫𝑇௙ − 𝑇൯

𝑇௙
 (1.1) 

where ΔHf is the latent heat of fusion, Tf is the melting point, and T is the temperature of the 

system (Hartel, 2001). For solutions, this is expressed by: 
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𝛷 = 𝑅𝑇 𝑙𝑛 ൬
𝛾𝑋

𝛾௦𝑋௦
൰ ≈ 𝑅𝑇 𝑙𝑛 ൬

𝐶

𝐶௦
൰ (1.2) 

where R is the gas constant, γ is the activity coefficient, γs is the activity coefficient at 

equilibrium, X is the mole fraction, Xs is the mole fraction at equilibrium, C is the 

concentration, and Cs is the saturation concentration (Hartel, 2001). Obviously, as T is 

reduced in either melts or solutions, so is Φ. In systems of great TAG diversity, 

crystallization proceeds from both melt and solution. This is explained by the presence of 

lower-melting TAGs serving as solvent for fat crystals composed of higher melting TAGs. 

Butter is just one example of a mixed system where crystallizations from both melt and 

solution simultaneously occur (Hartel, 2001). 

The first step in crystallization is primary nucleation where molecules either combine from 

the molten state, i.e., homogeneous, or form on the surfaces of impurities, i.e., heterogeneous 

(Metin and Hartel, 2005; Basso et al., 2010). Liquid-state TAGs assemble through local 

energy fluctuations into embryos under homogeneous nucleation (Walton, 1969; 

Zettlemoyer, 1969; Mullin, 1993). This process is reversible, but the rate of association 

eventually exceeds that of dissociation as the system continues to shift away from 

equilibrium. These embryos must form prior to the formation of stable nuclei of a critical 

size. For melts, this critical size (rc) is estimated by: 

𝑟௖ =
2𝜎௦𝜈

𝛷
 (1.3) 

where σs is the interfacial tension and υ is the molecular volume (Hartel, 2001). The rate of 

homogeneous nucleation (Jhom) from the molten state is: 
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𝐽௛௢௠ = 𝐴 𝑒𝑥𝑝 ൜−
𝛥𝐺௖

𝑘𝑇
+

𝛥𝐺ఔ
ᇱ

𝑘𝑇
ൠ  (1.4) 

where k is Boltzmann’s constant, ΔGc is the critical free energy for a stable nucleus, and 

ΔGʹυ is the free energy for molecular diffusion. Nucleation is further influenced by 

polymorphism where the rate increases with lower order (Hartel, 2001). A reduced σs in α 

crystals is one suggestion behind their tendency to nucleate before either βʹ or β crystals 

(Sato, 1988), where their hexagonal mobility may significantly reduce interfacial energy. 

The theory behind the rate of heterogeneous nucleation (Jhet) is a modification of 

homogeneous nucleation, such that: 

𝐽௛௘௧ = 𝐴 𝑒𝑥𝑝 ൜−
𝛥𝐺௖

ᇱ

𝑘𝑇
ൠ  (1.5) 

where ΔGʹc is the critical free energy for heterogeneous nucleation (Hartel, 2001). ΔGʹc in 

this case is the combination of tensions at the melt-foreign surface, crystal-foreign surface, 

and melt-crystal interfaces (Garside, 1987). ΔGʹc may be explained by: 

𝛥𝐺௖
ᇱ = 𝛥𝐺௖ ൜

1

4
(2 + 𝑐𝑜𝑠 𝜃)(1 − 𝑐𝑜𝑠ଶ 𝜃)ൠ  (1.6) 

where θ represents the angle of wetting between crystal and nucleating solid. This angle may 

be calculated by: 

𝑐𝑜𝑠 𝜃 =
𝜎௦௟ − 𝜎௖௦

𝜎௖௟
  (1.7) 

where interfacial tensions for melt-foreign surface, crystal-foreign surface, and melt-crystal 

are σsl, σcs, and σcl, respectively. The presence of a foreign surface, such as a sugar particle, 

should lower θ, which in turn requires fewer liquid-state TAGs to assemble a nucleus of 

critical size. In return, ΔGʹc is lowered and nucleation occurs more easily (Hartel, 2001). 
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Furthermore, a greater degree of lattice matching, i.e., physical or chemical 

complementarity, between the foreign surface and fat crystal may impact nucleation of the 

system (Metin and Hartel, 2005). 

Foreign surfaces that facilitate nucleation may be inherent to the system, e.g., dust, dirt, etc., 

or they may be intentionally added. For example, heterogeneous nucleation of fat crystals 

off the surface of sugar particles was observed in non-seeded CB-sugar systems (Svanberg 

et al., 2011a). It has been theorized that one catalytic impurity per cubic millimetre results 

in a nucleation large enough to ensure rapid phase transition at a given supersaturation 

(Walstra, 2003). Homogeneous nucleation rarely proceeds in food systems because of this 

(Land et al., 1999; Cacciuto et al., 2004; Eremina et al., 2005; Rak et al., 2005). 

The deviation from equilibrium required for nucleation is reduced in the presence of foreign 

surfaces because they provide active sites that lower the energy barrier by facilitating proper 

orientation of liquid-state TAGs (Bowser, 2006; Rousseau and Sonwai, 2008; Svanberg et 

al., 2011a, 2011b; Fernandes et al., 2013; Hartel, 2013). For example, crystallization 

induction time is reduced in the presence of sugar for palm oil (PO) (Figure 1.6), cocoa 

solids for CB (Svanberg et al., 2011a), common minor components of fats and oils (Savage 

and Dimick, 1995), and solvents such as acetone (Hartel, 2001). Furthermore, local shear 

rates near non-fat ingredient surfaces increase nearly two-fold, providing enough energy to 

promote transition to higher ordered polymorphs (Mazzanti et al., 2003; Dhonsi and Stapley, 

2006). The effect of various lipophilic molecules on nucleation has been previously 

reviewed (Smith et al., 2011; Yoshikawa et al., 2014). 
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Figure 1.6 Effect of sugar volume fraction on PO crystallization during cooling 
(unpublished data). 
 

The effect of inorganic additives on trilaurin (LLL) crystallization was recently studied by 

Yoshikawa et al. (2014). These additives appeared to enhance crystallization and the βʹ→β 

transition. Furthermore, there existed an interaction between type of additive and TAG 

orientation on the surface of LLL crystals. XRD studies revealed greater peak intensities for 

long spacing over short spacing in the presence of talc, suggesting orientation where lamellar 

planes were parallel to additive surface. In contrast, these planes grew normal to the surface 

of graphite (Figure 1.7) (Yoshikawa et al., 2014). Crystallization suppression may 

sometimes be observed in the presence of an additive (Cacciuto et al., 2004). For example, 

soy lecithin has suppressed fat crystallization of CB-sugar models (Dhonsi and Stapley, 

2006). 
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Figure 1.7 Effect of additive on lamellar orientation of LLL (Yoshikawa et al., 2014). 
 

Crystals are fewer but larger in size if nucleation is slow, hindering their ability to flow 

across each other with minimal friction and causing products to become grainy or coarse in 

texture. For example, the textural quality of margarines is significantly reduced if crystals 

exceed 10 μm in length (Walstra, 2003). In contrast, high nucleation rates result in many 

smaller crystals and a pasty consistency (Hartel, 2001). The rate of nucleation may be 

quantified by refractive index, turbidimetry, or light scattering although this has been met 

with challenges (James, 1982). 

Secondary nucleation depends on the presence of existing fat crystals and can occur in 

parallel to primary nucleation (Larson, 1981; Metin and Hartel, 2005; Basso et al., 2010). 

While questions remain as to how exactly this occurs (Randolph and Larson, 1988), some 

mechanisms suggest secondary nucleation proceeds by micro-attrition where primary 

crystals fragment under high shear, feeding the secondary nuclei (Walstra, 2003). Following 

primary and secondary nucleation and crystal formation is crystal growth where liquid-state 

TAGs continue to incorporate onto crystal surfaces and heat of fusion is absorbed until an 

equilibrium is reached (Tavare, 1995; Hartel, 2001, 2013). The energy that is released from 

heat of fusion may also facilitate the transition of lower order polymorphs into higher states. 
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Eventually these crystals agglomerate to form a network in which the remaining liquid phase 

is entrapped (Metin and Hartel, 2005; Kellens et al., 2007). 

Following the formation of stable nuclei, growth and association of crystallized lamellae 

result in the formation of crystal nanoplatelets (Acevedo and Marangoni, 2010; Acevedo et 

al., 2011; Marangoni and Wesdorp, 2013). These nanoplatelets organize into stack-like 

structures by means of molecular van der Waals forces which then go on to assemble into 

crystallites that cluster via colloidal van der Waals forces to form fat crystals. Aggregation 

and sintering (i.e., formation of solid bridges) between crystals results in the formation of a 

three-dimensional fat crystal network (Pink et al., 2013; Tarabukina et al., 2009). 

Fat crystal networks are easily characterized using polarized light microscopy in bulk 

systems (Chen et al., 2002; Tang and Marangoni, 2007). Microscopy is used to better 

understand food structure and interactions at the molecular level and how they impact 

macroscopic properties (Flint, 1994; Stanley et al., 1998; Aguilera and Stanley, 1999; 

Morris, 2007). For fat- and oil-based products, factors such as fat crystal morphology and 

size distribution of non-fat ingredients are important considerations for product developers 

(Rousseau, 2007). While this distribution may sometimes be difficult to obtain, sizing by 

either optical microscopy, gravimetry via sieve stacks, or laser diffraction is possible for 

objects larger than a few microns. 

1.2.4 Compositional and Processing Effects 

The crystallization pathway is heavily influenced by both composition and processing, e.g., 

cooling rate, shear, etc. (Hernqvist, 1984; Awua, 2002; Campos et al., 2002; Dhonsi and 

Stapley, 2006; Kellens et al., 2007; Pérez-Martínez et al., 2007). For example, TAG 
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composition can impact polymorphism where larger diversity favours metastable β′ crystal 

formation (Rousseau, 2007). Furthermore, while shear can complicate polymorphic 

assignment based on morphology, the rate of crystallization is increased through its ability 

to facilitate mass transfer and higher ordered polymorphs proliferate (Sato, 2001; Mazzanti 

et al., 2003; De Graef et al., 2006; Tarabukina et al., 2009). Mass transfer of TAGs during 

crystal growth is hypothesized to occur either through diffusion, convection, or a 

combination of the two (Mullin, 1993). The rate of crystal growth (Rc) has been explained 

by the simple model: 

𝑅௖ =
𝐾(𝜎 − 1)

𝜂
  (1.8) 

where K is a constant and σ is the degree of supersaturation (Mathlouthi and Genotelle, 

1995). Assuming σ is constant, Rc is reduced as η of the system increases. 

Large kinetic factors, e.g., large cooling rate, favour the formation of many small crystals 

composed of lower ordered polymorphs according to Ostwald’s Step Rule (Bennett et al., 

1965; Sato, 2001). DSC has been used to verify this where a small exotherm corresponding 

to the α polymorph was observed under a higher degree of supercooling (Hartel, 2001). 

Liquid-state TAGs quickly incorporate within growing crystals under these conditions, 

resulting in lamellar occlusions and disorganization (Bennett et al., 1965). Transition of 

these crystals to a higher ordered polymorph may be on the order of months because of steric 

hindrance and larger energy barrier (Sato, 1993; Hartel, 2001). 

Larger but fewer crystals of higher polymorphic order form under smaller cooling rates 

(Litwinenko et al., 2002; Metin and Hartel, 2005). Furthermore, these conditions minimize 

thermal gradients (Kleinert, 1961) and allow the complete formation of a lamella before 
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another layer begins (Marangoni, 2005). While this may seem favourable, one potential 

caveat to a small cooling rate is the coexistence of different polymorphs, which may weaken 

the overall crystal network (Fessas et al., 2005). The effect of cooling rate on fat 

crystallization has been studied further (Baldino et al., 2010). 

Cooling endpoint temperature is also an important consideration in processing. For example, 

α crystals form readily in some oils, e.g., PO, at an endpoint under 20 °C due to the 

monotropic behaviour of TAGs. In addition to βʹ crystals forming directly from the melt, α 

crystals simultaneously transition into βʹ crystals (Fernandes et al., 2013). At endpoint 

temperatures above 20 °C, β′ crystals form exclusively from the melt (Litwinenko et al., 

2002; De Graef et al., 2006; Foubert et al., 2006). A deep understanding of how processing 

methods may impact fat crystallization is necessary to industry to maintain final product 

quality (Herrera and Hartel, 2000; Altimiras et al., 2007; Pérez-Martínez et al., 2007; 

Afoakwa et al., 2008d; Debaste et al., 2008). 

1.3 Palm Oil in Application 

Confectionery fats may be split into either lauric fats, such as coconut oil and palm kernel 

oil that are high in lauric acid content, or non-lauric fats, such as CB, PO, and shea butter. 

While the handling of lauric fats is quite easy, they are very high in saturated fat content and 

may not be suitable for some applications, such as confectionery fillings. Furthermore, 

industry has been continuously seeking non-hydrogenated fats to improve the nutritional 

profile of their products in response to restricted usage of hydrogenated vegetable oils. PO 

has quickly risen to the top of fat alternatives in industry due to its natural semi-solid 
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consistency and affordability, however, its physicochemistry is far lesser known than other 

fats. Here, the production and chemistry of PO is reviewed. 

1.3.1 Production and Use 

It has been highly recommended to replace saturated fats with poly- and monounsaturated 

fats to control lipoprotein levels (Hruby and Hu, 2016). This is in part due to the association 

between cardiovascular disease (CVD) and saturated FAs found in animal-based fats 

(Neaton and Wentworth, 1992), however, positional distribution of these FAs within TAGs 

must also be considered (Karupaiah and Sundram, 2007). While this generally encourages 

consumption of plant-based oils, tropical oils are considerably higher in saturation (Edem, 

2002; Gee, 2007). This prompted nutritional campaigns in the 1980s which resulted in much 

of the present-day aversion to PO by consumers (Allen, 2002; Gratzer, 2005; McNamara, 

2010). 

Malaysia is currently the largest producer and exporter of PO and palm by-products, 

followed by Indonesia (Sambanthamurthi et al., 2000). It is cheaper to manufacture than any 

other plant-based oil (Edem, 2002) and has chemical and thermal properties ideal for 

applications including a natural semi-solid consistency, relatively slow melting properties, 

and low foaming properties (Okiy and Oke, 1984; Kheiri, 1987; Cottrell, 1991). Uses of PO 

and its fractions are listed in Figure 1.8. 

PO is considered a viable substitute for partially hydrogenated oils (PHOs) because of its 

natural semi-solid consistency and low tendency to become rancid when compared to other 

plant-based oils (Maache-Rezzoug et al., 1998; Sambanthamurthi et al., 2000; Tarrago-Trani 
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Figure 1.8 Uses of PO and its fractions (adapted from Basiron, 2001). 

et al., 2006; Aftab et al., 2013). Several commercial products including biscuits, cream 

fillings, breads, and meat patties have already been successfully formulated with PO and do 

not contain the trans fats that are produced from either partial hydrogenation or high 

temperature deodorization (Fritsche and Steinhart, 1998; Basiron, 2001; Sherazi et al., 

2009). Furthermore, consumption of a palm-based diet was recently shown to reduce low-

density lipoprotein levels (Voon et al., 2011). Despite young consumers seeking fat-reduced 

options when purchasing food (Do et al., 2008), this has traditionally not been an issue with 

confections since they are typically consumed in small quantities as treats (Rössner, 1997). 

1.3.2 Composition 

Palmitic and oleic acid are the main FAs found in ripe drupe of oil palm, at 44 and 39-40 % 

respectively, followed by linoleic, stearic, and myristic acid (Table 1.4) (Basiron, 2001; Gee, 
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Table 1.4 Typical FA composition of PO (Basiron, 2001). 

FA Composition (%) 
Palmitic 44.0 

Oleic 39.2 
Linoleic 10.1 
Stearic 4.5 

Myristic 1.1 
Linolenic 0.4 
Arachidic 0.4 

Lauric 0.2 
 

2007). To date, no other plant-based oil is found to be as rich in palmitic acid as palm 

(Sambanthamurthi et al., 2000). TAGs account for over 95 % of PO content with POP being 

the most abundant (Sambanthamurthi et al., 2000; Gee, 2007). While there exists 

regioselectivity of unsaturated FAs at the sn-2 position, approximately 7-10 % of TAGs in 

PO are trisaturated. Minor components of natural PO include DAGs, MAGs, FFAs, 

phosphatides, sterols, and trace metals (Siew and Ng, 1995; Sambanthamurthi et al., 2000). 

The DAG and TAG composition of commercial PO is listed in Table 1.5 and consists mainly 

of P(PO) and O(OP) at 27.6 and 22.5 %, respectively. 

Carotenoids, e.g., β-carotene, aid with vision and are responsible for the dark amber colour 

in raw PO (Edem, 2002). These carotenoids are destroyed after the raw oil has been refined, 

bleached, and deodorized (Cottrell, 1991). PO is also one of the richest natural sources for 

tocotrienols (Goh et al., 1985; Sundram and Top, 1994), a subclass of vitamin E that has 

gained much interest in its role in the circulatory regulation of cholesterol (Sen et al., 2007; 

Stanley, 2008). 
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Table 1.5 DAG and TAG composition of PO.1.3, 1.4, 1.5 

TAG PO  TAG PO 
P(PO) 27.56  (LnLO) 0.02 
O(PO) 22.51  LaLaLa 0.02 
(PLO) 10.08  S(SA) 0.01 
P(PL) 7.83  S(SB) 0.01 
PPP 5.53  DAG PO 

(POS) 5.23  1,3-PO 1.98 
OOO 4.43  1,2-PO 1.04 

O(SO) 2.55  1,3-OO 0.79 
L(PL) 2.22  1,3-PL 0.70 
O(LO) 2.08  1,3-PP 0.57 
P(PS) 1.09  1,2-OO 0.49 
(PLS) 0.93  1,2-PP 0.25 
L(LO) 0.54  1,3-SO 0.17 
(POA) 0.34  1,3-PS 0.09 
L(SL) 0.27  1,2-SO 0.09 
O(AO) 0.19  1,2-PS 0.05 
S(PS) 0.11  1,3-OL 0.04 

(LnLP) 0.09  1,2-OL 0.01 
LLL 0.05  1,3-SS 0.01 

 

1.3.3 Processing 

Unrefined PO is relatively unstable and must be processed for industrial use (Dian et al., 

2006; Kellens et al., 2007). This instability comes from the relatively high FFA content of 

PO, i.e., 5 % (w/w) (Gee, 2007; Murphy, 2007). The mishandling of natural PO, such as 

exposure to high temperatures, propagates its acidification, darkening, and uncontrolled 

enzymatic peroxidation (Chong and Sambanthamurthi, 1993; Sambanthamurthi et al., 2000; 

Edem, 2002). Consumption of these peroxides may lead to health problems including 

hyperlipidemia, platelet aggregation, and tissue damage (Osim et al., 1992, 1994). 

                                                           
1.3 Method for compositional analysis described in Section 2.2.2. 
1.4 Regioisomers are indicated by fatty acids within parentheses. 
1.5 Arachidic (A), behenic (B), linoleic (L), linolenic (Ln), lauric (La), oleic (O), palmitic (P), stearic (S). 
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MAGs, FFAs, and other minor components are removed from natural PO following initial 

processing (Gee, 2007; Kellens et al., 2007). The oil may then be fractionated according to 

its saturation to produce oils that are functionally optimized for specific applications. For 

example, higher-melting TAGs can be separated from a melt by selective crystallization 

using a controlled temperature protocol (Hartel, 2001). 

Based on temperature-controlled fractionation, the two main fractions of PO are palm stearin 

and palm olein (Tshiamala, 2013). Palm olein melts at 18 to 20 °C and accounts for two-

thirds of PO on a weight basis. This liquid fraction is formulated into dressings and cooking 

oils (Gunstone and Norris, 1983; Stanley, 2008). DAGs co-fractionate into palm olein and 

produce a eutectic mixture that is responsible for early onset crystallization and clouding 

(Siew and Ng, 1996a; Gee, 2007; Kellens et al., 2007). Palm stearin composes the remainder 

of PO and melts at 48 to 50 °C. This fraction is often used in margarines and shortenings 

(Gunstone and Norris, 1983; Stanley, 2008). The higher-melting TAGs in palm stearin are 

responsible for its higher crystallization rate compared to palm olein and its ability to form 

β crystals (Che Man et al., 1999). Palm olein and stearin may be further fractionated to 

produce either mid-fractions used for CB equivalents and other confectionery applications 

or double-fractionated oils such as super olein, which is used in tocotrienol-rich supplements 

(Kellens et al., 2007; Stanley, 2008). The physical properties of PO and its fractions are 

listed in Table 1.6 (Edem, 2002). 

Interesterification is another processing method used to treat PO to change its physical 

properties without changing the FA profile. For example, melting profile, mouthfeel, and 

spreadability are changed using this technique (Gibon et al., 2007; Kellens 
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Table 1.6 Physical properties of PO and its fractions (Edem, 2002). 

