
 

 

 

 
 
 

 

 

 
 
 
 
 
 
 

 
 

30 9  

 

 

 

 



 
 

 
 

1  

1.1  ------------------------------------------------------------------------------  1 

1.2  ---------------------------------------------------------------------------  6 

1.3  ------------------------------------------------------------------  9 

1.4  --------------------------------------------------------------  12 

1.5 O/W  ----------------------------------------------------  14 

1.6  -----------------------------------------------------------------------  17 

----------------------------------------------------------------------------------------------------------  18 

 

2  

2.1  -------------------------------------------------------------------------------------------------- 22 

2.1.1  

2.1.2  

2.1.3 Palm Mid-Fraction: PMF  

2.1.4 Sorbitan Fatty Acid Ester: SE  

2.2  -------------------------------------------------------------------------------------------- 31 

2.2.1 Differential Scanning Calorimetry: DSC  

2.2.2 X X-ray Diffraction: XRD  

2.2.3 X  

Time-resolved Synchrotron Radiation X-ray Diffraction: SR-XRD  

2.2.4 X  

Synchrotron Radiation microbeam X-ray Diffraction: SR- -XRD  

2.2.5 Polarized Light Microscopy: PLM  

2.2.6 Differential Interference Contrast Microscopy: DIC  

 --------------------------------------------------------------------------------------------------------- 42 

 



 
 

3 - O/W  

 

3.1  -------------------------------------------------------------------------------------------- 44 

3.2  ----------------------------------------------------------------------- 45 

3.2.1 O/W  

3.2.2 DSC  

3.2.3 O/W -  

3.2.4 X XRD  

3.2.5 PLM  

3.3  --------------------------------------------------------------------------------------------------  50 

3.3.1 O/W  

3.3.2 O/W -  

3.3.3 O/W  

3.3.4 O/W  

3.3.5 O/W  

3.4  -------------------------------------------------------------------------------------------------- 68 

3.5  -----------------------------------------------------------------------------------------------  73 

 --------------------------------------------------------------------------------------------------------- 73 

 

4  

4.1  -------------------------------------------------------------------------------------------- 77 

4.2  ----------------------------------------------------------------------- 78 

4.2.1  

4.2.2 DSC  

4.2.3 X SR-XRD  

4.2.4  

4.2.5 X SR- -XRD  

4.3  -------------------------------------------------------------------------------------------------- 83 



 
 

4.3.1  

4.3.2  

4.3.3  

4.3.4  

4.3.5 X  

 

4.4  ------------------------------------------------------------------------------------------------ 109 

4.5  --------------------------------------------------------------------------------------------- 114 

 ------------------------------------------------------------------------------------------------------- 114 

 

5  

5.1  ------------------------------------------------------------------------------------------ 116 

5.2  --------------------------------------------------------------------- 117 

5.2.1  

5.2.2 X SR-XRD  

5.2.3 DIC  

5.3  ------------------------------------------------------------------------------------------------ 118 

5.3.1    

5.3.2  

5.4  ------------------------------------------------------------------------------------------------ 132 

5.5  --------------------------------------------------------------------------------------------- 133 

 ------------------------------------------------------------------------------------------------------- 135 

 

6  ------------------------------------------------------------------------------------------- 137 

 

 ---------------------------------------------------------------------------------------------------------- 140 

 



1 

1  
 

1.1  

1)

1 3

Triacylglycerol: TAG

TAG

2) TAG

 

3

3)

4) DHA

EPA

 

Fig. 1-1

O/W Oil-in-Water

W/O Water-in-Oil

O/W



2 
 

W/O

Fig.1-2  

Fig. 1-1 Fig. 1-2

O/W

1)

Fig.1-

3(a)

  

O/W

Fig.1-3(b)  

 



3 
 

 

 

 

 

 

 

 

 

Fig. 1-1 Schematic illustration of physical condition in fat based food products.1) 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

 

 

 

Fig. 1-2 Roles of fat crystals in fat based food products. 
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Fig. 1-3 Degradation in fat based food products. 

(a) Normal chocolate (left side), Fat bloom in chocolate (right side),  

(b) Phase separation in mayonnaise (upper side: oil phase, lower side: water phase). 
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Fig. 1-4 Chain length structures in TAG polymorphism. 

