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ABSTRACT 13 

Physical blends (PB) of high oleic sunflower oil and tristearin with 20 and 30% stearic acid and 14 

their interesterified (IE) products with 20 and 30% of the fatty acids being stearic acid at the sn-2 15 

position were crystallized without and with application of high intensity ultrasound (HIU). IE 16 

samples were crystallized at supercoolings (∆T) of 12, 9, 6, and 3 °C while PB were crystallized 17 

at ∆T = 12 °C. HIU induced crystallization in PB samples but not in the IE ones. Induction in 18 

crystallization with HIU was also observed at ∆T = 6 and 3 °C for IE C18:0 20% and 30% and at 19 

∆T = 9 °C only for the 30% samples. Smaller crystals were obtained in all sonicated samples. 20 

Melting profiles showed that HIU induced crystallization of low melting triacylglycerols (TAGs) 21 

and promoted co-crystallization of low and high melting TAGs. In general, HIU significantly 22 

changed the viscosity, G’, and G’’ of the IE 20% samples except at ∆T = 12 °C. While G’ and 23 

G’’ of IE 30% did not increase significantly, the viscosity increased significantly at ∆T = 9, 6, 24 

and 3 °C from 1,526 ± 880 to 6,818 ± 901 Pa.s at ∆T = 3 °C. The improved physical properties 25 

of the sonicated IE can make them good contenders for trans-fatty acids replacers. 26 

 27 

 28 

Keywords: Interesterified fats, physical blends, physical properties, crystallization, rheology, 29 

melting, ultrasound 30 

  31 
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INTRODUCTION 32 

Modification of the physical properties of fats is often desired to obtain specific 33 

functionalities for use in various food applications. Enzymatic interesterification is a widely used 34 

processing technique to achieve this [1]. Interesterification changes the triacylglycerol (TAG) 35 

composition of the fat without changing its fatty acid composition [2]. In 2016 Ifeduba et al. [3] 36 

enzymatically interesterified physical blends of (a) high oleic sunflower oil (HOSO) and 37 

tripalmitin and (b) HOSO and tristearin to develop fats containing TAGs with palmitic or stearic 38 

acid at the sn-2 position. Several studies have evaluated the effect of IE fats consumption with 39 

saturated fatty acids at the sn-2 position. Results from these studies are variable and no 40 

consensus about the nutritional properties of these IE fats has been achieved. However, some 41 

studies show that TAGs with saturated fats at the sn-2 position can either reduce [4, 5] or have 42 

no effect on postprandial lipemia [6, 7]. Increasing uses of interesterification by the lipid industry 43 

and consumer demands for healthier fats prompts the need of exploring the functionalities and 44 

physical properties of these new fats. Changes in TAG composition of fats upon 45 

interesterification affects their crystallization behavior [8] and depending on the new TAGs 46 

formed, the resulting IE fats could have slower crystallization behavior than their corresponding 47 

physical blends (PB) [9].  Therefore, IE fats are in general softer than their PB counterparts and 48 

the interesterification process limits their uses in many foods where harder fats are needed.  49 

Extensive research has been performed related to the use of high intensity ultrasound 50 

(HIU) to induce crystallization of ice [10], sucrose [11] and fats such as cocoa butter [12], 51 

anhydrous milk fat [13, 14], palm kernel oil [13] and interesterified soybean oil [15]. HIU has 52 

been shown to change the crystallization behavior of lipids by inducing and accelerating the 53 

formation of smaller [15] and more fat crystals [14], creating harder fats [13], increasing 54 
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viscosity [14, 16], viscoelastic properties [15] and solid fat content [17]. Choosing appropriate 55 

sonication conditions such as size of the sonicator tip, amplitude of sonication, duration, 56 

crystallization temperature and amount of crystallizing material is essential for improved results 57 

[15, 17]. However, the role that fat chemical composition plays on lipid sonocrystallization still 58 

remains unknown. 59 

The authors of this paper previously studied the crystallization behavior of interesterified 60 

(IE) fats with palmitic acid at the sn-2 position and the corresponding physical blends [18]. This 61 

study allowed us to compare the crystallization behavior of fats with similar fatty acids but 62 

different TAG composition along with the comparison of fats with different content of saturated 63 

fatty acids (SFA). The palmitic containing IE fats were found to be softer than their physical 64 

blends and the hardness of the IE samples was increased by using HIU. In the present study, the 65 

tripalmitin previously used by Kadamne et al. [18] in the PB was replaced by tristearin with the 66 

assumption that the higher melting stearin in the corresponding IE will provide a harder texture 67 

compared to the palmitic containing IE. Using interesterification conditions reported in Ifeduba 68 

et al. [3] IE fats with low total saturated fatty acids (20-30%) and stearic acid at the sn-2 position 69 

were produced. 70 

The objective of this research is to evaluate the crystallization behavior of the IE fats 71 

containing 20 and 30% stearic acid at the sn-2 position and of the physical blends used to 72 

synthesize these IE samples. The effect of HIU on their crystallization behavior was studied at 73 

different supercooling levels. Crystal microstructure, solid fat content, viscosity, elastic and 74 

storage modulus, and melting behavior were evaluated. The fats used in this study differ from 75 

those in the previous study based on the major saturated fatty acid at the sn-2 position, which is 76 

stearic acid in the present and palmitic acid in the former [18]. Along with the characterization of 77 
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the physical properties of the IE fats, these studies will help us to understand the effectiveness of 78 

ultrasound-induced crystallization with changes in type and amount of SFA. 79 

 80 

MATERIALS AND METHODS 81 

Starting Materials. Dr. Akoh’s laboratory from the University of Georgia provided the 82 

interesterified (IE) and physical blends (PB) of tristearin (>99% purity, Spectrum Chemicals, 83 

Gardena, CA) and high oleic sunflower oil (Stratas Foods, Memphis, TN). The two PB samples 84 

contained a total of 20 and 30% stearic acid while in the IE prepared by the interesterification of 85 

PB using Lipozyme TLIM [3], among the fatty acids at the sn-2 position, about 20 and 30% were 86 

occupied by stearic acid. . The PB used to prepare the IE samples containing 20% stearic acid at 87 

the sn-2 position (IE C18:0 20%) will be referred to as PB C18:0 20% while the physical blends 88 

used to prepare the IE samples containing 30% stearic acid at the sn-2 position (IE C18:0 30%) 89 

will be referred to as PB C18:0 30%.   90 

Melting point determination: The IE and PB samples were melted completely upon reception, 91 

filtered while hot to remove any foreign impurity and stored at -20 °C until further use. The 92 

AOCS Official Method Cc 1-25 was used to measure the melting point of the IE and PB 93 

samples. 94 

Fatty acid analysis and triacylglycerol composition: The samples were analyzed for their fatty 95 

acid composition and triacylglycerol content according to the methods outlined by Ifeduba et al. 96 

[3].  97 

Crystallization experiment. Crystallization experiments were performed in a double wall glass 98 

cell with an external water bath to control the sample temperature. A magnetic stirrer was used to 99 

provide agitation at 100 RPM. Thirty grams of filtered sample was melted in the microwave and 100 
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later kept in the oven at 100 °C for 45 min to remove crystal memory. The melted sample was 101 

then placed in the crystallization cell. Crystallization was performed at supercooling levels (∆T) 102 

of 12, 9, 6, and 3 °C. Crystallization temperatures (Tc) used for each sample at each supercooling 103 

are shown in Table 1. The crystallization behavior of the samples was monitored using a He-Ne 104 

laser source (105-2 Uniphase, San Jose, CA) as previously described by Wagh et al. [19]. The 105 

temperature of the sample was monitored by the thermocouple along with the laser signals and 106 

recorded by LabVIEW 8.0 software (National Instruments Corp., Austin, TX). Sonication was 107 

performed using a Misonix 3000 sonicator (20 kHz, Misonix Inc., Farmingdale, NY) and 3.2 mm 108 

diameter tip operating at 216 µm vibration amplitude for 5 s. 109 

Prior to crystallization, the experimental set up was set at the desired temperature along with the 110 

sonication equipment with the stirrer. The position of the laser was arranged such that a 111 

maximum laser signal output of 10 V was obtained through the empty cell. After the sample was 112 

introduced in the crystallization cell, the laser signal was monitored. The laser signal remained at 113 

its highest value until the sample started to crystallize.  At this point, the laser signal decreased 114 

steadily. When the laser signal reached a value of 0.6 V, which corresponds to a slight amount of 115 

turbidity in the media, the agitation was stopped and HIU was applied to the sample. The 0.6 V 116 

laser output was chosen as the time point for HIU application since it corresponds to a slight 117 

turbidity indicative of the onset of crystallization. This allows for consistent sonication 118 

conditions for all the samples. Immediately after sonication, the sample was transferred into five 119 

nuclear magnetic resonance (NMR) tubes and three centrifuge tubes which were pre-warmed at 120 

the crystallization temperature and kept in the water bath until 60 min from the start of the 121 

experiment. The NMR tube samples were used to measure solid fat content (SFC) while the 122 

samples in the centrifuge tubes were used for microscopy, melting characteristics, and rheology. 123 

