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ABSTRACT 

Crystallization Behavior of Waxes 

by 

Sarbojeet Jana, Doctor of Philosophy 

Utah State University, 2016 

 

Major Professor: Dr. Silvana Martini 

Department: Nutrition, Dietetics, and Food Sciences 

 

Crystallization behavior of different waxes such as beeswax (BW), paraffin wax 

(PW), ricebran wax (RBW), sunflower wax (SFW) was studied individually and in 

different oil solutions. Binary mixture at various proportions of the individual waxes was 

also explored in this study. Soybean oil is used in most of the study but olive, corn, 

sunflower, safflower, and canola oils were also explored. Lipid crystalline networks were 

characterized by several physical properties were such as melting profile, solid fat 

content, viscoelastic parameters, cooling rate, phase behavior, crystal morphology. High 

intensity ultrasound (HIU) was used to change processing conditions of lipid 

crystallization. Instruments used to analyze the physical characteristics were differential 

scanning calorimeter, nuclear magnetic resonance spectroscopy, rheometer, temperature 

controlled water-bath, turbiscan light scattering device, and polarized light microscopy. 

The use of high intensity ultrasound showed that HIU technology can be used to delay 

the phase separation in beeswax/ oil system (canola, corn, olive, safflower, sunflower and 

soybean oil). Crystal sizes were reduced in beeswax/oil system at 0.5 and 1% 

concentration with the application of HIU technology. A study on binary waxes showed 
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different phase behavior: eutectic behavior in BW/PW, SFW/PW, SFW/ BW, and 

RBW/BW; monotectic behavior in RBW/PW and continuous solid solution in 

RBW/SFW. Binary waxes in oil system (2.5% binary waxes) showed different physical 

properties when a range of binary blends were analyzed. Phase diagrams using iso-solid 

lines in binary wax/oil study show similarity when binary waxes without oil were studied 

using melting profile data. From all the above study it is understood that the physical 

properties of wax/oil systems are affected not only by the concentration and type of wax 

used, but also by the type of oil and application of HIU which induces wax crystallization 

and retards phase separation in wax/oil systems. Studies performed on all the topics 

suggest that understanding wax crystallization could help develop product formulation in 

food, pharmaceuticals, cosmetics, medicine and other industries.                                                                                                        

 (198 pages) 
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PUBLIC ABSTRACT 

Crystallization Behavior of Waxes 

Sarbojeet Jana 

Partially hydrogenated oil (PHO) has no longer GRAS status. However, PHO is 

one of the important ingredients in bakery and confectionary industry and therefore the 

food industry is seeking for an alternative fat to replace PHO. Waxes have shown 

promise to fulfill that demand because of its easy availability and cheap in price. Waxes 

with high melting points (> 40 °C) help in the crystallization process when mixed with 

low melting point oils. A crystalline network is formed in this wax/oil crystallization 

process where liquid oil is entrapped in wax crystal network. A new material is formed 

which is neither completely solid nor completely liquid; it’s called semisolid material. 

This wax/oil semisolid material is formed physically; there are no chemical processes or 

treatments involved. This material has a potential use in the lipid industry due to its 

resemblance to the properties of commercial margarine or similar lipids. BW has shown 

softer crystalline network formation compared to SFW and RBW. It is understood that 

presence of higher wax ester in SFW and RBW leads to stronger crystalline material 

formation. Blending waxes of different chemical composition (e.g. BW: wax ester, 

hydrocarbon, fatty acids, di-esters, hydroxyl esters. RBW: 100% wax ester) shows 

differences in physical characteristics at different blending proportions. HIU technology 

helps in delaying phase separation of crystals in low concentration (0.5 and 1% wt. basis) 

of wax/oil system. Our overall wax crystallization study has shown that there are 

different physical characteristics of wax/oil semi-solid system based on different 
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parameters and processing conditions such as wax concentration, wax and oil type, 

cooling rate, storage temperature, high intensity ultrasound. The hypothesis of this 

dissertation is that chemical composition of waxes and vegetable oils and also processing 

conditions affect wax crystallization and physical properties of wax/oil materials.      
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CHAPTER 1 

INTRODUCTION 

Waxes are classified as lipids because they are non-polar and soluble in organic 

solvents. Throughout time, waxes have been utilized in various applications: candles, 

cosmetic products (i.e. lipstick, mascara, moisturizing creams and sunscreens), dental 

science, rubber tire formulations, dehydrating cheese and food waxing and coating. 

Waxes are ideal components for these applications since they have high melting points 

and they self-assemble at room temperature to form crystalline materials. Most wax 

studies have been performed on paraffin wax (PW) which is composed by a complex 

composition of hydrocarbons. Paraffin wax is obtained from crude oils where it 

crystallizes at low temperature where the temperature of the external environment is 

below the cloud point temperature. Research groups within the world of oil refinery have 

studied paraffin wax crystallization in great detail [1, 2], but the crystallization behavior 

of vegetable waxes has not been studied thoroughly. Animal and vegetable waxes have 

been used as natural, solvent-free and economic sources to replace non-soluble polymers 

in the pharmaceutical and cosmetic industries. Waxes such as sunflower wax (SFW), 

beeswax (BW) and rice bran wax (RBW) in particular have gained attention within the 

food industries given the natural origin of these materials and the possibility of including 

them in clean-label products. During crystallization, various molecular rearrangements 

may occur. Such rearrangements result in differing crystalline material properties, such as 

hardness, viscoelasticity and encapsulation efficiency. Wax composition is particularly 

complex due to the presence of many different types of molecules. It has been noted that 

crystalline network formations differ in physical characteristics, depending on the type of 
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wax being studied. PW is composed of high molecular weight n-alkanes. RBW consists 

of long chain aliphatic esters. SFW and BW include a mixture of n-alkanes, esters, free 

fatty acids and aliphatic alcohols. Figure 1-1 represents examples of these classes of 

molecules present in waxes. The type and content of each of these molecules also leads to 

differing melting temperatures—90, 85, 74 and 68 °C in RBW, SFW, BW and PW, 

respectively.   

 

 

 

 

 

          No scientific research clearly describes how different molecules in waxes co-

crystallize when super-cooled to form crystals. None have discussed the potentially major 

role inter-molecular forces such as van der Waals forces, hydrogen bonds and London 

dispersion forces could play in co-crystallization of waxes. Phase diagrams can be used to 

understand the phase behavior of a system and to evaluate how molecules interact during 

the crystallization process. A phase diagram shows each phase (solid, liquid, or gas) of 

the materials studied at equilibrium as a function of temperature, composition and 

sometimes pressure. This diagram helps to determine total amount of material that can be 

crystallized under any given condition. Mixtures of pure triacylglycerols [3, 4, 5], fatty 

Triacontane (n-alkane) 

Stearyl palmitate (long chain aliphatic ester) 

Stearic acid (free fatty acid) 

Stearyl alcohol (aliphatic alcohol) 

Figure 1-1. Left top: n-alkane; Left bottom: long chain aliphatic ester; Right 

top: free fatty acid; Right bottom: aliphatic alcohol 
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acids [6, 7] and monoacylglycerols [8] were studied using phase diagrams, while pseudo-

phase diagrams were reported for confectionery fats, such as cocoa butter and anhydrous 

milk fat [9, 10]. 

