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Abstract: In this study, a bio-based polyol was prepared from cardanol, one of the vegetable oil. The cardanol-based bio-
polyol was synthesized using chemical modification of the cardanol by epoxidation reaction with formic acid (HCOOH)
and hydrogen peroxide (H,0,), followed by ring-opening reaction with different reaction reagents. The molecular struc-
ture of cardanol-based biopolyol was characterized FTIR and NMR ('H and "*C). Additionally, we confirmed their oligo-
merization by GPC. Polyurethane (PU) films were manufactured from cardanol - based biopolyol and hexamethylene
diisocyanate (HDI) with dibutyltin dilaurate (DBTDL) as a catalyst. The mechanical and thermal properties of PUs were
characterized by DSC, TGA, contact angle measurement and UTM. The experimental results revealed that PU film
derived from Polyol (TEG) exhibits higher tensile strength and thermal stability than other PU flims.
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AWE EFFEIAL Qlof ol & $-83 FEle AF X<
th1283 224 ricinoleic acidE RF5HA] &2 15F-f-, T,
AERINT, WA, ASH 52 A2 Ae PIE =
stal A 9471 wiiel vpole EFElEo] ¢S Fa|
A HAE Hrbshe e ®E A7 JE AT o
2 Bx3} A4 F oleic(C18:1), linoleic(C18:2), linolenic
(C18:3) acid®] 739 A4t Uil e vt o]54a%e] i
AL 5 719 AR vpo| Qm 2 ZIRke] EEEE A
= 3= e

EX3} Ao o]F A HAS F vlol e EEE Al
e HEAOR 1) 0FF o] &ste] eESES IS
wallste] FAIE P 28l (ozonolysis), ™" 2)
ol Hy/CO 71AIE Sl sfoll WA §- a3 7) wt
& (hydrogenation)s &-3to] A Wol] 4471E Esh= 3t
o] = 2 XU} hydroformylation),® 3) I}itsl4e} EE4T
Ee oM EARS o]&ate] A o] TAPS o] FA] FOo
NAg & 7RSS X3t of| FA|F-to]| EFAS
(epoxidation-hydroxylation)7} QATF*2* b4 F WkE-& |
&51-&(primary alcohol)S /J3}7] wjo] o]AA]oh|o]
ofo] Hh-gAdo] EAIT o] F QFEEEw Hio|Q e
27F AetE|o] ExprlEo] FofA= wilo] Tt o FA|s)
8-S ol AAEE nvleolQ Fsd] e 1 EEE0]
opd 22} UFE-S FAs| wiitoll 12} EaLEol Hl3) v
gol Kt AR, o FAEF WS 19F 5] 34 70l
ol7] wiizel vlwE 7hdsia A Aol e 4= 9l
T S 7HAL st

Z27] AFA] LS AFE HEeE 5o dASRE
&3t Hlol o ZE]&-S Ao, flo Ak vkt
o] REgAJo] v 2a} dFEe] FAKES ANAds] S8 1
dIES 7K F = A1 E94o] 8FH AT 2]
2} o] ZFA|sl-5to | EEATS) HEGOl|A] o] FA] 9] 7SS Al
s X715 =96t 13} 4RSS 7 T e vl
L EES Azt b At ST R

o 22 AFAQ A FA%E oEA, Al
oll (cashew nut shell liquid, CNSLY &= th2 1317 nlo] @
2 A 2ZA] AGE AL Aok CNSL2 7H474 (cashew nut)
ko] FAHEQl Al g delr] 28] v AA=A A
ZF 1007F & F=rt AitEe Zlog defA drk CNSLe)
FAE-& Flt}E(cardanol), anacardic acid, cardol, 2-methyl
cardolo]th(Figure 1). AAE 5] A+ triglyceride
TF27F obd EAF ol slEtRE EEtL AAER B
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Figure 1. Major components of CNSL.

