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Figure 1-1. Function of fats and oils in various physical states *.
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© (E)

Cooling \ / Crystal growth \ / Coalescence
D) ‘

Crystallization Melting

Figure 1-2. Mechanism of coalescence in O/W emulsions affected by the fat
crystallization. (A) When O/W emulsion system is cooled, (B) fat crystals start to form.
(C) Fat crystals grow larger, which protrude into the continuous water phase and bridge
between adjacent fat droplets. (D) As the bridging crystals melt, (E) coalescence occurs

from the bridging point .



1.2 WIBDRE ML BT SR F

AR O#E I 2 < OFERIC K- TELE LTS 49, EF AR ORG b 7 m & 2
EEZ DL MIROMRIIE, FEREEER L EREEE VD 2 DB LAL D, f
FEZIE A CIE, IRIRIRRE D IAR AN HIMR BRI IE L7t 1, iE S F ARG LTy 7 A
B — EMEN DGR ETERT D, 207 T A% =3 B & F - IR T 2 DI
WEIR TR NFX— 5 BT 5 & i~ LT 5 (Figure 1-3), W\ o 7o ARG AL DS
RS D &, fEdOREITIAE D F23 A8 L TR L T Rl DB 5,
— BB HERREVEEREROBEE N b, BIEHTIX, L5517 v ¥ 7
FA NDBIEANAERIE LBV DELCLBRN AN, ZHUTIEZ vx v 74 A L
(ZE F D SRR RS DRSS EZTE RS IR B L T D O RIS, @mHIE A
INEWRHIZIZAE R ENEAL L A2 D, LIz > T, HIEZ A L 0 P IRV R E
THAIL RN OS2 & BRSSO Z I A, Bifidh e RE SRR S
HZEWTEDY

HAERE S D X 7 v 2 IR 2B, WIS+ 1> 1 OB S | AR O St
(CRE 7252 52 5, MRS, 20 FRCAID B 72 D EEOHE N FE L. 2
RS LTINS 28, P77 U kr—L (TAG) Tiol, BA, plithzk
22 TH D, ZHHITHEWIC TAG OISR ER OBCHIRE AN E 22 0 | Figure 1-4

(SR & DT TR B R E T SR E | P  RL A AT ORI & & D

=14

fham OZEME TS, B, BROIAICKE <2V | > CRILARIZZDIETHE L 725,
Wa& A B OFE - fEd b - B~ ORMRZEE) 72 813, 2 OREZIIC L - Tl < 5%
INd, BlziE, B BITREMEICENLZRER L RV T WD, v — T ) AT b
v R EICHWLNS & fEEEORWBENT, T3 a2 b— MIRER ORI &
WY b LB EFEBTELLETh D >, REELIETH Do, fEamIEEM T

B THLNHUT, 2—T 4 AR TV DY, 2o X 5 ICHlEE A I



74 N
Molecules Cluster Nucleation Crystal growth

Figure 1-3. Schematic model of fat crystallization. From molecules to nucleation and

crystal growth *
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Figure 1-4. Schematic diagram of crystal structures found in TAG polymorphs. (a)
Schematic of the three common subcells (a-, B’-, and B-forms). (b) Sketch of the
vertical packing of TAG molecules in full extended two 2L (a-form) and in tilted 2L
(B’- and B-forms). (c¢) Schematic 3D representation of a TAG crystallite showing the

different lamellas packed together and the crystallite thickness dimension *
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Figure 1-5. Structure hierarchy and multi-step crystallization of TAG. 1) Formation
of stable crystal nuclei; 2) Assembly into lamellae; 3) Association of lamellae to form
crystal nanoplatelets (CNP); 4) Aggregation of CNP; 5) Formation of CNP stacks; 6)
Random assembly of CNP stacks into crystallites; 7) Aggregation of crystallites into
crystals; 8) Formation of 3D crystal network '”.
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Table 1-1. Summary of the effects of additives on fat crystallization

4

Process Mechanism Effect
Thermodynamics Melting point Increase Promotion
Decrease Retardation
Solubility Increase Retardation
Decrease Promotion
Crystallization . Disturbin :
ystatiizall Nucleation (STUIDING Retardation
kinetics Clusters
Template Promotion
Creati .
Crystal growth reating Promotion
Steps
Blocki :
OcKIng Retardation
Absorption
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Creating new step
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Fat ?{ Additive

Figure 1-6. Schematic diagram of the effects of additives on crystal growth of fat.
When additives block the absorption of fat molecules at kink site, crystal growth rate is

retarded. When additives create new steps, crystal growth is accelerated *
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Figure 1-7. Schematic diagram of the effects of additives on crystal nucleation.
Additives can prevent clusters of fats from forming crystal nuclei (declustering; left
panel) or promote the nucleation by template effects (right panel), or act as a “template”

to promote nucleation (templating: right panel) *.
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Table 1-2. Contents of Acylglycarols in Edible Oils 5
(ND, not determined; <DL, below detectable limit)

TAG DAG MAG Others
(g/100 g)
Soybean 97.9 1.0 0.0 1.1
Palm 93.1 5.8 <DL 1.1
Cottonseed 87.0 9.5 0.2 33
Corn 95.8 2.8 <DL 1.4
Safflower 96.0 2.1 <DL 1.9
Olive 933 5.5 0.2 2.3
Rapeseed 96.8 0.8 <DL ND
Canola 97.1 2.9 <DL ND
Sesame 95.2 4.1 0.6 ND
Rice 92.4 7.6 <DL ND
Grapeseed 94.2 5.8 <DL ND
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TAGs Fatty acids + Glycerol
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enzyme reaction
(1,3-selective lipases)
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Figure 1-9. Example of industrial production processes for concentrated DAG-oil.
In these processes, TAGs are hydrolyzed into fatty acids and glycerol. Then, they are
resynthesized into 1,3-DAGs with 1,3-selective lipase. Some of 1,3-DAGs are
rearranged into 1,2-DAGs during refining processes. Thermal equilibrium ratio of
1,2-DAGs and 1,3-DAGs is about 1:2.
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(TRERMEIZ BN TS TAG & TS 72 DR a2 R Y, 2L TAG Ofs i IE A
BEXRE N IF RO 74 A= a yERTOICH L, DAG OfEfEEN &
IRESBARDZ LICHEKT S,

Figure 1-10 [Z 1- A7 T 02 A V2 A LA A N7 Y r—/1(1,2-S0) 1-AT T 1 A JL-3-
FrFAnr Ve —n (1,3-S0) BELW® 12-279L b V7 U —/L (1,2-PP)
OftmEEZ T, 1,3-DAG IS TNt E THO. V 7o a7
A—va k& D, 1,3-DAG TiE, 2 OBEHRR A& CHICEET 24 LA A VHOT
VI E ORNTKER A DB . —F7 T, 1,2-DAG IZNEIAEEIE R U IS E KD~
TELRDar T A—varkbd, 20X REREEOEWVICER LT, oK
FEONEMBRIZB N TS, EOMBEIIZB VTS, 1,2-DAG LV % 1,3-DAG O T
Al E Y (Figure 1-11)

DAG DO MEIZ DWW TIE, iy <IX Lutton 523, H—EliEED 572 5 1,3-DAG DOif i
IOV CREICAAT LT D % 2T 1990 4RI A Y . Small 5 2NEEEE D
1,3-DAG 3 L UV 1,2-DAG DOif PEIZ DUV TRRGEE L 72 ©%, F 7204 Tld, Craven H 73 2
oIRGB D DAG OfEEALZEENC OV TR RIS R 2 @i L Tnd *9, Zo
L2, 1 O RB L2 iR D DAG OfE ALZEENIZ < ORMF T T 5D,
— 7T, LRERNTAEES LD L5720 DAG OBFEFIFIRG LTV S

1-1 #i Tk~ 72 L 9 AR OGRS O M EICK E < BT 2K+ Th 5, DAG
T XTHAND IS BRRIKIE UTERT 258 121%, 1,3-DAG D &V s
BT ORIK & 725, —F5 T, DAG Z[EKRE LTHIAT DBITIE. TAG & DRt

DFEVPHT 2R A AT ATREME A O T D, L7eA > T, DAG DFE¥ I
DOFMMEZEZ S BIZED D T2DIZIE, TAG &35 72D DAG OFEEIEIZ DN T & 6 2B

RO R E 3 b e — T D EIR OSSR O HbTV D
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cl2

Figure 1-10 Molecular packing of DAG crystals. The structure of (a) 1,3-SO, (b)
1,2-PP and (c) 1,2-SO. 1,3-DAGs form a V-shaped structure with the two chains
extending in opposite directions. In contrast, 1,2-DAGs form a hairpin-shaped

conformation *.
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(a) 1,3-DAG (b) 1,2-DAG
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Figure 1-11. Melting points of DAG consisting of saturated fatty acids in various
polymorphisms. Melting points of (a) 1,3-DAG and (b) 1,2-DAG. 1,3-DAG has higher
melting points than the 1,2-DAG with the same fatty acid. In 1,2-DAGs, the racemic

mixture (RS) has lower melting points than stereoselective one (R) *.
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ERNLT D2 EICH D, AFFRTIX, 7 v F o 7 A A N7 Eiliki E L TR % &5
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DOFEAEIEIZ DWW TEEICAET LT\ 5 7, Larsson DIIHiEE % &1 DAG &AW T,
1,3-DAG OiffipatEiE X, EEBENZNEnmbE TR V F o a7 4 A—
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ICBERDLINTEL O a Ly T A—varkt bl 2 RHLTWS (Figure 1-8),
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22 FEBRFGIE
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R YA RS OFTE T IR R L, RN 21572, = O 3EFENRNNE
E7 VR 13 ALEREE EL Y 2X—F (Lipozyme RM IM, Novozymes, Danmark)
THE FIZ T AT MEEOGR S ¥ T2, SONRIZEE - T2 EBENENIEE & MAG 1320812 T
WD b JBE TICTARME 21T o7z, 2 9 LT B 172 DAG-oil I3, DAG % # 80 %
LU b /K538 200 ppm LL R D 1 D T o 72, DAG-oil D FEAN 72 LA % Table 2-1 12787,

GC HHTcHed B9 > 7, FEBLAIE (2 U LAl TH, BIRLERASAD)
IZThRUAFAT YL LTz, BE—7 OEMED O OFEMIZLL T O FIEIC TR Lz,
0.25 mM DENIEE (A) LEREDOHOENNE (B) Z 025mM O 7 Ut U & & HiZ 5mL
D~F Y EEA L7z, Lipozyme RM IM (Novozymes) f#(E [ C 3 RfE] St S 7.
7r )P (R T RS 2FE LD 7 LA THEIL, G D DAG %
STELTe, BETAF VARSI, 180°CT 1 FEEINZA L C DAG DRk %
WAL L7z, 29 LT 1,2-AA, 1,3-AA, 1,2-AB. 1,3-AB, 1,2-BB XU 1,3-BB @ 6
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Table 2-1. Chemical compositions of DAG-oil '

Glyceride composition (wWt%)

TAG 14.1
DAG 85.0
(1,2-DAG) (28.9)
(1,3-DAG) (56.1)
Monoacylglycerol 0.8
Free fatty acid <0.1

Fatty acid composition (wt%)

C16:0 4.0
C18:0 1.9
C18:1 60.6
C18:2 19.9
C18:3 11.1
C20:0 0.7
C20:1 0.9
Others 0.9
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P TR A 2 Wiz,
DAG 0 2 4y RIAFEBOSHITIE, 13-2790 IF 2 (99 %, Sigma-Aldrich, US) | 1-
7SIV F3-F LA (rac 98 %+, Larodan Fine Chemicals, Sweden) 38 X TN 1,3-2 A4 L A

> (99 %, Sigma-Aldrich) % H 7z,

2.2.2 DSC & OMR LB ESIE

DSC OHIE X, Mettler DSC-820 (Mettler Toledo, Switzerland) % iV C{T->72, 10+ 0.1
mg O DAG-0il Z 7V =7 LABLDY L TN/ ST L, 22D TR Tt R
LTCEEN—VTFTHEEI T T2, 7T 60°C T 10 oMMEVL 72, 0.2 °C/min
T-20°C ETHAIL, fdfbOREIE —27 ZBIE LT,