In 2015, the FDA announced that partially hydrogenated oils with a high content 

of trans-fats would no longer have GRAS (Generally Recognized as Safe) status [11]. To 

transform liquid oil to solid at room temperature (25 °C) without hydrogenation, the 

wax/oil oleogel concept has recently gained popularity. When high wax concentrations 

(2.5, 5, 10, 15%) are used, a strong crystalline network is formed, with properties similar 

to those observed in edible shortenings. This resulting material is usually called an 

oleogel or organogel [12]. Its crystalline network creates a system that is not free-

flowing, and hence, an oleogel is neither solid nor liquid and it is considered a semi-solid. 

It is, therefore, important to understand the crystallization behavior of waxes in order to 

better predict the physical and functional properties of the oleogels that they form. 

Previous research on candelilla wax has shown that when this wax is crystallized at low 

concentrations (1%), some degree of phase separation (crystal sedimentation) is 

observed, limiting its use as an oleogelator [13]. When higher wax concentrations are 

used, oleogels or organogels [14] are formed. Research [6] has shown that a waxes’ 

chemical composition acts as a leading predictor of the changes in physical properties of 

wax/oil system. The physical properties of waxes, including hardness, viscoelasticity, 

smoothness and encapsulation efficiency, are driven by each wax’s molecular 

composition and the molecular interactions that occur during crystallization. As high 

melting point materials (Tm = 50−80 °C) with low solubility in vegetable oils, waxes 
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crystallize rapidly when placed at room temperature. Even when present at an extremely 

low concentration (i.e. 0.1%) waxes in oil can generate a crystalline material. The 

formation of oleogels using natural waxes was first reported by the Toro-Vazquez group 

[15-21], which used candelilla wax to form an oleogel in safflower oil. Those research 

groups have analyzed the physical characteristics of wax/oil systems by using varying 

wax and oil combinations.  

Based on the current knowledge related to wax crystallization the overall goal of 

this dissertation is to cast light on the roles that molecular entities present in waxes, the 

types of oil used and processing conditions affect wax crystallization and the physical 

properties of the materials obtained thereby.  

Hypothesis 

          Chemical composition of waxes and vegetable oils and processing conditions affect 

wax crystallization and the physical properties of the materials obtained. 

The specific objectives to test the hypothesis are: 

Objective 1: 

         Objective 1a: Evaluate the crystallization behavior of beeswax (BW) in different 

vegetable oils (canola, corn, olive, safflower, sunflower and soybean oil), as affected by 

cooling rate (0.1, 1, and 10°C/min) and wax concentration (0.5 and 1%) 

         Objective 1b: Evaluate the effect of high-intensity ultrasound on wax crystallization 

and phase separation.  
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Objective 2: 

         Characterize the viscoelastic properties of three waxes of different chemical 

composition (sunflower oil wax, beeswax and paraffin wax) in different vegetable oils 

(soybean, canola, corn, sunflower, safflower and olive oil) at concentrations relevant for 

food applications (1, 2.5, 5, and 10%). 

Objective 3: 

        Study phase behavior of binary systems using blends of four waxes: paraffin 

wax/beeswax (PW/BW), paraffin wax/rice bran wax (PW/RBW), paraffin wax/sunflower 

wax (PW/SFW), rice bran wax/beeswax (RBW/BW), rice bran wax/sunflower wax 

(RBW/SFW) and sunflower wax/beeswax (SFW/BW) in different proportions, from 0-

100% in 10% intervals. 

Objective 4: 

        Study the physical characterization of crystalline networks formed by the binary 

blends of waxes (2.5% of SFW/BW, RBW/BW and RBW/SFW) in soybean oil.  
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CHAPTER 2 

LITERATURE REVIEW 

Introduction 

        The literature review will provide an overview of the recent trends in wax 

crystallization mostly related to wax/oil systems. The basic lipid crystallization behavior 

and functional properties will be discussed.  

Removal of partially hydrogenated oil from foods 

        Most vegetable oils such as soybean, safflower, canola, corn are liquids at room 

temperature (25 °C). Those oils can be transformed by partial hydrogenation into a semi-

solid at room temperature. Solid or semi-solid fats are popular among food producers 

since they provide better functional properties to foods. However, due to the negative 

health effects of trans-fats and the elimination of GRAS status by the FDA (2015), 

scientists are exploring new technologies and processes that can make liquid oil solid at 

room temperature without the ill presence of trans-fat. Gelation has gained popularity 

due to its solid-fat functionality, where a low molecular weight compound can self-

assemble upon cooling and form a crystalline network that will entrap oil, so that the 

system will behave as a semi-solid material. According to Humphrey et al. [1], oleogels 

are semi-solid materials where a gelling molecule dissolved in a liquid phase aggregates 

by self-assembly or crystallization. When the liquid is an organic solvent, the gel is called 

organogel. Similarly, if the liquid is oil, the gel is called oleogel. The solid component or 

gelling molecule is often referred to as the gelator. In the study of wax/oil systems, the 
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commonly used term is oleogel and in these systems, wax is the solid-like component or 

gelator that arrests the free flow of oil. 

        There are two major routes used to structure organic solvents and especially edible 

oils [2, 3]. The first technique uses a dispersed foreign phase such as small inert particles, 

crystallized solids, or separated droplets to form a network that entraps oil. The second 

technique includes self-assembly molecular interactions, generally observed with low-

molecular weight organogelators. These molecular interactions include covalent, 

electrostatic, steric, van der Waals, or hydrogen-bonding. Several compounds [4] can be 

used for oil gelation such as waxes, fatty acids [5], fatty alcohols [6], mono- and di-

acylglycerols [7], ceramides [8], 12-hydroxysteatic acid [9-12], and binary systems such 

as β-sitosterol + oryzanol [13], fatty acids + fatty alcohol, lecithin + sorbitol esters [14] 

and even polymer ethyl cellulose [15]. Crystallization behavior of fatty acids is the main 

oil structuring route for the gel formation, but aggregation of tubules [16] is also another 

method to form gel. Bot et al. [16] have shown that a binary mixture of γ-oryzanol + β-

sitosterol can self-assemble to form tubules, and the tubules then aggregate to form 

transparent gel in triglyceride oils [17]. The structuring of oil involves crystallization of 

lipids and thus phase changes are a major concern. Wright et al. emphasized the 

importance of phase behavior when dealing with crystallization of lipids. Previous studies 

with different molecular compounds have shown that low molecular weight compounds 

(LMW) [18] are the best to be used as gelators. 

