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E5: A5 22 poly(vinyl chloride)(PVC) <=A] 7}l dibutyl phthalate(DBP), di(2-ethylhexyl) phthalate(DEHP),
di-n-octyl phthalate(DnOP) & di-iso-nonyl phthalate(DINP) 5-2] ZEH0|EA] 7IAAE AMEs] Sttt SHAIR, FH 2
e ZeolEA sgtEo] A 54 2 SHHS 2Ysks o0& welA 13 hAA] ArF FE L
3, 5 BASFARS] DINCHE AZ234F Al9] ti34Ql 31873 7RI Z AAIZ5E F50a gt} 2 oA
= AEFZIA £ 1,4-cyclohexanedicarboxylic acidE 7|HFSE 3lo] ofg] Fo] dIZ23} v-SAIA 1,4-
cyclohexanedicarboxylate 719+¢] S| ~E1A] Al 7FaAIS S4BT SAE Al 7haA] 43S pvedl zH2t 2¢
tel PVC Mg Al S Ao, A AlES olgste] 71AIA 545 24 540 disf A gks Wt o}
Yz}, tiefsk S 0]-8-3te] PVC g A|H O 2 HE 714A|] o|AlS BEEIIT
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Abstract: Traditionally, phthalate plasticizers such as dibutyl phthalate (DBP), di(2-ethylhexyl) phthalate (DEHP), di-n-
octyl phthalate (DnOP) and di-iso-nonyl phthalate (DINP) have been used for poly(vinyl chloride) (PVC) fabrications.
However, phthalate compounds have been revealed to cause human toxicity and environmental pollution. Therefore now-
adays, the development of eco-friendly plasticizer research is in progress. For example, DINCH (diisononyl cyclohexane-
1,2-dicarboxylate) from BASF Germany is considered as an one of the best eco-friendly plasticizers. In this study, new
ester type plasticizers containing cyclohexane structure were synthesized based on 1,4-cyclohexanedicarboxylic acid. The
four newly synthesized plasticizers were employed to make various plasticized PVC samples. Mechanical and thermal
properties were characterized using the fabricated plasticized PVC samples. Also, various solvent impregnation tests were
used to determine the plasticizer migration property from the fabricated plasticized PVC samples.

Keywords: poly(vinyl chloride), plasticizer, 1,4-cyclohexanedicarboxylate, esterification, cyclohexane.
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Figure 1. Representative eco-friendly plasticizer examples such as
DINCH from BASF and eco-DEHCH from Hanwha Chemical.
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AFo2ZHE olsie I o|EA kA7 A HE 59
2 A WiEEA 2§ 53 e 5A4S sk A3t R
areo] ek o]y o)y o g Euket 3 AAl 2=
Ao ZEYo|EA +XE Xdsle 7IAAIE s ERES
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S5l PVCol dEA o2 AHE-=T DBP, DEHP,
DINP, 28] 32 DnOP 59| ZgHo|EA 7IaAlE tAlH]
et A¢7F WP I ATEH” Figure 12 HEA Q0 5
BASFA[2] DINCH(diisononyl cyclohexane-1,2-dicarboxylate)
% DINP?| #4315 B3l AE2I 22 Ageh 29y
°|E =] 7FAAE PVC I Al B2 AEE B, A
Ae3 A T =4¢] 7= DEHPZL ik PV Cell
F&ske 7144 24 AAE BFAL ) o] 24 BASF
AFe] DINCH 7t A EF28AH] 7144 S3e] A
o] FUTtaL Atg ¥} $HH, 5 BASFARS] DINCH #5+
oflz}, Ul 719X T AERALM 7taA] A7 318
=i glom thEA o2 SsA M| eco-DEHCH(diethyl
hexyl cyclohexane)®] Al#=]3 It} DINCH % eco-DEHCH
239 TRl W B3 ApAse Sl Neg B
o Qe 5 AT, B ATNAE MRS A T
ZE ZHe 1,4-cyclohexanedicarboxylic acid(CHDA) € 5.9}F
A 72| S dEEE AREst] @44 A7E st
St}.* CHDAE dimethyl 1,4-cyclohexanedicarboxylate®] 7}
FE5| T terephthalic acid®] =432 Sl AzdoM
CHDAT kof Aol 9-rah ojofE, JAd7A], 434
fr 2E]aL HRIES] Y8R AREHTH
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Scheme 1. Esterification of CHDA with various alcohols in this
study.

