J. Korean Soc. Tribol. Lubr. Eng., Vol. 31, No. 5, October 2015, pp. 195~204
Journal of the Korean Society of Tribologists & Lubrication Engineers

ISSN 1229-4845(Print) * 2287-4666(Online)
http://Journal kstle.or kr

DOI http://dx.doi.org/10.9725/kstle.2015.31.5.195

= o = al oa =
AlER 718t HIAEZO|IE &Y 2 |2 M
Z=H™of - Ak - AMXE - M2 - SHE] - 22T
ARsheITe §Hsiell TR Agdulo) 2 sk P Al

Synthesis and Lubricant Properties of Vegetable Oil

based on Estolides

Jeong-Mae Son, Nam-Kyun Kim, Jihoon Shin, Kunwo Chung,
Byung-Tae Yoon and Young-Wun Kim'

Integrated Chemistry Research Division, Industrial Bio-based Materials Research Group,
KRICT, Yuseong-gu, Daejeon 305-600, Korea

'EMAX solutions Co., LTD

(Received June 30, 2015; Revised August 31, 2015; Accepted August 31, 2015)

Abstract — Several researches are focused on improving the value of fine chemicals based on biomass resources
due to environmental and other concerns associated with the use of petroleum-based products. Therefore, the syn-
thesis and application of estolides derived from plant-based waste oil materials and their application as lubricants
and as processing oil for butyl rubber products have been studied. Four kinds of estolide were prepared with con-
versions of 71~92% over 24h using various vegetable oils, as determined by size exclusion chromatography
(SEC) and nuclear magnetic resonance (NMR) spectroscopy. FT-IR spectroscopy determines the esterification of
estolides using 2-ethylhexyl alcohol. The estolides have iodine values of 35~90, co-ester/a-acid ratios of
0.45~0.55, and total acid number of 114~134 mg KOH g'. Four ball wear tests show that the wear scar diameters
(WSDs) of estolides as base oil significantly decreased to 0.328~0.494 mm, compared to WSDs of 0.735 and
0.810 mm of WSD for 150N and Yubase 6, respectively, as general base oil. Thus, the estolides have better wear
resistance and satisfying design objectives for the engineering of a variety of lubricant base oils.

Keywords — estolides(°l| 22 E 2}0] &), fatty acid (X 141, lubricants(-2-Al]), wear scar diameter(PF=& 2] 73)
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2-1-1. AloF B RAIHHH

o ~Ege| = FAde) AMESE AEf HAR2 H2
=

E(CA] i Az Al dAehs vl v%t
fr Az Al BTk t2eY) 2 H2ERE ARSI
THTable 1). ZviE+= G 2AHJAMSSENAL, Perchloric
acid, 70%)S ARE-E1] 0T HPLCEA ol AM&-H &)
2l HEZ S| =2FTHTHF), GCEAo] ARS-E )4t
< Burdick & JacksonA}2] HPLC gradeE AM&-31%
o} dxEge|= M & Fsleletl AREE TR
UE-F(sodium bicarbonate) A~FZFZF|=(NaCl)
2 FEF (NaS0)2 2 318 Al AHE-sld
3L, 22 9ol gl EPE AR WHEe] AAlgle] A
gkt

o~Egle| =] 44L& SEC(Size Exclusion Chroma-
tography) 412 sl A TH(Waters 410 RI
detector, Waters 2487 UV detector, Waters 515 pump,
Z3: Styragel HR 0.5 THF 7.8x300mm 2ea, HR
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1.0 THF 7.8x300 mm 1 ea). EZ22& FTAZ &
A E=eHE)E AERH AGAHEAE 280)
o 2H| 28} wgdle] ZFEHME AWMt ozHE
A5 352, BASF 616, EAF 860, A 1214,
A 15509] S4S $Aste] SEC EFAIEE A
L3t EAEg] tig ZEIAE J|EeE P
Felsilon, g WA oigt
BErrll, | aEgfo|= g

e o2Egtel= TxE= 'H-NMR(500 MHz,
Bruker), “"C-NMR (125 MHz, Bruker) % FT-IR
(FTS165, Bio-Rad) 2~HEHo 2 EA319t). dX2E
go]l= HAHTAN) 42 ASTM D664[31], 82
=7HIV) 48 ASTM D5558[32], B3 = E4&
ASTM D445, % Pour Point)i4-2 ASTM D97
[33], % (Cloud Pointy#4]> ASTM D2500[34] i
THHo R Z47F B s3I