CNSLE 431 = o] AR & T2 A7l o8y
AL =R ol BE3 HETR ¢ B o5 4TS
ol-g3ate] wEARY S| AFARe] P = ANE T
o] tFet Aot 7hsslr] witolt). oel uhet theket
ofo A AFAEL FihsS ol&ate] olFA] #izl, Hd o
2 g7, UVAsH 8xt 5 MZ2e Jee] 2 125
AA AT T3 FhthEe] A Fxd 715k,
triglyceride 7]¥+e] vlo] @ FE]&9] ol 7Hal B %
< 71AA BAES NAdE] flEl Titks S o8& v &
’d AA] A7E &Es] A o E E9, ZitkEe] B
E7)12 WAzt te(diol) FE E]L(triol) FERS] vlo]
ZE &S AxEAY, odlFA|sl-slo| =518} vhe-S F3l Al
Z3 7tk 7]uke] wpol Q. ] 2-S o] g5ty et
F ExE Fo] AFHATEFH

2 AN E FhEd 3R AR e ASAHE AN
alo] o FAls}-sto| =RAI8 WS Ball 71E Aitks 7w
o] nlo] ¢ E &3} UE AR BaF 720 ulo] o ZT)e
S A 4] b XA E ZAREE TF-3 Bl
L EYE2 BT 1A €3&S FUH R AL 7]
w7l gk WES- A] o] AJopd[o] Elte] WEEA3S TS
T AT} o] F o] gsle] Hlo]Q 7nke] ZE|-dE TES
Azt om, A2 AJolgt X|gHAo] mE wlo] 2. ET]&9]
A FR7F ES-de 52 71AA, €4 B miA=

IS LTk
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ME. 2 AHolA AR 7FthE-2 BiochempiaAtoll A €
B2E Algdo}l AMESI ™, formic acid((EE4F, HCOOH),
hydrogen peroxide(z-2F8Hr=2x, H,0,)2} o] ZA] 7] 8hit-3-of)



T WAL NS Fel ANEE ke 2 vlel ]S uke] Eeleee 25 9 %

AFg-3l= X8| Q1 triethylene glycol(TEG)Z} poly(ethylene
glycol)(PEG, M, =200 g/moly> thAsla&elA T3kt =
2 28491 1,4-butanediolBD)Z} o ZA] /H Sk 4] Ak
S| & A}-8-3} tetrafluoroboric acid(HBF,)9} hexamethylene
diisocyanate(HDI), ~22]3L $-&l|gt /duk-solr] Suj2 A8
S} dibutyltin dilaurate(DBTDLY= Sigma AldrichAJollA] <
3T} Ethyl acetate(EA), tetrahydrofuran(THF)S] 7181l
2} sodium bicarbonate(NaHCO,) —Z2] 2. magnesium sulfate
(MgSO,)= W8 skaEelA a3kttt
Hio|2 E2|E M=. 3 WAR o A8} 7lthsS Alxs)
7] S8l Fhket EERae] 500 go] Fhcksah £EAF 127 mL
£ 93 wES AIRERAITE SE6] ko] o] Feizl & A
7} 2712 Adste] FsEA 332 mLE 3 e Hol
], o] % WHkE 24A17F FF KNSt of| A8k jES-
2 wdukgo] ity 7| wie], A ez Hhs-
= kg Al Y ul 2(water bath)E A&-3l=
Aol g HT) vhgo] 5 $, F7]87 EAS} brine
solutiong ©]-&ste] LA ZW 7|5 Bl 3] FAE Aot
ATh 3 AAE §F Al pH 7o -G W 7kA]
NaHCO;& AHE-3te] TstAZiTh B Eo] el EASS
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Scheme 1. Synthesis of biopolyol from cardanol.
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Table 1. Basic Properties of Cardanol and Polyols

S GpPC* Hydroxyl value
ample
M, M,  PDI (mg KOH/g)
Cardanol 490 500 1.01 200
Polyol(BD) 620 630 1.02 369
Polyol(TEG) 620 640 1.03 341
Polyol(PEG) 650 680 1.05 328

“Calculated by polystyrene standards.

%571 (evaporator)g 53l &vlE A|AH I, MgSO,E ©]
g3 AskE RS AASIH. T HA DAZ 500 mL
sube Zekao dlEAlset JitkEs wHE(BD, TEG
PEG)S ZH7} 1:5¢] EH|E F9)3t #, 4F Fv|E HBF,&
1 wt%2 78I, HH-25= 80°CE A5 RESAIZH
2 A7 2 FFSEILE vk F Holle wikg BH L
2ot TdsH Eazu) 7)o EASE F7F<F, NaHCOS AME:
ste] Ak F3k 9@ AlFEIITE 53 71 32 MgSO,
£ o) g3 FEE AAT HFe ulolo &S AUt
(Scheme 1).