RICHMETBIZUE, CCD B A F (DP72, AV 32 fat) BIORE=Y br
—Z— (10002L, Linkam Scientific Instruments Ltd., U.K.).DfF 7= @ SCBER ST (BX50, 4
Vo agAStt) 2V, A7 =Y EOY T % DSC LFE CERETHEAILZRR S

BEEITo T,

223 HRI/u~ 757 4— (GC)

GC T XLV DAG Oy FFHT 21T o712, #1110 mg DY T Na T AL T L
D, YU MEHI TH (BB EAE) TR Y AF AT U b Lizth, KE~FH
YT L, AT UEE GC Ik L7z, GC 3@ ITKFERA A bR &R Oz GC
v A7 I (Agilent 6890 series, Agilent Technologies, US) %, % + &5 U — 741 7 A% CP-TAP
CB for Triglycerides (Varian Inc., US) ZHW\/=, X U T HRAFIA~NY T AL L, HAE
Il mL/min & U7z, {EAZROIREL 345 °C, &R OIRAEIL 350°C & LTc, BT LA —
7 OIRFETX 220 °C T 12 43 IREF L7214 1 °C/min O F-R#E T 305 °C £ T LA S H,

305°C T 15 /MEE. 512 10°C/min DFIEFEE T354°C E T EA S, £v—
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Fhidat  TATEL T O X S IR 5 2 & Tz, R 26.5 mm DA T ANA T )L
(SV-50, HEFMLMFHERSH) 1230 £ 0.1 g D DAG-oil # AT 3°C THEIL 72,
WAEBAAR G 15 73, 1 KEEL 3 FEfEL 6 RFfF LU0 24 RFE ORI THT N L2 i & A
WX 0 ER Uz, BRI 50 mL Ok E 2 wi% R EiEMEAIKAER (sodium
di(2-ethylhexyl) sulfosuccinate) TAZHAZ 5 [EIFDPEH L, KA D BrRz, B 50

727N E B O FIEICT GCIZ LD &21T- 7=,

2.2.4 2 RSy RIEEE

DAG @ 2 53 A DOFHZEENZ OV TIE, DSC & X #Ial4F (XRD) ([ THMT 21T - 72,
DSC T, 13-4 LA (1,3-00) & 129V F3-F A2 (1,3-PO) DRA

(1,3-00/1,3-PO) {22V T, 60°C 225 0°C ~~, il T 0°C 75 60°C ~~, 2 °C/min D&
ETRELZZLEE, ZOMOY—E 77 A28 LT, R, 1,3-00 & 1,3-0 391
2 F > (1,3-PP) OEAY (1,3-00/1,3-PP) (2 TiE, 80°C 225 0°C ORIT, 1,3-PO
& 1,3-PP DIEEY (1,3-PO/1,3-PP) (22U Tid 80°C 75 20°C O CiREZE b s+
BN BWEEITo Tz, KM T 2BEORE Y — 7 BWEURIRELZR#LA L L, X%
ERR L 7=,

XRD Cid#{E & LT X Pert powder diffractometer (PANalytical, Netherlands) % f>,
CuKoft (A=0.15418 nm), & EM 45 kV, EFEE 40 mA, A7 v 7 0.03°, FEEIEH
1.5 ORI TRIE Z1T o 72, JIE TITH > 7% 80°C 225 0°C -~ 2 °C/min D
THEZ 2L EE, #F 10, 30, 50 B LTU80°C DORFA T30 EREZ AR L, £

LCIEEZHEFELTWARO XRD N2 — 2 Z sk LT,
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2.3 MREBE

2.3.1  DSC B X UMRELEEMEEIZ & 5 DAG DOfERILEB) DB

Figure 2-1(Z 0.2 °C/min O BRI 2 TH > F 2B EI L1-ER 0 DSC Ot B4 7~7,
DAG-oil [ZMEISND &, FT/hSREAL—2 (AH=2.1J/g, ¥—7RE 48°C) 28
B, eV TRE R —2 (AH=3021T/g, B— 7R -32°C) NEEINT-,
B — 7 OHEEIEN 15 FOERH Y, ZUIEFOE—27 TEY ZL OFEBPHTH LT
ZEERIRLTND,

Figure 2-2 |2 DSC &[] URRIRIEE TWmEI L 72 BRI2, AT L 7of f O Wt B 5 51 %
RY, 6 °C T OIEEIZIHBNT, 5~20 um DY A RO/ Sk Bl sz
(Figure 2-2a) , iREE2Y 0°C LLFIZ72 5 & | $PIRFE AR 2 & BliuiZ U (Figure 2-2b) |
3~-4°CIT7 b L I BICRRDIEREE S > oMW L 72 (Figure 2-2¢) . Z41 5 DSC
B X OMRSEBEMSEE 22 O R 1L, DAG-oil OFERGICITEE DO AT — O BN FIHET D &
ZRE LT 5, Figure 2-1 TR L7 DSC O/NE 7388 — 713, 6 °C (i TR X
LT fteh (Figure 2-2a) OfEf b E xS L, RE R — 7 X2 ORICBE I N E

RRDFE 72 D fEaL (Figure 2-2b,c) DOfEf bIZHIGT 5 & B2 b b,

232 GCIZ X 2 LT DT

Figure 2-3 |Z#& i LR DAG-oil (Figure 2-3A) & . 3°C T 1543t (Figure 2-3B) £
F OV 24 FF 1% (Figure 2-3C) (ZHTHE L72REdD GC 7 v~ 7T A&oRd, fban bl
® DAG-0il {IZBW T, EHERTIIT A LA > (00) 21X U &3 5 A fafnfgfiis > DAG
ThbH, 15 HBICEIR LzfEMS TR, 1,3-U2390F > (1,3-PP), 1230 FU3-A7
7V (1,3-PS), 13-A77 Vv (1,3-SS) 7o &, faffsihifgs67% 1,3-DAG, B
LT 12V F o341 A2 (1,3-PO), 1-AT T VU 3-4 1A (1,3-S0) 73 EHFn

NE il & REFnENGEED & 72 5 1,3-DAG DIRVVE — 7 MBIZE ST, 24 BERI#% 2 AN
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Figure 2-1. DSC analysis of crystallization behaviors of DAG-oil. The
thermogram of DAG-oil was obtained by cooling at a rate of 0.2 °C /min from 60 to
-20°C".
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100um

100um

Figure 2-2. Optical micrographs taken at different crystallization stages of
DAG-oil. DAG-oil was cooled on the stage at the same rate as DSC (0.2 °C /min).
The images are at (A) 20 °C, (B) 6 °C, (C) 2 °C, (D) -2.5 °C, (E) -20 °C. Small
crystals appeared first (circle a), followed by the emergence of crystals of two

different morphologies (circle b and c¢) °.
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Figure 2-3. Gas chromatography chromatogram of DAG-oil and its crystal
fractions separated after crystallization for different periods at 3 °C . (A)
DAGe-oil (Control). (B) Crystal fractions at 3 °C for 15 min. (C) Crystal fractions at
3°Cfor24h ",
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L 7ot ClE 1,3-00 OV E — 27 RIS, 2 Ofto v — 27 ORI AICE £
-7,

Table 2-2 33 J.UF Table 2-3 (& GC DERERE R A9, 1,3-DAG DAHX &' — 7 HffIE
fhh 2 [E T DRI L o TRESEMLLIZDIZx L (Table 2-2), 1,2-DAG IZBIL T
FNFE & A EBAED 72> T2 (Table 2-3), Ziuid, 3°C ThHEEMET DR DIZE A LN
13 K THDHZ &R LTWD, MR L DT BATHRIC L, — RIS
1,3-DAG (Z[FE—AEMEEHERL D 1,2-DAG £V bEaAEm <, b Loodne siTn
% 6122020 2D 13K E 12 KDENE, BELLIIRERO T T F A= 5 U DEND
(ZERT D, 1,3-DAG 1% 2 ADOEiMeE % 872 27 ~RS 72 V FRIOEEZ & 250
[Zxt L. 1,2-DAG 1% 2 ROREMFE R U NS Oe~T B o BoRgE % & %5 (Figure
1-8), 1,3-DAG Oftidti&ix, o rRELENEET 2L LMWy rHIEZ 52
EINTED, AWFRORRIT, SEIERDGFHENES >T2IRAEFRD DAG F1TH - T
b, M EFECE DI I3 ERDOTRHFH L2 DLT NI L2 BN LT,

Figure 2-4 |23 DD X A 7' 1,3-DAG OFHxXf & — 7 HfE ORI ZE(L A2 7T, 1,3-PP X°
1,3-PS 7 CEAFAENIEE 2 KD 6725 1,3-DAG, 35 LUV 1,3-PO X° 1,3-S0 72 L fafnfiziiie
& AREAFIIENAEE D B 72 5 1,3-DAG IZBI L Tid, FEsa b O OB M (~15 min) TH
ELTHHLTWD, Zah mBlus iy OfGdhIE, fiksd & L TZ Oftpss Oft itz
FlEE T AREMEN B D, WHIBIME D 1~3 FE OFEA T, 1,3-PO <° 1,3-SO OFf*F 7
— 7 HfEIIR bEVMEE oo, WEIBLGD 6 R A mE 5 & 1,3-00 OB — 7 if

HOWMABIZE S iz, DSC (Figure 2-1) R CBEMEIBIE OFE R (Figure 2-2) & &
DETERX D L DAG-oil DffbZEENL, £ FEFNENIEE 2 & T 1,3-DAG 23fsdnfb L.

HEWTEER S TH D 1,3-00 D&t T 2B boThs EEZ LD,
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Table 2-2. Relative peak areas (% total area) of 1,2-DAG components of crystal fraction

1,2-DAG peak area (% total area)

1,2-disaturated 1,2-saturated-unsaturated 1,2-diunsaturated

1,2-PP 1,2-PS 1,2-SS 1,2-PO 1,2-SO 1,2-PL  1,2-PLn 1,2-00 1,2-LL
Control <0.1 <0.1 N.D. 2.0 0.7 0.4 N.D. 124 0.8
15 min <0.1 0.2 0.2 0.4 0.2 N.D. N.D. 2.3 0.2
lh <0.1 0.1 0.1 0.7 0.4 N.D. N.D. 24 0.2
3h <0.1 <0.1 <0.1 0.8 0.4 N.D. N.D. 2.5 0.1
6h <0.1 <0.1 N.D. 0.6 0.3 N.D. N.D. 3.6 0.5
24h <0.1 <0.1 N.D. 0.4 0.2 N.D. N.D. 2.1 0.1

Table 2-3. Relative peak areas (% total area) of 1,3-DAG components of crystal fraction

1,3-DAG peak area (% total area)

1,3-disaturated 1,3-saturated-unsaturated 1,3-diunsaturated
13-PP 13-PS  13-SS 13-PO 1380  13-PL  13-PLn 13-00  13-LL
Control 0.1 0.2 N.D. 3.78 0.93 1.14 0.51 23.39 2.69
15 min 7.6 8.7 54 18.22 14.74 278 1.19 7.20 0.41
lh 3.8 3.6 22 23.75 17.22 3.34 1.40 8.24 0.74
3h 2.8 2.6 1.6 24.82 15.81 3.21 1.23 13.98 0.72
6h 0.9 0.8 1.0 10.60 7.18 1.36 0.58 42.17 1.05
24h 0.3 0.4 0.2 9.79 548 0.99 0.38 53.48 0.69

41



60.0 7.0

50.0 1

—@— 1,3-disaturated DAG

40.0 r (1,3-PP + 1,3-PS + 1,3-SS)

300 | —A— 1,3-saturated-unsaturated DAG
: (1,3-PO + 1,3-S0)
—} 1,3-diunsaturated DAG
(1,3-00)

20.0 -

10.0

Relative peak areas (% total area)
(80¢ / 8) suonoriy [BISAID JO PIAIA

Figure 2-4. The changes of relative peak areas of 1, 3-DAGs. Relative peak areas (%
total area) of 1,3-disaturated DAGs ( @ ), 1,3-saturated-unsaturated ( A ), and
1,3-diunsaturated DAGs ( [@ ) were plotted over time '°.
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233 2HEAFRTO 1,3-DAG DRHZEH—DSC I X B EHT