A AEglo| =9} odAaEsto|= 2-0dE A o XEH| 2
o] {8 AL 4ball PERAIE B4S Edlo] Hrlst
gor, ZHZk ASTM D4172[35] oz sl
g2l @ U Michang Co. ZEA L P-1)T d2E
glo|=, o aEgle|= 2.0ddl A o AH| 2] HE=
BROOKFIELD Viscometer DV-II+PRO HEA2 &
28193, Fd 2 bladdere] TFFEA) & &
XS Hr7IsIEe™, T90, Tmax, Tmin + Rheometer
DRM-100 ModelZ 34393, 7 %=(Hardness)=
KS M 6784:2009 7]3t>] Shore A Typel =
GS-706N ModelZ ZA3}R oW, A&7} = (Tensile
strength), =& 2] 2~(Modulus) 100%, 4l-&(Elongation)
2 AE7 % (Tear strengthy= KS M ISO 37:2012
71E38e] ti7 Ay eige] DUT-500CM Model=
=439 32, WrlE = (Abrasion resistance)= KS M
6625:2013 7]=3F>] NBS Abrasion TesterZ =73
SIS
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Fig. 1. Synthetic scheme of estolide and estolide 2-
ethylhexyl ester derivatives.

9-9-1. AE5 HAK &2 REE AR

AEf HAkde TeRE ARl fE A B
= ZEHEels, v FEAigels, ET] FEHEel=
5o okt S-S ekl 7] Wi, & A
e & 7H 3780 WSk T d (WAt
24, A&F AxIFolA Wske =2 A T
t=ed), HA4EF 2 A 59 FAE AxdE A
g3t 7EalRke-S kit TEsliNke2 351
STl 4= XY 10kg, & Skg, 9 p-
TSA (4-toluene sulfonic acid) Sg, SHY#|E HPA
(hypophosphorous acid, 50% Z~8) 10 g Fsld
200°CellM 5~7h FF 7HEEEE] wRe-S Aelen,
1h 7HHo 2 AR5 AJF3F] TAN(total acid number,
mg KOH/g)S S48t ¥h3-5 FAsIith 7kl
W8-S Bt AAE el AR 1torr o]k 7l

FaIN 2RE Tt
[e]

76.7%, A& TH9.Y 78.0%, H2E-5 81.8%E A&
M9 EH9 we o 24342 YeEhich tiE3
o2 #4459 NMRZ RS YERAAUTH

Soy Bean Fatty Acid :

'H-NMR (500 MHz, CDCl;):5 530~542 (m, 25H),
277 (m, 1H), 233 (t, J=7.5 Hz, 2H), 2.04 (m, 3H),
1.63 (m, 2H), 1.42~1.15 (m, 19H), 0.88 (m, 3H)

CNMR (125MHz, CDCL):5 1804, 130.1, 1299,
129.7, 128.0,127.9, 34.1, 319, 29.7-29.0, 272, 256,
247, 22.7, 14.1

FTIR v (cm™)=3010, 29212852, 1710, 1464, 1412,
1295, 940

197
Table 1. Composition of vegetable oil fatty acid
Area (%)
SBFA' SBDFA’® RBFA’ TOFA*
C16:0 18.14 18.07 17.08 0.00
C18:0 491 4.74 3.11 0.00

C18:1 36.91 26.90 37.11 44.20
Cl18:2 37.65 46.32 40.69 24.87

Cl18:3 2.39 3.97 2.01 11.49
C20:0 0.00 0.00 0.00 2.50
C20:1 0.00 0.00 0.00 10.17
C20:2 0.00 0.00 0.00 4.96
C22:0 0.00 0.00 0.00 1.81