cyclohexanedicarboxylateS ZH2b 9Hdst 3L, 53t 4%
A5t sigEe] 25 'H NMR¥} FTIRS AHE-8te] #415
it ¥, € CHDAA 313HES PVC A9} 1ii3

of 7hashd PVC ASS ARSI, 24 23S Sl 7]
A =4 9 24 545 AR eH o2 F¢ EiE

olgslo] PVC ME2HE 7kaA|e] o8 A=E dolritt

ME. 459 7HeA] 4 Al ARESE Ao vt 2Tt
CHDA<= SK AMZ-=245-E 79131313, butanol, hexanol, 2-
ethylhexanol, 2] 3L 3,5,5-trimethylhexanol 4% 2] &37-&&
R Tokyo Chemical IndustryollA] -#913te] AR8-3l3tt. L
2]a ¥kE Zu)<l p-toluenesulfonic acid monohydrate:=
Sigma-Aldrichol| 4], ¥H&- &1l toluene A =eFol| A -
ko] AFgsl e, o] 2] sodium hydroxide(AH <= 2<F),
magnesium sulfate, anhydrous(Sigma-Aldrich) 5= 22 7
slod ARSI PVC wlE A& Al2F A] AF-3E PVC resin
-2 Hanwha Chemicaloll4, @ FgAl= 49442l BZ-191
S 7tz Y473kl AL, tetrahyd-rofuran(THF)S A <eefo 2
FE FYste] ARSIt

Dialkyl 1,4-Cyclohexanedicarboxylate2| &4. Scheme
13} 7ro] ¥h-g-& CHDAS} 2 B o]/de] &a&S o|=H
Wh3-5 st AlFEFH| 513hE(cyclohexane dicarboxylate)
< g55Rith

Dean-stark trap, <=7, Z12]3L magnetic barg 7H| 3t 3-
neck round bottomed flask®ll CHDA 26.9 g(156.0 mmol),
butanol 25.5 g(343.3 mmol)3} HH-&- =12l p-toluenesulfonic
acid monohydrate 0.4 g(0.002 mmol), ¥+-3 &vi<l toluene
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57.67 mLE FASAT. 22| AR oil baths A
gste] W7 WS B3 o= wrkelA] FHI7EA] A
A8] 2313t WS F35PHA] thin layer chromatography
(TLC)E AHg-3te] REg=9] Aghs SIskaL, oF 6A17F
St AEH WS e & TR 283 IHE
SSW7NE ARESt] WS EdEETH toluenes #WsIR
3, AF FFE o]t HFE butanolS A AT FH p-
toluenesulfonic acid& F&3}] ZHFZH S Z dibutyl 14-
cyclohexanedicarboxylateS 2|4 3} T}

oro]l A I} FUS WHOZ CHDAY 3F9] 42
hexanol, 2-ethylhexanol, 3,5,5-trimethylhexanol< z}2} of 2=
B WkE$-3}o] dihexyl 1,4-cyclohexanedicarboxylate, di(2-
ethylhexyl) 1,4-cyclohexanedicarboxylate, 123 di(3,5,5-
2551

-

trimethylhexyl) 1,4-cyclohexanedicarboxylateZ 717}
=3
Dibutyl 1,4-Cyclohexanedicarboxylate(0|5} DBC): Yield
91%, viscous oil, 'H NMR(500 MHz, CDCl,), &(ppm), 0.92
(t, 3H), 133 - 2.04(m, 8H), 2.44(m, 1H), 4.06(m, 2H).

Dihexyl 1,4-Cyclohexanedicarboxylate(0| 5} DHC): Yield
90%, viscous oil, 'H NMR(500 MHz, CDCl;), 8(ppm), 0.82
(t, 3H), 121 - 1.84(m, 12H), 2.39(m, 1H), 4.00(m, 2H).

Di(2-ethylhexyl) 1,4-Cyclohexanedicarboxylate(0| 5}
DEHC): Yield 93%, viscous oil, 'H NMR(500 MHz,
CDCL), 8(ppm), 0.82(t, 3H), 1.19 - 1.84(m, 16H), 2.40(m,
1H), 3.91(m, 2H).

Di(3,5,5-trimethylhexyl) 1,4-Cyclohexanedicarboxylate
(03t DTMHC): Yield 91%, viscous oil, 'H NMR (500 MHz,
CDCly), 8(ppm), 0.77 - 0.88(t, 12H), 1.00 - 1.99(m, 9H),
2.38(m, 1H), 4.02(m, 2H).

