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Abstract 

The principle ingredient of chocolates is cocoa butter (CB). CB is expensive due to high 

market demand and limited production. As such the search for alternatives to CB is attracting 

a lot of attention. This study aimed to develop and characterize cocoa butter alternatives 

(CBAs) by blending and enzymatic interesterification of palm-based oils, such as palm mid-

fraction (PMF), refined bleached deodorized palm kernel oil (RBDPKO) and palm stearin 

(RBDPS) for use in chocolate production. A multi-methodological approach was used for 

characterization of the samples which included gas chromatography (GC) for fatty acid, high 

performance liquid chromatography (HPLC) for triacylglycerol (TAG), differential scanning 

calorimetry (DSC) for melting, pulsed nuclear magnetic resonance (pNMR) for solid fat 

content (SFC), X-ray diffraction (XRD) for polymorphism, polarized light microscopy 

(PLM) for crystal morphology, master-sizer for particle size distribution (PSD), rheometer 

for flow behavior, texture analyser for hardness and stereomicroscopy for bloom formation.  

The physical and chemical properties of binary mixtures of PMF, RBDPKO and RBDPS for 

cocoa butter substitutes (CBSs) were investigated. Using 20-40% of PMF in RBDPKO, 30-

50% of RBDPS in RBDPKO and 50-80% of PMF in RBDPS, the blends showed broad 

melting endotherms at 20-38°C, comparable to that of CB. Although the polymorphism, fatty 

acid and TAG composition were different, these blends exhibited a desirable monotectic 

effect (compatibility) at 10-25°C, indicating their potential for use as CBSs.   

The physicochemical properties of ternary mixture of PMF, RBDPKO and RBDPS were also 

examined. Eight blends of various ratios of ternary mixtures were studied based on the results 

of binary mixtures. The composition of palmitic (P) and oleic (O) fatty acids, POP TAG and 

crystal morphology of the ternary blend (14.9% PMF/59.6% RBDPKO/25.5% RBDPS) 

resembled closely to CB. Although its melting profile (18.5 and 37°C) and polymorphism 

were different, it showed a desirable monotectic effect at 20-25°C, pointing to potentials for 

use as CBS. 

As ternary blends lacked stearic-oleic fatty acids, commercial stearic-oleic acids were added 

to these blends to get fatty acids composition to resemble that of CB. The blend (80% ternary 

mixture/15% stearic/5% oleic) with fatty acids composition resembling closely to CB was 

then selected for enzymatic interesterification. Using the optimized conditions (4% lipase 

incubated for 6 h at 60°C) for enzymatic interesterification, the blend showed a single 
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melting endotherm at 33.5°C, similar to CB. The composition of POSt (28.4%) and StOSt 

(19.5%) of the interesterified fat was significantly (P<0.05) increased along with a gradual 

decrease in POP (17.7%) compared to non-interesterified fat. In addition, the interesterified 

fat revealed a desirable X-ray diffraction peak (albeit smaller) at near 4.5 Å, indicating β 

polymorph. Although the interesterified fat had considerably lower SFC, it could be used as 

CBS as it had comparable melting profile, fatty acids and TAGs composition to CB.   

Subsequently, the compatibility of enzymatically produced CBS with CB was examined. Six 

blends at various ratios of CBS/CB mixtures were studied. The mixtures using 5-20% of CBS 

in CB showed similar melting endotherm to CB, with comparable TAG composition and 

polymorphism (dominating β-crystal). Iso-solid phase diagrams of these mixtures exhibited a 

desirable monotectic effect at 15-25°C. Thus, 5-20% of CBS could be potentially mixed with 

CB for chocolate formulation.  

Finally, the physical and sensory characteristics of dark chocolate made using the CBS were 

evaluated. Dark chocolates with CB (without CBS), 5% and 20% CBS were produced. The 

chocolates with 5% and 20% CBS showed melting profile similar to CB-chocolate. 

Significant (P<0.05) differences in PSD, flow behavior, hardness and sensory characteristics 

were observed for 20% CBS-chocolate whilst no significant difference (P≥0.05) was 

observed for 5% CBS-chocolate compared to CB-chocolate. Stereomicroscope images of all 

the chocolates did not show bloom at 24°C for up to 8 weeks. Conversely, at 29±1°C, bloom 

formation was only observed for CB-chocolate and 5% CBS-chocolate after two weeks. 

Noticeable changes in X-ray diffraction peaks were observed for bloomed chocolate. Overall, 

5% CBS-chocolate was similar to CB-chocolate in terms of physical and sensory properties 

while 20% CBS-chocolate exhibited significantly different sensory profiles particularly taste 

acceptance and hardness compared to CB-chocolate. 

In summary, CBS with comparable melting profile and TAG composition to CB was 

developed in this study, which could be potentially used to partially replace CB in chocolate 

production and other confectioneries as a lower cost ingredient.         
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1 Literature review 

1.1 Cocoa butter  

1.1.1 Overview of world cocoa production 

Cocoa butter (CB) is derived from the seeds (beans) of cocoa tree (Theobroma cacao), which 

was introduced to Latin America (Mexico) over 500 years ago, thereafter to Europe and other 

parts of the world [66]. The major cocoa beans producing countries are Ghana, Ivory Coast, 

Malaysia, Cameroon, Indonesia, Nigeria, Ecuador, and Brazil, contributing approximately 

90% of the total world cocoa production [47]. Approximately 68% of the total global cocoa 

was produced in Africa followed by Asia, Oceania and America in 2009/2010. The 

production of world cocoa beans was 3.7 million tons in 2007/2008, whilst it dropped to 3.6 

million tons in 2009/2010 [69]. According to Malaysian Cocoa Board [98], production of 

cocoa beans was 15,654 tons in 2010 while it declined to 1,757 tons in 2016. Based on the 

report of International Cocoa Organization (2009/2010), the production of cocoa beans varies 

depending on the climate. A 2011 study by Magalhaes et al. [41] stated that almost three-

fourths of the total world’s cocoa consumption comes from Nigeria, Ghana and Ivory Coast. 

Since the last decade, the production of cocoa is decreasing day by day while its consumption 

has increased [2,73]. This high demand leads to the increasing market price of cocoa beans. 

According to ICCO, the price of cocoa beans has increased from US$1549 per ton in 2005 to 

US$2288 per ton in 2016 [67]. Therefore, due to this high market demand and limited 

production, the price of the main ingredient of chocolate, cocoa butter (CB), is also 

increasing.  

Cocoa powder is extracted from the cocoa beans and also used in confectionery products such 

as chocolates. Cocoa bean is made up of approximately 85% cotyledon (nib) and 15% shell. 

The nibs have around 55% CB. The nibs are grounded to make cocoa mass/liquor, which is 

directly used in chocolate [14,69].  

Cocoa, usually used in chocolate, contains alkaloid such as theobromine, which is responsible 

for the stimulating effect of diuretic and cardiac muscle contraction [105]. Cocoa prevents 

cardiovascular disease and has other health benefits because cocoa beans and its products 

such as chocolate are rich sources of antioxidants and polyphenols [77,134]. Several 

researchers have identified (-)epicatechin, (+)catechin and procyanidins as major polyphenols 

and quercetin, isoquercitrin, apigenin, luteolin and naringenin as minor polyphenols present 
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in cocoa [10,17,58,101]. Due to its high content in polyphenols, cocoa and cocoa-derived 

products are highly consumed in many countries particularly Europe and United States 

[12,104]. 

CB is used not only in food but also in different pharmaceutical products such as medicinal 

suppositories due to its unique melting characteristics, highly solid at 25°C (room 

temperature) and melts at 37°C (body temperature). It is also used in personal skin care 

products such as soaps, cosmetics and lotion because of its pleasant fragrance, emollient 

properties and smooth texture [110].  

1.1.2 Chemical composition  

Chemical composition of fats/oils is responsible for its melting, solid fat content (SFC) and 

polymorphism [62,111]. The chemical composition describes the fatty acids and 

triacylglycerols (TAGs) of fats/oils. Table 1.1 illustrates the main fatty acids and TAGs 

composition of CB from different geographical origins.   

Fatty acid is a key component of TAGs and its chemical structure is made up of a carbon 

chain of variable length (odd or even) with a carboxylic acid group attached at the end. Fatty 

acids can be classified into two major groups namely “saturated” (no double bond; palmitic 

acid) and “unsaturated” (one or more double bonds; oleic acid and arachidonic acid). The 

three major fatty acids in CB are 18.9-22.6% palmitic acid (16:0), 33.7-40.2% stearic acid 

(18:0) and 26.3-35.0% oleic acid (18:1), which account for approximately 98% of all the total 

fatty acids [13,53]. Other minor fatty acids of CB are linoleic (18:2), arachidic (20:0) and 

myristic (14:0) acids.  

TAGs are made out of three fatty acids in a glycerol backbone. Molecules where the glycerol 

backbone contains less than three fatty acids are termed as partial glycerols namely 

monoacylglycerols (MAGs) and diacylglycerols (DAGs). TAG with palmitic, oleic and 

stearic acid in sn-1, 2, 3 positions of a glycerol backbone is represented as POSt. The fatty 

acids in sn-1 and 3-positions are “equivalent” fatty acids, for example “POSt” is the same as 

StOP. 
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Table 1.1. Overview of fatty acids and TAGs composition (wt %) of CB from different   

                  geographical origins [53]. 

Chemical 

Properties 

(%) 

Country of origin 

Ivory Coast Nigeria Indonesia Brazil Ecuador Malaysia 

Palmitic (P) 25.6 26.5 26.1 25.1 27.1 25.7 

Stearic (St) 36.5 37.1 37.3 34.3 35.4 37.1 

Oleic (O) 34.1 33.1 33.3 36.4 33.7 33.7 

Linoleic (L) 2.8 2.3 2.4 3.4 2.6 2.4 

Arachidic (A) 1.1 1.1 1.2 1.3 1.0 1.2 

POP 18.3 18.3 17.5 17.0 18.9 17.8 

POSt 41.7 43.0 41.8 38.7 41.0 40.7 

StOSt 25.2 25.1 25.8 23.8 25.2 25.9 

POO 2.4 1.8 2.4 5.0 2.4 2.4 

StOO 2.9 2.1 2.8 6.0 2.9 2.8 

PPP 0.3 0.5 0.3 0.2 0.3 0.2 

MOP 0.2 0.2 0.2 0.2 0.3 0.2 

PPSt 0.6 0.8 0.5 0.5 0.9 0.8 

PLP 1.7 1.3 1.9 2.1 1.5 1.84 

PStSt 0.3 0.4 0.2 0.3 0.6 1.0 

PLO 0.3 0.3 0.4 0.3 0.3 0.4 

StStSt 0.2 0.2 0.1 0.2 0.6 0.5 

StOA 1.2 1.3 1.2 1.0 1.3 1.3 

TAGs are divided into four groups according to their degree of saturation namely tri-

saturated (SSS): tripalmitin (PPP); mono-unsaturated (SUS): POP, POSt, StOSt; di-

unsaturated (SUU): POO; and poly-unsaturated (UUU): OOO. CB has mainly three 

symmetrical TAGs namely POSt, StOSt and POP, contributing about 92-96% of the total 

TAGs composition [52]. Due to this TAGs composition, CB melts quickly over a narrow 

temperature ranging between 30 and 35°C [127]. The StOSt is responsible for the high 

melting fraction, whereas the POP and POSt are responsible for the low melting fraction. In 

addition, CB contains other minor TAGs such as POO, StOO, PLP and StOA (Table 1.1).  

CB has also other minor chemical components namely free fatty acids, monoacylglycerols 

and diacylglycerols. The composition of free fatty acids and DAGs of CB ranges between 1.2 

and 2.8%, 0.6 and 2.2% respectively. These components are responsible for the 

crystallization process [32,52,97]. 
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1.1.3 Thermal characterization 

There are several techniques that are used to study the thermal characteristics of fats/oils. 

These techniques involve differential scanning calorimetry (DSC), thermal mechanical 

analysis (TMA), differential thermal analysis (DTA) and pulsed nuclear magnetic resonance 

(pNMR). The DSC and pNMR were used in this study. The principle of these techniques will 

be discussed in the following section. 

1.1.3.1 Basic principles of DSC 

DSC is typically used to measure the melting/crystallization profile and changes in enthalpy 

of fats/oils [11,31]. 

DSC involves the measurement of heat differences between a sample and a reference. The 

variation in the amount of energy (heat) needed to raise the melting temperature of a sample 

compared to an empty reference is monitored as a function of temperature [60]. It is sensitive 

to the changes associated with phase transitions such as melting/crystallization that the 

sample undergoes. Phase transitions in the fat crystals correspond to absorption or evolution 

of heat in the differential heat flow recorded as a peak. The area under the peak of a thermal 

event is proportional to the enthalpy change and the peak also shows either endothermic 

(energy flow to the sample) or exothermic (energy flow from the sample) [54,86].  

Based on the mechanism of operation, there are two different types of DSC systems such as 

heat-flux DSC and power compensation DSC. In the current study, a heat flux DSC was 

performed to determine the melting behavior of the different fat samples. The heat-flux DSC 

heats the sample and reference sample using the same heating source and measures the heat 

flow rate or the difference in power. The temperature difference observed in a heat flux DSC 

is strictly proportional to the heat flow. 

1.1.3.2 Basic principles of pNMR 

Pulsed (low resolution) nuclear magnetic resonance (pNMR) is performed to determine the 

percentage of solid/crystalline fat present in fats/oils at a specific temperature. This method 

uses a short intense pulse of radio frequency energy in a magnetic field to capture the 

response of hydrogen nuclei (protons) in the sample. A magnetized signal is induced in a 

sample when a radio frequency pulse is applied. This initial signal is proportional to the 
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number of protons in the sample. When more than one protons containing solid and liquid fat 

is present in the sample, the signal decay for each component will be different. This 

difference in decay rate (at two different convenient time intervals: tA and tB as shown in 

Figure 1.1) is used to calculate the percentage of solid or liquid component [28,29,93,112].  

The solid fat content (SFC) of the fat samples was measured using pNMR (Bruker Minispec 

PC 120, Karlsruhe, Germany). According to the American Oil Chemists’ Society (AOCS), 

two methods are used to determine SFC of the fats: the direct method (AOCS official method 

Cd 16b-93) and the indirect method (AOCS official method Cd 16-81). In the current study, 

the direct method was used to determine the SFC of the different fat samples (this method is 

suitable for fats that have stable β-crystal form or high amounts of 2-oleo-disaturated 

triacylglycerols). The SFC is calculated using the formula [51] as shown in equation 1.1; 

where E11 and E70 represent the NMR signals measured at 11 μs and 70 μs after the pulse 

respectively, F represents an empirical correction factor (calibration standards) for the 

detector dead time and D is the digital offset factor (to correct for the detector offset during 

calibration). 

    
(       )         

    [(       )   ]  
         ……………………………………… (1.1) 

The fat samples were melted at 100°C, then placed in NMR tubes and submitted to the 

tempering treatments as described in the AOCS official method Cd 16b-93 (Table 1.2). The 

SFC was measured at 5, 10, 15, 20, 25, 30, 35, 37, 40, 45 and 50°C following 60 min 

incubation at each temperature.    
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Figure 1.1. Magnetization decay of a fat used in the determination of the solid fat content by   

                  pNMR. Source: Ref [93] 

Table 1.2. Tempering protocol of the fat samples described in the AOCS official method Cd  

                 16b 93.  

Tempering protocols for SFC measurement 

1) Melt at 100°C 

2) Hold at 60°C for 15 min 

3) Cool to 0°C, hold for 90 min 

4) Heat to 26°C, hold for 40 h 

5) Cool to 0°C for 90 min 

6) Hold for 60 min at the desired measuring temperatures before SFC is determined 

1.1.4  Polymorphism 

Polymorphism of fats/oils is generally determined using X-ray diffraction (XRD). The 

crystallography is the relations of the incident rays with a crystal, produces a diffracted ray 

whenever conditions satisfy the Bragg’s law as shown in equation 1.2, where n is an integer 

(the order of diffraction, usually n = 1), λ (Å) is the wavelength, d (Å) is the distance between 

the reflecting planes (methyl end groups of the TAGs) and θ (°) is the incident angle. 

nλ=2d sin θ………………………………..(1.2) 
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This is related to the wavelength (λ) of electromagnetic radiation to the diffraction angle (θ) 

and the lattice spacing (d) in a fat sample. A diffraction pattern is observed by determining 

the intensity of the scattered radiation as a function of the scattering angle θ (Figure 1.2). The 

strong intensities (Bragg peaks) are observed in the diffraction pattern where the scattering 

waves satisfy the Bragg’s condition [23,148].    

 

Figure 1.2. Principle of XRD in fat samples. 

Polymorphism refers to the ability of a TAG molecule to crystallize in different crystal forms 

with different melting temperatures [121]. TAGs of a fat can crystallize into three main 

polymorphs: α (alpha), β' (beta-prime) and β (beta) in order of increasing stability (α→β'→β) 

and melting temperature. The α form have a hexagonal sub-cell (H); β' forms have an 

orthorhombic-perpendicular sub-cell (O┴); and β forms have a triclinic-parallel sub-cell (T//) 

(Figure 1.3a) [111,124].  

The chain-length structure of TAG illustrates a repetitive sequence of the hydrocarbon chain 

involved in a unit cell lamella along with the long-chain axis (Figure 1.3b). A double chain-

length structure (DCL) is formed when the TAGs contain similar three fatty acid components. 

In contrast, a triple chain-length structure (TCL) is formed when the TAGs contain largely 

different one/two of the fatty acid components. When the DCL fats are mixed with the TCL 

fats, polymorphism of the fats mixture occurs readily.  
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Figure 1.3. Three different polymorphic structures of a TAG. (a) Sub-cell structures and (b)  

                   chain length structures. Source: Ref [124] 

Polymorphism (crystal forms) of a fat is characterized by determining the long-spacing and 

short-spacing (d-spacing). The crystal forms are identified through interpretation of the X-ray 

diffraction pattern [29,43,94,96,112]. Long-spacing (small angles) corresponds to the 

distance between methyl end-groups of TAGs and is generally comprised of two [72], three 

[57], or four [123] chain-lengths of the fatty acid components of the TAG (Figure 1.3). Long 

spacing for TAGs increases with increasing fatty acyl chain-length and decreases with 

increasing the angle of tilt. Polymorphs α and β' (I-IV) have a DCL structure displaying long-

spacings from 22.1 to 55.1°C, while polymorphs β (V-VI)  have a TCL structure showing 

long-spacings between 63.0 and 66.0 Å [33,149]. Short-spacing (wide angles), in contrast, 

denotes to the cross sectional packing of the acyl chains, and is independent of the chain 

length [43]. Short spacing is usually used for characterizing the different crystalline 

polymorphs, which differ in their chain length packing sub-cell. The β crystal has a triclinic 

sub-cell with a d-spacing at 4.5/4.6 Å, while the β' crystal has an orthorhombic sub-cell 

structure with multiple d-spacings between 3.8 and 4.3 Å. The α crystal has a hexagonal sub-

cell with a d-spacing at 4.15 Å [124]. Table 1.3 illustrates the short spacings characteristic of 

various crystal polymorphs of CB as determined using XRD with wide angle reflections.  
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Table 1.3. Short spacings characteristic of various crystal polymorphs of CB as determined  

                 by powder XRD wide angle reflections [85,99]. 

Polymorphic form Short (d) spacing (Å) 

I or γ (sub-α) 3.87(m), 4.17(s)  

II or α 4.20(vs) 

III or β'2 3.87(vw), 4.20(vs)  

IV or β'1 3.75(m), 3.88(w), 4.13(s), 4.32(s) 

V or β2 3.65(s), 3.73(s), 3.87(w), 3.98(s), 4.22(w), 4.58(vs), 5.13(w), 5.38(m) 

VI or β1  3.67(s), 3.87(m), 4.01(w), 4.21(vw),4.53(vs), 5.09(vw), 5.37(m) 

Relative peak intensity noted as very weak (vw), weak (w), medium (m), strong (s) or very strong (vs). 

Polymorphism of fats/oils is much complicated, particularly those with a relative 

homogenous TAG composition. Figure 1.4 shows an overview of polymorphism in CB with 

corresponding melting temperatures. CB exhibits six polymorphic forms namely I (sub-α or 

γ), II (α), III (β'2), IV (β'1), V (β2) and VI (β1) in ascending stability and melting temperature 

[37,149]. Polymorph I (sub-α or γ) is the most unstable form with melting temperature of 16-

18°C. Polymorph II (α) is found to have melting temperature of 19-24°C and can crystallize 

directly from polymorph I during storage. Polymorph III (β'2) can form by transformation of 

polymorph II (α) with melting temperature of 24-26°C. Polymorph IV (β'1) can be 

crystallized from the unstable polymorph III (β'2). It has a melting temperature of 26-30°C. 

Polymorph V (β2) is a more stable form with melting temperature of 30-34°C, which can be 

obtained directly from the IV (β'1) and/or III (β'2) polymorphs. Finally, the most stable 

polymorph VI (β2) with melting temperature of 34-36°C can be obtained from the V (β2) 

polymorph during storage [16]. 

Polymorphic transitions of CB take place through either a solid-state transition or by melt-

mediation. Generally, the stable V(β2)-crystal is preferred in chocolate as it has a desirable 

melting temperature and sensorial characteristic [118,136]. On the other hand, metastable β´-

crystals are desirable for confectionery fillings and compound chocolates because it melts at 

low temperature with fine crystal structures [136,145].  
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Figure 1.4. Overview of polymorphism in cocoa butter with melting temperature. Source: Ref  

                  [16]                  

1.2 Cocoa butter alternatives (CBAs)  

CBAs are derived from vegetable fats and oils, used in replacement of CB. CBAs can be 

divided into three groups according to their functionality and similarity to CB: i) cocoa butter 

equivalents (CBEs), ii) cocoa butter replacers (CBRs), and iii) cocoa butter substitutes 

(CBSs). 

1.2.1 Cocoa butter equivalents (CBEs)  

CBEs are combinations of polymorphic non-lauric fats such as sal, mango seed, shea, palm 

oil, kokum and illipe. CBEs provide similar fatty acid/TAG composition, 

melting/crystallization properties and polymorphism to those of CB [26]. Ideally, CBEs can 

be added in any amount with commercial CB without presenting any eutectic behavior 

(indicating fats mixtures are not compatible) [44]. CBEs can be obtained by blending POP 

rich fat and POSt/StOSt rich fats [22]. 

1.2.2 Cocoa butter replacers (CBRs) 

CBRs are non-polymorphic and non-lauric fat (12:0) based on hydrogenated oils such as 

hydrogenated mango kernel. CBRs can be partially compatible with commercial CB due to 

the presence of β´ polymorphs [53].   
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1.2.3 Cocoa butter substitutes (CBSs)  

CBSs are lauric-based fats (12:0) such as palm kernel oil (PKO) and coconut oil. CBSs show 

similar melting/crystallization properties to that of CB, with different fatty acid and TAG 

composition [27,109,135]. CBSs can only be mixed in small quantities with commercial CB 

as they are usually not compatible [27]. Generally, production of the fat is obtained by 

blending low melting rich fats (such as PMF) and high melting rich fats (such as palm 

stearin).  

1.3 Legislation 

According to DIRECTIVE 2000/36/EC and Malaysian Food Regulation 1985, the maximum 

amount of CBAs can be used in chocolate, is limited to 5% only [45,114]. The non-European 

Union countries have their own regulations. For example, the United States does not allow 

the use of CBAs in chocolates, but permits its use as coatings on chocolate products. 

Generally, most countries allow higher levels of CBAs in chocolate, but this is labelled as 

“compound chocolate” [14,39,75,141]. 

1.4 Sources for CBAs  

In 2000 an amendment on the EU DIRECTIVE 2000/36/EC stated that only the six vegetable 

fats/oils are permitted to be used as CBAs. These oils are shea (Burtyrospermum parkii), 

illipe (Shorea spp.), sal (Shorea robusta), palm oil (Elaeis guineensis, Elaeis olifera), mango 

kernel oil (Mangifera indica) and kokum gurgi (Garcinia indica). These oils are the rich 

sources of SUS TAGs: POP, POSt and StOSt, have a large difference in the SUS TAGs 

composition as shown in Table 1.4. Among all the six fats/oils, illipe fat has comparable 

POSt to CB whereas the other five fats have different TAGs composition. However, illipe is 

rarely used due to its availability and quality. None of the six vegetable fats/oils shows 

POP:POSt:StOSt ratio that is similar to that of CB. Therefore, blending of the components is 

needed to produce a suitable CBA.  
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Table 1.4. TAG composition of vegetable fats and oils for CBAs [53,137]. 

TAGs CB Palm 

fraction 

Shea 

fraction 

Illipe 

fat 

Sal 

fraction 

Kokum 

fat 

Mango kernel 

fraction 

POP 16 66 1 7 Trace Trace 1 

POSt 37 12 7 34 10 6 16 

StOSt 26 3 74 45 60 72 59 

Total 79 81 82 86 70 78 76 

Oil palm is the major export commodities in Malaysia, which is one of the largest 

contributors to its overall economy. Palm oil is extracted from the mesocarp layer of the palm 

fruits (Elaeis guineensis) and palm kernel oil is derived from the kernel of the same fruits. 

The oils are further fractionated and refined. Palm kernel has approximately 45-50% oil. 

Although palm oil and palm kernel oil are extracted from same palm fruits, they have 

different chemical and physical properties [69]. Apart from different palm oil fractions, palm 

mid-fraction, refined bleached deodorized palm kernel oil or palm stearin used in this study 

will be discussed in the following section.   

