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Fig. 1-1 Molecular models of Hydrogenation. (17) 
(a) Hydrogenation process, (b) Dehydrogenation. 
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Fig.1-2 Fractionation of palm oil. (22) 
PMF: Palm mid fraction 

Palm oil 
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First dry fractionation

Second dry fractionation
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Table 1-1 Fatty acid composition of palm and palm kernel oilsa. (26) 
 

Table 1-2 Triglyceride Composition of Malaysian Tenera Palm Oil a. (22) 

a based on Vander Wal’s methods 

FAC (%) Palm oil Palm kernel oil
C8:0 N.D. 3.6
C10:0 N.D. 3.5
C12:0 0.2 47.8
C14:0 0.9 16.3
C16:0 44.9 8.5
C16:1 0.1 N.D.
C18:0 4.1 2.6
C18:1 40.6 15.3
C18:2 9.0 2.4
C18:3 0.2 N.D.

No 
Double Bond

1 
Double Bond

2 
Double Bond

3 
Double Bond

4 or More 
Double Bonds

MPP 0.5 MOP 1.4 MOO 0.7 MLO 0.2 PLL 0.8
PMP 0.2 MPO 0.2 PLP 6.3 PLO 6 OLO 1.4
PPP 7.2 POP 23.7 PLS 0.8 POL 3.1 OOL 1.5
PPS 1 POS 3.1 PPL 1 SLO 0.4 LOL 0.1
PSS 0.1 PPO 6.9 SPL 0.1 SOL 0.2
PSP 0.7 PSO 0.6 POO 21.5 OOO 5.1

SPO 0.5 SOO 1.4 OPL 0.5
OPO 1.6 MOL 0.1
OSO 0.2
PSL 0.1

Others 0.3 0.6
Total 9.7 35.8 34.6 15.6 3.8

a measured by gas chromatography; N.D. means not detected. 

 Source: Desmet ballesta Group (2011). 
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Fig.1-3 Molecular structures of triacylgrycerols. 
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Fig.1-4 Factors affecting the stability of fat crystal structures. (28) 
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Fig.1-5 Schematic representation of chain length structure: 
(a) double-, (b) triple- chain length structure.(27) 

(a)
leaflet

(b)Lamellar plane

Lamellar plane

long
spacing

Fig.1-6 Sub-cell structure.(27)  (a) Hexagonal packing (H),  
(b) Orthorhombic perpendicular packing (O ),  
(c) Triclinic parallel packing (T//). 

 form   form  ’ form  

(a) (b) (c) 
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Fig.1-7 Typical olefinic conformations, (a) skew-cis-skew type and 
 (b) skew-cis-skew’ type. (32) 
Open circles: carbon atoms of a fatty acid, Closed circles: Hydrogen 
atoms. 

S-C-S (120º, cis, 120º) S-C-S’ (120º, cis, -120º)

(a) (b)

Fig.1-8 Glycerol group conformations. (30) 
Closed circles: three carbon atoms of a glycerol group, Open circles: 
oxygen atoms, Zingzag lines: hydrocarbon chains. 
sn means stereospecific number.  

O
O

O
O

O
O

sn-1 sn-3

sn-2

Tuning fork

O
O

O
O

O
O

sn-1

sn-3

sn-2

Char



 

15 
 

1. 3. 3 

(Gibbs energy : G) T Fig.1-9(a) 34 G

H, J/mol S, J/K  

 

TAG monotropy A B

G

Tm Tm

Fig. 1-9(b) 35  

(metastable form) stable form

solid-solid transformation)

melt-mediated transformation

G Fig. 1-10

G#
melt

G#
cryst.

solute-mediated 

transformation

 

1. 3. 4 

TAG TAG

TAG TAG  



 

16 
 

G# 

G metastable form 

stable form 

metastable form 

stable form 

(a) solid-solid transformation 

metastable form 
stable form 

(b) melt-mediated transformation 

Fig.1-10 Free energies of two models of transformation:  
(a) solid-solid transformation, (b) melt-mediated transformation. (35) 
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Fig.1-9 (a) The relationship between Gibbs free energy(G) and temperature for 
monotropy, and (b) Solubility curve and supersaturation curve. (35)  
Dashed arrows show solid-solid transformation and straight arrows show 
melt-mediated transformation. 
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Fig. 1-11 Typical phase diagrams of binary mixtures of TAGs. (28) 
(a) Miscible, (b) Eutectic, (c) Monotectic, (d) Molecular compound formation.  
P: Eutectic point, L: Liquid (A+B), S: Solid, C: Molecular compound. 
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Fig.1-12 The size of critical nucleus (r*) and change of free energy 
G* for nucleation.(49) 
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Fig.1-13 Schematics of activation energy relationship for nucleation of 
, ’,  polymorphs of TAG.(13) 

Fig.1-14 Schematics of nucleation rate relationship for nucleation of 
, ’,  polymorphs of TAG.(13) 
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Fig.1-15 (a) Interfacial energy relations of lipid, crystal and impurity,  
(b) Free energy value of heterogeneous nucleation at different contact 
angles. (48) 
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Fig.1-16 Schematic representation of crystal surface, and surface diffusion. (51) 

Fig.1-17 Schematic relations between the driving force and kinetics of crystal 
nucleation and crystal growth. (35) 
A: metastable region, B: growth dominant region, C: nucleation dominant 
region. 
Crystallization of large sizes occurs in area B (a), while crystallization of small 
sizes occur in area C (b). 