Property PO Palm olein Palm stearin 
Melting point (°C) 34.2 21.6 44.5-56.2 
Relative density 

0.89-0.92 0.91-0.92 0.88-0.89 
(50 °C/water at 25 °C) 

Refractive index 1.46 1.47 1.45 
Moisture and impurities (%) 0.10 0.10 0.00-0.15 

Iodine value 47.00-55.83 55.00-61.54 21.60-49.40 
Saponification value 

196.0-208.2 189.0-198.0 193.0-206.0 
(mg KOH·g-1) 

Unsaponifiable matter (%) 0.010-0.500 0.001-0.500 0.100-1.000 
 

et al., 2007). Chemical interesterification completely randomizes the position of FAs along 

the glycerol skeleton whereas enzymatic interesterification exhibits different degrees of 

regioselectivity depending on the choice of enzyme (Costales-Rodríguez, et al., 2009). 

Crossbreeding of the African oil palm with trees naturally lower in saturated content, such 

as Elaeis oleifera, i.e., American oil palm, has also been pursued to generate PO with lower 

saturated FA content (Sambanthamurthi et al., 2000). 

1.3.4 Recrystallization 

PO, in addition to other fats and oils, continues to undergo morphological and spatial re-

arrangement during long-term storage because of recrystallization. The crystalline phase 

undergoes reconstruction to increase van der Waals interactions and minimize the free 

energy of the system (Fennema et al., 1973; Hartel, 1998; Russell et al., 1999; Sonoda et al., 

2004; Metin and Hartel, 2005). While this is believed to proceed through solid-state 

transitions, the mechanism is not fully understood and is independent of both temperature 

and humidity (Fennema et al., 1973; Tshiamala, 2013). It is theorized that recrystallization 

is driven by either a difference in local equilibria of different sized crystals, i.e., Ostwald 



35 
 

ripening, the fusion of adjacent crystals, i.e., accretion, or the minimization of crystal 

surface-to-volume ratios (Kuczynski, 1989; Hartel, 2001). 

Recrystallization is of concern to the food industry because of its impact on product quality 

and shelf life. Common examples of recrystallization include the hardening of fondants and 

‘freezer burn’ of ice cream (Hartel, 2001; Basso et al., 2010). Palm-based products are 

particularly prone to recrystallization upon storage. For example, margarine may harden, 

resulting in a gritty product with poor spreadability due to undesired crystal growth (Omar 

et al., 2005). The tendency for PO to recrystallize is a result of its DAG content causing slow 

crystallization rates, although this mechanism is not fully understood. MAGs have been 

added to PO to aid in nucleation and increase the rate of crystallization (Tshiamala, 2013). 

They tend to form α crystals which readily undergo α→βʹ transition (Krog, 2001). While 

phase diagrams have been used to understand and control crystallization in bulk systems, 

for complex foods, this is quite complicated (Fennema et al., 1973; Hartel, 2001). 

Recrystallization of CB in chocolate, which is responsible for fat bloom, is believed to occur 

from the growth of pre-existing surface crystals (Jewell, 1972; Timms, 1984; Ziegleder and 

Moser, 1996; Ziegleder and Schwingshandl, 1998; Tietz and Hartel, 2000; Aguilera et al., 

2004; Lonchampt and Hartel, 2004). This may be further promoted by a concentration 

gradient of TAGs (Lovegren et al., 1976; Talbot, 1994, 1999; Sonwai and Rousseau, 2008; 

James and Smith, 2009). In addition to β2 crystals, non-fat ingredients further restrict 

volumetric flow (Q) of liquid-state TAGs by creating a more tortuous path to the surface 

(Rousseau, 2007). Q is described by Darcy’s law: 
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 (1.9) 

where B is the permeability coefficient, Ac is the cross-sectional area in which flow occurs, 

ΔP is change in the pressure of the system, and L is the distance in which this pressure 

change takes place (Dibildox-Alvarado et al., 2004; Marangoni and Wesdorp, 2013). 

Using porosimetry (Loisel et al., 1997), well- and over-tempered couverture containing 32 

% (w/w) CB was determined to contain pores at 1 and 4 % (v/v), respectively. These pores 

are believed to form by contraction upon cooling (Sonwai and Rousseau, 2008). They 

typically measured 6 µm in diameter by 3 µm in depth according to atomic force microscopy 

(AFM) with hundreds being randomly distributed within a square centimetre (Rousseau, 

2006). It has been theorized that TAGs migrate through these pores by either diffusion 

(Miquel et al., 2001; Ghosh et al., 2002; Galdámez et al., 2009), capillary action (Aguilera 

et al., 2004; Marty et al., 2005), or pressure-dependent convective flow (Dahlenborg et al., 

2015). 

In the case of pralines where fillings are made of low-melting oils, e.g., triolein-rich hazelnut 

gianduja, it is theorized recrystallization occurs via two steps. First, as the shell contracts 

during storage, liquid-state TAGs migrate from the filling to the surface as cone-like wells 

(Beckett, 2000). Afterward, these structures grow and harden, serving as hosts for β1 crystals 

(Smith and Dahlman, 2005; Smith et al., 2007; Sonwai and Rousseau, 2008, 2010; 

Dahlenborg et al., 2011). The solubilization between shell and filling TAGs disrupts the 

phase behaviour of the shell and exacerbates recrystallization (Bigalli, 1988; Cebula and 

Ziegleder, 1993; Couzens and Wille, 1997; Walter and Cornillon, 2002; Dahlenborg, 2014). 
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Table 1.7 Effect of temperature cycles on fat bloom formation (Ali et al., 2001).1.6, 1.7 

Week 
Storage temperature (°C) 

18 30 
Fat bloom Cycles Fat bloom Cycles 

0 - 7 + 6 
1 - 7 ++ 4 
2 - 7 ++++ 2 
3 - 7 ++++ 1 
4 - 7 ++++ 1 
5 - 7 ++++ 1 
6 - 7 ++++ 1 
7 - 7 ++++ 1 
8 - 7 ++++ 1 

 

TAG migration into the shell also lowers its density, causing it to swell, and hardens the 

filling (Barron, 1977; Minson, 1990; Ziegleder and Moser, 1996; Miquel et al., 2001; Miquel 

and Hall, 2002; Altimiras et al., 2007). This swelling effect has previously been explored 

using confocal chromatic displacement sensors (Svanberg et al., 2012). Additional issues in 

praline fillings with high water activity, e.g., water- or alcohol-based, include sugar bloom 

and mold growth from improper storage (Minifie, 1989; Larumbe et al., 1991). 

While it is believed that storage of CB-based confections at 18 °C or cooler inhibits solid-

state transitions, warmer conditions lead to its rapid onset (Cebula and Ziegleder, 1993; Ali 

et al., 2001; Lonchampt and Hartel, 2004; Schenk and Peschar, 2004). For example, the 

recrystallization of well-tempered chocolate into β1 crystals was observed after 30 days 

when stored at 30 °C (Table 1.7) (James and Smith, 2009). Storage temperature fluctuations 

                                                           
1.6 -, no bloom; +, weak bloom; ++, bloom; +++, strong bloom; ++++, intensive bloom. 
1.7 one cycle is 30 °C (16 h) and 20 °C (8 h). 
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may further promote recrystallization (Hachiya et al., 1989), e.g., recrystallization was 

exacerbated when storage temperatures fluctuated as little as one degree (Hettich, 1966). 

MF and its fractions have been shown to inhibit CB recrystallization (Metin, 1997). This 

was theorized to occur through either slowing down the β2→β1 transition by disrupting β1 

lamellar packing (Cook, 1964) or by lowering overall SFC from the eutectic mixture that is 

formed with CB (Hartel, 1996). Since MF may reduce the SFC via eutectic effects, 

crystallization rate and crystal size may be reduced as well, potentially softening the product. 

Higher-melting fractions of MFs may offer a solution to this because they inhibit 

recrystallization while better preserving SFC (Lohman and Hartel, 1994; Pajin and 

Jovanovic, 2005). In one study, it was observed that addition of MF at 5.0 % and 7.5 % 

reduced the presence of wells, however, sensory properties, e.g., firmness, snap, melting, 

were just maintained at 5.0 % (Sonwai and Rousseau, 2010). MF has been used to prolong 

the shelf life of confections because of this in addition to its affordability and accordance to 

the Food and Drug Administration Code of Federal Regulations (Bricknell and Hartel, 

1998). 

Sugar crystallinity has also been shown to impact fat recrystallization. For example, the 

appearance of fat bloom was visually reduced in formulations with amorphous sugar 

compared to crystalline powder sugar. This was attributed to amorphous sugar having a 

smoother surface, and therefore fewer active sites to facilitate recrystallization. Furthermore, 

its rounded shape may create a more tortuous, closely packed system in comparison to the 

randomly shaped particulates of powder sugar, which may ultimately hinder oil migration 

that is responsible for β1 crystal growth (Bricknell and Hartel, 1998). 
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Other methods used to study recrystallization have included trained sensory panels 

(Quevedo et al., 2013), whiteness index (Bricknell and Hartel, 1998; Quevedo et al., 2013), 

area-scale fractal analysis (Brown et al., 1993), computer vision (Briones and Aguilera, 

2005), Raman spectroscopy (Dahlenborg et al., 2012), magnetic resonance imaging (Miquel 

and Hall, 2002), AFM (Hodge and Rousseau, 2002; Rousseau, 2006), optical profilometry 

(Rousseau et al., 2010), and scanning electron microscopy (James and Smith, 2009; Wang 

et al., 2010). 

1.4 Characterization of Particle Interactions in Confections 

Fat confectionery texture and crystallization largely depend on the combination of the 

physical properties of the continuous fat phase, dispersion volume fraction, and, 

importantly, interactions between the ingredients themselves. For example, the particle size 

distribution and surface area of sugar as well as the emulsifier type and concentration all 

impact the processability and sensory attributes of fat-continuous products. Similarly, 

moisture can have a damaging effect as it causes the clustering of non-fat ingredients, 

resulting in poor mixing. The characterization of particle interactions is thus critical to the 

establishment of the factors governing the optimized production of confectionery products. 

To this day, there remains a significant dearth of information in this regard, owing largely 

to the lack of appropriate research tools. A nascent research avenue in food science is that 

of force spectroscopy, which offers the unique prospect of determining the extent of particle 

interactions in confectionery products rich with non-fat ingredients.  
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1.4.1 Force Spectroscopy 

Scientists have romanced the idea of pulling on both sides of a single chemical bond and 

measuring the force that is required for bond disruption. Such single-molecule experiments 

have been possible since the 1990s using a technique known as force spectroscopy (Noy and 

Friddle, 2013). While not as developed as its imaging ability, AFM-based force 

spectroscopy can be used to measure both inter- and intramolecular forces (Miles and 

McMaster, 1995; Morris, 2007; Han and Serry, 2008). AFM force spectroscopy can yield 

information such as the conformation and elasticity of proteins (Janshoff et al., 2000), 

intermolecular interactions in biological and synthetic compounds (Mate et al., 1987; Meyer 

and Amer, 1988; Florin et al., 1994; Noy et al., 1995; Rief, 1997; Li et al., 1999; Ortiz and 

Hadziioannou, 1999; Merkel et al., 1999; Janshoff et al., 2000; Wang et al., 2002; Zhang 

and Zhang, 2003), particulate interactions in colloidal systems (Ducker et al., 1991), 

localized surface interactions (Frisbie et al., 1994), and ligand-receptor binding affinities 

(Florin et al., 1994). Recently, it was used to assess the impact of emulsifiers on CB colloidal 

properties (Middendorf et al., 2015, 2016). 

AFM, which was developed in 1986 (Binnig et al., 1986), employs a probe that is scanned 

across a sample where atomic forces between tip and sample are monitored and sample 

topography can be analyzed (Hodge and Rousseau, 2002; Rousseau, 2007). Cantilever 

deflection is measured by the ‘beam bounce’ method where a semiconductor diode laser is 

reflected off the cantilever back and into a position-sensitive split photodiode detector 

(Figure 1.9). The electrical signal that is received by the detector is measured in volts and is 

proportional to deflection of the cantilever (Cappella and Dietler, 1999). 
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Figure 1.9 Schematic diagram of AFM (Noy et al., 2008). 

With AFM-derived force spectroscopy, the tip-sample distance is reduced until ‘jump-to-

contact’ has been achieved. Whereas in ‘contact’ mode a feedback loop exists to obtain an 

image, this is notably absent in force spectroscopy (Han and Serry, 2008). The tip-sample 

distance is then increased and interactive forces are measured. Tip-sample interactions can 

be repeatedly measured either at the same surface location or at different locations to obtain 

an interaction map (Owen, 2004). As an alternative to tip retraction, the tip can be 

intentionally pushed into the sample in a method called nano-indentation (Han and Serry, 

2008). Viscoelastic properties typically reserved for rheology, such as Young’s modulus, 

may be obtained. Tip retraction following indentation causes the cantilever to deflect toward 

the surface because of adhesion (Owen, 2004). 

Force spectroscopy is commonly represented as simple curves where the x-axis is the tip-

sample distance and y-axis is cantilever deflection measured in either volts or Newtons for 
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Figure 1.10 Interpretation of force-distance curves (adapted from Kronenberger, 2006). 
 

raw or calibrated signals, respectively. Information that can be extracted from these plots 

include hardness, elasticity, and rupture bond length (Figure 1.10). These forces may be 

estimated using the Lennard-Jones potential (V): 

𝑉 = 4𝜀 ൜ቀ
𝜎

𝑟
ቁ

ଵଶ

− ቀ
𝜎

𝑟
ቁ

଺
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where ε is the depth of the potential well, σ is the distance when force is zero, and r is the 

distance of separation, respectively (Seo and Jhe, 2008). To calibrate force with the raw 

voltage that is detected by the photo diode, the spring constant of the cantilever must first 

be quantified by one of several methods (Han and Serry, 2008). The first method to derive 

the spring constant (k) considers the formula: 
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where l is length, w is width, ρ is density, E is Young’s modulus, and f0 is resonance 

frequency of the cantilever (Han and Serry, 2008). Another method uses a second cantilever 

with a pre-calibrated spring constant. When this cantilever is pushed against cantilevers of 

unknown spring constants, these constants can then be determined (Hinterdorfer et al., 

1996). A third method exposes the cantilever to thermal fluctuations, whereby a thermal 

noise spectrum is obtained and fitted against a Lorentzian function to determine the spring 

constant (Owen, 2004). 

Once the spring constant of the cantilever is known, the deflection distance for a known 

change in voltage must be determined. This is done by deflecting the cantilever against a 

clean hard surface. Because of the large force that is exerted on the cantilever, this is often 

performed post-experiment. After the distance is known, force can be calculated using 

Hooke’s Law: 

𝐹 = 𝑘𝑥 (1.12) 

where x is distance determined by the photo diode. Calibration of the cantilever must be 

performed every time it is mounted to the instrument or between days where conditions such 

as temperature or humidity differ because deflection may vary. Since deflection values are 

typically between 0.1 to 100 nm, cantilevers with spring constants between 0.01 and 1.00 

N·m-1 are most ideal for force spectroscopy studies (Noy and Friddle, 2013). 
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1.4.2 Cantilever Functionalization 

The surface of either tip or sample may be intentionally exposed to chemical or biological 

species to study specific molecular-molecular interactions (Han and Serry, 2008; Tang et 

al., 2008). In sample functionalization, self-assembling monolayers, e.g., silanes on glass 

surfaces or thiols on gold surfaces, are formed. In tip functionalization, molecules of interest 

are often adsorbed from solution. Overlaying the interaction-specific force-distance curves 

with imaging results in chemical or affinity maps — a technique called volume spectroscopy 

(Morris, 2007; Han and Serry, 2008). 

The easiest way to functionalize tips uses short rigid linker molecules followed by spacers, 

such as alkyl thiols or short-chained polyethylene glycols, to reduce unwanted tethering. 

These glycols are often ideal for spacers because they are both chemically and physically 

inert and allow tethered molecules to reorient (Ebner et al., 2007). Molecules of interest are 

diluted with the spacer at 2 mol. % upon which the linker is introduced. An issue in AFM 

force spectroscopy with functionalized tips is distinguishing specific from non-specific 

forces with the sample (Noy and Friddle, 2013). Considerations for approaching 

functionalization in force spectroscopy has been previously reviewed (Blanchette et al., 

2008). 

Despite little reported on the application of AFM-based force spectroscopy in food science 

(Middendorf et al., 2015, 2016), biological topics of interest have included the folding and 

assembling of macromolecules, construction of biomolecular sensors, and virus-host affinity 

(Han and Serry, 2008). For example, globular proteins exhibit structural anisotropy where 
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Figure 1.11 Dimension-dependent conformational analysis of a protein depicting the 
unfolding of conformation II (adapted from Carrion-Vazquez et al., 1999). 
 

the direction of pulling shows unique conformational properties (Figure 1.11) (Carrion-

Vazquez et al., 2003; Dietz et al., 2006; Gao et al., 2011; Graham and Best, 2011; 

Jagannathan et al., 2012; Ward and Sweeney, 2012). It is suggested that specific fingerprints 

of unique unfolding events can be obtained, which result from secondary and tertiary 

conformations (Rief, 1997; Bustamante et al., 2000; Eckel et al., 2003). In another study, 

graphite demonstrated different stabilities when pulled either parallel or perpendicular to its 

polycyclic rings (Zheng et al., 2013). Measurements of polysaccharide chains were also 

studied using AFM-based force spectroscopy (Rief et al., 1997; Zhang and Marszalek, 

2006). 

1.5 Conclusions 

The quality of fat-based confections is not only derived from the physical properties of the 

continuous fat phase, but also its chemistry with the non-fat ingredients contained within. 

The amount of fat affects the wetting of non-fat ingredients, behaving as a lubricant and 
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maintaining proper fluidity, while the non-fat ingredients provide surfaces off of which fat 

can nucleate but may also change η and mobility of the species that contribute to crystal 

growth. The way in which these ingredients interact strongly influences the path of fat 

crystallization and ultimately perception of the product by the consumer. Hardness and 

spreadability are just two such properties that depend heavily on this relationship. An 

understanding of ingredient interactions is crucial to the success of any product and has 

become particularly important in confectionery applications, particularly those that are 

palm-based, where quality is largely determined through trial and error. This opens the door 

to untapped venues of food science, such as AFM-based force spectroscopy, where specific 

ingredient-ingredient interactions can be characterized and used to better predict how such 

systems will crystallize.  
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Chapter 2:2.1 

THE EFFECT OF SUGAR ON THE PHYSICAL PROPERTIES OF PALM OIL 

PO is an alternative to PHOs in fat-based confections given its semi-solid consistency and 

zero trans fat content. However, its slow crystallization behaviour results in hardening 

during storage and objectionable texture. While there are numerous studies on PO 

solidification and storage properties in bulk systems, the impact of sugar in this context has 

yet to be reported. In this chapter, the effect of confectioner’s sugar on the crystallization 

and rheology of PO and a mid-fraction blend were explored over four weeks of storage. PO, 

which was higher in DAG and saturated TAG content than the mid-fraction blend, was 

significantly higher in SFC and viscoelasticity over storage. The addition of sugar reduced 

SFC in both oils but increased their solid-like character, an effect ascribed to the role of the 

dispersed sugar on oil viscosity. Preliminary principal component analysis on lipid 

composition identified the key species contributing to these properties. These findings have 

established a foundation towards understanding the role of sugar as a dispersed ingredient 

in palm-based confections.  

                                                           
2.1 This chapter previously appeared as a published article with following citation: West, R. and Rousseau, D. 
(2016). Crystallization and rheology of palm oil in the presence of sugar. Food Res. Int. 85:224-234. 
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2.1 Introduction 

Obesity is a global epidemic that affects people of all ages and nationalities (Ab Latip et al., 

2013). It was reported in 2011 that 67 % of adult males and 54 % of adult females were 

either overweight or obese in Canada (Statistics Canada, 2012), with 57 000 associated 

deaths between 1985 and 2000 (Katzmarzyk and Ardern, 2004). 

Circulatory fat levels are associated with diet and linked to health problems. Trans fats are 

closely connected with CVD prompting its declaration under Nutrition Facts on Canadian 

packaging (Ascherio et al., 1999). The suggested limit of trans fats intake is less than 4 % 

of total fats consumed (Aftab et al., 2013). 

Trans fats are formed primarily through partial hydrogenation of polyunsaturated FAs in 

plant-based oils. The extent of hydrogenation permits control over the crystallization 

behaviour and consistency of fats, which is important for applications such as snacks and 

cookies (Yoshikawa et al., 2014). However, health concerns over trans fats have resulted in 

the re-evaluation and re-formulation of commercial products by many manufacturers. 

Achieving a zero trans fat label while maintaining quality and brand loyalty is the current 

industrial challenge in this realm (L’Abbé et al., 2009). 

PO is higher in saturated fat compared to other plant-based oils, which has put it in the 

crosshairs of past nutrition campaigns (McNamara, 2010). Given the recent regulation of 

trans fats, PO has since returned to many products such as biscuits, breads, and fillings in 

large part due to its desirable melting profile (Gee, 2007). As well, it is relatively stable 

against oxidation (Aftab et al., 2013) and higher yielding than any other oil crop (Purseglove, 
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1983). New light has also been shed on its effect on biomarkers for disease (Voon et al., 

2011). 