1.4.1 Palm mid-fraction (PMF)  

PMF is a fraction of palm oil that shows melting temperatures between 9.8 and 32.8°C [21]. 

PMF contains 51.8% of POP among three main TAGs, which leads to a steep SFC versus 

temperature curve. Almost all CBAs contain some proportion of PMF that contributes most 

of the POP to the blend. PMF tends to crystallize in the β´ form and is therefore an attractive 

option for producing confectionery fillings and fat spreads [131].  

1.4.2 Refined bleached deodorized palm kernel oil (RBDPKO)  

RBDPKO refers to extract palm kernel oil that has been refined, bleached and deodorized. It 

is a semi-solid fat at room temperature, with a melting temperature of approximately 26-

28°C. The oil has a high percentage of short-chain fatty acids such as lauric (12:0, 47.7%) 

and myristic acids (14:0, 22.6%) [150,152]. Although this oil contains high levels of 

undesirable short-chain fatty acids, it is broadly used as a suitable raw material for the 

production of confectioneries [130]. In this application, RBDPKO shows melting 

characteristic and crystallization behavior similar to CB, but chemical composition of these 
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two fats differ considerably. In CB, the composition of long-chain fatty acids such as palmitic 

(16:0, 24.4%), stearic (18:0, 33.6%), and oleic acids (18:1, 37.0%) are high, whereas short-

chain fatty acids such as lauric acid and myristic acid compositions are in very low amounts 

[21]. In RBDPKO, the composition of short-chain fatty acids is high, whereas the 

composition of long-chain fatty acids is relatively low compared to that of CB. Hence, the 

high short-chain fatty acid content and low long-chain fatty acids (palmitic/oleic) content of 

RBDPKO makes it unsuitable as a direct use as CBS. Blending RBDPKO with palmitic and 

oleic acids rich fats such as PMF and/or palm stearin, however, could decrease the short-

chain fatty acid composition whilst increasing the long-chain fatty acid composition [152]. 

This process may produce high-quality CBSs with a fatty acid composition more similar to 

that of CB.  

1.4.3 Refined bleached deodorized palm stearin (RBDPS) 

RBDPS is obtained from palm stearin by separating olein which has been refined, bleached 

and deodorized. The physical behavior of RBDPS differs from other palm oil products 

because it is a solid fat with high melting temperature (44-56°C). This needs to be mixed with 

lower melting temperature oils such as PMF and RBDPKO to yield a melting profile similar 

to that of CB. In addition, this oil contains low amount of linoleic acid (18:2), making it less 

prone to oxidation [46,130]. The applications of RBDPS have been well reviewed, and the 

stearin has also been reported to be a suitable coating material [78,91]. 

1.5 Production of CBAs 

Many researches have been performed for the production of CBAs from different vegetable 

fats/oils. Due to the economic advantages, the vegetable fats/oils have been used to replace 

CB in chocolate and other confectionery applications. Different methods such as blending, 

supercritical carbon-dioxide (SC-CO2), fractionation, hydrogenation, chemical 

interesterification and enzymatic interesterification are used to obtain CBAs with fatty 

acid/TAG composition, melting profile and other physical characteristics similar to that of 

CB. Among the methods, blending is a simple modification method which leads to a change 

in physical properties such as melting profile but it does not change the TAG molecule. The 

fatty acids in the TAG still remain the same in their original positions after blending two or 

more fats/oils. Interesterification process changes both physical and chemical properties of a 

fat/oil or blend. Interesterified fats/oils have a different TAG profile than the blend, and 
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interesterification rearranges fatty acids in the glycerol backbone to modify the 

physicochemical properties of a fat/oil or blend such as TAGs and melting profile. In the 

current study, blending and enzymatic interesterification were used to produce CBAs. These 

will be discussed in the following section.  

1.5.1 Blending 

Blending is a physical technique to produce CBAs using different vegetable fats/oils. Two or 

three fats are mixed together to resemble their fatty acid/TAG composition and melting 

temperature as per CB (Figure 1.5). For example, palm oil mid-fraction has a melting 

endotherm of 10-30°C while mango seed almond fat shows a high melting endotherm of 35-

37°C. Blending of these components produced CBEs with similar melting/crystallization, 

fatty acid and TAG composition to CB [76].  

A group of researchers has produced CB-like fat by blending different vegetable fats and oils 

(Table 1.5). CBRs were prepared by blending mango seed fat and palm stearin [70]; mango 

seed fat and PMF [68]; and PKO and palm oil [152]. Whereas CBEs were produced from 

blending mango kernel fat and PMF [131]; and high oleic-high stearin sunflower hard stearin 

and PMF [21]. In another study, Wang et al. [145] prepared CBSs by blending hydrogenated 

PKO and palm kernel stearin.    

In these works, the melting profile, SFC as a function of temperature and fatty acid/TAG 

composition were analysed that were comparable to CB. However, the crystal polymorphism 

was not investigated in these studies. Crystal polymorphism is responsible for the textural and 

sensory characteristics of chocolates. Moreover, mango seed fat and mango kernel fat are 

unavailable in the market. Hence, production of CBAs specifically CBSs by blending 

followed by interesterification of PMF, RBDPKO and RBDPS remains an unexplored area of 

research.  
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Figure 1.5. Blending process scheme for production of CBAs. Source: Ref [137]  

1.5.2 Interesterification 

Interesterification, an acyl rearrangement reaction is used to modify TAG and melting profile 

of fats/oils (Table 1.6). Interesterification rearranges the fatty acids within and between TAGs 

(Figure 1.6). There are two ways to carry out interesterification: chemical and enzymatic.  

Table 1.5. Literature enumeration of production of CB-like fats by blending. 

Blending CB-like characteristic Reference 

Palm stearin/mango seed fat Melting, crystallization, crystal morphology with 

major three TAGs 

[70] 

Mango seed fat/PMF Melting, crystallization, crystal morphology with 

major three TAGs  

[68] 

Mango kernel fat/PMF Melting, polymorphism with major three TAGs [131] 

High oleic-high stearin 

sunflower hard stearin/PMF 

Melting, compatibility with major three TAGs [21] 

Hydrogenated PKO and 

palm kernel stearin 

Melting and crystallization [145] 

PKO/palm oil Slip melting, SFC, saponification/iodine value [152] 

 

1.5.2.1 Chemical interesterification  

In chemical interesterification, fatty acids are randomly distributed over the glycerol 

backbone of a fat (Figure 1.6). Chemical interesterification employs a metal catalyst (sodium 

methoxide) which randomly distributes fatty acids among all possible TAG positions while 

enzymatic interesterification involves the application of lipase enzyme which can be random 



Chapter 1 Literature review 

16 
 

or regio-specific (1, 3-specific or 2-specific) [95]. In confectionery products, this process is 

usually not applicable because of deficiency in positional specificity [151]. Hence, enzymatic 

interesterification offers a great potential for the production of a specialty fat with developed 

physicochemical characteristics.   

1.5.2.2 Enzymatic interesterification 

Enzymatic interesterification is performed to exchange the fatty acids attached to the glycerol 

backbone of a fat. Usually, lipases sn 1,3-positions are used to modify TAG composition that 

produce CB-like fats, which are preferred in confectionery products [80]. The important 

sources of lipase enzymes are Mucor miehei, Rhizopus arrhizus, Thermomyces lanuginose, 

Porcine pancreas and Rhizomucor miehei. 

Enzymatic interesterification is a fat modification technology to improve physicochemical 

characteristics of fats/oils for confectionery and other applications [79,116]. The 

interesterification reactions of oils permit the production of new fats without any trans-fatty 

acid residues [100,154]. The advantages of this process are: low investment cost, simple, no 

undesirable trans-fatty acids production and no undesirable solvents/chemicals. In the current 

study, enzymatic interesterification was performed.   

Production of CBAs from different vegetable fats/oils is one of the most promising 

applications of the enzymatic interesterification process. This is because of the structural 

composition of CB where the major TAGs namely POP, POSt and StOSt contain only oleic 

fatty acid (O) in the sn-2 position of the glycerol backbone. Various vegetable fats/oils have 

been investigated and used to produce special fats resembling the TAG composition and 

other physical properties to CB. Table 1.6 summarizes the literature of different fats and oils 

modified by enzymatic interesterification for the production of CBAs over the last decades.   
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Figure 1.6. Chemical and enzymatic interesterification mechanism of two TAGs (XXX,  

                    YYY) and TAG (XXX) with commercial stearic (St) fatty acid.                 

                    Source: Ref [151] 

In a recent study, Mohamed [102] produced CBEs from olive oil and stearic fatty acid 

mixture through enzymatic interesterification using 10% Mucor miehei enzyme at 24 h 

reaction time with n-hexane system. Kadivar et al. [75] used solvent free fractionation to 

produce CBEs through enzymatic interesterification of high-oleic sunflower oil with 10% 

Rhizomucor miehei enzyme at 6 h reaction time. Many other researchers have also prepared 

CBEs through enzymatic modification of PMF and palmitic-stearic fatty acid [103]; high-

oleic sunflower oil and stearic-palmitic acid [113]; tea seed oil with fatty acid methyl esters 

[147]; and palm oil with hydrogenated soybean oil [1]. In another study, Zarrianghalami et al. 

[153] prepared CBRs from hydrogenated and solid fraction of tea seed oil through enzymatic 

interesterification using acetone solvent system at 4 h reaction time.  

In most of the researches, the effect of several parameters such as enzyme-substrate ratio, 

initial ratio of commercial fatty acids, incubation time/temperature and solvents were studied. 

The TAGs produced from these works exhibited similar melting thermograms to CB. 
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Although the potential to achieve a composition virtually similar to CB through enzymatic 

interesterification is high, no work has been reported using PMF, RBDPS and RBDPKO 

mixtures to produce CBS with TAGs composition, melting profile, SFC and polymorphism 

that resemble CB.  

1.6 Production of chocolate 

Chocolate is made up of sugar, cocoa powder/cocoa liquor, CB, soy lecithin and/or milk 

powder [6,49]. There are mainly three varieties of chocolate: dark chocolate, milk chocolate 

and white chocolate. Dark chocolate is composed of sugar, CB, cocoa powder/cocoa liquor, 

while milk chocolate contains additional milk fat in the mixture. White chocolate, however, 

contains milk fat but does not include cocoa powder/cocoa liquor [45]. To produce chocolate, 

the following stages are involved: mixing, refining, conching and tempering [14]. Figure 1.7 

displays the flow diagram of the main steps of the chocolate manufacturing process.  

1.6.1 Mixing 

In the first step, the basic ingredients of dark chocolate (sugar, cocoa powder and CB) are 

mixed together. A thermostat controlled mixer is generally used to ensure the mixture with a 

plastic consistency and rough texture. Approximately 2-10 min of mixing is necessary in 

large-scale manufacturing [6]. 

1.6.2 Refining 

The mixture is then refined using a vertical three roll refiners. The chocolate paste is fed 

through the gap between the first two rollers and a knife blade fitted with the third roller is 

used to collect the chocolate flakes. This stage is used to reduce the particle size to smaller 

than 35μm in diameter, which is the optimum size of particles required in chocolate 

production [8]. Small crystals provide smooth mouth-feel and cool sensation during chocolate 

consumption, whereas large crystals provide a sandy or waxy mouth-feel  [39,42].   
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Table 1.6. Literature enumeration of production of CB-like fats by enzymatic  

                      interesterification.  

Parameter Lipase Substrate CB-like 

characteristic 

Reference 

Solvent: hexane 

Enzyme 

concentration: 

10% 

Tm: 60°C 

T: 24 h 

Lypozyme (Mucor 

miehei) 

Olive oil/palmitic-

stearic acid 

38.5% POSt, 

27.2% POP 

and 15.4% 

StOSt 

[102] 

Solvent free 

Enzyme 

concentration: 

10% 

Tm: 65°C 

T: 6 h 

Lypozyme 

(Rhizomucor 

miehei) 

High-oleic sunflower 

oil  

59.1% StOSt [75] 

Solvent: hexane 

Enzyme 

concentration: 

10% 

Tm: 60°C 

T: 24 h 

Lypozyme (Mucor 

miehei)  

Palm mid-

fraction/palmitic-

steric acid 

40.1% POSt, 

30.7% POP, 

14.5% 

StOSt, 

9.0% POO 

and 5.7% 

StOO 

[103] 

Solvent free 

Enzyme 

concentration: 2% 

Tm: 70°C 

T: 5 h 

Lypozyme 

(Rhizopus oryzae) 

High-oleic sunflower 

oil/stearic-palmitic 

acid 

CB-like 

containing 

StOSt  

[113] 

Solvent free 

Enzym 

concentration: 

10% 

Tm: 60°C 

T: 8 h 

Lypozyme 

(Thermomyces 

lanuginose) 

Hydrogenated tea 

seed oil/solid fraction 

of tea seed oil 

17.4% POSt, 

10.7% POP 

and 11.1% 

StOSt 

[153] 

Solvent free 

Enzyme 

concentration: 

10.4% 

Tm: 35°C 

T: 60 h 

Porcine pancreas  Tea seed oil/fatty acid 

methyl esters 

35.3% POSt, 

32.4% POP, 

and 29.2% 

StOSt 

[147] 

Solvent: acetone 

Enzyme 

concentration: 

10% 

Tm: 70°C 

T: 4 h 

Lypozyme 

(Rhizomucor 

miehei) 

Palm 

oil/hydrogenated 

soybean oil 

39% POSt, 

23% StOSt 

and 11.0% 

POP 

[1] 
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1.6.3 Conching 

After the refining, conching is performed to achieve the desirable texture, viscosity and 

sensory characteristics of the chocolate product. Viscosity refers to the energy needed to 

maintain the flow of a fluid. High viscous chocolates are not desirable due to sticky mouth-

feel [39] . Proper hardness (textural behavior) of the chocolate provides pleasant mouth-feel 

sensation and good snap. Conching is usually achieved by mixing chocolate at approximately 

45°C for 6 h [16]. During this phase, the mixture turn into a paste as the viscosity reduced. In 

the last stage of the conching, the residual ingredient (soy lecithin as emulsifier) is added to 

obtain the desired flow characteristics. 

1.6.4 Tempering  

The next most important step is tempering which is a time-temperature process to ensure the 

formation of chocolate in the right crystal form (β). The tempering process involves reducing 

the temperature of the chocolate to induce crystallization (27°C) of both stable and unstable 

crystals. This is then followed by melting the unstable crystals by increasing the temperature 

to 30-32°C, and which leaves behind only the stable crystals [4].  

The stable β-crystal form is desired in chocolates as it melts at 32-34°C. It also provides the 

desired good snap, glossy appearance, sensory mouth-feel and resistance to fat bloom 

[16,97,136]. Poorly crystallized chocolate causes the formation of fat bloom (sticky greyish-

white surface) upon storage as the crystal form β'IV rapidly transforms into polymorph βV. 

Bloom formation may also arise due to slight (i.e., ±2-3°C) or larger temperature variations 

which causes the melting and re-crystallization of TAG in CB, where the liquid fat from the 

chocolate matrix migrates through pores and microfractures to the surface forming bloom 

[42,118,129]. Un-tempered chocolate is usually soft due to the presence of unstable crystals 

and does not lend itself to effective de-moulding [6].  
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Figure 1.7. Overview of chocolate manufacturing process. Source: Ref [4,55] 

1.6.5 Moulding, cooling and de-moulding 

Finally, the chocolate is moulded and chilled at approximately 15°C for 60 min to solidify the 

chocolate [40]. Prior to packaging, the chocolate bars are de-moulded.    

1.7 Research gap and motivation 

CB is largely used as a raw material in chocolates and confectioneries due to its unique 

melting properties. However, its high price and limited production warrants researchers to 

produce alternatives to CB with similar melting and other physical properties. One of the 

alternative fats is known as CBS. Generally, CBS is derived from lauric based fats such as 

palm kernel oil using hydrogenation. This process is concerned on human health due to the 

presence of trans-fatty acids (undesirable saturation level) that may increase the risk of 

coronary heart disease. Alternatively, blending or enzymatic interesterification is a simple, 

easy and cost-effective process by which special fats like CBS can be produced by 

rearranging the structure of readily available vegetable fats/oils. The existing literature review 

on the production of CB-like fats through blending and enzymatic interesterification is 

summarized in Tables 1.5 and 1.6, and described in this chapter. 
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The development of CBSs by blending and enzymatic interesterification of palm mid-

fraction, refined bleached deodorized palm kernel oil and palm stearin has not been done. 

Hence in order to overcome the research gaps, this study was carried out to investigate the 

development of CBS by blending and enzymatic interesterification of palm mid-fraction, 

refined bleached deodorized palm kernel oil and palm stearin. Melting, compatibility, 

polymorphism, fatty acids and triacylglycerols of CBS/CB mixture were determined for 

chocolate formulation. This study provides fundamental knowledge on the phase behavior 

and physicochemical characteristics of fats mixture for chocolate application. 

1.8  Research questions  

The specific research questions that the thesis has investigated were: 

1. Are the binary mixtures of PMF/RBDPKO, PMF/RBDPS and RBDPS/RBDPKO 

compatible? If so, at what composition? What is the phase behavior of PMF, 

RBDPKO and RBDPS as binary mixture? 

2. Is the ternary mixture of PMF/RBDPKO/RBDPS compatible? If so, at what 

composition? What is the phase behavior of PMF/RBDPKO/RBDPS mixture? Which 

composition will mimic cocoa butter in terms of fatty acid and triacylglycerol 

constituents, solid fat content, melting and polymorphism? 

3. What is the effect of enzymatic interesterification of ternary mixture of 

PMF/RBDPKO/RBDPS using commercial stearic and oleic acids on triacylglycerol 

composition and melting profile for CBS development? 

4. Is the enzymatically produced CBS compatible with commercial CB? If so, at what 

composition? What are the physical properties of enzymatically produced CBS and 

CB mixture for chocolate formulation?  

5. What are the physical, rheological and sensorial properties, and bloom formation of 

dark chocolate made with enzymatically produced CBS? 
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1.9 Thesis objectives 

The specific objectives of this study were: 

1. To evaluate the physicochemical properties of binary mixtures of PMF, 

RBDPKO or RBDPS for CBSs formulation.  

2. To examine the physical and chemical properties of ternary mixtures of 

PMF/RBDPKO/RBDPS for CBSs development.  

3. To investigate the enzymatic interesterification of PMF/RBDPKO/RBDPS 

mixture with commercial stearic/oleic fatty acids for CBS development.  

4. To examine the physical properties of enzymatically produced CBS and 

CB mixtures for chocolate formulation, and  

5. To investigate the physical and sensory characteristics of dark chocolates 

made with enzymatically produced CBS.  
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the current thesis format. A copy of the research paper is included as appendix H in page 134. 

  



Chapter 2 Binary fat mixture 

25 
 

2 Characterization and physicochemical properties of binary 

mixtures of PMF, RBDPKO or RBDPS for CBSs formulation 

2.1 Introduction 

Cocoa butter (CB) is a natural fat obtained from cocoa seeds (Theobroma cacao), commonly 

used as an important ingredient for the production of chocolate. CB consists of three main 

triacylglycerols (TAGs) such as glycerol-1,3-dipalmitate-2-oleate (POP; P palmitic, O oleic), 

glycerol-1-palmitate-2-oleate-3-stearate (POSt; St stearic) and glycerol-1,3-distearate-2-

oleate (StOSt) [21,59]. These TAGs are responsible for the melting profiles, crystallization 

and polymorphism of CB. CB becomes highly solid at 20°C and melts between 30 and 35°C 

[69]. This melting profile is desired in confectionery applications such as chocolates. CB has 

a complex polymorphic behavior, with an α polymorph (melting temperature, Tm 17-24°C, 

short spacing at 4.15 Å); a β´1 polymorph (Tm 26-30°C, 3.8 and 4.2 Å); a β´2 polymorph (Tm 

24-26°C, 4.1 and 4.3 Å); a β1 polymorph (Tm 34-36°C, 3.7 and 4.6 Å) and a β2 polymorph 

(Tm 32-34°C, 4.5 Å) [37]. Generally, the stable polymorph (β2) is preferred in chocolates as it 

melts at high melting temperature with small to moderate crystal sizes allowing for smooth 

products [136].  

CB is expensive among all commercial fats and oils due to its low availability and strong 

market demand. Therefore, many studies have been performed to produce alternatives to CB 

by blending different proportions of palm kernel oil and palm oil [56,150,152]; palm mid-

fraction and mango kernel fat [131]; palm kernel oil and milk fat [150]; and palm stearin and 

mango seed fat [70]. The melting profile of CBSs is similar to that of CB, but chemical 

composition and crystallization behavior in terms of stable polymorphic forms are completely 

different to CB. CBEs show similar melting profile, polymorphism and chemical composition 

as per CB [135]. 

Binary systems of fats/oils are gaining interest recently in producing CBAs for chocolates 

and other confectionery applications because fats/oils such as PMF, RBDPKO and RBDPS as 

described in section 1.4 are comparatively cheap and are easily available in the market. 

Recent studies produced CBRs by blending palm kernel oil and palm oil [152], mango seed 

fat and palm stearin [70], and also reported fatty acid composition, solid fat content and slip 
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melting point closer to commercial CB. Some studies also investigated the compatibility and 

melting behavior via chemical interesterification of palm olein and palm kernel oil [56], palm 

stearin and palm kernel olein [107] for producing confectionery products such as spreads. 

From the literature, it has also been noted that there are a few reports on the melting behavior, 

compatibility and microstructure of palm kernel oil, palm stearin or palm olein for producing 

margarines, shortenings and fat spreads [48,155]. Hence, production of CBAs especially 

CBSs with PMF, RBDPKO or RBDPS remains an unexplored area of research. Oil blending 

in the current study is helpful in understanding their potential application in confectionery. 

CBSs produced from blending of fat mixtures could be used as a suitable partial replacement 

of CB. 

In the present study, PMF, RBDPKO and RBDPS were mixed two at a time at different 

proportions to determine their suitability as a CBA. PMF has a high percentage of POP, 

RBDPKO has a short melting range, and RBDPS has a wider range of melting points. These 

oils/fats were mixed to see how close their physicochemical characteristics resemble those of 

CB. Hence, the objective of this study was to evaluate the fatty acid composition, 

triacylglycerol, solid fat content, melting behavior and polymorphism of PMF/RBDPKO, 

RBDPS/RBDPKO and PMF/RBDPS mixtures for CBSs formulation. 

2.2 Materials and methods 

2.2.1 Materials 

Palm mid fractions (PMF), refined bleached deodorized palm kernel oil (RBDPKO) and 

refined bleached deodorized palm stearin (RBDPS) were obtained from Sime Darby 

Research Sdn. Bhd. (Selangor, Malaysia). Cocoa butter (CB) was purchased from Le Bourne 

Sdn. Bhd. (Selangor, Malaysia). All chemicals and solvents used were of Analytical Reagent 

or HPLC grades (Fisher Scientific, Loughborough, UK). Fatty acid methyl ester (FAME) 

standards and TAG standards were obtained from Lab Science Solution Sdn. Bhd. (Selangor, 

Malaysia) and Sigma Aldrich (St. Louis, MO, USA).  

2.2.2 Preparation of oil blends 

Mixtures (w/w) of two fats (PMF/RBDPKO, RBDPS/RBDPKO and PMF/RBDPS) were 

prepared from 0 to 100% in 10% increments. The samples were melted at 80°C and mixed 

thoroughly and then stored at room temperature for further analysis.  
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2.2.3 Fatty acid analysis 

Fatty acid composition was determined in terms of fatty acid methyl esters (FAME). The 

samples (50 mg) were weighed and dissolved in 1 ml of heptane inside a 1.5 ml centrifuge 

tube. The mixtures were then added to 50 μl of 1 M sodium methoxide in anhydrous 

methanol and then mixed vigorously for 1 min by using a vortex mixer. After the 

sedimentation of sodium glycerolate, 1 μl of the clear supernatant was injected into a gas 

chromatograph (Perkin Elmer Clarus 500 GC, Norwalk, USA) fitted with an elite FFAP 

column (30 m length × 0.32 mm i.d. × 0.25 μm film thickness). A flame ionization detector 

(FID) was used to detect the FAME [120]. The injection and detection temperatures were 

both 250°C. The oven temperature was programmed as follows: heat from 110°C to 140°C 

(30°C/min), hold at 140°C for 1 min, heat from 140°C to 240°C (15°C/min) and hold for 7 

min at 240°C. The carrier gas (helium) flow rate was 0.9 ml/min. The peaks were identified 

by comparing the retention times with the FAME standards and quantified by using a peak 

area normalization method.  

2.2.4 Triacylglycerol (TAG) analysis 

The TAG profiles of the fat mixtures were analysed using high performance liquid 

chromatography (Agilent HPLC series 1260, Santa Clara, USA) according to AOCS Official 

Method, Ce 5b-89 [51]. The column used was ZORBAX C-18 (4.6 × 250 mm, 5 μm, Agilent 

Technologies Inc., Santa Clara, USA) and maintained at 35°C by a column oven. Isocratic 

elution was carried out at a flow rate of 1.5 ml/min with a mixture of acetone/acetonitrile 

(70:30, v/v) as the mobile phase. A refractive index detector (RID, Agilent 1260 Infinity, 

Santa Clara, USA) was used. The injection volume with an auto-injector was 10 μl of 5% 

(w/v) oil in acetone. TAG peaks were identified based on the retention time of TAG 

standards. The percentage of TAGs was determined by using a peak area of the 

chromatogram.   