 

 

 

 

Fig. 1-5 Typical subcell structures in TAG polymorphism.  
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Fig. 1-6(b)

 

 

 

 

 

Fig. 1-6 Schematic illustrations of (a) nucleation and (b) crystal growth processes of fat crystals. 

 

 

 



12 
 

1.4  
1

70% 11)

1

Hydrophilic-Lipophilic Balance HLB

 

12)

Fig. 1-7(a) 13)

14-16)

17)



13 
 

13,18,19)

O/W 20-22) W/O 23)

13)

Fig. 1-7(b)

 

 

 

 

 

Fig. 1-7 Schematic illustrations of the interactions between fat and emulsifier molecules during (a) 

nucleation and (b) crystal growth processes.13) 
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Fig. 1-8 Destabilization mechanism of O/W emulsion.25) 

 

 

 

 

 

Fig. 1-9 Partial coalescence of fat crystals in O/W emulsion. 28) 
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Table 2-1 Fatty acid compositions in vegetable oils. 7) 

Fatty acid composition [%] 

Vegetable oils 

Low erucic acid 

rapeseed oil 
Soybean oil 

Palmitic acid (C16) 4.3 10.7 

Palmitoleic acid (C16:1) 0.2  

Stearic acid (C18) 1.9 4.0 

Oleic acid (C18:1) 61.3 24.2 

Linoleic acid (C18:2) 20.0 52.6 

Linolenic acid (C18:3) 9.0 6.9 

Arachidic acid (C20) 0.6 0.3 

Icosenoic acid (C20:1) 1.3 0.2 

Behenic acid (C22) 0.3 0.3 

Erucic acid (C22:1) 0.3  

Lignoceric acid (C24) 0.1 0.1 
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2.1.3 Palm Mid-Fraction: PMF  
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Fig. 2-1 Multi-step dry fractionation of palm oil.10) IV: iodine value. 

 

 

Table 2-1 Fatty acid compositions in palm oil and hard PMF. 13) 

Fatty acid composition [%] Palm oil Hard PMF 

Palmitic acid (C16) 43.7 54.3 

Stearic acid (C18) 4.4 5.5 

Oleic acid (C18:1) 39.9 34.5 

Linoleic acid (C18:2) 9.7 4.1 
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Fig. 2-2 Synthesis of sorbitan fatty acid monoesters. 15,16) R: hydrocarbon 

 

 

 

Fig. 2-3 Molecular structures of principle components of (a) PMF (1,3-dipalmitoyl-2-oleoyl glycerol: 

POP), (b) sorbitan tripalmitate (STP) (c) sorbitan tribehenate (STB). 18) 
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Fig. 2-4 DSC thermograms of SEs during (a) cooling from 80 to 10 C and (b) heating from 10 to 80 C. 18) 

 

 

 

 

 

 

 

 



30 
 

 

 

 

 

 

 

 

Fig. 2-5 Synchrotron radiation X-ray diffraction patterns of SEs at room temperature. Unit: nm.  

( ) indicates the subcell packing of SEs. 18) 
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2.2.1 Differential Scanning Calorimetry: DSC  
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Fig. 2-6 Layout of heat-flux DSC.19) 

 

2.2.2 X X-ray Diffraction: XRD  
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Fig. 2-7 Bragg’s low 
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(Time-resolved Synchrotron Radiation X-ray Diffraction: SR-XRD) 
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Fig. 2-8 Illustration of the optical system of time-resolved synchrotron radiation X-ray diffraction at 

Photon Factory, BL-6A. 

 

 

Fig. 2-9 Illustration of sample cell and holder for time-resolved synchrotron radiation X-ray diffraction 

at Photon Factory, BL-6A. 
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Fig. 2-10 Illustration of the optical system of synchrotron radiation microbeam X-ray diffraction at 

SPring-8, BL-46XU. 
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Fig. 2-11 Illustration of the analytical methods of SR- -XRD. 
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2.2.5 Polarized Light Microscopy: PLM  
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Fig. 2-12 Layout of polarized light microscopy 

 

 

 

Fig. 2-13 Schematic illustrations of principle of polarized light microscopy. (a) Cross-nicol condition 

in the absence of crystals (b) Cross-nicol condition in the presence of crystals.24) 
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2.2.6  

