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Abstract : Herein, a series of bio-plasticizers, epoxidized fatty acid long-chain alcohol esters, were prepared by transesterifi-
cation between fatty acid methyl esters (containing 85% methyl oleate and 15% methyl stearate) and long-chain alcohols, followed
by epoxidation. The structure and composition of the products were confirmed by 'H nuclear magnetic resonance (‘H NMR) and gas
chromatography-mass spectrometry (GC-MS), whose migration resistance as a function of the long-chain alcohol structure were
evaluated via a combination of experiment and molecular simulation. The results demonstrates that the volatility resistance of the re-
sulting bio-plasticizers increases substantially and the extraction resistance decreases gradually with increasing alkyl carbon number
of the long-chain alcohol. The fogging value of epoxidized fatty acid methyl ester in polyvinyl chloride (PVC) is twice that of ep-
oxidized fatty acid n-octyl ester, while the extraction made loss rate of the former decreases by 50% compared with that of the latter.
Furthermore, the exudation resistance of the resulting bio-plasticizers varies in a complicated manner as a function of alkyl carbon
number of the long-chain alcohol, and the branched-chain structure of the long-chain alcohol shows no obvious impact on volatil-
ity resistance, extraction resistance, and exudation resistance of the products. The present effort may provide guidance for other
researchers to develop high performance plasticizers for PVC industry to replace conventional but toxic di-(2-ethylhexyl) phthalate
plasticizer.

Keywords : epoxidized fatty acid methyl ester ; plasticizers ; long-chain alcohol ; migration ; polyvinyl chloride

EETE : by 5 TREE I E L L0 S T AGREL 45 H (SCU2021D005), VU1K 4 AR K o MERBEF 4 TR (A1 AL 42100
(2020SCUNG122)

BIEIEE KA, 2R, EENF AW R AR T

W B A 2022-01-20

51 AE: TR, I T B R0y, A L BRI R S PR AN R SRR T RS M2 e [J]. AR SRHNIHT, 2022, 50(3):113-119.
Wang Songhang, Pan Siyu , Zhao Dongfang, et al. Effects of transesterification with long-chain alcohol on migration properties of epoxidized

fatty acid methyl ester bio-plasticizer[J]. Engineering Plastics Application,2022,50(3):113-119.



114 TR R

2022 4F 55 50 45,55 3 1

RA LN (PVC) & Y4 2Bk & i K
PEERRLZ — fE N SRS A A R
ST A S TN iz o BE SR 2 B0 PVC N T
it AR R R B (AR G A i SRS R R

BISIE AT A PR TR E RS gos s 1,
ORI 2 E R IR . FEAR 2P AR 3 7] ¢
AR, PSRRI T F T 14 8 5% LA 5 s A iR
JEORE, HA AT R AR AR L B R R ROR
W M AE AR AR, B TR AL A AT P A RO
PVC Al A3 801z i H . R, 35730 1 42U iy 7 Y
lis 32 A B 25 R R, 25 M PVC il P i ), e
REL T 17 330 2H A o S48 8 50 0 o R vz i L
W, XIS T R R 1 o3-S A A Tl T
R AR RS 1 , 0T S8 M ik 2 A ) G 9 55) 1) i
RS HA B2

— BT, PVC FHIBGEARI T 45k TR A
A A 5 A R AR P e SR, 188 T 3 AT 55
PR AR e FE B S AR R AR TG SR T A RS E A A 2K
FB Y, BTk, R TAES BRI BRI
AR T HA TR 5 v i T ) T S 488 5 07, %o 3 A3 9
TR AR Jo S 45 A SR A i, T 57 T S
R AN, Stolp 25 BV LUEE FRIRR FH AR A EORK, £
IE T R 2 # A EE L A A AAN S, R B Y
Tt 27 i 1 B At 3 P A B RV R F R B e 2 2 A5 L
o M, ZERRAE U LR S AN IRR B ) S DRI
Sk Dk, 38 i e RS il & AR SRR R -2-

B AR I e B ) ) T 1 R L AR
R (2- 232 ) BEE 37%.