(a) (b) 

kink
terrace 

kink

step 

terrace 

(B)Superfical accumulation 

(A)Material transfer(C)Heat  transfer

liquid

growth

nucleation

ki
ne

tic
s

A B C

crystals

liquid



 

27 
 

28

13  

 

5  

1.5.1

1

Fig.1-18

15

HLB (hydrophilic- lipophilic 

balance) Griffin HLB=20 /

15



 

28 
 

 

Fig. 1-18 Schematic structures of emulsifiers. R:-CmHn. (15) 
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1.5.2
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Table 1-3 Effects of emulsifier on fat crystallization. (35) 
 

Process Mechanism Effects

Thermodynamic effects
Melting point

increase promotion
decrease retardation

Solubility
increase retardation
decrease promotion

Kinetic
effects

Crystallization
Nucleation

de-clustering retardation
templating promotion

Crystal growth
step formation promotion

poisoning retardation

Polymorphic 
Transformation

Solid-state

stabilized 
packing retardation

unstabilized
packing promotion

Melt-mediation (similar to crystallization process)
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Fig. 1-19 Effects of emulsifier on crystal nucleation processes (a, b) and 
growth processes (c, d). (35) 

Fig. 1-20 Effects of emulsifier on polymorphic  transformation in solid-state. 
(35) 
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2 .1. 1 TAG

TAG 16

P 18 1 O POP PPO

OPO 3  

1,3-dipalmitoyl-2-oleoyl-sn-glycerol (POP) 

1,2-dipalmitoyl-3-oleoyl-rac-glycerol (PPO) 

1,3-dioleoyl-2-palmitoyl-sn-glycerol (OPO) 

3

TAG 1 sn-1 2 sn-2 3 sn-3

Table 2-1 POP PPO OPO

1-3 TAG  

POP 

1,3 2

TAG POP 23.7 %

POP

4

>99 %  

PPO 

2 1

TAG POP sn

sn-2
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5 Mizobe 1-oleoyl-2,3-dipalmitoyl-sn-glycerol

S-OPP 1,2-dipalmitoyl-3oleoyl-sn-glycerol R-PPO

6 S-OPP R-PPO

S-OPP/R-PPO=50/50 rac-PPO

rac-PPO

rac-PPO >99 %  

OPO  

1,3 2

TAG POP PPO

3 Larodan Co. ( 99 %) 5 (

>99 %)  

 

2 .1. 2 

n-  (n-dodecane) C12H26

CH3 (CH2)10 CH3 12 -9.595 

216.278 ( ) 0.74869 ( ) 1.4256 7

C=O

TAG

n-

TAG n-

TAG C=O

( 99 %)  
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Table 2-1 Melting points, XRD long spacing and chain length structure of 
polymolphs of POP(1) , rac-PPO(2) and OPO(3).

POP rac-PPO
' 2 1 '

Melting point (ºC) 15.2 27.0 33.5 35.1 36.7 15.2 33.5

Long spacing (nm) 4.65 6.54 4.24 6.10 6.10 4.65 4.24

Chain length 
structure double triple double triple triple doubledouble

OPO
' 2 1

Melting point (ºC) -18.3 11.7 15.8 21.9

Long spacing (nm) 4.8 4.4 5.6 6.4

Chain length 
structure double double - triple
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2.1.3

5 TAG Sucrose 

fatty acid esters, SE Monoglyceride, MG

SE 1959

8 8 -OH

HLB

Fig. 2-1 SE

9  

MG 1

0 0.5 %

W/O

8  

SE TAG HLB

P-170 POS-135 :

O-170 3

MG 1- -rac-

, MP NU-CHECK-PREP, Inc

Table 2-2 10-12  
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Fig. 2-1 Typical application map of SEs. 

* adapted from Otomo et.al. (9). 

Table 2-2.  Fatty acids composition and physical 
properties of SEs and MG. 

* based on reference (10-12). 
 * n.d. means no definition. 

HLB

1 2 3 5 7 9 11 15 16

C12

C14

C16

C18

C18’

C22’

C22

Fatty
Acids

Tablet

Chocolate
Fat &Oils

Detergent

Ice cream

Milk 
beverage

Shortening
Chocolate

Powdered 
milk

Wheat products 
Dough/ Frozen dough

Chewing gum
Confectionery

Cake batter

O/W emulsion

W/O
emulsion

Ice cream

Sauce, 
dressing

Products Fatty acids 
Composition 

HLB Ester 
composition

Melting
points(ºC)

SE P-170 Palmitin 80% 1 Mono 1%
Di, tri, poly 99% 55.7

SE POS-135
Palmitin 40%, 
Olein 30%,
Stearin 30%

1 Mono 0%
Di, tri, poly 100% n.d.

SE O-170 Olein 80% 1 Mono 1%
Di, tri, poly 99% n.d.