Hio|2 Z2|E B4. 7ithsS o83l S ulole &2
29 Ex +Z+= 'H NMR$} °C NMR(AVANCE III HD
400, Bruker, Germany)2 ©]-&3lo] £330, &r&
CDCLE AME3FATE 34 A3t $o] B4} ZA3te] wsks A
#1127 18] FTIR(ALPHA-P, Bruker, Germany)S ATRE.Z=
2 ARSI 500-4000 cm™! WA FAF 4= 233 =
AT S 3 A Fo] BRI BEE RISV
f8 A F3 I ZvlE 28 9](GPC, Agilent]1260 Infinity
series, Agilent, USA)E ©]-835Tth Rl A=7] 2 27l¢9] &
HE AMEsIleH, o]Fd SulE THFS 1 mL/ming] §<
o2 =439t} Polystyrenes 715202 AM8-31] calibration
aon, 4 Al BE A7 9 HAE7]0) dtiste] 40°C] &
T FAAT §ds vlol o FE Lo FAE S8
ASTM D-4274-0591 w&} SA3192m 2] (1)l <8 ALt
133 tH(Table 1).

_ (A—B)xwi\’x56.l )

Hydroxyl value
A: 3AE HAo] AH8-E KOH £9¢] 33 (mL)
B: WZ2] HAo| AHEE KOH £949] 3.5 (mL)
N: KOH §9j¢] =29 F&

w. AZ2] F7(g)
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RE Hle|e ZEjgaet A Al vlel e EEj&e] 47 A
A RS RO R 47 9) o] Aol o] EL] H]E(NC
index)2 NCO/OH=1.12 2A4&l] FPslich. 2 5 Znmjdl
DBTDLE g W& Hojrdd 5 A7k §<t F712 v-8-5
g o, Wk T 140 mmx140 mm(Z o] xZ)e] HZE
2 9ol WS JHA" I AL F 2487 FF
50 °Collx Zstr1z e Q
A FF WFol EAlske 2kl 8uijs AlASIT
Hlo|2 Z2|PE EE S WL vlole ZEedw 2
59 €4 EAL dFHEA7](Pyris 1 TGA, PerkinElmer,
USA)e} A xEAFE A (DSC Q200, TA Instruments, USA)
E ol83te] BAEIT TGA #4125 10°C/mind] S5 %

o

£ 25°CHE 600°C7HA €] RSl Sste] BFe] IdF
=S SRt DSC 4 A7) slellA] Ee

2 (thermal history)y2 A A3H7] 98] 255 20 °C/min® 2
180 °C7HA] 523t T 40 °CE Fa3gt tha T A7 1E st
180 °C7kA] 9] = A 1Al A3k 4 2AA5E Feiitt. 7]
AF B4 24L& WA 71(QM100S, Qmesys, Korea)=
o] &3t o o|m|e] cross-head EEE 50 mm/minE 51
F2oAM AZAEE SAAT S 259 A7
50 mmx15 mm(Ze]xF)e] A8 RF FUsHA U333
ot Wistegd "7k 73, oFAE NaCl 8- tiste] 79
7F HES ©@AE T ¥istE AEEIY. T8 29
: & HE7=47](SE0-300A, Seo Inc., Korea)= ©|
NN SHFO uL)E ARt 53] ST
& Z4L 20 mmx20 mm(Zo]x%) 55 o]&
GRSt 24717 & BEE] R Afst
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wr: B&E LE2 FA(g)