Page 6 of 45Journal of the American Oil Chemists

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

7 

 

If the Laser signal reached 0.6 V after 10 min of crystallization, the agitation was stopped at 10 124 

min and the sample was crystallized further without agitation. 125 

Samples evaluated in this study were crystallized without and with sonication. The non-sonicated 126 

samples were transferred to the tubes immediately after the laser signal reached 0.6 V. The 127 

crystallization experiment at each processing condition was performed in triplicates and the 128 

analyses were performed once after each of the triplicate runs. 129 

Solid fat content. The five NMR tubes were kept in the water bath and the SFC of the sample in 130 

tube was measured every 2 min until 60 min of crystallization using Minispec mq20 (Bruker 131 

Biospin GmbH, Rheinstetten, Germany). The measurement of SFC started after the laser signal 132 

reached 0.6 V. For the sake of curve fitting, SFC points of 0% SFC were added to time point 133 

prior to the start of measurement. The tubes were put back into the water bath after SFC was 134 

measured and the tubes were used in rotation for further time points. The mean SFC values along 135 

with their standard error were plotted against time and the reparametrized Gompertz equation 136 

[20] was fitted to the data. Equation 1 shows the reparametrized Gompertz equation. 137 
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Where s(t) is the % SFC at time t, smax is the maximum SFC, µmax is the maximum growth rate (% 139 

SFC/min), λ is the induction time of crystallization (min), e = 2.718281 [20]. 140 

Polarized light microscopy. Sample aliquots were taken from the centrifuge tube in the water 141 

bath every 10 min until 60 min of crystallization using pre-warmed glass pipettes and placed 142 

onto glass slides and then covered with cover slides. The microstructure of the sample was 143 

observed by the Olympus BX41 polarized light microscope (PLM) (Olympus, Tokyo, Japan) at 144 
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10X magnification. The microscope was fitted with an Instec TS62 thermal stage (Instec, Inc., 145 

Boulder, CO) that was set to the crystallization temperature to prevent any change in the 146 

crystallization conditions in the slides due to temperature fluctuations. 147 

Differential scanning calorimetry. The melting behavior of the samples was analyzed after 60 148 

min of crystallization by a DSC Q20 (TA Instruments, New Castle, DE). The sample was sealed 149 

hermetically in a Tzero pan with a Tzero hermetic lid and heated in the DSC from the 150 

crystallization temperature to 80 °C at 5 °C/min. The melting peaks were integrated to quantify 151 

the peak melting temperature (Tp), onset temperature of melting (Ton) and the melting enthalpy 152 

(∆H). For the calculation of the driving force of crystallization, the melting enthalpies were 153 

calculated by equilibrating the sample in the hermetically sealed pans overnight at -20 °C and 154 

followed by heating in the DSC from -20 C to 80 °C at 5 °C/min. The driving force for the 155 

crystallization of fats can be calculated using equation 2: 156 

ɸ = 
��	�	��

��
     (2) 157 

where ∆H is the change in enthalpy associated with the melting (J/g); ∆T is the supercooling 158 

(°C); and Tm is the melting point of the sample (°C). 159 

Rheology. Rheological parameters including viscosity, storage (G’) and loss (G’’) moduli and 160 

the phase angle (δ) were measured using a AR-G2 Rheometer (TA Instruments, New Castle, 161 

Delaware). The viscosity was measured by a steady state flow procedure by increasing the shear 162 

rate from 0.01 to 300 (s
-1

) at the crystallization temperature. Sample viscosity at 0.1 s
-1 

shear rate 163 

was reported. The measurement of the viscoelastic parameters (G’, G” and δ) was performed at 164 

Tc by a strain sweep oscillation procedure where the strain values changed from 0.008 to 10% at 165 

constant frequency of 1 Hz. 166 
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The rheological parameters of the IE samples were measured using a parallel plate geometry (40 167 

mm diameter) using samples from the centrifuge tubes in the water bath after being 60 min at Tc. 168 

The PB had a crumbly texture and therefore these samples were transferred to 20 mm diameter 169 

molds after the laser reached 0.6 V to obtain a more uniform network.  The molds were 170 

maintained at Tc for the duration of the experiment (60 min). The samples from the molds were 171 

used to measure the rheological parameters of the PB samples using parallel plate geometry (20 172 

mm diameter). The rheology data was collected after each of the three separate runs at each 173 

processing condition. Thus the rheological data was collected and presented as the mean of the 174 

triplicate values along with its standard error of the mean. 175 

Statistical Analysis. At ∆T = 12 ºC IE and the PB samples were compared within each fatty acid 176 

content using a two-way ANOVA followed by Tukeys’ post hoc test at α = 0.05.  Results for IE 177 

C18:0 20% samples at ∆T = 9, 6, and 3 ºC were compared using a two-way ANOVA followed 178 

by the Sidak’s multiple comparison test to compare the effect of sonication at each supercooling 179 

level. Similar statistics were performed for the IE C18:0 30% samples at ∆T = 9, 6, and 3 ºC. 180 

 181 

RESULTS AND DISCUSSION 182 

Melting point. The melting point of the PB C18:0 20% sample was 53.6 ± 0.4 °C while that of 183 

the IE C18:0 20% sample was 38.0 ± 0.3 °C. The PB C18:0 30% and IE C18:0 30% sample had 184 

melting points of 60.0 ± 0.4 and 43.2 ± 0.6 °C, respectively (Table 1). The melting point 185 

decreased upon interesterification due to the decrease in the amount of tristearin in the samples 186 

while the samples containing 30% stearic acid had a higher melting point than the 20% samples 187 

due to their higher percentage of stearic acid.  188 
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Fatty acid composition. The fatty acid composition of the PB samples was reported earlier by 189 

Ifeduba et al. [3]. The major fatty acids, oleic and stearic acid were present at 68.1 and 21.0% 190 

level in the PB C18:0 20% and at 58.8 and 30.1% level in the PB C18:0 30%. In the PB C18:0 191 

20% and the 30% samples, 11.7 and 19.8 % respectively, of the fatty acids at the sn-2 position 192 

were occupied by stearic acid.  193 

The total and sn-2 fatty acid composition of the IE samples is presented in Table 2. Oleic acid 194 

from the high oleic sunflower oil starting material was the highest in the IE sample and was 195 

present at 70.2 and 60.7% in the IE C18:0 20 and 30% sample, respectively. The next fatty acid 196 

in the highest concentration was stearic acid, derived from the tristearin starting material and the 197 

total level of stearic acid in the IE C18:0 20% and 30% samples was 19.2 and 28.3%, 198 

respectively. In the IE C18:0 20% and 30% samples, 17.0 and 33.2% respectively of the fatty 199 

acids at the sn-2 position were occupied by stearic acid. The major fatty acid at the sn-2 position 200 

was oleic acid and was present at 75.2% and 60.0% in the 20 and 30% samples, respectively. 201 