PO consists of three main types of TAGs: trisaturated [e.g., tripalmitin (PPP)], disaturated 

[e.g., 1,3-dipalmitoyl-2-oleoyl-glycerol, (POP)], and monosaturated [e.g., 1,2-dioleoyl-3-

palmitoyl-glycerol (POO)] (Gee, 2007). Appreciable amounts of DAGs and FFAs are also 

present in unrefined PO (Smith 2001). DAGs have higher slip points than TAGs resulting 

in waxier mouthfeel that can restrict the application of POs in foods (Ab Latip et al., 2013). 

DAGs are also responsible for the slow crystallization and post-process hardening of PO 

although the mechanisms at play remain unknown (Siew and Ng, 1999; Tshiamala, 2013). 

Fractionation of PO is used to isolate and increase the concentration of certain TAG groups 

and other lipids with similar physicochemical properties. The two main fractions of PO are 

palm stearin and olein, the former being higher in saturated FA content. This increases the 

crystallization rate of palm stearin, shifting its melting range to higher temperatures (Che 

Man et al., 1999). DAGs tend to partition into palm olein, which are responsible its eutectic 

property and clouding during solidification (Gee, 2007). Further fractionation between palm 

olein and stearin generates palm mid-fractions (PMFs) as shown in Figure 1.8 (Kellens et 

al., 2007). 

Many confectionery products are semi-solid suspensions consisting of fine particles such as 

sugar crystals dispersed throughout a continuous fat phase. The sensory attributes of such 

mixtures depend on the size and distribution of these sugar particles as well as the 

polymorphic state and morphology of the continuous phase. As opposed to simple fats, 

where TAG crystallization continues unobstructed until a space-filling network is reached, 
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the fat crystal spatial distribution and crystallization pathway will be influenced by the 

presence of this dispersion which can represent upwards of 70 % (v/v) in commercial 

products. Dispersed particulates of different sizes can impact properties such as oil migration 

(Altimiras et al., 2007; Nightingale et al., 2012) as well as the extent and rate of cooling 

required for fat crystal nucleation and growth (Bowser, 2006; Dhonsi and Stapley, 2006; 

Sonwai and Rousseau, 2008; Svanberg et al., 2011a and 2011b; Fernandes et al., 2013; 

Hartel, 2013). 

Apart from molten chocolate, few studies have characterized model fat-particulate systems 

appropriate for confectionery applications. Here, the impact of confectioner’s sugar on SFC, 

rheology, and fat crystal morphology of PO and PMF were characterized over a storage time 

(t) of four weeks. Ultimately, the information gained from this study is aimed to benefit 

industry where continuous product reformulations to remove PHOs are underway. 

2.2 Materials and Methods 

2.2.1 Sample Preparation 

Commercial PO and PMF (IOI Loders Croklaan, Channahon, IL, USA) were used in this 

study. PMF was blended at 65 % (w/w) with canola oil (CO) (Bunge North America, St. 

Louis, MS, USA) to obtain similar melting properties as PO according to AOCS Official 

Method Cd 16b-93 (Figure 2.1) (Firestone, 1998). Oils were processed either as bulk or 

combined with sieved 6-x confectioner’s sugar (Domino Foods Inc., Yonkers, NY, USA) at 

50 % (w/w) using a stand mixer (Hobart Canada Inc., Toronto, ON, Canada). The 

confectioner’s sugar contained 3 % (w/w) starch, 0.5 % (w/w) moisture, and possessed an 
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Figure 2.1 Melting profiles of bulk PO, PMF, and control. 
 

average particle size of 30 μm. CO was used as a control since fat crystallization was not 

expected in this oil under experimental temperatures (i.e., 20 °C). 

In a scraped-surface jacketed kettle (Tenon Engineering LTD, Leatherhead, UK) under a 

constant shear of 100 rpm, samples were heated to 60 °C for 30 min and then cooled at 1 

°C·min-1 to endpoint temperature 20 °C using a water bath (VWR International 1157P, 

Mississauga, ON, Canada) equipped with an external probe where they were either analyzed 

immediately (i.e., t = 0 weeks; < 15 min upon reaching the endpoint temperature) or stored 

at 20 °C for weekly analysis (i.e., t = 1-4 weeks) to explore the warehouse maturation that 

many palm-based products undergo before grocer distribution. All samples were made in 

triplicate.  
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2.2.2 Compositional Analysis 

A high-performance liquid chromatography-mass spectrometry system (Thermo Scientific, 

Waltham, MA, USA) was used to determine the composition of PO, PMF, and control. The 

lipids were first separated using liquid chromatography, ionized with coupled chemical 

ionization, and detected using mass spectrometry. Multiple standards for TAGs, DAGs, and 

MAGs (Nu-Chek Prep, Elysian, MN, USA) as well as comparison with the Lipid Maps 

Database (Fahy et al., 2009) were used to confirm identity. It was determined from the 

chromatographs that these oils contained exclusively TAGs and DAGs. MAGs as well as 

other lipid components were not detected by this method. 

2.2.3 Pulse Nuclear Magnetic Resonance 

Fat crystallization was monitored by measuring SFC as a function of storage time via pulsed 

nuclear magnetic resonance (NMR) spectroscopy (Bruker Minispec mq20, Milton, ON, 

Canada) at 20 °C. Samples were injected into glass NMR tubes (ID = 1 cm) to a height of 4 

cm following cooling and remained in these tubes during storage. 

To eliminate false positives contributed by sugar, all SFCs were generated indirectly using 

AOCS Official Method Cd 16-81 (Firestone, 1998) where the free induction decays (FIDs) 

of liquid-state protons were exclusively measured. SFC was then determined by the 

equation: 

𝑆𝐹𝐶 = 100 − ൬
𝑅଺଴ ∗ 𝑆ଶ଴

𝑆଺଴ ∗ 𝑅ଶ଴
൰ ∗ 100 

(2.1) 

Sample FID at 20 °C (S20) was compared against sample FID at 60 °C (S60), where any solid 

fractions have melted, to determine SFC. CO equilibrated to either 20 (R20) or 60 °C (R60) 
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was used as a reference oil to account for temperature effects on NMR sensitivity. Six sub-

replicate measurements were made for each NMR tube. 

2.2.4 Differential Scanning Calorimetry 

The total enthalpy of melting (ΔHT) (i.e., between 30 and 55 °C) of oils and oil-sugar blends 

in open aluminum pans was measured using DSC (Pyris Diamond DSC and v.7 software, 

Perkin-Elmer Life and Analytical Sciences, Woodbridge, ON, Canada). An empty pan was 

used as a reference for all runs. Nitrogen gas was used to prevent water condensation. After 

equilibrating the sample at 20 °C for 5 min, the temperature was increased to 90 °C at 5 

°C·min-1. Values in the oil-sugar blends were corrected for fat content. 

2.2.5 Rheology 

Viscoelasticity was measured with a controlled strain rheometer (AntonPaar Physica MCR-

301, St. Laurent, QC, Canada). The objective for rheology was two-fold with the first being 

the assessment of fat crystallization during the first 20 min post-processing (Nusantoro, 

2009). The linear viscoelastic region, which measures material properties without imposing 

instrumental destruction, was determined to exist mutually at 1 Hz frequency with 0.01% 

strain across all sample compositions. A serrated PP25/P2 geometry was used to minimize 

slippage. Rheograms were generated by plotting mean phase angle (δ) and complex modulus 

(|G*|) against time. The second objective was to characterize storage modulus (Gʹ), loss 

moduli (Gʺ), and complex viscosity (η*) to determine the effects of sugar and storage (Omar 

et al., 2005). This was achieved by performing frequency sweep tests at 0.01% strain [i.e., 
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21 points of angular frequency (ω) were collected between 4 and 63 rad·s-1].2.2 All 

rheological tests were performed at 20 °C with a gap size of 1.0 mm. 

2.2.6 Microscopy 

Brightfield microscopy (Axiovert 200M Inverted Microscope Zeiss, Toronto, ON, Canada) 

was used to identify fat crystals in the samples. A temperature of 20 °C was maintained 

using a Peltier-controlled temperature stage (model TSA02i with STC200 controller, Instec, 

Boulder, CO, USA). Imaging software ImageJ 1.48V (National Institutes of Health, USA) 

was used to assess crystal morphology and size. 

2.2.7 Statistical Analysis 

A four-way analysis of variance (ANOVA) from a mixed model using replicate, oil, addition 

of sugar, and storage time as variables (plus interactions with storage) was performed to test 

for significance (p < 0.05) using SAS 9.4 (SAS Institute, Cary, NC, USA).2.3 Experiment-

specific variables were used as needed. Insignificant interaction variables were removed 

from these models and their degrees of freedom added back into error. Principal component 

analysis (PCA) was used to associate composition (i.e., acylglycerol and sugar) to the 

properties measured in this study.  

                                                           
2.2 Raw frequency sweep tests for Gʹ are provided in A1. 
2.3 ANOVA tables are listed in A2.1. 
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2.3 Results and Discussion 

2.3.1 Solid Fat Content and Enthalpy of Melting 

With the SFCs for all samples being non-zero at 0 weeks (Figure 2.2), this meant that early-

stage crystallization occurred during processing as samples were cooled from 60 to 20 °C. 

Immediately following cooling, SFC values for PO and PMF were 13.2 ± 0.9 and 14.3 ± 0.6 

% in bulk and 17.3 ± 0.8 and 9.6 ± 1.7 % in oil-sugar blends, respectively. DAGs such as 

dipalmitoylglycerol (e.g., PP) can enhance crystallization of palm fractions while others can 

inhibit it (Siew and Ng, 1996b). The greater SFC for PO may have resulted from the 

combination of its higher DAG as well as mono- and disaturated TAG contents which 

promoted crystallization (Table 2.1) (Siew and Ng, 1996a; Gee, 2007; Tshiamala, 2013). 

The difference in SFC between oils (i.e., average across sugar) increased with storage as 

well. The total unsaturated TAG content, which is low-melting and does not contribute 

towards crystallization, was over four-fold higher in PMF compared to PO. This in addition 

to its lower DAG was likely responsible for the lower SFC observed in PMF. 

 

Figure 2.2 Effect of sugar on SFC of PO and PMF over time. 
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Table 2.1 Acylglycerol composition of PO, PMF, and control.2.4, 2.5 

TAG PO PMF Control   TAG PO PMF Control 
P(PO) 27.56 23.40 0.25  S(SB) 0.01 0.01 0.00 
O(PO) 22.51 13.12 5.68  SSS 0.00 0.01 0.00 
(PLO) 10.08 5.78 3.97  Ln(LnL) 0.00 0.52 1.48 
P(PL) 7.83 4.75 0.23  L(LnL) 0.00 0.26 0.75 
PPP 5.53 5.42 0.00  Ln(LnO) 0.00 0.08 0.23 

(POS) 5.23 4.24 0.22  S(SO) 0.00 0.08 0.07 
OOO 4.43 13.77 33.73      
O(SO) 2.55 2.15 2.68  DAG PO PMF Control 
L(PL) 2.22 1.28 0.98  1,3-PO 1.98 0.96 0.09 
O(LO) 2.08 10.33 27.05  1,2-PO 1.04 0.58 0.02 
P(PS) 1.09 1.64 0.00  1,3-OO 0.79 0.56 0.57 
(PLS) 0.93 0.65 0.00  1,3-PL 0.70 0.31 0.07 
L(LO) 0.54 3.63 9.78  1,3-PP 0.57 0.53 0.00 
(POA) 0.34 0.27 0.04  1,2-OO 0.49 0.33 0.25 
L(SL) 0.27 0.10 0.00  1,2-PP 0.25 0.33 0.00 
O(AO) 0.19 0.36 0.77  1,3-SO 0.17 0.09 0.03 
S(PS) 0.11 0.23 0.00  1,3-PS 0.09 0.09 0.00 

(LnLP) 0.09 0.42 1.09  1,2-SO 0.09 0.05 0.01 
LLL 0.05 0.49 1.34  1,2-PS 0.05 0.06 0.00 

(LnLO) 0.02 3.01 8.57  1,3-OL 0.04 0.03 0.03 
LaLaLa 0.02 0.02 0.00  1,2-OL 0.01 0.01 0.01 
S(SA) 0.01 0.03 0.00   1,3-SS 0.01 0.01 0.00 

                                                           
2.4 Regioisomers are indicated by fatty acids within parentheses. 
2.5 Arachidic (A), behenic (B), linoleic (L), linolenic (Ln), lauric (La), oleic (O), palmitic (P), stearic (S). 
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Figure 2.3 Effect of sugar on ΔHT of PO and PMF over time. 
 

Crystallization is notoriously slow in PO often leading to fractionation and hardening during 

storage (Smith et al., 2011). Once SFC approaches a plateau, equilibrium is thought to be 

reached (Toro-Vazquez et al., 2002). The SFC plateau of bulk PMF was observed after one 

week of storage but was not observed within the four weeks of analysis for bulk PO. DAGs, 

whose total content in PO was 1.6 times higher than in PMF, are believed to inhibit 

nucleation and slow crystal growth, though any mechanism remains to be elucidated (Siew 

and Ng, 1999). The mechanism by which DAGs delayed crystallization in the bulk oils 

appeared different from the oil-sugar blends given the different SFC curves with respect to 

storage. 

ΔHT was higher in the bulk oils compared to their corresponding oil-sugar blends (Figure 

2.3). All samples experienced gradually higher ΔHT over storage (e.g., nearly two-fold 

higher for bulk PO and three-fold higher for bulk PMF at week 4 compared to week 0). 

While it was determined that the interaction for ΔHT between oil type and sugar as a function 

of storage was insignificant (Figure 2.3), fixing the effect of sugar revealed a significantly 
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higher ΔHT for PO, most likely due to its greater DAG and saturated TAG content. No 

endotherm was reported for the control and its ΔHT was therefore omitted from Figure 2.3. 

ΔHT appeared to be significantly reduced by sugar when the effect of oil type was fixed, 

suggesting crystallization inhibition by the sugar (Figure 2.3), which corroborated the SFC 

results (Figure 2.2). While fixing the effect of PO did not yield significance, this reasoning 

was due to the average ΔHT being significantly higher at every point in time. In fact, the 

main effect of sugar itself where both oil type and storage were fixed was significant for 

ΔHT. 

2.3.2 Viscoelasticity 

The texture of fat-based confections is affected by the properties of the fat crystal network, 

whose rheology is a collective product of SFC, microstructure, and ingredient interactions 

(Van Den Tempel, 1979). Both PO and PMF showed an increased |G*| and decreased δ as 

time elapsed, quickly exhibiting more elastic-like properties and suggesting the formation 

of rigid crystal networks (Tshiamala, 2013), in both bulk and oil-sugar blends (Figure 2.4). 

Such rheograms typically show the intersection of |G*| and δ. In the present study, however, 

this intersection must have occurred during the cooling stage of sample preparation and, 

therefore, could not be observed by the rheometer. As well, PO characteristically undergoes 

two-step crystallization at temperatures under 20 °C due to the formation and evolution of 

different fat crystal polymorphs (Tshiamala, 2013). As experiments were run at 20 °C, this 

was not observed. The change in |G*| over time was smaller for the oil-sugar blends given 
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Figure 2.4 Effect of sugar on |G*| and δ of PO and PMF immediately after processing. 
 

their projected left-shifted intersection, inferring that crystallization was possibly further 

advanced in the oil-sugar blends due to sugar-induced fat nucleation. Alternatively, sugar 

could have contributed through another interaction effect, e.g., the increased η* of the oil 

phase (further explained in Section 2.3.5). 

Frequency sweep tests revealed significant interactions between oils and sugar as a function 

of storage for Gʹ (Figure 2.5) and Gʺ (Figure 2.6). Although very similar immediately after 

processing, Gʹ and Gʺ differences between the oils increased markedly with PO having 

higher greater viscoelasticity than PMF over time. Despite maximum SFCs being reached 

during storage in the PO-sugar blend (Figure 2.2), there was no observable plateau in Gʹ and 

Gʺ. This suggested the possibility of continued network ripening, and hardening during 

storage. Whereas simple fat crystal growth may lead to plateau in viscoelasticity upon 
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Figure 2.5 Effect of sugar on Gʹ of PO and PMF over time. 
 

storage, Ostwald ripening may result in the hardening and change in rheological properties 

(Coutinho et al., 2003). In our case, this was not measurable via pulsed NMR as the solid-

liquid ratio did not change with time. In this regard, SFC measurements may be an 

insensitive marker of changes in rheological properties for these systems. 

 

Figure 2.6 Effect of sugar on Gʺ of PO and PMF over time.  
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Finally, the addition of sugar significantly increased both the Gʹ and Gʺ of the fat-sugar 

composites as a function of storage when the effect of oil type was fixed, a trend inverse to 

that of SFC (Figure 2.2). The viscoelastic properties of the control oil-sugar blend (e.g. 

baseline) confirmed that observable changes in rheology upon storage were exclusively from 

oil and not due to the presence of sugar. The increase in these viscoelastic properties in oil-

sugar blends for both POs suggested a tighter, more rigid fat crystal network. 

2.3.3 Fat Crystal Morphology 

Fat crystals were observed in both bulk PO and PMF (Figure 2.7) immediately following 

cooling (i.e., week 0) as spheroids of 50-100 μm diameter, with the surface of these crystals 

appearing smoother in the latter. In PO, the fat crystals continued to grow during storage 

(i.e., > 100 μm diameter at week 1) and there was obvious crystal network growth. By 

contrast, both fat crystal and network growth in PMF were more limited, given the presence 

of liquid fat within the continuous phase. Since amount of fat crystals and their size can 

affect rheology (Van Den Tempel, 1979), the observed smaller, smoother crystals and less-

developed network of PMF were likely responsible for the reduced Gʹ and Gʺ values. Lower 

SFC values further reaffirmed the observed fat crystal morphology, as there was more liquid 

fat in comparison to PO. 

In the oil-sugar blends, sugar particles and starch granules were suspended in liquid fat for 

both PO and PMF regardless of storage time (Figure 2.8). At no point during the study were 

individual fat crystals or a network visible, despite oil-sugar blends having measurable SFCs 

at all times of measurement and exhibiting solid-like character with handling. As noted 
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Figure 2.7 Fat crystal morphology of bulk PO and PMF over time (bar = 50 μm). 
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Figure 2.8 Fat crystal morphology of PO- and PMF-sugar blends over time (bar = 50 μm). 
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previously, if nucleation occurs too quickly, many crystals can form but will be very small 

in size (Hartel, 2001). It is quite likely that the facilitation of nucleation by confectionery 

sugar produced fat crystals smaller than what can be resolved by light microscopy. The 

averaging of out-of-focus planes from light microscopy may have masked such crystals, 

prompting consideration for higher resolution techniques that correct for this effect. 

Attempts with polarized light microscopy did not offer any advantage over brightfield 

microscopy. 

2.3.4 Composition 

Both DAG and TAG compositions are reported in Table 2.1. Nearly 60 % of PO was 

composed of palmitic-rich TAGs P(PO) (27.6 %, disaturated), O(PO) (22.5 %, 

monosaturated), and (POL) (10.1 %, monosaturated). The TAGs P(PO) (23.4 %), OOO 

(13.8 %, unsaturated), O(PO) (13.1 %), and O(LO) (10.3 %, unsaturated) composed ~ 60 % 

of PMF. Total DAG compositions were 6.4 and 4.0 % for PO and PMF, respectively. The 

combination of both higher saturated content and DAG content for PO may have explained 

its consistently larger SFCs and viscoelasticity compared to PMF. The control (i.e., CO) was 

composed of oleic and linoleic-rich TAGs [OOO (33.7 %), O(LO) (27.1 %), L(LO) (9.8 %, 

unsaturated)] and had a total DAG content of 1.1 %. 

A PCA biplot of the data (Figure 2.9) was constructed and explained ~ 86 % of all variance. 

The first component (PC1, 66 %) separated the continuous phase based on 

saturation/meltability. Apart from minor TAG (LnLP), all negative values of this component 

consisted of fully unsaturated TAGs. Likewise, all positive values either corresponded to 
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Figure 2.9 PCA biplot of ‘continuous phase’ vs. ‘dispersion’. 

DAGs or TAGs containing at least one saturated FA, except for O(LO) and OOO. Both SFC 

and viscoelastic properties were closely associated with saturated TAGs and DAGs whereas 

unsaturated TAGs had an opposite effect. The second component (PC2, 20 %) was mostly 

weighted by the effect of confectioner’s sugar where positive values correspond to its 

absence (i.e., bulk oils) and negative values corresponded to its presence (i.e., oil-sugar 

blends). While there was some association for higher viscoelastic properties in the presence 

of sugar, SFC remained closer to the axis of PC2 as it was observed to be suppressed by 

addition of sugar (Figure 2.2). 

2.3.5 Mechanistic Considerations 

The oil-sugar blends consisted of the matrix oil phase as the continuous network and the 

sugar particles as the dispersion embedded within this matrix. The presence of sugar 

significantly changed the rheology as well as the rate of crystallization of the continuous 
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phase oil. Using brightfield microscopy, very few fat crystals were visible until after one 

week of solidification, suggesting hindrance of fat crystal growth or a change in crystal 

morphology resulting in lack of visibility using this technique. However, pulsed NMR and 

DSC clearly confirmed the presence of solid fat crystals within these oil-sugar blends. This 

contrasted with the bulk oils where crystals readily appeared within minutes when sufficient 

supercooling was applied. 