MG MP Palmitin
>99% n.d. Mono >99% 65-68
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2

2.2.1  (Differencial Scanning Calorimetry, DSC)  

TAG DSC 3

4 Thermo plus DSC-8240 5 SII

DSC6100 DSC

-  

Fig.2-2 DSC  (onset)  (peaktop)

 (offset)  

TAG

TAG

TAG n-

3, 4 TAG

Tm

Tc 5

Tc  

 

2.2.2 X  (X-ray Diffraction, XRD) 

TAG X 5 X

X RINT TTR Rigaku

LINKAM 10002L ( )  
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Fig. 2-2 Schematic of melting and solidification points on DSC 
measurement. 
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Small-angle X-ray diffraction SAXD 2 =1~8deg.

Long spacing Wide-angle X-ray diffraction WAXD 2 =15~25deg. 

Short spacing  

RINT-TTR  

X  Cu-Ka i =0.154 nm   0.02 deg 

 7.5kW (30 kV 250 mA)     0.3 mm 

   2  = 1.2 ~ 27 deg         2.0 deg/min 

0.3 m      

2.2.3 X  (Synchrotron Radiation X-ray Diffraction: SR-XRD) 

3 4 X SR-XRD

X

2 BL Fig. 2-3

=0.150nm X 2.5Gev. BL-9C SAXD 1100mm

WAXD 550mm BL-15A SAXD 1130mm WAXD 280mm BL-9C

SAXD,WAXD Position Sensitive 

Proportional Counter, PSPC  BL-15A SAXD

-CCD WAXD PSPC 3 2

2 X PILATUS 100K 4 SAXD/WAXD

13 CCD PILATUS

SAXD WAXD 2mm 2mm  
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(b) BL-15A 

(a) BL-9C 

Vacuum chamber 

CCD(small angle) 
scattering X-ray 

DSC or LINKAM equipment 

SR-Beam 
sample 

PSPC(wide angle) beam stopper 

SR-Beam 
sample 

PSPC(wide angle) 

PSPC(small angle) DSC or Limkam equipment 

beam stopper 

scattering X-ray 

Vacuum chamber 

Fig.2-3 Schematic representation of two detectors and temperature controlled 
system on the SR-XRD measurement: (a) BL-9C, (b) BL-15A. 
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6mm 6mm, 1mm

0.025mm

DSC Mettler DSC-FP84 Mettler 

Instrument Corp., FP99 SAXD/WAXD X 2

/30 BL-15A BL-9C SAXD/WAXD 30 /60

 

2.2.4  (Polarized Optical Microscopy) 

5 ( )

OPTIPHOTO 2-POL Carl Zeiss Co. Ltd.

AxioCam HRc Axio Vision4.5  

LINKAM 10002L  
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12 E 22 1

TAG
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TAG  

Molecular Compound, MC Moran 1963
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1 MC 9-10 MC POP
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POP TAG
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3. 2. 2 

DSC TAG Tm Tc
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10 mg

10 mg Al2O3
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50 20 2 /min 5 /min 20 5
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X SAXD/WAXD POP 50 %

5 POP 50 % 5 

DSC TAG 7 50  

2 /min SAXD/WAXD

BL-15A BL-9C 80 

50 8 ~

10 2 /min 5 /min 50 2 /min

5 /min  

 

3

3. 3. 1  

Fig. 3-1 7 50 2 /min 50 % POP/OPO

DSC

POP POP/OPO=100/0 13.6 27.6 

29.5 35.2 

37.6 1

n- TAG

2 DSC

 

DSC SR-XRD POP ( POP) OPO ( OPO)

MC ( C) POP 1 2

POP/OPO 100/0, 0/100 POP OPO

1 27.6 11.4 POP/OPO 50/50
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Fig.3-1 DSC heating thermograms of the most stable polymorphs of 
POP/OPO binary mixtures in 50 % solution at the rate of 2 C / min. 
Arrows show the melting peak of the MC. 
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Fig. 3-2 SR-XRD patterns of the most stable polymorphs of 
POP/OPO binary mixtures in 50 % solution at different concentration.  
Above 50 % POP concentration, taken at 5 C, while below 50 % POP 
concentration, obtained at -5 C. Unit : nm. 
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C 1 20.4  C

POP 50 % POP POP

C POP 50 % OPO

C OPO

 

Fig. 3-2 50 % SR-XRD POP 50 %

POP MC

12 POP 50 % OPO

0 MC POP OPO

DSC

POP 50 % 50 %

POP MC OPO

1 POP '

4  

SAXD TAG WAXD

TAG WAXD

SAXD SAXD POP/OPO  100/0, 0/100

6.20 nm (001), 3.03 nm (002) 6.47 nm (001), 3.17 nm (002) 

POP OPO 3 1 (001) 2

(002) 9, 10 POP /OPO  50/50 4.33 nm C 2

1 10 POP/OPO 100/0, 50/50, 

0/100 POP 50 % C POP POP 50 %

C OPO Table 3-1

OPO, C, POP Fig.3-2 Table.3-1 MC  
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50 % solution 20 % solution

POP/OPO
OPO C POP OPO C POP

001a 002 001 001 002 001 002 001 001 002
100/0 b 6.20 3.03 6.24 3.03
90/10 4.31 6.10 3.04 4.35 6.24 3.04
80/20 4.34 6.10 3.04 4.34 6.24 3.05
70/30 4.33 6.13 3.00 4.34 6.21 3.05
60/40 4.33 6.15 3.02 4.34 6.26 3.06
50/50 4.33 4.33
40/60 4.27 6.41 3.07 4.32
30/70 6.33 3.13 4.24 6.41 3.07 4.33
20/80 6.41 3.15 4.27 6.41 3.07 4.33
10/90 6.47 3.17 4.30 6.48 3.07 4.34
0/100 6.47 3.17 6.36 3.12