2.2.5 Solid fat content (SFC) analysis 

The SFC of the fat mixtures was determined using pulsed nuclear magnetic resonance with a 

Bruker Minispec PC 120 NMR analyzer (Karlsruhe, Germany), following the method 

developed by Fiebig and Lüttke [50]. The fat samples (2-3 g) were placed into the NMR 

tubes and melted at 80°C for 30 min followed by tempering at 60°C for 5 min, 0°C for 90 

min, 26°C for 40 h, 0°C for 90 min, and finally kept it for 30 min at the desired measuring 
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temperatures of 5, 10, 15, 20, 25, 30, 35, 40 and 45°C before SFC is measured. Iso-solid 

phase diagrams of the fat mixtures were constructed with OriginPro 9.1 software (OriginLab 

Crop., Northampton, MA, USA) based on SFC value obtained from NMR for each 

temperature ranging from 5 to 40°C.  

2.2.6 Melting behavior  

Melting behavior of the fat mixtures was determined using differential scanning calorimetry 

(DSC, Perkin-Elmer Pyris 4000 DSC, Norwalk, USA), following the method developed by 

Williams et al. [150]. Nitrogen gas was used at a flow rate of 20 ml/min. The instrument was 

calibrated with indium and n-dodecane. The samples (5-10 mg) were hermetically sealed in 

an aluminum pan. An empty, covered aluminum pan was used as the reference. The samples 

were cooled to -50°C at 10°C/min, held at -50°C for 5 min and then heated to 80°C at 

5°C/min.   

2.2.7 Crystal analysis  

The polymorphic forms of the fat crystals were determined at 24°C (room temperature) with 

a D8 Discover X-ray diffraction (XRD, Bruker, Karlsruhe, Germany) fitted with Cu-Kα 

radiation (k = 1.5418 Å, voltage 40 kV and current 40 mA). The samples were analysed at 2θ 

angles of 10°-30° with a scan rate of 1.5 °/min. X-ray data was processed using the 

diffraction software to calculate the absorption intensity background, intensity and peak 

width in degrees for each crystalline form and the relative contents of β´1, β´2 and β2 crystals. 

The β´1, β´2 and β2 polymorphs were calculated from the intensity of the short spacings at 3.8 

& 4.2 Å, 4.1 & 4.3 Å, and 4.5 Å, respectively [37]. Each polymorph present was calculated 

using the formula [115], where Iβ´1, Iβ´2 and Iβ2 were the peak intensities of β´1, β´2 and β2 

polymorphs, respectively. 

     β´1  
           

                
   β´2  

           

                
   β2 

          

                
  ………………….2.1 

2.2.8 Statistical analysis 

The data were statistically analyzed by one-way analysis of variance (ANOVA) using the 

OriginPro 9.1 software (OriginLab Corp., Northampton, MA, USA). Tukey’s test was 

applied to determine the significant differences at a P<0.05 level. NMR data represented 

single determination. DSC diagrams and XRD analyses were conducted in triplicate.  
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2.3 Results and discussion 

2.3.1 Fatty acid composition 

The fatty acid profiles of the different mixtures of PMF/RBDPKO, RBDPS/RBDPKO and 

PMF/RBDPS are shown in Table 2.1, Table 2.2 and Table 2.3. PMF and RBDPS were rich in 

palmitic (51.9% and 68%) and oleic (36.1% and 21%) acids respectively. RBDPKO 

contained a high percentage of lauric acid (48.3%), followed by myristic (15.6%), oleic 

(15.1%), palmitic (8%), and linoleic (3%) acids. The compositions of all the individual fats 

were consistent with the earlier findings [21,131,138,150], who reported that the fatty acid 

profiles of CB are described in the introduction.  

Since none of these fats mimicked the fatty acid profile of CB, so it was decided that they 

must be blended in different proportions and combinations. In Tables 2.1, 2.2 and 2.3, the 

fatty acid constituents among the blends were significantly (P<0.05) affected by the ratios of 

the mixtures. In PMF/RBDPKO mixtures (Table 2.1), the constituents of short-chain fatty 

acids (lauric and myristic) increased gradually (P<0.05) with increasing RBDPKO. Although 

the compositions of long-chain fatty acids such as palmitic, oleic and linoleic acids were 

comparable to commercial CB (Table 2.1), the compositions of short-chain fatty acids were 

significantly higher (P<0.05) in blends G to I (20-40% of PMF in RBDPKO). A similar trend 

was also observed in mixtures F to H (30-50% of RBDPS in RBDPKO) of 

RBDPS/RBDPKO blends as described in Table 2.2. In PMF/RBDPS mixtures (Table 2.3), 

the palmitic and oleic acids with the exception of stearic were significantly (P<0.05) higher 

in mixtures B to F (50-90% of PMF in RBDPS) compared to commercial CB. Calliauw and 

co-workers [27] also produced CBSs via two-stage static fraction of palm kernel oil, and 

reported the fatty acid profiles: lauric (56.3%), myristic (19.6%), palmitic (8.9%) and stearic 

(2.0%). Jahurul and co-workers [71] also studied the fatty acids in different blends of mango 

seed fat extracted by supercritical carbon-dioxide and palm stearin at various ratios to obtain 

CB replacers, and reported that the fatty acid profiles of certain blends were comparable to 

commercial CB. Therefore, the fatty acid compositions of mixtures G to I of PMF/RBDPKO, 

mixtures F to H of RBDPS/RBDPKO and mixtures B to F of PMF/RBDPS were the closest 

to commercial CB compared to other fat mixtures. Though these fatty acids were chemically 

different from those present in CB, they may have similarity on their solid fat content and 

melting behaviors as per CB, thus making them suitable substitutes for CB.  
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2.3.2 Triacylglycerol (TAG) composition 

The TAG profiles of the different mixtures are shown in Table 2.4. CB contained 

predominantly monounsaturated TAGs (88.2% SUS: POP, POSt and StOSt; P palmitic, O 

oleic, St stearic), which was consistent with previous studies [21] as described in the 

introduction. PMF and RBDPS were high in SUS (60.1 and 40.7%), followed by di-

unsaturated (SUU: PLL, POO, StOO; L linoleic) TAGs (26.9 and 21.6%). RBDPKO was rich 

in trisaturated TAGs (70.4% SSS: LaLaLa, LaLaM, MMM; La lauric, M myristic). In Table 

2.4, variations of TAG constituents were observed among the blends. All the blends of 

PMF/RBDPKO, RBDPS/RBDPKO and PMF/RBDPS had a mixture of SSS, SUS, SUU and 

UUU (polyunsaturated; OOL and OOO) TAGs. In respect of PMF/RBDPKO mixtures, SUS 

and SUU contents decreased significantly (P<0.05), while SSS content increased with the 

addition of RBDPKO. A similar trend was also observed for RBDPS/RBDPKO and 

PMF/RBDPS mixtures. There were significant differences among all the binary mixtures 

except some blends of UUU TAGs (Table 2.4). The StOSt TAG is responsible for β crystal 

formation, whereas POP/POSt TAGs for β´ crystals [142]. Therefore, these TAGs though 

being chemically different from those of CB, they may have a significant influence on the 

solid fat content, melting properties and polymorphism of the mixtures, making them suitable 

substitutes for CB.  
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Table 2.1. Fatty acid composition (peak area %) for PMF/RBDPKO mixtures. 

Blend Fatty acid composition  

 <C12:0 C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C20:0  

A (100:0) - 0.16±0.11j 1.0±0.09k 49.40±0.10a 4.59±0.09b 37.68±0.10a 7.17±0.10a 
- 

B (90:10) 0.77±0.13 4.86±0.25i 2.56±0.10j 45.71±0.18b 4.18±0.11b 35.28±0.10b 6.64±0.13b - 

C (80:20) 1.32±0.21 8.40±0.08h 3.77±0.10i 41.85±0.21c 4.26±0.04b 34.16±0.12c 6.24±0.10b - 

D (70:30) 2.03±0.10 14.82±0.14g 5.96±0.08h 35.79±0.12d 4.04±0.05bc 31.69±0.10e 5.67±0.04c - 

E (60:40) 2.36±0.16 17.47±0.11f 6.93±0.05g 33.93±0.04e 3.87±0.20cd 30.11±0.11f 5.33±0.12cd - 

F (50:50) 2.78±0.14 20.34±0.21e 8.07±0.13f 31.16±0.10f 3.72±0.15cd 28.84±0.11g 5.09±0.10d - 

G (40:60) 3.29±0.10 25.72±0.07d 10.04±0.10e 26.36±0.12g 3.48±0.08cd 26.45±0.12h 4.66±0.10e - 

H (30:70) 4.17±0.17 30.72±0.14c 11.89±0.12d 21.58±0.25i 3.27±0.07cd 24.24±0.10i 4.20±0.06e - 

I (20:80) 6.13±0.08 37.34±0.12b 13.06±0.18c 17.31±0.45j 2.57±0.13e 20.15±0.14j 3.44±0.10f - 

J (10:90) 3.92±0.17 37.73±0.11b 14.77±0.28b 15.90±0.10k 2.95±0.07cde 21.20±0.14k 3.53±0.12f - 

K (0:100) 7.74±0.07 46.79±0.10a 16.21±0.21a 8.77±0.17l 2.20±0.14e 15.78±0.16l 2.51±0.11g - 

CB - Trace 0.73±0.02k 25.69±0.28h 36.15±0.26a 33.24±0.19d 3.13±0.22f 1.04±0.07 

Values within the same column with different letters are significantly different (P<0.05). Each value in the table represents the mean ± S.D. of three measurements. Abbreviations: Palm mid-

fraction (PMF), refined bleached deodorized palm kernel oil (RBDPKO) and cocoa butter (CB).  
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Table 2.2. Fatty acid composition (peak area %) for RBDPS/RBDPKO mixtures.  

Blend Fatty acid composition  

 <C12:0 C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C20:0 

A (100:0) - 0.23±0.08k 1.17±0.05j 54.28±0.28a 4.47±0.14b 33.39±0.20a 6.46±0.10a - 

B (90:10) 0.96±0.03 10.15±0.12j 4.49±0.21i 42.15±0.34b 4.54±0.12b 31.88±0.08b 5.83±0.14b - 

C (80:20) 1.08±0.10 11.21±0.40i 4.75±0.10i 42.96±0.54c 4.39±0.21bc 30.03±0.13c 5.58±0.24bc - 

D (70:30) 1.7±0.10 13.73±0.21h 6.04±0.14h 39.56±0.31d 4.22±0.21bc 29.46±0.17d 5.29±0.30cd - 

E (60:40) 1.97±0.08 16.73±0.40g 7.32±0.21g 37.02±0.12e 4.0±0.10cd 27.96±0.24e 5.0±0.12d - 

F (50:50) 2.73±0.11 22.27±0.12f 9.05±0.14f 31.43±0.32f 3.74±0.12d 26.21±0.21f 4.57±0.14e - 

G (40:60) 3.4±0.20 27.68±0.10e 11.12±0.21e 25.49±0.14g 3.52±0.10de 24.59±0.24g 4.20±0.14e - 

H (30:70) 3.42±0.21 29.59±0.10d 12.01±0.40d 23.99±0.20h 3.40±0.14de 23.45±0.13h 4.14±0.21e - 

I (20:80) 4.38±0.07 32.07±0.21c 13.70±0.12c 20.40±0.13i 3.25±0.21e 22.41±0.10i 3.79±0.18f - 

J (10:90) 4.8±0.13 34.30±0.57b 16.97±0.70b 15.81±0.21j 3.12±0.15e 21.46±0.40j 3.54±0.10fg - 

K (0:100) 7.74±0.07 46.79±0.10a 16.21±0.21a 8.77±0.17k 2.20±0.14f 15.78±0.16k 2.51±0.11f - 

CB - Trace 0.73±0.02k 25.69±0.28g 36.15±0.26a 33.24±0.19a 3.13±0.22g 1.04±0.07 

Values within the same column with different letters are significantly different (P<0.05). Each value in the table represents the mean ± S.D. of three measurements. Abbreviations: Refined 

bleached deodorized palm stearin (RBDPS), refined bleached deodorized palm kernel oil (RBDPKO) and cocoa butter (CB). 
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Table 2.3. Fatty acid composition (peak area %) for PMF/RBDPS mixtures.  

Blend Fatty acid composition  

 <C12:0 C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C20:0  

A (100:0) - 0.16±0.11a 1.0±0.09a 49.40±0.10a 4.59±0.09c 37.68±0.10a 7.17±0.10a - 

B (90:10) 0.02±0.03 0.15±0.06a 0.96±0.03a 49.66 ± 0.46b 4.76±0.17bc 37.55±0.11a 6.90±0.10ab - 

C (80:20) 0.03±0.01 0.16±0.06a 0.98±0.05a 49.86 ± 0.31b 4.79±0.12bc 37.28±0.17a 6.90±0.14ab - 

D (70:30) 0.03±0.01 0.16±0.07a 0.96±0.03a 50.04 ± 1.36c 4.81±0.52bc 37.18±0.75a 6.82±0.32ab - 

E (60:40) 0.03±0.01 0.16±0.12a 0.97±0.09a 50.87 ± 1.08d 4.78±0.41bc 36.43±0.47b 6.76± 0.21ab - 

F (50:50) 0.04±0.03 0.16±0.08a 1.0±0.14a 51.34 ± 0.57e 4.80±0.41bc 36.06±0.64b 6.65±0.10b - 

G (40:60) 0.07±0.02 0.17±0.05a 1.01±0.10a 51.89 ± 0.40e 4.76±0.18bc 35.48±0.54c 6.62±0.21b - 

H (30:70) 0.10±0.01 0.19±0.05a 1.07±0.12a 52.44 ± 0.21f 4.75±0.12bc 34.72±0.32d 6.73±0.17b - 

I (20:80) 0.09±0.02 0.19±0.12a 1.07±0.14a 52.58 ± 0.80f 4.90±0.08b 34.44±0.23d 6.73±0.12b - 

J (10:90) 0.11±0.03 0.19±0.02a 1.04±0.08a 52.96 ± 0.65g 5.0±0.21b 34.19±0.13de 6.51±0.24b - 

K (0:100) - 0.23±0.08a 1.17±0.05a 54.28±0.28h 4.47±0.14bc 33.39±0.20e 6.46±0.10b - 

CB - Trace 0.73±0.02a 25.69 ± 0.28i 36.15±0.26a 33.24±0.19e 3.13±0.22c 1.04±0.07 

Values within the same column with different letters are significantly different (P<0.05). Each value in the table represents the mean ± S.D. of three measurements. Abbreviations: Palm mid-

fraction (PMF), refined bleached deodorized palm stearin (RBDPS) and cocoa butter (CB). 
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Table 2.4. Overview of TAGs (peak area %) in PMF/RBDPKO, RBDPS/RBDPKO and PMF/RBDPS mixtures.  

Blend 

PMF/RBDPKO RBDPS/RBDPKO PMF/RBDPS 

SSS SUS SUU UUU Others SSS SUS SUU UUU Others SSS SUS SUU UUU Others 

A (100:0) 4.8±0.1k 60.1±1.7b 26.9±0.7a 7.4±0.2a 0.8 29.1±1.8k 40.7±1.7b 21.6±1.2a 6.1±0.7a 2.5 4.8±0.4k 60.1±0.4b 26.9±1.1a 7.4±0.4a 0.8 

B (90:10) 10.6±0.5j 58.2±0.8c 25.2±0.4b 5.2±0.2bc 0.8 33.7±1.1j 39.2±1.1c 17.8±1.4b 5.7±0.5ab 3.6 7.3±0.1j 58.3±0.5c 26.5±1.0ab 7.1±0.1ab 0.8 

C (80:20) 18.5±0.4i 52.3±1.1d 23.1±0.6c 4.9±0.2c 1.2 36.5±1.2i 38.7±0.7d 15.7±1.2c 5.5±0.1bc 3.6 8.1±0.1i 57.6±0.4d 26.2±0.8b 6.8±0.1bc 1.3 

D (70:30) 20.7±0.1h 50.7±0.8e 22.4±0.5d 4.7±0.1cd 1.5 37.3±1.1h 38.3±03e 15.2±0.4c 5.4±0.2bc 3.8 10.1±0.2h 56.1±1.8e 25.7±0.8cd 6.8±0.1bc 1.3 

E (60:40) 27.9±0.5g 44.7±0.5f 21.0±0.7e 4.7±0.1cd 1.7 42.0±0.7g 36.8±0.8f 12.3±0.5d 5.1±0.5cd 3.8 11.7±0.1g 55.4±1.4f 25.2±1.0d 6.4±0.1cd 1.3 

F (50:50) 31.5±0.7f 42.3±0.7g 19.7±0.2f 4.6±0.1cd 1.9 43.0±0.5f 36.4±0.4fg 11.7±0.4e 5.1±0.2cd 3.8 12.4±0.2f 54.7±1.2g 24.8±0.7e 6.4±0.1cd 1.7 

G (40:60) 38.7±1.0e 41.0±0.9h 13.4±0.1g 4.5±0.1cde 2.4 45.5±1.2e 36.1±0.8g 9.5±0.1f 4.7±0.2d 4.2 14.8±0.2e 52.7±0.8h 24.4±0.4ef 6.4±0.1cd 1.7 

H (30:70) 42.3±0.8d 39.4±0.5i 11.2±0.1h 4.5±0.2cde 2.6 50.5±1.3d 32.4±0.4h 8.2±0.1g 4.7±0.4d 4.2 15.0±0.1d 52.1±0.3h 24.1±0.2f 6.4±0.1cd 2.4 

I (20:80) 45.7±0.7c 37.8±0.4j 9.5±0.5i 4.3±0.1cde 2.7 61.5±1.4c 21.7±0.8i 7.9±0.4gh 4.5±0.1de 4.4 19.8±0.2c 48.3±0.4i 23.3±0.6g 6.2±0.1cd 2.4 

J (10:90) 60.8±1.1b 24.2±0.4k 7.3±0.2j 4.3±0.2cde 3.4 69.0±1.2b 14.7±0.4j 7.4±0.1h 4.5±0.2de 4.4 21.0±0.4b 47.1±0.5j 22.7±0.5h 6.2±0.1cd 3.0 

K (0:100) 70.4±1.4a 14.2±0.4l 6.8±0.2k 4.1±0.2e 4.5 70.4±1.7a 14.2±0.5j 6.8±0.2i 4.1±0.4e 4.5 29.1±1.2a 40.7±0.5k 21.6±0.4i 6.1±0.1d 3.5 

CB 0.7±0.1l 88.2±0.7a 5.3±0.2l 0.4±0.0f 5.4 0.7±1.8l 88.2±1.5a 5.3±0.2j 0.4±0.0f 5.4 0.7±0.0l 88.2±1.3a 5.3±0.5j 0.4±0.0e 5.4 

Values within the same column with different letters are significantly different (P<0.05). Each value in the table represents the mean ± S.D. of two measurements. Abbreviations: 

Triacylglycerols (TAG), trisaturated (SSS: LaLaLa, LaLaM, MMM, PPP; La lauric, M myristic, P palmitic ), monounsaturated (SUS: POP, POSt, StOSt, LaOLa; O oleic, St stearic), 

diunsaturated (SUU: PLL, POO, StOO; L linoleic), polyunsaturated (UUU: OOL, OOO), palm mid-fraction (PMF), refined bleached deodorized palm kernel oil (RBDPKO), refined bleached 

deodorized palm stearin (RBDPS) and cocoa butter (CB). 
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2.3.3 Solid fat content (SFC) and iso-solid diagrams of the blends 

The SFC profiles of individual CB, PMF, RBDPKO and RBDPS are shown in Figure 2.1. CB 

showed a high SFC (≥70%) up to 20°C, followed by a rapid SFC drop between 20 and 35°C 

and 0% SFC was observed at or above 40°C. This is presumably due to its high content of 

SUS TAGs (Table 2.4). This finding was consistent with the earlier studies by Kadivar et al. 

[74], who reported a high SFC (≥75%) at 20°C, a rapid decrease from 25 to 35°C and 0% at 

or above body temperature. PMF and RBDPKO exhibited a high SFC (≥50%) up to 20°C, 

followed by a rapid decrease from 20 to 30°C. PMF was completely liquefied at 35°C, while 

RBDPKO showed 0% SFC at and above 40°C. These variations in the SFC are mainly 

caused by the differences in the fatty acids (Table 2.1) and TAGs of PMF and RBDPKO 

(Table 2.4). RBDPS exhibited the highest SFC (≥60%) at less than 25°C and melted 

completely at and above 50°C (Figure 2.1), possibly due to its high content of SSS TAGs 

(Table 2.4).   

 

Figure 2.1. SFC versus temperature profiles for CB ( ), PMF ( ), RBDPKO ( )  

                   and RBDPS ( ). 

The phase behavior of fat mixtures can be explained by iso-solid phase diagrams which have 

been used to illustrate the eutectic and monotectic effects as it is useful to understand the 

compatibility of mixed fats systems at a given temperature [64,145]. For example, eutectic 

effect occurs when theoretically the contour lines of constant SFC are not straight, with some 

blend compositions having lower melting temperatures than expected. This indicates that the 
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fat mixtures are not compatible (eutectic). The monotectic effect (compatibility) is seen by a 

straight line connecting the SFC of each pure component, indicating fats in a blend are mixed 

well [74,139]. In Figure 2.2a, the PMF/RBDPKO mixtures especially 10-70% PMF in 

RBDPKO displayed a eutectic effect at temperatures above 15°C (SFC ≤ 40%). A eutectic 

effect was observed at 5°C for 30-90% PMF in RBDPKO. However, the contour lines were 

almost straight for 20-50% PMF in RBDPKO between 10 and 15°C (Figure 2.2a). This may 

be due to the considerable contents of SUS and UUU TAGs (which have similar melting 

profiles and polymorphs) in PMF and RBDPKO (Table 2.4). A similar iso-solid diagram 

(monotectic effect) was observed between 10 and 20°C for 40-80% RBDPS in RBDPKO 

(Figure 2.2b). This behavior was also observed by Bootello and co-workers [21] for 

sunflower hard stearins (SHSs) and PMF mixtures. They also reported a eutectic effect for 

20-60% SHS-65 in PMF between 10 and 20°C, and monotectic effect for 70-85% SHS-95 in 

PMF above 20°C. Therefore, according to the iso-solid diagrams, 20-50% PMF at 10-15°C 

and 40-80% RBDPS at 10-20°C could be blended with RBDPKO to avoid the undesirable 

eutectic effect which is responsible for unpleasant mouth feel and softer texture [21]. 

In Figure 2.2c, the iso-solid lines of PMF/RBDPS mixtures were almost linear and exhibited 

a monotectic effect at less than 30°C. The absence of eutectic effect in Figure 2.2c indicated 

that PMF and RBDPS do not show incompatibilities as these oils contained similar pattern of 

long-chain fatty acids (Table 2.3) with corresponding TAGs (Table 2.4). Approximately 40% 

of SFC was observed at 25°C for 50 to 80% PMF in RBDPS and it is also within the 

monotectic area of the iso-solid diagram (Figure 2.2c). This observation was in accordance 

with Timms [139], who suggests a fat adequate for confectionery usage should display at 

least 40% SFC value at 25°C. Therefore, 50 to 80% PMF in RBDPS could be used as CBSs 

because of the monotectic effect and SFC profiles.  
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(a) 

 

(b) 

      

                                         (c) 

Figure 2.2. Binary iso-solid phase diagrams for mixtures of (a) PMF/RBDPKO, (b)  

                     RBDPS/RBDPKO, and (c) PMF/RBDPS. 

2.3.4 Melting behavior 

The DSC melting curves of the selected individual fats: CB, PMF, RBDPKO and RBDPS 

were shown in Figure 2.3. CB exhibited one sharp endotherm (T1) at approximately 33°C 

with one/two small endotherms (Figure 2.3a). The small endotherms may be due to the 

considerable contents of SSS and SUU TAGs (Table 2.4). The onset temperature (TOnset) at 

22.1°C, endset temperature (TEndset) at 37.2°C and melting enthalpy (∆H) at 114.2 J/g were 

also observed for CB (Table 2.5). PMF exhibited two broad endotherms (T1 10°C and T2 

22°C) with an exotherm (endothermic trough) between them. Melting is one of the 

endothermic behaviors and crystallization is one of the exothermic behaviors. This exotherm 
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is likely caused by the polymorphic transformation during the DSC melting  [138]. PMF also 

showed TOnset (4.5°C), TEndset (27.3°C) and ∆H (34.8 J/g) as described in Table 2.5. RBDPKO 

had a broad endotherm (T1) at approximately 27°C, with multiple small peaks. The TOnset, 

TEndset and ∆H of RBDPKO were observed at 17.2°C, 29.8°C and 84.9 J/g respectively (Table 

2.5). RBDPS exhibited two distinct broad endotherms at 10 and 40°C (T1 and T2) with an 

exotherm between them (Figure 2.3b). The lower temperature endotherm (T1) is probably 

related to the small content of oleic fraction, while the higher temperature endotherm (T2) 

corresponded to the stearin fraction (Figure 2.3b). The melting of RBDPS started at -4.1°C 

and ended at 55.2°C, with melting enthalpy at 73.9 J/g (Table 2.5). Similar DSC melting 

profiles have been reported by other researchers [21,138]; endothermic peaks at 32.5°C for 

commercial CB, 9.8 to 32.8°C for PMF, - 9.12 to 26.03°C for RBDPKO, and -18.4 to 55.0°C  

for RBDPS. 
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(a) (b) 

 

(c) 

Figure 2.3. Differential scanning calorimetry melting curves of (a) PMF/RBDPKO mixtures,  

                  (b) RBDPS/RBDPKO mixtures, and (c) PMF/RBDPS mixtures. 