Triacylglycerol composition. The TAG composition of the PB samples has been discussed 202 

elsewhere [3]. The major TAGs in the PB C18:0 20% were OOO (79.4%) and SSS (11.4%) and 203 

the corresponding levels of these TAGs in the PB C18:0 30% sample were 68.5 and 22.3%, 204 

respectively [3]. The TAG composition of the IE samples is presented in Table 3. Upon 205 

interesterification, SSS in the PB C18:0 20% samples changed from 11.4% to 1.2% and the OOO 206 

decreased from 79.4 to 69.0%. New TAG species were formed in the IE samples including OOS 207 

and OSS at 23.7 and 4.0% levels, respectively. The amount of SSS, OOO, OOS and OSS in the 208 

IE C18:0 30% was 2.3, 39.9, 42.7 and 14.3%, respectively. Lower content of SSS (1.2%), OSS 209 

(4.0%), OOS (23.7%) while higher contents of OOO (69.0%) and LOO/LPO (2.1%) were 210 

obtained for the IE C18:0 20%. 211 
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Solid fat content. In order to compare the results with our previous study [18], the samples from 212 

these study were crystallized at supercoolings of 9, 6, and 3 ºC. However, at these supercoolings, 213 

the physical blends did not crystallize into a uniform crystalline network that allowed the 214 

characterization of its physical properties. The PB was rich in SSS and OOO which have melting 215 

points of 73.5 and 4.5-5.7 °C, respectively [21]. Due to large differences in the melting points of 216 

these TAGs, the PB crystallized in two separate fractions: the stearin and the olein fraction and 217 

did not form a continuous network of crystals. Due to this discontinuous network, the laser signal 218 

did not drop as expected and hence similar crystallization conditions could not be generated in 219 

the PB at different supercooling levels. Hence, the samples were also crystallized at ∆T = 12 ºC 220 

where the PB did not fractionate and generated a turbid crystalline sample which reproducibly 221 

decreased the laser signal over time.  Thus, the IE were crystallized at 4 supercooling levels 222 

while the PB was crystallized at only ∆T = 12 ºC. The solid fat content (SFC) of the IE and PB 223 

samples at ∆T = 12 ºC are shown Figure 1, while the SFC of IE samples at supercoolings of 9, 6, 224 

and 3 ºC are shown in Figure 2. The time point of application of HIU is shown by an arrow 225 

pointing at the time axis. The SFC data was fitted to the Gompertz equation as described in the 226 

Materials and Methods section above (equation 1) and the parameters obtained are tabulated in 227 

Table 4. The maximum SFC, smax, of PB crystallized at ∆T = 12 ºC was higher than that of the IE 228 

samples for both the C18:0 20 and 30% samples (Figure 1, Table 4) (p < 0.05). When samples 229 

were crystallized without sonication the smax of the PB C18:0 20% sample was 13.5% while that 230 

of the IE C18:0 20% sample was 8.6%. Similarly, the smax of the PB C18:0 30% sample was 231 

18.2% while that of the IE C18:0 30% sample was 10.8%. Application of HIU to the PB samples 232 

did not induce crystallization in the 20% (Figure 1A) while an induction was observed for the 233 

30% ones (Figure 1B). A significant (p < 0.0001) decrease in the induction period of 234 
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crystallization (λ) was observed for the sonicated PB C18:0 30% sample from 11.9 to 8.7 min 235 

and an increased growth rate from 3.2 to 4.8 % SFC/min (Table 4). The maximum growth rate 236 

(µmax) of the PB C18:0 20% samples increased significantly (p < 0.05) from 3.33 to 10.12 % 237 

SFC/min even though there was no significant change in the induction period of crystallization 238 

(Table 4) (p > 0.05). At ∆T = 12 ºC, HIU did not affect the crystallization kinetics of IE samples 239 

(Figure 1A, 1B, and Table 4). Based on the similarity in the isothermal SFC curves of the IE 240 

samples at ∆T = 12 ºC (Figure 1A, B) and no the lack of difference in the crystallization kinetics 241 

upon sonication (Table 4) it can be concluded that at ∆T = 12 ºC supercooling and not sonication 242 

was the dominant force that drove the crystallization of IE samples.  In general, the smax of the IE 243 

C18:0 30% samples were higher than those of IE C18:0 20% samples (Figure 1A and 1B, Table 244 

4). This can be due to the higher stearic acid content and the slightly higher content of SSS in the 245 

30% samples.  246 

HIU induced crystallization in the IE C18:0 20% samples at supercooling of 6 and 3 ºC and 247 

significantly decreased the λ from 9.36 to 8.39 min at ∆T = 6 ºC (p < 0.05) and from 13.03 to 248 

11.77 min at ∆T = 3 ºC (p < 0.05). HIU also significantly increased the rate of crystallization 249 

from 0.76 to 1.61 at ∆T = 6 ºC and from 0.46 to 1.54% at ∆T = 3 ºC (Table 4) (p < 0.05). 250 

Sonication also induced crystallization in IE C18:0 30% samples at supercoolings of 9, 6, and 3 251 

ºC. The maximum growth rate (µmax) increased significantly (p < 0.0001) from 0.66 to 1.38 % 252 

SFC/min at ∆T = 9 ºC upon sonication and the effect was also observed at the lower 253 

supercoolings (Figure 2 D, Table 4). Although the smax of IE C18:0 30% samples slightly 254 

increased with sonication at ∆T = 9, 6, and 3 ºC, the increase was not statistically significant (p > 255 

0.05). In addition, the induction period of crystallization decreased significantly (p < 0.0001) 256 

only for ∆T = 3 ºC from 29.3 to 21.4 min (Figure 2F, Table 4). Similar results were obtained in 257 
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the previous study with IE C16:0 30% samples at ∆T = 3 ºC where even though no significant 258 

increase in the smax was observed with sonication, the induction period of crystallization 259 

decreased from 34.4 min to 26.8 min [18].  260 

The crystallization behavior observed at the different supercoolings can be explained based on 261 

the driving force of crystallization reported in Table 1. The enthalpy of melting used to calculate 262 

the driving force of crystallization was measured using the DSC and were 105.2 and 106.5 J/g 263 

for the PB and IE C18:0 20% samples and 126.4 and 105.2 J/g for the PB and IE C18:0 30% 264 

samples (Table 1). Thus, based on Eq. 2, for a specific sample, high supercoolings can be 265 

obtained by lowering the crystallization temperature, thereby creating a higher driving force for 266 

crystallization. As the driving force increased, there was an induction in the crystallization of the 267 

samples. For example, at ∆T = 12 ºC the driving force for the non-sonicated IE C18:0 20% was 268 

33.6 J/g (Table 1) and the induction period of crystallization was approximately 2 min (Table 4) 269 

while at subsequent supercoolings of 9, 6, and 3 ºC, the induction period increased to 4, 9.4 and 270 

13 min, respectively (Table 4) due to the decreasing driving force of 25.2, 16.8 and 8.4 J/g 271 

(Table 1).   The driving forces for the 30% stearic samples were lower, but in the same order of 272 

magnitude, than the corresponding 20% stearic samples for the same supercooling.  This was due 273 

to the similar melting enthalpy and the higher melting point of the C18:0 30% samples. The 274 

driving force for the IE C18:0 30% samples at supercoolings of 12, 9, 6 and 3 ºC were 29.2, 21.9, 275 

14.6 and 7.3 J/g, respectively (Table 1) and the corresponding induction period of non-sonicated 276 

crystallization were 2.2, 9.4, 15.5 and 29.3 min, respectively (Table 4). The driving force of the 277 

IE C18:0 30% samples was lower compared to the IE C18:0 20%.  It took longer for the IE 278 

C18:0 30% samples to crystallize compared to the IE C18:0 20% samples at all the 279 

Page 13 of 45 Journal of the American Oil Chemists

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

14 

 

supercoolings. The PB samples had lower driving force than the corresponding IE samples and 280 

hence the induction period of the PB was higher than those of the IE at ∆T = 12 ºC.  281 

At ∆T = 9 ºC, the driving force of the IE C18:0 20% sample was 25.2 J/g and based on the SFC 282 

curves in Figure 2A it can be seen that there was no difference in the crystallization kinetics of 283 

the sonicated and non-sonicated sample. This suggests that similar to the IE samples at ∆T = 12 284 