DAHIT Y TAF £ 5 A Bk, {8 i T e R
IRBESAIAN ], AP Fabs R BR T4 &2, IE AR % &
PR R A I AT A LA R GEXT E v e
AE A B AU I TR T 2S48 2 ) i i A% M 1Y) 52 i
FE o ST Ib, 2B DA w4 di i H g A g i
BRIRAS ) A sk  AADL R S sl A i Ao TR S 46 S
WA, BT A AR I e o B i A ) R
AR, ITES 6 LR 5 L, RGHSE T bRt
S LS A A S SRR P T e T AR B
Bt PERE RS2 . iR SEIZE R nT Ry S AR
BRI F BT ST R RIS %

1 XIE4S
1.1 ZRH

1ETHE AE R 2- 23O i SR H R

WEIR L TCoK S ATk - o3 A 2l eER R e Ak T3k

il

WUEAIK = 50% KW, AR AL Tk

B AR A FasE ] GP-286, T 5 ) T Ak
A RAF]

BT R Y i (7 85% YH R FH TR AT 15% i Jig /iR
HHE )« EBTRL T A AR A A BR A 7 5

PVC g : SG-5, PUJI| 4 A4 B PR 7
1.2 ZZX&ERMNE

SOM B - T BEOR (GC-MS) 13: 7890A/
5975C AU, & [H Agilent BHE /A ]

Wi 4R . AV11-600MHz %Y, B+ Bruker £}
FAF];

SUER TP AL : CH-0201 B4, i[5 435681 22 A 4
WA AT

% 1fk {¥:Horizon FTS, VersaCool %, 2
Thermo Fisher /2 ;

B DL AL WAY-2S 8, |G SR A A AT
BN
1.3 ZRES oy BR 2 25 B B 3 78 70 6 &A%,

(1) AEANEIFRIE T R

T4, R R 2400k & IR Wi 1R 1E T . K
JIg i 1 F g SRR B L OE T R T 2 L
1 : 0.1 : 9hA 250 mL B, 7 50°C F g+
RN 7 he BEJE, B IMAERER A, I 258 7K
WM. B, G ZE R ORI A E TR, 3R
FEYINR TR IE T TR, 725N 97%.

W L —2H 50 50 g BgMiiRIE TR 4 g iR
BT 100 mL = FBf Y, 9815 B 2= 50°C,
600 r/min. DAEE B BETR SN 25 g of A AL A, Lk
2 h, BJ5, kSRt FE 6 he VARG, H 2
BTKEEPE. W5, 2005, RS A
NEWFRIE T Be , 72k 98%.

(2) FENR MR IEF R

N W 2 1E < P AR08 T R AE - PR 19 & i T
5 iR

(3) HENEWITR -2- ZHEC M.

JEWITR -2- ZFECFR IR ENEIIR -2- £ IR
) T 5 R,

(4) AR IR F IR

A RRIITR BRI G OTE S Bk,

1.4 PVC #BALpiH &

1 100 g PVC,50 g BE¥AFIF 2 g 45 - BEE A

FEFIR GG, FXURIF B FT IR, 15



EAML, SF - BRIENE SO PR AU D TR R SR RS T ) 115

SEHIERE N 0.3 mm B PVC BRI, IR IRE N
150°C, #5012 t/min, JRHRHS R 15 min, Tl
5 PVC ML A & A rE I B T as b e 7 dJ5
HATHRAE
1.5 ##FAE S abml X

i EE (H-NMR) 4347 : DURIRE 5 A7
DU FF e SUE A I, R 400 MHz 'H-NMR FAE
AR oy 454

GC-MS 41« i GC-MS FAF 1 357 41 A 5

AR 0 22 - AR 4 GB/T 16762008 il 5 44 54 5]

L e a A B 5

PRI 7E - AR GB/T 1677-2008 il 1 14 #4
70 B AR ) R 4R 5

AR (B 52 « AR 9% GB/T 16682008 I % 14 ¥4 7]
L AR B RRAE 5

6 5 . AR Y& GB/T 64882008 ] i 4 ¥
VS GRIELENIOE D

AW EE I 5E - KRS GB/T 1664—1995 ] & 14
ST J Tl A ) €

JinFR I 5 - AR YE GB/T 16692001 FAE 1
SRR B R R T e

FACAE I 5E - AL 1SO 6452 2007, 3% ] H &
P E PVC BALIE R 2504 5

it AL PRI : AR P ASTM. D1239-2014, F4E
PVC AU ELERS 7] b 1 A IOV RE 5

Tt A R, . AR 1SO 177 : 2016, F4E PVC
PRS- 5 [F] A s PR TREATT HE 1 i
1.6 44

fiiH Accelrys 23wl & BT A F62 Materials
Studio 8.0 #1744 3l J1F A . FERBLAIT
e, {6 F Material Visualizer, Forcite &2 Amorphous
Cell #iHegd 7. PVC- BEMARIILIR AR, T 4011y
K H COMPASS 137, BARBHIL BT