The DSC melting profiles of the different binary mixtures of PMF/RBDPKO, 

RBDPS/RBDPKO and PMF/RBDPS are shown in Figure 2.3a-c. All mixtures of 

PMF/RBDPKO showed one primary broad endothermic peak between 15.7 and 25.8°C with 

one/two small shoulder peaks (Figure 2.3a). The shoulder peaks are probably caused by the 

presence of UUU TAGs both from PMF and RBDPKO (Table 2.4). Mixtures B to F of 

PMF/RBDPKO showed one broad endotherm between 16 and 20°C with a small exothermic 

peak, different onset temperature (TOnset), endset temperature (TEndset) and melting enthalpy 

(∆H). The exothermic peak could be probably explained by the polymorphic transformation 

in PMF. The TOnset, TEndset and melting enthalpy of these blends ranged from 4.8 to 9.2°C, 

27.5 to 28.4°C and 42.2 to 61.2 J/g, respectively (Table 2.5). However, the TOnset from 10.4 to 
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16.4°C, TEndset from 28.3 to 29.3 °C and melting enthalpy from 64.7 to 80.9 J/g were 

observed for blends G to J of PMF/RBDPKO. There were also significant differences 

(P<0.05) among all the blends except blends C and D of the TEndset temperature (Table 2.5). 

The blends G to J also exhibited one broad endotherm at 25 and 26°C with two small 

shoulder peaks. The small difference of the melting peak could be due to the variation of fatty 

acids, SSS and SUS TAGs in PMF and RBDPKO (Table 2.1 and Table 2.4). Moreover, this 

behavior agreed with the monotectic formation in the iso-solid diagram (Figure 2.2a). These 

findings were in agreement with those reported by Jahurul and co-workers [68], who obtained 

CB replacers by blending supercritical carbon-dioxide extracted mango seed fat and PMF. 

They also reported two maxima at 16.4 and 19.1°C, with TOnset (-14.1 to -15.2°C), TEndset 

(36.3 to 36.8°C) and ∆H (68 to 69.3 J/g) closer to commercial CB. In the present study, 

mixtures G to J with 10-40% of PMF in RBDPKO showed one maxima at 25 to 26°C with 

TOnset, TEndset and ∆H, which are comparable to commercial CB (Figure 2.3a). Therefore, 

mixtures G to J of PMF in RBDPKO may be used as CBS-based filling fats require to have 

less than 50% SFC at 20°C with melting temperature ranging between 21 and 23°C [136]. 

In Figure 2.3b, the RBDPS/RBDPKO mixtures showed one or two broad endotherms with 

multiple small peaks. The shoulder peaks may be due to the presence of unsaturated fatty 

acids, SUU and UUU TAGs in RBDPS and RBDPKO (Table 2.2 and Table 2.4). Mixtures B 

to H with 30 to 90% of RBDPS in RBDPKO demonstrated two broad endotherms (T1 and T2) 

at temperatures ranging from 5 to 36°C. The lower temperature endotherm (T1) is possibly 

related to the presence of low melting SUU and UUU TAGs both from RBDPS and 

RBDPKO (Table 2.4). However, the high temperature endotherm (T2) indicates the presence 

of high melting SSS (PPP) and SUS TAGs from RBDPS (Table 2.4). In addition, these 

results suggest eutectic formation, although the iso-solid phase diagram for the 40-80% 

RBDPS in RBDPKO showed monotectic behavior at 10 to 20°C (Figure 2.2b). With respect 

to the mixtures I and J, the DSC melting curves exhibited one broad endotherm at 

approximately 26°C (T1). This may be due to the presence of medium melting SSS TAGs 

from RBDPKO (Table 2.4). With decreasing RBDPS in the mixtures, the TOnset increased 

while the TEndset decreased both significantly (P<0.05), and they ranged from -3.7 to 16.4°C 

and 53.7 to 34.7°C respectively. The increase in TOnset can be explained by the presence of 

increased proportion of short-chain saturated fatty acids and SSS TAGs (Table 2.2 and Table 

2.4). The decrease in TEndset can be due to the presence of decreased long-chain palmitic and 

oleic fatty acids, SUS (especially POP) and SUU (especially POO) TAGs (Table 2.2 and 2.4). 
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Melting enthalpies (75.8-82.7 J/g) also decreased gradually (P<0.05) with the addition of 

RBDPKO in the mixtures (Table 2.5). This observation was consistent with a previous report 

by Jahurul and co-workers (10), who successfully produced hard CB replacers by blending 

supercritical carbon-dioxide extracted mango seed fat and palm stearin. And they also 

reported melting profiles (17.6 to 36.9°C) with TOnset (-13.4°C) and TEndset (40.0°C) closer to 

CB. A recent study, Bootello and co-workers [21] also reported two maxima at 22.8 and 

36.51ºC for commercial CB. In the present study, mixtures F to H with 30-50% RBDPS in 

RBDPKO showed melting profiles of 20-38°C with TOnset, TEndset and ∆H, which are the 

closest to commercial CB. Therefore, mixtures F to H of RBDPS/RBDPKO can be used as 

CBSs in compound chocolates because of their compatibility (Figure 2.2b) and melting 

profiles (Figure 2.3b and Table 2.5).  

In Figure 2.3c, the PMF/RBDPS mixtures showed two broad endotherms (T1 and T2) with an 

exotherm between them. As the RBDPS increased in the mixtures, the higher temperature 

endotherm (T2) increased from 30 to 40°C. This may be due to the increased proportion of 

SSS TAGs (PPP) from RBDPS (Table 2.4). All the mixtures showed different TOnset, TEndset, 

and ∆H. For example, the TOnset at 4.2°C and  TEndset at 32.1°C were observed for mixture B, 

whereas TOnset at -0.8°C and TEndset at 50.7°C for mixture J (Table 2.5). There were gradual 

increases in the ∆H of all mixtures (41.7 to 70.6 J/g) with the addition of RBDPS (Table 2.5). 

This behavior can be probably caused by the presence of increased proportion of saturated 

fatty acids and SSS (especially PPP) TAGs (Table 2.3 and Table 2.4). These findings also 

agreed with the monotectic effect in the iso-solid diagram (Figure 2.2c). Most of the 

PMF/RBDPS mixtures were significantly (P<0.05) different for the TOnset, TEndset and melting 

enthalpy (Table 2.5). These findings are consistent with a previous report by Sonwai and co-

workers [131], who reported the melting profiles of mango kernel fat/PMF blend that 

resemble CB with two maxima at 17 and 36.2ºC. In another study, Chaiseri and Dimik [32] 

also noted two maxima at 11.6 and 22.8ºC for commercial CB. Similarly, in the present 

study, mixtures C to F with 50-80% PMF in RBDPS showed melting characteristics of 20-

38°C with TOnset, TEndset and ∆H, which are comparable to commercial CB. Therefore, 

mixtures C to F of PMF in RBDPS can be used as CBSs in compound chocolates due to their 

monotectic effect with approximately 40% SFC value at 25°C (Figure 2.2c) and melting 

profiles (Figure 2.3c and Table 2.5). 
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2.3.5 Polymorphism 

The purpose of the polymorphism study using XRD was to observe if the crystal polymorph 

of binary mixtures resembles that of CB. The polymorphic structures of the different fat 

mixtures are presented in Table 2.6. CB showed a mixture of β´1, β´2 and β2 crystals due to 

the presence of 88.2% SUS (Table 2.4), and this agreed with the earlier studies [37]. PMF 

and RBDPKO showed only β´1 and β´2 polymorphs, while RBDPS exhibited a mixture of β´1, 

β´2 and β2 polymorphs. For PMF/RBDPKO mixtures, the proportion of β´1 crystal decreased 

gradually while the proportion of β´2 crystal increased accordingly (P<0.05) with the addition 

of RBDPKO. This behavior could be due to the decreased proportion of SUS (especially 

POP) and increased proportion of SSS TAGs (Table 2.4). In DSC melting thermograms, 

blends G to J with 10 to 40% PMF in RBDPKO showed melting temperatures of 25-26°C 

that is close to CB with a mixture of β´1 and β´2 polymorphs (β´1>>β´2) (Figure 2.3a and 

Table 2.6).  

A similar trend was observed for PMF/RBDPS mixtures. In the PMF/RBDPS mixtures, 

percentage of β2 crystal increased (P<0.05) with increasing RBDPS (Table 2.6). This may be 

related to the presence of increased proportion of SSS TAGs especially PPP (Table 2.4). 

Blends C to F with 50-80% PMF in RBDPS showed a mixture of β´1, β´2 and β2 polymorphs 

(β´1>>β´2>β2) with melting temperatures of 20-38°C that is comparable to CB (Table 2.6 and 

Figure 2.3c).  
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Table 2.5. Overview of TOnset, TEndset and melting enthalpy (∆H) in PMF/RBDPKO, RBDPS/RBDPKO and PMF/RBDPS mixtures.  

 

Blend 

 
PMF/RBDPKO RBDPS/RBDPKO PMF/RBDPS 

TOnset  

(°C) 

TEndset  

(°C) 

∆H (J/g) TOnset  

(°C) 

TEndset  

(°C) 

∆H  

(J/g) 

TOnset  

(°C) 

TEndset  

(°C) 

∆H (J/g) 

A (100:0) 4.5±0.1j 27.3±1.2f 34.8±0.3l -4.1±0.1k 55.2±0.3a 73.9±1.0l 4.5±0.3b 27.3±1.1k 34.8±1.0k 

B (90:10) 4.8±0.1j 27.5±0.9f 42.2±0.3k -3.7±0.3j 53.7±0.8b 75.8±1.2k 4.2±0.3ac 32.1±1.0j 41.7±0.7j 

C (80:20) 5.7±0.1i 27.6±0.8f 44.6±0.5j -3.4±0.3j 52.4±0.6c 77.4±0.8j 4.0±0.3bc 33.6±1.2i 50.3±1.0i 

D (70:30) 6.8±0.3h 27.8±0.6f 50.3±0.3i -2.2±0.3i 49.3±0.1d 78.1±0.7i 3.7±0.1cd 35.4±0.3h 57.6±0.8h 

E (60:40) 8.3±0.3g 28.1±0.7e 55.4±0.3h -0.5±0.0h 46.4±1.1e 79.6±0.6h 3.6±0.5cd 37.2±1.2g 66.4±0.5g 

F (50:50) 9.2±0.3f 28.3±0.9de 61.2±0.3g 5.4±0.3g 42.3±1.2f 80.4±0.8g 3.2±0.3d 42.1±0.3f 68.5±0.7f 

G (40:60) 10.4±0.3e 28.5±1.1de 64.7±0.5f 9.7±0.7f 39.4±1.0g 81.2±0.5f 2.6±0.2e 44.3±1.0e 69.4±1.0e 

H (30:70) 12.5±0.2d 28.7±1.0d 71.2±1.1e 13.2±0.8e 37.6±0.8h 81.8±0.5e 2.3±0.2e 45.6±1.1d 70.4±0.7d 

I  (20:80) 14.7±0.1c 29.1±1.1c 74.6±1.2d 14.8±0.7d 36.4±0.8i 82.3±0.7d 1.7±0.3f 49.4±1.0c 70.6±0.8d 

J (10:90) 16.4±0.4b 29.3±0.3bc 80.9± 0.3c 16.4±1.0c 34.7±0.6j 82.7±0.8c -0.8±0.0g 50.7±0.8b 72.1±0.5c 

K (0:100) 17.2±0.6b 29.8±0.3b 84.9±0.8b 17.2±0.8b 29.8±0.7k 84.9±1.1b -4.1±0.0h 55.2±0.7a 73.9±1.2b 

CB 22.1±0.3a 37.2±0.6a 114.2±0.7a 22.1±0.4a 37.2±0.4l 114.2±1.0a 22.1±0.5a 37.2±0.3g 114.2±0.8a 

Values within the same column with different letters are significantly different (P<0.05). Each value in the table represents the mean ± S.D. of three measurements. Abbreviations: Palm mid-

fractions (PMF), refined bleached deodorized palm kernel oil (RBDPKO), refined bleached deodorized palm stearin (RBDPS) and cocoa butter (CB). 



Chapter 2 Binary fat mixture 

44 
 

  Table 2.6. Overview of Polymorphic forms (%) in PMF/RBDPKO, RBDPS/RBDPKO and PMF/RBDPS mixtures.  

Blend  PMF/RBDPKO RBDPS/RBDPKO PMF/RBDPS 

β´1 β´2 β2 β´1 β´2 β2 β´1 β´2 β2 

A (100:0) 82.4±0.9a 17.6±1.2a - 34.7±0.7i 37.1±1.2a 28.2±1.2b 82.4±0.2a 17.6±0.7a - 

B (90:10) 80.7±0.7b 19.3±1.1b - 35.4±1.1h 37.0±0.7a 27.6±0.4c 72.7±1.5b 18.3±0.8b 9.0±0.4k 

C (80:20) 80.2±1.2b 19.8±1.0b - 36.9±0.7g 36.8±0.7a 26.3±0.4d 67.3±0.4c 18.7±0.7b 14.0±0.8j 

D (70:30) 74.5±0.7c 25.5±1.1c - 37.5±0.7f 36.8±0.7a 25.7±0.7e 64.0±0.3d 19.0±0.1c 17.0±0.7i 

E (60:40) 72.3±0.8d 27.7±0.7d - 40.0±0.7ef 36.8±1.2a 23.2±0.7f 59.1±0.7e 19.5±0.2c 21.4±0.7h 

F (50:50) 71.4±1.1e 28.6±0.7e - 40.4±0.2e 36.8±1.1a 22.8±0.7g 57.5±0.7f 19.7±0.7c 22.8±0.8g 

G (40:60) 70.4±1.4f 29.6±0.3f - 42.0±0.2e 36.8±1.4a 21.2±0.8h 55.4±0.8g 21.4±0.7d 23.2±0.4f 

H (30:70) 66.2±0.4g 33.8±0.3g - 43.6±1.1d 36.7±0.2a 19.7±0.7i 51.4±0.7h 24.3±0.7e 24.3±0.4e 

I (20:80) 64.7±0.4h 35.3±0.2h - 47.7±0.3c 36.7±0.7a 15.6±0.7j 47.1±0.7i 27.2±1.2f 25.7±1.2d 

J (10:90) 64.2±0.4h 35.8±0.3h - 51.0±1.4b 36.7±0.7a 12.3±0.3k 41.7±0.8j 31.2±0.2g 27.1±0.4c 

K (0:100) 63.3±0.4i 36.7±0.2i - 63.3±1.4a 36.7±0.3a - 34.7±0.9k 37.1±0.7h 28.2±0.4b 

CB 25.4±0.7j 4.1±0.2j 70.5±0.4 25.4±0.7j 4.1±0.2b 70.5±0.4a 25.4±0.7l 4.1±0.2i 70.5±0.4a 

Determined by X-ray diffraction; Values within the same column with different letters are significantly different (P<0.05). Each value in the table represents the mean ± S.D. of three 

measurements. Abbreviations: Palm mid-fraction (PMF), refined bleached deodorized palm kernel oil (RBDPKO), refined bleached deodorized palm stearin (RBDPS) and cocoa butter (CB). 
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For RBDPS/RBDPKO mixtures, the proportion of β´1 crystal increased, while the proportion 

of β´2 and β2 crystals decreased gradually with increasing RBDPKO. There were significant 

differences (P<0.05) in the amount of β´1 and β2 polymorphs among all the blends, however 

blends C to J showed similar percentage of β´2 polymorph (Table 2.6). These variations in the 

crystals are likely due to the differences in the TAGs content (Table 2.4). Blends F to H (30-

50% RBDPS in RBDPKO) showed melting temperatures of 20-38°C that is comparable to 

CB with a mixture of β´1, β´2 and β2 polymorphs (β´1>β´2>>β2) (Figure 2.3b and Table 2.6). A 

similar observation was reported in the blends of mango kernel fat and PMF, which revealed 

a mixture of β´ and β polymorphs comparable to CB [131]. In the present study, the amounts 

of β´1 and β´2-crystals were found to be higher than CB for all the mixtures, while the amount 

of β2-crystal was reasonably lower compared to commercial CB. In a previous study, more 

than 70% β´ crystals compared to β-crystal have been reported to be desirable for compound 

chocolates and coatings [145]. Therefore, 20 to 40% of PMF in RBDPKO, 30 to 50% of 

RBDPS in RBDPKO and 50 to 80% of PMF in RBDPS mixtures may be used as CBSs in 

chocolates.  

2.4 Conclusion 

The melting profile of 20-40% PMF in RBDPKO, 30-50% RBDPS in RBDPKO and 50-80% 

of PMF in RBDPS mixtures approximated that of CB, and even though the polymorphism, 

fatty acid profile and TAG composition were different. Furthermore, 20-40% of PMF in 

RBDPKO and 30-50% of RBDPS in RBDPKO mixtures showed a monotectic behavior at 

10-20°C, suitable to be used as CBSs in chocolates and fillings. Up to 50-80% of PMF in 

RBDPS mixtures also displayed a monotectic behavior at less than 30°C, making the 

mixtures potentially for use as CBSs in chocolates and other confectionery applications.  
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3 Evaluation of physical and chemical properties of ternary 

mixtures of PMF/RBDPKO/RBDPS for CBS  

3.1 Introduction 

Cocoa butter (CB) is traditionally used for the formulation of chocolates, coatings, 

confectionery fillings and other confectionery products. CB is solid at room temperature and 

melts quickly above 30-32°C [59] as discussed in section 2.1 (Chapter 2). CB exhibits 

complex polymorphic forms namely γ, α, β' and β in ascending stability [37]. The stable 

polymorph (β) is typically preferred in chocolates and coatings because it melts at high 

melting temperature with small to moderate crystal sizes, allowing for smooth mouth-feel 

products [136]. The metastable β´ polymorphs are desirable for confectionery fillings and 

compound chocolates because it melts at low temperature with a fine arrangement and a large 

surface area of solid crystals [136,145].  

Cocoa butter is expensive compared to other commercial vegetable fats and oils because of 

its limited supply and high market demand. Therefore, manufacturers are looking for 

alternatives to CB. CBSs are generally used in confectionery fillings such as truffles, 

compound chocolates and other confectionery products [136]. CBSs contain high amount of 

lauric acid (12:0, 54.6%), followed by myristic acid (14:0, 20.7%), palmitic acid (16:0, 9.2%) 

and stearic acid (18:0, 8.7%), resulting in short-chain TAGs [119]. CBSs show solid fat 

content as a function of temperature and crystal morphology (size and shape) similar to those 

of CB, while the polymorphism, melting profile, TAG composition and fatty acid profile are 

different from CB [27,87,135]. In addition, CBSs with low melting temperature of 21-23°C 

are used in confectionery fillings [136]. 

In compound chocolates, coatings and fillings, different vegetable fats such as palm kernel 

oil, palm kernel stearin, palm oil or cocoa butter are commonly modified or blended. The 

modification of palm kernel oil to CBS is traditionally performed through hydrogenation. 

This process, however, has always been regarded to produce trans-fatty acids that increase 

undesirable low-density lipoprotein cholesterol [84]. Therefore, many studies have been 

performed to produce for CBS-based compound chocolates and coatings by blending 

different proportions of palm kernel oil, palm kernel stearin, palm oil or cocoa butter 

[131,145,146]. Vereecken et al. [144] studied the crystallization behavior, microstructure and 
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macroscopic properties of the lauric-based and palm-based fats for confectionery fillings. 

However, no information has been obtained with respect to the melting behavior, 

polymorphisms and crystal morphology of ternary mixtures of PMF/RBDPKO/RBDPS, 

which are important in producing CBSs in confectionery fillings.  

PMF, RBDPKO and RBDPS oils are less expensive than other vegetable oil products, 

making them a cost-effective ingredient in confectionery fillings and compound chocolates. 

The present study aimed to evaluate the physical and chemical characteristics of ternary fat 

mixtures of PMF/RBDPKO/RBDPS in terms of their fatty acid profiles, triacylglycerol 

constituents, melting behavior, solid fat content, polymorphism and crystal morphology to 

produce CBSs in confectionery fillings. The ternary fat mixtures were combined based on our 

preliminary study of binary fat mixtures [18]. 

3.2 Materials and methods 

3.2.1 Materials 

The materials of this chapter are similar to the previous chapter as described in section 2.2.1.  

3.2.2 Preparation of fat blend 

Blends (%w/w) of PMF, RBDPKO and RBDPS were mixed in various ratios (Table 3.1) 

according to binary fat mixtures in our preliminary study [18]. The blends were melted at 

80°C for 30 min to erase the crystal memory. The samples were kept at room temperature for 

further analysis.  

 Example of ternary relation from binary mixtures: PMF:RBDPKO:RBDPS = 

(PMF:RBDPKO) × (PMF:RBDPS). Where, PMF:RBDPKO = 2:3 (40/60); 

RBDPKO:RBDPS = 1:1 (50/50), therefore, PMF:RBDPKO:RBDPS = 2:3:3 (25/37.5/37.5). 
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Table 3.1. Experimental design of PMF/RBDPKO/RBDPS mixtures.  

 Proportion by weight (%) 

Code PMF RBDPKO RBDPS 

A(e) 11.1 44.4 44.4 

B(g) 25.0 37.5 37.5 

C(h) 33.3 33.3 33.3 

D(f) 28.6 42.8  28.6 

E(c) 14.9 59.6 25.5 

F(d) 31.0 48.3 20.7 

G(a) 16.6 66.6  16.6 

H(b) 26.6 62.0 11.4 

Small letters, (a)-(h) are used to label samples with decreasing order of RBDPKO; and capital letters, A-H, are used to label 

samples with decreasing order of RBDPS. Abbreviations: Palm mid-fraction (PMF), refined bleached deodorized palm 

kernel oil (RBDPKO) and refined bleached deodorized palm stearin (RBDPS). 

3.2.3 Fatty acid analysis 

Fatty acid composition of the investigated fat mixtures was determined using gas 

chromatography fitted with FID as described in section 2.2.3.  

3.2.4 Triacylglycerol (TAG) analysis 

The TAG profiles of the selected samples were analyzed using high performance liquid 

chromatography equipped with RID as described in section 2.2.4. 

3.2.5 Solid fat content (SFC) 

SFC of the selected fats was determined using pulsed nuclear magnetic resonance with a 

Bruker Minispec PC 120 NMR analyzer (Bruker, Karlsruhe, Germany), according to the 

AOCS Official Method Cd 16b-93 for stabilizing confectionery fats. Samples were melted at 

100°C for 15 min and filled into NMR tubes (10 mm o.d. × 75 mm length, up to 3 cm in 

height). Samples were tempered at 60°C for 5 min, followed by 0°C for 90 min, 26°C for 40 

h, 0°C for 90 min, and finally kept for 60 min at the desired measuring temperatures of 5, 10, 

15, 20, 25, 30, 35, 37, 40, and 45°C before SFC was measured. Iso-solid phase diagrams of 
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the fat mixtures were constructed with OriginPro 9.1 software (OriginLab Crop., 

Northampton, MA, USA) based on SFC value obtained from NMR at 10, 20 and 25°C.  

3.2.6 Melting behavior  

Melting behavior of the fat mixtures was determined using differential scanning calorimetry 

(DSC) fitted with nitrogen gas flow rate of 20 ml/min as described in section 2.2.6.  

3.2.7 Polymorphism  

The polymorphic forms of the fat crystals were determined at room temperature (24°C) with 

a D8 Discover X-ray diffraction fitted with Cu-Kα radiation as described in section 2.2.7. 

Assignments of polymorphs were based on the following short spacing characteristics of CB: 

α form (d = 4.15 Å); β´ forms (d = 3.8–4.3 Å) and β forms (d = 4.5-4.6 Å or 5.2 Å) [37].    

3.2.8 Crystal morphology  

Polarized light microscopy (PLM, Olympus BX51, Tokyo, Japan) equipped with digital 

camera (Nikon, DS-Filc, Tokyo, Japan) at 24°C was used to observe the crystal network 

microstructure of individual CB, PMF, RBDPKO, RBDPS, and ternary mixtures of 

PMF/RBDPKO/RBDPS. The method described by Narine and Marangoni [106] was used for 

the crystallization of fat blends. The sample was melted at 80°C for 20 min to destroy the 

crystal memory. About 15 μl of melted sample was placed on a glass slide, heated to 80°C, 

and covered carefully by a coverslip. The slides were then stored in a temperature controlled 

cabinet at 24±1°C for 48 h to ensure proper crystallization. The liquid phase appears black, 

while the solid phase appears grey. NIS-Element Imaging Software (Version 4.20, Nikon 

Instruments Inc. Melville, USA) was used to obtain images.  

3.2.9 Statistical analysis 

Data were statistically analysed by one-way analysis of variance (ANOVA) using the 

OriginPro 9.1 software (OriginLab Crop., Northampton, MA, USA). Tukey’s test was 

applied to determine the significant differences at P<0.05 level. NMR analysis was 

performed in duplicate. DSC diagrams, XRD and PLM analyses were conducted in triplicate.  
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3.3 Results and discussion 

3.3.1 Fatty acid composition 

Table 3.2 shows the fatty acid profiles of ternary mixtures of PMF/RBDPKO/RBDPS. When 

the RBDPKO decreased in the mixtures, the concentration of short-chain fatty acids (lauric 

and myristic) significantly (P<0.05) decreased along with a gradual increase in the 

concentration of long-chain fatty acids such as palmitic and oleic (Table 3.2). The fatty acid 

concentrations in all ternary blends were significantly (P<0.05) affected by the ratios of the 

mixtures. Calliauw and co-workers [27] also produced CBSs via two-stage static fraction of 

palm kernel oil, and reported the fatty acid profiles: lauric (56.3%), myristic (19.6%), 

palmitic (8.9%) and stearic (2.0%). Zaidul et al. [152] also studied the fatty acids in different 

blends of supercritical carbon-dioxide extracted palm kernel oil fractions and palm oil in 

various ratios to obtain CB replacers, and they reported that the fatty acid profiles of certain 

blends were comparable to those of commercial CB. In the present study, the concentrations 

of long-chain fatty acids such as palmitic, oleic and linoleic with the exception of stearic and 

short-chain fatty acids in blend (c) were observed to be comparable to those of commercial 

CB (Table 3.2).  