Dialkyl 1,4-Cyclohexanedicarboxylate &% Plasticized
PVC(OI3l p-PVC) ME MZ}. M3t 452] AZ233t +
Z 719k 3igtaS PVC 4] 7kl A&sisint. 71414 =
4 H7E sk a4 S 0183 dog-bone
Fel E coin FENO] AEFS ALEIH o, €4 54 B3t
2 7143lE PVC AZEHE 714aA 2] olfA H e 3
al7] 91l THF &"iE ©]-&3F solution casting o2 &
¥ I 9] 7tastE PVC AES AZSIAAT. Table 12 p-
PVC AZ Az A] vt Hl&-S ERiT

p-PVC AlHS| 7|AA S Wit &9 459 stgEo]
PVCel 7FeAZA A8 Al H|X]= 7IAIA] 52300 tisl] =
ARIAEE. p-PVCe] Aalg, 17 A=, 2 B E-S universal
testing machine(UTM, LLOYD Instruments, LR 30K)S &
3] 2435l om, Ax 4L shore A durometer(Kobunshi
Keike Co. Ltd, Asker)Z ©]-&3}3ic}.

p-PVC AlHo| HX 54 "It A|2E p-PVC 5T Al
HE AHgete] sk AIE28H slgtEo] pved wigt

ZEH, A444 A 1Z, 202083

%

R R R

Table 1. p-PVC Formulations of This Study

PVC THF DBC DHC DEHC DTMHC TS.
(& (@ (phr) (phr) (phr)  (phr)  (phr)

60 - - -
- 60 - -
Sol-gel 50 ) ) ) 60 )
process
- - - 60
- - - - 3
60 - - -
Solution - 60 - -
casting 5 45
process - ) 60 -
- - - 60

T.S.: Thermal stabilizer.

g o] I 752 AvEith WA, p-PVC AES] 4
3 54S thermogravimetric analysis(TGA, TA instruments,
Q30)E Fall T3, PVC vlgH Al fel o] &5(T,)
+ dynamic mechanical analyzer(DMA, Seiko Exstar 6000)
£ ARgste] S sk

p-PVC AlHO| 7t4X| S0f Ol Tt Azt &2
p-PVC AJHE o] g-ate] Bujjol] thgh 7kaA] o] de &
Bokth 2 AtollA S A= sheS il
ZE38 p-PVC A ¥ 3} DEHP 712415 vighet PVC A HS
ol-g-ste] §rf olYS T vt ol H7HE
3] &gk &vll= ASTM DI1239¢] =3Fed 70 °C DI water,
aq. 50% ethanol, ZZ2] 3L olive oil& A7 3le] ztzt ARE-E1%
Tk PVC Al Zhzte] Bufjoll $IAIA, 24417F 51t B3]
ato] 7| Bisters 27935t PVC A2 HE] 7F4A|
o] o] Fxe A (1) ol&st A=3ith
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L Wo—W,
Degree of migration (%)= —7 100 €))
0
Wy p-PVC Al 27] A, w2 A1 & Ax4 p-
PVC A3 U5 Aot

Dialkyl 1,4-Cyclohexnaedicarboxylate2| &4. CHDAS}
I AkEo] o7t ME TE Y3E 455 717} ol v
531 90% o] EE 459] 1,4-cyclohexanedicarboxylate
= AU EE 459 o=EA sl 25 A6
7] $13 'H NMR2 AH&-3}9 T}, Figure 2= Al9F o 2~E{A|
7¥aA] 459 'TH NMR 23 EZS HoiFy 9tk 'TH NMR
~HEY BMS B3 F5Z 2= aliphatic hydrocarbon &
o] _CH;ol| &l 33l 93+ 0.9 ppm(triplet)oll A 32
aliphatic hydrocarbon®} cyclic hydrocarbon W 2] -CH,-2]
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Figure 2. The 'H NMR spectra of 4 different 1,4-cyclohexanedi-
carboxylate-based plasticizers.
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Figure 3. FTIR spectra of 4 different 1,4-cyclohexanedicarboxylate
-based plasticizers.