In bulk oil, crystal growth originates from the first crystallites that form, which will be 

limited kinetically to those that are most readily nucleated (i.e., the highest-melting 

TAGs/DAGs). Rapid growth favours the creation and likely persistence of such crystals, 

while slower growth would give time for transformations into more stable polymorphs, in 

accordance with the Ostwald step rule (i.e., the earliest formed phases are those most easily 

nucleated rather than the most stable). 

Bulk oil crystallization occurs via heterogeneous nucleation due to the presence of 

impurities. When present in sufficiently high concentrations, both nucleation and growth are 

influenced by dispersed particulates such as surfactants, higher-melting TAGs, or foreign 

material (e.g., dust). Sugar crystals have been found to act as nucleation sites during fat 

crystallization. Dhonsi and Stapley (2006) suggested that CB heterogeneous nucleation on 

the surface of sugar crystals resulted in the formation of less stable fat crystal polymorphs. 

Svanberg et al. (2011b) found that sugar reduced the induction time for CB nucleation, but 

only if it had been improperly pre-crystallized. Notably, as per our results, in the absence of 

any emulsifier these authors found no microscopy evidence of the sugar surface catalyzing 

heterogeneous nucleation. However, as with this study, we did not differentiate sugar 

crystals based on size, which clearly warrants further investigation. 
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Inhibition in the presence of additives has mostly been attributed to their adsorption onto the 

active growth sites of crystal surfaces, with accessibility to such sites dependent on impurity 

concentration. However, given the absence of added emulsifier and apparent lack of 

interaction between the sugar crystal surface and the surrounding TAG milieu, another 

mechanism was responsible for the apparent inhibition herein observed. 

One possibility was the significant increase in continuous phase η due to the presence of the 

dispersed sugar crystals. In industrial crystallization processes (e.g., in concentrated sugar 

solutions), mass transport will reduce crystal growth rates if a significant increase in η occurs 

leading to a decrease in molecular diffusivity. In lipid systems, it has been argued that this 

is unlikely as only moderate supercooling is typically applied (Walstra et al., 2001). For 

instance, the η of many vegetable oils increases by a factor of ~3 upon cooling from 60 to 

25 °C (Santos et al., 2005), which suggests that η prior to crystallization onset plays a 

minimal role. Though it is well-known that the η of a fat-oil blend will greatly increase with 

the presence of fat crystals in the continuous oil phase, separating the role of the melt η on 

TAG crystallization is not trivial as the melt is also the feedstock for the TAGs undergoing 

crystallization. 

Nucleation rate depends on both ΔGc and ΔGʹυ for the incorporation of new molecules into 

a crystal embryo, as was described previously in Equation 1.4 (Turnbull and Fisher, 1949). 

As supercooling is increased, ΔGc decreases resulting in a faster rate of nucleation. However, 

there are barriers to nucleation as molecules must diffuse from the melt to the nucleus site 

and adopt a configuration appropriate for adsorption onto the surface of a growing nucleus. 

Under certain circumstances, molecular diffusion will dominate over nucleation and the rate 

of nucleation will decelerate. It has been shown that ΔGʹυ is a function of η: 
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𝛥𝐺ఔ
ᇱ = 𝑘𝑇 ∗ 𝑙𝑛 ቆ

3𝜋𝜐𝜆ଷ𝜂

𝑘𝑇
ቇ 

(2.2) 

where υ is the vibration frequency of the molecules in the melt and λ is the atomic-scale 

jump distance of a molecule from the melt to the nucleus (Mondal and Murty, 2006). 

Changes in ΔGʹυ imply that as temperature is lowered, the diffusion rate will fall. This will 

be caused by an increase in the η of the melt or solution and will potentially become rate-

limiting for any ensuing nucleation (Mullin, 1993). 

During crystal growth, incorporation of TAG molecules onto the surface of existing crystals 

will greatly depend on the driving force or supercooling (Hartel, 2001), with the growth rate 

in theory increasing with supercooling but being reduced due to the η of the melt as the 

diffusion of a molecule (i.e., mass transfer) is retarded. Importantly, the rate of 

crystallization of PO has been shown to be inversely proportional to the η of the melt 

(Timms, 1991). A simple model shows a possible approach where Rc may be represented as 

the inverse of η, as was described previously in Equation 1.8 (Mathlouthi and Genotelle, 

1995). At a constant supersaturation, an increase of η causes a reduction of Rc. 

The present results show that an alternative to temperature that will increase η is the presence 

of dispersed particles. The oil-sugar blends exhibited a significantly higher η* than the bulk 

oil (Figure 2.10). When considering density differences, (0.9 and 1.6 g·cm-3 for oil and 

sugar, respectively) (Pictet and Vogel, 1928; Simecek-Beatty et al., 2001), the sugar 

represented 37 % (v/v) of the oil-sugar blend. On average, the presence of sugar increased 

η* of the bulk control from approximately 6 to 80 Pa·s. If η* may be used as a proxy for η 

as per the Cox-Merz Rule (Cox and Merz, 1958), this near 15-fold increase in η* would 
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Figure 2.10 Effect of sugar on η* of control over time. 
 

significantly retard nucleation and growth. This effect may be enhanced by loose sugar 

aggregates that immobilize TAGs leading to a larger effective dispersed phase volume 

fraction, further increasing η* as well as the solid-like character of the fat-sugar matrix, 

particularly in this stagnant environment, where the diffusion rate will be at a minimum. 

Differentiation of η and ημ may provide further insight on the role of possible confinement 

and particle-oil interactions on TAG crystallization. Efforts to characterize oil ημ in the 

literature are rather limited (Dibildox-Alvarado et al., 2010; Du et al., 2014). Of note, based 

on work in fat-oil mixtures, Du et al. (2014) stated that changes in ημ were dependent on 

fractal dimension, but not SFC. Higher fractal dimensions were indicative of oil confinement 

and thus higher ημ. An outcome of both papers is that particle-particle interactions will 

increase either as temperature is decreased or in the presence of neighbouring particles (e.g., 

newly-formed fat crystals). In both instances, it will become more difficult for neighbouring 

oil molecules to move freely due to the increase in ημ. Fundamentally, these results clearly 
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show that η* is an appropriate proxy to predict liquid-state TAG diffusion in particle-oil 

mixed systems. Such findings suggest that a deeper investigation of the role of ημ in such 

systems is warranted. 

2.4 Conclusions 

This chapter reports for the first time the role of sugar on SFC, rheology, and fat crystal 

morphology in PO and its fraction. Notably it was shown that sugar curbed SFC but 

increased the solid-like character of PO. The presence of sugar also appeared to suppress fat 

crystal growth. The following chapters will focus specifically on how the addition of sugar 

affects the way in which PO and PMF respond to processing. Furthermore, on-going studies 

beyond this project will explore the role of emulsifiers on these properties, which will shed 

new light on the mechanisms of solidification in particulate-rich fats and oils. 
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Chapter 3:3.1 

THE EFFECT OF SUGAR ON RESPONSE TOWARDS COOLING ENDPOINT IN 

PALM OIL 

While the physicochemical properties of bulk oils directly impact their quality and sensory 

attributes, this relationship is confounded by the presence of added non-fat ingredients such 

as sugar. Furthermore, the way in which a bulk oil responds to processing may not carry 

over when mixed with dispersed particles. The purpose of this chapter was to explore the 

effects of confectioner’s sugar and cooling endpoint on SFC, polymorphism, morphology, 

viscoelasticity, and textural properties of PO and PMF over four weeks of storage. Samples 

were cooled from 60 °C to endpoint temperatures of either 15, 20, or 28 °C. Oil-specific 

models were generated to predict responses based on composition and endpoint. The higher 

saturated and DAG content of PO enhanced the extent of crystallization, Gʹ, and firmness in 

comparison to PMF. Cooling endpoint temperature also impacted SFC, viscoelasticity, and 

showed significant interactions with both oil and sugar. This endpoint parameter did not 

affect firmness, which is closely associated with quality at consumption. The models 

developed from this study are a first to provide insight and behavioural prediction for the 

confectionery industry without the need of anecdote.  

                                                           
3.1 This chapter previously appeared as a published article with following citation: West, R. and Rousseau, D. 
(2017). Modelling sugar, processing, and storage effects on palm oil crystallization and rheology. LWT - Food 
Sci. Technol. 83:201-212. 
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3.1 Introduction 

Fat-based confections are composed of non-fat ingredients such as confectioner’s sugar, 

milk solids, or cocoa powder dispersed within a continuous fat phase (Svanberg et al., 2013). 

The physicochemical properties of these confections determine processing efficiency during 

unit operations such as extrusion and enrobing, product quality, and organoleptic attributes 

(Liu et al., 2010). 

PO and its fractions are regularly used in confectionery applications given their natural semi-

solid consistency, low cost, and absence of trans fats (Aftab et al., 2013). Achieving a zero 

trans fats label is particularly important to industry because of their association with CVD 

and inflammation (Ascherio et al., 1999). However, PO tends to crystallize slowly because 

of its high DAG content, which has previously limited its application (Siew and Ng, 1999). 

The structure-functionality relationship of fats becomes more complex in the presence of 

non-fat ingredients where additional interactions and alterations in crystallization pathway 

occur. In confections, rheology is a product of SFC, crystal morphology, and network 

development of the fat phase, the composition of the non-fat dispersion, and the resulting 

particle interactions between both phases (Tang and Marangoni, 2007). Manipulating these 

attributes permits significant changes in product properties. For example, with a narrower 

size distribution and larger volume fraction of sugar, there results a substantial increase in η 

(De Graef et al., 2011) and hardness of the confectionery sample (Afoakwa et al., 2008c). 

As the main ingredient in many fat-based confections, sugar imparts both sweetness and 

mouthfeel while occupying up to 70 % (v/v) (Jamieson, 2008). The energy barrier for fat 

crystal nucleation is reduced in its presence as it behaves as a catalytic impurity (Metin and 
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Hartel, 2005). The active sites on the surface of sugar particles require fewer liquid-state 

acylglycerol molecules to assemble and form a nucleus of critical size (Hartel, 2001). 

Fat crystallization may be further influenced by processing factors, e.g., cooling rate, shear 

speed, etc. (Kellens et al., 2007). For example, shear facilitates mass transfer where its speed 

is positively correlated with crystallization rate and the formation of higher-order 

polymorphs. Additionally, crystal morphology and alignment may be impacted by shear (De 

Graef et al., 2006). Cooling temperature is another important processing factor. Whereas α 

crystals have shown to form readily in PO and later undergo polymorphic transition at 

temperatures below 20 °C, βʹ crystals form exclusively from the melt at temperatures above 

20 °C (Litwinenko et al., 2002; Foubert et al., 2006). It is well recognized that understanding 

how processing impacts fat crystallization is necessary to optimize product quality 

(Afoakwa et al., 2008d). 

In this chapter, the effects of confectioner’s sugar on the response behaviour of PO and PMF 

towards cooling endpoint temperature was explored. Samples were characterized over four 

weeks of storage, which is analogous to the period that many palm-based products undergo 

prior to grocer distribution. Preliminary oil-specific regression models were generated 

through multiple regression to predict this behaviour. 

3.2 Materials and Methods 

3.2.1 Sample Preparation 

Commercial PO and PMF (IOI Loders Croklaan, Channahon, IL, USA) were used in this 

study. PMF was blended at 65 % (w/w) with CO (Bunge North America, St. Louis, MS, 

USA) to obtain similar melting properties as PO according to AOCS Official Method Cd 
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16b-93 (Figure 2.1) (Firestone, 1998). TAG and DAG compositions of oils were determined 

(Table 2.1) as described in Section 2.2.2. Oils were processed either as bulk or combined 

with sieved 6-x confectioner’s sugar (Domino Foods Inc., Yonkers, NY, USA) at 50 % 

(w/w) using a stand mixer (Hobart Canada Inc., Toronto, ON, Canada). The confectioner’s 

sugar contained 3 % (w/w) starch, 0.5 % (w/w) moisture, and possessed an average particle 

size of 30 μm. 

The samples were heated to 60 °C for 30 min at 100 rpm in a scraped-surface jacketed kettle 

(Tenon Engineering Ltd., Leatherhead, UK) connected to a water bath (VWR International 

1157P, Mississauga, ON, Canada) to eliminate crystal memory. Samples were then cooled 

at 1 °C·min-1 to a temperature of either 15, 20, or 28 °C. When cooled to either 15 or 28 °C, 

a thin layer of sample was transferred to a baking sheet and either heated or cooled in an 

incubator set to either 40 or 0 °C, respectively, until a thermocouple read 20 °C. Because 20 

°C is the standard endpoint for processing, this effect of altering final temperature is 

described as endpoint deviation (ΔT), according to: 

∆𝑇 = 𝑇 − 𝑇௘ (3.1) 

where T and Te are the final (i.e., 15, 20, or 28 °C) and standard (i.e., 20 °C) endpoint 

temperatures, respectively. In this regard, a final temperature of 15 °C has an ΔT of -5 °C 

whereas a final temperature of 28 °C has an ΔT of 8 °C. Samples were characterized within 

15 min upon reaching 20 °C (i.e., 0 weeks) or stored at 20 °C and sampled weekly for 4 

weeks. All samples were prepared in triplicate.  
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3.2.2 Pulsed Nuclear Magnetic Resonance 

Fat crystallization was monitored indirectly by measuring SFC via pulsed NMR 

spectroscopy (Bruker Minispec mq20, Milton, ON, Canada) at 20 °C using AOCS Official 

Method Cd 16-81 as described in Section 2.2.3. Samples were injected into glass NMR tubes 

(ID = 1 cm) to a height of 4 cm and stored until analysis. Six sub-replicate measurements 

were made for each NMR tube. 

3.2.3 Differential Scanning Calorimetry 

DSC (Q2000 and Universal Analysis 2000 software, TA Instruments, New Castle, DE, 

USA) was used to determine ΔHT of bulk oil and oil-sugar blends. Samples masses (~ 10 

mg) were corrected for presence of sugar, if necessary. After equilibrating the sample at 20 

°C for 5 min, the temperature was increased to 90 °C at 5 °C·min-1, and endotherms 

corresponding to the βʹ (35.4 ± 1.5 °C) and/or β crystals (42.8 ± 0.8 °C) were identified 

(Busfield and Proshogo, 1990; Braipson-Danthine and Gibon, 2007). Samples were placed 

in open aluminum pans for all runs. Nitrogen gas was used to prevent water condensation. 

The fraction of βʹ polymorph (fβʹ) was measured by: 

𝑓ఉʹ =
𝛥𝐻ఉʹ

𝛥𝐻ఉʹ + 𝛥𝐻ఉ
 

(3.2) 

where ΔHβʹ and ΔHβ are the enthalpies for βʹ and β polymorphs, respectively. 

3.2.4 Microscopy 

Confocal laser scanning microscopy (CLSM) (LSM510, Zeiss Inc., Toronto, ON, Canada) 

was performed to characterize the impact of sugar and processing on fat crystal morphology. 
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Fluorol yellow 088 (Sigma-Aldrich, St. Louis, MO, USA) was added to samples at 0.05 % 

(w/w) immediately after processing to negatively-stain the fat crystals. Thin layers of sample 

were placed between a glass slide and cover slip with minimal compression and imaged at 

630× using a 63× oil immersion objective lens paired with a 10× ocular lens. The built-in 

imaging software ZEN 2.3 (Zeiss Inc., Toronto, ON, Canada) was used to assess crystal 

morphology and size. 

3.2.5 Rheology 

Gʹ and Gʺ were measured using a strain-controlled rheometer (AntonPaar Physica MCR 

301, St. Laurent, QC, Canada) and PP25/P2 serrated geometry where frequency sweep tests 

within the linear viscoelastic region were performed at 0.01 % strain (i.e., 21 points of ω 

were collected between 4 and 63 rad·sec-1).3.2 All rheological tests were performed at 20 °C 

with a gap size of 1.0 mm. 

3.2.6 Texture Analysis 

Firmness (F) was measured using a texture analyzer (TA.XTplus, Stable Micro Systems, 

Ltd., Surrey, UK) calibrated with a 30 kg load cell. Sixty ml plastic cups filled with either 

bulk oil or oil-sugar blends were stored as above. For analysis, a 45° steel cone was 

calibrated to a 10 mm height above the sample surface and programmed for approach at 2 

mm·s-1. Upon contact with its surface, the cone penetrated the sample at 1 mm·s-1 for 15 

mm at which point F was measured.  

                                                           
3.2 Raw frequency sweep tests for Gʹ are provided in A1. 
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3.2.7 Statistical Analysis and Multiple Regression 

A five-way ANOVA from a mixed model using replicate, oil, sugar, endpoint deviation, and 

storage time (including interactions with storage) was performed to test for significance (p 

< 0.05) with SAS 9.4 (SAS Institute, Cary, NC, USA).3.3 Confectioner’s sugar was treated 

as a binary variable where ζ = 0 in bulk systems and ζ = 1 in oil-sugar blends. Experiment-

specific variables (e.g., subreplicate for pulsed NMR, ω for rheology) were used as needed. 

Insignificant variables were removed from these models and their degrees of freedom added 

back into error. 

Oil-specific third-order polynomial models3.4 with parameters ΔT and t as independent 

variables were determined using multiple regression analysis (Snedecor and Cochran, 1989) 

following the total model: 

ŷ = 𝑦௢ + 𝜁𝑦௢௦ (3.3) 

where yo and yos were partial models with ζ-independent and ζ-dependent parameters (xij), 

respectively, as further defined by: 

𝑦 = 𝛽଴ + ෍ 𝛽௜𝑥௜

௜ୀଶ

௜ୀଵ

+ ෍ 𝛽௜𝑥௜
ଶ

௜ୀଶ

௜ୀଵ

+ ෍ 𝛽௜𝑥௜
ଷ

௜ୀଶ

௜ୀଵ

+ 𝛽௜௝𝑥௜𝑥௝ + 𝛽௜௝𝑥௜
ଶ𝑥௝ + 𝛽௜௝𝑥௜𝑥௝

ଶ + 𝜀 
(3.4) 

 

where j = i+1, β values are partial regression coefficients and ε is assumed to be random 

error from a normal population with zero mean and constant unknown variance. The 

decision to use third-order polynomials resulted from the lack of explained variance from 

using second-order polynomials and the little that was gained using fourth-order 

                                                           
3.3 ANOVA tables are listed in A2.2. 
3.4 Sample calculation of a model generated through multiple regression is provided in A3.1. 
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polynomials. Coefficients were kept at four decimal places to minimize rounding error. 

Model limitations such as the inability to extrapolate using processing conditions outside of 

what was performed experimentally must be acknowledged. Furthermore, ζ cannot be used 

as a continuous variable [e.g., ζ = 0.5 to predict the effect of 25 % (w/w) confectioner’s 

sugar on an oil-sugar blend] as this presumes the existence of a linear effect of confectioner’s 

sugar on oil response. 

To correct for overfitting, model selection proceeded by Mallows’ CP (Mallows, 1973) 

where the subset model with the lowest CP statistic was selected. This statistic was defined 

as: 

𝐶௉ =
1

𝜎ଶ
𝑅𝑆𝑆௉ − 𝑛 + 2𝑃 (3.5) 

 

where RSSP is the residual sum of squares, n is the number of observations, and P is the 

number of parameters (including intercept) within the subset model. 

3.3 Results and Discussion 

3.3.1 Solid Fat Content and Polymorphism 

The main effects of composition and cooling endpoint on SFC of bulk oil and oil-sugar 

blends are depicted in Figure 3.1. The main effect of oil on SFC was significant where PO 

was higher than PMF (e.g., averaged across sugar and endpoint). This was attributed to the 

higher saturated TAG and DAG content of PO (Table 2.1). Whereas nearly 60 % of PO was 

composed of palmitic-rich acylglycerols, this number was reduced to 45 % for PMF. 

Furthermore, the total DAG contents of PO and PMF were 6.4 % and 4.0 %, respectively. 
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Figure 3.1 Effects of sugar and endpoint on SFC of PO and PMF over time. 

A significant interaction existed between sugar and storage where the change in SFC over 

the first week of storage was greater in bulk oils (Figure 3.1). This may suggest that the 

addition of confectioner’s sugar increases the rate of crystallization, as was noted by the 

earlier plateau in SFC in the oil-sugar blends (Toro-Vazquez et al., 2002). The presence of 

foreign surfaces requires fewer liquid-state TAGs to assemble a nucleus of critical size thus 

allowing nucleation to proceed more readily (Hartel, 2001). In contrast, fewer nucleation 

sites in the bulk oils resulted in a greater change of SFC upon the first week of storage. 