2 MR ESR TOMBENL, 2R DOEEREZHEMT L ETHETHY . TAG T
% < DIFFEN 72 STV D 2226, —J5C DAG OIRARAHZEENCE L T3 a7,
UT4E, Craven & S EHIEIRE 2 & Te 1,3-DAG OABEE 2 A L T\ 5 2 1314 1,3-PP,
1,3-PO % 1,3-00 72 &', DAG-0il (275 £ 5 REHILTIZ OV TIIRZEHE N e ST
W, E T, 2.8.1 HB LW 2.3.2 HOBE S B ik b Eic v T
DICER 2D 572912, 1,3-PP, 1,3-PO, 1,3-00 ® 2 IR EGRIZDOWT, fHZEH)
DEEAR IR FRAT 24T > 72,

Figure 2-5 1% 1,3-00 & 1,3-PO ORAMITHOWVT, 2 °C/min THIRR L OVFIR S+
72lfD DSC —F 7 7 Lzm LTV 5, #lif72 1,3-00 BXL WY 1,3-PO X, £ £h
252°C & 2.7 °CITRfRE — 7 DBE ST, 2 T IRAR TR 2 DO — 27 38l
24, 1,3-PO DIREEMMRVME &L @A O v — 27 MEELSR O B — 27 [ZUE-Dn T
-7z (Figure 2-5B),

1,3-00 & 1,3-PP DIEAEFHRB LV 1,3-PO & 1,3-PP DIRAR T H RO ERZITV, fl
e — 7 OIREE 71y b5 Z & THERIZER L2 (Figure 2-6) , T X TOFHX X,

2 OO MBI 2 ZHEE LT 5 FEFHBEEORE S L RS oMmE 2R LT,
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Figure 2-5. DSC thermograms of 1, 3-PO/1,3-O0 mixtures. The exotherm (A)
and endotherm (B) were obtained by cooling and heating 1, 3-PO/1,3-O0 mixtures

at a rate of 2 °C /min '°.
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Figure 2-6. Melting points of the mixtures of 1, 3-DAGs. The diagrams were
constructed by plotting the melting points of 1, 3-O0/1,3-PO (A), 1, 3-PP/1,3-PP,

(B) and 1, 3-PO/1,3-PP (C) mixtures. @ for 1, 3-O0, A for 1, 3-PO, and B for
1,3-PP ",
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234 2 BBEARTO 1,3-DAG DAEZEEI—XRD (2 X B fF#HT

KIZ, 1,3-DAG @ XRD /3% — DN T a4T> 72 (Figure 2-7A-C), 1,3-00 @
XRD /3% — 1%, 0.47 nm, 0.38 nm, 0.36 nm O & & EIFRIZH Y 32 5RO EIPT e — 27 23
BESh, 2T 1,3-00 DFERZTENBE THH Z L 2R LTV D Y 1,3-PP [T 0.46 nm,
0.39 nm, 0.37 nm OEHMBICHY T MO EHTE—27 BRI, ZAbpETho
7= 72 Padley 1%, 1,3-PP DFEHZHICHOWT 2 FEEOBE (Bi. B) ZRELTND
28 P XRD /R% — B AREBR TORBIIPACKIGT D b0 L bbb, 1,3-PO IO
TI% 047 nm & 0.38 nm (ZHEEGAYIE D TRV EHT ©— 27 MBIEE S LTz,

SBIRA D 2 R D XRD 784 — % Figure 2-7D-F (2773, 10 °C T XRD /34
— 1%, 1,3-00 & 1,3-PO (Figure 2-7D), 1,3-00 & 1,3-PP (Figure 2-7E) 35 X O 1,3-PO
& 1,3-PP (Figure 2-7F) O X TOMAEDLHIZEBNT, 2 DO DK XRD /X —
WEIR- T L Teo 72, % 30°C (Figure 2-7D, E) £ 7213 50 °C (Figure 2-7F) (2
w5 L, KRS ORSY D XRD 785 — 2 3K L, @RSl DRk 5y 07857 — 3
o &V LBIETE LRI RoT, ZHHDFERIT. 1,3-DAG D 2 i IRA F AN
WHEOZEEN LD bV O ffmma R LTV 5D,

—f%IZ TAG D% Tli¥, PPP & SSS, SOS & SLS 72 CARIAEEFHEK ML T2 40 1134
W28 & R B2, ABFFEICB VT, 1,3-00 & 1,3-PO, BLU1,3-PO & 1,3-PP ©
MAEDEIL, ZNEN I F Ui A LA Ve BEOENEBRE LTER LTS,
ZHUCTH D L TIEMEMEDOZEEN 2R L7e 2 &%, 1,3-DAG £ 9 LIFMEMENIER ITIK
WZEERLTND, Ziud, REFFRIZIWVTRIZE S 172 DAG-oil DfE LT, J 72
DB El R Dy B ARR RSy ~ D B e i Al (ex. Figure 2-3) DJRKTH D &%
Zbhb, 5. ZITICIIT 5 DAG OfEEEZEERNC SN TE SHICHEIZ T 57291
I%. 1,2-DAG & 1,3-DAG WRIET 2% T, D OfEmE £ TEE LIZHZEENIZ SN T

FEHCRET T DM ER D D,
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Figure 2-7. X-ray diffraction spectra of the purified and mixed 1, 3-DAGs. The
spectra of (A) 1, 3-O0, (B) 1,3-PO, (C) 1,3-00, (D) 1,3-00/1,3-PO, (E)
1,3-PO/1,3-PP at 10, 30, 50 and 80 °C "°.
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24 &0

ARE T, M S G L 72 |R TIRIAD DAG-oil IZ2W\ T, i db b2 B) O T 4
1T>72. DSC. fRyCHMEIBEL s L O D GC o OfE R, DAG-oil ' Titidik
THRSDIFEAEN 13 KRTH D Z LIRENT, £72.DAG-0il IZEEN 5D 1,3-DAG
DFTIE, 1,3-PP X° 1,3-PO 72 L EIFIAENINE & & T i Al Aoy S BRI b Ly feb
T 1,3-00 72 SAR@ELS Ry 3 s e il 32 & v 9 BB 22l dnfb @2 R Lc, S HICR
ECIL, 1,3-DAG O 2 KOIRAZOMEENIC OV CREMZRRFT 21T o 7o, £ ORER,
1,3-00,1,3-PO 35 L OV 1,3-PP i3 fda & L < (3 HLE DR L 705 Z E 2 DT LTz,
Z DI TE D ZEH) )Y DAG-oil DBRFERIZRAEEIGICORB > T D b D EHER I LD,

— I, BERERY RS SR BN IV TR, BRANSHT I T 2 A AR G & LT
Z Oy ORI E B & Z 3, RFEOERH, S, DAG-oil Tl 1,3-PP X° 1,3-PO
7 EERIENIER 2 BT 1,3-DAG MR ERY O D Z EAURENTE, LEERo T,
DAG-oil &7 v & T A A N~ I R— X7 ER & U TRG(ET D128 72> Tl

faFIAEIEE & & 1e 1,3-DAG O L ZHI T2 Z EN KL EBETH DL EEZ X LND,
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3% DAG OfEfbizxt 3 5 IR OZIR
31 XL®IC

55 2 FECIE, R B Ak L 72 DAG (DAG-oil) OfE i LI OV TRETZ ATV,
Z DOfEF DAG-oil 1 1,3-PP X 1,3-PO 72 & O @Sk 28 F 356 amfk L. e T 1,3-00
72 EfEim b T 2 BERE ek i b @ A L 5 T E R B E o T, KETIZI I A B
F 2T, DAG-oil Dbz HilHd 2 HIEIC OV TRF 21T o 72,

A ORGSR 2 HIET 2 kS LTI, 13 @il X0 14 fick~7= X 5, wnAl
EERT 2 HENES VS THS | IEORSLICREZ 5 2 5 &bt Al &
LT, Ly Ful YA H VR ATV 35 o a BRI X T L 0 B L O
U7 Ut UHEMIEE= A7V (PGFE) 72 EMZET HiLd O, ARt Cld# O H T PGFE

IZEH L, PGFEILX, Z7 UV UVDREALTTERERY 7Y UL, Z22ITHE
I B HENERE /572 %  (Figure 3-1), PGFE IBIKIETHDLHRY 7Y o kE &
(HEE) ONEOARE, BKETH D RIS OFECHASEZARICEZ DD,
Fo. Bind LTOLRMEPLERR S 0@ bivie, FEFICILHER S WRALAIT
oD 18,

PGFE 23R DS G5 2 DB OV L, 2N E TICW L o ST b,
Sakamoto © X, PGFE (Z/X— LA LA L OfEeLAIH T 2R N b5 2 L, BLOE
OB FIINEERER OFFIC L > TR D Z E 2L Lz, ZOH T, R AuFifighf
e & AfaffEIER . F 721X faRENmE & TP EIENINE DN B 72 2 IR IETL D PGFE (250 i i
HHIDENRSH S Z L ER LTS O, T2~ 7= X 912, Shimamura & 1%, AEIGERHET
DR, W, BLOWAEABEIC L > T, X—=2ARATFTT VU k9 % PGFE D&%
DAEREIIH & LT bEtE e LCh@BE 552 LR LTINS
Bl X 91T, TAG O kicxd % PGFE OZhFICE L Cidat L < RitES T

2%t L. DAG (Z2%t9 % PGFE OZERIZHOWTII I E TICHER N 72, 2T
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A= TlL, DAG OfERIC &IET PGFE OFMBIEZHE L1z, & 1 ETHOL TR
> 72 DAG-oil D#E b8 2 B £ %2 ARG TR OMAE & L CT.DAG-0il IZ1 2T,

DAG-oil DIFKE 725k sy DI THERL L 7-BififbE 7 v (85 /v DAG) % H\>, PGFE ®

YER & WGE LT,
R
o/ © A
/ I 1
ROM,C—CHOH, | CH.CHCH, | OH,—CH-CH,0R
(@) (@)
R n

R: fatty acid moiety
n: degrees of polymerization

Figure 3-1. Strctures of polyglycerol fatty acid esters *°

3.2 ERGE
3.2 Hpt

DAG-oil (3, 552 BEIZFEHED b D & RO TTiEZ AW CREHN LR L7z, AFET
M7z DAG-oil DFEMIZ2 4R % Table 3-1 (2787,

DAG-oil DEH{LET /L (£F /L DAG) (ZOW T, L FOFHETHE L, PP B
LT 00 |22V Tl Larodan Fine Chemicals (Sweden) 7> &l 99%LL - DFXIE A g A
L7 POICOWTIHBERICHESE G LY, T72bb, SgD 1-E /41 A > (99 %,
Sigma-Aldrich) ., 2.3 mL Ot L A (BB LSS BLO0.18g D 4-v
AFNAT I EY Yy (FMEBETEKRASH) 2 40mL DY 7 mu 2 &2 (FtHiHk
TEMASH) ML, ZOWRIC, 10mLOY 7 A2 024mL O U =F )L

7 X v (Sigma-Aldrich) ZMMAX 72K ATH T LR b, AZ—7—T 3 KL, 1-
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B A VA BNV M NVERISSE T, RIGKE TH#, 0.5mL OKEMA,
TOWRZE T /NRL—2 —|Z LD E Lz, FRi 2 ~F ¥ 2 (Sigma-Aldrich) TEUX L,
7r ) PN (M TR S 2 FRE LN T LA THE LT, 5547 PO O
FEIX98.1% CTHHZ L& GCIZ L VR L7=, PP, PO, OO [Z oW TIFEHRFHK T
150 °C (2T 30 pMINEA L, 121K & 13 (K2 BT Al e BIE (K1 :2) ~& AL
ST,

FROFGFIETIER LT PP, PO, 00 % 1:16: 64 DEBEILTREA L, ZORAMZ
XHIT1:12 DEELTY Y / LA > (LL: Larodan Fine Chemicals) & {E&3 % Z & T,
E7 )V DAG i L7z, GCIZL Y 0#r L7=E7 /L DAG Of% Table 3-2 127”7,

PGFE & L Tl Kbkttt B 72 LU T 320 PGFE % V72, Q-1710S
X 7V Y CONEEED 10 T, JRIIRREIIA VA V#8572 %, PGFE 6 & PGFE
10 ZENZENT VY COFHEGEN 6 & 10, fRIAEEHIIA LA VERE SV T