== 1.1-1.9 ppmelX] A2 JACE 285 of| 28 253 &
& JE -OCH,-9] ¥ 3= oF 4 ppm(multipletyll A LFERLTE

Figure 3& % & 452 CHDA 7]¥ke] 712A|9] FTIR
2 EHS B o] R 2HEY #48 B 7Rt
2 4T o) 3 Fa= 3000-2900 cm™ L 3500-3100 cm™ o)
A AZ5EE 54 93T ASERA] G, A EY ol=H
Hs710l slgEE I=2E 1750-1700 cm™ 2 1300-1100 cm'?
oA Felsiint.

p-PVC AlHS| 7[AIX §4 HIL UTM 45 ©]&3}d
AE 452 At 83HEo] PVCS} vig A] ofH 7hAd) &
& JeRll=x] 323t Figure 4= A2 p-PVC A
H(PVC the] 7F2A] 60 phr AFE)S 50 mm/min 2702 A
AlSIAS wo] strain-stress curves =23fsiict. 2 A3} &
33t 450 SIRHES BT 7HAA 54(350% ol de] dals
S B Hol 7kAA|9 aliphatic hydrocarbon®] Zo]7}
7S R AE B e Eo] STk, e A
she RS I 459 p-PVC AN & A9
2 71 7Rl DEHC7F 54 200A 7P =& A&
< YepiH, 7P 3 71Aast 888 Hols JoE F

—— PVC/DBC(80phr)
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Figure 4. Strain-stress curves of 4 different p-PVC samples con-
taining 4 different plasticizers, respectively.

Table 2. Mechanical Properties of 4 Different p-PVC Samples
Containing 4 Different Plasticizers, Respectively

DBC DHC DEHC DTMHC
Elongation at break (%)  434.5 435.8 436.7 356.9
Tensile strength (MPa) 3.7 8.5 13.2 14.3

Modulus at 100%
elongation (MPa)

2.57 3.78 5.21 5.84

AEth 323 p-PVC A AAlg A v a8y e
AE9] 4AE Table 20 YeEATE
Figure 59& & AtollA] §4d€ A<l 7144 DEHC

o} AEH Q) T o|EA 714A DEHPE PVC Ao &
d g0l 60 phrE BlEHSE p-PVC Al Q] strain-stress curve
£ =23}3199 k. 2 A3} DEHCSF DEHP §H- PVC Al#A
S FARSE strain-stress curve A RO} AAEF} 9l
7 735 DEHCEZ wigsh p-PVCe] E4lo] B$ 313
TG -
” —— PVC/DEHC(60phr)|
1—— PVC/DEHP(60phr)|
144
12
n o
4 o
2
g 0 ﬂl)ﬂ 25’3 .‘.‘-';IU 45‘0 500
Strain (%)

Figure 5. Strain-stress curves of DEHC and DEHP plasticizers
(60 phr) containing p-PVC samples, respectively.
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Table 3. Shore A Hardness Values of 4 Different p-PVC
Samples Containing 4 Different Plasticizers (60 phr) and
Commercial DEHP Plasticizer, Respectively

%

% - ujIg

Table 4. TGA Results of 4 Different p-PVC Samples Containing
4 Different Plasticizers (60 phr) and Commercial DEHP
Plasticizer (60 phr), Respectively

DBC  DHC DEHC TMMHC DEHP Sample Taee, 950 T, o0% Tiee. 50
Shore A PVC/DBC
P, 674 69.2 722 74.8 713 (60 phr) 157.6 175.0 262.8
PVC/DHC
(60 pho) 196.2 213.9 2733
o, &4 E2] Z9-ol= DEHPE HIg3El p-PVC Aol & PVC/DEHC 206 26 230.6
o ek Anke Veriich (60 phr) ‘ ' '
9% F 4%9] 712419} DEHP} 72} il p-PVCe] PVC/DTMHC 213.6 273 280.0
© } (60 pho) . 7. .
shore A = =33t Table 32 E3ll Uehlle™ DBC,
DHC, DEHC, 2] DTMHC %42 %to] 27131t o P‘(’6C0/DEI){P 207.1 219.1 269.3
phr

st A2 IE TRAAe] ¢ AlEe] 'A 7t S
T5 p-PVC A1H9] =7t F718taL o7l 7Hast 28|
Hoxir] st =7t WA BEE Aog FASA ).
58k 343 DEHCZF HiEE p-PVCe] shore A e 722
2 A Zggo|EA 7124l DEHP Bl 3E2] shore
A BE 71338 AZF & e BAS 2he Ao AlgHn

p-PVC A|Heo| X SN "I}, 459 24t 7IAAZ A
¥ 4%9] p-PVC A A7 DEHP7L MigE PVC A|He) &
Bl EAL A7) S8 TGAZ F3l 2249313 t). Figure
63} Table 49l 4%2] 7F2A7F ZH2h vigHe p-PVC A<
TGA A& =28lsl9ith AlHe] 53 S48 5% =
S WE T o5 10%7F EAHANE WE Thee opoe 7F
FHRE 50%7F SAENE The, sone- FEAISIE A3pA 0
2 CHDAA 7FAl] 73-%- PVCE} uigtelslS o, &4 A
&9 B4 47} F71eE = DBC, DHC, DEHC, 28|31
DTMHC A2 9 58 2o Ea=s S gHels)
AT} T3 DEHCZ} ¥ighd p-PVC A1H-e ZEgo|EA 7}
2411 DEHP7} wighe PVC AlH3 AZwket o obg A