100.00 100.00 100.00 100.00

'SBFA: Soy bean fatty acid, ’SBDFA: Soy bean dark fatty
acid, ’RBFA: Rice bran fatty acid, “TOFA: Tall oil fatty
acid

9-2-9. HI~EZ2I0|=2] gk

rEelo|Es AERE dElsl] o 2ol
dst9Th 39 500mL 5 EEhaFo| A EF
(531 mmol, 150 g)2 ¥ 60°C 7Hx] +&3 2
w2 3G AAHHCIO, 106 mmol, 0.2 eq)yS E3L 244
7+ 40~60 mmHg =71 3ol whgsldch Wk &,
E7 EA(ethyl acetate)s ©]83l F=3tL F=A
A Fu R ARSgE ke X
Hog FIAItt F&F F FF REFS ol &
3 EAYl X3¥ ES AAS EAE 5
A dxEgo|=E At FAT o xErfe|=e] F
Z¥ 'HANMR, "CNMR % FTIRZ 439t}
'H-NMR®] 427t Z7F obd 22 vehve A2
AEf] Ak Hlgo| mE ¢ AREe] Aol
Exsize] 71918k Zloltt.

EST-SBFA:

'H-NMR (500 MHz, CDCl;) ppm:5 5.37-5.33 (m,
04 H, -CH=CH-), 4.86-4.83 (m, 04 H, -CH-OC=0-),
232 (t, J=7.6 Hz, 2H, -CH,(C=0)-O-CH-), 2.27-
226 (t, J=73 HzlH, -CHC=0)-O-CH.-), 1.96-1.20
(m, 32H), and 0.88-0.84 ppm (m, 4 H, -CH;)

"C NMR (125MHz, CDCL) ppm:s 180.0, 173.8,
130.3, 74.0, 34.7-22.6, 14.1

FTIR cm™ : 3264, 2928, 2856, 1735, 1712, 1465,
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1378, 1248, 1178, 1113, 967, 723

9-2-3. OI~E2I0|= o028 Ol ~HI=2| ghd

oA T dEe|=E 2oEY Y-S
o|2H| =3} WH-S 3] o AERlo]= 2oEE A o
ZHEES Ao, AP vt 2 3
500 mL s ZekiAel AE(531 mmol, 150 gy
9 60°C7HA] s23t &, S22 HHAAHHCIO,,
106 mmol, 0.2 eq)S ¥ 40~60 mmHg 7 3}oilA
24X 7F WES-S AF)AL, 2-oE S EF-E(1,062 mmol,
2eq) ¥ F 6A7F B 40~60 mmHg =71 3fell
A dr-g3te) vk & B3} EA(ethyl acetate)E ©]

1 AollA Fuj = ARg-g FHRA
23} FEEF T8 0E FITITE 5 9
T REES o83 EA 5 XFHY e E
AASL EA B WEkg 2oged d5sS 1F
F(110~120°C, 18~30 mmmHg)dte] o ~Eglol=
ANdA AHZE AUTE FAAT EER o=
odald ojx~El=e FxE 'H-NMR, "C-NMR
FTIRE #43131ch. 'H-NMR®] =47} A7} opd
27F Jehs A2 AEfre] Akl vl uhE
24 AREe] Holet Exsleo] zfolola 7]1% Zleltt
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EST-2EH-SBFA

'H NMR (500 MHz, CDCL), ppm:5 5.31-5.30 (m,
04 H, -CH=CH-), 4.86-4.83 (m, 0.3H, -CH-OC=0-),
393 (d, 2H, -OCH.(CH(CH,)CH»), 221 (t, J=76
Hz, 3H, -CHy(C=0)-O-CH.-, -CHx(C=0)-O-CH-), 1.96-
1.20 (m, 45H), and 0.88-0.84ppm(m, 10H, -CH3)

"C NMR (125 MHz, CDCL), ppm:§ 173.8, 173.5,
130.4, 73.9, 66.6 38.8,34.7- 22.6, 14.0, 11.0