(1) 5 S 1 45 PVC SRR JCE R R A
JER R ReRL AT U DAk, B 5 58 T 55 45
ZZE (NPT) #E47 300 ~ 800 K 1 K ALBH; (2) T 10
AREIARN Gy F IR T LA AL AT NPT 3l )2
1Bk (3) fJi , PEHL 450 K FPATRERL, JE T 1E ) 2
ZE (NVT) #£47 10 ns (930 J1 2238 5, WA R AR [H)
DI SR AR o PRI EE R, ST 4 9 59 4y
0 AR BRBE I R 35 05 0%, 006 TE B B9 B
(R =1) B34 iR Rl [a] 22 Ak i Lo ml e, TR
Dl e R (U S E T S

2 GFR5ITE
2.1 EFRESEI IR % 2% 55 Bg 3G HR R M 2B AL F TR

TEA BT A48 7 R HY TG R — o A 4Bl s i
o B T 0 B R 5 1 S TR M R R DA
Hal R S = M U A A R(E S S
B, AR g5 WA TR 1. 5 SRR AL 5, IR
BB, 5 DR BUE T R, IS5 B TR R
A — 3, FRBEAE e S I A IR SR AN TR AL
o RS, =R EURR TR = ik B 1 BUE Y
< 1.0 gl,/100 g, H FF5 Ak i Hig 105 2 e ok B i v 1]
PR BB 5 185 28550 7 ) 3 48 22 LU IS TE 18 ~ 20 Sl
DAL, & BH 45 v TR] R fg AN UL A0 B B AR BE 1 3K
FAUT o SR, — PP IR SRR 7 T e e P Tl 1 24 551 1)
FR{E 347N 0.5 mg KOH/g, 4 - 44 (4 BEH1/NF 20,
HATEHRAE 1.45 7247, 75 B 405 PVC FH 3G 98 5] 4
FHEER

F 1 4 FINEIERERER L B I R BRI IR LB

ROBRI R B (CBR(E)Y BRR MM/ -4

rf i) fAc (gl, 100 gy fH /% (mgKOH - g") faff e
E TR P i
" 7741 / <05 <20 14522
Jk
oxli=] 7
AT <10 40 <05 <20 14518
FH i
BT
H”%ET 67+1(674+09) / <05 <20 14536
H
AR R
< 1.0 . <05 <20 1.
s 3.7 1.4523
=Y 7oy igaval
H“Hﬁ;ﬁfi* 59+1(57.9+08) / <05 <20 1.4569
H
AR
o < 1.0 3.0 <05 <20 1.4559
1=
R -2- 2
+ 9+0. < < .
el 59+1(57.9+08) / 0.5 20 14575
W Se
W -2- 7.5k <10 3.0 <05 <20 14564
WAL

e 1) 355 N O B U, LT A O v Ol R BU(E =M/
M) x N, 2 M, RS R B EOR T E9 40 T4 M, RN i
TR P-4 53F-58 5 N Ry g 01 P TR DR AL
2.2 EREIR I BR 2 Ak BF Bl 2 A0 ) 45 M) B AR R,

TR 'H-NMR R AF 4 Ff 28 5005 15 192 Fi 1
IR PS50, SCRR 45 R 1 R . R I
fiz F R A "H-NMR 2558 (1 1a) S5 A RIS R —
S QNS B st PR IA 1) =A== Wil e &t ey L
YRR H T E R EE o MR HILSEUR T (6 5 ) M
WhR. BUNG & B, 7SR DR R, 7 5 &%
TR S A S AR AR Z LR 3 2 2,
MAE 3 Fp IR AR IR S ik B S, LR AU AR H