231 : 1 0EAETHD, LD PGFE X, WINLb = AT /LZ 80 %Ll ETH -7,

322 ERIEEE (SFO)

SFC 3/ VvV A BRGNS (p-NMR) (ZTHIE L7z, 251X Maran SFC  (Resonance
Instrument Ltd., UK) & 72,3 gDV TV E N 08 cm D H T ABTF 2 — 7T Af,
70 °C T 10 3B L7212, 0 °C DIEIEAEIZE Liz, 0°CIZB L72kikZ Omin & L,
KT SFC &2 HIE L=,

SFC OREFRER LV | #ESRACFHERERH] (te) . Avrami F580 (n) B X OHEEH (k)
ZROT, TglL SFCHENBR—ZAF7 A4 L0 EF LIIUOTRRELER LT, nBX

Nk IZOWTIX, Tt Avrami U2 ESEBEH L=,

SFC(H) _ q _ g-kt™
SFCoo

Avrami 2 :
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Table 3-1. Composition of DAG-oil °

Acylglycerol composition (wt.%) Fatty acid composition (wt.%)
TAG 13.2 C16:0 4.1
DAG 85.8 C18:0 1.9

(Sat-Sat) (0.5) C18:1 60.8
(Sat-Unsat) (9.9) C18:2 19.5
(Unsat-Unsat) (75.4) C18:3 11.6
*1,2-DAG : 1,3-DAG=1:2 C20:0 0.7

MAG 0.9 C22:0 0.4
Free Fatty acid 0.1 C24:0 0.2
Others 0.8

Table 3-2. Composition of model DAG-oil °

DAGs wt.%
PP 0.6
(1,2-PP) (0.2)
(1,3-PP) (0.4)
PO 8.9
(1,2-PO) (3.4)
(1,3-PO) (5.5)
00 35.6
(1,2-00) (12.0)
(1,3-00) (23.6)
LL 54.0
Others 0.9
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3.2.3 DSC B X UMRLEEMEEE 2R

DAG-oil DfEga{bDIRE 7 v 7 7 A L HIEIL DSC (Mettler DSC-820, Mettler Toledo,
Switzerland) (Z X V17> 72, 10£0.1 mg ® DAG-0il 7 /v I =7 A DH > T3 02
FIEL, ZOY TNt LTER A=Y FTHE L, 7Lt 60°C T
10 3B L 7%, 0.5 °C/min OREIEEFIZT-20°C ETHHEAIL TV & | FidEOBED
R — 7 BB LT,

DAG-oil OfFIEFEMEBIZIT, CCD 7 A7 (DP72, AV v AR KEH) BLONA
g =12 kv —F — (10002L, Linkam Scientific Instruments Ltd.) D1\ 7= {f Y B85 (BX50,
TV 2RSS AW, BERIEIAT Y EOV T LE DSC LR USME T
HLRDBBIToT,

E7 /L DAG ORETEMEIBILZIT, FRR LR UEEEAWTUTOL 214727, E
TV DAG & AT — T 60 °C TS5 ML=, 0, 1. 2, 3, 5. 7 £7i% 10 °C
(Z 40 °C/min DOFEIRHE TREIZHA LTz, AR T 60 sy ffEsRr L, s it 42 %
TOFFERH & B A fisk Ui, AFRICIIT 2358 REIE, (mICBAMEE T Ok

WIOFEE N BEE SN D £ TORFM & ER LT,

324 /A XAREIYT (SAXD)

fteifb L7z DAG 4y D5y TS A 5 5 72018, 7 A 7 H OREE IR R % /M
X #REHr (SAXD) FEBRAEIT- 7=,

SAXD Ti32LiE & L T NANO-Viewer (Rt 7)) A A=Y 77 L— | (IP)
& LTBAS-SR (L7 4 /v akkath) . 1P e/ H 0 #iE & LT R-AXIS DS3C, RE
arybr—7—L LT PTC30 (ULE, RS U T 7)) MW, WEIT CuKaif

(A=0.15418 nm) . ‘EFE/TE 40 kV, EFEE 30 mA, P> 7L L 1P OREEfE 650 mm O 5

I TIT o 72, JIE TIEET /L DAG % 40 °C 725 3 °C ~ 1 °C/min THH L, WHOEH
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30, 10, 3°C DOFFmT 120 3R 2085 L. 24 60 43fHIIC SAXD /3% — o Zefidik L

7o SAXD HIEIZE T %W 7L DIRE DOHER % Figure 3-2 (27577,

3.3 RRLEE
3.3.1 SFC OE:RZAL

PGFE ¥shN$ L OMERIND DAG-o0il (22T, 0°C IZ81F 5 SFC D2/t % Figure
3-3 1277, PGFE 6 35 XUV PGFE 10 1% DAG-oil Of S bz M L=, £z, TO%hE
IX PGFE 6 £ ¥ % PGFE 10 ® i K Z > 7-, PGFE 6 & PGFE 10 ®EMEAH XA U T
b, Z7VEY CEAEOHRRERD (6vs. 10), ZDOZ LI, PGFEDZ V&Y VEE
ENRRENEDIZE, bt RNRE 2D 2 2R L TWD, %72, PGFE 10
XIREE 02 %00 D 1 %~ ERSELZETEOMRENIVBEZE LR o72DITx L,
PGFE 6 TIXIREICXT 2IREME L A ER B eh -7, PGFE 6 & PGFE 10 TIREIC
X% SFC OZALDOIREDNE S BT A TH 57208, ZORFITEN LD PGFE (2
F o T, MEEAEIHIR IR A R T RE R IRE N R D Z L AR L TV D,

NEWAEEERIZ SV X F B & A L A B % F7-2 PGFE 6 & PGFE 10 I #E b bam il 25 523
BOONTZ—FHT, LA BEOHZRDG 72D Q-1710S Tik, DAG-oil (Zxf7 2k A L
HEh AL RO e s o7z (Figure 3-3), 2D Z L 235, PGFE ORI LA &
EHHNC RS L CHEFICEERRR ZRIZLTNDL 2 EBHLNI o T,

SFC MR 53R D 7l LB (tg) . Avrami F82L (n) B L OHETEH k) @
%85 XA —% % Table 3-3 I2F & O, Q-1710S Z#NN L 7= DAG-oil Tl S b 75um:
2L 72 D25 T2 DIZxE L PGFE 6 3 X U PGFE 10 TIXBIfEIZFHEREM A IR L7z,
Z ¥UIE PGFE 6 3 £ U PGFE 10 23 DAG-oil OfEbIZ DIE R 2 B Uiz 2 & 2R/ LT\
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Figure 3-2. Time/temperature program for small angle X-ray diffraction
(SAXD) experiment. The samples were cooled in a stepwise manner. SAXD
patterns were recorded (dotted line) after holding the samples at the target

temperatures for 60 min "°.
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SFC values (%)

(4) ) ®)

—O— No Additive
—O— Q-17108
—A— PGFE 6
—i— PGFE 10

SFC values (%)

0 50 100 150 0 50 100 150

Time [min] Time [min]

Figure 3-3. Time-variations in SFC values of DAG-oil with and without PGFE
additives of (A) 0.2 % and (B) 1.0 % measured at 0 °C. 1, is induction time for

crystallization. Values are means + S.E. (n=3) °.
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Table 3-3. Nucleation Induction times (Ti.g) and Avrami constants of
SFC values shown in Figure 3-3 (PGFE concentration: 0.2 %) "°

additive Tl (ININ) Avrami constant, k Avrami exponent, n
No additive 0 1.9x10°+0.6 x 107 24+02
Q-17108 0 21x10°+3.1x 107 24+02
PGFE 6 240+ 14 8.7x10"°+55%x 10" 52+02
PGFE 10 48.0+ 1.6 56x10"+4.6x 10" 6.1+0.3
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%7~ PGFE 6 X U PGFE 10 Z# %1 L 7= DAG-o0il TiX, Avrami ¥5%0 (n) 3 L OV
EH (k) IZBWTHERMO GO EEWNNR G, PGFE 13 SuAZTE BT IN 2 dl ik

REEIC O EL 5 2R d 5,

332 {EABEMKEER KON DSC I K 50T

PGFE (T X 25 da b A DN T E BIZFEMICHET T 2720, LIBDFERRIT
D FEA LI R O K 2V PGFE 10 2 AW TiT o 72,

Figure 3-4 {2 0.5 °C/min THEI L72E2D DAG-oil DS LB & | (R CBAREE THLE
L7oAERZ2 T, 5 2 ORI SR R & [RIERIC (Figure 2-2) , PGFE #4510 DAG-oil
TliE, TN RRLROFEEBHTH L, £ 20 GRIOTEREZ £f > I ik N AT D81
NEE S NT= (Figure 3-4(a)). 0.2 %0 PGFE 10 Z %/ L 7= DAG-oil TlE. % Ok
FEPRE B LTz, FrICBEE 22 ks L Ti%, PGFE 10 Z ¥ L 7= DAG-oil T,
BERMO G O TRLAR DR AFEET HIEH TIEEHEPBEINT. 4 °CHDHW
1Z-10°C THEIE SN KO H V72 < 72> Tz (Figure 3-4(b)), FofbimoH A4 X
(ZBILTH, PGFE 10 22 % Z & T, ST 2P RE S RORTDBIES NI,
I B OFERIL, PGFE 10 O IRINZS DAG-0il DOfE TR AERHE LA BIE S5 Z L AR L
W5,

Figure 3-5 |2 DSC 74T DHIERE R4 <9, PGFE RN DAG-0il TlX, 4.5 °C 12/
SRR —2 (AH=381J/g). -5.1 °CITKRERFEEE—7 (AH=40.71/g) NBIES
Nic, FH2ETRINIZ L DI (Figure 2-1, Figure2-3), 2D 25O —27 D ) B/
IRFEENE— 713 1,3-PP X° 1,3-PO 72 ERAFNENINE &4 & Lo sl s iy Oftd b 2. K& 72
FEEE — 2713 1,3-00 72 SIEFE R Ot b2 ZNZIVR LTS b D EEZ B D,
—J7 T, PGFE 10 Z ¥l L 7= DAG-oil Tld, mflm sy Otz R~ 38— 7 238l

gZaehoTz (Figure 3-5(b)), VIS, IKELAK Sy Of e L 2R 938 B e — 7 130
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-10°C

2°C -4°C

100 um

Figure 3-4. Optical micrographs obtained at different crystallization stages of
DAG-oil (a) without and (b) with PGFE 10 additive (0.2 %). For both oils,
micrographs were obtained at four temperatures during the cooling processes at a

rate of 0.5 °C /min .
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0.1

W/g
(a) No Additive /
0.1
W/g
(b) + PGFE 10
el

F

-10 0 10 20 30
Te [°C]

Figure 3-5. DSC cooling thermopeaks of DAG-oil with and without PGFE 10
additive (0.2 %) '°.
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WNMFEL D b REL o7z (AH=43.31/g), Z#X, PGFE 10 23 &R pi sy Ot dhb %
PAE S, KAy & RIRFICR b LR TH D LB X HILD, 20 DSC OfER
R BE B 22 O AE R (Figure 3-4) & —E L TH Y, PGFE 10 1X @@l OfE b

WIS S Z LAVRE T,

3.3.3 DAG OHEMULE T MIC X D Ba—R L EMEEEE

PGFEDfiti AL D R OAEH R &2 £ 0 FERICHETT 5729, 1,3-PP, 1,3-POB LT}
1,3-00Dfifh & FIV TET ADAGEERK L (Table 2-2) . RS CORE S b %8 % (R
FEWSEIZ THIZE L 7=, Figure 3-6123 °C TOBIZE J %/~ 7, PGFEMIRN D E 7 /L DAG
TIE23B THREM T LIZ U o, BRRICHR Lz, & BITHET T, RDRES dh s HERIR D
FEmNRAET DRI S (Figure 3-6(a)) . — 77 C0.2 %DPGFE 10Z ¥R L7-E
TVDAGTIE, FidORARBE LKL KE L L (Figure 3-6(b)), PGFE 10% I
IU7=EF ADAGTIL, FEFMO b O TROR O AR AT 5 IREH TREM B S
Niginoie, 23325 TODAG-oill DBIZEHE R (Figure 3-4) & —EH L Tk V| PGFE
10A3E7 /VDAGT b i i & Bl 2 W R 2 BB L7 Z L 2R LT D, £,
PGFE 10Z ¥ L7 €7 /VDAGTIE, T D OIIRNEKIBIZZ L LTz, 2l
PGFE 10D i il Z Ml 2R EKM L TV Db DEEZ LD,