3.3.2 Triacylglycerol (TAG) composition 

The TAG profiles of the different PMF/RBDPKO/RBDPS mixtures are shown in Table 3.3. 

CB contained predominantly monounsaturated TAGs: POP (18.1%), POSt (39.2%) and 

StOSt (29.7%). PMF contained high concentration of unsaturated TAGs: POP (50.7%), POO 

(12.9%), PLP (10.2%; L linoleic) and POSt (9.1%). RBDPS had high concentration of both 

saturated and unsaturated TAGs: PPP (28.4%) and POP (32.1%). RBDPKO was rich in 

saturated TAGs: LaLaLa (La lauric), LaLaM (M myristic), LaMM at 27.2, 17.0 and 15.1%, 

respectively. These findings were consistent with the results reported in previous studies 

[21,138]. Blending of PMF/RBDPKO/RBDPS shows variations in TAG constituents (Table 

3.3). All eight mixtures of the PMF/RBDPKO/RBDPS blend contained a mixture of SSS 

(trisaturated), SUS (monounsaturated), SUU (diunsaturated) and UUU (polyunsaturated) 

TAGs. In the mixtures, the trisaturated SSS TAGs: CLaLa (C capric), LaLaLa, LaLaM, 

LaMM and MMM decreased, whereas the unsaturated SUS TAGs especially POP and PLP 

increased gradually (P<0.05) with the reduction of RBDPKO. This can be explained by the 

presence of decreasing amount of short-chain saturated fatty acids and increasing amount of 
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long-chain both saturated and unsaturated fatty acids (Table 3.2). The most remarkable 

difference between the ternary mixtures and CB was the content of SUS TAGs specially 

POSt and StOSt. Sabariah et al. [119] reported that CBS contains a mixture of short-chain 

fatty acids: lauric, myristic, and long-chain fatty acids: palmitic, stearic with corresponding 

TAGs. In the present study, the constituent of POP with the exception of POSt and StOSt 

TAGs in blend (c) was found to be comparable to that of CB.  

3.3.3  Melting behavior   

DSC melting curves of ternary mixtures of PMF/RBDPKO/RBDPS are shown in Figure 3.1. 

All ternary mixtures demonstrated two broad endothermic peaks, with T1 ranging from 17.1 

to 19.7°C and T2 ranging from 36.7 to 37.5°C. Only small differences in melting 

temperatures were observed among all the eight blends. These differences are most likely 

caused by the variation in fatty acid constituents (Table 3.2) and TAG contents in PMF, 

RBDPKO and RBDPS (Table 3.3). When the RBDPS was reduced in mixtures A-H, the first 

broad endothermic peak (T1) slowly increased towards a temperature of 19.7°C and the 

second peak (T2) decreased to 36.7°C. For instance, blend A with 44.4% RBDPS showed its 

first broad endotherm (T1) at 17.1°C and second endotherm (T2) at 37.5°C, whereas the first 

endotherm (T1) was observed at 19.7°C and the second endotherm (T2) was observed at 

36.7°C for mixture H with 11.4% RBDPS. This observation was consistent with a previous 

report by Jahurul et al. [70], who successfully produced high melting profiles of CB replacers 

by blending supercritical carbon-dioxide extracted mango seed fat with palm stearin. The 

authors reported the melting profiles of mango seed fat/palm stearin blends that resemble CB 

with two endotherms at 17.6 and 36.9°C. Sonwai et al. [131] also produced CBE by blending 

mango kernel fat and PMF, and reported two maxima at 22.8 and 36.5°C. In the current 

study, blend E of 14.9/59.6/25.5 PMF/RBDPKO/RBDPS contains 25.74% palmitic, 24.51% 

oleic and 3.95% linoleic acids (Table 3.2). The melting profile of blend E spanning from 18.5 

to 37°C (Figure 3.1) is reasonably different from commercial CB, leading to its potential use 

as a CBS in confectionery fillings [117,136]. 
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Table 3.2. Fatty acid composition (% peak area) of PMF/RBDPKO/RBDPS mixtures.  

 

 

 

 

 

 

 

 

 

 

Values within the same row with different letters are significantly different (p<0.05). Each value in the table represents the mean ± S.D. of three measurements. Abbreviations: Fatty acid (FA), 

saturated fatty acid (SFA), unsaturated fatty acid (USFA), palm mid-fraction (PMF), refined bleached deodorized palm kernel oil (RBDPKO), refined bleached deodorized palm stearin 

(RBDPS) and cocoa butter (CB).   

FA (%) 
   Blend 

 
    

CB (a) (b) (c) (d) (e) (f) (g) (h) 

C8:0 2.75±0.1a 2.58±0.1a 2.47±0.4a 2.07±0.1b 2.04±0.0b 1.78±0.1c 1.70±0.2c 1.69±0.4c - 

C10:0 2.24±0.1a 2.05±0.4a 2.01±0.1a 1.76±0.1b 1.71±0.0b 1.47±0.1bc 1.43±0.4bc 1.38±0.4bc - 

C12:0 30.32±0.7a 29.69±0.5b 29.06±0.6c 26.47±0.3d 26.36±0.5d 23.31±0.4e 23.27±0.7e 23.24±0.3e Trace 

C14:0 10.26±0.8a 9.63±0.1b 9.14±0.1c 8.86±0.4d 8.74±0.4d 8.17±0.3e 8.11±0.9e 8.09±0.4e 0.73±0.0f 

C16:0 24.85±0.2f 24.88±0.2f 25.74±0.4e 26.89±0.9d 29.46±1.1c 30.76±0.1b 30.82±0.8b 33.00±0.7a 25.69±0.2e 

C18:0 3.00±0.1d 3.09±0.4d 3.12±0.0d 3.96±0.4b 3.37±0.4c 3.36±0.4c 3.34±0.5c 3.29±0.4c 36.15±0.5a 

C18:1 22.56±0.4g 23.34±0.8f 24.51±0.8e 25.14±0.8d 25.26±0.9d 26.62±0.1c 26.78±0.8b 26.84±0.7b 33.24±0.3a 

C18:2 4.02±0.1c 4.74±0.1b 3.95±0.4c 4.85±0.4a 3.06±0.4d 4.53±0.1b 4.55±0.4b 2.47±0.3e 3.13±0.4d 

C20:0 - - - - - - - - 1.04±0.1 

SFA 73.42±1.1a 71.92±1.0b 71.54±1.1c 70.01±1.1d 71.68±1.1c 68.85±0.6e 68.67±1.4e 70.69±1.1f 63.63±1.0g 

USFA 26.58±0.7f 28.08±0.8e 28.46±0.9d 29.99±0.4b 28.32±0.3de 31.15±0.8b 31.33±0.4b 29.31±0.5c 36.37±0.7a 
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Table 3.3. Overview of TAGs (peak area %) in PMF/RBDPKO/RBDPS mixtures.  

 

 TAG % 

   Blend        

PMF 

 

RBDPKO 

 

RBDPS 

 

CB (a) (b) (c) (d) (e) (f) (g) (h) 

CCLa 1.7±0.01b 1.5±0.01b 1.0±0.0b 0.8±0.0b - - - - - 8.7±0.01a  - - 

CLaLa 6.4±0.01b 5.7±0.04bc 5.3±0.01c 5.3±0.01c 2.4±0.07d 2.4±0.01d 2.1±0.07d 2.1±0.01d - 11.4±0.50a - - 

LaLaLa 18.1±0.01b 17.0±0.01b 15.4±0.40c 15.1±0.40c 14.3±1.10d 13.7±0.07d 13.2±0.05d 10.3±0.70e - 27.2±1.10a - - 

LaLaM 10.2±0.03b 9.7±0.01c 9.2±0.01c 8.8±0.01c 7.5±0.01d 6.8±0.02de 6.4±0.02e 6.4±0.01e 0.9±0.01f 17.0±0.01a - - 

LaMM 7.2±0.01b 6.7±0.07b 6.7±0.01b 6.4±0.01b 4.8±0.01c 4.3±0.02c 3.8±0.01d 3.4±0.01d - 15.1±0.50a - - 

MMM 4.7±0.01b 4.4±0.31b 3.8±0.01bc 3.4±0.01c 2.6±0.00d 2.2±0.01d 1.7±0.01de 1.2±0.01e 0.7±0.01f 8.4±0.01a 0.7±0.00g - 

PLO 4.1±0.01b 3.8±0.01b 3.7±0.01b 3.4±0.01b 3.4±0.01b 3.1±0.01bc 2.6±0.03c 2.3±0.01c 6.2±0.01a - 6.1±0.01a 0.6±0.01d 

PLP 1.4±0.01e 1.7±0.01e 3.7±0.01c 2.3±0.01de 1.2±0.01e 2.8±0.01d 2.4±0.02de 6.7±0.40b 10.2±1.20a - 5.5±0.01b 2.1±0.01de 

POO 6.2±0.05b 5.4±0.01bc 5.0±0.01c 3.8±0.01d 4.6±0.01cd 3.5±0.03d 5.4±0.01bc 2.1±0.01 12.9±1.10a 2.4±0.01e 13.5±0.50a - 

POP 34.7±0.10f 34.3±1.20f 25.4±1.50h 34.6±1.10f 37.5±1.10e 38.6±1.10d 39.4±1.20c 44.2±1.70b 50.7±1.4a 0.9±0.01 32.1±1.10g 18.1±0.70i 

PPP 4.4±0.01e 3.8±0.01e 5.4±0.01d 4.8±0.01d 10.3±0.01b 8.9±0.02c 9.7±0.01b 10.1±0.01b 3.2±0.01f 1.1±0.01g 28.4±1.10a 0.7±0.01h 

POSt 0.4±0.01g 5.4±0.01e 7.1±0.01d 5.9±0.01e 4.2±0.01f 5.7±0.01e 5.0±0.01e 7.6±0.01c 9.1±0.01b - 3.8±0.01f 39.2±1.10a 

StOSt - - 0.7±0.01 0.5±0.01 - 0.2±0.01c - 1.2±0.01b 1.9±0.01b - - 29.7±1.10a 

SSS 51.0±1.20b 47.3±0.70c 45.8±1.70d 43.8±0.70e 41.9±1.10f 38.3±1.10g 36.9±0.40h 33.5±1.20i 4.8±0.01k 80.2±1.50a 29.1±0.01j 0.7±0.00l 

SUS 35.1±0.11f 39.7±0.40e 33.2±0.50g 41±0.01d 41.7±1.00d 44.5±1.10d 44.4±1.10d 53.0±1.10c 61.7±1.10b 0.9±0.00h 35.9±0.60f 87.0±1.20a 

SUU 7.6±0.02e 7.1±0.01e 8.7±0.01cd 6.1±0.01f 5.8±0.01f 6.3±0.01f 7.8±0.01de 8.8±0.01c 23.1±0.70a 2.4±0.01g 19.0±0.01b 2.1±0.01g 

UUU 4.1±0.01b 3.8±0.01b 3.7±0.01b 3.4±0.01bc 3.4±0.01bc 3.1±0.02bc 2.6±0.00c 2.3±0.01d 6.2±0.01a - 6.1±0.01a 0.6±0.01e 

Others 0.5 0.6 7.6 4.9 7.2 7.8 8.3 2.4 4.2 7.8 9.9 9.6 

Each value in the table represents the mean ± S.D. of two measurements. Abbreviations: Triacylglycerol (TAG), C capric, La lauric, M myristic, P palmitic, O oleic, St stearic L linoleic, 

trisaturated (SSS), monounsaturated (SUS), diunsaturated (SUU), polyunsaturated (UUU), palm mid-fraction (PMF), refined bleached deodorized palm kernel oil (RBDPKO), refined bleached  

deodorized palm stearin (RBDPS) and cocoa butter (CB). 
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Figure 3.1. DSC melting curves for ternary mixtures (A-H) of PMF/RBDPKO/RBDPS. 

3.3.4 Solid fat content (SFC) 

The SFC profile of the investigated fat samples was shown in Figure 3.2. CB showed a high 

SFC (≥70%) up to 20°C, followed by a steep decline between 25 and 35°C and 0% SFC was 

detected at or above 37°C (Figure 3.2). This finding was in agreement with previous studies 

by Kadivar et al. [74], who reported there were more than 75% SFC up to 20°C, followed by 

a steep decrease between 25 and 35°C and no solids above the body temperature. It was 

observed from Figure 3.2 that the SFC of all the eight ternary mixtures decreased gradually 

with increasing temperature. The SFC of the ternary mixtures showed a maximum decline at 

temperatures ranging from 15 to 25°C. This behavior was likely caused by the decreased 

proportion of unsaturated fatty acids (Table 3.2) and SUS TAGs (Table 3.3), which melted 

over this temperature range. The SFCs for mixtures A to E were found to be different from 

those of mixtures F to H (Figure 3.2). In the present study, blend E showed approximately 

40% SFC at 20°C, 30% SFC at 25°C which are comparatively lower than that of CB (Figure 

3.2). This was close to a report by Timms [140] who suggested that confectionery fat (e.g., 

chocolate) should exhibit approximately 63% SFC at 20°C, 40% SFC at 25°C and 0% SFC at 

37°C. In another study of Talbot [135], fat with less than 50% SFC at 20°C is suitable as 
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confectionery fillings. In this regard, blend E could potentially be used as a CBS in 

confectionery fillings.  

 

Figure 3.2. Solid fat content of ternary mixtures (A-H) of PMF/RBDPKO/RBDPS. 

3.3.5 Iso-solid diagrams of ternary blends 

Ternary iso-solid phase diagrams of PMF/RBDPKO/RBDPS mixtures at 10, 20 and 25°C are 

shown in Figure 3.3a-c. The ternary blends showed slightly curvatures at 10°C, which 

indicated the eutectic effect (Figure 3.3a). This behavior could be caused by the differences in 

SSS TAGs and SFC at low temperature among PMF, RBDPKO and RBDPS (Figure 3.2). As 

the temperature increased from 10 to 25°C, the eutectic effect gradually shifted to a 

monotectic effect. The contour lines of all the eight mixtures were nearly straight at 25°C 

(Figure 3.3c), indicating fats are compatible. In the case of blend E (14.9/59.6/25.5 

PMF/RBDPKO/RBDPS), approximately 30% of SFC was observed at 25°C (Figure 3.2), 

which is within the monotectic area of the iso-solid diagram (Figure 3.3c).  
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a) 

 

b) 

 

c) 

 

Figure 3.3. Ternary iso-solid phase diagrams for PMF/RBDPKO/RBDPS mixtures at a)  

                    10°C, b) 20°C, and c) 25°C. The straight lines represent monotectic effect and  

                    curves represent eutectic effect. 

3.3.6 Polymorphism  

The polymorphic structures of individual PMF, RBDPKO, RBDPS, their ternary mixtures 

(A-H) and commercial CB were identified by XRD at 24°C (Figure 3.4). CB showed 

multiple diffraction peaks at d = 3.8-4.3 Å and 4.5 Å, indicating a mixture of β´ and β 

polymorphs. Two diffraction peaks at d = 3.8 and 4.3 Å indicating the β´ forms were 

observed for individual PMF. Similar XRD patterns were found for RBDPS with a major 

diffraction peak near 4.5 Å, representing the β form. RBDPKO exhibited mainly three 
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diffraction peaks at d = 3.8, 4.1 and 4.3 Å which are characterized by the β´ forms. These 

findings were in agreement with previous studies [37,131,155].   

 Sato [122] reported that fat with high levels of PPP and SSS TAGs was responsible for β 

forms and POP/POSt were responsible for β' forms. RBDPS had a high percentage of PPP 

while PMF was rich in POP (Table 3.3), so RBDPS tends to have β crystals whereas PMF 

tends to have β´ crystals. Timms [140] stated that palm kernel oil tends to crystalize in the 

stable β´ form due to the presence of high percentage of LaLaLa TAG. In the present study, it 

was observed that with decreasing the concentration of RBDPS into the blends (A-H) 

resulted in disappearance of the major diffraction peak at d = 4.5 Å (β formation) (Figure 

3.4). This could be explained by the decreased proportion of PPP in RBDPS (Table 3.3). 

Blends A to E exhibited diffraction peaks at d = 3.8, 4.2, 4.3 Å with a major peak at d = 4.5 

Å, representing combinations of β´and β polymorphs. For blends F to H, peaks at d = 3.8-4.3 

Å (only β´ formation) was observed. Vereecken et al. [144] reported that β´ form is desired 

for confectionery fillings because it melts at low temperature with a fine arrangement, whilst 

β form gives hardness as well as rough and sandy textures. Blend E with 14.9/59.6/25.5 

PMF/RBDPKO/RBDPS showed comparable fatty acid composition to CB, but its melting 

profile (18.5 to 37°C), 30% SFC at 25°C with polymorphism are different from CB, making 

it potentially useful as a CBS in confectionery fillings.  
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Figure 3.4. X-ray diffractograms of PMF, RBDPKO, RBDPS, their blends and commercial  

                   CB at 24°C. 

3.3.7 Crystal morphology 

The crystal morphology of individual PMF, RBDPKO, RBDPS, their ternary blend and CB 

were observed using PLM at 24°C (Figure 3.5). Commercial CB displayed spherulitic 

crystals (10-100 μm in diameter) consisting of needle-like crystals branching outward from 

the central nuclei (Figure 3.5a). The microstructure of individual PMF showed continuous 

granular crystals in the shape of very small spherulites (10-50 μm in diameter) with an 

orderly packed structure (Figure 3.5b). Similar granular crystals (densely packed) were 

observed for RBDPS with a size of less than 20 μm in diameter (Figure 3.5d). Large 

spherulitic crystals (100-300 μm in diameter) with a tight nucleus were observed in RBDPKO 

(Figure 3.5c). The morphology of RBDPKO was found to be consistent with that observed by 

Schmelzer et al. [125], who reported large spherulitic crystals.  

The crystal network morphologies of all ternary blends were found to be a mixture of tightly 

packed spherulites and granular structures. With the addition of RBDPKO in the 

formulations, the spherulitic granular crystals shifted to large needle-like crystals. This 

variation could be related to the differences in the fatty acid composition (Table 3.2) and 
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TAG species (Table 3.3). Another possible reason for the differences in crystalline structure 

(size and shape) could be the differences in textural properties among PMF, RBDPKO and 

RBDPS [35]. A blend of 14.9/59.6/25.5 PMF/RBDPKO/RBDPS showed small spherulites 

(≥50 μm in diameter) consisting of needle-like crystals radiating and branching outward from 

the central nuclei (Figure 3.5e). This behavior was explained by Jahurul et al. who reported 

spherulites exhibiting needle-like structures when blending mango seed fat and PMF [68]. No 

drastic change in microstructure in terms of size and shape was observed between CB and 

14.9/59.6/25.5 PMF/RBDPKO/RBDPS blend. However, CB still had densely and orderly 

packed crystals compared to the ternary blend (Figure 3.5). 

 

Figure 3.5. Polarised light microphotographs (40× lens) of (a) individual CB, (b) PMF, (c)  

                   RBDPKO, (d) RBDPS, and (e) ternary blend of PMF/RBDPKO/RBDPS  

                   (14.9/59.6/25.5, %w/w) obtained at 24°C. 
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3.4 Conclusion 

The composition of palmitic (P) and oleic (O), POP, and crystal morphology (spherulitic 

crystals and ≥50 μm in diameter) of PMF/RBDPKO/RBDPS [14.9/59.6/25.5 (%w/w)] 

mixture were comparable to CB, while its melting profile (18.5 and 37°C), SFC at 20°C and 

polymorphism were different from CB. The iso-solid diagrams of the mixture displayed a 

monotectic effect at 20-25°C. Therefore, the 14.9/59.6/25.5 PMF/RBDPKO/RBDPS mixture 

could be used as a CBS in confectionery fillings because of the palmitic/oleic and POP 

composition, and crystal morphology comparable to those of CB.    
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Work that is presented in this chapter is submitted to European Journal of Lipid Science and 

Technology, entitled “Physical properties of enzymatically produced palm oils-based cocoa 

butter substitute (CBS) with cocoa butter mixture” in May 2017 
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4 Investigation on the enzymatic interesterification of 

PMF/RBDPKO/RBDPS blend with commercial stearic/oleic 

fatty acids for CBS 

4.1 Introduction 

Cocoa butter (CB) is a core ingredient in chocolates and characterised predominantly with 

three main fatty acids: palmitic, stearic, and oleic acids corresponding to three major 

triacylglycerols (TAGs): POP, POSt and StOSt [21,88] as described in section 2.1 (Chapter 

2). These TAGs dominate the melting characteristic, solid fat content as a function 

temperature and polymorphism of CB. CB becomes highly solid at 20°C and melts between 

30 and 35°C [128]. CB has complex polymorphic forms namely γ, α, β' and β in ascending 

stability [37]. Usually, the stable polymorph β is preferred in chocolate because of its 

desirable melting characteristics [136].  

CB is expensive among all the vegetable fats and oils due to its limited production and high 

market demand. Therefore, many studies have been performed to produce alternatives to CB.  

In the earlier phase of this research (Chapter 3), RBDPKO was mixed with PMF and RBDPS 

to produce CBS [19] and the results showed low amount of stearic/oleic fatty acids compared 

to CB and several melting temperatures instead of a single melting peak between 30 and 

35°C as shown by CB. To increase the fatty acids, addition of commercial stearic/oleic acids 

was considered in this study. Generally, TAGs which are responsible for the melting profile 

of the fat mixture, do not react with commercial fatty acids without the help of enzymatic 

interesterification [35,82,154]. Melting is the main characteristic that is used for the 

evaluation of an enzymatically produced CBA [151]. Enzymatic interesterification rearranges 

the fatty acids of TAGs and this process changes the melting temperatures. In this study, 

enzymatic interesterification is used to modify the melting profile of the fat mixture to 

resemble that of CB.   

 Enzymatic interesterification with sn-1, 3 specific lipases is now receiving more attention in 

the production of CBAs as enzyme lipases are usually cheap and reusable, and have high 

specificity and efficiency in acyl exchange reaction. Vegetable fats/oils such as PMF, palm 

olein, palm oil, fatty acid methyl ester, palmitic acid, stearic acid, mango seed, kokum, sal 

and tea seed oil have been used to prepare CBAs by enzymatic interesterification 
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[20,34,89,103,143]. Sridhar et al. [133] produced CBS from the lipase-catalysed 

interesterification of sal fat, kokum fat, mahua fat, dhupa fat and mango fat with methyl 

palmitate and/or stearate in an organic solvent n-hexane system, which showed the solid fat 

content and melting profile of interesterified kokum fat resembling those of CB. Abigor et al. 

[1] also produced CB-like fats from lipase-catalysed interesterification of palm oil and 

hydrogenated soybean oil, and reported major TAGs with melting profile similar to CB. 

However, no work has been reported using fat mixtures of PMF, RBDPS and RBDPKO to 

produce CBS with fatty acid and triacylglycerol constituents, melting properties and solid fat 

content of CBS that resemble of CB.  

PMF, RBDPKO and RBDPS are readily available in the market at a reasonable price, making 

them cost-effective ingredients in chocolates and other confectionery products. The present 

study aimed to determine the effect of enzymatic interesterification of palm oil fractions 

mixture using commercial stearic/oleic fatty acids, with an ultimate goal to produce suitable 

CBS that have similar fatty acid and triacylglycerol constituents, melting properties and solid 

fat content to CB. CBS can only be mixed in small quantities with CB as they are usually not 

compatible (eutectic) [53,140]. When a CBS is mixed with commercial CB for chocolate 

formulation, it is important to consider the fatty acid, triacylglycerol constituents, melting 

profile, solid fat content as a function of temperature, polymorphism and crystal morphology 

of CBS that resemble those of CB. Therefore, the other objective of this study was to 

determine the compatibility of enzymatically modified palm oils-based CBS and CB mixtures 

for use in chocolate application.  

4.2 Materials and methods 

4.2.1 Materials 

The materials of this chapter are similar to the previous chapter as described in section 2.2.1. 

Commercial stearic acid (18:0) and commercial oleic acid (18:1) known as palmera A9218 

and palmera A1813 were purchased from Palm-Oleo Sdn. Bhd. (Klang, Malaysia). Lipozyme 

TL IM (Thermomyces lanuginosa lipase), a 1, 3 specific lipase (Activity, 250 IUN/g and 

immobilized on a non-compressible silica gel carrier) was kindly donated by Novozymes 

(Bagsvaerd, Denmark). The enzyme is optimally used at temperatures of 60-70°C.  
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4.2.2 Preparation of oil blends 

Two ternary-blends with comparable major palmitic/oleic fatty acids and POP TAG to CB 

were selected for the current study from our preliminary study [19]. These blends are 14.9% 

PMF/59.6% RBDPKO/25.5% RBDPS (ternary-blend 1) and 33.3% PMF/33.3% 

RBDPKO/33.3% RBDPS (ternary-blend 2) (Chapter 3, Table 3.2). Firstly, commercial 

stearic acid and oleic acid at various ratios (%w/w) were added to the ternary-blend 1 (14.9% 

PMF/59.6% RBDPKO/25.5% RBDPS) to resemble the major fatty acids (palmitic, stearic 

and oleic) composition to CB as shown in Table 4.1. All the samples were melted at 100°C. 