 
 
 
 
 
 
 
 
 
 
 
 
  

Table 3-1 Long spacing values of the most stable form of POP, 
OPO and MC in 50 % and 20 % solution. (Units, nm) 

a 
001 and 002 reflections of long spacing peaks.  

b
 Did not occur. 
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50 % POP/OPO 90/10~50/50 4.33~4.31 nm POP/OPO

40/60~10/90 4.27~4.30 nm 20 %

40/60~10/90 OPO

OPO MC

POP/OPO 50/50 MC 4.33 nm

4.24 nm POP  OPO

TAG  

WAXD 0.46 nm 0.37 nm

Triclinic T//

10

POP/OPO 100/0, 0/100 POP OPO

WAXD 0.46 nm, 0.37 nm, 0.36 nm 9, 

10 POP/OPO 50/50 0.46 nm, 0.44 nm, 0.38 nm, 0.37 nm 

POP OPO C

WAXD 10 SAXD POP/OPO 90/10~60/40

POP MC WAXD POP/OPO 40/60~10/90 OPO MC WAXD

 

SR-XRD POP/OPO 90/10, 80/20, 70/30, 20/80, 

10/90, 5/95 7 50 2 /min POP/OPO

90/10 10/90 SR-XRD SAXD Fig. 3-3 0 

30 0 Fig. 

3-2 POP/OPO 90/10 C 4.35 nm

13.2 POP 6.20 nm (001), 3.03 nm (002)  
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Fig. 3-3 Temperature dependence of small-angle X-ray diffraction 
patterns of most stable form of POP /OPO mixtures in 50 % solution. 
Unit: nm. 
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(a)
OPO MC POP

neat 
liquid

50 %
solution

20 %
solution

neat 
liquid

50 %
solution

20 %
solution

neat 
liquid

50 %
solution

20 %
solution

stable ( ) 21.9 11.4     4.9 31.9 20.4 18.0 36.5 27.6 22.3
2 ºC/min — 11.4 ( ) 3.4 ( ) — 20.5 ( ) 15.3 ( ) — 13.7 ( ) 11.6 ( )

25.6 ( ) 21.7 ( )
5 ºC/min — 12.2 ( ) 5.2 ( ) — 23.6 ( ) 15.3 ( ) — 18.2 ( ) 14.1 ( )

26.8 ( ) 19.9 ( )
(b)

OPO MC POP

50 %
solution

20 %
solution

50 %
solution

20 %
solution

50 %
solution

20 %
solution

2 ºC/min -14.5 ( ) -19.0 ( ) 5.7 ( ) -1.7 ( ) 9.1 ( ) 2.1 ( )
5 ºC/min -16.5 ( ) -18.8 ( ) 2.9 ( ) -7.0 ( ) 6.4 ( ) 0.3 ( )

 
 
 
 
 
 
 
 
 
 
  Table 3-2 Values of (a) Tm and (b) Tc of POP, OPO and MC in neat 

liquid, 50 % solution and 20 % solution examined at cooling/heating 
rates of 2 ºC/min and 5 ºC/min. 



 

63 
 

28.4 POP/OPO 10/90 OPO 6.51 nm (001), 3.13 nm 

(002) 11.4 C 4.32 nm 19.3

POP 60 % C  POP POP50 % OPO 

 C

Fig.3-1 3 50 % OPO C

POP Tm Table3-2  

5 50 2 /min 20 % POP/OPO

DSC Fig. 3-4 POP 50 % 10 4

POP 50 % 0 1

SR-XRD POP/OPO 50/50 18.0 C

C

POP/OPO 100/0 0/100 POP OPO 22.3 

4.9 POP 50 % 60 % OPO / C

C/ POP POP 50 %

POP POP C

50 % 20 %

Tm POP/OPO 50/50 20 %

Tm 18.0 50 % 20.4 

Tm  

Fig. 3-5 20 % SR-XRD SAXD

POP/OPO 50/50 C 2 4.33 nm

POP/OPO  100/0 0/100 POP OPO 3 6.24 nm 

(001), 3.03 nm (002) 6.36 nm (001), 3.12 nm (002)

Table 3-1 20 % POP/OPO OPO, C, POP  
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Fig. 3-4 DSC heating thermograms of the most stable polymorphs of 
POP/OPO binary mixtures in 20 % solution at the rate of 2 C/min. 
Arrows show the melting peak of the MC. 
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Fig. 3-5 SR-XRD patterns of the most stable polymorphs of 
POP/OPO binary mixtures in 20 % solution at different 
concentration.  Above 50 % POP concentration, taken at 5 C, 
while below 50 % POP concentration, obtained at -5 C. Unit: nm. 
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POP 60 % C POP POP 50 % C OPO

WAXD

SAXD WAXD 50 %

Table3-2 20 % OPO C POP Tm  

50 % 20 % POP/OPO

Fig. 3-9 4  

 