ºC, the supercooling dominated crystallization of IE C18:0 20% sample at 9 ºC and sonication 285 

had no effect on the induction of crystallization. However, for the PB C18:0 30% sample at ∆T = 286 

12 ºC, the driving force was 25.3 J/g and HIU induced crystallization despite the high driving 287 

force. This was due to the greater percentage of the higher melting SSS fraction. The cavitation 288 

generated by the HIU induced secondary crystallization of the SSS in the supercooling PB 289 

sample. Induction in the crystallization of the SSS was not observed at ∆T = 9 ºC in the IE C18:0 290 

20% sample due to the low amount of SSS compared to the PB C18:0 30% sample. 291 

The smax of the samples was higher with higher driving force in the case of IE samples. However, 292 

the smax of the PB samples was higher than the IE samples, even though the driving force of the 293 

IE was higher. This suggests that the driving force of crystallization was an important factor for 294 

the induction of crystallization. However, the composition of the fat played a bigger role in the 295 

overall SFC of the fat samples. In the case of the PB samples, the higher SSS content induced a 296 

higher smax in the PB samples and higher content of SSS in IE C18:0 30% compared to IE C18:0 297 

20% resulting in higher smax. 298 

Compared to the previous crystallization studies by the current authors [18], the IE samples with 299 

20% palmitic acid at the sn-2 position crystallized in two steps while the stearic samples 300 

crystallized in a single step. The driving force for the IE C16:0 20% sample was 39.68 J/g while 301 

that for the IE C18:0 20% sample was 25.2 J/g at 9 ºC supercooling level. The lower driving 302 
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force obtained in the stearic sample for the same degree of supercooling may have allowed 303 

sufficient time for the low and high melting TAGs to crystallize together and evidenced as a 304 

single-step growing curve. The IE C16:0 30% sample also crystallized in two steps at ∆T = 9 ºC 305 

for the palmitic-based samples. However, similar to the IE C18:0 30% samples, due to the 306 

decrease in the driving force, with lower supercoolings, the IE C16:0 30% crystallized in a single 307 

step. The µmax and the smax. of the IE C18:0 samples were higher than those of the IE C16:0 308 

samples [18] and these differences can be attributed to the presence of the higher melting TAGs 309 

in the samples in the current study.  Interestingly, sonication did not induce crystallization of 310 

samples with 20% of C16:0 for any of the supercooling levels tested but did have an effect on the 311 

crystallization of samples with 20% C18:0. Similar to the previous discussion, the presence of 312 

C18:0 with a higher melting point than C16:0 might be responsible for this different effect. 313 

Microstructure. Crystal microstructures obtained for the PB and IE samples crystallized at ∆T = 314 

12 ºC after 60 min of crystallization are presented in Figure 3. The bright structures in the picture 315 

represent the crystals while the dark background represent the liquid part. Upon visual 316 

comparison, the PB had larger crystals than the IE samples. Small and large number of crystals 317 

were present in the microstructure of the IE C18:0 20% sample without and with sonication. 318 

Similar to the SFC, sonication did not affect the microstructure of IE C18:0 20% at the highest 319 

supercooling. The crystal size of the IE C18:0 30% seemed larger than those obtained for the IE 320 

C18:0 20% samples. The induction period of crystallization of the IE C18:0 30% samples were 321 

slightly higher than those of the IE C18:0 20% samples. This provided more time for the TAGs 322 

to rearrange and hence the crystals of the IE C18:0 30% were slightly larger than the IE C18:0 323 

20% samples. Based on the induction of secondary nucleation caused by HIU slightly smaller 324 

crystals were observed in the sonicated IE C18:0 30%. Although there was a change in the 325 
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microstructure of the sample, there was no change in the SFC of the sample. The crystals of PB 326 

C18:0 30% were larger than all the samples at ∆T = 12 ºC and smaller crystals were observed in 327 

sonicated PB C18:0 20% and 30% samples.  328 

From Figure 4, it can be seen that there was formation of smaller crystals in the IE C18:0 329 

20% samples upon sonication at supercoolings of 9, 6, and 3 ºC. Although the amount of crystals 330 

did not decrease with the decrease in supercooling, slightly larger crystals can be seen in non-331 

sonicated samples at the lowest supercooling. When compared to the previous study involving 332 

samples containing 20 and 30% palmitic acid at the sn-2 position [18], the IE C16:0 20% 333 

samples had fewer crystals compared to the IE C18:0 20% samples. With decreasing 334 

supercooling, there was a decrease in the amount of crystals in the IE C16:0 20% samples while 335 

in the case of IE C18:0 20% samples, the decrease in the supercooling increased the size of the 336 

crystals while there was no visible change in the amount of crystals in the microstructure. 337 

Although HIU application induced the formation of smaller crystals in the IE C18:0 20% sample 338 

at all the supercoolings, the HIU was not as effective in the case of the IE C16:0 20% samples. 339 

These results correlate well with the higher SFC of the IE C18:0 20% samples (5.5% and 5.6% 340 

for non-sonicated vs. sonicated samples, respectively at ∆T = 3 ºC) compared to the IE C16:0 341 

20% samples from the previous study [18] (3.8% and 3.6% for non-sonicated vs. sonicated 342 

samples, respectively at ∆T = 3 ºC).  343 

The microstructure of the IE C18:0 30% samples at ∆T = 9, 6, and 3 ºC are presented in 344 

Figure 5. Compared to the ∆T = 12 ºC, slightly larger crystals were formed in the non-sonicated 345 

samples at all supercoolings. Similar results were observed by Herrera et al. [22] and Martini et 346 

al. [23] in milk fat and, milk fat fractions and sunflower oil blends, respectively. According to 347 

Martini et al. [23] at low supercoolings, or at a higher crystallization temperature, fewer nuclei 348 
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were formed.  This condition favors the growth of the already formed nuclei resulting in fewer 349 

and bigger crystals. HIU induced smaller and more crystals in IE C18:0 30% at all the 350 

supercoolings. Compared to the previous study with palmitic samples [18], at ∆T = 3 ºC, higher 351 

amount of crystals can be seen in the stearic samples and this correlates well with the higher SFC 352 

of these samples at the end of crystallization. IE C18:0 30% samples had SFC values of 5.2% 353 

and 5.6% for the non-sonicated and sonicated samples, respectively; the IE C16:0 30% had SFC 354 

values of 3.4% and 4.5% for the non-sonicated and sonicated samples, respectively. Increase in 355 

the number of smaller crystals upon sonication has been reported previously by several authors 356 

[13-15, 17, 18, 24]. In the current study, HIU was applied in the presence of crystals similar to 357 

experimental conditions used by Suzuki et al. [13] and Ye et al. [15]  According to Suzuki, HIU 358 

increased the amount of nuclei in the system by inducing secondary nucleation by breaking the 359 

existing nuclei in the system along with primary nucleation. 360 

Differential scanning calorimetry. The melting thermograms of the IE and PB samples at ∆T = 361 

12 ºC are shown in Figure 6 and the corresponding Ton, Tp and the enthalpy (∆H) of melting of 362 

the samples are presented in Table 5. The PB C18:0 20% samples had a single peak for both the 363 

sonicated and the non-sonicated sample at ∆T =12 ºC with a peak melting temperature of 61.2 ± 364 

0.4 ºC and 61.4 ± 0.1 ºC, respectively (Figure 6A, Table 5). The melting thermograms of the 365 

sonicated PB sample shows a shoulder next to the peak melting temperature which was absent in 366 

the non-sonicated sample (Figure 6A). This indicates that there was a slight induction in the 367 

crystallization of the lower melting components in the fat such as PSS (2.7%) or PPS+OPS 368 

(2.5%) [3]. The IE C18:0 20% samples had a Tp of 52.8 ± 0.1 and 52.7 ± 0.1 ºC with an enthalpy 369 

of 9.2 ± 0.5 and 9.4 ± 0.1 J/g without and with sonication, respectively. The majority of TAGs in 370 

the IE C18:0 20% sample were SSS (1.2%), OSS (4.0%), OOS (23.7) and OOO (69.0%). This 371 
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sample showed a single broad melting peak indicating that these TAGs co-crystallized (Figure 372 