tlo

—— PVC/DBC(60phr)
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Figure 6. TGA curves of p-PVC samples containing 4 different
plasticizers (60 phr) and commercial DEHP plasticizer (60 phr)
under N, condition, respectively.
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Figure 79015 Z}7+e] 712417} ¥igHEl PVC A% DMA
A#}E 27 =363t} p-PVC AT DMA #4128 E3)
A E 452 CHDAA 3l5HEo] 7HaA| 24 PVC B EE2]
Fre|dol2(T)el PIAE JaFS Golrgdtt. WA, DBC7t
60 phr= w3 p-PVC AlH2] Ti= -5.4°C, DHC Hj3HE2
T, 0.8°C, DEHC Wi§}&-2 T, 5.4°C, Z22]3. DTMHC "}
9] T, 10.7°CE #EE9lom, 154 712A¢] DEHP Hj
o] T, 52°CE & Aol 43k DBCo DHCE 2t
Hj3Het p-PVC= DEHP HigHE R B fE|zlo] e s 7t
= Aoz IRIFHL o] gt fEldol2re] 4 A=
A SR T1AA|e] U ARES] B 7L AojARE PVC
Aol vl A wjgElE ool HolxlE A 7]elgit). Azt
2 © 2 DTMHC, DEHC, DHC 28] 3. DBC AU E p-
PVC AL B & 53 7148}t 888 HojFe 02 A}
=A21=

—— PVC/DEC(80phr)
—— PVCIDHC(80phr)
e —— PVCI/DEHC{60phr)
—— PVC/DTMHC({60phr)
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tan i

L=
-]
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Figure 7. DMA traces of p-PVC samples containing 4 different
plasticizers (60 phr) and commercial DEHP plasticizer under N,
condition, respectively.
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Table 5. Migration Test Results of p-PVC Samples Containing 4 Different Plasticizers (60 phr) and Commercial DEHP Plasticizer
(60 phr), Respectively in 70 °C DI water, aq. 50% Ethanol, and Olive QOil

Solvent PVC/DBC PVC/DHC PVC/DEHC PVC/TMHC PVC/DEHP
(60 phr) (60 phr) (60 phr) (60 phr) (60 phr)
70°C H,0 4.87% 2.13% 1.64% 1.21% 1.45%
aq. 50% EtOH 11.38% 7.42% 5.97% 5.01% 5.95%
Olive oil 41.87% 37.27% 32.86% 30.44% 33.92%
p-PVC AlH 7IaX|e| 20l O|&M ™It Table 5= 3 7,_5" 23

&l Wolxe] Aztd Z2e] p-PVC A3} DEHP7F ul e}
 PVC AlHOoRHE 71AaA|¢] o]d] = AIE H|wsle
e Folth. 443, o8 A X+ DIMHC, DEHC,
DHC, 12]3 DBC 2.2 EolX|= A3E #sint. o
£ 5aA FAE 714419 aliphatic hydrocarbon®] 471 &
7VrE A2 p-PVC AIH O ZHE &ajjof tigt o] 4
TV} Hashe A3 AEsIAT) ol H gk A2 AdtiA
O F ThaA|e] & RS B 7 AL TIAAY TS B
ApFo] wot T A o3 =] 7] wizolct.
z =
E A4 = 1,4-cyclohexanedicarboxylic acidE 7]HHS.
T T 430 A=HA At sEs s, FTIRY
'H NMRS- ©|-8351d] sl3hE 459 +x25 #As8It) gk,
PIE 459 eSS PVC uigtste] TEARARA] A8 7t
TS BRI, kst PVC Bligh Al Alzksle] 714
2 54 9 €4 54, 283 &) ol 5SS ARt
o 2 A3, R o= g A I Alse] whA
T7F 7SS Y AE, ©IE E shore A =2 71l
7 5ol F7kshe Ao ® Rkttt 28]a 4 w3l &
Qo= 7HaA] Ba 7t SR el Tk
A& AT v o R PVC Wi A|[HO 2 RE] 74
Aol vl oS A A, 7HaAS] ¢ AR '
& G SRS o] Ame adke o= ERIsINI

Al 2: 2 AT N A8 S R7E s
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