As for polymorphism, essentially βʹ crystals were observed to form in the presence of 

confectioner’s sugar with only a small portion of β crystals (1-3 %) forming in PO-sugar 

blends (Table 3.1). Although sugar induces fat nucleation, it was previously reported that 
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Table 3.1 Effects of sugar and endpoint on fβඁ for PO and PMF over time.3.5 

ζ t (week) 
PO   PMF 

ΔT = -5 °C ΔT = 0 °C ΔT = 8 °C   ΔT = -5 °C ΔT = 0 °C ΔT = 8 °C 

0 

0 0.87 ± 0.03 0.74 ± 0.06 0.80 ± 0.06  1.00 ± 0.00 0.90 ± 0.08 0.77 ± 0.14 
1 0.87 ± 0.12 0.79 ± 0.03 0.75 ± 0.03  1.00 ± 0.00 0.91 ± 0.08 0.73 ± 0.11 
2 0.74 ± 0.02 0.83 ± 0.03 0.73 ± 0.02  1.00 ± 0.00 0.91 ± 0.03 0.78 ± 0.04 
3 0.85 ± 0.06 0.86 ± 0.02 0.76 ± 0.04  1.00 ± 0.00 0.93 ± 0.07 0.67 ± 0.18 
4 0.84 ± 0.10 0.88 ± 0.01 0.77 ± 0.05  1.00 ± 0.00 0.87 ± 0.02 0.76 ± 0.07 

1 

0 1.00 ± 0.00 1.00 ± 0.00 0.98 ± 0.04  1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 
1 0.99 ± 0.01 1.00 ± 0.00 0.98 ± 0.03  1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 
2 0.99 ± 0.01 1.00 ± 0.00 0.98 ± 0.04  1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 
3 0.99 ± 0.01 1.00 ± 0.00 0.97 ± 0.05  1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 
4 1.00 ± 0.01 1.00 ± 0.00 0.97 ± 0.05   1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 

 

                                                           
3.5 Means with standard deviations. 
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metastable polymorphs were formed as a result (Dhonsi and Stapley, 2006). In either bulk 

oil, β crystals formed more readily, with the fβʹ of bulk PO generally lower than in bulk PMF. 

PMF is a compositionally simpler oil than PO because of its fractionation and it has been 

previously established that acylglycerol composition can impact polymorphism where β 

crystal growth is promoted as compositional complexity is reduced (Rousseau, 2007). 

Interestingly, there was no significant trend in fβʹ with respect to storage time, indicating that 

polymorphic composition was generally maintained during crystallization. 

There existed a significant interaction between cooling endpoint and storage where the 

change in SFC over time was smallest when the endpoint was 5 °C (Figure 3.1) (e.g., 

averaged across composition). Since the process of fat crystallization from the melt require 

the reduction of activation free energy (Hartel, 2001), this suggested that the system had 

further shifted from equilibrium which increased the rate of nucleation as the endpoint 

temperature decreased. 

While final SFC (e.g., week 4) was greatest when bulk oils were cooled to 20 °C, particularly 

with PO, this was not the case in the presence of confectioner’s sugar. Instead, final SFC 

was greatest when the oil-sugar blends were cooled to 15 °C. This deviation in processing 

behaviour that is created by confectioner’s sugar highlights the inability to use trends and 

anecdote generated from bulk oils towards more complex systems. Through multiple 

regression analysis, subset models of PO and PMF to predict SFC were generated which 

may circumvent these limitations. These subset models were: 

ŷ = 13.6824 + 12.6795𝑡 + 0.0712𝛥𝑇ଶ − 4.5396𝑡ଶ − 0.0154𝛥𝑇ଷ

+ 0.5766𝑡ଷ + 0.5007𝛥𝑇𝑡 − 0.0660𝛥𝑇ଶ𝑡 − 0.0512𝛥𝑇𝑡ଶ

+ 𝜁(3.7736 − 1.3186𝛥𝑇 − 6.2447𝑡 + 1.9367𝑡ଶ + 0.0250𝛥𝑇ଷ

− 0.2521𝑡ଷ − 0.4863𝛥𝑇𝑡 + 0.0572𝛥𝑇ଶ𝑡 + 0.0486𝛥𝑇𝑡ଶ) (3.6a) 
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(CP = 18.00, F17,522 = 354.48, p < 0.0001) and: 

ŷ = 14.9922 + 0.2312𝛥𝑇 + 3.4077𝑡 − 1.2800𝑡ଶ − 0.0079𝛥𝑇ଷ + 0.1525𝑡ଷ

+ 0.3393𝛥𝑇𝑡 − 0.0121𝛥𝑇ଶ𝑡 − 0.0584𝛥𝑇𝑡ଶ

+ 𝜁(−5.0967 − 4.3329𝛥𝑇 − 0.2042𝑡ଶ + 0.0808𝛥𝑇ଷ

+ 0.0727𝑡ଷ − 0.5441𝛥𝑇𝑡 + 0.0923𝛥𝑇𝑡ଶ) (3.6b) 
 

(CP = 14.55, F15,524 = 351.83, p < 0.0001) for PO and PMF, respectively. 

PO appeared to be suppressed in SFC when cooled to 28 °C, regardless of the presence of 

sugar (Figure 3.1). In contrast, the response of PMF towards cooling endpoint seemed to be 

more sensitive in the presence of confectioner’s sugar. Whereas a suppression of SFC was 

observed when bulk PMF was cooled to 15 °C, this was not so with PMF-sugar blends. 

Instead, a suppression was observed if this blend was cooled to 28 °C. 

Increasing the endpoint temperature appeared to decrease fβʹ and promote β crystal growth 

in the bulk oils (Table 3.1). This was particularly prominent with PMF where β crystals 

comprised 0, 10, and 26 % of the system as the endpoint increased from 15 to 20 to 28 °C, 

respectively. This correlation between endpoint and polymorphism was consistent with 

literature (Litwinenko et al., 2002; Foubert et al., 2006). 

3.3.2 Fat Crystal Morphology 

The impact of confectioner’s sugar and cooling endpoint on fat crystal morphology of bulk 

PO and PMF at 0 weeks is depicted in Figures 3.2 and 3.3, respectively. While 

polymorphism may be assigned according to morphology under static crystallization 

(Hartel, 2001), this no longer holds true once shear has been implemented. In the absence 

of confectioner’s sugar, both oils exhibited spheroids varying in definition and density. For 
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Figure 3.2 Effects of sugar and endpoint on PO crystal morphology at week 0 (bar = 20 
μm). 

 

Figure 3.3 Effects of sugar and endpoint on PMF crystal morphology at week 0 (bar = 20 
μm). 
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bulk PO, spheroids were ≤ 22 µm in diameter and showed slight clustering when the 

endpoint was 15 °C. Bulk PMF showed crystals similar in morphology and were slightly 

larger in diameter, i.e., ≤ 30 µm, under the same endpoint. Spheroidal crystals grew in 

diameter, i.e., ≤ 45 µm, and the degree of clustering increased in both oils when cooled to 

20 °C. When the endpoint was 28 °C, crystals reduced in diameter, i.e., ≤ 18 µm, and did 

not cluster in bulk PO. Little difference was observed when bulk PMF was cooled to either 

20 or 28 °C. 

The impact of confectioner’s sugar and cooling endpoint on the crystal morphology of bulk 

oils at week 4 is depicted in Figures 3.4 and 3.5, respectively. Across all endpoint 

temperatures, crystals were slightly smaller in diameter and appeared denser in both oils 

apart from bulk PMF cooled to 20 °C. Additionally, the formation of a network of acicular 

crystals (highlighted with arrows) was observed as early as one week in either oil. The 

growth of these needle-like crystals under static conditions is typical of β′ and β crystal 

morphologies (Hartel, 2001). This network appeared to be further developed in bulk PO 

compared to bulk PMF, which is a result of its higher saturated TAG content (Table 2.1) 

and SFC (Figure 3.1). For bulk PMF, the network generally appeared to be composed of 

finer, shorter secondary crystals. Interestingly, an inverse relationship between crystal size 

and network development was observed in either bulk oil (Figures 3.4 and 3.5). 

The crystal morphology of either oil was significantly altered by the addition of 

confectioner’s sugar. In Chapter 2, the ability to characterize fat crystals in the presence of 

confectioner’s sugar using conventional brightfield microscopy had failed — likely due to 

sample density. Here, CLSM appeared to have resolved this issue. Prior to storage, smooth, 
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Figure 3.4 Effects of sugar and endpoint on PO crystal morphology at week 4 (bar = 20 
μm). 

 

Figure 3.5 Effects of sugar and endpoint on PMF crystal morphology at week 4 (bar = 20 
μm). 
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obloid fat crystals were observed in both oils (insets, Figures 3.2 and 3.3). These crystals 

were much smaller in diameter, i.e., ≤ 11 µm, compared to their bulk counterparts and 

appeared to have inclusions of fine particles from confectioner’s sugar. Svanberg et al. 

(2011a) previously reported that CB crystals grew on the surface of sugar particles in non-

seeded blends, however, the primary crystals in these oil-blends did not appear to be 

localized at particle surfaces. Further noted is what appeared to be additional fine secondary 

crystals at week 0 in PO when the endpoint was 28 °C (arrow, inset, Figure 3.2). Secondary 

acicular crystals were observed in both oil-sugar blends upon storage (highlighted with 

arrows, Figures 3.4 and 3.5). For PO, the secondary crystals appeared longest when the 

endpoint was 20 °C, i.e., ≤ 40 µm. When cooled to either 15 or 28 °C, these crystals appeared 

much finer and shorter. The impact of cooling endpoint on network development was less 

significant in PMF-sugar blends. 

3.3.3 Viscoelasticity 

The rheology of food is of industrial importance because of its close relationship to 

processing efficiency and sensory properties (Liu et al., 2010). The main effects of 

composition and cooling endpoint on Gʹ of bulk oil and oil-sugar blends are depicted in 

Figure 3.6. Although both oils increased in Gʹ upon storage, PO generally exhibited greater 

Gʹ compared to PMF. While SFC and morphology are thought to directly impact 

viscoelasticity (Tang and Marangoni, 2007), this greater Gʹ in PO was a product of its higher 

saturated TAG and DAG content (Table 2.1) and further developed crystal network (Figure 

3.4) in comparison to PMF (Figure 3.5). Similar trends were observed with Gʺ (Figure 3.7). 
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Figure 3.6 Effects of sugar and endpoint on Gʹ of PO and PMF over time. 

 

Figure 3.7 Effects of sugar and endpoint on Gʺ of PO and PMF over time. 
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The main effect of confectioner’s sugar was significant for both Gʹ and Gʺ where the 

viscoelastic properties of the crystal network were enhanced by its addition. Although larger 

spheroids and longer secondary crystals were observed in bulk systems, the way in which 

the finer, shorter network crystals grew to encapsulate particles in the oil-sugar blends 

(Figures 3.4 and 3.5) resulted in tighter, more rigid networks that led to significantly higher 

Gʹ (Figure 3.6) and Gʺ (Figure 3.7) values. This raised the question about the specific nature 

of confectioner’s sugar, e.g., active filler, in such systems. 

Significant interactions between sugar and storage time were observed for Gʹ and Gʺ where 

the rate of change in viscoelastic properties during storage was greater in the presence of 

confectioner’s sugar. This was especially true for Gʹ and Gʺ in blends made specifically with 

PO (Figures 3.6 and 3.7). Whereas these oil-sugar blends were suggested to be closer to 

equilibrium based on SFC (Figure 3.1), that was based solely on the solid fraction of the oil. 

The continued evolution of these blends according to their viscoelastic properties (Figures 

3.6 and 3.7) suggested possible rearrangement of the crystal network around these particles 

and minimization of free energy where the solid-state fraction remained constant (Metin and 

Hartel, 2005). Furthermore, the presence of confectioner’s sugar was previously shown to 

increase oil viscosity in liquid oil (Figure 2.10) and may belabour diffusivity of liquid-state 

acylglycerols towards the surface of growing fat crystals. Additional considerations to 

explore the impact of confectioner’s sugar on PO crystallization may include 

characterization of oil ημ and tortuosity (Maleky and Marangoni, 2011; Du et al., 2014). 

With viscoelasticity of PO and PMF being significantly impacted by the addition of 

confectioner’s sugar and exhibiting trends over storage different from their bulk 
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counterparts, subset models were created to take these interactions into consideration. Subset 

models of Gʹ for PO and PMF were determined to be: 

ŷ = 0.6658 + 0.3576𝛥𝑇 + 2.6175𝑡 − 0.7245𝑡ଶ − 0.0072𝛥𝑇ଷ + 0.0709𝑡ଷ

+ 0.1073𝛥𝑇𝑡 − 0.0093𝛥𝑇ଶ𝑡 − 0.0056𝛥𝑇𝑡ଶ

+ 𝜁(−0.1582 + 0.0455𝛥𝑇 + 1.5576𝑡 + 0.0178𝛥𝑇ଶ

− 0.5332𝑡ଶ + 0.0930𝑡ଷ − 0.0699𝛥𝑇𝑡 − 0.0030𝛥𝑇ଶ𝑡
− 0.0068𝛥𝑇𝑡ଶ) (3.7a) 

 
(CP = 18.00, F17,1866 = 902.68, p < 0.0001) and: 

ŷ = 0.0374 + 0.0152𝛥𝑇 + 0.8860𝑡 − 0.0013𝛥𝑇ଶ − 0.3152𝑡ଶ + 0.0452𝑡ଷ

+ 0.0243𝛥𝑇𝑡 − 0.0046𝛥𝑇ଶ𝑡
+ 𝜁(0.3172𝑡 + 0.0051𝛥𝑇ଶ − 0.1361𝑡ଶ + 0.0161𝑡ଷ

+ 0.0132𝛥𝑇𝑡 + 0.0090𝛥𝑇ଶ𝑡 − 0.0104𝛥𝑇𝑡ଶ) 
(3.7b) 

 

(CP = 13.70, F14,1866 = 573.54, p < 0.0001), respectively. For Gʺ, subset models were: 

ŷ = 0.0857 + 0.2184𝑡 − 0.0028𝛥𝑇ଶ − 0.0302𝑡ଶ + 0.0002𝛥𝑇ଷ + 0.0103𝛥𝑇𝑡
− 0.0011𝛥𝑇ଶ𝑡
+ 𝜁(0.2392𝑡 − 0.1134𝑡ଶ + 0.0002𝛥𝑇ଷ + 0.0194𝑡ଷ

− 0.0052𝛥𝑇𝑡 − 0.0024𝛥𝑇𝑡ଶ) (3.8a) 
 

(CP = 11.73, F8,1874 = 430.17, p < 0.0001) for PO and: 

ŷ = 0.0039 + 0.0011𝛥𝑇 + 0.0741𝑡 − 0.0251𝑡ଶ + 0.0035𝑡ଷ + 0.0019𝛥𝑇𝑡
− 0.0004𝛥𝑇ଶ𝑡
+ 𝜁(0.0565𝑡 + 0.0006𝛥𝑇ଶ − 0.0245𝑡ଶ + 0.0032𝑡ଷ

+ 0.0007𝛥𝑇ଶ𝑡 − 0.0008𝛥𝑇𝑡ଶ) (3.8b) 
 

(CP = 9.66, F8,1872 = 167.28, p < 0.0001) for PMF, respectively. 

With the consideration of cooling endpoint, significant interactions also existed for Gʹ and 

Gʺ. Viscoelasticity was greatest for either bulk oil when the endpoint was 20 °C which 

correlated with SFC (Figure 3.1), spheroid diameter, and degree of clustering (Figures 3.2-

3.5). In contrast, a suppression was observed in the bulk oils if cooled to 15 °C (Figures 3.6 
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and 3.7). Furthermore, the oil-sugar blends responded differently to cooling endpoint upon 

storage. For example, final Gʹ and Gʺ (e.g., week 4) of PO-sugar blends were greatest when 

cooled to 20 °C (Figures 3.6 and 3.7), which was consistent with network crystal lengths 

(Figure 3.4). In contrast, final Gʹ and Gʺ were most suppressed when the sample was cooled 

to 28 °C. For PMF-sugar blends, an endpoint temperature of 28 °C promoted final Gʹ 

whereas no differences were observed when cooled to either 15 or 20 °C. The impact that 

confectioner’s sugar has on the response of viscoelasticity towards cooling endpoint were 

also accounted for in subset models 3.7 and 3.8. 

3.3.4 Firmness 

Large deformation experiments are used to determine the textural properties of foods, such 

as F, and are regularly used in conjunction with oscillatory rheology (Omar et al., 2005). 

The main effects of composition and cooling endpoint on F of bulk oil and oil-sugar blends 

are depicted in Figure 3.8. Regardless of sugar or endpoint, PO was generally firmer than 

PMF, which was a result of its higher saturated TAG and DAG (Table 2.1). This was also 

corroborated both with its further developed network (Figures 3.4) and greater viscoelastic 

properties (Figures 3.6 and 3.7). There also existed a significant interaction between oil and 

sugar where the increase in F created by sugar was much greater for PO than PMF (Figure 

3.8). 

A deep understanding of how fat crystallization is affected by processing is critical towards 

achieving proper texture and quality (Debaste et al., 2008). While there existed a significant 

main effect of cooling endpoint on F, where a slight suppression of F was observed when 
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Figure 3.8 Effects of sugar and endpoint on F of PO and PMF over time. 
 

cooled to 15 °C, no significant interaction between endpoint and any of the main effects was 

observed. Perhaps most importantly was that no significant difference in final F (e.g., week 

4) was observed when the oil-sugar blends were cooled to different endpoint temperatures 

(Figure 3.8) despite initial F (e.g., week 0) having increased by as much as 3700 %. 

Industrially, this may be of benefit as F is an important sensory property. Production 

efficiency, e.g., pumping, extrusion, etc., may be achieved through modifying cooling 

temperatures, and thus initial F, with assurance that final F remains unchanged. 

Multiple regression analysis determined the subset models for F to be: 

ŷ = 0.1813 + 0.1150𝛥𝑇 + 1.5262𝑡 − 0.6431𝑡ଶ − 0.0018𝛥𝑇ଷ + 0.0801𝑡ଷ

+ 𝜁(0.2871𝑡 + 0.0018𝛥𝑇ଶ𝑡) 
(3.9a) 
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(CP = 0.36, F8,81 = 26.75, p < 0.0001) for PO and: 

ŷ = 0.0206 + 0.4894𝑡 − 0.1563𝑡ଶ + 0.0177𝑡ଷ + 0.0221𝛥𝑇𝑡 − 0.0042𝛥𝑇𝑡ଶ

+ 𝜁(0.0497𝑡) (3.9b) 
 

(CP = 0.14, F6,83 = 62.61, p < 0.0001) for PMF, respectively. 

3.4 Conclusions 

The effect of confectioner’s sugar on the response towards cooling temperatures were 

established in this chapter. Furthermore, preliminary subset models were generated through 

multiple regression to predict such behaviour. While the addition of confectioner's sugar 

enhanced crystallization and suppressed β crystal formation, these oil-sugar blends 

continued to evolve in viscoelasticity and texture over time due to continued 

recrystallization. This was in stark contrast to their bulk counterparts. Of interest was the 

ability to modify initial F through cooling endpoint without impacting final F as this may be 

used to regulate production efficiency. With this preliminary insight towards the impact that 

confectioner’s sugar has on processing behaviour, the next chapter will explore this further 

with additional effects and the development of processing maps predicted through multiple 

regression.  
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Chapter 4:4.1 

THE EFFECT OF SUGAR ON PROCESSING INTERACTIONS AND OPTIMAL 

PROCESS VALUES IN PALM OIL 

The relationship between microscopic and macroscopic properties in fat-continuous 

dispersions is multifaceted compared to bulk oils, which limits the ability to extrapolate 

results from bulk systems towards complex formulations. The impact of confectioner’s 

sugar on response towards cooling rate and endpoint temperature was investigated in this 

chapter. Adding sugar significantly increased Gʹ and F of the oils while exhibiting increased 

sensitivity towards processing conditions. Multiple regression analysis was used to create 

predictive models that correct for the effects caused by confectioner’s sugar, such as altered 

fat crystal morphology and increased network rigidity, through the binary variable ζ. 

Furthermore, processing maps were generated according to these models from which 

optimal process values could be derived.  

                                                           
4.1 This chapter has been submitted for publication under the following citation: West, R. and Rousseau, D. 
(2018). Regression modelling of the impact of sugar and temperature on palm oil crystallization and rheology. 
Food Chem. (under review). 
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4.1 Introduction 

PO is a particularly important ingredient for the confectionery industry as its natural semi-

solid consistency enables replacement of PHOs in consumer products (Aftab et al., 2013). 

It is free of trans fats, relatively inexpensive, and does not readily oxidize compared to other 

fats and oils (Sherazi et al., 2009). Its compositional diversity enables it to be fractionated 

for use in a wide range of application (Kellens et al., 2007). 

Processing conditions will greatly impact the physical properties of bulk oils such as 

crystallization kinetics and rheology (Sato, 2001; Kellens et al., 2007; Pérez-Martínez et al., 

2007). For example, rapid cooling will enhance the extent and rate of nucleation of TAGs 

resulting in the formation of small, unstable crystals that transition into larger crystals and 

higher-order polymorphs (Metin and Hartel, 2005). Fat crystal stability (i.e., polymorphism) 

is also affected by the temperature gradient and endpoint to which a bulk oil is cooled. For 

example, as observed with PO, processing temperatures above 20 °C favour the formation 

of βʹ crystals, whereas unstable α crystals begin to form at lower temperatures, resulting in 

a solid-state α→βʹ transition during storage (Fernandes et al., 2013). 

Fats are rarely present as a bulk material in processed foods. Rather, they often act as a 

continuous matrix that incorporates non-fat ingredients (e.g., sugar). By confining and 

compartmentalizing the fat, dispersed ingredients may alter its crystallization pathway and 

rigidity (Walstra, 2003; Fernandes et al., 2013), with possible consequences on process 

optimization and sensory properties (Beckett, 2000). 