6A). Thus, HIU did not affect the crystallization behavior of the IE samples and this confirms the 373 

previous speculation that at a ∆T = 12 ºC, supercooling dominated the crystallization of the IE 374 

C18:0 20% samples. 375 

The PB C18:0 30% samples had two well-defined melting peaks with the first peak melting 376 

temperatures of 58.1 ± 0.7 ºC and the second peak at 64.9 ± 0.5 ºC for the non-sonicated sample 377 

(Figure 6B, Table 5). The higher melting peak corresponds to the crystallization of the SSS TAG 378 

while the lower melting peak corresponds to crystallization of PSS (3.8%) and PPS+OPS (2.1%) 379 

[3]. For the non-sonicated and sonicated PB C18:0 30%, the melting enthalpy of the first peak 380 

was 21.9 ± 3.8 and 36.1 ± 7.1 J/g, respectively and that of the second peak was 10.8 ± 4.8 and 381 

13.0 ± 5.3 J/g, respectively. The IE C18:0 30% sample at ∆T= 12 ºC also had two peaks in the 382 

melting thermograms (Figure 6B). The IE C18:0 30% sample had 2.3% SSS which drives the 383 

crystallization of the sample. The higher melting peak corresponds to the crystallization of SSS 384 

while the lower melting peaks may comprise of OSS, SOS, OOS and OSO. The other TAGs 385 

including OOO (melting point = 4.5-5.7 ºC), LOO (melting point 5.1 ºC), and LOP (melting 386 

point = 13.3 °C) had melting points below the crystallization temperature and do not contribute 387 

to the crystallization behavior of these samples. However, the changes in the enthalpy of melting 388 

in sonicated samples were not as drastic as compared to the ones observed in the PB sample 389 

indicating that sonication did not alter the crystallization of the samples.  390 

The melting thermograms of the IE C18:0 20% and the 30% samples at supercoolings of 9, 6, 391 

and 3 ºC are shown in Figure 7A-F and the corresponding data is presented in Table 6. At ∆T = 9 392 

ºC, IE C18:0 20% showed a single melting peak similar to the behavior observed at ∆T = 12 °C 393 

(Figure 6A). The peak melted at 53.1 ± 0.4 ºC and upon sonication, this peak had a lower melting 394 
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enthalpy that decreased significantly from 6.8 to 4.1 J/g (p < 0.001). Also, sonicated sample 395 

showed a shoulder peak at 41.2 ± 0.7 ºC with a low melting enthalpy of 0.8 J/g (Figure 7A, Table 396 

6). Although it was observed that HIU did not affect the SFC or the microstructure at this 397 

supercooling, the DSC data suggests that sonication induced the crystallization of lower melting 398 

TAGs (OSS and SOS) at this supercooling which was not observed at ∆T = 12 ºC. This effect 399 

was even more prominent at ∆T = 6 ºC and a new peak was formed upon sonication at 44.7 ± 0.3 400 

ºC which was not seen in the thermograms of the non-sonicated sample (Figure 7B, Table 6). 401 

The melting enthalpy of the low temperature peak was 4.9 J/g which was higher than the peak at 402 

∆T = 6 ºC. At the lowest supercooling (∆T = 3 ºC), sonication favored the crystallization of the 403 

lower melting fractions and decreased the size of the higher melting peak from an average 404 

enthalpy of 1.2 to 0.1 J/g (Figure 7C, Table 6). Although sonication did not affect the Tp, the Tp 405 

increased with the decrease in supercooling. This indicates that sonication did not fractionate the 406 

sample into new TAG fractions but favored the crystallization of the already crystallizing lower 407 

TAGs. 408 

The non-sonicated IE C18:0 30% samples, on the other hand, crystallized in two fractions with 409 

peak melting temperatures of 45.2 ± 0.3 ºC and 54.5 ± 0.3 ºC at ∆T = 9 ºC (Figure 7D, Table 6). 410 

This behavior was similar to that observed for the sample crystallized at ∆T = 12 ºC (Figure 6). 411 

In general, upon sonication of the IE C18:0 30% samples, there was an increase in the enthalpy 412 

of the first peak while the enthalpy of the second peak decreased. Also, there was a significant 413 

increase in the Tp of the first peak indicating that HIU induced the co-crystallization of these two 414 

fractions (p < 0.01). At ∆T = 9 ºC, the IE C18:0 30% sample melted in two peaks with peak 415 

melting temperatures of 45.2 and 54.5 ºC (Figure 7D) and upon sonication, the enthalpy of the 416 

higher melting peak decreased from 2.6 to 0.1 J/g and the enthalpy of the first peak at 46.3 ºC 417 
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increased from 3.8 and 13 ºC (Table 6).  Although a small second peak was seen at ∆T = 6 ºC in 418 

the thermograms of the IE C18:0 30% sample, this peak disappeared in the sonicated sample 419 

along with a slight increase in the enthalpy of the first peak from 11.3 to 12.9 J/g, although not 420 

statistically significant (Figure 7E, Table 6). At ∆T = 3 ºC there was only one peak in the 421 

sonicated and non-sonicated IE C18:0 30% melting thermograms (Figure 7F). However, there 422 

was a significant increase in the melting enthalpy of this peak from 9.4 to 12.9 J/g in the 423 

sonicated sample indicating that HIU induced crystallization (Table 6). This correlates well with 424 

the PLM data where a more crystalline material can be observed in the sonicated sample 425 

compared to the non-sonicated one.  426 

The differences in the melting behavior of the IE C18:0 20% and the IE C18:0 30% samples can 427 

be explained based on the differences in the SSS content of the samples: 1.2 and 2.3% 428 

respectively. The thermograms of the IE C18:0 20% samples indicate that the higher driving 429 

force of the samples favored the crystallization of the higher melting TAG, SSS (1.2%) along 430 

with the OSS (4.0%). However, due to the lower amount of OSS, the lower melting peak was not 431 

as prominent. Upon sonication, secondary nucleation was induced and the crystallization along 432 

with the growth of OSS around these secondary nuclei was favored. As the temperature of 433 

crystallization increased, the system had sufficient time to allow for the crystallization of the 434 

lower melting TAGs. On the other hand, due to the higher concentration of SSS (2.3%) and OSS 435 

(14.3%) in the IE C18:0 30% sample at this supercooling, there were two peaks in the melting 436 

thermograms (Figure 7D). Similar to the IE C18:0 20% and the ability of the HIU to induce 437 

secondary crystallization, the crystallization of the OSS was favored and the Tp matched with the 438 

melting point of OSS (45 ºC).  Also, in both the IE C18:0 20% and 30% samples HIU induced 439 

the crystallization of the lower melting TAGs (OSS) and promoted the incorporation of higher 440 

Page 20 of 45Journal of the American Oil Chemists

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

21 

 

melting point TAGs (SSS) into the crystalline network. This co-crystallization resulted in an 441 

increase in size of the first melting peak and a decrease in the size of the second melting peak.  442 

Rheology. The rheological parameters of the IE and the PB samples at ∆T =12 ºC are presented 443 

in Figure 8. Viscosity and G’ values of IE C18:0 20% samples were significantly higher than 444 

those observed in PB samples (p < 0.05) (Figure 8 A-B). Although the SFC of the PB samples 445 

was higher than the IE samples, the rheological parameters for the IE were an order of magnitude 446 

higher than the PB ones. The PB samples contained about 11.4% SSS which contributes to the 447 

majority of the SFC of the PB samples. However, it also contains 79.4% of OOO which had a 448 

melting point of 4.5-5.7 ºC and may be entrapped along with the SSS crystalline matrix. 449 

However, due to the big difference in the melting points of the TAG fractions in the PB samples, 450 

there may not be a uniform strong crystalline matrix. Hence, the overall rheological parameters 451 

were weaker than the corresponding IE samples which had TAG fractions such as OSS, OOS 452 

with melting points in the vicinity of each other and may have led to the co-crystallization of 453 

several TAG species together. The differences in the rheological properties can also be attributed 454 

to the differences in the microstructure of the samples. Based on the PLM pictures presented in 455 