FTIR om™: 2928, 2856, 1735, 1465, 1378, 1248,
1178, 1113, 967, 723

3. @l ¥ nE
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3.1. OlaE2jo|=2t OIAEE|E 20EEA O] AH|
2 B
AERE dElsle] dlaEgo|l=s FaIlon, v
€ AEE SECE #43t A7E Tables 2~39 Fig.
2] YERARITE Table 19] A2 HE A|4tke] vl&
o] gy ule} oiEzte|=9 Hego] A=
o] Exs) AHke] Hlgo] 7P @2 EST-TOFA7L
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Table 2. Synthetic results of estolides

Reaction Condition ~Composition',%

PR Cay Temp Time: Monomi g
EST-SBFA 0.2 60 24 18.63 81.37
EST-SBDFA 0.2 60 24 22,67 7733
EST-RBFA 0.2 60 24 2949 7051
EST-TOFA 0.2 60 24 822 9178

EST-2EH-SBFA 0.2 60 65 21.85 78.15
EST-2EH-SBDFA 0.2 60 6.5 265 735

EST-2EH-RBFA 0.2 60 65  29.62 7035
EST-2EH-TOFA 0.2 60 6.5 898 91.02

'Analyzed by SEC
*Unreacted fatty acid

Table 3. SEC results of several estolides

EXP. Code Mn Mw Mp PDI
EST-SBFA 1186 1815 3717 1.53
EST-SBDFA 1072 1510 580 1.41
EST-RBFA 871 1083 581 1.24
EST-TOFA 759 938 850 1.23

91.78%% o|~Ezglo]=9] A o] &, EST-
SBFA7} 8137%=Z Bom, EST-SBDFAS} EST-
RBFA7} 77.33%, 70.51%% A=At o|5AE o]
B2 223} ko] Hlgo] &2 EST-TOFAS] 745
o] Mn #e] 7592 Expgo] AL o ~Eefo|=9] g
do] @ol = o™, PDI #e 12302 A& &
ZAleFe]l BE7F ko™, EST-SBFAS] 799l Mn
ol 118607 E2 TAFF] o|liEgte|=7t FAE
o™, PDI fl%= 1.530%2 thddh 2Apge] ok}
o|=7} M EE Zo R UEiT) o AEfo|=o 2-
g ydzes A EsE JAERe|T 20"
A o 2B 28] 79 o REgo]=ollA mwkg A]wt
2he AASA] @i, WH-S Fldsle] o ~Egte]=e]
ABdwFo] Wls=ahH, Fig. 20l WERd BRek Zro] SEC
A OA A ER Ate] vl osiA FEE 73
ol t=Al YeRth. 53] EST-2EH-TOFAS| =&
nEIHLS U2 JaEe|t 2gE A oAH 29}
9 & AgAHS Vel SH, EST-2EH-SBFA,
EST-2EH-SBDFA, EST-2EH-RBFAE H|$=%+ 7384
< YERAIT
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Fig. 2. SEC chromatograms of estolide 2-ethylhexylester
derivatives.
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acid (a-methylene proton shift, .32 ppm)$} a-ester
(a-methylene proton shift, 2.25ppm)e] HI&L o
ester/a-acidZ LJEPE 4= it} A& BxsIAAE
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Eefolze] T} gebd 4 9ok

o [*)
/\/\/\/\af\/\/\/\d}o °
Y S ) I, R '
/\/\N\/‘[\/\/\/\/ko,., f)U a
J, v
c ? | d
3 b | EsTsBFa q —/c i

a b EST-SBDFA

A A Y

1 ‘b EST-RBFA

a b EST-TOFA

A
r T T T T T T
6 5 4 3 2

8,ppm
Fig. 3. '"H-NMR spectra of estolide derivatives.
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Fig. 4. "C-NMR spectra of estolide derivatives.