Differential Interference Contrast Microscopy: DIC  
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Fig. 2-14 Schematic illustration of principle of differential interference contrast microscopy.24) 
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Fig. 3-1 Preparation method of mayonnaise-type O/W emulsion. 
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Fig. 3-2 Particle size distributions of canola and soybean emulsions. (A) Coarse emulsion, (B) Fine 

emulsion. 
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Fig. 3-3 DSC thermograms of (A) canola emulsion and (B) soybean emulsion during cooling at a rate 

of 2 C/min. Insert presents magnified thermograms of (A) from −15 to −30 C. 
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Fig. 3-4 DSC thermograms of (A) canola emulsion, (A′) canola oil, (B) soybean emulsion, and (B′) 

soybean oil during heating at a rate of 2 C/min. 
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Fig. 3-5 Destabilization rate in the emulsions during storage from 0 to 42 h. (A) −15 C, (B) −20 C, 

and (C) −30 C of canola emulsions. (D) −15 C, (E) −20 C, and (F) −30 C of soybean emulsions. 

Error bars are S.D. (n=4). 
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Fig. 3-6 Temperature change of canola and soybean emulsions during storage at (A) −15 C, (B) −20 C, 

and (C) −30 C. Insert presents magnified curve at −15 C from 5 to 7 h. Arrows indicate the start point 

of increasing temperature. 
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Table 3-1 Destabilization periods of canola emulsion and soybean emulsion at 15 C, 20 C, and 30 C. 

Storage temperature 
Destabilization periods (h) 

Canola Soybean 

15 C 4 ~ 6 4 ~ 6 

20 C 4 ~ 6 30 ~ 42 

30 C 0 ~ 1 0 ~ 1 

 

 

 

 

Table 3-2 Induction time of canola emulsion crystallization at 15 C, 20 C, and 30 C. 

Storage temperature Induction time 

15 C 5 h 42 min  6min 

20 C 4 h 4 min  5min 

30 C 42 min  0.6min 

Values are given as means ± SD from triplicate measurements. 
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Fig. 3-7 XRD patterns of canola and soybean emulsions and canola and soybean oils during storage 

at (A) 15 C, (B) 20 C and (C) 30 C. Solid lines represent the emulsions, and gray lines represent 

the bulk oils. Unit: nm. 
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Fig. 3-8 DSC thermograms of soybean oil after storage at −15 C for 0 to 6 h during heating at a rate 

of 2 C/min. Melting enthalpy in the dashed box increased with storage time. 
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Fig. 3-9 Microscopic images of canola emulsion during storage at−15, −20, and −30 C. Scale bar is 

100 μm. Upper images were taken using an optical microscope, and others were taken using a PLM. 
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Fig. 3-10 Magnified images of canola emulsion during storage at −15 and −20 C. Scale bar is 10 μm. 

Upper images were taken using an optical microscope, and lower images were taken using a PLM. 
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Fig. 3-11 Melting of fat crystals in the canola emulsion during heating at (a) −15 C and (b) −8 C. 

Scale bar is 50 μm. Upper images were taken using an optical microscope, and lower images were 

taken using a PLM. 
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Fig. 3-12 Magnified images of canola emulsion during storage at −30 C. Scale bar is 50 μm. Upper 

images were taken using an optical microscope, and lower images were taken using a PLM. 
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Fig. 3-13 Microscopic images of soybean emulsion during storage at−15, −20, and −30 C. Scale bar 

is 10 μm. Upper images were taken using an optical microscope, and others were taken using a PLM. 

 

 



68 
 

3.4  
O/W -

20 C

-

6

O/W

4,5) 0

O/W

O/W

27-29)

DSC Fig. 3-3

 

O/W - Fig. 