In the previous chapters, it was shown that the relationship between the microscopic and 

macroscopic properties of PO and PMF were altered by the presence of confectioner’s sugar. 
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It was determined that the ability to extrapolate findings from bulk studies towards 

confectionery formulations was impractical. This chapter explored the effect of processing 

parameters (i.e., cooling rate and endpoint deviation) on the physical properties of these oils 

in bulk or blended with confectioner’s sugar over four weeks. Regression models were 

generated to create process maps and establish optimal process values that predict maximum 

responses for ΔHT, Gʹ, and F using cooling rate, endpoint deviation, and storage time as 

independent variables. The binary variable ζ (i.e., 0 or 1) was established to account for the 

effect of confectioner’s sugar and consider dispersion-dependent parameters. 

4.2 Materials and Methods 

4.2.1 Sample Preparation 

Commercial PO and PMF (IOI Loders Croklaan, Channahon, IL, USA) were used in this 

study. PMF was blended at 65 % (w/w) with CO (Bunge North America, St. Louis, MS, 

USA) to obtain similar melting properties as PO according to AOCS Official Method Cd 

16b-93 (Figure 2.1) (Firestone, 1998). TAG and DAG compositions of oils were determined 

(Table 2.1) as described in Section 2.2.2. Oils were processed either as bulk or combined 

with sieved 6-x confectioner’s sugar (Domino Foods Inc., Yonkers, NY, USA) at 50 % 

(w/w) using a stand mixer (Hobart Canada Inc., Toronto, ON, Canada). The confectioner’s 

sugar contained 3 % (w/w) starch, 0.5 % (w/w) moisture, and possessed an average particle 

size of 30 μm. 

The samples were heated to 60 °C for 30 min at 100 rpm in a scraped-surface jacketed kettle 

(Tenon Engineering Ltd., Leatherhead, UK) connected to a dual bath setup (VWR 

International 1157P, Mississauga, ON, Canada and Lauda RMS-20, Delran, NJ, USA) to 
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eliminate crystal memory. Samples were then cooled (q) at 1, 5, or 10 °C·min-1 to a 

temperature of 15, 20, or 28 °C. When cooled to either 15 or 28 °C, a thin layer of sample 

was transferred to a baking sheet and either heated or cooled in an incubator set to either 40 

or 0 °C, respectively, until a thermocouple read 20 °C. Because 20 °C is the standard 

endpoint for processing, this effect of altering final temperature is described as ΔT, 

according to Equation 3.1. Samples were characterized within 15 min upon reaching 20 °C 

(i.e., 0 weeks) or stored at 20 °C and sampled weekly for 4 weeks. All samples were prepared 

in triplicate. 

4.2.2 Differential Scanning Calorimetry 

DSC (Q2000 and Universal Analysis 2000 software, TA Instruments, New Castle, DE, 

USA) was used to determine ΔHT of bulk oil and oil-sugar blends. Samples masses (~ 10 

mg) were corrected for presence of sugar, if necessary. After equilibrating the sample at 20 

°C for 5 min, the temperature was increased to 90 °C at 5 °C·min-1, and endotherms 

corresponding to the βʹ (35.3 ± 1.8 °C) and/or β crystals (42.6 ± 0.9 °C) were identified 

(Busfield and Proshogo, 1990; Braipson-Danthine and Gibon, 2007). Samples were placed 

in open aluminum pans for all runs. Nitrogen gas was used to prevent water condensation. 

4.2.3 Microscopy 

CLSM (LSM800 and LSM510, Zeiss Inc., Toronto, ON, Canada) was performed to 

characterize the impact of processing and the presence of sugar on PO and PMF fat crystal 

morphology. Fluorol yellow 088 (Sigma-Aldrich, St. Louis, MO, USA) was added to 

samples at 0.05% (w/w) immediately after processing to negatively-stain the fat crystals. 

Thin layers of sample were placed between a glass slide and cover slip with minimal 
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compression and imaged at 630× using a 63× oil immersion objective lens paired with a 10× 

ocular lens. The built-in imaging software ZEN 2.3 (Zeiss Inc., Toronto, ON, Canada) was 

used to assess fat crystal morphology and size. 

4.2.4 Rheology 

Gʹ was measured using a strain-controlled rheometer (AntonPaar Physica MCR 301, St. 

Laurent, QC, Canada) and PP25/P2 serrated geometry where frequency sweep tests within 

the linear viscoelastic region were performed at 0.01 % strain (i.e., 21 points of ω were 

collected between 4 and 63 rad·sec-1).4.2 All rheological tests were performed at 20 °C with 

a gap size of 1.0 mm. 

4.2.5 Texture Analysis 

F was measured using a texture analyzer (TA.XTplus, Stable Micro Systems, Ltd., Surrey, 

UK) calibrated with a 30 kg load cell. Sixty ml plastic cups filled with bulk oil or oil-sugar 

blends were stored as above. For analysis, a 45° steel cone was calibrated to a 10 mm height 

above the sample surface and programmed for approach at 2 mm·s-1. Upon contact with its 

surface, the cone penetrated the sample at 1 mm·s-1 for 15 mm at which point F was 

measured. 

4.2.6 Statistical Analysis and Multiple Regression 

A six-way ANOVA from a mixed model using replicate, oil, sugar, cooling rate, endpoint 

deviation, and storage time (including interactions) was performed to test for significance 

                                                           
4.2 Raw frequency sweep tests for Gʹ are provided in A1. 
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(p < 0.05) with SAS 9.4 (SAS Institute, Cary, NC, USA).4.3 Confectioner’s sugar was treated 

as a binary variable where ζ = 0 in bulk systems and ζ = 1 in oil-sugar blends. Experiment-

specific variables were used as needed. Insignificant variables were removed from these 

models and their degrees of freedom added back into error. 

Pearson correlation coefficients (ρ) were generated to determine the effect of ζ on the 

relationship between Gʹ and F as well as the relationship between observed and predicted 

properties. Oil-specific third-order polynomial models with parameters for cooling rate, 

endpoint deviation, and storage time as independent variables were determined using 

multiple regression analysis — and further corrected for overfitting — as described in 

Section 3.2.7. Model limitations such as the inability to extrapolate using processing 

conditions outside of what was performed experimentally must be acknowledged. 

Furthermore, ζ cannot be used as a continuous variable [e.g., ζ = 0.5 to predict the effect of 

25 % (w/w) confectioner’s sugar on an oil-sugar blend] as this presumes the existence of a 

linear effect of confectioner’s sugar on oil response. Ultimately, these models were used to 

generate process maps as well as optimal process values.4.4 

4.3 Results and Discussion 

4.3.1 Total Enthalpy and Polymorphism 

The main effects of composition, processing, and storage on ΔHT of the bulk oil and oil-

sugar blends are depicted in Figure 4.1. In general terms, the addition of confectioner’s sugar 

 

                                                           
4.3 ANOVA tables are listed in A2.3. 
4.4 Mathematical description of confidence limits associated with maximum response provided in A3.2. 
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Figure 4.1 Effects of sugar and processing conditions on ΔHT of PO and PMF over time. 
 

either had no effect or increased ΔHT, particularly with PO and higher cooling rates, except 

when cooled to 15 °C where a suppression was observed (Figure 4.1). For example, whereas 

the addition of sugar to PO cooled at 10 °C·min-1 increased final ΔHT (i.e., week 4) by 4.2 

and 8.0 J·g-1 when cooled to 20 and 28 °C, respectively, a reduction of 7.9 J·g-1 was observed 

when cooled to 15 °C. 
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With the results of all experimental processing conditions combined, the ΔHT of bulk PO, 

which was composed of more 1,2-PO, 1,3-PO, 1,3-PL and whose overall DAG content was 

2.3 % higher than PMF, was 1.2 J·g-1 lower than PMF. While DAGs have been suggested 

to delay crystallization, this mechanism has not been fully elucidated (Tshiamala, 2013). 

The initial ΔHT of PO-sugar blends increased from 11.9 ± 1.6 to 12.1 ± 2.2 to 15.3 ± 1.5 

J·g-1 (i.e., averaged across ΔT) with increasing cooling rate. For PMF-sugar blends, initial 

ΔHT increased from 11.6 ± 1.2 to 12.8 ± 2.2 to 14.9 ± 0.9 J·g-1. Hence, the increase observed 

in both oil-sugar blends was similar. 

The ΔHT of bulk PO was greater than PMF after one week of storage, which was attributed 

to its higher palmitic-rich disaturated [e.g., P(PO), P(PL), and (POS)] and monosaturated 

[e.g., O(PO), (PLO), L(PL)] TAG and lower unsaturated [e.g., OOO, O(LO), L(LO)] TAG 

content (Table 2.1). Furthermore, the increase in final ΔHT due to sugar was greater in PO 

compared to PMF. For example, whereas PMF had increased by 0.9 and 2.8 J·g-1 (i.e., 

averaged across q) when cooled to 20 and 28 °C, respectively, PO increased by 3.9 and 9.5 

J·g-1 (Figure 4.1). 

DSC is often used to indirectly identify fat crystal polymorph type. The present results 

demonstrated that both temperature profile and addition of sugar greatly altered the overall 

melting profile as well as relative contributions of βʹ and β crystals. Although high cooling 

rates typically induce the formation of unstable crystals (e.g., lower-order polymorphs), the 

thermograms did not identify such trends. Most interesting was that β crystals did not form 

in the presence of sugar apart from oils processed at high cooling rates to 28 °C (Figure 4.2). 

This indicated the ability of sugar to facilitate the desirable formation of βʹ crystals in PO 
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Figure 4.2 Impact of sugar and endpoint on polymorphic composition of PO and PMF 
cooled at 10 °C·min-1. 
 

with most processing conditions. Also of interest was the existence of a third endotherm at 

24.0 ± 0.9 °C when the oils were cooled to 15 °C, which may suggest the presence of α 

crystals (Fernandes et al., 2013). 

The relationship evident between the final ΔHT of the oil-sugar blends and cooling rate 

suggested the presence of an optimal cooling rate (q0) (Table 4.1), which was determined 

from subset models:  
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Table 4.1 Optimal process values and associated maximum response at week 4. 

Response 
Oil 

(Model) 
ζ 

Optimal process values 
ŷmax 

Confidence limits (95 %) 

q0 (°C·min-1) ΔT0 (°C) Lower Upper 

ΔHT (J·g-1) 

PO 
(4.1a) 

0 8.4 -5.0 44.5 42.8 46.3 
1 6.5 8.0 42.2 40.5 43.8 

PMF 
(4.1b) 

0 10.0 8.0 30.5 28.6 32.3 
1 8.1 8.0 32.5 30.9 34.1 

Gʹ (MPa) 

PO 
(4.2a) 

0 5.1 -0.2 4.0 3.8 4.2 
1 6.2 -1.7 8.3 8.1 8.4 

PMF 
(4.2b) 

0 10.0 -5.0 2.7 2.6 2.8 
1 7.7 -2.1 5.7 5.6 5.8 

F (kg) 

PO 
(4.3a) 

0 8.4 4.6 1.7 1.5 1.9 
1 1.0 6.9 2.9 2.6 3.1 

PMF 
(4.3b) 

0 10.0 -5.0 1.1 1.0 1.2 
1 7.1 8.0 1.7 1.6 1.8 

 
 

ŷ = 13.8868 + 0.2597∆𝑇 + 15.6970𝑡 − 0.1064∆𝑇ଶ − 8.0355𝑡ଶ

− 0.0057𝑞ଷ + 1.0831𝑡ଷ − 0.0805𝑞∆𝑇 + 1.5540𝑞𝑡
− 0.2140∆𝑇𝑡 − 0.0732𝑞ଶ𝑡 + 0.0233∆𝑇ଶ𝑡 + 0.0276𝑞∆𝑇ଶ

− 0.1056𝑞𝑡ଶ + 0.0349∆𝑇𝑡ଶ − 0.0244𝑞∆𝑇𝑡
+ 𝜁(−1.9874 + 3.3392𝑡 + 0.0494𝑞ଶ + 0.0646∆𝑇ଶ

− 0.4208𝑡ଶ + 0.6540∆𝑇𝑡 + 0.0042𝑞ଶ∆𝑇 − 0.0142𝑞ଶ𝑡
− 0.0217∆𝑇ଶ𝑡 − 0.0110𝑞∆𝑇ଶ − 0.0974∆𝑇𝑡ଶ) (4.1a) 

 

(CP = 22.61, F26,243 = 141.48, p < 0.0001) for PO and: 

ŷ = 13.2123 − 0.2271∆𝑇 + 9.8032𝑡 − 4.4405𝑡ଶ + 0.6221𝑡ଷ

− 0.0303𝑞∆𝑇 + 0.3344𝑞𝑡 + 0.2387∆𝑇𝑡 + 0.0083𝑞∆𝑇ଶ

− 0.0488𝑞𝑡ଶ − 0.0389∆𝑇𝑡ଶ

+ 𝜁(−2.6758 + 0.3515𝑞 + 0.1254𝑞∆𝑇 + 0.5382𝑞𝑡
− 0.0086𝑞ଶ∆𝑇 − 0.0331𝑞ଶ𝑡 − 0.0037𝑞∆𝑇ଶ − 0.0538𝑞𝑡ଶ) (4.1b) 

 

(CP = 8.96, F18,251 = 70.98, p < 0.0001) for PMF, respectively. Hence, optimal rates of 6.5 

and 8.1 °C·min-1 were recommended for PO- and PMF-sugar blends from the models, 

respectively, to obtain maximum ΔHT values after 4 weeks. Optimal endpoint deviations 
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(ΔT0) of 8.0 °C were recommended for either blend to obtain this value. Process maps of 

predicted ΔHT based on these models are illustrated in Figure 4.3. 

4.3.2 Storage Modulus and Fat Crystal Morphology 

The rheology of fats and oils is influenced by factors such as the extent of fat solidification, 

crystal morphology, and spatial distribution (Pérez-Martínez et al., 2007). Not only is 

rheology used to indicate product quality, it can also give an indication of production 

efficiency (Kilcast and Clegg, 2002). The presence of a dispersed phase, whether solid, 

liquid, or gas, may confound any association between rheology and other properties of bulk 

oils by imparting additional interactions and altering TAG crystallization pathway (Rao, 

2007). 

The main effects of composition, processing, and storage time on Gʹ are depicted in Figure 

4.4. The addition of confectioner’s sugar increased Gʹ after storage regardless of oil or 

processing conditions. While volume fraction and interparticle interactions can alter the 

rheology of colloidal suspensions (Trappe and Weitz, 2000), the direct contribution of 

confectioner’s sugar towards Gʹ (i.e., false positive) was negligible, as described previously 

in Chapter 2. In that respect, the increase in Gʹ upon addition of sugar resulted from 

differences in total solidification (i.e., ΔHT) and fat crystal morphology. Furthermore, 

addition of confectioner’s sugar to fat at 50 % (w/w) may impact spatial distribution and 

rigidity as fat must crystallize in a system where total space is reduced by 37 % (v/v) to 

accommodate this dispersed phase. 

Although PO exhibited higher Gʹ values than PMF from weeks 1 to 4 regardless of the 
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Figure 4.3 Predicted process maps of ΔHT (J·g-1) according to models 4.1a and 4.1b.
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Figure 4.4 Effects of sugar and processing conditions on Gʹ of PO and PMF over time. 
 

presence of confectioner’s sugar or processing conditions imposed, its initial Gʹ was usually 

lower. This was especially apparent in the bulk oils and corresponded to the lower initial 

ΔHT observed (Figure 4.1). The extent of the difference in Gʹ between PO and PMF became 

greater with time, which was explained both by its higher degree of FA saturation (Table 

2.1) and ΔHT following storage. 
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Figure 4.5 Effects of sugar and storage on PO crystal morphology processed under 
standard conditions (bar = 20 μm). 
 

The fat crystal morphology of PO processed using standard processing conditions (i.e., 

cooled at 1 °C·min-1 to 20 °C) revealed the initial presence of agglomerated, spheroidal fat 

crystal assemblies that increased in size and extent of clustering upon storage. After one 

week, thin needle-like crystals were apparent (Figure 4.5, indicated by arrows), which was 

ascribed to secondary nucleation and growth of TAGs not incorporated within the initial 

assemblies. 

The initial fat crystal size of PO was significantly reduced in the presence of confectioner’s 

sugar (visible as the black objects in Figure 4.5). Two factors explained these results. First, 

given the mixing that occurred during processing, the sugar effectively milled the growing 

fat crystals such that their post-processing morphology was small and smooth, as evidenced 
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in Figure 4.5. Importantly, there was no indication of TAG nucleation off the surface of the 

confectioner’s sugar, which implied that it did not enhance crystallization. Whereas large 

spheroidal clusters (≤ 45 μm) were observed in bulk PO by week 4, only tiny, smoother 

crystals (≤ 11 μm) formed in the oil-sugar blends, with no evidence of the sugar crystals 

directly interacting with the TAGs. Restricted crystal growth was amplified by the limited 

physical space available, as newly-formed fat crystals were now forced to grow within a 

confined space given the significant volume fraction occupied by the dispersion. Upon 

storage, the fat crystal network in the oil-sugar blends was composed of tiny, needle-shaped 

crystals (Figure 4.5, arrows). Interestingly, there appeared to be incorporation of smaller 

sugar particles within these fat crystal assemblies (Figure 4.5, inset). 

As noted in Figure 4.1, addition of confectioner’s sugar did not impact ΔHT of PO processed 

under standard conditions, where both the bulk oil and oil-sugar blends saw plateau values 

reached after one week of storage. Rheology trends for similar-processed PO were markedly 

different as the Gʹ of bulk PO also reached a plateau value after one week. By contrast, the 

PO-sugar blend saw its Gʹ significantly increase with time (Figure 4.4). This was likely 

explained by the continued sintering of the crystalline network within the now-restricted 

space for growth created by sugar. A noteworthy result was the increase in Gʹ due to sugar 

when PO was processed at 10 °C·min-1 to 15 °C (i.e., ΔT = -5 °C) despite a significant loss 

in corresponding ΔHT. Whereas the addition of sugar suppressed final ΔHT from 43.9 ± 3.1 

to 36.0 ± 2.8 J·g-1 (an 18% drop) (Figure 4.1), the final Gʹ rose from 3.7 ± 0.5 to 5.5 ± 1.3 

MPa (a 49% increase) (Figure 4.4). This may be partially explained by the impact that 

dispersions have on spatial distribution and rigidity. 
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Figure 4.6 Effects of sugar and cooling rate on final PO crystal morphology (e.g., week 4) 
cooled to 20 °C (bar = 20 μm). 
 

Fat crystal clustering (Figure 4.6, circles) was reduced in the bulk oils with cooling rates of 

5 or 10 °C·min-1, resulting in smaller, more numerous initial crystals. With time, growth of 

blade-like crystals in the network occurred, but only in PO cooled at higher rates (Figure 

4.6, arrows). Such a morphology has been observed with CB and is associated with β crystals 

(Manning and Dimick, 1985). As PO is a βʹ stable oil, this suggested that fractionation of 

lower- and higher-melting TAGs under this regime. With the selective crystallization of 

higher-melting TAGs, the remaining liquid-state TAGs also became more compositionally 

homogeneous, which resulted in the formation of its own, distinct fat crystal morphology 

upon storage. PMF did not exhibit blade-like crystals in response to cooling rate,4.5 which 

                                                           
4.5 Effects of sugar and cooling rate on PMF crystal morphology shown in A4. 
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may be a result of its simpler composition and inability to fractionate to the extent of PO 

into a mixed crystal system. 

A notable evolution of Gʹ was apparent in oil-sugar blends processed at high cooling rates 

under high cooling rate to 28 °C (Figure 4.4). For example, the initial Gʹ of PO-sugar blends 

increased by either 27- or 40-fold as cooling rate increased from 1 to either 5 or 10 °C 

min-1, respectively. While initial ΔHT also increased (i.e., ~1.5-fold), this did not fully 

explain such large Gʹ observed. Similarly, other processing conditions resulting in higher 

initial ΔHT values (Figure 4.1) did not exhibit corresponding behaviour in initial Gʹ values. 

For example, the initial Gʹ of PO-sugar blends cooled at 10 °C·min-1 increased from 0.1 ± 

0.1 to 4.7 ± 2.0 MPa as the final temperature increased from 15 to 28 °C (Figure 4.4), yet 

initial ΔHT differed by just 0.8 J·g-1 (Figure 4.1). Micrographs of PO-sugar blends cooled to 

28 °C showed evidence of very small crystals not seen with other processing conditions 

(Figure 4.7, arrows) and may contribute to the large initial Gʹ observed. This may also 

suggest the ability for fat crystals to nucleate freely within the interstices and independently 

from any catalytic sites that sugar supplies under supercooling (i.e., high q and ΔT) where 

energy is rapidly removed from the system. In this regard, slower processing conditions (i.e., 

low q and ΔT) may better facilitate nucleation at these interfacial sites, however, this has not 

been definitively proven via CLSM. 

Changes in cooling rate altered Gʹ more extensively in the oil-sugar blends versus their bulk 

counterpart throughout storage. For example, cooling PO-sugar at either 1 or 5 °C·min-1 to 

20 °C produced the same final Gʹ (i.e., week 4), however, the time to reach this value was 

significantly reduced at 5 °C·min-1 (Figure 4.4) (1 vs 3 weeks). Of note, the final Gʹ of PO- 
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Figure 4.7 Effects of processing on initial crystal morphology (e.g., week 0) of PO-sugar 
blends (bar = 20 μm). 
 

sugar decreased from 7.4 ± 0.5 to 5.3 ± 0.6 MPa as cooling rate increased from 5 to 10 

°C·min-1, which may be partially explained by the reduction in ΔHT observed (Figure 4.1). 