116 TR R

2022 4F 55 50 45,55 3 1

Y91 s 1, R WG 7 R R SRR E R 2R AT g 5
e, HFALRE . b, AR IR 1L - 1R R AU
R -2- 2.3 O TR 4 o Bk I ot 32 S0 T BT A k21
WEARRL, RS 5 EE , (GET 'H NMR LUK
%%ﬁ%’ﬁﬂ‘éﬂﬁ@%—z- CIE ORI SCHELER

7

R

63222238 32229251

6322221222227222

CDCI

3

‘r’ f
L /F 1 1 1 1 1 1

75 50 45 40 35

6322223 32229251

6322222202222252
cnel, 7

R=

75 50 45 40 35 30 25 20 15
(b)
12220927
R
63222238 32925251

enal, RE 0552529252929252

1.0 05 0.0

;

i
L II/ 1 1 1 1 ! 1
75 50 45 40 35 30 25

P)

(c)

2
1,10

2+99¢q7
»\za&wiﬂ
1
632222382 32,2,2,]

€Dl R=  5,2525292529252)

7 39

6
S DS 0 W48

7.5 50 45 40 35 30 25 20 15 10 05 00
0

(d)
a— R EUR TR T s b—HREUIRIDTIRE T 1 5

c—IENRITIR T ; d—3RENBIIR -2- Z KO
1 BE¥A5) 'H NMR 54

hy ik — 2 FAE 7= WAk 2 4 RR 25 4, R
GC-MS B HE AR X 4 Fh 21 45U 15 92 Fie 444 90 70) 3061 7
OYHT A SAR GG AN 2 B, FEbSent b, 5
THERR VT L, B 745 BT 1% 454 5 NISTO8.LIB FT i
JEVEATRG 2R L, R TR 2 rp 32 I X R A
Iy TE5R, TR aE A T3k 2. & iTa KB, SR
i 2 Y T SR 2EL AR X IO, 28 b i 2 40 AR
APRIS  IrAS = B P RR R B Sy, BRI PR
BE IR EIM ARG . 3R '"H NMR & GC-MS iR 2%
FUUESE T ARSI 3 PSR TR = B BB 5 UL
1,

19 20 21 22 23 24 25 26 27 28 29 30
5] /min
(a)

(b) 2

19 20 21 22 23 24 25 26 27 28 29 30
fisf [6]/min
(©)

19 20 21 22 23 24 25 26 27 28 29 30
5[] /min

(d)
a—FRSEUNR TR R s b—H RN IR AE T 1R 5
c— MR R 1E - 18 s d—EREIRIIR -2- LFEC IR
P2 SR SO @



EAML, SF - BRIENE SO PR AU D TR R SR RS T ) 117

®2 4T REMREIEETIN S

g s i oy MR /%
% G CoHy0, 16.6
2 FRACIR CyoH304 83.4
ot 1 TENR R IF T T C,H,,0, 159
2 FRRIMARIE T TR C,H,,0, 84.1
I 2 1 TR R 1~ i C,H5,0, 16.1
2 IREUIHIR F 22 R CyHs0s 83.9
- 1 TERETR -2- 50 BE  CyHs0, 15.8
2 KA -2- HECEE CH0s 84.2

2.3 AN ER F ok B B T AS M AR

BRI RS 248 PVC il i A0 14 S8 70 LA
R AT AR AR R A 5 R A il
VAR A 5 P kT B A A Y R T
223 PVC il i 22 e BB, — 5 T8 5% 0] 1 o A ol
FHAERE , 55— 7 Tt mT G A A4 (e B A R s al fis
U200 [ 3 g A A0 0 T 4 O R s R e
FE T SRR AR D R e b B R Ak 2R S5 A ) T
SR PRSI £ 3 0T Lb T 38 98 R0 A R R A B 1 A
R, IER S A E T AHR. PVC #4E
PR ZEARE . HE 3a AT UL, 78 125 CAa R AR Hm A
2 h e, AR IR FF R 5 R T s i e R e, A
7.2%o, &I AR W IR IE T TR (4.9%0) F4 1.5 %5 136
AR IR 1E S BRE & TR R SRR 1.6%0 , 29 ER
SANRITFR BRI 1/5. SR TR 1 BRAH L, #F
FHFEIAS AT, A E RN RR -2- LB CERMIE R
JREAR R RAAATR, AR 2.10%00. INIZREE ST LA