Fig. 49] "C-NMR 2=ZE3 24 Az2Ry 2%
fr Aol 7t2EA7] FHE 937t 5180 ppmellA]
e, o|xEgle|=e] JAElE FHE IFE §
173.8ppm°ﬂ/‘1 L]—E]-L}-‘Z AL 2HE o 2=Egfo|=r} &
AEIES IR T AUATE BES AR o]
Aol }P—-‘qﬂ— 6130.3 ppmoll A YebH, B33}
AAte] Hlgo] 245 w7t E S ERIT F 3
AT}

Fig. 59| FTIR 2 EHoME A&-§ Aaate] 71
Z2E2A gFo 23 IA (v 1712em Y}t S8,
o ~Egto]=9] o 2|2 o]§t I (v 1735 cm )7t
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Fig. 5. FT-IR spectra of estolide derivatives.
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T T T T T T T 7
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Transmittance %
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Fig. 6. FT-IR spectra of estolide(EST-SBFA), 2-ethylhexyl
alcohol, and EST- 2EH-SBFA.

AEA Uehde ZeR diEdge|=r dAHUES
SRIE = ATk B, 2B Bash AAke] H]
$o] ARSFE Fp=EAN 28] I3(v 1712 em™)ell
g o aEgte]=9] o 2B Ee gk (v 1735
em”y7F ZA veRTh gusid, dlsEztol=e] gl
ol H ol gl w Bxst Aite] ole4
Sk 7t2 5 0] o|2EH 2 Zjte] WA t25A
2] 97} FopA| AL B2 Agto] ksl ol
=2 F37t A Jepdr] diiselth.

AT e diEdte|=et 2ol g1
o =H 23} ¥hg-S Y3l o] AERio|= 2o g of
zH2E siglon FTIR 2¥EdoR 325
13K (Fig. 6).

Fig. 6914 He uie} 7o) o 2Eglo|=e] 7125
AN 28] F3= (v 1712 cm™)e}t 20E3A dTL
b8 9= (v 3342 cm”F ARER] AL S| AE o] =9
ES

[e]

2

o

2

oz E0] o3 F A (v 1735 cm™)Tre] B wj7lA|
u-8-S X3Pt

[EST-2EH-SBFA

Ester C=
[EST-2EH-SBDFA!
fotdp e
EST_ZEH_RBFAM TW_‘

[EST-2EH-TOFA

Ester C= Acid C=0
cid C=
| =

b T T T T T T
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ﬁ
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Fig. 7. FT-IR spectra of estolide 2-ethyhexylester derivatives.

oA zHZ3} WS g dEEfel= 2-0E
A4 o 2H 29 FTIIR 2HEHE Fig. 79 Jehj
A3, EST-2EH-SBFA, EST-2EH-SBDFA$} EST-
2EH-RBFAE d|2Eglo|=9] l2Bax 7189] T
(v 1712em™7F A9l Algbx ®kE EST-2EH-
TOFAE dXEglo|=e] Fl2Baa a5 I (y
1712 em™yF A& ol e & AERS) o
2 A%S Aok

iEglo|=e] Q9 u7l HAL a-ester/a-acid2}
o|zEgte|= 2093 o 2B 2e] Mt A}
£ Table 4°] YERNSIT} Table 494 B wle} 72
o] JAETo|=e] @ QT M= HkSo] o] =
Aol olF Aol Whg3le] HojABR 8 EIlE
o)A Ert. E3pA|E] HlEo] %2 SBFA%H
SBDFAS] 73-¢-oll= ESIAH4F] capping acidZ ol 2~
Egol= Mol FFE Fo] HhE diEgtol= A4

go| H3 nRkg-e] o|FA7to] BolAl 37.96~41.39=

80Tt A VYo, Ea|Ake] Hlgo] uhe
TOFA2] 7390l whso] o] FPHe|e =2
Akl capping acido]”] wiEel @ 9=7k= =

Table 4. Properties of Several Saturated Estolides and Estolide 2-ethylhexylester

EXP. Code lodine value a-ester/a-acid TAN mgKOH/g EXP. Code TAN mgKOH/g
EST-SBFA 41.39 0.47 130.89 EST-2EH-SBFA 1.55
EST-SBDFA 37.96 0.45 133.88 EST-2EH-SBDFA 2.18
EST-RBFA 35.45 0.48 125.57 EST-2EH-RBFA 2.09
EST-TOFA 89.55 0.55 114.48 EST-2EH-TOFA 22.27