Figure 3-71C, AMENRE CHEBILEBIOBIE LTV, KD DRERDEAET HE T
ol GEERM) 27w v F LR % R"T, PGFEERMDET LDAGTIE, 0 °C

LB L HERII2.N ThH o, IREN ERBICONTHERRIZER L, 10°CT

X718 T -7z, —J7CPGFE 10& i7" 5 & FFERFRITEE 72 LA 2R LT, B2 13,
0 CCOFFERFILIITFP, 3°CTIT468F F TR L7z, S HIT5 °CLLETIE2M# & H
IRFfE D H O < g DT S BLEE S e o 7o, e b OFFERFE 23 K IZIER L7z 2
&3, PGFE 107858 ST il s R A R L7 Z L 2R LT 5,
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o
100 pm

Figure 3-6. Optical micrographs of model-DAG oil (a) without and (b) with

PGFE 10 (0.2 %) obtained at different stages of isothermal crystallization (3 °C)
15
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500 +

8 i

2400

[0}

_'['_é / —O— No Additive
300

g 1% —B— + PGFE 10

B

=

b o

£

200 M
100 T

Figure 3-7. Induction time for crystallization of model-DAG oil with and
without PGFE 10 (0.2 %) measured at different temperatures '°. Values are

means = S.D. (n=3)
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3.3.4 DAG DOHEHMALE T /M X BBE—SAXD I X 54T

FETADAGIZIBW T, IWAENZ L - Thish{k L72DAGH D IR ET D 72, SAXDDOHI
ExAToT, V77 L 2L LT, 1,3-PP, 1,3POB LTV1,3-00DHDSAXD/NF — 0 %
Figure 3-8(a)lZ7~k$°, 1,3-PP, 1,3-PO. 1,3-00D &0 mMEIL. £ F14.60, 4.65,
4.00nmToh -7,

PGFERINDET VDAGTIE, 10 °CT4.63 nmIZAHY T~ SR v — 7 BB STz
(Figure 3-8(b)) . Z AUIFIEF IV VR i AR 2 7-21,3-PP (4.60 nm) & 1,3-PO (4.65 nm)
DEHTE—7 BER SR THLEEZBND, ET/VDAGE3 CETHAIT S &,
1,3-00IZHH 2§ 54.00 nmD [T B — 7 3B Sz, ZORRMN S E7 /LVDAGDE
gafbid, 1,3-PP & 1,3-PO73 10 °CTHRANC AL L. ZALITHEV T3 °CT1,3-0023 5 f ks
TH2EEBEDRESLEEI TH D Z L NI o T2,

—J7 T, 0.2 %PDPGFE 10Z ¥/l L 727 /LDAGTIX, 10 °CTi1,3-PPX°1,3-PO (24
W LT e — 7 3B Sz o7z (Figure 3-8(c)), IZHBNTIE, 1,3-0014HY
FTHEPTE— 7 FHE SN, 1,3-PPRR13-PODEIFT E— 27 O HBLITEKIA L L TKIE
IZIfl STV, 2B OFERIZ, PGFE 100143 1,3-PPXC1,3-POD 5 fb bIZ K &

HWELILZ 2R LTEHEY | ZHUTFEEERDDAG-0il TDSFC (Figure 3-3, Table 3-3)
fRICEMEE (Figure 3-4) 35 X U'DSC (Figure 3-5) TOBEFER L —&KT 5,

Figure 3-9127~ 9 K 912, AR ORESALITRE EZIERK & R bR D2 2D 7 mk 2 b
72597 PGFEOER A N =AAICEAL T, 2o 7 av A% EX TUTO LI
BT,

FPRERO T ' AL, MBS TRE ) ~—ORENSEAL T, 7 TAX—%F
L, T LTEA~EZLL TSR TH D, —MRIC, BIBAE I3 2 g o 22
S, fEEbo T EMAERT 2EEM L . 7 7 A X —OREZHILT 2 HEETH

% MR EFZECHW 3 90 PGFE DT, i biEs b OFERM 2 L& L, Fidats
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(a) (®) (0)

A 1,3-PP 30°C 30°C

k 1,3-PO 10 °C 10 °C

’ \ 1,3-00 3°C 3°C

1.0 L5 2.0 25 3.0 1.0 L5 2.0 25 3.0 1.0 1.5 2.0 25 3.0

2 Theta (deg) 2 Theta (deg) 2 Theta (deg)
Figure 3-8. Small angle X-ray diffraction (SAXD) patterns. (a) Reference

patterns of component DAG, (b) model-DAG oil without additive, and (c)
model-DAG oil with PGFE 10 (0.2 %) *°.
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(a)
&
NN
/ \

b 200 >, bo4b 44

#w%m bhod b4

de-clustering clustering

monomers

}é DAG

(b)

step

+——__ adsorption

\%\{ PGFE

Figure 3-9. Model of (a) de-clustering during the nucleation process and (b)

prohibition during the growth process of DAG crystals by a PGFE additive .
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DI A il L 72 01X PGFE 10 T& - 7= (Table 3-3) . PGFE 6 & i8Il & 4E & L 7= 73,
ZOREIZ PGFE 10 & B L TSR b D TH - 72, Q-1710S (2RF L Tid 4 < ih e
\ZHE % 5.2 720y > 7=, PGFE 6 & PGFE 10 I3RS VI F U A v A Vg%
b, —HTQ-1710S 1A LA DI S 725, DAG-oil TRUNZHEMILT 5 %57
1,3-PP X° 1,3-PO RENAVIFURE T VA VIREZTUL T THDLZ L EEZBET D L
PGFE 6 & PGFE 10 (X, =16 A AT D7D+ 72l %2 . RENRREICR S
BEDOETVDEEZLND IRMAIOS H 1 SOMESMTH 5 HHEM I L T
PGFE ORY 7Vt Y S EOMHEEROFENEETH L, RN 7 U &Y HIEL DAG ©
R & 13 A AN K& < B D (Figure 3-1), NENRREEOBELIM:IZ L Y DAG (W
L7ZPGFEZ, WU Z Ut SEHONAKEFEICLY . 7T A2 =28 572% DAG 3 F
DHAIAEND Z L ZMFIT 20D LRI ND, LTER->T, R 7' SO
A ZIPKREVIZEREENRRE 20| FRIHEIRRE D bDLEZBND,
7 V%V EAE 10 O PGFE 10 23, 7' Ut& U EAE 6 ® PGFE 6 £V & @&\ i s
FIRhREZ R L2 1, ZOBEEXRFL TN

R R 2T 2 A =X L TH, [T X O ICHBIE & AEMEOBEED B
BT 5, ORI, fEEREmO X > 7 LI AIEICIAE S T AAEND
ZLIZ Ko TR T 2", PGFEIX, DAG & OFEIMEZ AGFR IR 7= i F 7 (1T
WHEL, RY 7V VEICE > TDAGH T3 F V7 AR END Z & 2 ET S

LD EEZHND (Figure 3-9(b)),
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34 ¥£&®

%5 3 ETIX. DAG-oil IZ%F7" % PGFE O g bl zh R STt L7z, AEIGERED
(27O F U & LA U EEEFFO PGFE X, DAG-oil OfESbZmsil Lz, oz &
I%. DAG-oil ZiRMAM & L CREIZEER 9% EC. PGFE #SINDSA 2070 fE db ALl 8 5 1%
LB LERLTWD, F£72, DAG-oil ®HHM{LET V& AWK 5. PGFE @
TREM R, 1,3-PP R 1,3-PO 72 KSRy DFEZIER 7 mE A Th 5 Z & AVR
SN, TNHDOZ D, HFH2ETELR L L OIZ, DAG-oil OfERALHIEO =51
IXafnfEiE % Gt 1,3-DAG Ofiffbx 2 br— 35 2 EREFICHETH Y,
PGFE [XZ DR A » MEAT 2 2 &L TRIEDOREMMEEFEHICHBI TE 2 b0 LB %
Lbivd,
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# 4% PGFE 2 X% DAG OfE R A o = X A
41 XL®IC

W52 ¥ L 3 3T, DAG-oil DFfEERLIZRIT % PGFE O R EHF L=, £D
#E59. PGFE (2., 1,3-PP X° 1,3-PO 72 & DAG-oil T O &k %4y O fb et T hk 2 4 3 5
WRBDH D RS NT, 2D &iE, DAG-oil Z AR E L CRERIZER 35 LT,
PGFE DRI ERh7e i bl ik L 725 2 L 2R LTV D,

ZOMREIEIZL T, EHIC DAG Db Lhil A 2 5 R S T < 72 oiTid,
[PGFE 78 £ D X 912 DAG 73 FICEH L TR EZFHILT 500 LnH ZLizHonT
DR AT = AL EHLNZT D Z ENEFICEETH D,

# 1 TRz K 9T, FUEAID NG OfE s ki U TRET 2 BRIZ O W TE, #%
BRIIC L <N TEY ' ZOA I =XANEALTHMHANREATWD 25, il 21X,
iR AR D20 RE, AR R R g L, Bile /e AT v T a3 %
I Z 5 L SN TV D, BOHISHESRR OIfNIZ, 52 7 MCEICHALAI AV iALe
LT, MBS T OREEETSEBEZ LN TS (Figure 1-6),  FEfbEE OB
BEA~DOIERICE L CTid, B ZRET A2 D1 “To 7 Lb— R L L THEME ST
W5 4, T T L— MR L, BRSO R S NI T & L L Ao L
{EAIDRE BT 5 2 & T, ZOREEDBEERL & 70 o THIE 7 T OfE b 2R TR0 Z &
Td 5 (Figure 1-7),

YLED X912, IR ORE SIS KT 2 AALAIDIE A 1 = X L3l s> 2&H 5
T, FUEF DS AR AL 2 il 2 A W= X AT L TiE, 2RE TITHFEgInZ LL .
& A EBBMNITR S TRV, L7235 T, PGFE 28 DAG-oil DO d:EZ I Ak & #1ii] 5
% AT = XL S UL, £ O RIE DAG OREBR O 272 53, TAG 25 07

TG 22fik Ol AL FE BT DRI D728 D WHREMED 8 5
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AKETIE. PGFE ¥ DAG-oil OFEEETE &2 Wil 35 A 1 = XL E BT 572912,

b = A RTOIBEHEIREED DAG-oil DIREEICER L, SESFABHFE2ITo7-,

42 ZFEBRFTIE
4.2.1 B}

DAG-oil ([Z2WTCIEEH 2 BICFHEHO b O L RO FIEICTRE Lz, AETHW
DAG-oil DFFfll7a#H K Z Table 4-1 127777,

AWFFETIX, %3 B LA U 3 20 PGFE # A /- (Table 4-1), Q-1710S X, 7 V&Y
VORI EA A 10, IERIEEEIZA L A V#0572 5 PGFE Tdh %, PGFE 6 & PGFE 10
X7V EHEAENRENE 6 £ 10, BUEEHIIA LA VL UL F Umn

1:10EETEENS PGFE ThH 5,

422 [EKIEEE (SFC)

SFC 137V AR IS (p-NMR) (2 CHIE L7, %% Maran SFC  (Resonance
Instrument Ltd., UK) Z H\\\ 72,3 g DY 7V E2NE 0.8 cm DA T AT 2 — 712 Af,
70 °C T 10 MIMEA L 72, 0°C E£721 6 COMEIRMEICH L, HIRMICE LcRn %

Omin & L., &K CTo SFC 2HIE LT,

423 BEFTOBE

LU F D J73E T, PGFE Z s L7 DAG-oil H1IZA U= BT R 282 L7z, 30g D
P TN ENEE 26.5 mm OMFIRAT T AL TV (HEEMBR RS &5 0ITE
M 36.0 mm x 36.0 mm D MMHARD AT 7 A4 70 (BRASHEFERAERT) ICANnT, ¥

> V% 70 °C T 10 43 EINER U 7= #% IR 25 E L 7=, TEIRA ORI 20 °C 25 0 °C
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Table 4-1. Chemical Compositions of DAG-oil and PGFE Additives ¢