        Recent studies confirm that acute post prandial [19] and long-term serum 

triacylglycerol levels are directly connected to the type of fat in diet [20]. It is therefore 
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needed to normalize or decrease serum-free fatty acid levels to reduce the risk for chronic 

diseases [21]. Substitution of saturated and trans-fats by edible liquid oils may decrease 

the incidence of many of these chronic diseases [21, 22]. Hughes et al. [23] showed that 

mean post prandial serum triacylglycerol levels are significantly lower for organogel than 

for butter and margarine, but that canola oil shows a small increase. The same trend is 

observed for mean post prandial serum-free fatty acid levels. The same group of 

researchers [23] also found that a binary mixture of sitosterol and oryzanol (< 2% in 

weight basis) in edible oils and organogels demonstrated the ability to protect part of their 

components through the early stages of the human digestive process. These new studies 

show the potential of using oleogels as healthier lipid sources and should also be engaged 

in further evaluation of the nutritional potential of organogels. 

Different types of wax-oleogel depending on wax and oil 

        Waxes have been used in pharmaceutical, cosmetic, and food industries [24-28] due 

to the ability to self-assemble at room temperature to form crystalline materials. The 

physical properties of waxes such as hardness, viscoelasticity, smoothness, and 

encapsulation efficiency are driven by the molecular compositions and molecular 

interactions that occur during crystallization. In particular, the food industry has 

traditionally used waxes such as candelilla wax as edible coatings to improve shelf life of 

fruits and vegetables [29]. In addition, waxes such as carnauba, candelilla, beeswax, 

paraffin, montan, and various hydrocarbon waxes have been used to formulate ionic and 

non-ionic micro-emulsions to be used as edible coatings [30]. Other uses of natural waxes 
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include the use of jojoba wax as a food additive [31] and of carnauba wax to 

microencapsulate flavors [32]. 

        Natural waxes are composed of several different molecular entities, such as esters of 

long-chain aliphatic alcohols and long-chain fatty acids, n-alkanes, free fatty acids, and 

free long-chain alcohols.  Table 2-1 shows recent studies that evaluate food applications 

of wax/oil systems. All these studies have used wax/oil blends to replace margarine-type 

ingredients in a food product.  

Table 2-1. Wax/oil organogel application in Foods: 

No. Citations Formulation Food Product Use 

1 Yilmaz et al. [45] Sunflower wax (3%, 7% and 

10%) + Olive oil 

And Beeswax (3%, 7% and 10%) 

+ Olive oil 

Breakfast Margarine 

2 Botega et. al [46] Rice bran wax (10%) + 

Sunflower oil 

Solid Fat in Ice cream 

3 Jang et al. [47] Candelilla wax (3 – 6%) + Canola 

oil 

Shortening in Baked 

goods 

4 Patel et al. [48] Shellac (2%) + Sunflower oil 

And emulsion in 20% water   

Spreads, chocolate 

paste and cakes 

 

5 Yilmaz et al. [49] Sunflower wax + hazelnut oil  Cookies 
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And Beeswax + hazelnut oil 

6 Öǧütcü et al. [50] Carnauba wax (3%) + Virgin 

Olive oil 

Breakfast margarine-

like products 

 

        For example, rice bran wax is composed almost 100% esters, whereas beeswax is 

composed of esters, n-alkanes, diesters, and free acids. Crystallization of paraffin wax in 

crude oil pipeline is a common phenomenon in the petroleum industry. This phenomenon 

gave birth to the idea that saturated hydrocarbons can form a gel with other hydrophobic 

solvents [33]. Then scientists in the food industry began making food grade oils (e.g., 

safflower oil, soybean oil, olive oil, etc.) as a semi-solid system at room temperature by 

incorporating food grade waxes such as beeswax, candelilla wax, or carnauba wax. Toro-

Vazquez et al. [34] studied candelilla wax (2% wt. basis) in safflower oil; Dassanayake et 

al. [35] studied rice bran wax in olive oil, rice bran wax and carnauba wax in liquid oils 

[olive oil and salad oil (canola: soy bean oil = 50:50)]; Hwang et al. [36] studied 

sunflower wax in soybean oil, and similar wax-based organogels have been studied as 

well [37-44]. All these studies involved different wax/oil combinations and focused on 

major physical characteristics of gelation properties, e.g., cooling rate, thermal properties 

of wax and oil, microstructure, solid fat content, rheological properties, and storage 

temperature. In general, these wax-based organogel studies showed that gelation occurred 

when at least 2.5 - 10% wt. basis of waxes in oil is used. When higher wax concentrations 

are used, a stronger crystalline network is formed with properties similar to those 

observed in edible shortenings. However, there are still concerns about the organoleptic 
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properties of these materials, such as waxy mouth feel, when dealing with these high 

concentrations of waxes in oils. It is not possible to understand the gelation properties by 

only analyzing one characteristic. One must study all the properties combined to get an 

overall picture how these semi-solid systems work. In the future, a mathematical 

modelling of different wax/oil systems could help interpret a better system for any 

specific product formulation. 

Phase behavior of lipids and their blends 

        Phase behavior refers to a phase change in a material with respect to temperature or 

pressure. Phase diagrams are plots that shows phase equilibrium of any particular 

substance under specific thermodynamic conditions such as temperature, pressure, 

volume, or mass [51]. This plot helps formulate different products irrespective of the 

field of research. In lipid science, a phase diagram is always needed to formulate products 

like chocolate using cocoa butter, milk fat, cocoa butter replacers and cocoa butter 

substitutes [52]. Phase diagrams are constructed for pure components but when the 

components are not categorized as pure, such as natural fats the same phase diagram is 

usually referred to as pseudo-phase diagram. With the rapid growth of research engaged 

in wax/oil system study, pseudo-phase diagrams could depict a clear picture in 

identifying crystallization behavior of wax blends.  

        Pseudo-phase diagrams have become an important tool in the confectionery industry 

for identifying fats that are compatible with cocoa butter and it will not form eutectics [5, 

13]. A eutectic system describes a homogeneous mixture of different chemical 
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constituents where there is a mutual freezing point. That point is called as eutectic point 

and a eutectic point describes a unique temperature for solidus and liquidus lines. 

Eutectic formation between fats and cocoa butter result in a softer material that 

significantly affects product quality and shelf life.  Wright et al. [53] studied preliminary 

phase behavior of vegetable oil–based organogel using ricinolaidic acid (12-hydroxy-9-

trans-octadecenoic acid, REA); and they showed different phases such as fat-like, non-

transparent gel, thick liquid and liquid. Chen et al. [54] had shown DSC phase diagram of 

monoglycerides-C18/hazelnut oil system. Experimental phase diagram of a blend of two 

lipid molecules can be drawn from the melting behavior of the material by calculating 

melting onset (Ton) and peak temperatures (Tp). These values are usually plotted against 

composition. A common practice in the lipid industry is to mix different fats to obtain 

shortenings with specific physical and functional properties.  

        Therefore, it is more useful to study phase transition of mixtures of bulk fats rather 

than pure molecules. These diagrams can be also plotted using iso-solid lines where 

temperatures at which the samples have the same solid fat content (SFC) are plotted 

against composition.  