3. 3. 2

50 % 20 % POP OPO

TAG

DSC SR-XRD 2 /min

5 /min

POP/OPO

MC 10

MC

50 % OPO

POP

20 % 50 %

20 %  

Fig. 3-6 POP/OPO 50 % 2 /min DSC

SR-XRD DSC

TAG

12 8 

n- POP/OPO 100/0  



 

67 
 

  

Fig. 3-6 (A) DSC cooling and (B) heating thermograms of POP/OPO 
binary mixtures in 50 % solution taken at a rate of 2 C/min.  
The crystallizing and heating peak are represented by * for MC and 

 for n-dodecane. 
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Fig. 3-7 Time-resolved SR-XRD (a) SAXD and (b) WAXD patterns of 
the POP/OPO = 80/20 mixture in 50 % solution measured at a rate 
of cooling/heating of 2 C/min. Unit: nm. 
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Fig. 3-8 Variation of Tm of c of POP/OPO=50/50, POP 
and OPO at different solvent concentrations at the fixed 
concentration ratio of the MC.  
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Fig.3-9 Phase behavior of POP/OPO mixtures in n-dodecane 
solutions observed at different thermal treatments: (a) 50 % solution, 
(b) 20 % solution.   
The values of Tm are represented by  for POP,  for C,  for OPO 
and  for POP.  
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Fig.3-10 Postulated solubility-temperature relationships 
of POP, OPO and C.   
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Fig.3-11 Formation model of POP/OPO MC having 
double chain length structure. 
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Fig. 4-1 DSC heating thermograms of the most stable polymorphs 
of POP/PPO binary mixtures in 50 % solution at the rate of 
2 C/min. Arrows show the melting peaks of MC. 
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Fig. 4-2 SR-XRD patterns of the most stable polymorphs of 
POP/PPO binary mixtures in 50 % solution at different 
concentration obtained at 0 C. Unit: nm. 
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Fig. 4-3 Temperature dependence of small-angle X-ray diffraction 
patterns of the most stable forms of POP /PPO mixtures in 50 % solution 
taken at a heating rate of 2 ºC/min. Unit: nm. 
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Table 4-1 Crystallization temperature (Tc, ºC) and melting temperature 
(Tm, ºC) of POP, PPO and MC of POP/PPO measured by DSC. 

a Only Tm is shown 

 
  

Pure PPO MC of POP/PPO
at POP/PPO=50/50 Pure POP

Tc Tm ( ') Tc Tm ( ) Tc Tm ( )

Neat liquida - 35.2 - 31.2 - 36.5 

50%
solution

Incubateda - 22.6 - 23.1 - 27.6 

2 ºC/min 8.6 ( ') 21.1 -3.6 ( ') 21.8 7.8 ( ) 26.5 

20%
solution

Incubateda - 14.7 - 20.6 - 21.3 

2 ºC/min 2.5 ( ') 13.2 -10.2 ( ') 15.4 -0.7 ( ) 20.8 
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4.28 nm 20.0 Fig. 4-4 1

'PPO C Fig.4-4

6 Table 4-1 20 % POP 'PPO POP/PPO

C Tm 50 % 20 %

Fig. 4-10 4  



 

89 
 

Fig. 4-4 DSC heating thermograms of the most stable polymorphs of 
POP/PPO binary mixtures in 20 % solution at the rate of 2 C / min.  
Arrows show the melting peak of the MC. 
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Fig. 4-5 SR-XRD patterns of the most stable polymorphs of POP/PPO 
binary mixtures in 20 % solution at different concentration obtained at 0 C. 
Unit: nm. 
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Fig. 4-6  Temperature dependence of small-angle X-ray diffraction 
patterns of the most stable forms of POP /PPO mixtures in 20 % solution 
taken at a heating rate of 2 ºC/min. Unit: nm. 
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4. 3. 2
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Fig. 4-7 DSC cooling (A) and heating (B) thermograms of POP/PPO binary 
mixtures in 50% solution taken at a rate of 2 C/min.  
The crystallizing and heating peak are represented by * for MC and  for 
n-dodecane. 
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Fig. 4-8 Time-resolved SR-XRD (a) SAXS (b) WAXD patterns of 
the POP/PPO = 50/50 mixture in 50 % solution measured at a rate 
of cooling/heating of 2 C/min. Unit: nm. 
 

Te
m

p.
 (

C
)

co
ol

in
g

he
at

in
g

20

0
-10

-10

20

0

31 2

4.26

20

0

-10

-10

20

0

2517 20
2 (deg.)