A, I IR (TR A A BE PR /N R BRI A -

PRAENRIDT IR i < PRAAUIR TR IE T s < PR SAUIR T 19
-2- LFECHE = AR IE ¥ 1k o

8 -

18
7F 7 —E
8 . 15
%l 2 2
X5l £,
% =
@’47 ;\{g 9
§37 §
6
2,
! N :
HER ) H )

(a) (b)
ORISR T RS A — AN IE TS
AR R IEF e ; eI RN -2- L3O R
a— BRI BT AE 5 b I PVC WAL 22 A 1

3 BT & PEA LS
FAAE AL PVC Y8 A0 B rp 33 98 ) it 47 2 1k
AERY o) — T Z S8 MK 1306452 : 2007 i ifE,
ME T PVC ML 55 A0 AE, S2 5045 R an & 3b Jip

R HITE 3b AT L, PVC 384k I 1 55 1k {8 28 1k
5 0 R o AR e SIS0 5 SR 2SR, RIDAE 100°Cm
16 hJ5, PVC ¥R 5 % () 31 SR e
s fc %2, FEAL Z AL MH K 16.43 mg, HLIR R IR 1F
THE (13.73 mg) = 20%, 29l 3R 408 1y R 1F ¥ ik
(7.87 mg) FIFENGHIE -2- 2 5O Mg (8.48 mg) 1Y
2 1%,

I AR N B ARG SR - B 2R
SEU T 177 T Tl 215 4 90 ) vl v i P ot B R 3G, 7= it
PR A0 SR A, A G 1 SR 0) oF 1g o
T2 P v A — e R e 1) [ st S b el i
JECF- B0 ] (R PR SRR TR -2- 22k L R N3 48U iy
M 1EF R T LA Y e BT 5 S 445 R ) 3k e 4
ST P RE RE MR 7N

T A BB 26 4 50 B PVC il i 3 A TR AR A T
H 3 A 5 D P T WA A B RS A ] . 3%
T R — T T BT PVC il T 42 A A S5 )
28, 55— L 53R a5 DA e MY, %
X1 28 4 PR ENR I TR TR IS B 1Y PVC BSEAE A i ik
HRI 24 h 5 AR U SR OSSR AT R R R
KA 4 FR .

40

T H BT 48 2K /%0
I T N R

A
(b)
a—HENT A5 75 b— 7 0 R 2
B4 PVC MR HE T R S S AT th i e 6
P 1T da T DL, A 400 7 TR P TR A il A A6 R
oA R R/, R 17.0% , A2 Sk 3R SIS T
IEF G (34.2%) B9—2F 5 10 PR 4UN6  BR IE T IR 2%



118 TSR

2022 4F 45 50 5,45 3 1

U R F R 30.2% /v FRIIA Z (8], B2 B
v i 5 e ik T e i e K, 9 9 R0 i A% I
R R . X nT BB th T R ik B e S I K, &
AU I 12 G 28 14 98 391 e e 1 ik AT L A1 R A
HI 55 T 46 Y850 5 PVC B BE R B R A B4R ARG
W R, BRAEIE T R -2- 203 C T Y A% B &
P N 36.0%, 5 R4 G 5 R 1E = s 4 o0 2
AT, 2% BH 1R i I Jo ek S B 45 R X 3k 28 44 0 5] 114 Tt
AEWCPERE R W H /N

BRAEIA T AN B2 2 N PVC il ff N
T AT P S R A Y AR R sy
AIEFIPERE . A SEg R AT, 43 e T 248 4
Tt B S8 M R Tl 185 9 ) PVC JIEAE AN [R) S, B R 1) 308
M HE B B IR WA 4b FFR . & 4b Fds
WIR,HE 70°C, 24 h 44T AR IR IE T BRI AT
R AR /N, A 2.0%0, 20 AR B R P TG
(3.7%0 ) B —>F=; [AI B, TR 586 W7 82 1 = iR (6.7 %0 )
ARG IR -2- CFHEC TR (6.9%0 ) AT H 5T £ 45
R R IR BN A AR FR 1E T BT H o o ik
RAM 3AELL . [FAE, B3R PVC BLIEAE 0°C |
24 h 5 s HEAEARL A AL S BV BT e A O
K NG TR IE T s < PREE IR T s < P4
R IE IR = S E N IR -2- C3EC R, Lak4s
FEU LEI SR 7 IR R R BT v, 3 S 3G = R ot
FEHERC, AT LA RO AT BT e, I AT g2 A
SR 3K I v ok B ot S RE AT RRBEL RS 38 98 579) 43 T 7E
PVC AR iz gl SR, X4 ik B e 34 i K
IR 8 AN AT T G R R RS
WIS v B T o i K A B SR RE BELASH Y 90 5] o i
B, (H it ZAE M PR AE A, BEAR T MM 3L A
Fb, & B Y50 5 PVC B B ] A AR ELAE F R,
SHEOGHRNEEZ) I PVC il s AT H o sk, A
HE P 5 Rt 2 B v i T ot i 1Y) S 445 F o) 3
— IR RIS / v TR ATT S R A N