        Different types of phase behaviors exist depending on the melting points of 

molecules. These types of behaviors include monotectic, eutectic, peritectic, and 

continuous solid solution system (Figure 2-1). A continuous solid solution is formed 

when two pure components have similar meting points. Figure 2-1 shows the types of 

phase behaviors observed in materials, where A = pure component, B = another pure 

component (≠ A) that melts at a higher temperature than A, L = liquid solution, S = solid 
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solution, SA = solid solution rich in component A, SB = solid solution rich in component 

B, Liquidus Line = the temperature boundary line above which a component is 

completely liquid (L). This line is also interpreted as the maximum thermodynamic 

equilibrium temperature at which crystals can co-exist. Finally, the solidus line is the 

temperature boundary line below which a component is completely solid (S). Figure 2-1a 

shows a phase diagram describing a solid solution system of two pure components. When 

A and B are mixed in different proportions, they co-crystallize forming a solid solution 

where the composition of the solid obtained does not vary with changes in the 

compositions of the components. This is the simplest phase diagram. L + S indicates the 

solid and liquid coexistence with respect to the composition. In this case, none of the 

components can crystallize as a pure component and a freezing point depression is not 

observed. 

        Figure 2-1b shows a typical phase diagram for components that display eutectic 

behavior. The section of the diagram that contains L+SA indicates a zone where a liquid 

is in equilibrium with a solid solution rich in component A. Similarly, L+SB means that 

the liquid is in equilibrium with a solid rich in component B. 

        When two different components with different chemical compositions are mixed, 

two different liquidus lines are formed and the eutectic point is where those two liquidus 

lines meet each other. This point is also considered the result of mutual freezing point 

depression between two components [58]. This phase diagram also shows a horizontal 

line touching the eutectic point which is called the eutectic boundary line. This eutectic 

boundary line signifies the mutual solidus line for both the components. The interesting 
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thing about the eutectic point is that the solid and liquid phase of both components comes 

to one single temperature at corresponding composition mixtures of the components. 

        Figure 2-1c shows a phase diagram of two components that show a monotectic 

behavior. Generally, this type of behavior is observed if there is a big difference in 

melting temperatures of the two pure components. In this system, when the binary liquid 

is cooled, the solid portion of the higher melting component starts crystallizing (SB). If 

the cooling is continued, the liquid solution will be maximally enriched with SB, so SB 

becomes predominant in the binary liquid solution. 

        Figure 2-1d shows the phase diagram of a peritectic system. This type of behavior is 

very rare and complex but exists mostly in mixed saturated and unsaturated systems [56]. 

This system looks like a eutectic system with the formations of L+SA and L+SB, and with 

SA+SB below the eutectic boundary line (as in Figure 2-1b), but in this case there is no 

eutectic point. 

        Solid solutions were reported by Timms [56] for binary TAGs (triacylglycerol): 

POSt/StOSt and StStSt/StStE where P:  palmitic acid, O: oleic acid, St: stearic acid, E: 

elaidic acid. In general, monotectic systems are formed when the melting/boiling points 

of the binary system are higher than the melting/boiling points of any of the pure 

components. Timms et al. [56] reported that TAGs (PPP/ StOSt and PPP/POP) with 

melting points that differ by 20°C show a monotectic behavior. In the eutectic system, the 

melting/ boiling point of the system is lower than that of the individual pure components 

in the solution. In this system, eutectic point shows the same temperature for the solidus 
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and liquidus line. A similar eutectic behavior was observed in most stable β forms of 

LLL/MMM TAG binary system reported by Takeuchi et al. [57] and in PPP/StStSt, 

POSt/POP and StOSt/StStO reported by Timms [56] (where L: lauric acid, M: myristic 

acid, P: palmitic acid, St: stearic acid and O: oleic acid). Peritectic systems are formed 

when a binary system melts and forms another solid instead of its liquid form. This type 

of phase behavior generally occurs in a system with a saturated and unsaturated mixture, 

where at least one TAG has two unsaturated fatty acids [56].   

 

Figure 2-1. Types of phase behaviors observed in materials a: continuous solid solution; 

b: eutectic; c: monotectic; d: peritectic [59] 
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        The phase behavior of the TAGs in the blend is affected by the crystallization 

behavior, which in turn depends on the solubility effects of the lipid mixture. 

Lipid crystallization 

        Waxes are high melting point materials (Tm = 50−80 °C) and have low solubility in 

vegetable oils and therefore crystallize rapidly when placed at room temperature. The 

crystallization behavior and the functional properties of the wax materials and oil type 

differ significantly due to their different chemical compositions.  Crystallization is an 

important process in lipid-containing foods. The lipid crystal network formation and the 

size and shape of different lipid crystals determine the physical and functional properties 

of foods to be developed. For example, a lipid that crystallizes forming smaller crystals 

leads to harder texture. There are different parameters and conditions driving these 

structure formations. Lipid crystal structures depend on the type of the lipid, fatty acid 

distribution, lipid molecule types and purity, as well as crystallization conditions such as 

temperature, rate of cooling, shear, presence of seeds and solvent. When a TAG molecule 

crystallizes, the chains align side by side to maximize the interaction of van der Waal 

forces. In the industry, different physical conditions are mainly maintained to achieve 

better crystallization. Lipid crystallization is mainly comprised of three steps: super-

cooling or super-saturation, nucleation, and crystal growth. 

        Super-saturation and super-cooling are the two driving forces of crystallization. The 

difference in isothermal crystallization temperature (Tc) and melting temperature (Tm) is 

defined as super-cooling (ΔT = Tm - Tc). When Tm is constant in a lipid system as Tc 
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decreases a high super-cooling is achieved which in turn speeds crystallization. To obtain 

super-saturation [ln(C/Cs)], the concentration (C) of the solution should be greater than 

the saturation concentration (Cs). As either of these driving forces increase, the rate of 

nucleation increases and the induction time decreases. Induction time is defined as the 

time required for the first detectable nucleus formation in any solution. The metastable 

region is an area where stable confrontation of molecules is not formed due to Brownian 

effects. The energy of interaction among triacylglycerol molecules should be greater than 

the kinetic energy of the molecules at their melting temperatures to overcome Brownian 

effects, thus crossing the metastable zone. As super-cooling is increased, stable nuclei are 

formed at its specific critical size. 

        The second phase of crystallization, nucleation is classified as either primary or 

secondary nucleation. Primary nucleation involves a homogeneous or heterogeneous 

mechanism. Homogeneous nucleation is the formation of a crystal lattice structure based 

on the accumulation of molecules into a stable shape and size. Heterogeneous nucleation 

involves a foreign impurity promoting the formation of the nucleus. Secondary nucleation 

is also called contact nucleation because the nuclei formation occurs because of contact 

between a crystal and something else, such as another crystal, a stirrer or a solid wall. 

After nucleation has occurred crystals continue to grow as long as the driving force 

remains in the system. Crystal growth is affected by the diffusion of TAGs from the bulk 

solution across a boundary layer, and by the incorporation of TAGs into the crystal lattice 

of an existing crystal. There are a number of factors governing TAG crystal growth: the 

degree of super-cooling (driving force), rate of molecular diffusion to the crystal surface 
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and the time required for TAG molecules to fit into growing crystal lattice. The crystal 

growth rate and mechanism depends on the nature of the crystal melting interface and 

structure of the crystal surface [60]. There is a linear relationship between continuous 

growth and super-saturation (driving force) of the system [60, 61]. Layered growth 

models (two-dimensional nucleation and spiral growth) are more predominant than 

smoother surface growth [60, 62]. Martini et al. [63] studied the crystallization behavior 

of sunflower oil and wax system. They found there is an increase in onset temperature 

(Ton) as Tc increases due to low super-cooling temperature in both fast (20 °C/min) and 

slow (1 °C/min) cooling systems. This group also found that super-saturation played an 

important role in wax in oil (sunflower) crystallization. In the overall study, they pointed 

out that wax crystallization is affected by different experimental parameters such as Tc 

and cooling rate, and also wax concentration of the sample. With the advent of oleogel 

research, wax/oil system crystallization should be studied further. 