Results showed that the constituent of stearic and oleic fatty acids increased, while the 

palmitic acid composition decreased considerably for samples A1 to D1 compared to CB. 

Taking this into account, ternary-blend 2 was chosen and examined. This blend (33.3% 

PMF/33.3% RBDPKO/33.3% RBDPS) had higher amount of palmitic acid with comparable 

amount of other fatty acids compared to that of ternary-blend 1, in addition to multiple 

melting peaks as per the blend 1. After the addition of different ratios (%w/w) of commercial 

stearic/oleic fatty acids to blend 2, similar trend of the fatty acids composition was observed 

in samples A2 to D2. Among all the eight samples, blend B2 (80% ternary-blend/15% 

stearic/5% oleic) with major fatty acids composition resembling closely that of CB was then 

selected for enzymatic interesterification.  
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Table 4.1. Blending ratios (w/w) of ternary-blend (14.9% PMF/59.6% RBDPKO/25.5%  

                   RBDPS or 33.3% PMF/33.3% RBDPKO/33.3% RBDPS), commercial stearic  

                   (18:0) and oleic (18:1) fatty acids. 

Sample code 
Blending ratio (w/w) 

Ternary-blend Stearic Oleic 

A1 or A2 75 15 10 

B1 or B2 80 15 5 

C1 or C2 80 10 10 

D1 or D2 85 15 0 

 Abbreviations: Palm mid-fraction (PMF), refined bleached deodorized palm kernel oil (RBDPKO) and refined bleached 

deodorized palm stearin (RBDPS). 14.9% PMF/59.6% RBDPKO/25.5% RBDPS blend referring to “1” and 33.3% 

PMF/33.3% RBDPKO/33.3% RBDPS blend referring to “2”. 

4.2.3  Enzymatic interesterification 

Experiments were conducted to find out the optimum reaction time, reaction temperature, 

enzyme concentration and substrate ratio. Three different concentrations of Lipozyme TL IM 

(2, 4 and 6% w/v) were added to substrate oil (10 ml) in 50 ml conical flask. The flask was 

covered with aluminum foil and agitated in an incubator shaker (temperature controlled) at 

250 rpm. The incubation temperature was maintained at 60°C to prevent solidification of the 

substrate. Enzymatic interesterification was monitored from 0 to 10 h at 2 h intervals. The 

interesterification reaction was stopped by filtering out the enzyme through a double layer of 

cheese cloth. The free fatty acids (FFA) were removed by alkaline neutralization as described 

by Kuleasan [83] with minor modifications. Twenty ml of the oil was placed in a 100 ml 

glass beaker with magnetic stirring at 800 rpm. Thereafter, 1 ml of caustic solution (20% w/v 

NaOH) was added to the sample. The mixture was heated at 70°C for 25 min (to break any 

emulsion) and then centrifuged immediately at 4000 rpm for 20 min to remove the soap. The 

centrifuge was maintained at 40°C to prevent solidification of the oil. The FFA was 

determined according to the AOCS Official Method Ca 5a-40, as percentage of stearic acid 

[51].  
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4.2.4 Blending of enzymatically produced CBS and CB 

Enzymatically produced CBS (interesterified B2, as described in the section 4.2.2) and 

commercial CB were mixed at proportions (CBS/CB, %w/w) of 5:95 (blend a), 10:90 (blend 

b), 20:80 (blend c), 30:70 (blend d), 40:60 (blend e) and 50:50 (blend f), and the TAG 

composition, melting and compatibility behaviors, polymorphism and crystal morphology of 

these blends were analyzed. 

4.2.5 Fatty acid analysis 

Fatty acid composition was determined using gas chromatography fitted with FID as 

described in section 2.2.5 with minor modification [21]. The samples (15 mg) were weighed 

and dissolved in 1.5 ml of methanol/toluene/sulphuric acid (88/10/2) inside a 5 ml glass vial. 

The mixtures were added to 1 ml of heptane and then mixed vigorously for 1 min by using a 

vortex mixer.  

4.2.6 Melting behavior  

Melting profile of the samples was determined using differential scanning calorimetry (DSC) 

fitted with nitrogen gas flow rate of 20 ml/min as described in section 2.2.6 [18].  

4.2.7 Triacylglycerol analysis 

The TAG profile of the selected samples was analysed using high performance liquid 

chromatography equipped with RID as described in section 2.2.4 [18].  

4.2.8 Solid fat content (SFC) 

SFC profile of the selected fats was determined using pulsed nuclear magnetic resonance 

(pNMR), according to the AOCS Official Method Cd 16b-93 for stabilizing confectionery 

fats as described in section 3.2.5 [19].  

4.2.9 Polymorphism 

The polymorphic forms of the fat samples were determined at 24°C (room temperature) using 

a D8 Discover X-ray diffraction (XRD, Bruker, Karlsruhe, Germany) fitted with a Cu-Kα 

radiation (k = 1.5418 Å, voltage 40 kV and current 40 mA) as described in section 3.2.7.  
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4.2.10 Crystal morphology 

Polarized light microscope (PLM) equipped with digital camera (Nikon, DS-Filc, Tokoyo, 

Japan), was used to observe the crystal network microstructure of enzymatically produced 

CBS (interesterified B2) and CB mixture as described in section 3.2.8 [106].  

4.2.11 Statistical analysis 

Data were statistically analysed by one-way analysis of variance (ANOVA) using the 

OriginPro 9.1 software (OriginLab Corp., Northampton, USA). Tukey’s test was applied to 

determine the significant difference at P<0.05 level. DSC, XRD and PLM analyses were 

conducted in triplicate. NMR and FFA analyses were performed in duplicate.   

4.3 Results and discussion 

4.3.1 CBS production and its characterization 

4.3.1.1 Fatty acid composition 

Table 4.2 illustrates the fatty acid profiles of individual commercial stearic acid (18:0), oleic 

fatty acid (18:1), ternary-blend 1 (14.9% PMF/59.6% RBDPKO/25.5% RBDPS), ternary-

blend 2 (33.3% PMF/33.3% RBDPKO/33.3% RBDPS) and commercial CB. Commercial 

stearic fatty acid had 93.43% stearic and 5.43% palmitic acids. Commercial oleic fatty acid 

showed 80.5% oleic, followed by 11.25% linoleic, 4.14% palmitic and 2.83% stearic acids. 

The results of the commercial stearic and oleic fatty acids were consistent with the literature 

[152]. Commercial CB exhibited 36.15% stearic, followed by 33.24% oleic, 25.69% palmitic 

and 3.13% linoleic acids. This was in agreement with the existing literature [21].   

The fatty acid profiles of the different mixtures of ternary-blend 1or 2/stearic/oleic (A1 to 

D2) are shown in Table 4.2. With the addition of commercial stearic/oleic acids to the 

ternary-blend 1 (14.9% PMF/59.6% RBDPKO/25.5% RBDPS), the amount of stearic and 

oleic acids increased, whereas the amount of palmitic, lauric (12:0) and myristic (14:0) acids 

decreased considerably (P<0.05) for samples A1 to D1 (Table 4.2). In samples A1 to D1, the 

amount of undesirable lauric and myristic acids was found to be higher, while the amount of 

palmitic, stearic and oleic acids was significantly (P<0.05) lower than commercial CB. 

Likewise by adding commercial stearic and oleic acids to ternary-blend 2 (33.3% PMF/33.3% 

RBDPKO/33.3% RBDPS), similar trend of the fatty acids composition was found for 
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samples A2 to D2 (Table 4.2). However, samples A2 to D2 had almost two-times lower 

amount of undesirable lauric and myristic acids than samples A1 to D1 (Table 4.2). Besides, 

the composition of major palmitic, stearic and oleic acids in samples A2 to D2 was found to 

be comparable to commercial CB. The findings of the current study were compared to the 

existing literatures: Calliauw et al. [27] produced CBSs through two-stage static fraction of 

palm kernel oil, and reported the fatty acid profile as lauric (56.3%), myristic (19.6%), 

palmitic (8.9%) and stearic (2.0%). Zaidul et al. [152] also studied the fatty acids of different 

blends of supercritical carbon-dioxide extracted palm kernel oil fractions and palm oil in 

various ratios to obtain CB replacers, and reported that the fatty acid profile of certain blends 

was comparable to commercial CB.  
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Table 4.2. Fatty acid composition of commercial stearic acid, commercial oleic acid, ternary-blend 1  

                            (14.9% PMF/59.6% RBDPKO/25.5% RBDPS) or ternary-blend 2 (33.3% PMF/33.3% RBDPKO/33.3% RBDPS),   

                            their mixture (blend component according to the blending ratios in Table 4.1) and commercial CB. 

Sample    Fatty acid (area %)    

C8:0 C10:0 C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C20:0 

Commercial stearic acid - - - - 5.43±0.1h 93.43±0.5a - - 1.14±0.0a 

Commercial oleic acid - 0.25±0.0b 0.45±0.0i 0.16±0.1i 4.14±0.1h 2.83±0.0i 80.5±0.6a 11.25±0.2a 0.42±0.0a 

Ternary-blend 1 2.47±0.1a 2.01±0.1a 29.06±0.2a 9.14±0.1a 25.74±0.3bc 3.12±0.1i 24.51±0.2g 3.95±0.1bc - 

Ternary-blend 2 1.69±0.1a 1.38±0.1a 23.24±0.3b 8.09±0.0b 33.00±0.5a 3.29±0.1i 26.84±0.4de 2.47±0.1d - 

A1 0.4±0.0b 0.2±0.0b 19.64±0.5d 4.65±0.1e 17.68±0.1f 27.59±0.8g 26.36±0.4e 3.48±0.1c - 

B1 0.3±0.1b 0.3±0.0b 20.12±1.1d 5.22±0.7d 14.51±0.4g 31.30±0.5e 25.25±0.4f 3.0±0.2cd - 

C1 0.5±0.1b 0.3±0.1b 18.42±0.7e 3.73±0.1f 17.24±0.4f 28.12±1.1f 27.24±0.7d 4.45±0.1b - 

D1 0.7±0.1b 0.6±0.1b 21.45±0.5c 6.24±0.4c 18.56±0.6f 32.25±0.2d 17.84±0.7h 2.36±0.2d - 

A2 - 0.4±0.0b 8.04±0.4h 1.43±0.2h 20.35±1.0e 37.95±0.5b 27.91±0.5d 4.32±0.2b - 

B2 - 0.2±0.1b 8.52±0.1h 1.13±0.2h 24.81±0.6cd 32.33±0.7d 29.10±0.5c 3.91±0.3bc - 

C2 Trace 0.4±0.1b 12.41±0.4g 4.11±0.2ef 23.03±0.5d 26.41±0.7h 29.16±0.6c 4.38±0.2b - 

D2 0.3±0.1b Trace 15.53±0.3f 2.83±0.3g 26.03±0.5b 32.73±0.3d 19.76±0.7 2.74±0.1d - 

CB - - Trace 0.73±0.1h 25.69±0.2bc 36.15±0.5c 33.24±0.3b 3.13±0.4c 1.04±0.1a 

Values within the same column with different letters are significantly different (P<0.05). Each value in the table represents the mean ± SD of three measurements. Abbreviations: Palm mid-

fraction (PMF), refined bleached deodorized palm kernel oil (RBDPKO), refined bleached deodorized palm stearin (RBDPS) and cocoa butter (CB). 14.9% PMF/59.6% RBDPKO/25.5% 

RBDPS blend referring to “1” and 33.3% PMF/33.3% RBDPKO/33.3% RBDPS blend referring to “2”.  
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4.3.1.2 DSC melting thermograms 

The DSC melting thermograms of individual commercial stearic acid, oleic fatty acid, 

ternary-blend 1 (14.9% PMF/59.6% RBDPKO/25.5% RBDPS), ternary-blend 2 (33.3% 

PMF/33.3% RBDPKO/33.3% RBDPS) and commercial CB are shown in Figure 4.1. 

Commercial stearic acid and oleic acid showed a sharp endotherm at 70°C and 9.6°C 

respectively. Both ternary-blends 1 and 2 had two broad endotherms between 17 and 37°C as 

described in our earlier study [19]. Commercial CB exhibited a single endotherm at 

approximately 33°C. The DSC melting thermogram of CB was found to be consistent with 

previous studies [150], who reported a single endotherm at 32.8°C.  

The DSC melting profiles of the different mixtures of ternary-blend 1 or 2/stearic/oleic are 

shown in Figure 4.1. When commercial stearic and oleic acids were added to ternary-blend 1 

and ternary-blend 2, the DSC melting thermograms showed mainly two broad endotherms, 

first maxima (T1)  between 13.6 and 20°C and second one (T2) between 50.1 and 53.6°C. The 

first endothermic peak (T1) corresponded to the low melting unsaturated fatty acids (Table 

4.2). The second endothermic (T2) event was likely due to the high melting stearic acid 

(Table 4.2). Thus, all the samples (A1 to D2) were not suitable as alternatives to CB because 

of their undesirable multiple melting profiles. Hence, enzymatic interesterification was used 

to modify the TAG composition and melting profile resembling that of CB. In the current 

study, sample B2 (80% ternary-blend/15% stearic/5% oleic) was chosen for enzymatic 

interesterification as it showed undesirable multiple melting peaks as per other samples A1 to 

D2 (Figure 4.1) and major fatty acids composition resembling closely that of commercial CB 

(Table 4.2).   
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Figure 4.1. DSC melting thermograms of commercial stearic acid, commercial oleic acid,  

                    ternary-blend 1 (14.9% PMF/59.6% RBDPKO/25.5% RBDPS) or ternary-blend  

                    2 (33.3% PMF/33.3% RBDPKO/33.3% RBDPS), their mixture (referring to A1  

                   to D2 as per Table 4.1) and commercial CB. 

4.3.1.3 Optimization of the reaction parameters 

Enzymatic interesterification was performed to determine the optimum enzyme concentration 

with substrate ratio (2-6% w/w), reaction temperature (60°C) and reaction time (0-10 h).  

Two endotherms were observed between 17.3°C and 50.5°C at 2% enzyme at 0 h (control) 

(Figure 4.2). With increasing the reaction time to 6 h, the melting peaks gradually shifted to 

13.7°C and 31.1°C respectively. After 8 h treatment, a broad endotherm was observed at 

28.9°C. When the reaction time increased to 10 h, the broad endotherm was reduced to 

27.2°C. Likewise, by increasing the enzyme concentration to 4% (w/w), two endotherms 

were observed similar to 2% enzyme concentration for 0 h (control), indicating reaction time 

has a considerable impact on esterification process (Figure 4.2). When the reaction time was 
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increased to 6 h, the endotherms shifted and formed a new endotherm near 33.5°C, indicating 

the formation of high melting TAGs. Similar trend was found at 6% enzyme concentration at 

6 h, in which a new endotherm was observed at 28.1°C. After 8 h incubation at 4 and 6% 

enzyme concentrations, two endotherms were observed between 16.5°C and 35.5°C, 

probably due to the rearrangement of fatty acids (Table 4.2). Among all the interesterification 

conditions, interesterified B2 under optimized interesterification conditions (using 4% 

enzyme incubated for 6 h reaction time at 60°C) showed a single broad melting endotherm at 

33.5°C, which is similar to commercial CB (Figure 4.2). Wang et al. [147] produced CBE 

through enzymatic interesterification of tea seed oil with fatty acid methyl esters and reported 

a new high melting peak at 37.7°C, which was observed after 60 h treatment at 35°C using 

10% enzyme. Abigor et al. [1] prepared a CB-like fat with a single melting peak at 33.8°C 

from palm oil and hydrogenated soybean oil using 10% lipase enzyme after incubating 4 h at 

70°C. Similarly in the present study, interesterified B2 using 4% lipase enzyme after 

incubating 6 h at 60°C showed a desirable single melting peak at 33.5°C, therefore, 

interesterified B2 could be potentially used as CBS. 
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Figure 4.2. DSC melting thermograms of (A) 2% Enzyme, (B) 4% Enzyme and (C) 6%  

                   Enzyme concentrations for sample B2 (referring in Table 4.1). 

4.3.1.4 Triacylglycerol (TAG) composition  

After interesterification, substantial changes (P<0.05) of the TAG species in the 

interesterified B2 were observed compared to its non-interesterified B2 (Table 4.3). The 

composition of POP (17.7%) and PLP (1.4%) of the interesterified B2 rapidly decreased, 

whereas the composition of POSt (28.4%), StOSt (19.5%), PLO (6.1%) and StOO (1.3%) 

increased correspondingly after interesterification (Table 4.3). The changes in the TAGs 

composition were due to the rearrangement of the fatty acids during interesterification 

(Figure 4.2). Other forms of SSS TAG species such as PPP, PPSt, LaLaLa (La lauric) and 

LaLaM (M myristic) were also observed in the interesterified B2 (Table 4.3). These TAGs 

may be responsible for shoulder peaks at the main melting region with small endotherms 

below 25°C of the interesterified B2 (Figure 4.2). These findings coincided with the results 
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obtained by Undurraga & co-workers [143], who produced CBE from enzymatic 

interesterification of palm mid-fraction and stearic acid, and also reported POP (23.4%), 

POSt (38.5%) and StOSt (20.2%). In another study [88], the composition of three TAGs: 

POP (23%), POSt (39.9%) and StOSt (13.5%) was observed upon Lipozyme IM-20 

interesterification of lard and tri-stearin using a supercritical-CO2 system.   

4.3.1.5 Free fatty acid (FFA) analysis 

The percentage of FFA was found to be slightly higher in the interesterified B2 compared to 

commercial CB (Table 4.3). During enzymatic interesterification, fatty acids are cleaved off 

the glycerol backbone, and not all of these fatty acids reattach to the TAG, resulting in FFA. 

Alkaline neutralization reduced FFA to 1.7%.  
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Table 4.3. Overview of TAGs composition of individual CB, enzymatically produced CBS  

                  (interesterified B2) and different blends (a-f) of enzymatically produced CBS/CB,  

                 and non-interesterified B2 (80% ternary blend/15% stearic/5% oleic). 

 

TAG  

(area %) 

 

 

CB 

Blend  

 

CBS (IE B2) 

 

a b c d e f Non-IE 

SSS PPP 0.1±0.0f 0.9±0.2e 1.5±0.4e 2.1±0.3d 2.5±0.2d 4.2±0.1c 4.4±0.4c 8.4±0.2b 10.1±0.3a 

 PPSt 0.5±0.0cd 0.2±0.1d 1.0±0.2c 1.3±0.3b 1.3±0.1b 2.0±0.2a 2.1±0.2a 2.4±0.4a - 

 StPSt - 0.2±0.0c 0.5±0.1bc 0.6±0.0bc 0.7±0.1ab 0.7±0.0ab 0.8±0.2ab 1.2±0.2a - 

 CLaLa - - - - - - - - 2.1±0.1 

 LaLaLa - 0.3±0.0f 1.2±0.2e 1.7±0.2de 2.1±0.2cd 2.4±0.0c 2.7±0.0c 4.7±0.3b 10.3±0.7a 

 LaLaM - 0.1±0.0e 0.4±0.0de 0.5±0.2de 0.8±0.0cd 1.3±0.2c 1.4±0.2c 2.3±0.1b 6.4±0.1a 

 LaMM - - - - - - - - 3.4±0.1 

 MMM - 0.1±0.0b 0.2±0.0b 0.2±0.0b 0.3±0.0b 0.4±0.3b 0.5±0.2b 1.1±0.2a 1.2±0.1a 

 Total 0.6 1.8 4.8 6.4 7.7 11.0 11.9 20.1 33.5 

SUS POP 18.1±0.8b 18±0.3b 17.8±1.0b 17.7±1.2b 17.7±0.7b 17.7±0.5b 17.7±0.7b 17.7±1.6b 44.2±1.7a 

 POSt 39.2±1.2a 38.9±1.2a 38.4±1.5b 37.9±1.3c 37.2±0.9d 34.5±0.8e 33.8±1.0f 28.4±1.2g 7.6±0.1h 

 StOSt 29.7±0.7a 29.2±1.1a 28.3±0.7b 27.8±1.2c 26.4±1.2d 24.7±0.7e 24.2±0.7f 19.5±0.8g 1.2±0.1h 

 LaOLa - 0.1±0.0b 0.2±0.0ab 0.3±0.0ab 0.2±0.0ab 0.4±0.0ab 0.5±0.2ab 0.7±0.2a 0.4±0.3ab 

 AOSt 1.9±0.5a 1.8±0.1a 1.2±0.7c 1.0±0.2cd 0.7±0.0cde 0.5±0.0de 0.5±0.0de 0.6±0.1de 0.2±0.3e 

 PLP 1.1±0.0b 1.2±0.2b 1.2±0.0b 1.3±0.2b 1.3±0.2b 1.3±0.1b 1.3±0.0b 1.4±0.3b 6.7±0.4a 

 MLP 0.6±0.0cd 0.6±0.2cd 0.8±0.0bc 0.9±0.0abc 1.0±0.2abc 1.1±0.1abc 1.2±0.0ab 1.4±0.2a 0.2±0.3d 

 Total 90.6 89.7 87.9 86.9 84.5 80.2 79.2 69.7 60.5 

SUU PLL 0.5±0.0a 0.5±0.0a 0.5±0.0a 0.5±0.0a 0.6±0.2a 0.6±0.0a 0.7±0.0a 0.8±0.0a 0.2±0.3a 

 PLO 0.6±0.2f 0.7±0.0f 1.3±0.2e 1.9±0.0d 3.7±0.1c 4.9±0.7b 5.0±0.2b 6.1±0.7a 2.3±0.1d 

 POO 2.8±0.4a 2.7±0.2a 1.8±0.1bc 1.7±0.2c 1.3±0.1c 1.3±0.0c 1.3±0.2c 1.3±0.2c 2.1±0.1b 

 StOO 2.4±0.1a 2.3±0.4a 1.7±0.0b 1.2±0.2b 1.2±0.2b 1.2±0.0b 1.3±0.2b 1.3±0.0b - 

 Total 6.3 6.2 5.3 5.3 6.8 8.0 8.3 9.5 4.6 

UUU LLO 0.4±0.0a 0.4±0.2a 0.4±0.0a 0.3±0.2a 0.3±0.0a 0.2±0.0a 0.1±0.2a 0.1±0.0a 0.3±0.1a 

 OOL 0.7±0.1a 0.6±0.0a 0.6±0.0a 0.6±0.2a 0.4±0.0a 0.3±0.0a 0.2±0.0a 0.2±0.0a 0.4±0.1a 

 OOO 1.4±0.2a 1.3±0.0a 1.0±0.2ab 0.5±0.0bc 0.3±0.0c 0.3±0.0c 0.3±0.0c 0.4±0.0c 0.7±0.1a 

 Total 2.5 2.3 2.0 1.4 1.0 0.8 0.6 0.7 1.4 

FFA  1.2±0.3a - - - - - - 1.7±0.3a 0.6±0.3b  

Values within the same row with different letters are significantly different (P<0.05). Blends a 

(5%CBS/95%CB), b (10%CBS/90%CB), c (20%CBS/80%CB), d (30%CBS/70%CB), e (40%CBS/60%CB) 

and f (50%CBS/50%CB). Each value in the table represents the mean ± SD of two measurements. 

Abbreviations: Triacylglycerol (TAG), cocoa butter (CB), cocoa butter substitute (CBS), free fatty acid (FFA), 

interesterified fat (IE), total content of tri-saturated (SSS), total content of mono-unsaturated (SUS), total 

content of di-unsaturated (SUU), total content of poly-unsaturated (UUU), P palmitic, St stearic, C capric, O 

oleic, La lauric, L linoleic, M myristic, A arachidic.  
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4.3.2 Physical properties of enzymatically produced CBS (interesterified B2) and CB 

blends 

4.3.2.1 TAG composition of the CBS/CB blends 

The TAG profiles of the CBS and CB blends are presented in Table 4.3. The composition of 

mono-unsaturated (SUS: POSt and StOSt), di-unsaturated (SUU: POO and StOO) and poly-

unsaturated (UUU: OOO, OOL and LLO) TAGs decreased gradually with increasing CBS in 

blends a-f, whereas the composition of tri-saturated (SSS: PPP, LaLaLa, LaLaM and PPSt) 

TAG increased significantly (P<0.05). It was also observed that the major TAGs composition 

(POP, POSt and StOSt) of blends a and b (5-10% of CBS in CB) did not change significantly. 

However, by adding more than 10% CBS in blends c-f, SSS TAG content was significantly 

(P<0.05) increased along with a gradual decrease in SUS particularly POSt and StOSt. In this 

regard, blends a and b (5-10% of CBS in CB) were found to be the most compatible blend 

formulation to that of CB in terms of TAG content. 

4.3.2.2 Thermal properties and iso-solid diagrams of the developed CBS/CB blends 

The melting profiles of the different mixtures (a-f) of enzymatically produced CBS and 

commercial CB are shown in Figure 4.3. CB showed a sharp melting peak at 33.2°C with 

onset temperature (Tonset) at 30.2°C and endset temperature (Tendset) at 36.1°C. When the 

proportion of CBS increased in blends a-f, the DSC melting thermogram became broad. This 

may be due to the differences in long-chain fatty acids (Table 4.2) and TAG contents of CBS 

and CB (Table 4.3). However, the melting peak temperature remained unchanged. Blends a-c 

(5-20% of CBS in CB) showed comparable onset and endset of the melting temperature to 

CB, whereas blends d-f (>20% of CBS in CB) displayed a lower Tonset with a broader peak. 