Figure 3, it can be seen that the microstructure of the IE samples was comprised of smaller and 456 

more crystals compared to those of the PB samples. It has been shown before [15, 18] that 457 

smaller crystal microstructure increases the rheological properties of fats. 458 

The viscosity of the non-sonicated PB C18:0 20% sample was 85 ± 37 Pa.s while that of the IE 459 

C18:0 20% sample was 736 ± 143 Pa.s at ∆T = 12 °C. The rheological parameters did not 460 

change upon sonication. This correlates well with the SFC and the PLM data. There was no 461 

change in the final SFC of either the IE or the PB samples with sonication due to the high 462 

supercooling. The PLM of the IE samples were also similar without and with HIU. Sonication 463 
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induced the formation of smaller crystals in PB microstructure which did increase the magnitude 464 

of the rheological parameters, but this increase was not statistically significant (p > 0.05). 465 

On the other hand, the magnitude of the rheological parameters was higher for the PB C18:0 466 

30% samples compared to the IE C18:0 30% samples. This may correspond to the higher SSS 467 

content (22.3%) in the PB C18:0 30% which was almost twice the amount in the PB C18:0 20% 468 

samples. Crystallization of this high melting TAG may have contributed to the rheological 469 

properties of the fat blend. The viscosity of the non-sonicated PB C18:0 30% sample was 19,430 470 

± 4,950 Pa.s while that of the IE C18:0 30% sample was 1,160 ± 201 Pa.s. Upon sonication, 471 

although there was induction of smaller crystals in the PB C18:0 30% samples (Figure 3), the 472 

viscosity significantly decreased to 2,481 ± 997 Pa.s (p < 0.05).  However in the IE C18:0 30% 473 

samples, there were smaller crystals in the microstructure upon sonication at ∆T =12 ºC (Figure 474 

3) and the viscosity of the sonicated sample was 2,963 ± 758 Pa.s. The G’ and the G” of the PB 475 

C18:0 30% sample were 1.9 x 10
6 

± 4.9 x 10
5
 Pa and 3.4 x 10

5
 ± 9.1 x 10

4
 Pa, respectively and 476 

were much higher than those of the IE C18:0 30% which were 7.7 x 10
4
 ± 5.1 x 10

3
 and 4.2 x 10

3
 477 

± 324 Pa, respectively. Upon sonication, there was no significant increase in these rheological 478 

properties in either of the samples. The phase angle (δ) of the PB and IE C18:0 30% sample were 479 

10.2 ± 0.6 and 3.2 ± 0.1, respectively and these did not change significantly (p< 0.05) upon 480 

sonication (Figure 8D). Since these values were 0º < δ < 90º, both samples were considered 481 

viscoelastic.     482 

The rheology data for the IE C18:0 20% and the 30% samples at supercoolings of 9, 6, and 3 ºC 483 

are presented in Figure 9. It has been shown by several authors [13, 15, 18] that HIU induces the 484 

formation of smaller and more crystals in the system which improves the hardness of the fat. 485 

Based on the statistics indicated in Figure 9, it can be seen that sonication significantly increased 486 
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the viscosity, G’ and the G’’ (Figure 9A-C), and decreased δ values for the IE C18:0 20% 487 

samples at all the supercooling levels (Figure 9D). For example, the viscosity of the IE C18:0 488 

20% sample increased significantly from 296 ± 32 to 1,606 ± 96 Pa.s and the G’ increased 489 

significantly from 5,226 ± 429 to 43,893 ± 2,533 Pa upon sonication at ∆T = 6 ºC. The G” of the 490 

IE C18:0 20% samples increased significantly from 460 ± 23 to 3,337 ± 380 Pa. This correlates 491 

well with the change in the microstructure of the samples upon sonication to smaller crystals 492 

which improved the rheological properties of the samples.  493 

The viscosities, G’, and the G” of the IE C16:0 20% samples from the previous study [18] were 494 

in general lower than those of the IE C18:0 20% samples at all the supercooling levels. This 495 

effect may be due to the higher SFC of the C18:0 20% samples compared to the C16:0 20% 496 

samples at all the supercoolings [18]. Also, in contrast, sonication did not significantly affect any 497 

of the rheological properties of the IE C16:0 20% samples at any of the supercoolings tested. 498 

This effect can be associated with the crystallization temperatures of the samples. The IE C16:0 499 

20% samples were crystallized at 7, 10 and 13 ºC [18] while the samples in this study  were 500 

crystallized at 29, 32 and 35 ºC at supercoolings of 9, 6, and 3 ºC. The lower crystallization 501 

temperatures create higher viscosities in the sample during sonication which impedes the 502 

formation of cavities in the system. Due to this effect sonication was not very effective in the IE 503 

C16:0 20% samples.  504 

The viscosity of the IE C18:0 30% sample increased significantly (p < 0.05) at all supercooling 505 

levels upon sonication similar to the previous study [18] with the IE C16:0 30% samples (Figure 506 

7E). For example, the viscosity of IE C18:0 30% at ∆T = 6 ºC was 1,901 ± 186 which increased 507 

to 6,756 ± 595 Pa.s upon sonication. Along with the final SFC, the viscosity of the IE C18:0 30% 508 

samples were also higher than the IE C18:0 20% and IE C16:0 30% [18] at all the supercoolings. 509 
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Both G’ and the G’’ were higher for the IE C18:0 30% samples compared to the IE C18:0 20% 510 

and the IE C16:0 30% samples. This effect could be due to the differences in the TAG 511 

composition and the presence of higher melting TAGs that give the sample a harder texture or 512 

due to the differences in the microstructure. The SFC of the IE C18:0 30% samples were higher 513 

than that of the IE C18:0 20% and the IE C16:0 30% samples [18]. While the elastic modulus, G’ 514 

and the viscous modulus, G’’ of the IE C18:0 30% samples did increase upon sonication Figure 515 

9 F-G), the increase in these parameters was not statistically significant (p > 0.05). On the other 516 

hand, in the previous study [18], the G’ and G” of the IE C16:0 30% samples increased 517 

significantly at ∆T = 3 ºC upon sonication. Sonication was effective in inducing nucleation and 518 

formation of smaller crystals along with changing the melting characteristics of the sample. 519 

These changes did increase the viscosity of the sample, however it remains uncertain why the 520 

changes in the G’ and the G” were not significant. The phase angle (δ) was 0º < δ < 90º 521 

indicating that the sample maintained its viscoelastic behavior (Figure 9H).  522 

CONCLUSION 523 

This study shows that HIU affects the crystallization behavior and rheological properties of fats 524 

with low content of saturation by not only generating small crystals but also by promoting the 525 

induction of crystallization of certain TAG fractions. Tristearin was the highest melting TAG in 526 

all the samples and the amount of SSS in the IE samples drove the crystallization behavior and 527 

influenced the rheological properties of the samples. Sonication promoted crystallization of low 528 

melting TAGs and the incorporation of SSS into the crystalline network. 529 

The IE samples with stearic acid at the sn-2 position have superior crystallization properties 530 

including SFC and rheology than the IE with palmitic acid at the sn-2 position which were 531 

evaluated in an earlier study by the same authors. Although HIU was not as effective at inducing 532 
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crystallization in the IE C16:0 20% samples due to the lower amount of saturated fats in the 533 

system, HIU induced crystallization in both the IE C18:0 20 and 30% samples. This could have 534 

been due to the higher melting point of the stearic containing samples compared to the palmitic 535 

ones. The induction of superior crystallization properties in these samples upon sonication can 536 

make them great candidates as ingredients for trans-fat free applications. 537 
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FIGURE CAPTIONS 609 