Techniques to characterize physical properties of lipids 

        Lipid crystalline networks can be characterized by several physical properties such 

as melting temperature and melting behavior, crystal size, solid fat content, texture, and 

elasticity. Studying different melting point temperatures gives an overview of the melting 

behavior of the lipid system. Crystal morphology study provides information on the final 

crystal size and shapes formed and how this would lead to organoleptic properties in the 

end food products. Solid fat content (SFC) data provides information about the amount of 

the sample that is solid at a specific temperature and therefore can be used to measure the 

melting behavior of the sample. For example, SFC is used to measure the melting 
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behavior of chocolate at mouth temperature. Rheology measurements provide 

information about the viscoelasticity of the sample. When dealing with a semi-solid lipid 

system, turbidity is another property which is observed as well as phase separation due to 

crystal sedimentation. Processing time and temperature are the prime factors in any 

experiments in lipid systems, as well as storage temperature and time. Cooling rate is 

another important experimental variable that must be controlled since it has a direct 

impact on crystal size and structure. Therefore, it is recommended to verify all the data 

from different experiments to study any lipid system and connecting all the data with 

each other. For example, rheology data is connected with crystal morphology. Presented 

below are some of the recent studies that evaluate these physical properties in TAGs and 

waxes.  

Melting behavior 

        Lipids are complex materials since they are formed by several hundreds of 

triacylglycerols (TAGs). Therefore, they crystallize and melt over a wide range of 

temperatures. While there is no singular melting temperature for these lipids, in general 

the melting behavior can be quantified by calculating the onset and peak temperature of 

the melting process [64]. The study of lipids’ melting behavior helps us understand some 

of their functional properties. Differential scanning calorimetry (DSC) is widely used in 

research laboratories to study the thermal behavior of lipids. The main parameters 

analyzed by DSC curves are peak temperature (Tp), onset temperature (Ton), and enthalpy 

(ΔH). DSC crystallization curve is influenced by the chemical composition of the sample, 

and the melting curve is influenced by the initial crystalline state [65].Melting curve data 
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is mostly used to interpret thermal profile data of most TAGs [66-70]. The principle of 

DSC analysis is based on determining heat flow through a sample by simultaneous 

measurements through a sample pan and an empty reference pan. Melting profile study 

helps interpret different aspects of the data but most commonly, the amount of solids 

formed through the melting enthalpy values, phase transition (solid and liquid form) of 

the crystal network formed as a function of temperature during melting, different 

temperature of melting of the lipid network, and polymorphism [71-74]. DSC has been 

used to study the melting behavior of several wax/oil systems. Dassanayake et al. [35] 

studied melting profiles of ricebran wax, carbauba wax and candellila wax in different 

oils. Hwang et al. [36] studied melting profiles of sunflower wax, candellila wax and rice 

bran wax in soybean oil. When studying melting profile of waxes, it is observed that 

some waxes have more than one melting temperature [75]. The presence of several 

melting peaks can be explained by looking at the waxes’ chemical composition. While 

pure components are characterized by a single melting point, waxes are complex 

materials formed by several molecular entities, allowing them to melt over a range of 

temperatures. Therefore, melting profile study is a required experiment when analyzing 

wax or wax/oil systems. 

Crystal morphology 

        The texture of any lipid product depends on the microscopic crystal morphology of 

the finished product. Sensory attributes of lipid-based foods such as spread-ability, mouth 

feel, and hardness are predetermined by the morphology lipid crystals among other 

factors [76-79]. The morphology of lipid crystals represents a crystal in a two-
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dimensional network (X-Y axis). Fractal dimension technique is often used to quantify 

the microstructure of lipid crystal networks [80]. Analysis of crystal microstructure 

provides information about crystal size, number of crystallites, and total crystalline mass 

[81]. Polarized light microscopy and electron microscopy are mainly used for this two-

dimensional morphology study. Crystal morphology depends on different processing 

conditions of lipids such as cooling rate [82], crystallization temperature [83], high 

intensity ultrasound [84] or high pressure treatment [85]. Higher agitation and faster 

cooling rate help form smaller crystals, while larger crystals with broader crystal size 

distribution are formed at higher crystallization temperature [86]. High intensity 

ultrasound or high pressure treatment also helps form smaller crystals [84, 85]. Several 

studies have shown that wax morphology is affected by the type of wax used, the type of 

oil used and processing conditions. Martini et al. [63] concluded that crystal morphology 

is affected by Tc and cooling rate, depending on the wax concentration of the sample. 

Blake et al. [87] showed that 2% of rice bran wax, sunflower wax and candelilla wax in 

peanut oil forms pallet-like crystal morphology. While Dassanayake et al. [35] reported 

that rice bran wax in olive and salad oil showed needle-like morphology. Beeswax in rice 

bran oil shows spherulite type crystal morphology, as reported by Doan et al. [88]. 

Solid fat content 

        Solid fat content (SFC) is defined as one of the characteristics of fat which measures 

percentage of solid parts in fat at different temperatures. SFC can be used to study the 

compatibility of fats by determining the changes in the percentage of solids at different 

fat proportions [89, 90]. SFC gives a better understanding of fat crystals when consumed 
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in mouth and how it melts overtime with the mouth temperature. It provides details about 

the sensory and organoleptic properties of lipid-based products such as general 

appearance of the product, ease of packing, spread-ability, oil exudation [91]. In a solid 

or semi-solid fat sample, SFC is measured based on the ratio of the number of detected 

protons in solid fat over the total number of detected protons in both solid and liquid 

phases. NMR is widely used to measure SFC, although there are some new technologies 

such as ultrasonic spectroscopy and NMR mobile universal surface explorer [92]. An oil 

with a steeper SFC profile as a function of temperature has a very narrow plastic range; a 

lipid system with a flat SFC profile has a wide plastic range [93]. SFC profiles are used to 

design pseudo-phase diagrams using iso-solid lines [94]. Karabulut et al. [95] studied 

SFC with respect to temperature when comparing the physical properties of fully 

hydrogenated palm oil stearin (FHPOS), palm oil stearin (POS), canola oil (CO) and 

cottonseed oil (CSO) mixed in various ratios (w/w). They found that SFCs of the 

interesterified blends decrease compared to the starting blends, and the interesterified 

products showed softer rheology than starting blends. When analyzing the physical 

properties of any lipid system, solid fat content study is recommended for different 

interpretation. 