&4 7hHEE H7kel7] @, 20 mm*20 mm(A o] xF)
= Al o] HAEATE. 2417 BA] & xR E
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7ICks 7|dke] Hlol2 E2|E. 7|1E 279l ks A
S =& A|x3 o ZA)E} 7itks 2 BD, TEG PEGE X|$
A2 AHg-ste] g nlolQ Ze]&e] 33y 242 'H
NMR % “C NMR# FTIRS o]&-3e] #4]8F31 ). Figure
2= 'H NMRS &3+ 4] 232 7ithse] 79 A% 2AL
21 SL71(-Ryel dlFshe &4 o5 A e] EAlske e
5.3-5.6 ppmel] YR = SATAE Fal IRl oA
slet FithEe] 7 A oA XA Fhtslprae)
o] W& B3l Al Al olEA] o] PAHT. o]
+ Figure 2(belA] €4 o5 A%E Yei= 549371 §l
2= A} 2.8-32 ppmol| A|EA] ol dFsl= 5T
7F ERA == A S8l ER1E 4 Aok 3 HA S
< B3l AAE CFA] H2 F A vl X3 =9
e Jighg-0 8 Qlste] AlER]Al Hot. o]= X<l BD,
TEG, PEG7} 7ithsoll =91 £ o3A] HS Yeill= 5
Aulae] AR B0 3.5-3.9 ppmol A ZHzte] X8k o))
dqFels 54T YA He AeZ g8 o]
= 53l itk 276 EAlsks g4 ole A el 7zt
21347t =Y E]o] ule] Q. Felgo] AR YU
S & 4 Atk(Figure 2(c)-(e)). F7HI S22 BC NMRE &3t
A OZ oFA] B A F ulo]o FEgRe] HIS TY
alA 18 5= k. Figure 3(a)et (b)) v S Ea o Z
AN3tE s 54-58 ppmelA] RS- 93E FAsi, o
EAT A dFA] H] I3 g FAayes o 5 Aok
NHES & BA Aze 'H NMR #4]3 59817 o ZA]
A7} ARREA, XA EL] ¥ha 737} 60-70 ppmol| A

|

(a)
Double bond

T T T T T T [ 1
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

Chemical shift (ppm)

Figure 2. '"H NMR spectra of (a) cardanol; (b) epoxidized cardanol,
(c) polyol(BD); (d) polyol(TEG); (e) polyol(PEG).
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Figure 3. *C NMR spectra of (a) cardanol; (b) epoxidized cardanol;
(c) polyol(BD); (d) polyol(TEG); (e) polyol(PEG).

A AEE S & T AUt ol Sl AlRHEER] T
thso| F e 7id ¥hE-E Fale] npolo EElEE g
ASS 2183 thFigure 3(c)-(e)). Figure 42 1) Z+=
FTIR 24 28 E-S Ui 210 = JithsdlA vlele &
20| HeRkgo] P =HA Uehte 318HAQl Fx2H
31E gRIE 4= Qdrh Flgure 4(aH sHEHAA 2F e}
= 11321 3100-3500 cm™& Fhehsel] A5k #Hl=7]l
o3 A Fal Vet 7A4°lttl, 1347 cm'e] ¥}3= 3
=719] gb7100 213k Aot} 1590, 1261, 1149 cm™'ellA] 1}
Eht= 93e C=C9] 2550 23t ZlolH, o] #H&7|
o] Z3tE]o] U= WAYS vepdth o FA] kg o] 7}
thEol| AR YER= 3010 em™e] 54393 7hokEe] AA}
<ol EAlsh= EV\ olT Aol Fshe AR, Firhso
o ZFA 5} HhE F B4 o] ATS UERE T30t AR
= s gl ZF Atk BAlol Figure 4(b)ellA YERS v
o) FitkEst o FAS) Ttk HaE Faf ol EA|st
S F oAFA ‘%]-4 S I F A= SAYAE
6 cm oA T 4 %‘\E} Figure 404 Z}z}e] 2|8k 7}
C\’J Hio] 9. EE]—Q“-J FTIR 23 EYLS Fiths 9 of| A
W8 $-9] Zitksdhe thE27 1080 cm oA 7gk 5449
st , FAll o FA] HE YEplle 5497 A
< 1T F Uk o= AFA =Y %éﬂ' 17'4
AdFe FAJo= elsle] AAE C-0 Al
oJgk o7 X$HA|7t AFE 0= Flrhso| O]E]oq‘:}
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T T T T T T T T T M T T
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Figure 4. FTIR spectra of cardanol and products of epoxidation or

ring-opening reaction of cardanol: (a) overall ranging from 500 to

4000 cm™; (b) the peak at 826 cm™ show the presence of epoxy
groups.