This can be explained by the higher content of SSS TAG in CBS (Table 4.3). Enzymatically 

produced CBS exhibited a broad melting peak at 33.5°C with Tonset at 25.2°C and Tendset at 

37.6°C (Figure 4.3). The broader melting peak can lead to a waxy mouth-feel, less cooling 

sensation and less intense flavour release [74]. In the present study, the melting profile of 

blends a-c (5-20% of CBS in CB) was comparable to that of CB.  
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Figure 4.3. DSC melting thermograms of enzymatically produced CBS (interesterified B2)  

                   and commercial CB mixtures: a (5%CBS/95%CB), b (10%CBS/90%CB), c  

                   (20%CBS/80%CB), d (30%CBS/70%CB), e (40%CBS/60%CB) and f  

                   (50%CBS/50%CB).  

In Figure 4.4, commercial CB displayed a high SFC (≥70%) up to 20°C, followed by a steep 

decline between 20 and 35°C, and 0% SFC was detected at or above 37°C. This finding was 

in agreement with previous studies [74], who reported a high SFC value (≥75%) at 20°C, a 

steep decrease between 25 and 35°C, and no solids above body temperature. There was a 

significant change (P<0.05) of SFC at all temperatures before interesterification and after 

interesterification of the sample B2. Before interesterification, the sample B2 showed just 

below 40% SFC at 20°C and approximately 1% SFC at 37°C. However, after 

interesterification, the SFC value of the interesterified B2 was observed at approximately 

48% at 20°C and 0% at or above 37°C. The difference of the SFC trend between non-

interesterified and interesterified B2 could be probably explained by the variation of fatty 

acid (Table 4.2) and TAG composition (Table 4.3). However, interesterified B2 showed 
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considerably lower SFC values between 10 and 30°C than commercial CB. This behavior 

was most likely due to the differences of POSt and StOSt TAGs (Table 4.3). Kadivar and co-

workers [74] produced enzymatic interesterification of sunflower oil-based CBEs and also 

reported approximately 45% SFC at 20°C and 1% SFC at 37°C. An earlier study [139] 

suggested that confectionary fats (e.g., chocolate) should exhibit approximately 63% SFC at 

20°C, 40% SFC at 25°C and 0% SFC at 37°C. In the present study, the interesterified B2 had 

considerably lower SFC values at 10-25°C compared to the above literatures and commercial 

CB (Figure 4.4), making it potential for use as CBS in terms of melting profile (Figure 4.3) 

and fatty acid/TAG composition (Table 4.2 and Table 4.3).   

The SFC profile of all the blends a-f showed a significant (P<0.05) decrease between 10 and 

30°C with increasing percentage of CBS (Figure 4.4). Blends c to f (20-50% CBS) had a 

lower SFC value at those mentioned temperatures, due to the presence of SSS TAG content 

in CBS (Table 4.3). Regarding blends a and b (5-10% of CBS in CB), SFC values at all the 

temperatures were found to be similar as per CB. This was most likely due to the comparable 

content of SUS TAG (Table 4.3).    

Iso-solid phase diagrams are used to illustrate the eutectic and monotectic behavior of binary 

fat mixtures because they are useful in understanding the compatibility of mixed fat systems 

[145]. For instance, the eutectic effect occurs, when the contour lines of constant SFC are not 

straight, with some blend compositions having lower melting temperatures than expected. 

This indicates that the fat blends are not compatible (eutectic). Monotectic effect (dilution 

effect or miscible) is manifested by a straight line connecting the SFC of each pure 

component, indicating that fats in a blend are mixed well [139]. Binary iso-solid phase 

diagrams of the CBS/CB blends are shown in Figure 4.5. The binary blends showed slightly 

curvature above 25°C, which indicated an undesirable eutectic effect (Figure 4.5). This 

behavior could be mainly caused by the differences in TAG content between CBS and CB 

(Table 4.3). The iso-solid plot of all the six blends was nearly straight at 15 to 25°C, showing 

that fats are mixed well (compatible). Blends a and b (5-10% of CBS in CB) displayed 

approximately 70% SFC at 20°C (Figure 4.4), which are within the desirable monotectic area 

of the iso-solid diagram (Figure 4.5).   
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Figure 4.4. Solid fat content profiles of  enzymatically produced CBS (interesterified  

                   B2),  commercial CB, and their blends:  a (5%CBS/95%CB),   

                   b (10%CBS/90%CB),  c (20%CBS/80%CB),  d (30%CBS/70%CB),  

                    e (40%CBS/60%CB),  f (50%CBS/50%CB), and  non- 

                   interesterified B2. Data represent averages of three measurements with standard  

                  deviations lower than 1.5% in all cases.  
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Figure 4.5. Binary iso-solid phase diagrams constructed with OriginPro 9.1 software for  

                   blend of enzymatically produced CBS and commercial CB. Numbers in curves  

                   represent the percentage of solids.   

4.3.2.3 Polymorphism 

The polymorphism of individual enzymatically produced CBS (interesterified B2), non-

interesterified B2 and commercial CB were identified by XRD at 24°C (Figure 4.6). CB 

exhibited multiple diffraction peaks at d = 3.8-4.3, 4.5 and 5.2 Å, indicating a combination of 

β' and β polymorphs. This finding was in agreement with previous studies [37,94]. Multiple 

diffraction peaks at d = 3.8-4.3 Å representing the β´ forms were observed for non-

interesterified B2. After interesterification, interesterified B2 (enzymatically produced CBS) 

displayed a major diffraction peak at 4.5 Å, indicating the β-form. In addition, higher peak 

intensity at 4.2 Å of the interesterified B2 was observed, showing the β'-form. However, the 

intensity of the diffraction peak at d = 4.5 Å (β-form) of the enzymatically produced CBS 

was smaller compared to CB (Figure 4.6). This was probably due to the different composition 

of POSt and StOSt TAGs between enzymatically produced CBS and CB (Table 4.3).     

The polymorphism of the different mixtures (a-f) of enzymatically produced CBS and CB is 

shown in Figure 4.6. With increasing concentration of enzymatically produced CBS in blends 

a-f, a decreasing of the major diffraction peaks at d = 4.5 Å (β form) was observed. This 
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could be due to the presence of decreased proportion of SUS TAGs particularly POSt and 

StOSt (Table 4.3). Blends a to c (5 to 20% of CBS in CB) exhibited diffraction peaks at d = 

3.8-4.2 Å with a major peak at d = 4.5 Å, representing mixtures of β´ and β polymorphs. For 

blends d-f, the peak intensity at d = 4.5 Å decreased while the peaks at d = 3.8-4.3 Å 

increased with a gradual change in peak locations. Similar polymorphic pattern was also 

observed when more than 10% of enzymatically produced CB-like fat was blended with CB 

[153]. In the present study, the major peak at d = 4.5 Å for blends a-c remained unchanged 

indicating no change in the polymorphism when 5 to 20% of developed CBS was added with 

CB (Figure 4.6).   

4.3.2.4 Crystal morphology 

The crystal morphology of enzymatically produced CBS (interesterified B2), commercial CB 

and their binary blends (a-f) was observed using PLM at 24°C (Figure 4.7). CB showed 

spherulitic crystals with needle-like branching outward from the central nuclei, ranging 

between 10 and 100 μm in diameter (Figure 4.7). The morphology of commercial CB was 

found to be consistent with that observed by Sonwai et al. [131], who reported needle-like 

crystals. The PLM of enzymatically produced CBS revealed a densely packed granular 

structure with spherulitic crystals, ranging between 1 and 100 μm in diameter. With the 

addition of enzymatically developed CBS (interesterified B2) in blends a-f, the spherulitic 

needle-like crystals shifted to granular small crystals (Figure 4.7). This behavior could be 

explained by the variations in TAG content between developed CBS and CB (Table 4.3). 

Another possible reason for the variations in crystalline structures (size and shape) could be 

the differences in textural properties between CBS and CB [106]. No significant change in 

crystal microstructure (size and shape) was observed when the developed CBS was added up 

to 20% with CB (blends a-c) (Figure 4.7). Therefore, blends a to c (5-20% of CBS in CB) 

could be potentially used as suitable blends for chocolate formulation.  
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Figure 4.6. X-ray diffractograms of  enzymatically produced CBS (interesterified B2),  

                    commercial CB and their blends:  a (5%CBS/95%CB),  b  

                   (10%CBS/90%CB),  c (20%CBS/80%CB),  d  

                   (30%CBS/70%CB),  e (40%CBS/60%CB) and  f  

                   (50%CBS/50%CB), and  non-interesterified B2.   



Chapter 4 Enzymatic interesterification 
 

88 
 

 

Figure 4.7. Overview of crystal morphology for enzymatically produced CBS (interesterified  

                  B2), commercial CB and their blends: a (5%CBS/95%CB), b  

                  (10%CBS/90%CB), c (20%CBS/80%CB), d (30%CBS/70%CB), e  

                  (40%CBS/60%CB) and f (50%CBS/50%CB).   
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4.4 Conclusion 

Sample B2 (80% ternary blend/15% stearic/5% oleic) showed comparable major fatty acids 

composition to commercial CB which was selected to produce CBS through enzymatic 

interesterification. A melting endotherm at 33.5°C, similar to CB was obtained using 4% 

(w/w) enzyme and after incubating 6 h reaction time at 60°C. POSt (28.4%) and StOSt 

(19.5%) percentage of the interesterified B2 was significantly (P<0.05) increased along with 

a gradual decrease in POP (17.7%) compared to non-interesterified B2. The interesterified B2 

had considerably lower SFC values up to 30°C than CB. Furthermore, the sample displayed a 

desirable diffraction peak at 4.5 Å indicating the β form, but much smaller than CB due to the 

differences of POSt and StOSt. In the second phase of this research, enzymatically produced 

CBS was blended with CB to screen their possible application in chocolates. The melting 

peak became broad upon the addition of CBS, due to the differences of SUS TAG 

particularly POSt/StOSt. However, the peak temperature remained unchanged. In addition, 

the onset and endset of the melting peak were comparable to CB up to 20% of CBS (blends a-

c). The iso-solid diagrams also showed a desirable monotectic effect at 15-25°C, whereas a 

eutectic effect was observed above 25°C when more than 20% CBS was added. No change in 

the intensity of diffraction peaks (polymorphism) was observed for blends a-c with similar 

crystal morphology as per CB. Overall, enzymatic interesterification is able to produce CBS 

with similar melting profile and comparable TAGs composition to CB. 5 to 20% of 

enzymatically produced CBS could be potentially added with CB for use in chocolate 

production without altering the physicochemical properties significantly.  
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Work that is presented in this chapter is published in LWT-Food Science and Technology, 

(2017), 82: 420-428 with minor adjustments in Figure/Table number to fit into the current 

thesis format. A copy of the research paper is included as appendix J in page 158.  
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5 Physical properties of enzymatically produced CBS and CB 

mixture, and physical and sensory characteristics of dark 

chocolate made from the enzymatically produced CBS  

5.1 Introduction 

Enzymatic interesterification of fats and oils for the formulation of cocoa butter substitute 

(CBS) has been receiving a lot of attention. Triacylglycerol (TAG) composition of fats and 

oils is modified to change the physical properties particularly melting profile similar to cocoa 

butter (CB) for using in confectionery applications [133]. Chemical modification in the 

production of these types of TAGs is generally not applicable because of deficiency in 

positional specificity [74,151].   

CB, the main ingredient of chocolate, is expensive among all the vegetable fats/oils due to its 

limited supply and high market demand. Hence, researchers are looking for alternatives to 

CB. CBS is an alternative to CB and have a similar melting profile to that of cocoa butter, but 

with different chemical composition [18,27,53,135,140]. In the literature, modification of 

kokum fat, mango fat, sal fat with methyl palmitate-stearate [133]; and palm oil with soybean 

oil [1] using enzymatic interesterification has been studied in producing CBS. Reports on the 

production of CBS from cheap and available palm oils fraction are not available. In our 

preliminary study [19], palm mid-fraction was mixed with refined, bleached and deodorized 

palm kernel oil and palm stearin to produce CBS and the results showed several melting 

temperatures instead of a single melting peak between 30 and 35°C as shown by CB. Melting 

is the main characteristic that is used for the evaluation of an enzymatically modified CB-like 

fats [35]. Therefore, enzymatic interesterification was used to modify CBS to show similar 

melting characteristic and triacylglycerol composition as per CB as mentioned in Chapter 4. 

Subsequently, 5 to 50% of CBS (w/w) were mixed with CB in order to investigate the 

compatibility of CBS/CB mixture; in which 5-20% CBS was found to be compatible with CB 

in terms of solid fat content as a function of temperature and polymorphism.   

In the present study, dark chocolate is used as model chocolate, which is made up of CB 

along with sugar, ground cocoa solids and soy lecithin [153]. However, milk chocolate has 

not been considered in this study to avoid any overlapping melting or other interaction 

between CBS and milk fat (i.e., milk fat may interfere on the physical properties of CBS). 
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The important ingredient of CB and its crystal structure is responsible for the rheological 

properties, appropriate texture and sensory perception of chocolate [90,140]. The rheological 

properties of the chocolate depend on many factors such as temperature, composition and 

processing conditions. During dark chocolate processing, composition and crystallization of 

CB play an important role in obtaining good quality product. The chocolate composition 

determines different interactions that occur between ingredients whilst crystallization is the 

most important step in chocolate processing i.e. refining, conching and tempering [55,126] to 

ensure the desired sensory characteristics.  

The melting characteristic of dark chocolate is very important in order to evaluate the effects 

of CB polymorphism. CB has complex polymorphs namely γ, α, β' and β (or Roman 

numbering, I-VI) in ascending stability [94,118]. Polymorphic transitions of CB take place 

via either a solid-state transition or by melt-mediation. During the manufacturing process, 

tempering is usually conducted at set temperature and time regime to get the desirable β(V) 

crystal form with melting temperature of 32-34°C, which is preferred in chocolate to impart 

the desired good snap, glossy appearance and sensory mouth-feel [136]. However, poorly 

tempered chocolate can develop a sticky greyish-white surface namely fat bloom upon 

storage. Bloom formation may also arise due to slight (i.e., ±2-3°C) or larger temperature 

variations, which cause the melting and re-crystallisation of TAG in CB, where the liquid fat 

from the chocolate matrix migrates through pores and microfractures to the surface forming 

bloom [118].   

Since the melting, rheological, textural and polymorphism are the main properties used for 

the quality assurance of chocolate, it is important to understand how the enzymatically 

produced palm oil-based CBS influences the physical properties of CB. Therefore, the 

objective of the present work was to investigate the melting, rheological, textural properties, 

bloom formation and sensory profile of dark chocolate made with enzymatically produced 

CBS.   

5.2  Materials and methods 

5.2.1 Materials 

The materials of this chapter are similar to the previous chapter as described in section 4.2.1. 

Cocoa powder (10-12% fat, pH 6.8-7.2, moisture 5 g/100 g, Guan Chong Cocoa Sdn. Bhd., 

Johor, Malaysia), icing sugar (MSM Prai Sdn. Bhd., Selangor, Malaysia.) and Soy lecithin 
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(moisture 0.19 g/100 g, Cargill, Shanghai, China) were employed. CBS was produced from 

palm mid-fraction/refined bleached deodorized palm kernel oil/palm stearin mixture added 

with commercial stearic-oleic acid through enzymatic interesterification as discussed in 

chapter 4.   

5.2.2 Chocolate production 

Production of standard dark chocolates was performed using the method described by 

Kadivar et al. [74] with minor modification at Cocoa processing lab, Malaysian Cocoa Board, 

Nilai. Formulation of standard dark chocolate was according to the following composition 

(w/w): 48% icing sugar, 30.90% CB, 20.5% cocoa powder and 0.6% soy lecithin. For two 

different chocolate formulations, CBS was added at the levels of 5% and 20% of CB (1.5% 

and 6.2% of CBS were replaced from 30.90% of CB). Experimental samples (1 kg batch for 

each formulation) were prepared by mixing sugar, cocoa powder and 2/3 of melted CBS+CB 

fat in a mortar and pestle mill (Pascal, UK) at low speed for 10 min at 45°C. Then the 

mixture was refined using a 3-roll refiner (Pascal, UK) at ambient temperature to get a 

particle size <35 μm. After refining, the mixture was transferred to the conche (Mortar and 

Pestle mill, Pascal, UK) and then mixed with the rest of the melted CBS+CB fat at 45°C for 4 

h. In the following phase, the mixture became a paste as the viscosity reduced. To obtain the 

desired flow characteristics, soy lecithin was added and mixed for another 2 h.  

In the next step, the liquid chocolate was tempered manually according to the method 

described by Talbot [136]. Tempering was performed to produce the desired β crystals in the 

chocolate products. Tempering was carried out as follows: i) chocolate was melted at 45°C to 

remove crystal history, ii) approximately 2/3 of the chocolate mixture was poured onto a 

marble slab and mixed with a flexible spatula until the product reached 27°C to produce seed 

crystals and iii) the thickened chocolate was then mixed with the remaining 1/3 warm 

chocolate (40°C) to get the overall temperature of 31-32°C, in order to melt the unstable 

crystal polymorphs [24,25,136]. Temperature was measured using an Aasted-Mikroverk 

Chocometer (Aasted-Mikroverk ApS, Farum, Denmark) to ensure accurate tempering 

temperature for chocolate. The tempered chocolate was poured into plastic chocolate molds 

(dimensions bar, 98mm × 30mm × 11mm) and cooled at 13±1°C for 60 min to solidify the 

chocolate [40]. The chocolate bars were de-moulded and subsequently stored at room 

temperature. 
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5.2.3 Triacylglycerol (TAG) analysis 

The TAG profiles of individual CB and enzymatically produced CBS were analysed using 

high performance liquid chromatography equipped with RID, according to AOCS Official 

Method Ce 5b-89 as discussed in previous section 2.2.4 [18]. 

5.2.4 Melting profile 

Melting profile of the dark chocolates was determined using differential scanning calorimetry 

(DSC Pyris 4000 DSC, Perkin-Elmer Ltd., Norwalk, USA) equipped with nitrogen gas flow 

rate of 20 ml/min, following the method of Kadivar et al. [74]. Surface of the chocolate was 

scraped off with a scalpel and 2-4 mg of the chocolate slivers was hermetically sealed in an 

aluminum pan. An empty, covered aluminum pan was used as the reference. When the 

system reached the equilibrium conditions at 20°C, the pan was put in the DSC cell and the 

melting thermograms were recorded by heating from 20 to 65°C at 5°C/min. Onset 

temperature (Tonset), endset temperature (Tendset), maximum peak temperature (Tmax), melting 

enthalpy (∆H) and peak area were calculated from the melting thermogram using DSC 

software. Tonset is the temperature at which the corresponding crystal form starts to melt; Tend 

represents the temperature at which liquefaction of the sample is completed; ∆Hmelt is the 

amount of energy required for complete melting of the sample; Tmax is the temperature at 

which maximum melting occurs; and peak area is equivalent to the heat taken up by the 

sample during melting [5,38].  

5.2.5 Polarised light microscopy (PLM) 

To measure the micrographs in terms of fat particle size of the chocolates, a polarized light 

microscope (PLM, Olympus BX51, Tokyo, Japan) fitted with a digital camera (Nikon, DS-

Filc, Tokyo, Japan) was used at room temperature. Approximately 10 μg of the melted 

chocolate was then placed on a glass microscope slide. A coverslip was placed on top of the 

sample and centred on the melted sample to ensure uniform thickness. PLM images were 

captured using 20× objective lens after the slides were kept at room temperature for 4 h to 

solidify the particles.  
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5.2.6 Particle size distribution (PSD) 

To measure the PSD of the chocolates, a MasterSizer 3000 (Laser Diffraction Particle Size 

Analyser, Malvern Instruments Ltd., Malvern, Worcestershire, UK) equipped with a Hydro 

EV was used. Approximately 0.5 g of chocolate slivers was mixed with 10 ml of isopropanol. 

The sample (~0.2 ml) was dispersed in isopropanol until an obscuration of 10.5% as 

recommended by the instrument software. The sample was sonicated for 2 min to ensure 

particles were independently dispersed and thereafter maintained by stirring during the 

measurement. PSD was determined based on the Mie-Theory using the refractive index 1.59 

for dark chocolate [6]. Results were provided as a relative volume (%) of particles in size 

compared with particle size curves (Malvern MasterSizer Micro Software). PSD parameter 

was obtained at the largest particle size D90 (>90% finer) [16].     

5.2.7 Flow behavior  

In order to examine flow behavior of the chocolates, a Rheometer RS600 (HAAKE 

RheoStress 600, Thermo Electron Corp., Karlsruhe, Germany) fitted with a plate-plate 

geometry was used. Chocolate samples were melted at 50°C for 1 h and approximately 2 g of 

the samples was placed onto a preheated plate in a gap of 1 mm. The measurement procedure 

was based on the method of ICA [65] and Afoakwa et al. [3] with minor modifications. 

Temperature of the bottom plate was set at 40°C to prevent solidification of the fat crystals. A 

stepped flow procedure was applied by increasing the shear rate logarithmically from 2 s
-1

 to 

110 s
-1

. Yield stress (Pa) and viscosity (Pa s) were measured at 65 s
-1

 [74].  

5.2.8 Texture analysis  

Hardness (N, the maximum force required to penetrate the sample) of the chocolates was 

measured with a Texture Analyser (TA-XT plus, Stable Microsystems Ltd., Surrey, UK) 

equipped with 2 kg load cell and probe (P/2N needle stainless) using the following 

parameters: product height 10 mm, penetration depth 5 mm, pre-speed 1 mm/s, test speed 2 

mm/s, post speed 10 mm/s and the duration of the test at ~ 1-2 min [74].  

5.2.9  Bloom formation on chocolate surface 

Bloom formation on chocolates, stored at 24±1°C and 29±1°C, was captured and examined 

every two weeks for a total of 3 months using a stereomicroscope (Nikon, SMZ1500, Tokyo, 
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Japan) fitted with a digital Nikon camera (Nikon, Digital Sight DS-2Mv, Tokyo, Japan), 

according to previously described method [81].   

5.2.10 Polymorphism 

To identify the polymorphic transformations of chocolate , a D8 Discover X-ray Diffraction 

(Bruker, Karlsruhe, Germany) fitted with Cu-Kα radiation (k = 1.5418 Å, voltage 40 kV and 

current 40 mA) was used at room temperature. Surface of the chocolates was chopped with a 

scalpel. To eliminate the interference of sugar crystals, approximately 5 g of the chocolate 

slivers were mixed in 500 ml of cold water, shaken and allowed to stand at room temperature 

for 4 h to dissolve the sugar, according to the method of Cebula et al. [30]. The suspension 

was filtered through a Buchner funnel with whatman filter paper (0.45 μm) under a vacuum 

pump to dry the samples. The sugar free chocolate samples were mounted onto the XRD 

sample holder. The samples were analysed at 2θ angles of 10° to 30° with a scan rate of 1.5 

°/min. Short (d) spacing (Å) was determined using the EVA-diffraction software (Bruker, 

Karlsruhe, Germany). Assignments of polymorphs were based on the following short spacing 

characteristics of CB: α form (d = 4.15 Å); β´ forms (d = 3.8–4.3 Å) and β forms (d = 4.5/4.6 

Å) [37]. Unbloomed chocolate was used as a control.   

5.2.11 Sensory evaluation 

Sensory evaluation was performed using a 9-point hedonic scale (1 = dislike extremely, 9 = 

like extremely) where participants evaluated the sensory attributes i.e. glossiness, hardness, 

waxiness, greasy to touch (sticky), mouth-feel (smooth, melting), overall acceptability and 

taste acceptance of the dark chocolates. One hundred participants (students and staffs) from 

Monash University Malaysia were selected. Participants were asked to pick one sample 

which is different from the other two in a triangle test. Three formulations of dark chocolate 

(each weighing ~3 g) were served at 23±1°C in sealed plastic bags. Samples were coded 

using three digit random numbers. Participants were asked to take a small bite of biscuit and 

then drink water to rinse their palate after tasting each chocolate (Human Ethics Approval 

Number: CF16/2097-2016001042).  

5.2.12 Statistical analysis 

Data were statistically analysed by t-test and one-way analysis of variance using the SPSS 

software, version-20 (IBM Corp., Chicago, USA). Tukey’s test was applied to determine the 
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significant differences at P<0.05 level. Rheometer and PSD analyses were performed in 

duplicate. DSC, XRD, TA and PLM analyses were conducted in triplicate.  

5.3 Results and discussion 

5.3.1 TAG composition 

The TAG profiles of individual CB and enzymatically produced CBS are presented in Table 

5.1. CB contained three main TAGs: POSt (39.2%), StOSt (29.7%) and POP (18.1%), which 

is in agreement with previous studies [18,21]. As shown in Table 5.1, enzymatically 

produced CBS had comparable POP, while significantly (P<0.05) lower composition of POSt 

and StOSt to CB. In addition, CBS contained additional tri-saturated TAGs (PPP, LaLaLa, 

PPSt and LaLaM) and di-unsaturated TAG (PLO) which appear only in traceable quantity in 

CB. 
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Table 5.1. Overview of TAGs composition of individual CB and enzymatically produced  

                  CBS. 