3-14

Tables 3-1 3-2 XRD PLM

DSC

Fig. 3-3

XRD  sub-  

15 C 20 C  sub-  

 sub-  

sub-  



69 
 

20 C

4   -

PLM

Fig. 3-10 15 C 20 C

    

20 C 15 C 20 C

15 C

20 C

15 C 20 C 20 C

30 C

30 C

 

Fig. 3-13

sub-  

0

XRD X Fig. 3-7

PLM Fig. 3-13

DSC Fig. 3-8



70 
 

Fig. 3-14

30 C 1

30 C

LDL 30)

LDL O/W

31) 30 C

O/W

3

30 C

32)

30 C

40 C 2 C/min DSC

−0.2  0.2°C Fig. 3-4 15 C

0 2 C/min DSC −0.2  0.2°C

Fig. 3-8 40 C

 

O/W - 20 C

- Fig. 3-5

O/W 25 C Magnusson



71 
 

2) 70 wt% O/W 20 C Harada 33)

20 C 15 C

20 C

15 C

30 C

30 C

 

26)

Miyagawa 34)

Magnusson 2)

O/W

DSC Fig. 3-3

O/W

 

O/W

3 1

2

3

Arima 20,21)

 



72 
 

 

 

 

 

 

Fig. 3-14 Schematic illustration of destabilization mechanisms of canola and soybean emulsions by 

freeze-thawing. 
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Fig. 4-1 Schematic image of preparation method for optical microscopy. 
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Fig. 4-2 Illustration of analysis range for azimuthal angle extension. 
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Fig. 4-3 DSC thermograms of PMF and PMF mixed with 5 wt % SEs during cooling from 60 to −10 C 

at 2 C/min: (a) PMF, (b) PMF with STP, (c) PMF with STS, and (d) PMF with STB. Arrows indicate 

the first crystallization of PMF−SE blends. 
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Fig. 4-4 DSC thermograms of PMF and PMF mixed with 5 wt % SEs during heating from −10 to 60 C 

at 2 C/min: (a) PMF, (b) PMF with STP, (c) PMF with STS, and (d) PMF with STB. Dotted lines 

indicate the offset temperatures of the high-melting fraction of PMF in SE-PMF blends. 
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Fig. 4-5 SR-XRD patterns of PMF and PMF mixed with 5 wt % SEs during cooling from 60 to 5 C at 

2 C/min and following isothermal crystallization at 5 C for 10 min: (a) PMF, (b) PMF with STP, (c) 

PMF with STS, and (d) PMF with STB. The white arrow indicates the crystallization of PMF in the 

PMF−STB blend. Unit: nm. 
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Fig. 4-6 SR-XRD patterns of PMF and PMF mixed with 5 wt % SEs during heating from 5 to 40 C at 

2 C/min: (a) PMF, (b) PMF with STP, (c) PMF with STS, and (d) PMF with STB. The white arrow 

indicates a shoulder peak in the PMF−STP blend. Unit: nm. 
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Fig. 4-7 Microscopy images of PMF crystallization on STP crystals during cooling from 30 to 5 C at 

2 C/min: (a) 30 C, (b) 20 C, (c) 15 C, (d) 10 C, and (e) 5 C. The upper images were taken using a 

differential interference contrast (DIC) microscope, and the lower images were taken using a polarized 

light (PL) microscope with a sensitive tint plate. Scale bars are 20 μm. 
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Fig. 4-8 Microscopy images of PMF crystallization on STS crystals during cooling from 30 to 5 C at 

2 C/min: (a) 30 C, (b) 20 C, (c) 15 C, (d) 10 C, and (e) 5 C. The upper images were taken using a 

DIC microscope, and the lower images were taken using a PL microscope with a sensitive tint plate. 

Scale bars are 20 μm. 
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Fig. 4-9 Microscopy images of PMF crystallization on STB crystals during cooling from 30 to 5 C at 

2 C/min: (a) 30 C, (b) 20 C, (c) 15 C, (d) 10 C, and (e) 5 C. The upper images were taken using a 

DIC microscope, and the lower images were taken using a PL microscope with a sensitive tint plate. 

Scale bars are 20 μm. 
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Fig. 4-10 DIC microscopy images of the melting behavior of PMF that was crystallized around SE 

crystals during heating from 5 to 30 C at 2 C/min: (a, g, m) 5 C; (b, h, n) 10 C; (c, i, o) 15 C; (d, j, 

p) 20 C; (e, k, q) 25 C; and (f, l, r) 30 C. Scale bars are 20 μm. 
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Fig. 4-11 PMF with 20 wt% STS crystallized at 30 C and 10 C for SR- -XRD measurement. (A) 

Microscopic image of scanning area. Black spots correspond to the exposure position of microbeam. 