e}, o] FA] ®o] 75 2Md 27 stol|A] o] FAIS) iR A
= ] l"?—3117 | olFo] A & glow, ZpAgh Fukgof o
gk WAYES Figure 59 YERHATE S o))t Frk-g-o|
2]&} o 2F] ﬂ%‘” (ester compound)2] o] C=0 AT
EXvaz Yepd Zlog dctEth =3 'H NMR 23 5
N ZA]3} FitksoAE 4.1-4.2 ppm} 8.1-8.2 ppmolA] A=
< 935 AEE ER1T & Ut ol 7E TokEe] &
dul A7t opbd o FA]S} REEollA] WAEE kg st
AdE Aog ddE). o]l B EAF ofd ol FA] &
A} 7o) r|awEy) dojd 4 glom, 0|5 F3) oAl
(dimer), 45 (trimer), 221329 FEE 7H FA2F F329
5:]/\—]0] 7]__ }1:} 36 LL}E}H GPC %@% E_;H ‘Eﬂ—/\-] a}o]o =z

=9 QF/]—L‘HQ"] 8 ARE SRISIATE. Figure 601 Y
EM GPC AEE HH, 7]E Jithsd| vla] o FA|st 7lch
Eo] AL A__E dF ABTE AFE ZS Rlsit. o]
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Figure 5. Possible side reactions during the epoxidation reaction.
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Figure 6. GPC curves of (a) cardanol; (b) epoxidized cardanol; (c)
polyol(BD); (d) polyol(TEG); (e) polyol(PEG).
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Figure 7. FTIR spectra of HDI and PU films derived from different
biopolyols.

oA 5EAFAE SR F AJA T, I v o
T AR 21E & Atk NCO indexE 1.12 2783071
o 45 NCOZF ZAE 7Fs2d0] lo), dnkro g 93
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Figure 8. Stress-strain curves of PU films derived from different
biopolyols.
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Table 2. Formulations and Mechanical Properties of PU Films with Various Biopolyols
Feed . .
Sample NCO Gel content  Tensile strength Elongation at break Young’s
p Polyol ~ HDI DBTDL index (%) (MPa) (%) modulus (MPa)
(8 (2) (ppm)
PU(BD) 10.0 6.08 100 1.1 94.21+1.75 8.634+1.35 126.88+14.78 18.67+4.08
PU(TEG) 10.0 5.63 100 1.1 96.03+1.66 11.111+0.27 164.68+13.69 14.6£1.96
PU(PEG) 10.0 5.43 100 1.1 94.58+0.68 9.87.£1.07 213.52+11.86 8.86+2.84

oML E 3o 5L YERH, 284 A=rt FUtee
AFS et 28y 742171 ghol 32 polyol(BD)E Al
Z35F vo] 9. FE|wd" Fo] FA] ol AiE o= &
2 polyol(TEG)ZE A|x3t vlo] 2. Z2]e-get 5ol via) <l
ARETE S AL Rl ol thE XAl His)
HoR Fe wAdelE 7HAL = BDe| Hek s
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ofe] nkgAo] Aoz v7| wFel, 2] e-det vke Al
T2 WA s F5HA] etAY e A
ARl o8k A Aol (steric hindrance)oll 28+ JgF o] 2+
|8 A3 FHE. 7179 vlol 2. F8]&2] HDISH] vt
38 ERls] flal A AFE S Sal TlaE AEE
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Figure 9. (a) TGA curves; (b) DSC curves of PU films derived
from different biopolyols.
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Table 3. Thermal Properties of PU Films with Various Biopolyols

o1 i]‘*o]'j—

Sample Ty (°C) Ty (°C) Ty (°C) Residual at 600 °C (%) TS (°C)
PU(BD) 280.07 304.84 359.40 2.52 25.69
PU(TEG) 305.53 330.53 384.73 328 32.84
PU(PEG) 307.10 326.73 369.13 1.52 2257

“Recorded when the weight loss was 5 wt% in TGA. "Recorded when the weight loss was 10 wt% in TGA. ‘Recorded when the weight loss was
50 wt% in TGA. “Calculated from onset temperature by universal analysis.