PGFEs
DAG-oil
PGFE6  PGFE 10 Q-1710S
Acylglycerol TAG 13.2 Fatty acid moieties " C16:0 50 50 0
composition *
DAG 85.8 (Wt.%) C18:1 50 50 100
(wt.%)
MAG 0.9
FFA 0.1
Fatty acid C16:0 4.1 Esterification degree (%) >80 >80 >80
moieties ”
C18:0 1.9 Polymerization degree 6 10 10
(wt.%)
C18:1 60.8
C18:2 19.5
C18:3 11.6
Others 2.1
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Glass vial
(I.D. 26mm)

C———

Observer

Il
Light
A A
i i
' :

1
Polarizer
(vertical)

Polarizer
(horizontal)

Figure 4-1. Experimental set-up for observation of birefringent patterns °
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FT2CHUBRTHAILIZFIZ, 24°C £ T2°C KA TMEN L 7=, KIEJE T 30 /i
Fr L. Z DOMIZ Figure 4-1 1R F X 9 ITREAREIZ A TV 2 @ CTHEIEIT 28152 L7,
fRICHMBIEIZET CCD 7 A F (DP72, AV v AR AH) BIORE= Y b
—Z— (10002L, Linkam Scientific Instruments Ltd.) DN 7= (@ YEIEMSE (BX50, AV o~
NABAE) AW, B 1S mm OMBRA T A FH IR RICh o T aEE,
70 °C T 10 3B L 722, 5 °C/min OFRIRIHE T 5°C £ THAI L7z, 5°C T 60 4rfH

MeRF L TV D IO > TV DR 2 RGBS THBIE LT,

424 Vo —HlE

LA e —ORIEIFER 50 mm, A 1° Oa— 27 L— MUGE CP50-1 Offui-
LA A —%—MCR501 (Anton Paar, AT) % H\W\\CTiT-7,

K OIRFEARIFHEORE TIX, 7% 25°C 275 3°C £T1°CHATHAEIL,
FAREE T 2 oy FIMERE L7z, KEEEIX 100 s™ O 0 IS THIE L7z,

HERTFEORE T, o 7V OIRES 10°CITHERFL, T HES 15005

1000 s™' F T 10 BERE TR S TV o 7o, BRERIFEOMIE TIiX, 7L
DIREZ 10 °C, EH% 4 %ITHERF L72RBE T, J8H % 10 Hz 725 0.001 Hz £ T 16 Bk

M TRt ST o 72,

4.2.5 XRD H|E

XRD HIEIL. NANO-Viewer (FRR=4EU B 27) B 2 koo v 7 B AR H 4
PILATUS 100K (DECTRIS Ltd., Switzerland) % VN CT1T 5 7=, HlE 1L CuKo#f (A=0.15405
nm), HEE MKV, FEIRI0mA, 7 ERHISROEREX. SAXD HIE TiX 1002
mm, WAXD I TIE 89.7 mm DI TIT o7z, JIETIZH 7% 30 °C, 10 °C,

6°C ~& ERPEMICIHAI L, SR T 180 /o EIfREE L 7=, SAXD HIE CTlx, > 7 AHH
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BIOBEIZEL TH D 30 0% 00D 180 0tk £ T XA RS L, B onzEmire—27
SEEMEAEE L, WAXD TlI, Yo AR EBOREIZEZELTH D, 30 5EIC

6 [l X #REME L, Fonimir e —7 2 bmmiEm 235 L,

43 FERLBE
4.3.1 PGFE @ SFC |2kt 5%

PGFE if$1E L ORI D DAG-0il (22T, 0°C B L6 °CIZ8IF 5 SFC DR
754t % Figure 4-2 1279, 0°C (28T, PGFE 6 5 X ' PGFE 10 IZ DAG-oil Dtk
BRth £ COREM Z 4L L, PGFE 6 &Y & PGFE 10 TX Y K& 2%~ L7z (Figure
4-2(A)), 1% PGFE 6 USHIRF DO FHEIREH] 238 20 43, 1%D PGFE 10 RN D FF53E(L I
2K 50 3 THY . ZHHI3H 3 EORR L —ET 25 (Figure 3-3), 6°CIZBWV T
EEIRN D DAG-o0il THF 70372 SFC D _EF- (~2%) 23i8D b 7273 PGFE 6 %7213 PGFE
10 ZWIM L7286 DTk SFC IZE R e >7-, PGFE ZIIL7=H DT, 6 CTIX
24 FE# T > TH SFC TR 72 < (Figure 4-2(B)) . Z DIRE TOREALIIEF 12
DI BTN DHZEZRLTND, ZRHDOFRER LIV (53 ET/RENT- PGFE

Dt AL I R D UD THERD S 47z,

4.3.2 DAG IZRAT 2E BT822
PGFE 73 DAG-oil D& M3 2 A = X LA Z RT3 572012, AR RE

@D DAG-0il IZDOW TG N CHE AT T,

Figure 4-3 |2, 5 °C IZ31F 5 DAG-oil BT EA /<Y, FHRIL T OBIETIX, PGFE
RN D DAG-0il TIX7ERITHE L L7 A RENBIZE S, — 5 T1%? PGFE 10

ZUSHN L7= DAG-oil Tl, fdb b3 S LB RAE T - 7= (Figure 4-3(A)), Z 4L
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SFC (%)

—0—No additive =~ —&—1%PGFE6  ——0.2%PGFE10 ——1% PGFEI10

25 ) 25 (B)

R

R

L .

0 50 100 150 0 50 100 150

Time [min] Time [min]

Figure 4-2. Time-variations in SFC values of DAG-oil with and without PGFE
additives at (A) 0 °C and (B) 6 °C. Values are means = S.E. (n =3) °.

80



No additive 1% PGFE

(A)

No additive 1% PGFE

(B)

Figure 4-3. Birefringence observation. Optical images taken at 5 °C in the
presence and absence of 1% PGFE 10 under (A) non-polarized and (B) polarized

crossed-Nicols conditions °.
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2% LT, AR =2 VORI T TOBIZIZEB W TIX, PGFE 10 Z i L 7= DAG-oil T#
P A EIE 7z (Figure 4-3(B)), Z 4L PGFE Z i+ 2% Z & T, wmmELRED
DAG-oil HIIE R BT 2 R OIEN TR SN2 Z L 2R L TWd, ERto X 572
JEr 32— %, BT AOEIN 1 mm LU FOREBEME CITBE S oz
(Figure 4-4) ,

L7=hio T, FRIFHEEZ AT HEEERP A SN D722, HIREOKEKE
W THoTo EHEIND, ZOBHEE LT, RPN RTEEZ R ORISR,
DAG-oil I CAEZRRE THAET 272912, S EN VGG I3+ 22 38 E O W i
BREONRPSTEZENBLOND, £To, BIEINLBIRITONZ — 3R 5 ME
(Z K> TR o7, ZHUTEL L7253 725, DAG-oil HUZHEEIZ 3, 22 AR
AR S TNDHZ EZRB LTINS,

Bl T OB SN ERITHEE D, FithIC L - TS EIL T 2T 2Bl LT, A
B —F—IZ XY 150 rpm DM T CHREET 5 & HROBERFSHGAE RT L5 I1lko
7= (Figure 4-5), F£7=, BFEITIRIEO O AN OENI IR - THEZ SN, Zh b D%
feid, BRI Z BT 2 A0 R A R SRS, R L0 & oxhmicxt L
TS POFANRZRT 2 LA RE LTV 5,

INHDZ EMNG, PGFE ORI &EMENT L - T, BEEOFAUTKSF L T32 — )
oD &9 BN E Ff o 7o B A b OfEEAR A, DAG-oil FICEAL S 7z &

ERXDHZENTED,

4.3.3 BEITORAZEEIIXT HIREKFME
B IEHT ORAEZEEN T DIR R A2 7= 4G B 4 Table 4-2, Table 4-3 (2779, A
FRET CILRIIE & R OBIZ 2, mHEERR X OE & TfT- 72,

HELEBFE CTOBELTIL (Table 4-2) . HERIND DAG-o0il DAL BB LA 12 °C
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No additive 1% PGFE

(A)

No additive 1% PGFE

(B)

Figure 4-4. Polarized optical microscopy. Optical images taken at 5 °C in the
presence and absence of 1% PGFE 10 under (A) non-polarized and (B) polarized
crossed-Nicols conditions. Without PGFE, DAG crystals were obserbed. With PGFE,
on the other hand, nothing was observed either under non-polarized or polarized

condition.
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(A) (B)

—
'c”;“'

- )

- stirrer

Figure 4-5. Polarized optical images (A) under static conditions and (B) under

stirring °.
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Table 4-2. Occurrence of birefringent patterns in DAG-oil observed

under polarized crossed-Nicols conditions during cooling processes.

Temperature [°C] | 14 12 10 8 6 4 2 0
No additive - C C C C C C C
02% |- - - - - + ++/C | C
PGFE6 |[1% - - - = - — ++/C | C
3% |- + + ++ [+ [+ [+ | C
02% |- - - - + - ++/C | C
PGFE 10 | 1% - - - - ++ ++ ++ C
3% - - - - - - - C

-: no image, +: weak birefringent image ++: strong birefringent image, C: crystallization

Table 4-3. Disappearance of birefringent patterns in DAG-oil observed

under polarized crossed-Nicols conditions during heating processes.

Temperature [°C] | 4 6 8 10 12 14 16 18 20 22 24
No additive C C C C C C C C C - -
02% |C +/C |+/C |C C C C C C - -
PGFE6 1% C ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | +/C | - -
3% C ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | + -
02% |C +/C |+/C |+/C |C C C C C - -
PGFEI0 |1% C ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | +/C | - -
3% C ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | ++/C | + -
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Tt Z B LT, T OH%ROMEAITHRESESHI L7z, PGFE OfFE F Tl
BIES D & & bIT, M2 A E DIRE XD SWIRED O BRI ABIZE 4L, PGFE
DEWIMPLEED LN D1F EBEF B SN DIRED B U7z, £72. PGFE 10 |% PGFE 6
L0 bbb TCEOEET A4 T S, 0 °C TiX PGFE OAFEIZED 5T, 1,3-00
72 &0 DAG B Oz £ 0 DAG-oil M b L7z,

IR TOBIL T (Table 4-3) . MAENEBFE THE L L7z DAG-oil 2% 6 °C THfE L
X L7, PGFE Z#L 7= DAG-oil Ti&, faN iR T 5 & & bICHES & —
OBl s e (Figure 4-6(B)) . ZAVUTMEIRITHEIED g & 13O b D TH L Z & %W
IR LTV 5, £72, DAG-oil FUCHAE L ERITHEEI I E 27 U v 2 2R LT,
SOFED | BEBRE CEBINBERSNRE L b, INEBE CEIBIT AL LR
DI B EMo T, BlZIE 3 %D PGFE Z i L 72 DAG-oil TiE, WHEHEE TIX 12°C T
BIRPTABIEE STz — 5T IEGEER Tl 22 °C THEIEFTATER LT,

ZZITIRE ROV BB S A LA VRO Z D572 5 Q-1710S Tl B as
BlEIhiepo o, B3R TRINTE LI A LA VEED I B 72 5 PGFE 1%, DAG-oil
(XS DG IEIE R Z 2B LRV, 2D ORERIE, HEIFTOBEDTZDITIE
PGFE DEMIFAIZ SV I FUBAMETH D Z L ard & & bil, ZOERITHH &

W R L B T L CWA Z LA RIB L TV 5,

434 Lo P—EHoZE

Figure 4-7 1Z DAG-0il % H L7235, —EOFAWIEE T (100 s) THEZHIE
LR %879, 1 %0 PGFE Z ¥ L7= DAG-oil I%, 25 °C THEANO DAG-oil & L
LTI DT MNITEVEEEZ R L, SHEIC K o Tl ORSE O EITRFICKRE  72o
T 7z, PGFE IR D DAG-oil TiX, 9 °C 7> HREENEIIZ EH L7, 21T DAG-oil

DfEe b U722 21k b, PGFE 2% L7- DAG-oil TiL 3 °C % THidM b = 597,
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Figure 4-6. Optical images of DAG-o0il containing 1% PGFE 10. (A)
Non-polarized image taken after crystallization at 0 °C and (B) polarized

crossed-Nicols image after heating to 8 °C.
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300 A
—o—No additive

_ 250 A
g —4—1% PGFEI0
A,
&
— 200 -
iy
w2
o)
2
= 150 -

100 -

50 ] T ] 1

0 5 10 15 20 25

Temperature [C]