' a-ester/a-acid determined by 'H-NMR.
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= AT} aester/oraciditS FYSH dlAERlo|=
7} At ol 7] wiEel]l 0.45~0.55¢] FE e}
Wk AA7LE 114.48~133.88 mgKOH/gE  EST-
TOFA®] 47} ghol 7P Wgt=t o] o&Eete]
T7F AtiH o R wel AAES ofnlditt

diEge]|= 2ogdd o AH 2o AMEE 4
3 A7 1.55-22.27 mgKOH/g8] 7H2 Jehiien,
EST-2EH-TOFA?] 73-%-0ll Fig. 7¢] olxEglel= 712
EBAL 93y 1712 em™y7F 7HE Bol Hol sle A
o2 o] 715alm, TOFAS AW A4 BE
uke} 7o) o]F Aol W AWAke] FAJo] WolA

2 APAETHE TEA AP sl TR o de]
Ate] AR T2 P40 skl B the
diEtolErTh B2} 7t dEpA] At o
ZE| 23} WhgAJo] Yol A At vE ik
oj=xT} EA JeRsT]

32 OlaERol= ¥ OlAEZ[E 20EEHEAM ofa
H=2o EM ¥ 2EMs

St 3L o AEglo|=g} o AEflo|t 2oEd Al o
ZH|29] FAES 57 18i &8 54S B45
o] Table 5 JERHIOH, d=Eeto]=9] 40°C &4
B 294.7-1030.0 ¢St, 100°C 53 %= 27.34-89.13 ¢St
=2 YehiAT}. 40°Ce} 100°C 53 =0lA EST-TOFA
7 7V =2 AEE JElET ole dliERel=
7F 7H ol AN WEeR Holw,
Viscosity Index(VIE 123~1712 UeRfo] ol o]
|5 250 Ak mEl tEA JERih o2
Eftol= 2984 o 2~H 29 40°C THEE

{1
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53.93~306.8 cSt, 100°C THE+ 9.4~24.87 cSt=
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Table 5. Physical Properties of Estolides and Estolide 2-ethylhexyl Esters

EXP. Code KV, @40°C, KV, @100°C, Viscosity Index Pour0 point, Clou(g point,  4-ball WSD',

cSt cSt C C mm
EST-SBFA 313.6 35.12 158 20 21 0.37
EST-SBDFA 480.3 44.27 145 25 25 033
EST-RBFA 294.7 27.34 123 20 23 0.34
EST-TOFA 1030 89.13 171 -7.5 -15 0.50
EST-2EH-SBFA 109.8 16.95 169 -17.5 -16 0.65
EST-2EH-SBDFA 77.11 12.52 161 -15 -15 0.65
EST-2EH-RBFA 53.93 9.4 158 -12.5 -6 0.68
EST-2EH-TOFA 306.8 24.87 104 -25 -24 0.69

'Base Oils: 0.81 mm for Yubase 6 and 0.74 mm for 150N
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Fig. 8. Brookfield viscosity change of temperature
Estolides and Estolide 2-ethylhexyl Esters.
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Table 6. Physical properties of estolides and estolide 2-ethylhexyl esters at butyl rubber processing oil

B sy S A T

Ifggf’cmiteiz i T Ib-in 19.4 182 18.7 18.9 19.1 19.4

Tonin 8.1 7.9 7.8 7.8 7.8 8

AMH 11.3 10.3 10.9 11.1 11.3 11.4
Hardness A type 63 57 59 60 61 61
Tensile strength kgflem® 126.09 120.5 119.75 123.99 120.19 123.27
Modulus 100% kgflem® 22.52 21.36 20.76 20.99 19.81 21.78
Elongation % 595.78 613.85 599.03 629.98 629.23 608.48
Tear strength kegf/em 42.87 4523 44.22 44.8 45.1 4433
Abrasion resistance NBS % 78 74 87 86 80 75
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