Sy — 2 BE R AT SR A, 2 R
Materials Studio 73 PPN, #4521 L s 14 9 5]
-PVC IR A JE AR Y R0 IR T A HE S0 3
Bio W) AR 7 (0 RS s ] AR A 28, T H R0 9
ForF1E PVC FEARN R A Y BCREL, Wik S i i
HALEREE R,

T SEX PVC JoE RZE AL, 4-15% 5 556 PVC
A e R SR AR M R I A 4l PVC B R BT R A
PVC V- i 5 AU #E 300 K 1Y% R 1.381 £ 0.003 g/

em’, IEESECHN 19.56 £ 0.11 (J/em®)”’, 5 E S PVC
PERES R 1 R AT ALY PVC AR AT R
FLSE PVC MR EE R AR . Bl , 7674 PVC
R P RERLES I 10 14 88 50 5+, P47 NPT
iB k. fE, HEHL450 K R i A, 32 17 10 ns
NVT gl )12, i PR G &l 5 s o

a—FRAE IR TS s b— 3R SIS RAE TS
c— A HBITRIE ETE s d—IR A HBIR -2- ZHEC TR
s B PVC T
WeHE NVT FE L1 [a] Y 10 /> 38 88 57) Jo 00 Bk

ABTR, 22 ) 38 S R Y X8 5 60 A% Bt ) 1) A2 Al e (DL
1 6), I A 2% RT3 5 A%, 11575 30 1 28 50 43+
AP BERE. SR BRI ENRNERIE TR A
P B R BURAR, K 5.24 x 107 em?/s, BRI T3 42 IR
JI 12 P i (5.43 x 1077 em®/s) 5 1M R 480 i 5 R 1F o
fis (7.06 x 107 em®/s) 1 ¥R 58 Wi R -2- £ % & IR
(7.14x 107 cm?/s) (1 [ 9 BUR BT, 29 0 SR 5 iR
iR R 1.3 £, ik A HOCREUE AR LT
OISR T iR BT L SR 2E AR

- SRR R (5.43%107cm?s)

O IENSIIERIE T T (5.24x107cm?/s)
4.0 -+ HLURNIFZIETE (7.06x107cm?/s)

35 [ -+ PRI -2~ L AEC g (7.14%107cms)
‘5 3.0(
B 25
=201
R1s)
T ol
0.5}
0 2 4 6 8§ 10
LA /ns
[l 6 4 FhIRSENE T RR R 3 850 0338 7 (i B Bl (] A8 Ak il 42
3 it

LA 15 P P 0 58 I R P P TR 0 JBURE, 4L
PRSFSIAEIG , 38 1o BRI P S S R R AL il A



EAML, SF - BRIENE SO PR AU D TR R SR RS T )

119

T — Z NIRRT TR e B 2 5 A ) R B, O &%

GEXTLE 1T IE RV RE AR R R 458

(1) SN BRI LB IS, I AL BE THER AR 1y
T2 T 21 1 700 O T 40 P, L2 ) 3583 7 00 A T 4
PERE ;

(2) fei Bl I G A2 0 0] B RN 17 TR TR 28 £ ) ik
SRFA TR BT L PRS2 e Ry S 0 2 v ko il
THCH 4 W, 7Y B TR / = AT A R R
Ths 24 b Het 1 BOA 2 8 I, 1 S HE 951 1Y
TR AT PR RE B T 2378 2 5

(3) vei R Pt i S B8 A4 0] B S I TR P 2
SRFA TR K2 TS 2 SRR AT R PR RE RS2 185N

5 % 3 #

[1] Li Mei, Li Shouhai, Xia Jianling, et al. Tung oil based plasticizer
and auxiliary stabilizer for poly (vinyl chloride)[J]. Materials & De-
sign,2017,122:366-375.