Viscoelastic properties 

        Rheology measurements are used as a tool to determine viscoelastic parameters of 

lipid-based ingredients and final products. These are also helpful for quality control in 

manufacturing processes, such as mixing, pumping, stirring, filling, and sterilization [97, 

98]. Viscoelastic behavior is well described by stress-strain curve where it shows that 
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viscoelastic materials return to their original shape even after the deforming force been 

removed.  

        Three rheological parameters are generally analyzed: storage modulus (G’), loss 

modulus (G’’) and tanδ (G’’/G’). The term “viscoelastic properties” generally refers to 

the measurement of these parameters in an oscillatory rheometer. Storage modulus (G’) is 

used to describe the elastic characteristic (solid-like) of a material, meaning that the 

higher the G’ value, the more solid-like behavior is observed. Loss modulus (G’’) is used 

to describe the viscous (liquid-like) behavior of a material, meaning that the higher the 

G’’ value, the more liquid-like behavior is observed. The term tanδ represents the ratio of 

G’’ to G’. 

tanδ = G’’/G’ 

        The domain range of the parameter (tanδ) varies from infinity (in a perfect liquid 

system when G’ is close to zero) to a very small value (i.e., a high viscosity system) [99]. 

        Viscoelastic properties are dependent on different factors such as cooling and 

agitation rates, crystallization temperature, chemical composition, and time of storage. 

Slow cooling rate and decreased agitation rate show higher G’ and G’’ in lipid samples. 

Ojijo et al. [100] studied rheological properties of olive oil/monoglyceride gel network. 

They found that high cooling rate leads to low G’ values and that G’ increases as 

monoglyceride content increases. Liang et al. [101] showed that rheological properties 

were highly correlated with the various quantitative microstructural parameters, with the 

exception of the fractal dimension by the PCM (particle-counting method) in a model 
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lipid system (low melting sunflower oil and high melting palm oil mixture). Doan et al. 

[88] found that rice bran wax, carnauba wax, beeswax, sunflower wax and candelilla wax 

in rice bran oil have better gelling properties because of higher G’ values than G’’ in all 

cases. 

Turbidity 

        Turbidity is the study of transparency, where the liquid phase loses its transparency 

due to suspended solids. Lecithin organogel with water forms a semisolid non-transparent 

phase as described by Mezzasalma et al. [102] and similar results have been reported by 

others [103-107]. Phase separation, or lipid crystal sedimentation, is the phenomenon by 

which liquid and solid phases separate over time. Hwang el al. [108, 109] described 

phase separation when organogels of different waxes (sunflower wax, ricebran wax, 

paraffin wax, and candelilla wax) with soybean oil were studied at different processing 

conditions (cooling rate, storage temperature, melting temperature). Similar results were 

reported by Toro-Vazquez et al. [110] when they studied candelilla wax in safflower oil 

organogel. In the case of wax in oil organogel, phase separation is greatly affected by the 

concentration of wax, cooling rate, storage temperature and even molecular composition 

discussed by Patel et al. [111]. They proposed that there could be a link between 

macroscopic flow/deformation response of gels and microscopic interaction between 

crystalline aggregates. When samples crystallize, they create a certain amount of 

turbidity, showing a decrease in the transmission of light. Researchers measure 

transmission of light through the samples with TurbiScan equipment, and data are 
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analyzed using computer software (Turbisoft version 1.2.1). This equipment is used to 

analyze destabization mechanism of concentrated media. 

Processing conditions commonly used to change physical properties of lipids. 

        Lipid, also has characteristics of physical properties such as mouthfeel, texture, and 

appearance. The physical properties are dependent on processing conditions such as 

cooling rate, agitation in the crystallization process, melting temperature, and storage 

temperature. Novel processing techniques such as high intensity ultrasound can be used 

to change the processing conditions; which in turn change the physical properties of lipid. 

Cooling rate and storage 

        Changes in physical properties such as crystal morphology can be observed during 

storage of margarine [112]. Storage temperature and time affect the rheological and 

morphological properties of the lipid crystal as reported by Toro-Vazquez et al. [113] and 

Morales-Rueda  et al. [114] because they observed that organogel crystals aggregated as a 

function of storage time, a process that resulted in an increase in organogel hardness. 

Cooling rate can also affect physical properties of lipids such as crystal size and shape. 

Hwang et al. [115] concluded that slow cooling rate leads to bigger crystal size compared 

to fast cooling rate and similar results were confirmed by others [116-120]. 

High-intensity ultrasound (HIU) use in lipid crystallization 

        HIU has been used in several fields such as pharmaceutical and chemical [121-134] 

to structure colloidal particles and provide better delivery systems. HIU has also been 
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used in the food industry in several processes such as drying, mixing, homogenization 

and extraction [135-138]. The first solution used for ultrasound application was thio-

sulphase solution in 1927. This leads to further research in sono-crystallization in 

different material systems. Studies have shown that that sono-crystallization can be used 

to change some physical characteristics of lipids such as texture, viscoelasticity and 

crystal size [139-142]. Some researchers suggest that the propagation and interaction of 

sound waves alters the physical and chemical properties of materials [143]. A recent lipid 

study by Lee et al. [144] confirms that HIU effect does not cause major chemical changes 

such as oxidation stability (peroxide value measurement). Similar research on sunflower 

oil suggests that there are no changes in fatty acid composition due to HIU [145]. Thus, 

the application of HIU in the lipid crystallization study is mainly based on the changes in 

physical characteristics. Patrick et al. [146] studied the effect of HIU on the crystal 

structure of palm oil and Ye et al. [148] applied HIU in a commercial shortening to 

change the crystal microstructure of the system and similar studies were done by other 

scholars [149-154] . Figure 2-2 shows a study on turbidity where HIU was applied to 

palm oil in which Chen et al. [147] concluded that HIU delays phase separation. 

Morphological study on the crystal structures has shown that the crystals in HIU-treated 

samples are smaller than those not treated with HIU. That study also confirmed that 

storage temperature has a direct impact on the phase separation. 

        Overall, this literature review provides a background to understand the rationale 

behind this research. Phase separation is a problem in creating semi-solids using wax/oil 
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systems with low concentrations of wax. This problem could be solved by using HIU as 

this technique has shown great promise in palm oil crystallization. It could also be 

interesting to explore if processing conditions such as cooling rate and storage 

temperature impact HIU treated samples. In addition, it is not clear if wax/oil systems 

behave similarly irrespective of oils used. Systematic studies should be performed 

keeping one type of wax constant and changing the oil types. Similarly, studies should 

also be done to determine if different waxes change the crystallization behavior when the 

oil is kept constant. Lastly, evaluation of crystallization behavior of wax mixtures should 

be performed to optimize the use of these systems in lipid-based product formulation. 

 

Figure 2-2. Crystallization of palm oil after 24 h at 36 °C in solid fat tubes: With 270 

W 60 s (left) and without HIU (right). Phase separation (solid and liquid phase) is 

observed in the case of without HIU samples [147]. 
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blends crystallized in SBO and shown in Figure 7-7. RBW/BW system shows smaller 

crystals in 50, 80, and 100% RBW/BW blends and crystals observed for the 0% and 20% 

RBW/BW blends are larger with a less dense crystalline network than the rest of the 

samples. 