Figure 1: Solid Fat content of the IE and PB C18:0 20% and 30% samples at ∆T= 12 °C. The 610 

point of application of HIU for the PB sample is indicated with a dotted arrow on the time axis 611 

while that of the IE samples is indicated with a solid arrow. Mean values and standard errors of 612 

three experimental replicates are reported. 613 

Figure 2: Solid Fat Content of IE C18:0 20% and 30% samples at ∆T= 9, 6, and 3 °C. The point 614 

of application of HIU is indicated with an arrow on the time axis. Mean values and standard 615 

errors of three experimental replicates are reported. 616 

Figure 3: PLM of sonicated and non-sonicated IE and PB C18:0 20% and 30% at ∆T = 12 °C 617 

after 60 minutes of crystallization. (The white bar represents 100 µm)  618 

Figure 4: PLM of sonicated and non-sonicated IE and PB C18:0 20% at ∆T = 9, 6 and 3 °C after 619 

60 minutes of crystallization. (The white bar represents 100 µm) 620 

Figure 5: PLM of sonicated and non-sonicated IE and PB C18:0 30% at ∆T = 9, 6 and 3 °C after 621 

60 minutes of crystallization. (The white bar represents 100 µm) 622 

Figure 6: DSC thermograms of sonicated and non-sonicated IE and PB C18:0 20% and 30% at 623 

∆T = 12 °C  624 

Figure 7: DSC thermograms of sonicated and non-sonicated IE C18:0 20% and 30% at ∆T = 9, 625 

6 and 3 °C 626 

Figure 8: Rheology parameters, viscosity, G’, G’’ and of sonicated and non-sonicated IE and PB 627 

C18:0 20% and 30% at ∆T = 12 °C. Mean values and standard errors of three experimental 628 

replicates are reported. For samples within each group (C18:0 20% or C18:0 30%), parameters 629 

with different alphabets are statistically different (α = 0.05) 630 
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Figure 9: Rheology parameters, viscosity, G’, G’’ and of sonicated and non-sonicated IE C18:0 631 

20% and IE C18:0 30% at ∆T = 9, 6 and 3 °C. Mean values and standard errors of three 632 

experimental replicates are reported. Parameters at each supercooling represented with different 633 

alphabets are statistically different (α =0.05) 634 

 635 
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Table 1: Melting point (Tm), crystallization temperatures (Tc), melting enthalpy (∆H) and the 

driving force of crystallization (ɸ) at different supercooling levels 

Sample Tm (°C) 
∆H 

(J/g) 

∆T = 12 °C ∆T = 9 °C ∆T = 6 °C ∆T = 3 °C 

Tc 

(°C) 

ɸ 

(J/g) 

Tc 

(°C) 

ɸ 

(J/g) 

Tc 

(°C) 

ɸ 

(J/g) 

Tc 

(°C) 

ɸ 

(J/g) 

PB C18:0 20% 53.6 ± 0.4 105.2 ± 1.8 42.0 23.6 45.0 17.7 48.0 11.8 51.0 5.9 

IE C18:0 20% 38.0 ± 0.3 106.5 ± 2.2 26.0 33.6 29.0 25.2 32.0 16.8 35.0 8.4 

PB C18:0 30% 60.0 ± 0.4 126.4 ± 1.6 48.0 25.3 51.0 19.0 54.0 12.6 57.0 6.3 

IE C18:0 30% 43.2 ± 0.6 105.2 ± 1.3 31.0 29.2 34.0 21.9 37.0 14.6 40.0 7.3 
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Table 2: Total and sn-2 fatty acid composition of IE C18:0 20% and IE C18:0 30% samples 

Total fatty acid composition (mol%) 

Sample C16:0 C18:0 C18:1n9  C18:2n6 C20:1 C21:0  C22:1n9 C24:1  

IE C18:0 20*  4.9 ± 0.0 19.2 ± 0.1 70.2 ± 0.6 4.1 ± 0.6 0.2 ± 0.0 ND 0.9 ± 0.0 0.3 ± 0.0 

IE C18:0 30*  5.9 ± 0.1 28.3 ± 1.5 60.7 ± 1.1 3.2 ± 0.2 0.3 ± 0.0 0.2 ± 0.0 0.9 ± 0.0 0.3 ± 0.0 

 

Positional (sn-2) fatty acid composition (mol%) 

Sample C16:0 C18:0 C18:1n9  C18:2n6 

IE C18:0 20%  

IE C18:0 30%  

2.5 ± 0.5 

3.2 ± 0.2 

17.0 ± 0.4 

33.2 ± 0.1 

75.3 ± 1.6 

60.0 ± 0.2 

5.2 ± 0.7 

3.6 ± 0.3 
*Trace amounts of C14:0 and C15:0        

Mean ± SD, n =2         

ND not detected          
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Table 3: Triacylglycerol (TAG) composition of the IE C18:0 20% and the IE C18:0 30% 

 

 TAG Molecular Species (peak area %) 

Sample LOO + LPO OOO OOS OSS SSS 

IE C18:0 20% 2.1 ± 0.1 69.0 ± 0.3 23.7 ± 0.4 4.0 ± 0.1 1.2 ± 0.1 

IE C18:0 30% 0.9 ± 0.1 39.9 ± 0.8 42.7 ± 1.0 14.3 ± 0.1 2.3 ± 0.2 
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Table 4: Gompertz parameters –Maximum SFC (smax ), rate of crystallization (µ) and Induction period (λ) 

obtained from the Gompertz fit to the solid fat content data of the sonicated and non-sonicated IE and PB 

samples  

 Gompertz 

Parameters 
IE- no HIU IE- with HIU PB- no HIU PB- with HIU 

C18:0 20% samples 

∆T = 12 °C smax  (%) 8.56 ± 0.07
c
 8.62 ± 0.06

c
 13.54 ± 0.11

a
 13.08 ± 0.11

b
 

µ (%SFC/min) 0.98 ± 0.07
b
 0.90 ± 0.05

b
 3.33 ± 0.30

b
 10.12 ± 2.22

a
 

λ (min) 2.07 ± 0.29
b
 2.15 ± 0.25

b
 7.33 ± 0.20

a
 6.53 ± 0.14

a
 

∆T = 9 °C smax  (%) 7.51 ± 0.05
a
 7.62 ± 0.04

a
   

µ (%SFC/min) 0.89 ± 0.05
b
 1.18 ± 0.06

a
   

λ (min) 3.99 ± 0.21
a
 4.33 ± 0.15

a
   

∆T = 6 °C smax  (%) 6.44 ± 0.04
a
 6.51 ± 0.02

a
   

µ (%SFC/min) 0.76 ± 0.04
b
 1.61 ± 0.08

a
   

λ (min) 9.36 ± 0.22
a
 8.39 ± 0.10

b
   

∆T = 3 °C smax  (%) 5.52 ± 0.05
a
 5.55 ± 0.02

a
   

µ (%SFC/min) 0.46 ± 0.03
b
 1.54 ± 0.08

a
   

λ (min) 13.03 ± 0.40
b
 11.77 ± 0.11

a
   

 

C18:0 30% samples 

∆T = 12 °C smax  (%) 10.81 ± 0.06
b
 10.74 ± 0.06

b
 18.21 ± 0.15

a
 18.01 ± 0.12

a
 

µ (%SFC/min) 0.79 ± 0.03
c
 0.84 ± 0.03

c
 3.24 ± 0.23

b
 4.84 ± 0.37

a
 

λ (min) 2.17 ± 0.27
c
 2.76 ±0.28

c
 11.91 ± 0.21

a
 8.71 ± 0.16

b
 

∆T = 9 °C smax  (%) 9.00 ± 0.08
a
 9.05 ± 0.04

a
   

µ (%SFC/min) 0.66 ± 0.03
b
 1.38 ± 0.06

a
   

λ (min) 9.41 ± 0.37
a
 9.56 ± 0.14

a
   

∆T = 6 °C smax  (%) 7.17 ± 0.05
a
  7.37 ± 0.05

a
   

µ (%SFC/min) 0.48 ± 0.02
b
 0.93 ± 0.05

a
   

λ (min) 15.55 ± 0.27
a
 14.13 ± 0.21

a
   

∆T = 3 °C smax  (%) 5.19 ± 0.27
a
 5.58 ± 0.09

a
   

µ (%SFC/min) 0.17 ± 0.01
b
 0.43 ± 0.04

a
   

λ (min) 29.30 ± 0.53
a
 21.39 ± 0.60

b
   

At ∆T = 12 °C, each parameter viz. smax, µ and λ was compared between the IE and PB (sonicated and non-sonicated samples) for both the IE C18:0 20 and 30% 

samples by a 2-way ANOVA followed by Tukeys’ multiple comparison test. At ∆T = 9, 6 and 3 °C, each was compared among all the supercooling by 2-way 