W C-N E2R7Fe] Aol golxmA] Alke Zlo g wvts
u} 71 Fo] PUBD)= 436 °C, PUPEGY= 454 °C, PU(TEG)
= 483 °C7HA T WA FEsh7r Ol-rOWE} ol Holbl=
s 2@ WS 222 HDPF AE Baju)s 27ho = 3
dEh BE JJE > S-EEt 7,—3?&_& et 7|E Fhtks o
H| 97 ¢Fg/do] dE RS ERIF F Stk 747he] g4
g4 W3k Table 3914 AAISE vk} 7o) Ty, 4 PUBD)
< PU(TEG) < PU(PEG) £=02 235 xo]7} AT, Ty,
o]£2= PU(BD) < PUPEG) < PU(TEG)?] 73S e}
‘%P PU(BD)— 2% zfolel] lojx vpA] = HEF
& S5 AlE e 87 =M PUTEG)@E PUPEG)=
Ts%, Ty, Z2710AM 242} h2 A A8 UERIAI, Ty,
d o FAFORE 2 259 At oF 1°C AR mlH|s)
t}. Figure Ya)s B34S o Ty, ©1F F TF9] Eall2x9
A2p7F AR w2 28l 7EA] PU(TEG)] el =7t =
2 el ] gk AES vERTH mebA Al F79] vlo]
¢ Z29d &t = PU(TEGY} o€} Hlo] 2 ia]%aﬂaoﬂ H]
3 B A =& 97 oA S BT 9SS e
AT %‘H&ﬁgi NwE TEA= AL FAEH] o,
749~ chain foldingo] ot H oz A}E
L= 7}JL£ sl zHzte] Eelf-Ee 59| &
A= DSC 34 77 ol I8 =
PU(BD)E 25.69 °C, PU(TEG)= 32.84 °C, PU(PEG)
7°CAAAM 22t frejdel s IAE AL o)l A
% JolA] o dd =2 7b1E°ﬂ ik AHS sz
o™, PUTEG):E = 7ht g aAFo 7 9l
JtiA 02 #2 fEldolx 3-8 vehdth PUPEG)
5 PUBD) HIal 177d=7F =A% PUPEG) W ©l]
| SAlol= o 98 & F5A44 o2 <l PUBD)

Ao
=

o
°*slﬂ>@
u]\-

uf 1o O qoh md (i ¥@ M1 o
&

2 o oX

Hrp 92 fEldo] =S Yehlth PU(TEG)SH PU(PEG)
o] A5 &4 %Lzoﬂ A7 F5AdL vl FiF e s
PU(TEG)?] & 7l =g Q18 w2} AE7re] 738t A%
S8 A %/Q%IO] eAlE= Zlew dAdtEn aeR
PUPEG)2] 3% 7lukeol| &3 AstE B} B2} 730 9
3 8o B} A% ¢ =& JIAHL nmxE= Ao=

T oo T1=E

7T,

TE BN Y €3 54, Y34e /)E 7Y EE B
A ERe] B2 sjeleks S $a3 94 ALgEh I
4 L 20l Wt 42t A48 5 P Rl 2ok

A
T 7] wZelnt. o] we} ulol @ F|&S o]&ste] vk
€ ZE9de 254 1A = gk JE52F 48 A9
It Figure 1034} Table 4= Z12te] Z2]9-diet FEo) u}
E HEZ A4 AR 2 RS eI 719 E2eE

L

Figure 10. Images of contact angles of (a) PU(BD); (b) PU(TEG);
(c¢) PUPEG) film.

Table 4. Surface and Bulk Properties of PU Films Derived from Different Biopolyols

Sample Contact angle (°) Water uptake (%) 5 wt% HCI 5 wt% CH;COOH 5 wt% NaCl
PU(BD) 84.22+1.86 1.49+0.09 111 111 I
PU(TEG) 87.99+0.98 1.65+0.32 I 1 11
PU(PEG) 87.39+0.62 3.19+0.52 11 111 I

I: Completely damaged film, II: Loss of gloss, III: Unaffected film.
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