(B) Scanning SR- -SAXD patterns. 
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Fig. 4-12 PMF with 20 wt% STS crystallized at 30 C for SR- -XRD measurement. (A) Scanning SR-

-SAXD patterns: enlarged positions were analyzed. (B) Azimuthal angle extension patterns of STS 

crystals (Black lines) and PMF  crystals (Gray lines). The orientation of lamellar planes of STS 

crystals is indicated by black arrows. (C) 2  extension of SR- -XRD patterns. 
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Fig. 4-13 PMF with 20 wt% STS crystallized at 10 C for SR- -XRD measurement. (A) Scanning SR-

-SAXD patterns: enlarged positions were analyzed. (B) Azimuthal angle extension patterns of STS 

crystals (Black lines) and PMF  crystals (Gray lines). The orientation of lamellar planes of STS 

crystals is indicated by black arrows. (C) 2  extension of SR- -XRD patterns. 
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Fig. 4-14 PMF with 20 wt% STS crystallized at 30 C and 10 C for SR- -XRD measurement. The 

lamellar plane orientations are indicated with black lines (STS crystals) and white lines (PMF crystals). 
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Fig. 4-15 PMF with 20 wt% STB crystallized at 30 C and 10 C for SR- -XRD measurement. (A) 

Microscopic image of scanning area. Black spots are the exposure position of microbeam. (B) 

Scanning SR- -SAXD patterns. 
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Fig. 4-16 PMF with 20 wt% STB crystallized at 30 C for SR- -XRD measurement. (A) Scanning SR-

-SAXD patterns: enlarged positions were analyzed. (B) Azimuthal angle extension patterns of STB 

crystals (Black lines) and PMF  crystals (Gray lines). The orientation of lamellar planes of STB 

crystals is indicated by black arrows. (C) 2  extension of SR- -XRD patterns. 
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Fig. 4-17 PMF with 20 wt% STB crystallized at 10 C for SR- -XRD measurement. (A) Scanning SR-

-SAXD patterns: enlarged positions were analyzed. (B) Azimuthal angle extension patterns of STB 

crystals (Black lines) and PMF  crystals (Gray lines). The orientation of lamellar planes of STB 

crystals is indicated by black arrows. (C) 2  extension of SR- -XRD patterns. 
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Fig. 4-18 PMF with 20 wt% STB crystallized at 10 C for SR- -XRD measurement. (A) Scanning SR-

-SAXD patterns: enlarged positions show that PMF crystals did not orient along the STB crystals. 

(B) Azimuthal angle extension patterns of STB crystals (Black lines) and PMF  crystals (Gray lines). 

The orientation of lamellar planes of STB crystals are indicated by black arrows. (C) 2  extension of 

SR- -XRD patterns. 



108 
 

 

Fig. 4-19 PMF with 20 wt% STB crystallized at 30 C and 10 C for SR- -XRD measurement. The 

lamellar plane orientations are indicated with black lines (STB crystals) and white lines (PMF crystals). 

 



109 
 

4.4  

DSC SR-XRD SR- -XRD

1

 

DSC SR-XRD SE

SE   PMF   PMF

STP STS

(i) DSC

SE PMF (ii) SR-XRD SE PMF  

STP 4.82 nm STS 5.34 nm PMF  4.68 nm

(iii) 

SE PMF   STP DSC

SR-

XRD Fig. 4-5(b) DSC STP

PMF STS Fig. 4-3(c)

20°C

PMF

STB Fig. 4-3(d) STB

PMF STP STS

STB

PMF

STP STS PMF

SE PMF

SE PMF  



110 
 

SE PMF SE

PMF SE PMF

STB PMF SR-

-XRD SR- -XRD 

SE PMF   

TAG 13)

Fig. 4-20

TAG

Verstringe 10) SR- -XRD

SR- -XRD

 

SE PMF PMF

STP STS STP STS PMF  

PMF STP STS

STP STS PMF

Fig. 4-21(a)

STB PMF STB

Fig. 4-21(b) PMF STB

STB PMF

PMF PMF STB

 

STS STB 5 C

Figs. 4-8(e), 4-9(e) Fig. 4-22 STB

DIC PLM Fig. 4-22 Fig. 4-9



111 
 

DIC Fig. 4-22 PLM Fig. 4-22

DIC

DIC 6 C 5 C 5 C

SR-XRD

5.26 nm 0.414 nm

Fig. 4-5(d)   

STP 5.26 nm

Fig. 4-5(b) Fig. 4-7 PMF  STP

STP STS STB PMF  

STP PMF STP PMF

STP

 

STP STS PMF SR-XRD DIC

STP PMF    

STP STS PMF  

SE   PMF SE

PMF  4.68 nm STS

5.34 nm STP 4.82 nm STP PMF    

 

 

 

 

 

 

 

 

 

 



112 
 

 
Fig. 4-20 Schematic illustration of (a) lamellar structures and (b) subcell packing of PMF  form and 

SEs. 