With this large decrease in the final Gʹ of PO-sugar at 10 °C·min-1, an optimal cooling rate 

of 6.2 °C·min-1 was suggested to maximize the response of final Gʹ (Table 4.1), according 

to the subset model: 
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ŷ = 0.1813 + 0.1361𝑞 + 3.5238𝑡 − 0.0142𝑞ଶ − 0.0292∆𝑇ଶ − 1.4161𝑡ଶ

+ 0.0028∆𝑇ଷ + 0.1826𝑡ଷ − 0.0341𝑞∆𝑇 + 0.0997𝑞𝑡
+ 0.0919∆𝑇𝑡 + 0.0015𝑞ଶ∆𝑇 − 0.0037𝑞ଶ𝑡 − 0.0046∆𝑇ଶ𝑡
+ 0.0037𝑞∆𝑇ଶ − 0.0154𝑞𝑡ଶ − 0.0082∆𝑇𝑡ଶ − 0.0056𝑞∆𝑇𝑡
+ 𝜁(−0.3563 + 2.3372𝑡 + 0.1616𝑞ଶ − 0.7209𝑡ଶ

− 0.0144𝑞ଷ + 0.0035∆𝑇ଷ + 0.0997𝑡ଷ + 0.0180𝑞∆𝑇
− 0.1294𝑞𝑡 − 0.2660∆𝑇𝑡 + 0.0044𝑞ଶ𝑡 − 0.0037∆𝑇ଶ𝑡
− 0.0012𝑞∆𝑇ଶ + 0.0445∆𝑇𝑡ଶ + 0.0032𝑞∆𝑇𝑡) (4.2a) 

 

(CP = 32.66, F32,5585 = 463.91, p < 0.0001). A different response to cooling rate was observed 

with PMF-sugar blends, which did not exhibit a suppression of final Gʹ as cooling rate 

increased above 5 °C·min-1. As a result, the suggested optimal cooling rate for the PMF-

sugar blend was higher, at 7.7 °C·min-1, according to the subset model: 

ŷ = 0.2194 + 0.8588𝑡 + 0.0122𝑞ଶ − 0.0128∆𝑇ଶ − 0.3839𝑡ଶ − 0.0010𝑞ଷ

+ 0.0004∆𝑇ଷ + 0.0554𝑡ଷ + 0.0335𝑞∆𝑇 + 0.0393𝑞𝑡
+ 0.0104∆𝑇𝑡 − 0.0039𝑞ଶ∆𝑇 + 0.0023𝑞∆𝑇ଶ − 0.0056𝑞𝑡ଶ

− 0.0023𝑞∆𝑇𝑡
+ 𝜁(−0.9845 − 0.3972∆𝑇 + 0.9377𝑡 + 0.1107𝑞ଶ

− 0.2252𝑡ଶ − 0.0080𝑞ଷ + 0.0115∆𝑇ଷ + 0.0198𝑡ଷ

+ 0.0102𝑞∆𝑇 + 0.0447𝑞𝑡 − 0.1528∆𝑇𝑡 + 0.0030𝑞ଶ∆𝑇
− 0.0119𝑞ଶ𝑡 − 0.0046∆𝑇ଶ𝑡 − 0.0039𝑞∆𝑇ଶ + 0.0125𝑞𝑡ଶ

+ 0.0351∆𝑇𝑡ଶ − 0.0044𝑞∆𝑇𝑡) (4.2b) 
 

(CP = 31.01, F32,5611 = 808.95, p < 0.0001), with only a minor loss in final Gʹ if this rate were 

to be exceeded. Consequently, PMF-sugar blends may be subjected to more rapid thermal 

processing in terms of cooling rate without concern for diminished Gʹ. Process maps of 

predicted Gʹ according to both models are illustrated in Figure 4.8. 

4.3.3 Firmness 

Texture analysis measures mechanical properties such as F, which can support textural 

qualities that consumers desire. There is also an inherent relationship between these 
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Figure 4.8 Predicted process maps of Gʹ (MPa) according to models 4.2a and 4.2b. 
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mechanical properties and rheology. For example, the relationship between F, τ0, and η of 

dark chocolate has previously been examined through multivariate analysis by Afoakwa et 

al. (2008). 

The addition of confectioner’s sugar increased F regardless of oil or processing conditions 

(Figure 4.9), with this increase generally greater in PO than PMF. The initial F of either oil-

sugar blend also increased with cooling rate. For example, PO-sugar blends cooled to 28 °C 

increased from 178.0 ± 36.8 to 1400.0 ± 316.5 g as the cooling rate increased from 1 to 10 

°C·min-1. 

Minor differences existed in F at 4 weeks under most processing conditions despite greater 

differences observed in Gʹ (Figure 4.4) and fat crystal morphology (Figures 4.6 and 4.7), 

which resulted in an optimal cooling rate of 1.0 °C·min-1 (Table 4.1) according to the subset 

model: 

ŷ = 0.0260 + 0.1180∆𝑇 + 1.7867𝑡 + 0.0129𝑞ଶ − 0.7620𝑡ଶ − 0.0012𝑞ଷ

− 0.0017∆𝑇ଷ + 0.0942𝑡ଷ − 0.0147𝑞∆𝑇 + 0.0092𝑞𝑡
+ 0.0007𝑞ଶ∆𝑇 + 0.0008𝑞∆𝑇ଶ

+ 𝜁(0.0301𝑞 + 0.3473𝑡 + 0.0104𝑞∆𝑇 − 0.0280𝑞𝑡
− 0.0204∆𝑇𝑡 + 0.0079∆𝑇𝑡ଶ − 0.0030𝑞∆𝑇𝑡) (4.3a) 

 

(CP = 11.49, F18,251 = 80.77, p < 0.0001), with observed differences likely under consumer 

detectability. This resistance in final F towards final temperature may benefit industry as 

initial physical properties can be manipulated to improve flowability and production 

efficiency while final properties remain unchanged. For PMF-sugar blends, an optimal 

cooling rate of 7.1 °C·min-1 was suggested for maximum final F (Table 4.1), according to 

the subset model: 
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Figure 4.9 Effects of sugar and processing conditions on F of PO and PMF over time. 
 

ŷ = −0.0717 + 0.0226𝑞 + 0.0153∆𝑇 + 0.6576𝑡 + 0.0020𝑞ଶ − 0.2443𝑡ଶ

+ 0.0304𝑡ଷ − 0.0027𝑞∆𝑇 + 0.0039∆𝑇𝑡 − 0.0006𝑞∆𝑇𝑡
+ 𝜁(0.1320𝑡 − 0.1326𝑡ଶ − 0.0002𝑞ଷ + 0.0246𝑡ଷ

+ 0.1138𝑞𝑡 + 0.0004𝑞ଶ∆𝑇 − 0.0050𝑞ଶ𝑡 + 0.0004𝑞∆𝑇ଶ

− 0.0136𝑞𝑡ଶ) (4.3b) 
 

(CP = 11.71, F18,251 = 148.32, p < 0.0001). As observed with Gʹ, the higher optimal cooling 

rate in PMF-sugar blends suggested an ability to undergo more rapid thermal processing in 
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comparison to PO-sugar blends. Process maps of predicted F according to these models are 

illustrated in Figure 4.10. 

Although PMF-sugar blends processed at 10 °C·min-1 to 28 °C exhibited final Gʹ values 

greater than their PO counterparts (Figure 4.4), their corresponding final F was lower (Figure 

4.9). Dispersions can accelerate crystallization (e.g., carbon nanotubes in polypropylene) 

and enhance solid-like character (e.g., monoolein-stabilized emulsions) by reinforcing the 

continuous phase through direct interfacial interactions (Schawe et al., 2015; Rafanan and 

Rousseau, 2017). In that respect, it is then plausible that properties of fats such as Gʹ and F 

will respond differently to the presence of a dispersed phase. For example, while a strong 

correlation between rheology and texture analysis existed in bulk oils (R2 = 0.80, ρ = 0.90), 

this was significantly weakened by sugar (R2 = 0.69, ρ = 0.83) (Figure 4.11). This was 

largely due to greater changes in rheology (i.e., small scale deformation) of oil-sugar blends 

in response to changes in processing conditions. 

4.3.4 Further Considerations with Multiple Regression 

The results of this study have shown that predicting how oil-sugar blends respond to 

processing from bulk oil data is not feasible, as further demonstrated from multiple 

regression analysis (Figure 4.12). The correlation between observed and predicted Gʹ were 

quite poor for PO-sugar (R2 = 0.57, ρ = 0.74) and PMF-sugar blends (R2 = 0.43, ρ = 0.66) 

where predictions were consistently lower than observed. Conversely, the multiple 

regression of the full dataset, which accounts for confectioner’s sugar through the binary 

variable ζ, significantly improved prediction for PO-sugar (R2 = 0.84, ρ = 0.91) and PMF- 

sugar blends (R2 = 0.86, ρ = 0.93). This demonstrates the importance of ζ, which corrects 
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Figure 4.10 Predicted process maps of F (kg) according to models 4.3a and 4.3b. 
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Figure 4.11 Effect of sugar and endpoint on the correlation between small and large 
deformation tests. 
 

 

 

Figure 4.12 Comparison between observed and predicted responses from bulk 
(extrapolated) and full datasets. 
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for the role of confectioner’s sugar on the processing behaviour of bulk oils (e.g., fat crystal 

morphology, spatial distribution, reinforcement through interfacial interactions, etc.). 

Multiple regression analysis also determined optimal process values of both bulk oils and 

oil-sugar blends (Table 4.1). It was evident from the observed data (Figures 4.1, 4.4, and 

4.9) that these optimal process values would differ according to the type of oil. For example, 

the suppression of final Gʹ of bulk PO under rapid thermal processing produced an optimal 

cooling rate (i.e., 5.1 °C·min-1) lower than bulk PMF (i.e., 10.0 °C·min-1), where no 

suppression was observed. The addition of confectioner’s sugar further confounded the 

interrelation between responses (Figure 4.11), particularly with more rapid thermal 

processing, which also resulted in optimal process values not only distinct from their bulk 

counterparts but also distinct for each response (Table 4.1). 

The generation of these optimal process values not only gives insight towards processing 

requirements necessary for a maximum response, but also emphasizes the limitations of 

applying empirical knowledge from bulk studies to more complex systems. To further 

illustrate this, predicted responses of oil-sugar blends using their associated optimal 

processing values were compared against predicted responses using values optimized for 

their bulk counterparts (Figure 4.13). For example, applying optimal values for final Gʹ in 

bulk PMF (i.e., q0 = 10.0 °C·min-1 and ΔT0 = -5.0 °C) towards PMF-sugar predicted a 

response 2.2 MPa lower than the actual maximum response had the proper conditions (i.e., 

q0 = 7.7 °C·min-1 and ΔT0 = -2.1 °C) been used. 
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Figure 4.13 Comparison between maximum response of oil-sugar blends (95 % 
confidence limits, hashed line) against response predicted from process values optimized 
for bulk systems. 
 

4.4 Conclusions 

The response of palm-based confectionery systems to composition and processing during 

storage was examined. The addition of confectioner’s sugar, which generally enhanced fat 

crystallization under most processing conditions, reinforced the fat crystalline network and 

may have facilitated interfacial interactions to increase Gʹ and F in these systems. Initial 

physical properties were particularly sensitive to processing in the presence of sugar, 

however, differences between processing conditions were minimized throughout storage. 

Subset models that account for the overall impact of confectioner’s sugar on processing 
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responses by using the binary variable ζ and identify optimal processing conditions were 

generated to overcome such issues and any extrapolative limitations from bulk systems. 
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Chapter 5: 

GENERAL CONCLUSIONS AND FUTURE WORK 

The effect of confectioner’s sugar on processing behavior in PO and PMF was explored in 

this dissertation. In general, fat network rigidity was enhanced by sugar, increasing elasticity 

and firmness. Not only did its addition obfuscate the interrelationship between these 

properties, but the oil-sugar blends exhibited greater sensitivity towards processing in 

comparison to the bulk counterparts questioning the ability of applying trends from bulk oils 

towards multi-ingredient systems. Furthermore, confectioner’s sugar appeared to suppress 

β crystals under most processing conditions. Subset models that account for the overall 

impact of confectioner’s sugar through binary variable ζ were established to overcome 

limitations associated with extrapolation. These models were also used to create process 

maps and identify optimal processing conditions to yield maximum response. The technique 

of multiple regression used herein may be utilized as a novel industrial tool towards 

production efficiency and final quality. 

Given the importance of this binary variable, it would be of great benefit to design additional 

experiments that begin its deconvolution. While confectioner’s sugar is generally considered 

to behave as a catalytic impurity that aids in heterogeneous nucleation, neither brightfield 

microscopy nor CLSM within this dissertation could conclude this. Freeze-fracturing these 

oil-sugar blends followed by the interfacial characterization through cryogenic scanning 

electron microscopy may be used to possibly identify fat crystals localized at the interface. 

This technique has nanoscale resolution which may reveal details regarding interfacial 

crystallization that other methods cannot achieve. Furthermore, the use of force 
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spectroscopy to understand specific molecular interactions between the phases may provide 

novel insight towards interfacial characterization. 

Another consideration for future work is the characterization of tortuosity within these oil-

sugar blends and how this impacts fat crystallization. Diffusion coefficients of liquid-state 

TAGs measured by pulsed gradient stimulated echo magnetic resonance can be used to 

characterize structure and calculate tortuosity. This could be coupled with images obtained 

from rheo-NMR experiments to calculate velocity distributions and phase transitions. The 

information gained from such experiments may allow for a better understanding of the 

mechanisms behind the slow crystallization in PO and how the presence of a dispersed 

ingredients further affects this. 

Additional considerations for future work include other rheological analyses to better 

understand how the addition of confectioner’s sugar impacts the physical properties of PO 

and PMF (e.g., creep-recovery test, thixotropy test), cross-validating the predictive subset 

models by other means to correct for overfitting (e.g., leave-one-out cross-validation), 

collecting dimensional parameters of fat crystals via CLSM for further regression analysis, 

and finally comparing and contrasting these results with a pilot plant scaleup for the 

continued interests of the food industry.  
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Appendices 

A1 Frequency Sweep Tests 

 

Figure A1.1 Effects of sugar and processing conditions on Gʹ of PO and PMF over 
angular frequency (t = 0 weeks).  
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Figure A1.2 Effects of sugar and processing conditions on Gʹ of PO and PMF over 
angular frequency (t = 1 week).  
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Figure A1.3 Effects of sugar and processing conditions on Gʹ of PO and PMF over 
angular frequency (t = 2 weeks).  
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Figure A1.4 Effects of sugar and processing conditions on Gʹ of PO and PMF over 
angular frequency (t = 3 weeks).  
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Figure A1.5 Effects of sugar and processing conditions on Gʹ of PO and PMF over 
angular frequency (t = 4 weeks).  
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A2 ANOVA Tables 

A2.1 Chapter 2 

Table A2.1.1 ANOVA for SFC.A2.1.1 

Source   DF SS MS F p 
Model       

 Replicate 2 3.57E+01 1.79E+01 11.95 < 0.0001 
 oil 1 5.10E+03 5.10E+03 3409.89 < 0.0001 
 oil×sugar 1 1.68E+02 1.68E+02 112.29 < 0.0001 
 oil×t 4 4.86E+02 1.22E+02 81.34 < 0.0001 
 oil×sugar×t 4 3.21E+02 8.02E+01 53.68 < 0.0001 
 sugar 1 1.10E+03 1.10E+03 739.21 < 0.0001 
 sugar×t 4 2.85E+02 7.14E+01 47.75 < 0.0001 
 t 4 2.30E+03 5.76E+02 385.45 < 0.0001 

Error  338 5.05E+02 1.49E+00   

Total   359 1.03E+04       
  

                                                           
A2.1.1 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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Table A2.1.2 ANOVA for ΔHT.A2.1.2 

Source   DF SS MS F p 
Model       

 oil 1 1.59E+02 1.59E+02 127.10 < 0.0001 
 oil×sugar 1 6.61E+01 6.61E+01 53.00 < 0.0001 
 oil×t 4 6.24E+01 1.56E+01 12.51 < 0.0001 
 sugar 1 1.67E+01 1.67E+01 13.35 0.0006 
 t 4 1.07E+03 2.67E+02 213.60 < 0.0001 

Error  48 5.99E+01 1.25E+00   

Total   59 1.43E+03       
  

                                                           
A2.1.2 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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Table A2.1.3 ANOVA for Gʹ.A2.1.3 

Source   DF SS MS F p 
Model       

 Replicate 2 2.14E+01 1.07E+01 34.91 < 0.0001 
 ω 20 3.58E+01 1.79E+00 5.84 < 0.0001 
 oil 1 2.61E+03 2.61E+03 8506.29 < 0.0001 
 oil×sugar 1 1.77E+02 1.77E+02 577.55 < 0.0001 
 oil×t 4 6.83E+02 1.71E+02 556.73 < 0.0001 
 oil×sugar×t 4 1.03E+02 2.58E+01 84.21 < 0.0001 
 sugar 1 2.38E+02 2.38E+02 776.10 < 0.0001 
 sugar×t 4 1.30E+02 3.26E+01 106.22 < 0.0001 
 t 4 1.86E+03 4.65E+02 1517.05 < 0.0001 

Error  1212 3.72E+02 3.07E-01   

Total   1253 6.26E+03       
  

                                                           
A2.1.3 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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Table A2.1.4 ANOVA for Gʺ.A2.1.4 

Source  DF SS MS F p 
Model       

 Replicate 2 9.20E-02 4.60E-02 6.51 0.0015 
 ω 20 1.10E+00 5.48E-02 7.75 < 0.0001 
 oil 1 3.75E+01 3.75E+01 5310.74 < 0.0001 
 oil×sugar 1 1.89E+00 1.89E+00 267.65 < 0.0001 
 oil×t 4 9.77E+00 2.44E+00 345.64 < 0.0001 
 oil×sugar×t 4 9.00E-01 2.25E-01 31.83 < 0.0001 
 sugar 1 3.56E+00 3.56E+00 502.87 < 0.0001 
 sugar×t 4 1.40E+00 3.50E-01 49.58 < 0.0001 
 t 4 2.22E+01 5.54E+00 783.68 < 0.0001 

Error  1212 8.57E+00 7.07E-03   

Total  1253 8.74E+01    

  

                                                           
A2.1.4 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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A2.2 Chapter 3 

Table A2.2.1 ANOVA for SFC.A2.2.1 

Source   DF SS MS F p 
Model       

 Replicate 2 2.66E+01 1.33E+01 8.42 0.0002 
 oil 1 7.11E+03 7.11E+03 4508.63 < 0.0001 
 oil×ζ 1 2.16E+02 2.16E+02 137.10 < 0.0001 
 oil×ΔT 2 8.59E+02 4.29E+02 272.21 < 0.0001 
 oil×t 4 7.07E+02 1.77E+02 112.11 < 0.0001 
 oil×ζ×ΔT 2 4.58E+02 2.29E+02 145.33 < 0.0001 
 oil×ζ×t 4 1.93E+02 4.83E+01 30.61 < 0.0001 
 oil×ΔT×t 8 1.76E+02 2.20E+01 13.94 < 0.0001 
 oil×ζ×ΔT×t 8 1.80E+02 2.25E+01 14.24 < 0.0001 
 ζ 1 6.79E+02 6.79E+02 430.68 < 0.0001 
 ζ×ΔT 2 6.90E+03 3.45E+03 2188.46 < 0.0001 
 ζ×t 4 2.19E+02 5.47E+01 34.68 < 0.0001 
 ζ×ΔT×t 8 6.22E+02 7.77E+01 49.29 < 0.0001 
 ΔT 2 5.11E+03 2.55E+03 1618.51 < 0.0001 
 ΔT×t 8 5.55E+02 6.93E+01 43.95 < 0.0001 
 t 4 2.91E+03 7.27E+02 461.05 < 0.0001 

Error  1018 1.61E+03 1.58E+00   

Total   1079 2.85E+04       
  

                                                           
A2.2.1 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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Table A2.2.2 ANOVA for Gʹ.A2.2.2 

Source   DF SS MS F p 
Model       

 Replicate 2 2.55E+01 1.28E+01 53.47 < 0.0001 
 ω 20 7.69E+01 3.85E+00 16.10 < 0.0001 
 oil 1 3.65E+03 3.65E+03 15272.90 < 0.0001 
 oil×ζ 1 2.60E+02 2.60E+02 1089.95 < 0.0001 
 oil×ΔT 2 4.17E+02 2.09E+02 873.65 < 0.0001 
 oil×t 4 8.58E+02 2.14E+02 897.52 < 0.0001 
 oil×ζ×ΔT 2 1.41E+02 7.04E+01 294.49 < 0.0001 
 oil×ζ×t 4 8.82E+01 2.20E+01 92.25 < 0.0001 
 oil×ΔT×t 8 1.55E+02 1.94E+01 81.33 < 0.0001 
 oil×ζ×ΔT×t 8 1.90E+02 2.38E+01 99.44 < 0.0001 
 ζ 1 1.61E+03 1.61E+03 6751.31 < 0.0001 
 ζ×ΔT 2 1.19E+02 5.96E+01 249.67 < 0.0001 
 ζ×t 4 4.24E+02 1.06E+02 444.12 < 0.0001 
 ζ×ΔT×t 8 1.82E+02 2.27E+01 95.03 < 0.0001 
 ΔT 2 7.03E+02 3.52E+02 1471.65 < 0.0001 
 ΔT×t 8 1.64E+02 2.05E+01 85.95 < 0.0001 
 t 4 3.61E+03 9.01E+02 3772.65 < 0.0001 