ANOVA followed by Sidak’s multiple comparison between the sonicated  and the non-sonicated samples at each supercooling separately. 
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Table 5: DSC melting parameters Ton, Tp and enthalpy (∆H) for the interesterified (IE) samples 

and physical blends (PB) at ∆T = 12 °C. Each parameter is compared between the sonicated and 

non-sonicated PB and IE within the same group (C18:0 20% or C18:0 30%). The parameters 

represented with different alphabets are statistically different (α = 0.05)  

  * The Ton temperature of only two replicates were calculated by the software 

  

 PB C18:0 20%  IE C18:0 20% 

Ton (°C) Tp (°C) ∆H (J/g)  Ton (°C) Tp (°C) ∆H (J/g) 

Peak 1 No 

HIU 53.3 ± 1.0
a
 61.2 ± 0.4

a
 33.8 ± 1.8

a
 

 
39.8 ± 0.4

b
 52.8 ± 0.1

b
 9.2 ± 0.5

b
 

With 

HIU 53.0 ± 0.6
a
 61.4 ± 0.1

a
 36.3 ± 1.4

a
 40.3 ± 0.4

b
 52.7 ± 0.1

b
 9.4 ± 0.1

b
 

   

 
PB C18:0 30%  IE C18:0 30% 

Ton (°C) Tp (°C) ∆H (J/g)  Ton (°C) Tp (°C) ∆H (J/g) 

Peak 1 

No 

HIU 
54.0 ± 1.3

a
 58.1 ± 0.7

a
 21.9 ± 3.8

a
 

 

38.2 ± 0.6
b
 43.1 ± 0.4

b
 2.1 ±0.2

b
 

With 

HIU 
52.1 ± 0.1

a*
 57.3 ±0.6

a
 36.1 ± 7.1

a
 37.9 ± 0.6

b
 43.4 ± 0.3

b
 2.7 ± 0.2

b
 

   

Peak 2 

No 

HIU 
61.8 ± 0.9

a
 64.9 ± 0.5

a
 10.8 ± 4.8

a
 

 

47.6 ± 0.2
b
 54.0 ± 0.1

b
 4.5 ± 0.2

a
 

With 

HIU 
60.8 ± 0.6

a
 64.9 ± 0.2

a
 13.0 ± 5.3

a
 48.1 ± 0.4

b
 53.3 ± 0.1

b
 3.7 ± 0.4

a
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Table 6: DSC melting parameters Ton, Tp and enthalpy (∆H) for the interesterified (IE) samples 

C18:0 20% and 30% at ∆T = 9, 6 and 3 °C. Within a sample each parameter is compared 

between the sonicated and non-sonicated sample at each supercooling. The parameters 

represented with different superscripts are statistically different (α = 0.05) 

IE C18:0 20% 

∆T 

(°C) 
 

Peak 1  Peak 2 

Ton (°C) Tp (°C) ∆H (J/g) 
 

Ton (°C) Tp (°C) ∆H (J/g) 

9  

No 

HIU 
ND

*
 ND

*
 ND

*
  42.4 ± 0.2

b
 53.1 ± 0.4

a
 6.8 ± 0.3

a
 

With 

HIU 
37.7 ± 0.4 41.2 ± 0.7 0.8 ± 0.6  46.3 ± 0.4

a
 53.4 ± 0.2

a
 4.1 ± 0.2

b
 

6 

No 

HIU 
ND

*
 ND

*
 ND

*
  46.0 ± 1.3

b
 54.2 ± 0.1

a
 4.2 ± 0.7

a
 

With 

HIU 
41.5 ± 1.5 44.7 ± 0.3 4.9 ± 0.6  49.2 ± 0.3

a
 53.6 ± 0.2

a
 2.9 ± 0.4

a
 

3 

No 

HIU 
42.7 ± 0.4

a
 47.8 ± 0.1

a
 1.0 ± 0.4

a
  52.5 ± 0.4

a
 55.9 ± 0.4

a
 1.2 ± 0.2

a
 

With 

HIU 
42.5 ± 0.6

a
 46.5 ± 0.3

a
 6.4 ± 0.034

b
  53.6 ± 0.4

a
 55.7 ± 0.2

a
 0.1 ± 0.1

a
 

IE C18:0 30% 

∆T 

(°C) 
 

Peak 1  Peak 2 

Ton (°C) Tp (°C) ∆H (J/g) 
 

Ton (°C) Tp (°C) ∆H (J/g) 

9 

No 

HIU 
39.9 ± 0.5 45.2 ± 0.3

b
 3.8 ± 0.6

b
  50.3 ± 0.3

b
 54.5 ± 0.3

a
 2.6 ± 0.8

a
 

With 

HIU 
43.3

**
 46.3 ± 0.2

a
 13.0 ± 0.3

a
  53.3 ± 0.3

a
 55.1 ± 0.1

a
 0.1 ± 0.04

b
 

6 

No 

HIU 
N/A

***
 48.6 ± 0.3

a
 11.3 ± 0.8

a
  55.2 ± 0.7 57.3 ± 0.3 0.1 ± 0.1 

With 

HIU 
N/A

***
 47.3 ± 0.1

b
 12.9 ± 0.5

a
  ND ND ND 

3 

No 

HIU 
43.3

**
 51.0 ± 0.3

a
 9.4 ± 1.0

b
  ND ND ND 

With 

HIU 

41.2 ± 

0.002
****

 
48.0 ± 0.1

b
 12.9 ± 0.3

a
  ND ND ND 

* certain peaks were not detected at all the processing conditions; ** The Ton temperature of only one replicate was calculated by the software; 

*** For peaks where the Ton temperature could not be determined by the software, it is denoted by N/A; **** The Ton temperature of only two 

replicates was calculated by the software 
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Figure 1: Solid Fat content of the IE and PB C18:0 20% and 30% samples at ∆T= 12 °C. The 

point of application of HIU for the PB sample is indicated with a dotted arrow on the time axis 

while that of the IE samples is indicated with a solid arrow. Mean values and standard errors of 

three experimental replicates are reported. 
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Figure 2: Solid Fat Content of IE C18:0 20% and 30% samples at ∆T= 9, 6, and 3 °C. The point 

of application of HIU is indicated with an arrow on the time axis. Mean values and standard 

errors of three experimental replicates are reported. 
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Figure 3: PLM of sonicated and non-sonicated IE and PB C18:0 20% and 30% at ∆T = 12 °C 

after 60 minutes of crystallization. (The white bar represents 100 µm)  
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Figure 4: PLM of sonicated and non-sonicated IE and PB C18:0 20% at ∆T = 9, 6 and 3 °C after 

60 minutes of crystallization. (The white bar represents 100 µm)  
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Figure 5: PLM of sonicated and non-sonicated IE and PB C18:0 30% at ∆T = 9, 6 and 3 °C after 

60 minutes of crystallization. (The white bar represents 100 µm)  
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Figure 6: DSC thermograms of sonicated and non-sonicated IE and PB C18:0 20% and 30% at 

∆T = 12 °C 
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Figure 7: DSC thermograms of sonicated and non-sonicated IE C18:0 20% and 30% at ∆T = 9, 

6 and 3 °C 
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Figure 8: Rheology parameters, viscosity, G’, G’’ and of sonicated and non-sonicated IE and PB 

C18:0 20% and 30% at ∆T = 12 °C. Mean values and standard errors of three experimental 

replicates are reported. For samples within each group (C18:0 20% or C18:0 30%), parameters 

with different alphabets are statistically different (α = 0.05) 
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Figure 9: Rheology parameters, viscosity, G’, G’’ and of sonicated and non-sonicated IE C18:0 

20% and IE C18:0 30% at ∆T = 9, 6 and 3 °C. Mean values and standard errors of three 

experimental replicates are reported. Parameters at each supercooling represented with different 

alphabets are statistically different (α =0.05) 
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