Figure 4-7. Variations in viscosity of DAG-oil in the presence and absence of
PGFE 10 under a shear rate of 100 s™'. Values are means + S.D. (n = 3)%.
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W OREEE L 7 °C Tfifs L7z,

Figure 4-8 (2, 10 °C TOREE O AWk LKA 7177, EERIND DAG-oil TiX, FF
(AR AW (< 10s™) IZBWTHED ERDIZEREN TR LIFE=a—

TAROZEB 2R L, HAWHEN —ELL EICR b L =a— bR E# 2R3 X 91

ol FATHRSEIC LAUE, ZHUISEEMO XL 572 TAG TH A LN HBLETH D 75,

PGFE 10 Z %1 L7 DAG-oil Tid, SERMO b D & il L CIE= 2 — b Uik DO ZE)
DB HLIL, R AW CORENR R E < EH L7 (Figure 4-8), PGFE DN
REZ 02 %0163 %ETHEMEEL L, TOMRITEIV REL o7z, ZD DAG-oil
DO LA r Y—24kiX, PGFE OIRINC L 5 T DAG-oil HIZHK B eEENTETNDH Z
EHERTELTND, 43.1 HOMF T, HEERICEHETNRIBEINZZ L LEbE
THE x5 & (Figure 4-5(B)) . IE==— b UiAOZEE X, HAREEZ KE < LTnL
ZEWRADF N FPWSZ & T, RNTORENMET L TN Z EITERT S H D
EESND,

3 %0 PGFE % I L 7= DAG-0il IZ 2T, EH 4 %D RFOREEE 0 J& 1 Bk 771t % fi
Mridz, HIEREITRESEAE Z 5722010 °C & Lz, ZOfE%., Figure 4-9 12”3 X
HIT, BRHMER (G”) ITMMARTEREIER (G) MRt Sz, FEEARE N E &
X G R GOHEI/NSOR, JHEED NS RDIZONTHEDOENBHEED . 0.86
Hz CTififis L7z, EEEIRIZEWT G LD b CRKREWT LIE, DAG-oil 2 HMEE R
FTLNLVETHEELLTNDZEEZRBL TS, ZH—HOFERIX, DAG-oil 12
ARSI NIFET D L WO R EZF LTV D

XRAIZ, 30 °C THIE L7ZBRICIZ G AT 5 2T E N TERWIE LIS otz (<

0.005 Pa), Z AUTIHSEEEREERDOIRICHBEINVLETH D Z L2 BD TURL TV D,
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1200

—0— No additive
- 0.2% PGFE 10

600 ' —-o- 1% PGFE 10
w2
og —e— 3% PGFE 10
2z
Z300 4

c.

150 T

1 10 100 1000
Shear rate (1/s)

Figure 4-8. Variations in the viscosity of DAG-oil in the presence and absence of

PGFE 10 under varying shear rates measured at 10 °C. Values are means + S.D.
(n=3)°
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Figure 4-9. Frequency sweep test of DAG-oil containing 3% PGFE 10 at 10 °C °.
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4.3.5 MWEITHEED X BRAEHT

PGFE Z I/ L 72 DAG-oil 12/ U7 EIESTEIEIC W T XBAIT 21T > 72, A
WBFEIZ THIE L7z SAXD /8% — > % Figure 4-10 (27139, PGFE #1510 DAG-oil Tl
6°C T4.65nm [ZHY T HETe— 7 BBl Sz, ZORFTE—2713, 2 ®HiTKIT
HRERE—ELTEY, 1,3-PP X° 1,3-PO 72 & il S a5y Ok b O K kaE & K ue L
W5 % —JH T, 3 %D PGFE 6 Z NI L 72 DAG-oil TliX, DAG f5dh% KT % 4.6 nm
FHE DT E— 7 ZHBEE T D VI 419 nm O/ S 2EHTE— 27 3 6°C THE SR
7= (Figure 4-10(B)), Z#UiX. PGFE OIRMIC X > T, DAG ftidh & 1T 57 2 1 D ketk
K2 DAG-0il DFIZAETIZZ L &R LTV D,

ZOREROHEEEZ LV FEL B O ITT 5729512, PGFE OIRINEE % 10 % FE THY
ST SAXD DT 21T 72, £ DOfiF. 3% PGFE #ITHIZE S 7z 4.19 nm O
BT e — 2712 %, 837 nm DRI — 27 AHELL 7= (Figure 4-10(C)), Z ® 8.37 nm
L4019 nm D E— 27 1. T A FHEERD T A5 O LEY (B 12k 25 001
B & 002 RAHTARE 2 EHT B — 2 Th D, £72. 002 SO ORI 001 S5 & ik
LTCHERFIIKRENEDTHo7z, ZDO X I, 001 SAFHIxH LT 002 SO O EE 3K &
<7e2flE LT, TAG TIE13-YAT 7Y 24 LA 2 (SOS) MIEAT 5 3 $HEM
OfEmEENZFT oD M Febb, 3 HEMEOR SO ¥ — 7 581X 002 > 005 >
003 > 001 DIEIZ 722 "', AEIOETT, B — 27 O 002 >> 001 Th o722 &
IX, DAG-oil T L T 5 T 2 T7HEMED 3 HEME. &2 WITZ IS WG ICH
KT 2HDTHLAMEMZ R L TWD,

PGFE 10 (Ztb~_AR Y 77U & U /N E W PGFE 6 Z W1 L7 DAG-0il TH ., [FEED
[mlPT & — 7 BEEE X7z (Figure 4-10(D)) . = OFEFIL, IR ITHEE O 1 X2kt LT,

RV 7V VEHORE SIZIFEANEEELEZ W E 2R LTS,

92



(A)
| 30°C _—
=
S | 10°C
2z [— sl
jz 4.65 nm
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= | 6oc
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Figure 4-10. Small-angle X-ray diffraction patterns of DAG-oil (A) without
additives, and (B) with 3% PGFE 10, (C) 10% PGFE 10, and (D) 10% PGFE 6

taken at 6, 10, and 30 °C °.
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Figure 4-11 (ZJA A HIE E TH 7= XRD O EFERZRT, WEMHNLEL D m—
HHET DT2DIT, BME Tt O XS (150~18047) THOLN B/ Z—
e, BAIO XS (0~30%) THLNEISF—r %2 L5 2 & THIEELT
S 7z, BERIMNO DAG-0il TiE, 0.46nm, 0.39 nm 33 X Y 0.37 nm [ZFRYS 9~ B AT & — 7
MBI ST, TR/ Z—0%, H2 E OB ST 1,3-PP & 1,3-PO D 2 [if53iR
BFROEHI L — L —FH LTS (Figure 2-7), L7=23-> T, LMD DAG-oil Tl
RS DR E LTI L TS Z EREM T OND & &b, MmN T
b EMRE T S,

PGFE 10 Zif$/ll L 7= DAG-oil D /KA 5EIEO XRD (21X, 6°C T 20 =227 m—
R7aEdr e — 27 B &7z (Figure 4-11(B)) . Z OFE, /NAFEIKIZIL 4.19 nm D v
— 7 REPTE— 7 BB SN, D OREREIX, PGFE RN L7- DAG-oil FiZ
NEWGBRER DIEIZAE A T2 AR 7o M08 A -0 25 | RENIREEH & MRS ORI I X ME 72 /N >
XU T ROV EIROBEEDRTER L TWD Z L 2RIE L TV D, /NMasikic 72 v
— 7 LIRAMEBICARARAR C— 7 BFET D2 I A AT TF v 7RI R 7
XRD D/RZ—2 T2 W, WEBENEOWE 2 G TR KOIFAEZR LICHK G %
T 201, ZHETICbME SN TWD 57 fFil21F MAG % 5% TeiliE Tl
MAG 238UKMED 7Y & U ERIE £ CREE L. BUKMEDREEEE 2 MU W T 727 A Z
J& %4 % 1 PGFE ¥ L 7= DAG-oil (2B T b REROHEEN A L7 & Ebh

Do
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Figure 4-11. X-ray diffraction patterns of DAG oil (A) without additives and (B)
with 3% PGFE 10 taken at 6, 10, and 30 °C. The diffraction patterns were

calculated by subtracting the data of the first irradiation (0—30 min) from those of the

last (150—180 min) after an intensity correction °.

95



4.3.6 PGFE RN X % DAG ORI A 7 =X,

B3 ETRINTLOIC, BRI VI F UL A LA U EEE ST PGFE [,
DAG-oil [Tk} 2 #h s A2 T Al R 2 5689~ % (Figure 3-3. Figure 3-4, 3 L U Figure
4-2) FIZEIETELE LI L 01T —RICHNE DR S b2 EN 58 2 5 2 5 FLAEAN
HEWTBE S ORER S AR D ARG EEAEAR & Bl LT g 18 JERGESE OB, 4311
D77 TN =)V AN BN S AAEH L WE AT 2 L 2RSS o 2 E
ZHNTWD, WMIEAFALA LV b EISR T DBRITIE, fidh ORI FHAEAI A
DiAteZ &C fEERARE L2V IHI L2 35, ROHZHALAIAS AR IZ L > T
fEmmfb T ABRCIX, FEHID “T o L— K L LT E b A RET 5, AIFSEIC
FUNTIX.PGFE 6 X° PGFE 10 D5 1% DAG-o0il H O & s 4y (1,3-PP <2 1,3-PO)
EFFIZISEBLTEHRY | Mtz filiE 3 2 AL O MLELSIF 272 LT D,

R EB12% (Figure 4-3) . L A4 11 ¥—HI7E (Figure 4-7. Figure 4-8) 35 & O XRD & (Figure
4-10, Figure 4-11) OFERN/RT X 912, PGFE ¥R L7z DAG-oil HIZ1E, @@ ER
REDRHI R R ORISR DB S D, T OIRSARIEIER & 5 I B 2 R o B £%
IZOWT, IFD X HIcHEZR LT,

Figure 4-12 {2 DAG-oil FIZFEA LIRS R OG22 77, ZOKIZR W T, )’
PRI SR CIE, 1,3-PP <0 1,3-PO 72 & DAG-oil F O &Sy D7 ) o EEE
PGFE DR Y 77U & U R & S PEIEF O AR T 1 2127220 | BN TR D&
BFI LT D, ZORE, NI FUBEF LA VEEPRIA DOEICIESZ & T, P-O-P ¥
A T FEIZIL O-P-O XA 7D 3 EHEMIEZ T 5 (Figure 4-12(B)) . TAG TDSEATHIZE
PR 91T, POP X° OPO O 3 $HEMEMEED 7 A 7 MRIZAK) 6 nm Th 5, AWFJE
TEEINT-HEED T A 7RI 8.37 nm T (Figure 4-12(C)) . TAG DFEEMIZ -~ TIA
WHERTH o7, ZOFKEE LTI, DAG & PGFE SR &7 1 SO EZ T %

Tl MREMITREE E B M A OEETH DL L. BXON1,3-S0 e EFDSF
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BAELTHEEZER LWL Z R ERELZLND,

RO XD i RS E R E TR T S Z LAY, DAG OFERAEIIHIC 7R’ b LB %
LZ0IXEHMENH D (Figure 4-13), 1,3-PP <0 1,3-PO 72 K Ol sy 1%, iR sAsiss
ROHIZIRVIAEND Z & TEIBMEME T T2, TOREL LT, DAG-oil F Tt
AR ENEET DHEENTRY | MmO BGEEAME T 5, @l 0N iR
EARDOHFITH D IAENTVD &V ) EEMZRFEILIZRNE DD, 1,3-PP X° 1,3-PO Difi
faZ R X AREPTE—2 (4.6 nm) 22VHK L7 & (Figure 4-10(C)) 1%, Z DGR
EEMAIT TS, £72, 1,3-PP X° 1,3-PO OEIIFTE—27 OWLITE 3 ETHLHEEINT
W% (Figure 3-8),

PGFE OIS, WAl 7 v 73 a&E 2 R LT b 2 Liamz, &
V7Y G EmIHIZR K L TEEREEHZH T EEXbND, R 7
UtV AR E L LT, DAG & PGFE DSff b TR EIRREZ R Z L IZ% 5
LTWa EHERI S D, Mz T, Table 4-2 X° Table 4-3 IZ°C PGFE 10 ™ )73 PGFE 6 &
DHBMWEETNBIEI AL DI, RY 7V 'Y ISR ERETER T 572
DIZHRE IR A XD LEZBID, FEBE. PGFE 10 ™ J778 PGFE 6 X D & FRU S i
IR AR L7z (Figure 3-3. B X W Figure4-2), ZHHDOFR LY, KV 7w
OV A ZANRKELR2DITLE, DAG & OBKMEMHEIEMRIRS 720 | REERIEIE %2