[2] Fu Qinghe, Long Yilang, Gao Yingyun, et al. Synthesis and prop-
erties of castor oil-based plasticizers[J]. RSC Advances,2019,
9(18):10 049-10057.

[3] Hou Delong, Wang Songhang, Chang Jinming, et al. Cardanol with
a covalently attached organophosphate moiety as a halogen-free,
intrinsically flame-retardant PVC bio-plasticizer[J]. Fibers and Poly-
mers,2020,21(8):1 6491 656.

[4] Hadeel H, Bassant N, Ibrahim A, et al. Epoxidized vegetable oil
and bio-based materials as PVC plasticizer[J]. Journal of Applied
Polymer Science,2018,135(20).DOI:10.1002/app.46270.

[5] Pan Siyu, Hou Delong, Yang Gaofu, et al. Epoxidized methyl
ricinoleate bio-plasticizer with a pendant acetate ester for PVC
artificial material:Circumventing existing limit on achievable
migration resistance[J]. Journal of Leather Science and Engineering,
2019,1. DOLI : 10.1186/s42825-019-0006-8.

(6] AJTue . SEERISHTME M. Ao Al Toll A, 2009.

Shi Wancong, Plasticizer practical manual[M]. Beijing:Chemical
Industry Press,2009.

[7] Pan Siyu, Hou Delong, Chang Jinming, et al. A potentially general

approach to aliphatic ester-derived PVC plasticizers with suppressed

migration as sustainable alternatives to DEHP[J]. Green Chemistry,

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

2019,21(23):6 430-6 440.
Hanno C, Shipley E S, Bormann A, et al. Designing green
plasticizers:Influence of molecule geometry and alkyl chain length
on the plasticizing effectiveness of diester plasticizers in PVC
blends[J]. Polymer,2016,89:18-27.
Stolp L J, Grass M, Kodali D R. Castor epoxy fatty acid aliphatic
ester estolides as bioplasticizers for poly (vinyl chloride)[J]. Journal
of the American Oil Chemists’ Society,2021,98(3):297-304.
R BRI SR, S AR A PRSNGSR A T
20 AL TR 2016, 35(2):581-585.
Li Ke, Chen Jie, Jiang Jianchun, et al. Preparation of epoxy
stillingia oil fatty acid isooctyl ester plasticizer[J]. Chemical
Industry and Engineering Progress,2016,35(2):581-585.
ZEF5 U, ZRTRG , EH I, AF . PVC il i g S TR S Dy
TEVPSEHERE (7] TR T, 2019,47(5):148-152.
Li Xiuzheng, Li Lanpeng, Cao Changhai, et al. Research progress
on plasticizer migration and inhibition methods in PVC products[J].
Engineering Plastics Application,2019,47(5):148-152.
Feng Guodong, Hu Lihong, Ma Yan, et al. An efficient bio-based
plasticizer for poly (vinyl chloride) from waste cooking oil and
citric acid:Synthesis and evaluation in PVC films[J]. Journal of
Cleaner Production,2018,189:334-343.
EIF AR, BRI, A5 . PRI OUUR 6 9 ) 1 ) A K vk Re
%% [J]. W E 2 #,2017,46(10):32-37.
Wang Fang, Du Juntao, Chen Yi, et al. Preparation and
performance of epoxy oleic acid diester plasticizer[J]. China
Leather,2017,46(10):32-37.
Jia Puyou, Zhang Meng, Hu Lihong, et al. Synthesis and applica-
tion of environmental castor oil based polyol ester plasticizers for
poly (vinyl chloride)[J]. ACS Sustainable Chemistry & Engineer-
ing,2015,3(9):2 187-2193.
Luo Zhonglin, Jiang Jianwen. Molecular dynamics and dissipative
particle dynamics simulations for the miscibility of poly (ethylene
oxide)/poly (vinyl chloride) blends[J]. Polymer,2010,51:291-299.
Driedger A G J, Hans D H H, Mitchell K, et al. Plastic debris
in the laurentian great lakes:A review[J]. Journal of Great Lakes

Research,2015,41:9-19.