TAG (area %)
 

CB CBS 

SSS PPP 0.1±0.0a 8.4±0.2b 

 PPSt 0.5±0.0a 2.4±0.4b 

 StPSt - 1.2±0.2 

 LaLaLa - 4.7±0.3 

 LaLaM - 2.3±0.1 

 MMM - 1.1±0.2 

 Total 0.6 20.1 

SUS POP 18.1±0.8a 17.7±1.6a 

 POSt 39.2±1.2a 28.4±1.2b 

 StOSt 29.7±0.7a 19.5±0.8b 

 LaOLa - 0.7±0.2 

 AOSt 1.9±0.5a 0.6±0.1b 

 PLP 1.1±0.0a 1.4±0.3a 

 MLP 0.6±0.0a 1.4±0.2b 

 Total 90.6 69.7 

SUU PLL 0.5±0.0a 0.8±0.0a 

 PLO 0.6±0.2b 6.1±0.7a 

 POO 2.8±0.4a 1.3±0.2b 

 StOO 2.4±0.1a 1.3±0.0b 

 Total 6.3 9.5 

UUU LLO 0.4±0.0a 0.1±0.0a 

 OOL 0.7±0.1a 0.2±0.0a 

 OOO 1.4±0.2a 0.4±0.0b 

 Total 2.5 0.7 

Values within the same row with different letters are significantly different (P<0.05). Each value in the table represents the 

mean ± SD of two measurements. ▲ Abbreviations: Triacylglycerol (TAG), cocoa butter (CB), cocoa butter substitute 

(CBS), total content of tri-saturated (SSS), total content of mono-unsaturated (SUS), total content of di-unsaturated (SUU), 

total content of poly-unsaturated (UUU), P palmitic, St stearic, O oleic, La lauric, L linoleic, M myristic, A arachidic.     
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5.3.2 Melting behavior 

Melting properties of different chocolate samples were shown in Figure 5.1. Thermal 

parameters: Tonset, Tend, ∆Hmelt, Tmax and peak area of the melting endotherms of dark 

chocolate samples were compared.   

In the present study, chocolate formulated with CB showed a sharp melting peak near 33°C 

with Tonset (27.5°C), Tend (35.5°C), area (64.2 mJ) and ∆Hmelt (34.1 J/g). These findings were 

consistent with the literature [39]. The melting peak and Tend of the chocolate with 5% and 

20% CBS were similar to CB-chocolate (Figure 5.1). However, 20% CBS-chocolate had 

significantly (P<0.05) higher ∆Hmelt and broader peak area with a small shoulder peak 

compared to the CB-chocolate. This is probably due to the lower melting TAGs specially 

LaLaLa and PPP (Table 5.1). Similar results were also reported in a previous research [74], 

where chocolate with 25% CB-like fat showed a broader melting peak and lower Tonset. 

According to Clercq et al. [38] the melting profile of dark chocolate should have a narrow 

melting peak leading to a quick melt down at 37°C (body temperature), producing a cool 

sensation and smooth mouth-feel. In the current study, there were no significant (P≥0.05) 

differences in ∆Hmelt and peak area between 5% CBS-chocolate and CB-chocolate (Figure 

5.1), indicating 5% CBS-added chocolate is comparable to CB-chocolate.  
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CB-Choc:  

                   

Tonset=27.5°C                  

Tendset=35.4°C                  

Tmax=33.2°C                 

∆Hmelt=34.1 J/g 

Peak area=64.2 mJ  

5% CBS-Choc: 
                  

Tonset=27.4°C                 

Tendset=35.5°C                   

Tmax=33.2°C               

∆Hmelt=33.8 J/g 

Peak area=65.1 mJ 

20% CBS-Choc:  

 

Tonset=26.6°C                  

Tendset=35.2°C                   

Tmax=33.1°C                  

∆Hmelt=22.7 J/g
* 

Peak area=69.4 mJ
*
 
 

 

Figure 5.1. DSC Melting thermograms of CB-chocolate, 5% CBS-chocolate and 20% CBS- 

                   chocolate. *Significantly different from CB-chocolate, P<0.05. All measurements  

                  were performed in triplicate and the standard error for each sample  

                  was below 1.2%.   

5.3.3 Particle size distribution (PSD) of the dark chocolates 

Polarised light microscopy (PLM) was used to observe the variations in fat-particle phase, 

sugar crystalline network and cocoa particle interaction from the dark chocolates as shown in 

Figure 5.2. All the three samples showed similar micrographs under PLM (Figure 5.2A-C). 

Sugar and fat crystals exhibited polarization (bright image), whereas cocoa solids 

(amorphous) did not show polarization, or appeared as dark. This finding was in accordance 

with the literature [8]. In addition, non-fat particulates were visible in the chocolates, such as 

irregularly large-shaped sugar crystals (~25 μm, bright image) and brownish-red small cocoa 

particles.   
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Figure 5.2. PLM micrographs (20× lens) of A) CB-chocolate, B) 5% CBS-chocolate and C)  

                  20% CBS-chocolate at 24°C.  

In this study, master-sizer was used to confirm the PSD of the chocolate samples. Figure 5.3 

shows volume density of the selected samples against size distributions using D90 (>90% 

finer). Chocolate produced with CB showed particle size approximately 18 μm, which is in 

agreement with the previous research [6]. Similar PSD was observed for chocolate with 5% 

CBS. However, 20% CBS-added chocolate had a slightly higher PSD (~24 μm) than the CB-

chocolate (Figure 5.3). As stated by Beckett [15], PSD has a direct influence on rheological, 

textural and sensory characteristics. The largest particles are responsible for mouth-feel 

notably grittiness, whereas smaller particles improve flow properties and hardness. For good 

dark chocolate, PSD should be less than 35 μm [3]. Overall, chocolate with 5% and 20% CBS 

was within the range of PSD of less than 35 μm.  
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Figure 5.3. Particle size distribution of CB-chocolate, 5% CBS-chocolate and 20% CBS- 

                   chocolate at D90 (>90% finer). 

5.3.4 Flow behavior 

Dark chocolate is a solid suspension of sugar and cocoa powder in cocoa butter, which shows 

non-Newtonian flow behavior [39]. The Casson model was fitted to the flow curves to study 

the Casson yield stress and viscosity. Yield stress is the amount of energy required to initiate 

chocolate flow. Plastic viscosity is related to the energy needed to maintain the flow of a 

fluid. High viscous chocolates are not desirable due to sticky mouth-feel [39].  

Figure 5.4 shows the Casson yield stress and viscosity as a function of shear rate between 2 

and 65 s
-1

 for the chocolate samples. When the shear rate gradually increased, the Casson 

plastic viscosity correspondingly decreased while yield stress increased. The viscosity and 

yield stress of the CB-chocolate were found approximately 2 Pa s and 15 Pa, respectively, at 

shear rate 65 s
-1

 (Figure 5.4A&B). These results were in accordance with a previous study 

[74] for dark chocolate. Similar trend in plastic viscosity was also observed for the chocolate 

with 5% CBS and 20% CBS (Figure 5.4). Likewise, 5% CBS-chocolate showed similar yield 

stress to the CB-chocolate, whereas 20% CBS-chocolate had slightly lower yield stress (12.2 

Pa). This variation was likely due to the function of CB replaced by enzymatically produced 

CBS and the high PSD (24 μm) (Figure 5.3). PSD and rheological parameters are highly 

linked as the higher PSD denotes lower surface area available to interact, which leads to 

higher viscosity and/or yield stress [9]. 
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 Figure 5.4. A) Casson yield stress (Pa) and B) Casson viscosity (Pa s) of CB-chocolate, 5%  

                  CBS-chocolate and 20% CBS-chocolate. 

5.3.5 Textural behavior 

As stated by Afoakwa et al. [2], a good quality chocolate is a solid product with a good snap 

at 24°C (room temperature) and shiny appearance along with easy melting in the mouth, 

giving a pleasant mouth-feel sensation. Hardness of dark chocolate samples, expressed in 

maximum force (N), was measured by penetration test as shown in Figure 5.5. Hardness of 

the CB-chocolate at 24°C showed approximately 13 N, which is in agreement with previous 

studies [39,74]. Similar hardness value was observed for 5% CBS-added chocolate (Figure 

5.5). However, there was significantly (P<0.05) lower hardness of the chocolate with 20% 

CBS in comparison to the CB-chocolate and 5% CBS-added chocolate. This may be due to 

the broader melting temperature (Figure 5.1) and high PSD (Figure 5.3). The large particle 

size in the chocolate creates weak interaction between particles, resulting in a lower 

maximum force required to penetrate the product [7]. Zarringhalami et al. [153] also found 

no significant differences between a reference chocolate and the chocolates with 5% and 10% 

CB-like fat, but the chocolates with 15% and 20% CB-like fat had significantly lower 

hardness. In the current study, 5% CBS-chocolate had a textural behavior in terms of 

hardness similar to that of CB-chocolate (Figure 5.5).   
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Figure 5.5. Hardness of CB-chocolate, 5% CBS-chocolate and 20% CBS-

chocolate at 24°C.  

5.3.6 Bloom formation and X-ray diffraction during storage 

Fat bloom is a physical defect that involves the loss of gloss, smoothness and an undesirable 

discoloration on the chocolate surface which is the main concern for chocolate manufacturer. 

Bloom formation is determined by stereomicroscope and confirmed by X-ray diffraction of 

the chocolate samples during storage at 24±1°C and 29±1°C until 12 weeks as shown in 

Figure 5.6.  

Chocolate produced with CB, 5% CBS and 20% CBS at 24±1°C and stored up to 8 weeks did 

not show bloom, however after 8 weeks the CB-chocolate and 5% CBS-chocolate began to 

form white-greyish haze on the surface. At 29±1°C, noticeable bloom formation was 

observed for CB-chocolate and 5% CBS-chocolate after 2 weeks. This phenomenon can be 

explained by many factors such as fluctuation of temperature during storage time, 

recrystallization of fats and sugar crystal, and poor tempering [61,92]. However, no obvious 

bloom formation was observed for chocolate formulated with 20% CBS at 24±1°C and 

29±1°C until 12 weeks (Figure 5.6). This may be likely due to the more complex crystalline 

structures that inhibit bloom [92,108,153]. Another possible reason may be the presence of 
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medium and high-melting TAG in CBS (Table 5.1). Due to fluctuation of temperature, phase 

behavior of the TAG becomes disrupted, leading to the formation of large surface crystals 

[30,36,63]. Beckett [16] stated that the use of high-melting TAG in chocolate allows the 

melted chocolate to set again with temperature fluctuation. However, the medium-melting 

TAGs inhibit fat bloom if the storage temperature is higher than the melting temperature of 

those TAGs. In summary, both chocolates with 5% and 20% CBS can be stored at 24°C to 

prevent bloom formation.     

XRD patterns of bloomed and control chocolates are presented in Figure 5.7. Control 

chocolates showed a major diffraction peak at d = 4.5 Å, indicating β polymorphs and 

multiple peaks at d = 3.7-4.1 Å, corresponding to the characteristic of β' polymorphs. For 

bloomed chocolate with CB and 5% CBS, the peak intensity at d = 3.7 and 4.0 Å increased 

slightly, whereas the 4.5 Å peak remained unchanged. This result was in agreement with the 

previous research [132] for bloomed chocolate, who reported that the peak intensity at d = 3.6 

and 3.8 Å increased along with a reduced peak at d = 3.9 Å. Wang et al. [146] also found the 

diffraction peaks at d = 3.7, 3.8, 4.2 and 4.6 Å for bloomed CBS-chocolate while peaks at d = 

3.8 and 4.2 Å for control CBS-chocolate. Likewise in the present study for the bloomed 

chocolates, the diffraction peak at d = 4.1 Å shifted toward larger d-spacing along with an 

increased peak height tending to the β polymorphism (Figure 5.7A&B). However, the major 

diffraction peak at d = 4.5 Å with two peaks at 3.7 and 3.9 Å were observed for the control 

chocolate with 20% CBS, indicating no change in the polymorphism transformation during 

storage at 24±1°C and 29±1°C (Figure 5.7C). This finding was also confirmed by 

stereomicroscope (Figure 5.6).  
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Figure 5.6. Bloom formation of CB-chocolate, 5% CBS-chocolate and 20% CBS-chocolate  

                   stored at 24±1°C and 29±1°C. 
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Figure 5.7. X-ray diffraction spectrum of A) CB-chocolate and bloomed-

chocolate, B) 5% CBS-chocolate and bloomed-chocolate and C) 20% 

CBS-chocolate and bloomed-chocolate.  
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5.3.7 Sensory evaluation 

There was no significant (P≥0.05) difference in sensory characteristics between CB-

chocolate and 5% CBS chocolate (Figure 5.8). However, chocolate with 20% CBS had 

significantly (P<0.05) different sensory characteristics in terms of taste acceptance, overall 

acceptability and hardness compared to the CB-chocolate. In triangle test, 52 out of 100 

panelists were able to identify chocolate with 20% CBS as different from the other two 

samples of CB-chocolate and 5% CBS-added chocolate (data not shown). Therefore, it could 

be concluded that panelists did not find any difference between the CB-chocolate and 5% 

CBS-added chocolate. De-Clercq et al. [39] found that full CB-like fat replacement of CB 

influenced the sensory characteristics of chocolate. In the current study, panelists were not 

able to distinguish any differences between CB-chocolate and chocolate made with 5% CBS, 

thus indicating comparable sensory profile between CB-chocolate and 5% CBS-added 

chocolate.  

 

Figure 5.8. Sensory evaluation of CB-chocolate, 5% CBS-chocolate and 20% CBS-chocolate. 
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5.4 Conclusion 

Dark chocolate formulated with CB (without CBS), 5% CBS and 20% CBS was 

characterized using DSC melting, PSD, rheological, bloom formation and sensory properties. 

There was no significant (P≥0.05) difference in melting behavior between the CB-chocolate 

and 5% CBS chocolate. Although all the chocolates remained similar melting peak 

temperature, there were significant (P<0.05) differences in peak area and melting enthalpy 

between 20% CBS-chocolate and CB-chocolate. 20% CBS-chocolate had significantly higher 

PSD with lower hardness and yield stress compared to CB-chocolate, but its viscosity was 

comparable to 5% CBS-chocolate and CB-chocolate. Stereomicroscope images of all the 

chocolate samples did not show bloom at 24°C for up to 8 weeks. However, at 29±1°C, 

bloom formation was observed for 5% CBS-chocolate and CB-chocolate after two weeks. 

Noticeable changes in X-ray diffraction peaks (polymorphism) were observed for the 

bloomed chocolate. There was no significant difference in sensory characteristics between 

5% CBS-chocolate and CB-chocolate. Additionally, chocolate with 20% CBS was found to 

be different in terms of taste from the other two samples in a triangle test. The overall 

characterization suggested that the chocolate with 5% CBS was comparable to CB-chocolate 

in terms of physical and sensory characteristics. However, 20% CBS-chocolate showed 

significantly lower sensory properties particularly taste acceptance and hardness compared to 

CB-chocolate. All in all, both 5% and 20% CBS-chocolates need to be stored at 24°C to 

prevent bloom formation.    
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6 General conclusions and Future work 

6.1 General conclusions 

This study was designed to develop CBSs by blending or modifying different palm oil 

fractions such as PMF, RBDPKO and RBDPS and characterize their physicochemical 

properties. The developed CBS was added with commercial CB and the mixture was 

investigated for compatibility. The blend of CBS and CB was then used to make dark 

chocolate, and the physical and sensory characteristics of dark chocolate were evaluated. The 

study was carried out in four phases as follows: 

Firstly, the physical and chemical properties of binary mixtures of PMF, RBDPKO and 

RBDPS were examined to produce CBSs. Results showed that all the PMF/RBDPKO and 

RBDPS/RBDPKO blends had mixtures of short/long-chain fatty acids (lauric, myristic, 

palmitic and oleic) with corresponding TAGs. In contrast, the PMF/RBDPS blends showed 

only high percentage of long-chain fatty acids (palmitic and oleic) with corresponding TAGs. 

Among all the binary blends, 20-40% of PMF in RBDPKO, 30-50% of RBDPS in RBDPKO 

and 50-80% of PMF in RBDPS showed a desirable monotectic behavior at 10-25°C. 

Although the polymorphism and TAGs (particularly POS and StOSt) composition were 

different from that of CB, the broad melting endotherms (20-38°C) of these blends 

approximated to that of CB, showing potential for use as CBSs.  

Secondly, the physical and chemical characteristics of ternary mixture of PMF, RBDPKO 

and RBDPS were examined. The ternary fat mixtures were combined based on the results of 

binary fat mixtures. Eight ternary blends of various ratios (%w/w) of PMF/RBDPKO/RBDPS 

were selected for this study. 14.9% PMF/59.6% RBDPKO/25.5% RBDPS blend showed 

comparable physicochemical properties to that of CB in terms of palmitic/oleic fatty acids 

constituent, POP composition and crystal morphology. Although its melting profile (18.5 and 

37°C), polymorphism, stearic fatty acid and POSt/StOSt composition were different from that 

of CB, it exhibited a desirable monotectic effect at 20-25°C with less than 50% SFC at 20°C 

which showed some potential for use as CBS.   
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In the subsequent phase of this study, commercial stearic and oleic fatty acids at different 

ratios (%w/w) were added to this suggested ternary blend (14.9% PMF/59.6% 

RBDPKO/25.5% RBDPS) to resemble the major fatty acids composition to CB. Results 

showed that the constituent of stearic and oleic fatty acids improved, but the palmitic acid 

composition decreased considerably for all samples compared to CB. Taking this into 

account, another ternary blend was selected and examined. This blend (33.3% PMF/33.3% 

RBDPKO/33.3% RBDPS) had a higher amount of palmitic acid with other fatty acids and 

multiple melting peaks as per the suggested ternary blend. After the addition of different 

ratios (%w/w) of commercial stearic-oleic fatty acids to this blend, all the samples showed 

increased in stearic/oleic acids and decreased in palmitic acid. Among all the four blends, 

blend 80% ternary mixture/15% stearic/5% oleic showed major fatty acids closely resembling 

that of CB. However, the blend showed undesirable multiple melting peaks and the TAG 

composition remained unchanged. Generally, TAGs, responsible for the melting profile, do 

not react with commercial stearic/oleic fatty acids without the help of enzymatic 

interesterification. Enzymatic interesterification rearranges the fatty acids of a TAG and this 

process changes the melting profile. Hence, the effect of enzymatic interesterification on the 

physicochemical properties of the blend (80% ternary blend/15% stearic/5% oleic) was 

investigated. The goal was to develop suitable CBS with properties particularly TAG 

composition and melting profile resembling those of CB.       

The blend under optimized interesterification conditions (4% lipase enzyme for 6 h reaction 

time at 60°C reaction temperature) showed a single melting endotherm at 33.5°C, which is 

similar to commercial CB. However, after 8 h treatment with 4% enzyme concentration, two 

endotherms were observed between 16.5 and 35.5°C due to the rearrangement of fatty acids. 

The composition of POSt (28.4%) and StOSt (19.5%) of the interesterified fat was 

significantly (P<0.05) increased along with a gradual decrease in POP (17.7%) compared to 

non-interesterified fat. Additionally, the interesterified fat revealed a desirable X-ray 

diffraction peak (albeit smaller) at near 4.5 Å indicating the β polymorph. Even though the 

interesterified fat showed lower SFC values up to 30°C compared to CB, it has potential for 

use as CBS.  

Subsequently, the enzymatically produced CBS was mixed with commercial CB at different 

ratios (%w/w) to screen their possible application in chocolate production. 5 to 20% of CBS 

mixed with CB showed similar melting profile with comparable TAG composition, 
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polymorphism (predominant β-crystals) and crystal morphology to that of CB. Additionally, 

these blends (5 to 20% of CBS in CB) exhibited a desirable monotectic effect at 15-25°C, 

making them suitable for use in chocolate production. 

Finally, the physical and sensory properties of dark chocolates made with enzymatically 

produced CBS were evaluated. Dark chocolates with CB (without CBS), 5% CBS and 20% 

CBS were produced. The chocolates with 5% and 20% CBS showed melting characteristic 

(melting peak temperature) similar to CB-chocolate. Significant (P<0.05) differences in PSD, 

flow behavior, hardness and sensory characteristics (especially taste acceptance and 

hardness) were observed for 20% CBS-chocolate whilst no significant differences (P≥0.05) 

were observed for 5% CBS-chocolate compared to CB-chocolate. Stereomicroscope images 

of all the chocolate samples did not show bloom at 24°C for up to 8 weeks. Conversely, at 

29±1°C, bloom formation was only observed for 5% CBS-chocolate and CB-chocolate after 

two weeks. Noticeable changes in X-ray diffraction peaks (polymorphism) were observed for 

bloomed chocolate. Overall, 5% CBS-chocolate was similar to CB-chocolate in terms of 

physical and sensory profile while 20% CBS-chocolate showed reasonably lower sensory 

profiles particularly taste acceptance and hardness compared to CB-chocolate. Both 

chocolates with 5% and 20% CBS should be stored at 24°C to prevent bloom formation. 

Figure 6.1 summarizes the overall production of CBS through blending and enzymatic 

interesterification of different palm oil fractions, and their melting and chemical composition.      

6.1.1 Overall conclusions 

In the present study, CBS was produced by blending and enzymatic interesterification of 

PMF, RBDPKO and RBDPS. The composition of major fatty acids (24.8% palmitic, 32.3% 

stearic and 29.1% oleic), TAGs (17.7% POP, 28.4% POSt and 19.5% StOSt), and melting 

endotherm (33.5°C) of the enzymatically developed CBS were comparable to those of CB. 5-

20% of CBS in CB showed satisfactory compatibility (desirable monotectic effect) without 

altering the physicochemical properties of CB. The novelty of the current study lies in 

PMF/RBDPKO/RBDPS could be enzymatically interesterified to produce CBS that was able 

to make dark chocolate with similar physical and sensorial characteristics compared to CB-

only-chocolate. Therefore, CBS developed in this study could be applied in chocolate 

formulations and other confectionery applications as to partially replace CB. The current 

study provides fundamental understanding on the phase behavior and physicochemical 



Chapter 6 General conclusion 

115 
 

properties of the developed CBS and CB mixture for chocolate application. Table 6.1 

summarizes the overall production cost of CBS.    

  

Figure 6.1: Schematic diagram of the production of produced CBS in chocolate application. 
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Table 6.1: Overall production cost of CBS. 

Sample Price/kg (RM) Supplier Production cost (RM) 

CB 35 Le Bourne Sdn Bhd CB = 35 

5% replace = 33.25 

20% replace = 28 

100% replace = 6.1 

PMF 4 Sime-Darby 

Research RBDPKO 5 

RBDPS 4 

Commercial stearic 

fatty acid 

8 KLK Oleo Sdn Bhd 

Commercial oleic 

fatty acid 

10 

Lipase enzyme 400 Novozyme 

CBS 

(PMF/RBDPKO/ 

RBDPS = 800g, 

Stearic = 150g, 

Oleic =150g, 

Enzyme =4%) 

6.1  

 

6.2 Suggestions for future work 

Findings from the current study can be extended as follows: 

From the microstructure point of this study, further work can be carried out to study the nano-

structure mechanism of produced palm oils-based CBS using cryo-transmission 

electronmicroscopy (Cryo-TEM). Furthermore, the dark chocolates made with CBS could be 

further analysed to understand the mechanism of bloom formation using atomic force 

microscopy (AFM) combined with field emission scanning electron microscopy (FESEM).  

X-ray diffraction was used at ambient temperature for the polymorphism mechanism of 

chocolate made with the CBS. Further research is necessary to correlate the polymorphism in 

temperature controlled conditions with the DSC melting behavior.   

Chocolate’s image structure using Fourier transform infrared (FTIR) and Raman 

spectroscopy can be further studied to correlate with other imaging techniques such as 

FESEM and AFM.  
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Appendix A List of chemicals used in this study 

Table A.1. List of chemicals. 

Chemicals Grade Company 

Acetone HPLC grade (99%)  Fisher Scientific, 

Loughborough, UK 

Acetonitrile Assay (GC, 99.99%)  Fisher Scientific, 

Loughborough, UK 

Ethyl alcohol Analar grade (~95%) R & M Chemicals, Essex, 

UK  

Isopropanol Assay (GC, 99.98%)  Fisher Scientific, 

Loughborough, UK 

Sodium hydroxide ACS reagent R & M Chemicals, Essex, 

UK 

Heptane HPLC grade (99%) Fisher Scientific, 

Loughborough, UK 

Hexane HPLC grade (95%)  Fisher Scientific, 

Loughborough, UK  

Toluene Assay (GC, 99.97%) Fisher Scientific, 

Loughborough, UK  

Methanol Assay (GC, 99.99%)  Fisher Scientific, 

Loughborough, UK 

Toluene HPLC grade (≥99.5%) Fisher Scientific, 

Loughborough, UK  

Sulfuric acid HPLC grade (≥99.5%) Fisher Scientific, 

Loughborough, UK  

Lipase enzyme Lipozyme TL IM 

(Thermomyces lanuginosa 

lipase) 

Novozymes, Bagsvaerd, 

Denmark  

FAME Analytical standard  Lab Science Solution Sdn. 

Bhd., Selangor, Malaysia 

TAG standards Analytical standard Sigma Aldrich, St. Louis, 

MO  
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Appendix B (Chapter 2) GC chromatogram 

 

Figure B.1. Example of GC chromatogram of FAME standards. 
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Appendix C (Chapter 2) HPLC chromatogram 

 

Figure C.1. Example of HPLC chromatogram of cocoa butter. 
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Appendix D (Chapter 2) Statistical analysis using OriginPro software 

Table D.1. Statistical analysis of the data in Chapter 2. 
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Appendix E (Chapter 5) Statistical analysis using SPSS software 

Table E.1: Statistical analysis of the data in Chapter 5. 
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Appendix F (Chapter 5) Sensory questionnaire form 
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Appendix G (Chapter 5) Control chocolate and bloomed chocolate 

 

Figure G.1. Example of control chocolate (un-bloomed) and bloomed chocolate. 
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Appendix H (Chapter 2) Publications during enrolment 
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Appendix I (Chapter 3) Publications during enrolment   
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Appendix J (Chapter 5) Publications during enrolment   
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