ElbTHrb0LEZLND,
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Figure 4-12. Schematic models of (A) the cluster of 1, 3-PO DAGs and (B)
supramolecular assembly of 1, 3-PO DAGs/PGFEs containing palmitic and oleic
acid moieties. In the supramolecular assembly model, the polar groups of DAGs and
PGFEs form one unit layer, and the fatty acid moieties are aligned differently to form

a triple-chain-length structure. °
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DAGs form cluster Nucleation

R i 4t
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/ \ » ﬁﬁ - NIRRRARD
N . ittt
X } \ b % / INRERNRENI
PGFEs form liquid- DAGs are incorporated
crystal —like structure into the structure

Figure 4-13. Putative retardation mechanism of the crystal nucleus formation
resulting from PGFE addition.(A) Without PGFE, DAG molecules pack together
and form cluster, followed by the nucleation. (B) With PGFE, PGFEs form
liquid-crystal like structure, which incorporate DAG molecules through palmitic acid
moiety and polor glycerol group. As a result, the concentration of high-melting DAG

fractions decrease, thus reducing the probability of nucleus formation.
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44 Fi

%5 4 B TIE. PGFE 7% DAG-oil Difig{b 2 8|92 A = X LIZHOWTHRF L7z, JIE
FABEEIZ SV R F Ul & A L A V% & T PGFE X, DAG-oil \IZINT 5 Z & TRtk
PR A RBT 5, Z Ok, FERIESE Z 2RTOMEHREBICER T2 &, Wk T
T DAG-oil FICHEIEITEENBIEE STz, A T, LA r U—HIE TH LT o 7ok
FEOWUNR 2L, XRD JIE CTRENTT A T HROZEIEL, DAG-o0il FIZIEAEED
MEEEPER ENTZZ EE2REL TS, 72 XRD O/8F — b Z O EEERE
{KIZ PGFE & DAG &3 ERCT 5 3 HEMEICHRT 2 b D LR s D,

YLD Z &6 PGFE T X % DAG-oil OfE i A 7 = X LG E LT, 1,3-PP
X 1,3-PO 72 £ DAG-oil 1 D&l sl ik sy 75 R EEARFE G IRIZEL D IAE 1 5 2 & T DAG-oil
HCERLAER D BB EVICEET DHEEN TR MO EEX R TS5 b0

LEZBND,
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HSE ABFROMEE
51 AHREOE LD

KHFFETIL. DAG OFEEALTHIETIN OfeNr 2 BRI & L, SEREIM» S A8 L72 DAG
(DAG-0il) % AW CTHFE1T- 72,

F9E 2 ETIX, DAG-oil OFEILZEENIZOWT, DSC, RLHEMERLZE, BLIO
CIZE DN EIT-T-, TDOFER, DAG-oil TRESET 5 51E 1,3-DAG THDH Z &
PRSI, 4 1,3-DAG (ZEIFINENIIE 2 & Tl 22 @ fls ks (1,3-PP %0 1,3-PO 72 &)
Mo A OfEEEE Y (1,3-00) ~& BFEICHR b T 228 2R Lz, SHITH2
BT, ME DR 1,3-DAG & HWW T 2 B IRAROMZET 25547 L, 1,3-00, 1,3-PO
BEO 1,3-PP i HRa S L <ITILGOMEE L 702 Z L 26N L, ZOIFEMEEME
DZEE) S, DAG-oil TEIZE SNBSS LB S N> TV D b D L HEZE S L
Do 52 FIZBIT DMEHERI L. DAG-oil OFE RGN 2 ML 3 5 72 012X, %
AR ISR AN HE b T 2 @Ry 777205 1,3-PP % 1,3-PO 72 EOfdbad = b
H—=AT 52N, RLBEETHLLEZEZOND,

%5 3 BETIX, DAG-oil DAL L TEIERO & 2 ALH 2 BT L. JERERIZ S v
IF UL LA VEEEFFO PGFE A3, FEH IZAIEINIC DAG-oil OFEf b2 MilT 2 =
& & L L7z, DSC RGBSR O R PGFE OEMRIE, 1,3-PP < 1,3-PO
72 £ DAG-oil 1O FE RS OFEMEIR 7 08 A TH D Z LS iviz, Zhi, &
A2 AW L7z DAG-oil D Hfli{bET LS K DM 6 b EMIT Sz, Zhb D
Tl F2ETELRLE X ST, DAG-oil DFERILHIEO 7= DI X BT IR IGER & &
T2 1,3-DAG OfEbE 2> ha—L 325 2 ENEFICEETH Y | PGFE 1TEDKRA
MIERT 2 2 & T, 2kofiifba B liciil cE b0 B2 b5,

%5 4 B TlE. PGFE ¥ DAG-oil Diffiga bz il 425 A N = X L DOWF 21T > 72, ftidh

(LD Z D RTOIBMHEREED DAG-o0il (24 H % & . PGFE %1 L 7= DAG-oil Tli{R
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ST THEHEINBE SN, AT, AR P—RIEICB T DHREDOM/N S0,
XRD JIEIZET DT A TRIFEOZEAIE, DAG-0il HISHK SR DG RATEAL S iz 2
LERLTZ, £72 XRD ORF —uinh . Z O PGFE & DAG ML 2 3 $HE
HETH D AREEN RSNz, 2R HDZ &5, PGFE I X % DAG-oil Of i A

=R E LT, 1,3-PP X 1,3-PO 72 £ DAG-oil (2G5 @Ry 28, bR

i

5

RIZEVIAEND Z & T, @AY FEENSET DHERN TR | SO TR E
ERFTIED VRN EZ HILD,

AR OfE LI R R R O EICRE S RETLOHRFTH D, ZHETIT DSR2
Ry DR DAG OFG SR BT 2 F501350% < iy S Qe ddy, TEMITAERE S
NDEMTIREWE L TO DAG IZB L T, AFEFIRIERICIRON TV, ABIFET
(T, HI 5 AR L7z DAG IZOWTHESMEZEN 2B 0 L, fldefehilo % —7
v NEREICT D & & bic, ZOHEIGEDO—FZ R LTIz, ZAULIDAGEZ S EIER
A~ LIGHT 2 LT AR LD LIRSS,

PGFE %z 3 U@ &3 D 3ALAIZY, AR O BITIER T2 2 LITRBRIIc L <mbh
THEY, fHECHAEORWHEETED 1 > Th b, — T TEDERA I =X LD
TUTAIRHNTRIEB 228500 03 8 0 L FrRISHE SRZTE R 2 T~ 2 A U = X BTV T,
DR TR+V43 T o 7o, ABFFRICTRET 2L, ZNETRITH - 72 ff
R EIHT 2 A=A LZONT, BLFILNEBZXHERET LD TH D, fifh
BREIIRE LD A 2 — N OBEBETH Y | ZOBROFE ML ARICEET 2R Th D 2
LEBETDE, ZOHIEIA D =X LR U Z i, REaEHIBEEAT ORI <

HHICRERERPHDL EEZOND,
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52 SRORE

AHFIEIZ LV . DAG-o0il DfERBLZEE) & Z OFIEHGIEO—FINR Sz, 5% OKEt
& LT, EPIEAMITE TR SV J71E, T72H PGFE O, kidm e L
THor72tERe % DAG-oil I 532 6D Th Hh, EEORG TOMRBLEATH D,
FRIZ, 7o R T FAND XD R E L TORMIZHT- > Tk, ZHREOKIRMHE
1L AR & D AMBLO AL TR DR T 2B 13 5 72 DI AR AR T %, £72 PGFE
23, FUERICTE W T H 207 g & RER ORI 2 R 2 R BT 2 00 E 9 0 Z R
HZEH, vAR—ARAT Ly Rl E~ LB OISHEAZ AT 2 ETHEETH D,

PGFE OO 7 TiE, DAG-oil (2372 RE & 5 TE 2o 1o G BT, AW
DHRZIENT I E TERLIEEELEX D Z ENTE S, HlIZIX, 5 2 ETRINT
DAG-oil O b8 % ZJE L T, 1,3-PP X° 1,3-PO 2 EO@mfE kx4 2 ) 7
DEORETm AL VES T Z LR Mt ORE REIERTIED MRS
N5, £ 4 B TRI N7 PGFE O LI A 1 = X L DI7A~ 513, PGFE % DAG
EMEAEHR LT WS ICRELT 5 2 & T, L0 iSRRI EInf R A EBR TE 5 &
EZ2 bbb, SHIZ, PGFE DBMEEIER A M2 &9 806, R B R
ERFOFALA L OFHT 2 2 ik, MEDRE AT WRRMERH 5,

AWFFETIE, THE TRETH > TR DM A 1 =X DIZOWT, T 72 )
MERETDICE ST, LLBRL KR E L TED AN = A LDOREVHH Sz
EIEEWEE, 1T DAG-oil ALY D REHAEIERIZ DUV T, S B ITFEMIT AT
THMEN D D, ABFFETIE XRD HIFEIZR T S e — 27 O3 % — % TAG DO SeAThT
Ll d 5 Z & T, DAG & PGFE 23 3 HRMEEZ R L TWDH EEBL LR, 20D
(R &3 B DS A A L TV D AT b b 5, 32, Mk 3 gHREAMEE ) O 4
EEND7AZME (K6 nm) XV b, AHFECHLZESZME (K 8nm) (TREW

HLDOTHoT-, A%, PGFE X° DAG OFEEHIZIG U T, k&R E o X 91221k
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T DO ERE L, BECHELS T ~ it EOFEABAT H 2 & T, RS
KIZONWTEBICHEMEZRD TV ZENEETH D, MA T, PGFE & DAG R ED
INTHEAER LTV D0 E W0 D SIZ DN T H T — 4 N2 L U XA VT

RIRREIN O TERT 2 £ TOMBREBIZE L. NMR Z W CRpmE-CEE) 7
DT 21T 5 Z L%, PGFE OIEA A 1 = X AIZDNWT, —BEEHIAAL TR RE LR %
B2 T NDAREER S D, L EIZOWTIX, A%MBET XS ETH S,

ARFFETHRZE LT iSO A 1 = X LGRS, TAG 9T 7 4 v ANA %
T4 =B E DAG LSOOG~ EH FIHE/ZR & D Th 27 E 2T, FEHE I B,
bHLIZATHD, b, HARIMIE~LIEISHTE D LD THIUL, AWFFEDH AL
(TR 22 R O s AT & L TRE BB L TWS AIREMENY D D, b, BAEHIH
JE. ABBESRRER S 2 L WIEE A RSOME R EAFER L, WMIFEEOTRIZ SRR
LHIBIHRE L TABOMREOEERIEIF SN D,
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AWFFEIZ BN T, IR REER AW E B AT FERH AR P ) 5B OB £ T,
WD OAGH LD & D £ L OICELHERICBNT, ERIEPWTHEELZB D £ L
TG IS B R A BB D KV R HFLH L P&,

AWFEEED DICHTY | WICHIER ZB S CRE 2 A& £ LI KB RERFBAE
VIR 2 TER O B BRI AT D BREEHI N2 L E T

MBI DWW T T THREW 2 & ERFEERICOVW TR S ETHE £ LB
FRFEEAREFAITFER O B DB ISR S BGHH L B £,

AL % TRV o2& YR B E L AR R O AR L TIHE £ LR
ORGSR IR O R FEAE B | TR S KRR LW BE R AT e R O P B IR
R ELINEEE . NG FIMERR . AR FIZRGRATIS O L D AL L B &£,

Fio, AFRICBWCIEEZBY  BxOTHE L ZHHETEHEE LI~V ATT
BABFRATOEARREAFTR . ZAKIE—ER, ZHAERINV—T"Y) =& — HK/FRIT IV
=7V —=F = KHBET V=TV =& — BARNIESE 2 &7 ¥ — O LB LR,
an B PRAESS Y O TR N B & 213 U o AEEMRA SO BEEE O HRICEH O E L £
LETS

REIZ, A RICEDETRELTIZP<ISE L TWIIEE | ke RENLX AT

TeRBERPEIZ LN D EHOEZR L E T,
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