0.43

0.38

0.46 0.44
0.40

0.42
0.39

0.37

(a) (b)

  



 

96 
 

Table 4-2 Values of Tc (ºC) taken during cooling rate of 2 ºC/min 

  

POP/PPO 90/10 80/20 70/30 60/40

50 % solution 4.7 ( POP) 1.5 ( POP) -4.7 ( POP) -9.0 ( ’C) -3.3 ( POP) -9.1 ( ’C)

20 % solution -2.2 ( POP) -3.6 ( POP) -6.0 ( ’C) -10.1 ( ’C) -9.1 ( ’C)

POP/PPO 40/60 30/70 20/80 10/90

50 % solution -1.8 ( ’C) -9.2 ( ’-2PPO) -0.4 ( ’C) -5.2 ( ’-2PPO) -0.3 ( ’C) -1.1 ( ’-2PPO) 6.1 ( ’-3PPO)

20 % solution -8.4 ( ’C) -4.1 ( ’C) -7.8 ( ’-3PPO) -3.6 ( ’-3PPO) 0.6 ( ’-3PPO)
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Fig. 4-9 Variation of Tm of c of POP/PPO=50/50, POP and ’PPO in 
diluted n-dodecane solutions.  
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Fig.4-10 Phase behavior of POP/PPO mixtures in n-dodecane solutions 
observed at different thermal treatments: (a) 50 % solution, (b) 20 % 
solution.  The values of Tm are represented by  for POP,  for C,  for 
’PPO ,  for ’C and  for POP.  
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20 % POP/PPO=50/50 C

20.6 POP 50 % C POP

POP POP Tm C Tm

POP 50 % POP 'PPO Tm 14.7 

13.6 C Tm 19.2 20.3 'PPO

C 50 %  

Table 4-1 POP 'PPO C Tm 36.5 35.2 31.2 50 %

POP C Tm 8 'PPO Tm 13 20 % POP

C Tm 11~14 'PPO Tm 21 

POP 50 % Tm 'PPO) Tm C)

n- POP C 'PPO Tm

'PPO

50 % Tm 'PPO) 22.6 Tm C) 23.1 

20 % Tm 'PPO) 14.7 Tm C) 20.6 'PPO C Tm

 

50 % 20 % POP/PPO MC 'C

Table 4-1, 2 'C

C C Fig. 4-7, 8 50 %

PPO '-2PPO '-3PPO '-2PPO '-3PPO

POP 50 % 20 %

POP PPO MC

2  

Table 4-1 C Tm 2 /min

50 % 1.3 20 % 5.2 POP
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PPO 20 % C Tm Tm

C XRD

n- XRD 'C C

Table 4-3 50 % 20 %

Table 4-1 n- XRD

MC POP PPO

n-  

n- POP PPO 2

POP PPO 3

POP/OPO

POP/OPO POP/PPO MC 2 POP

OPO PPO 3 Fig. 4-11 POP OPO 'PPO

3

POP OPO

MC C 2

POP OPO 2

MC  

POP/PPO C 1

Fig. 4-11 chair conformation  
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Table 4-3 The values of XRD short spacing and long spacing of ’C and 
C forms of POP/PPO = 50/50 in 20 % solution, 50 % solution including 

n-dodecane as a solvent, and neat liquid. Unit:nm. 

s: strong, m: medium, w: weak

  

POP/PPO = 50/50
Short-spacing values Long-spacing values

'C C 'C C

Neat liquid 0.43 (m), 0.39 (m) 0.46 (s), 0.40 (m), 0.38(w) 4.2 (s) 4.1 (s)

50 % solution 0.43 (m), 0.42 (m), 0.39 (m) 0.46 (s), 0.44 (w), 0.40 (w), 0.38 (w), 0.37 (w) 4.26 (s) 4.28 (s)

20 % solution 0.43 (m), 0.39 (m) 0.46 (s), 0.44 (w), 0.40 (w), 0.38 (w), 0.37 (w) 4.29 (s) 4.28 (s)
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Fig. 4-11 Structure models of stable forms of POP, OPO, ’ PPO and MC ( C) 
of POP/OPO and POP/PPO. Arrows mean sn-2 position of glycerol group. 
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2

5. 2. 1 

POP OPO 1:1 80 10

POP/OPO SE P-170, 

POS-135, O-170 1.0 %(w/w) MG MP 1.0 %(w/w) 80 10

1.0 %(w/w) POP/OPO

POP PPO .0 %(w/w) POP/PPO

 

POP/OPO POP/PPO n- 50 %(w/w)

50 %(w/w) TAG

P-170, POS-135, O-170, MP 1.0 %(w/w) 50 %(w/w)

P-170 MP 0.5 %, 1.0 %, 5.0 %(w/w)

50 %(w/w) SE MG P-170 

0.5 %(w/w) MP 0.5 %(w/w) 50 %(w/w)

60 5 %(w/w) %  

5. 2. 2 

POP/OPO POP/PPO MC Tc DSC

1.0 % 50 % Tc

 

80 50 % 60 5mg

- 9mg

 

DSC 80 10 10 
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50 2 /min 50 % 60 10

20 50 2 /min POP/OPO

0.5 /min 2 /min POP/PPO 0.1 /min, 0.5 /min, 2 /min

DSC Tc DSC

Tm 2

Tc Tm 0.1 1.0 2 

 

X XRD 80 50 %
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DSC 5 X  

MC

80 50 %

60 0.1 /min, 0.5 /min, 2 /min 0 50 %
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5. 3. 1 POP/OPO
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Fig. 5-1 1.0 % POP/OPO 50 %

DSC MC C 1

XRD Table 5-1

Tc, 0.5 /min Tc

11.9 P-170 POS-135 O-170 Tc 7.3 

3.5 9.0 MP 20.4 Tc Tc  
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Fig. 5-1 DSC cooling thermograms of MC(POP/OPO) mixtures added 1 % 
different types of emulsifiers in (A) neat liquid and (B) 50 % solution with cooling 
rate of (a) 0.5 ºC /min and (b) 2 ºC /min. 
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Cooling rate
(ºC/min)