 

 

Fig. 4-21 Schematic illustrations of nucleation mechanisms of PMF crystals at the surface of SE. (a) 

Similarity in chain lengths of fatty acid moieties between PMF and SE (STP and STS) (b) Dissimilarity 

in chain length of fatty acid moieties between PMF and SE (STB). 
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Fig. 4-22 Crystal growth of elongated crystals on STB crystals: (a) 6 C; (b) 5 C, 0 min; (c) 5 C, 2 

min; and (d) 5 C, 4 min. The upper images were taken using a DIC microscope, and the lower images 

were taken using a PLM. Scale bars are 20 μm. 
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Fig. 5-1 SR-XRD patterns of PMF during (a) isothermal crystallization at 22 C for 3 h (SR-XRD 

profiles were taken every 5 min) and following (b) heating from 22 to 40 C at 2 C / min. Unit: nm. 
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Fig. 5-2 SR-XRD patterns of PMF mixed with 5 wt % SEs during cooling from 60 to 22 C at 2 C / 

min. (a) PMF with STP, (b) PMF with STS, and (c) PMF with STB. Unit: nm. 
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Fig. 5-3 SR-XRD patterns of PMF mixed with 5 wt % SEs during isothermal crystallization at 22 C 

for 3 h. (a) PMF with STP, (b) PMF with STS, and (c) PMF with STB. SR-XRD profiles were taken 

every 5 min. Unit: nm. 
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Fig. 5-4 Time variations of SR-XRD SAXD intensity of PMF mixed with 5 wt % SEs during 

isothermal crystallization at 22 C for 3 h. (a) PMF with STP and (b) PMF with STS. Unit: nm. 
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Fig. 5-5 SR-XRD patterns of PMF mixed with 5 wt% SEs during heating from 22 to 40 C at 2 C/min. 

(a) PMF with STP, (b) PMF with STS and (c) PMF with STB. Unit: nm. 
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Fig. 5-6 DIC microscopic images of PMF during isothermal crystallization at 22 C for (a) 1 h (b) 2 h 

and (c) 3 h, and following heating to (d) 30 C (e) 35 C and (f) 40 C at 2 C/min. Scale bar is 50 m. 
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Fig. 5-7 DIC microscopic images of PMF mixed with 5 wt% SEs during cooling to 22 C at 2 C/min. 

(a, k) 30 C, (b) 27 C, (c) 25 C, (d, h, l) 22 C, (e) 40 C, (f) 30 C, (g) 25 C, (i) 60 C, and (j) 50 C. (a–

d) PMF with STP, (e–h) PMF with STS, and (i–l) PMF with STB. Scale bar is 20 m. 
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Fig. 5-8 DIC microscopic images of PMF mixed with 5 wt% SEs during isothermal crystallization at 

22 C for (a, e, i) 0 h, (b, j) 1 h, (c, f) 2 h, (d, h, l) 3 h, (g) 2.5 h, and (k) 1.5 h. (a–d) PMF with STP, (e–

h) PMF with STS, and (i–l) PMF with STB. Scale bar is 20 m. 
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Fig. 5-9 DIC microscopic images of PMF mixed with SEs during heating from 22 to 35 C at 2 C/min. 

(a, e, i) 22 C, (b, f, j) 28 C, (c, g, k) 32 C, (d, h, l) 35 C. (a–d) PMF with STP, (e–h) PMF with STS, 

and (i–l) PMF with STB. Scale bar is 20 m. 
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Fig. 5-10 Conceptual image of nucleation barrier reduction by structural factors for PMF  and  

forms during isothermal crystallization at 22 C. Black bars: nucleation barrier for PMF  form. White 

bars: nucleation barrier for PMF  form. 
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