 

 

       

 

 

 

 

 

 

 

 

 

 

Figure 7-7. Crystal Morphology of 2.5% binary wax in SBO oil at 20X 

magnification at 25 °C after 24 h of sample incubation in a water-bath. All 

the binary wax in SBO system crystals are arranged from 0% to 100%. 

White bar indicates 50 µm.    
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It is observed that crystal size becomes bigger from 0% to 20% but there is a rapid 

decrease in crystal size from 20% to 50% of the RBW/BW concentration. Crystal 

structures in this binary blend too do not show any similarity when compared with the 

crystals obtained when the bulk blends were crystallized without SBO (Jana & Martini, 

2016). 20% of RBW/SFW crystals show similarity in sizes with 0% and 80% of the 

crystals show same sizes as 100% of RBW/SFW. But crystals in 50% of RBW/SFW are 

different than all the other crystals where agglomerated structures can be observed (note 

the large white spots in Figure 7-7). Overall, individual waxes when present in the binary 

wax blends do not drive any major crystal morphology changes. The ‘white-spots’ 

observed for the 50% RBW/SFW blend are the indication of densely flocked smaller 

crystals.     

        Figure 7-8 shows fractal dimension analysis of the crystal morphology pictures 

discussed in Figure 7-7. Fractal dimension analysis is performed to quantify the crystal 

morphology in terms of crystal shape, size, area fraction and the interaction among these 

three factors. Box counting method is mostly used for lipid fractal dimension and has 

been previously reported in several studies (Marangoni et al., 2002, Tang et al., 2006a 

and 2006b). From the multiple comparison analysis done for Db values from fractal 

dimension technique, it is observed that there is no significant difference in Db values 

among the binary waxes and their different concentrations except for the 50% 

RBW/SFW. 100% RBW shows no significant difference in Db values with 50% 

RBW/SFW. The only significantly higher Db value observed in 50% RBW/SFW system 

can be confirmed by the ‘white-spots’ in Figure 7-7. ‘White-spots’ are the indication how 
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area fraction and size and shape give strongest crystal network. Fractal dimension 

analysis in Figure 7-7 shows lower values for all the wax blends when compared with the 

previous research where waxes were crystallized from the melt without SBO (Jana and 

Martini, 2016).   

 

 

 

 

 

 

 

 

 

        This difference in Db values is due to the microstructural factors such as crystal size, 

shape, area fraction and any interaction among these. It likely that wax 

solubility/supersaturation in the SBO discussed in this study plays an important role in 

changing crystal morphology compared to waxes crystallized from the melt.           

 

Figure 7-8. Fractal dimension (Db) of the crystals is analyzed using Box-plot 

counting technique at different concentrations at 25 °C. Columns with same 

letters indicate that there is no significance difference among others (α = 

0.05). 
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Conclusion  

        The present study exemplifies how wax chemical composition is responsible for the 

formation of a crystalline material with particular physical properties. Difference in 

enthalpy values, solid fat content, and viscoelastic behavior help interpret how different 

molecular entities in the waxes might affect their crystallization behavior. Our results 

show that wax esters play a significant role in the crystallization behavior of the binary 

wax blends. Waxes with similar chemical composition behave as solid solutions while 

mixtures of waxes with different chemical composition deviate from the ideal behavior. 

This study shows that blending waxes does not necessarily result in linear changes in 

physical properties and that inhibition and synergism might occur in the different blends. 

It is therefore important to characterize these systems to find specific wax combinations 

that can result in particular physical properties to be used in food applications.  
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CHAPTER 8 

CONCLUSION 

Waxes have been used in various food applications such as food coating, food 

waxing, gum formulation and gel formation. In addition, waxes have recently been used 

by food researchers to entrap vegetable oils and create semi-solid materials that can be 

used as a replacement for partially hydrogenated oil in food products such as margarine, 

ice-cream and shortening. The physical properties of waxes, including hardness, 

viscoelasticity, smoothness and encapsulation efficiency, are driven by the molecular 

composition and molecular interactions that occur during crystallization. A thorough 

literature review suggests that the rheological and thermal properties of oleogels are 

driven by the crystallization behavior of the wax, which in turn is affected by the 

molecular composition of the wax, the type of oil phase used and processing conditions 

such as shear, temperature and cooling rate.   

Overall, the first objective of this study shows that several processing conditions 

can affect phase separation in wax/oil systems. Cooling rate, wax concentration and type 

of oil play important roles in the crystallization behavior of waxes, behavior that can also 

be controlled by using HIU. Higher wax concentration (1% > 0.5%) resulted in faster 

crystallization (10 °C/min) and more turbidity. When HIU was used in 0.5% BW in SBO, 

the crystals in the system were fragmented and more and smaller crystals were generated. 

In this way, a stronger crystalline network was formed, resulting in a less free-flowing oil 

solution. After analyzing the fatty acid compositions of the oil (Appendix Table 1), there 

was a trend observed with regard to the stability towards phase separation: soybean oil < 
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olive oil < sunflower oil < canola oil < safflower oil < corn oil. It was understood that (a) 

for the same type and amount of wax, the type of oil used affects the degree of phase 

separation and (b) HIU can help in the delay of phase separation to different degrees, 

depending on the type of oil used. However, it is not clear how the type of oil affects BW 

crystallization. The effect of HIU in reducing crystal size in the 1% BW solutions was not 

as evident as the observed results in the 0.5% BW solutions. The use of HIU resulted in a 

narrower melting profile, as evidenced by either higher Ton values or lower Tp values in 

the sonicated samples. It is likely that the effect of HIU on delaying phase separation is 

related to the generation of a less fractionated crystalline network where similar 

molecules can interact strongly among them, entrapping more oil. HIU can be used to 

delay phase separation in wax/oil systems that have the potential to be used as trans-fat 

replacements in food products.  

The second objective of this research is to test crystallization behavior of different 

waxes in different oils at concentrations relevant for food applications (1, 2.5, 5, and 

10%). Wax/oil systems formulated with SFOW generated crystalline networks with high 

G’ values (2 to 6 × 106 Pa) compared with the values obtained for BW and PW. BW 

samples resulted in significantly higher (P < 0.05) G’ values in the 5% and 10% samples 

with values of 3.9 × 106 and 6.1 × 105 Pa for 10% BW and PW respectively. In general, 

the crystallization behavior of lipids and the type of microstructure generated affects the 

viscoelastic properties of the crystalline network formed (e.g. smaller crystals lead to 

higher viscosity and vice-versa). It is therefore helpful to understand how waxes and oils 
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of different chemical compositions exhibit storage modulus (G’) at various levels of wax 

concentration.     