Neat liquid 50 % solution Neat liquid 50 % solution

0.5 2 0.5 2 0.5 2 0.5 2

Tc Tc Tc Tc Tm Tm Tm Tm 

No additives 11.9 3.8 3.0 0.7 28.5 28.5 16.1 13.7

P-170 1 % 7.3 5.5 -1.2 -3.3 26.9 27.2 11.7 12.9

POS-135 1 % 3.5 2.3 -1.6 -6.9 27.3 27.6 11.4 14.3

O-170 1 % 9.0 3.7 2.7 0.2 29.0 28.5 12.8 12.8

MP 1% 20.4 15.0 10.7 8.7 28.2 28.2 11.7 12.5

 

 

 

 

 

Table 5-1 Crystallization temperature (Tc, ºC) and melting temperature (Tm, ºC) 
of MC of POP/OPO observed by DSC measurements. 
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Tc MP 15.0 Tc 50 %

0.5 /min 2 /min P-170 POS-135 Tc MP Tc

O-170 Tc  

SE MP

P-170 - POS-135

O-170

MP P-170

POS-135 0.5 

/min 2 /min SE

SE
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50 % n- TAG

Table 5-1 Tm, 50 % 0.5 /min

4 Tm DSC
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Fig. 5-2 DSC heating thermograms at the rate of 2 C /min for MC(POP/OPO) 
mixtures added 1 % different types of emulsifiers in 50 % solution after 
crystallization at cooling rate of 0.5 C /min. 
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5. 3. 2 POP/PPO

/

1.0 % POP/PPO 50 %

DSC Fig. 5-3 Tc Table 5-2 2 /min

0.5 /min MP Tc

7.5 SE

0.1 /min

SE DSC P-170

MP

Tc 19.6 P-170 POS-135 O-170

14.0 13.9 19.8 P-170, POS-135 Tc

MP 23.3 Tc  

50 % 0.5 /min P-170 POS-135 Tc
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2 /min MP

Tc SE Tc  
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Fig. 5-3 DSC cooling thermograms of MC(POP/PPO) mixtures added 1 % 
different types of emulsifiers in (A) neat liquid and (B) 50 % solution at different 
cooling rate. 
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Fig. 5-4 DSC heating thermograms at the rate of 2 ºC/min of MC(POP/PPO) 
mixtures added 1 % different types of emulsifiers in (A) neat liquid and (B) 50 % 
solution after crystallization at cooling rate of 0.1 C /min and 0.5 C /min. 
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Cooling rate
(ºC/min)

Neat liquid 50 % solution

0.1 0.5 2 0.5 2

Tc Tc Tc Tc Tc 

No additives 19.6 13.6 13.2 7.2 -1.7

P-170 1 % 14.0 13.6 13.5 2.2 -1.6

POS-135 1 % 13.9 13.8 13.6 -0.8 -0.6

O-170 1 % 19.8 13.3 12.5 7.7 -2.1

MP 1% 23.3 21.1 13.8 11.8 8.3

Cooling rate
(ºC/min)

Neat liquid 50 % solution

0.1 0.5 2 0.5 2

Tm 

peak1 

Tm 

peak2

Tm 

peak1 

Tm 

peak2

Tm 

peak1 

Tm 

peak2
Tm Tm 

No additives - 25.5 14.7 25.7 14.2 26.0 13.6 11.7

P-170 1 % - 25.7 14.5 25.2 14.8 25.7 11.8 11.7

POS-135 1 % 15.1 25.4 14.7 25.7 14.5 25.7 12.2 12.3

O-170 1 % - 25.2 14.5 25.7 14.1 25.8 11.2 12.1

MP 1% - 24.4 - 24.9 14.5 25.6 12.3 12.7

 

 

 

Table 5-2 Crystallization temperature (Tc, ºC) and melting temperature (Tm, ºC) 
of MC of POP/PPO observed by DSC. 
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DSC Fig. 5-4(A) 26

POS-135

15 15 1

26 2 Fig. 5-4(A) Table 5-2

Tm 1, 2 POP/PPO MC ’ Tm XRD

POS-135 MC

2

Tm POS-135 1 Tm

0.5 /min 1 Tm 0.5 /min

2 /min 1.0 % POP/PPO 50 %

DSC Fig. 5-4(B) 1

Tm  

5. 3. 3

P-170 MP 50 % 0.5 /min

2 /min DSC DSC Tc Fig. 5-5

POP/OPO MC 0.5 /min 2 /min 1.0 %

P-170 Tc MP Tc 5.0 %

1.0 %  

POP/OPO POP/PPO 50 % 0.5 /min P-170

MP P-170

MP 0.05 % 1.0 % 5.0 % Tc

2 /min MP 1.0 %, 5.0 % Tc

P-170 POP/OPO  
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Fig. 5-5 Tc of MC mixtures with different concentration of P-170 and MP in 
50 % solution cooling by (a) 0.5 ºC/min and (b) 2 ºC/min. The values of Tc are 
represented by  for no additives,  for P-170 and for MP. 
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POP/PPO /  