Error  3682 8.80E+02 2.39E-01   

Total   3763 1.36E+04       
   

                                                           
A2.2.2 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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Table A2.2.3 ANOVA for Gʺ.A2.2.3 

Source   DF SS MS F p 
Model       

 Replicate 2 2.14E-01 1.07E-01 9.77 < 0.0001 
 ω 20 1.91E+00 9.54E-02 8.71 < 0.0001 
 oil 1 5.24E+01 5.24E+01 4784.17 < 0.0001 
 oil×ζ 1 2.77E+00 2.77E+00 253.31 < 0.0001 
 oil×ΔT 2 6.04E+00 3.02E+00 275.99 < 0.0001 
 oil×t 4 1.37E+01 3.43E+00 313.27 < 0.0001 
 oil×ζ×ΔT 2 1.95E+00 9.75E-01 89.05 < 0.0001 
 oil×ζ×t 4 1.06E+00 2.65E-01 24.15 < 0.0001 
 oil×ΔT×t 8 2.51E+00 3.14E-01 28.63 < 0.0001 
 oil×ζ×ΔT×t 8 2.88E+00 3.60E-01 32.90 < 0.0001 
 ζ 1 1.76E+01 1.76E+01 1607.79 < 0.0001 
 ζ×ΔT 2 1.84E+00 9.21E-01 84.12 < 0.0001 
 ζ×t 4 4.25E+00 1.06E+00 96.96 < 0.0001 
 ζ×ΔT×t 8 3.69E+00 4.61E-01 42.08 < 0.0001 
 ΔT 2 6.96E+00 3.48E+00 317.83 < 0.0001 
 ΔT×t 8 2.30E+00 2.88E-01 26.27 < 0.0001 
 t 4 4.11E+01 1.03E+01 938.03 < 0.0001 

Error  3682 4.03E+01 1.10E-02   

Total   3763 2.04E+02       
  

                                                           
A2.2.3 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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Table A2.2.4 ANOVA for F.A2.2.4 

Source  DF SS MS F p 
Model       

 Replicate 2 8.60E+05 4.30E+05 5.62 0.0044 
 oil 1 2.27E+07 2.27E+07 297.14 < 0.0001 
 oil×t 4 5.29E+06 1.32E+06 17.27 < 0.0001 
 oil×ζ×t 5 5.94E+06 1.19E+06 15.51 < 0.0001 
 ζ 1 6.51E+06 6.51E+06 85.11 < 0.0001 
 ζ×t 4 4.08E+06 1.02E+06 13.31 < 0.0001 
 ΔT 2 3.36E+06 1.68E+06 21.96 < 0.0001 
 t 4 3.20E+07 8.00E+06 104.53 < 0.0001 

Error  156 1.19E+07 7.65E+04   

Total  179 9.27E+07    

  

                                                           
A2.2.4 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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A2.3 Chapter 4 
Table A2.3.1 ANOVA for ΔHT.A2.3.1 

Source  DF SS MS F p 
Model       

 Replicate 2 3.08E+01 1.54E+01 5.44 0.0047 
 oil 1 3.55E+03 3.55E+03 1256.56 < 0.0001 
 oil×ζ 1 2.43E+02 2.43E+02 85.82 < 0.0001 
 oil×q 2 4.68E+02 2.34E+02 82.69 < 0.0001 
 oil×ΔT 2 7.43E+01 3.72E+01 13.15 < 0.0001 
 oil×t 4 1.14E+03 2.85E+02 100.72 < 0.0001 
 oil×ζ×q 2 8.15E+01 4.08E+01 14.42 < 0.0001 
 oil×ζ×ΔT 2 2.51E+02 1.25E+02 44.38 < 0.0001 
 oil×ζ×t 4 2.92E+01 7.30E+00 2.58 0.0371 
 oil×q×ΔT 4 3.00E+02 7.50E+01 26.53 < 0.0001 
 oil×q×t 8 1.67E+02 2.08E+01 7.36 < 0.0001 
 oil×ΔT×t 8 1.56E+02 1.96E+01 6.92 < 0.0001 
 oil×ζ×q×ΔT 4 3.25E+01 8.12E+00 2.87 0.0229 
 oil×ζ×ΔT×t 8 1.37E+02 1.71E+01 6.04 < 0.0001 
 oil×q×ΔT×t 16 1.00E+02 6.26E+00 2.22 0.0047 
 oil×ζ×q×ΔT×t 24 1.29E+02 5.35E+00 1.89 0.0075 
 ζ 1 3.01E+02 3.01E+02 106.55 < 0.0001 
 ζ×q 2 3.45E+01 1.73E+01 6.11 0.0025 
 ζ×ΔT 2 9.92E+02 4.96E+02 175.51 < 0.0001 
 ζ×t 4 1.18E+02 2.95E+01 10.44 < 0.0001 
 ζ×q×ΔT 4 1.63E+02 4.06E+01 14.37 < 0.0001 
 ζ×q×t 8 8.58E+01 1.07E+01 3.79 0.0003 
 ζ×ΔT×t 8 2.07E+02 2.59E+01 9.15 < 0.0001 
 ζ×q×ΔT×t 16 1.86E+02 1.16E+01 4.11 < 0.0001 
 q 2 5.51E+03 2.75E+03 973.97 < 0.0001 
 q×ΔT 4 1.18E+03 2.96E+02 104.64 < 0.0001 
 q×t 8 9.68E+02 1.21E+02 42.81 < 0.0001 
 q×ΔT×t 16 2.95E+02 1.84E+01 6.51 < 0.0001 
 ΔT 2 6.41E+02 3.21E+02 113.41 < 0.0001 
 ΔT×t 8 1.12E+02 1.40E+01 4.96 < 0.0001 
 t 4 1.77E+04 4.41E+03 1560.80 < 0.0001 

Error  358 1.01E+03 2.83E+00   

Total  539 3.63E+04    

                                                           
A2.3.1 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 



137 
 

Table A2.3.2 ANOVA for Gʹ.A2.3.2 
Source  DF SS MS F p 
Model       

 Replicate 2 4.05E+01 2.03E+01 33.47 < 0.0001 
 ω 20 6.45E+02 3.23E+01 53.33 < 0.0001 
 oil 1 7.77E+03 7.77E+03 12840.90 < 0.0001 
 oil×ζ 1 2.21E+02 2.21E+02 364.59 < 0.0001 
 oil×q 2 6.03E+02 3.01E+02 498.06 < 0.0001 
 oil×ΔT 2 4.53E+02 2.26E+02 374.10 < 0.0001 
 oil×t 4 2.24E+03 5.60E+02 925.85 < 0.0001 
 oil×ζ×q 2 2.51E+02 1.25E+02 207.28 < 0.0001 
 oil×ζ×ΔT 2 3.22E+02 1.61E+02 266.01 < 0.0001 
 oil×ζ×t 4 5.81E+01 1.45E+01 24.00 < 0.0001 
 oil×q×ΔT 4 4.28E+02 1.07E+02 176.84 < 0.0001 
 oil×q×t 8 3.61E+02 4.52E+01 74.62 < 0.0001 
 oil×ΔT×t 8 1.79E+02 2.23E+01 36.87 < 0.0001 
 oil×ζ×q×ΔT 4 4.10E+01 1.03E+01 16.94 < 0.0001 
 oil×ζ×q×t 8 1.61E+02 2.01E+01 33.15 < 0.0001 
 oil×ζ×ΔT×t 8 1.34E+02 1.68E+01 27.77 < 0.0001 
 oil×q×ΔT×t 16 2.82E+02 1.76E+01 29.13 < 0.0001 
 oil×ζ×q×ΔT×t 16 5.34E+02 3.34E+01 55.17 < 0.0001 
 ζ 1 1.11E+04 1.11E+04 18321.90 < 0.0001 
 ζ×q 2 7.93E+02 3.97E+02 655.33 < 0.0001 
 ζ×ΔT 2 2.20E+02 1.10E+02 181.58 < 0.0001 
 ζ×t 4 3.92E+02 9.79E+01 161.85 < 0.0001 
 ζ×q×ΔT 4 6.34E+02 1.59E+02 262.05 < 0.0001 
 ζ×q×t 8 4.34E+02 5.42E+01 89.55 < 0.0001 
 ζ×ΔT×t 8 1.26E+03 1.58E+02 260.65 < 0.0001 
 ζ×q×ΔT×t 16 7.41E+02 4.63E+01 76.57 < 0.0001 
 q 2 4.40E+03 2.20E+03 3632.40 < 0.0001 
 q×ΔT 4 2.99E+02 7.47E+01 123.41 < 0.0001 
 q×t 8 5.73E+02 7.16E+01 118.34 < 0.0001 
 q×ΔT×t 16 9.73E+02 6.08E+01 100.51 < 0.0001 
 ΔT 2 1.08E+03 5.42E+02 895.01 < 0.0001 
 ΔT×t 8 1.16E+03 1.45E+02 238.96 < 0.0001 
 t 4 9.90E+03 2.48E+03 4091.35 < 0.0001 

Error  11060 6.69E+03 6.05E-01   

Total  11261 5.51E+04    

                                                           
A2.3.2 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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Table A2.3.3 ANOVA for F.A2.3.3 

Source  DF SS MS F p 
Model       

 Replicate 2 6.71E+05 3.35E+05 6.30 0.0020 
 oil 1 5.14E+07 5.14E+07 965.55 < 0.0001 
 oil×ζ 1 2.33E+06 2.33E+06 43.71 < 0.0001 
 oil×q 2 1.11E+06 5.55E+05 10.42 < 0.0001 
 oil×t 4 1.06E+07 2.64E+06 49.57 < 0.0001 
 oil×ζ×q 2 1.55E+06 7.73E+05 14.51 < 0.0001 
 oil×ζ×t 4 1.24E+06 3.09E+05 5.81 0.0001 
 oil×ζ×q×ΔT 12 1.35E+06 1.12E+05 2.11 0.0152 
 oil×ζ×q×t 16 2.33E+06 1.45E+05 2.73 0.0004 
 ζ 1 2.76E+07 2.76E+07 519.14 < 0.0001 
 ζ×q 2 6.59E+05 3.30E+05 6.19 0.0020 
 ζ×ΔT 2 3.00E+06 1.50E+06 28.21 < 0.0001 
 ζ×t 4 6.12E+06 1.53E+06 28.73 < 0.0001 
 ζ×q×ΔT 4 1.30E+06 3.25E+05 6.11 < 0.0001 
 ζ×q×t 8 1.91E+06 2.39E+05 4.48 < 0.0001 
 q 2 1.48E+07 7.40E+06 138.98 < 0.0001 
 q×ΔT 4 1.41E+06 3.52E+05 6.61 < 0.0001 
 q×t 8 1.71E+06 2.14E+05 4.02 0.0001 
 q×ΔT×t 16 1.86E+06 1.16E+05 2.18 0.0052 
 ΔT 2 3.12E+06 1.56E+06 29.35 < 0.0001 
 ΔT×t 8 8.46E+05 1.06E+05 1.99 0.0467 
 t 4 1.14E+08 2.85E+07 534.93 < 0.0001 

Error  430 2.29E+07 5.32E+04   

Total  539 2.74E+08    

  

                                                           
A2.3.3 Degrees of freedom (DF); sum of squares (SS); mean squares (MS). 
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A3 Multiple Regression Analysis 

A3.1 Sample Calculation 

The models generated within this thesis were third-order as it was determined that the 

unexplained variance associated with second-order models was too large. Additionally, little 

gain in this variance was to be had as the models increased from third- to fourth-order. 

The process of reducing a full model into a subset model using Mallows’ CP statistic as a 

guide is purely computational as thousands of subset permutations may be compared, 

depending on the total number of parameters in the original full model (Mallows, 1973). 

Therefore, this sample calculation begins with the subset model and follows the formulas 

provided in Snedecor and Cochran (1989). A basic knowledge of matrix notation and 

algebra is also required to understand how partial regression coefficients of these subset 

models are derived. 

Subset model 3.9b from Chapter 3 which predicted firmness in PMF was used for this 

sample calculation simply for its brevity compared to the other models. The associated 

temporary model of this subset, before coefficient derivation, is: 

ŷ = 𝛽଴ + 𝛽ଵ𝑡 + 𝛽ଶ𝑡ଶ + 𝛽ଷ𝑡ଷ + 𝛽ସ𝛥𝑇𝑡 + 𝛽ହ𝛥𝑇𝑡ଶ + 𝛽଺𝜁𝑡 (A1.1) 
 

where β values are partial regression coefficients. This model was composed from the 

dataset provided in Table A3.1.1 with a total (n) of 90 observations. 

To estimate the β values, the principle of least squares was employed. The least squares 

equation was written as the matrix notation: 
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Table A3.1.1 Firmness dataset for PMF (Chapter 3).A3.1.1 

ζ ΔT (°C) t (week) F (kg) 

0 

-5 

0 0.002 0.002 0.002 
1 0.194 0.177 0.253 
2 0.365 0.328 0.319 
3 0.474 0.417 0.406 
4 0.592 0.483 0.494 

0 

0 0.015 0.006 0.009 
1 0.513 0.427 0.437 
2 0.666 0.457 0.597 
3 0.624 0.562 0.673 
4 0.506 0.532 0.585 

8 

0 0.034 0.010 0.030 
1 0.562 0.552 0.642 
2 0.558 0.635 0.704 
3 0.863 0.729 0.729 
4 0.748 0.838 0.812 

1 

-5 

0 0.007 0.005 0.008 
1 0.170 0.500 0.269 
2 0.396 0.637 0.390 
3 0.340 0.618 0.535 
4 0.611 0.750 0.645 

0 

0 0.004 0.004 0.005 
1 0.661 0.258 0.392 
2 0.936 0.449 0.554 
3 0.959 0.552 0.788 
4 1.126 0.654 0.878 

8 

0 0.032 0.055 0.075 
1 0.470 0.880 0.373 
2 0.764 0.968 0.530 
3 0.996 1.324 0.603 
4 0.895 1.310 0.592 

  

                                                           
A3.1.1 Confectioner’s sugar (ζ); cooling endpoint deviation (ΔT); storage time (t), firmness (F). 
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(XT⋅X)b = (XT⋅Y) (A1.2) 
 

where (XT·X) is the symmetric matrix further defined as: 

 

(A1.3) 

 

 

 

 

and (XT·Y) is further defined as: 

 

(A1.4) 

 

 

 

 

n Σt Σt2 Σt3 ΣΔTt ΣΔTt2 Σζt

Σt Σt2 Σt3 Σt4 ΣΔTt2 ΣΔTt3 Σζt2

Σt2 Σt3 Σt4 Σt5 ΣΔTt3 ΣΔTt4 Σζt3

(XT·X) = Σt3 Σt4 Σt5 Σt6 ΣΔTt4 ΣΔTt5 Σζt4

ΣΔTt ΣΔTt2 ΣΔTt3 ΣΔTt4 ΣΔT2t2 ΣΔT2t3 ΣζΔTt2

ΣΔTt2 ΣΔTt3 ΣΔTt4 ΣΔTt5 ΣΔT2t3 ΣΔT2t4 ΣζΔTt3

Σζt Σζt2 Σζt3 Σζt4 ΣζΔTt2 ΣζΔTt3 Σζ2t2

90 180 540 1800 180 540 90
180 540 1800 6372 540 1800 270
540 1800 6372 23400 1800 6372 900

(XT·X) = 1800 6372 23400 88020 6372 23400 3186
180 540 1800 6372 16020 53400 270
540 1800 6372 23400 53400 189036 900
90 270 900 3186 270 900 270

Σy
Σty

Σt2y

(XT·Y) = Σt3y
ΣΔTty

ΣΔTt2y
Σζty

43.526
117.012
367.280

(XT·Y) = 1254.191
240.981
735.498
65.213
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To estimate the partial regression coefficients for model 3.9b, the least squares equation was 

solved for its corresponding matrix (b): 

 
 

(A1.5) 

 
 

 

 

 

  

b0

b1

b2

b = (XT·X)-1 (XT·Y) = b3

b4

b5

b6

5.476E-02 -8.267E-02 3.571E-02 -4.630E-03 9.869E-19 -2.467E-19 0.000E+00 43.526
-8.267E-02 3.573E-01 -2.153E-01 3.318E-02 -1.107E-03 3.126E-04 -3.704E-03 117.012
3.571E-02 -2.153E-01 1.430E-01 -2.315E-02 3.126E-04 -9.377E-05 7.519E-18 367.280

b = -4.630E-03 3.318E-02 -2.315E-02 3.858E-03 -5.114E-19 1.470E-19 -1.218E-18 1254.191
0.000E+00 -1.107E-03 3.126E-04 0.000E+00 1.107E-03 -3.126E-04 0.000E+00 240.981
0.000E+00 3.126E-04 -9.377E-05 0.000E+00 -3.126E-04 9.377E-05 0.000E+00 735.498
0.000E+00 -3.704E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 7.407E-03 65.213

0.0206
0.4894
-0.1563

b = 0.0177
0.0221
-0.0042
0.0497
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A3.2 Confidence Limits 

Continuing with model 3.9b as an example, its variance of error (σ2) was first determined to 

later predict the confidence limits. This began with the determination of its total sum of 

squares as shown in Table A3.2.1 where y and ŷ represent the observed and predicted (based 

on model 3.9b) firmness for PMF. 

Table A3.2.1 Sum of squares for PMF (Chapter 3). 

Observation y (kg) ŷ (kg) (y-ŷ)2 (kg2) 
1 0.0020 0.0206 3.470E-04 
2 0.0017 0.0206 3.583E-04 
3 0.0017 0.0206 3.583E-04 
4 0.1940 0.2821 7.758E-03 
5 0.1773 0.2821 1.098E-02 
6 0.2530 0.2821 8.456E-04 
7 0.3646 0.3792 2.125E-04 
8 0.3276 0.3792 2.660E-03 
9 0.3187 0.3792 3.658E-03 

10 0.4741 0.4181 3.141E-03 
⁝ ⁝ ⁝ ⁝ 

88 0.8949 0.9737 6.206E-03 
89 1.3097 0.9737 1.129E-01 
90 0.5920 0.9737 1.457E-01 

Total   1.620E+00 
 

The total degrees of freedom for the dataset was 89 (e.g., n – 1) whereas the degrees of 

freedom for the model was 6 (e.g., total parameters minus one). Consequently, the degrees 

of freedom that was associated with error was 83. With this information, σ2 was determined 

to be: 

𝜎ଶ =
∑(𝑦 − 𝑦̂)ଶ

𝑑𝑓
=

1.620

83
= 0.01952 (A2.1) 
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To estimate the confidence limits around an arbitrary point (e.g., ζ = 0, q = 10 °C·min-1, 

ΔT = 0 °C, and t = 4 weeks), ŷ was first determined from the subset model: 

ŷ = 0.0206 + 0.4894(4) − 0.1563(4)ଶ + 0.0177(4)ଷ + 0.0221(0)(4)
− 0.0042(0)(4)ଶ + (0)[0.0497(0)] 

 
(A2.2) 

𝑦ො = 0.610  
 

Next, the variance associated with this arbitrary point was determined: 

𝑉𝑎𝑟(𝑦ො) = 𝑐்(𝑋் ⋅ 𝑋)ିଵ𝑐𝜎ଶ (A2.3) 
 

where cT was further defined as: 

 (A2.4) 
 

Therefore: 

 

cT(XT·X)-1c = 0.08609 

𝑉𝑎𝑟(𝑦ො) = 𝑐்(𝑋் ⋅ 𝑋)ିଵ𝑐𝜎ଶ = (0.08609)(0.01952) = 0.00168 

With ŷ and Var(ŷ) solved, the confidence limits were determined for a two-tailed test (α = 

0.05) according to: 

  

cT = 1 t t2 t3 ΔTt ΔTt2 ζt

90 180 540 1800 180 540 90 1
180 540 1800 6372 540 1800 270 4
540 1800 6372 23400 1800 6372 900 16

cT(XT·X)c = 1 4 16 64 0 0 0 1800 6372 23400 88020 6372 23400 3186 64
180 540 1800 6372 16020 53400 270 0
540 1800 6372 23400 53400 189036 900 0
90 270 900 3186 270 900 270 0
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(𝐿𝐶𝐿, 𝑈𝐶𝐿) = yො ± 𝑡
ௗ௙,

ఈ
ଶ

× ඥ𝑉𝑎𝑟(yො) 

 

(A2.5) 

(𝐿𝐶𝐿, 𝑈𝐶𝐿) = 0.610 ± (1.989)൫√0.00168൯ = (0.607, 0.614)  
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A4 Crystal Morphology of Palm Mid-Fraction 

 

Figure A4.1 Effects of sugar and cooling rate on final PMF crystal morphology (e.g., 
week 4) cooled to 20 °C (bar = 20 μm).  
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