The third objective of this research helps understand the pseudo-phase diagram of 

binary wax blends and the crystallization behavior of the different molecular entities 

present in each wax. Pseudo-phase diagrams have become an important tool in the 

confectionery industry for identifying fats that are compatible with cocoa butter and that 

will not form eutectics [19, 27]. Changes in the phase behavior and microstructure of 

these binary wax systems have a direct impact on the functional and physical properties 

of these systems. Waxes with similar chemical composition can co-crystallize, forming 

ideal solid solutions (RBW/SFW), while waxes with significantly different chemical 

composition can show either eutectic or monotectic behavior (RBW/PW) [RBW = 100% 

wax ester, SFW = 66% wax ester, PW = 100% hydrocarbon]. These differences in phase 

behavior are reflected in the morphology of the crystals formed. There is still no clear 

understanding regarding how varying molecules found in natural waxes interact when 

super-cooled to form a crystal. It is understood from the morphology and pseudo-phase 

diagrams of binary wax crystals that wax molecular components (alkanes, esters, fatty 

acids and alcohols), molecular weights (MW), and mole fractions play an important role 

in wax crystallization. Based on the results obtained in this objective we propose the 

following crystallization behavior of the wax blends studied.  

It is hypothesized that there would be no co-crystallization if alkanes and esters 

were mixed together (diagram below). Based on that statement, it can also be assumed 
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that a PW and RBW blend will not show any co-crystallization, a fact also evidenced by 

our DSC melting profile study.  

PW (n-alkanes) + RBW (esters)                                              + 

         

        On the other hand, BW is composed of wax esters (red), fatty acids (green) and n-

alkanes (black), and when mixed with PW, there is observed co-crystallization of the 

molecular entities in the form of hydrogen bond formation (black dots). The figure below 

is a representation of how we believe wax blend co-crystallization happens at the 

molecular level.  

 

 

 

        The fourth objective of this research is involved with binary wax crystallization in 

oil and analyzing the physical characteristics of differing oleogel formations. The present 

study demonstrates how wax chemical composition is responsible for the formation of a 

crystalline material with particular physical properties. Our results show that wax esters 

play a significant role in the crystallization behavior of binary wax blends. Waxes with 

similar chemical composition behave as solid solutions, while mixtures of waxes with 

differing chemical composition deviate from the ideal behavior. This study shows that 

PW (n-alkanes) + BW (esters, fatty acids, n-alkanes) 

PW RBW 
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blending waxes could be an appropriate technique to optimize physical properties of 

wax/oil systems for specific applications. 

In summary, the research leading to this dissertation has attempted to prove how 

molecular entities present in waxes, the types of oil used and processing conditions affect 

wax crystallization and the physical properties of the materials obtained therefrom. Based 

on our study, RBW has higher potential to be used as trans-fat replacer in soybean oil at a 

lowest concentration (as low as 0.5%). The results of this dissertation will shed light on 

how co-crystallization occurs among varying molecular entities in waxes, and how 

physical properties of oleogels are driven by the crystallization behavior of the wax, 

behavior which is, in turn, affected by the molecular composition of the wax, the type of 

oil phase used and processing conditions such as shear, temperature and cooling rate.   

Still, further research is needed to analyze why alkanes always form pure crystals when 

crystallized with esters, in what ways molecular weight and degree of unsaturation affect 

the type of crystal lattice formed, and how the chemical nature of fatty acids and alcohols 

affects the molecular interactions that occur upon crystallization. Within the wax/oil 

system, effects of the minor components in waxes and oils on the crystallization behavior 

of the system should also be studied further. Differing wax solubility in various oils is 

another area that should be explored. It is still not clear how the different types of oils and 

waxes affect the crystallization of the system. Finally, mathematical modeling/simulation 

is needed to properly analyze 3D structures of the molecular arrangement and how they 

behave when various co-crystallizations happens.    
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Appendix A 

Supporting information for CHAPTER 4 

Table 1. TAG composition of six vegetable oils (RP-HPLC) analyzed by Dr. Garima 

Pande at Dr. Casimir C Akoh lab (Dept. of Food Science and Technology. University of 

Georgia, Athens, GA 30602) using this Reference: Pande, G., Sabir, J. S., Baeshen, N. 

A., & Akoh, C. C. (2013). Mean values are standard deviation of 2 replicates are 

reported. 

Fatty Acids Canola Corn Olive Soybean Sunflower Safflower 

C6:0 0.1±0.1 0.0±0.0 0.0±0.0 0.2±0.2 0.0±0.0 0.1±0.1 

C14:0 0.0±0.0 0.0±0.0 0.0±0.0 0.1±0.0 0.0±0.0 0.1±0.0 

C16:0 4.3±0.0 11.7±0.3 11.6±0.1 10.8±0.1 4.3±0.6 4.9±0.2 

C16:1  0.2±0.0 0.3±0.3 1.0±0.1 0.3±0.2 0.2±0.1 0.1±0.1 

C17:0 0.0±0.0 0.1±0.0 0.0±0.0 0.1±0.0 0.0±0.0 0.0±0.0 

C17:1c 0.0±0.0 0.0±0.0 0.1±0.0 0.1±0.0 0.0±0.0 0.0±0.0 

C18:0 2.0±0.1 1.8±0.2 2.5±0.0 4.3±0.0 3.3±0.1 1.4±0.7 

C18:1  62.2±5.3 29.3±2.7 72.6±1.1 23.3±2.6 62.1±2.0 79.4±3.3 

C19:0 0.2±0.2 0.2±0.2 0.1±0.1 0.1±0.1 0.1±0.2 0.1±0.1 

C19:1 0.1±0.0 0.3±0.2 0.0±0.0 0.3±0.2 0.3±0.2 0.0±0.0 

C18:2 c9 

c12 
19.3±0.0 54.4±1.8 11.0±0.8 52.3±0.2 27.6±0.2 12.5±0.2 

C20:0 0.6±0.1 0.4±0.0 0.2±0.2 0.3±0.0 0.3±0.0 0.2±0.2 

C18:3 n6 9.5±0.7 0.9±0.2 0.6±0.2 6.8±0.3 0.3±0.0 0.6±0.3 

C20:1t 0.6±0.0 0.0±0.0 0.0±0.0 0.3±0.0 0.0±0.0 0.1±0.1 

CLA 9-11 0.2±0.2 0.1±0.0 0.0±0.0 0.2±0.2 0.0±0.0 0.0±0.0 

C22:0 0.3±0.0 0.2±0.1 0.1±0.0 0.3±0.0 1.0±0.5 0.1±0.1 

C24:0 0.2±0.0 0.2±0.1 0.0±0.0 0.1±0.0 0.3±0.1 0.1±0.1 

C24:1 0.2±0.0 0.1±0.1 0.1±0.1 0.0±0.0 0.1±0.0 0.2±0.0 

C22:4 n6 0.0±0.0 0.0±0.0 0.0±0.0 0.1±0.0 0.1±0.0 0.1±0.1 

C22:5 n3 0.0±0.0 0.0±0.0 0.1±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

SFA 7.7±0.5 14.6±0.9 14.5±0.4 16.3±0.4 9.3±1.5 7.0±1.5 

UFA 92.3±6.2 85.4±5.3 85.5±2.3 83.7±3.7 90.7±2.5 93±4.1 

MUFA 63.3±5.3 30.0±3.3 73.8±1.3 24.3±3.0 62.7±2.3 80.0±3.5 

PUFA 29.0±0.9 55.5±2.0 11.8±1.0 59.4±0.7 28.0±0.2 13.2±0.6 

Total 100.0 100.0 100.0 100.0 100.0 100.0 
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