5. 3. 4

MC XRD

POP/OPO 50 % 0.5 /min

XRD Fig. 5-6 POP/OPO

MC SAXD 2 003

1.4 nm WAXD T// 0.46 nm 0.39 nm 

POP OPO 3 MC

2 2 50 % SAXD

1.4 nm WAXD 0.46 nm 0.38 nm 2 
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nm(003 ) 0.42 nm, 0.39 nm ’ MC
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0.43 nm, 0.39 nm 2 ’ 2 

/min 50 % 0.5 /min

XRD Fig. 5-7(B) 0.5 /min  
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Fig. 5-6 XRD patterns of MC(POP/OPO) crystals in (A) neat liquid and (B) 50 % 
solution at the cooling rate of 0.5 ºC/min, measured at 5 ºC. Unit : nm. 
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Fig. 5-7 XRD patterns of MC(POP/PPO) crystals in (A) neat liquid at the cooling 
rate of 0.1 ºC/min and (B) 50 % solution at the cooling rate of 0.5 ºC/min, 
measured at 5 ºC. Unit : nm. 
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MC 1.4 nm(003 ), 0.46 nm, 0.37 nm

2 /min MC  

MC  

POP/OPO POP/PPO 50 %

 

 

5. 3. 5

MC DSC

MC 50 % 0.5 /min

POP/OPO MC 10 Fig. 5-8

110 230 m P-170 POS-135

10 m SE MC

MP 130 220 m 2 /min

30 100 m

P-170 POS-135 10 40 m MP 40
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30 200 m P-170 POS-135

MP

 

2 /min POP/PPO 50 % 10 Fig. 5-9

50 160 m MC

P-170 POS-135 10 m MP
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Fig. 5-8 Morphology of MC(POP/OPO) crystals in 50 % solution at the 
cooling rate of 0.5 ºC/min, obtained at -10 ºC. 
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Fig. 5-9 Morphology of MC(POP/PPO) crystals in 50 % solution at the 
cooling rate of 2 ºC/min, obtained at -10 ºC. 
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5. 3. 6

P-170 MP 0.5 % 1 % POP/OPO 50 %

P-170 MP 2 /min DSC Fig. 

5-10(a) Fig. 5-1 Tc 0.7 P-170 MP

Tc 3.3 8.7 P-170 MP

Tc 7.2 MP MC Tc 6.5 

POP/OPO 50 %

Fig. 5-10(b) 2 /min 10 

30 100 m P-170 MP 20 m

Fig. 5-8 P-170 10 m

MP 40 160 m P-170

0.5 /min POP/OPO

50 % 0.5 /min 2 /min POP/PPO 50 %

Tc MC Table 5-3

Tc 0.5 /min POP/OPO 30

100 m 1 1 10 m

POP/PPO 10 m  

P-170 MP SE MP

MC  
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Fig. 5-10 (a) DSC cooling thermograms and (b) morphology of MC(POP/OPO) 
added P-170+MP in 50 % solution at the cooling rate of 2 ºC/min. Figures (b) 
were obtained at -10 ºC 
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Cooling
rate

(ºC/min)

MC of POP/OPO MC of POP/PPO

No
additives

P-170+MP 
1 % (50:50)

No
additives

P-170+MP 
1 % (50:50)

Tc 

0.5

3.0 10.2 7.2 9.5

Sizes 110-230 m 30-100 m 70-170 m < 10 m

Morphology Spherulites Needle-like Spherulites Minimized

Tc 

2

0.7 7.2 -1.7 6.0

Sizes 30-100 m < 20 m 50-160 m < 10 m

Morphology Spherulites Minimized Spherulites Minimized

 

 

 

 

 

 

  

Table 5-3 Crystallization temperature (Tc, ºC), crystal size and morphology of MC 
added P-170+MP in 50 % solution at the cooling rate of 0.5 ºC/min and 2 ºC/min. 

 

 

 

 

 

 

 

 

 

Tc measured by DSC. 
Crystal size and morphology measured at -10 ºC by Polarized Optical Microscopy. 
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Fig. 5-11 Tc of MC mixtures with 1 % of emulsifiers in (A) neat liquid and (B) 
50 % solution obtained by DSC.  
The values of Tc are represented by for cooling rate of 0.1 ºC/min,  for cooling 
rate of 0.5ºC/min and  for cooling rate of 2 ºC/min. 
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Cooling rate 

Neat liquid 50 % solution

0.5 ºC/min 2 ºC/min 0.5 ºC/min 2 ºC/min

P-170 1 % Retard -a Retard Retard

POS-135 1 % Retard - Retard Retard

O-170 1 % Retard - - -

MP 1 % Promote Promote Promote Promote

Cooling rate 

Neat liquid 50 % solution

0.1 ºC/min 0.5 ºC/min 2 ºC/min 0.5 ºC/min 2 ºC/min

P-170 1 % Retard - -a Retard -

POS-135 1 % Retard - - Retard -

O-170 1 % - - - - -

MP 1 % Promote Promote - Promote Promote

 

 

 

Table 5-4 Effects of emulsifiers on the non-thermal crystallization of MC of (a) 
POP/OPO and (b) POP/PPO observed by DSC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Hyphen means no effective. 

a Hyphen means no effective. 
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(a) POP/OPO 
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Fig. 5-12 Molecular models of emulsifier behavior effects on nucleation of MC crystals.  
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