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Abstract — Enhancing the value of fine chemicals based on biomass resources is an important objective for
addressing environmental and other concerns such as demand for renewable or green products, as well as from
the political perspective to reduce dependence on fossil feedstock associated with the use of petroleum-based
products. Based on these considerations, we studied the synthesis of estolide using waste plant-based oil mate-
rials and their application as lubricants and pour point depressants. Five estolides were prepared by varying molar
ratio of palmitic acid (PA) to oleic acid (OA) using a reaction time of 48 h. The estolides were characterized by
size exclusion chromatography (SEC) and nuclear magnetic resonance (NMR). The isolated yields were in the
range of 57-78 % and purity was 93-97%, showing iodine values of 18.2-37.8, total acid numbers (TANs) of
75.6-94.2 mg KOH/g and estolide numbers (ENs) of 1.2-1.8. Increasing the ratio of OA to PA in the synthesis
decreased the kinematic viscosity and clouding point of the estolides. Four ball wear test of the estolides as a
base oil demonstrated that the wear scar diameter (WSD) of the estolides was significantly lower (0.320-0.495
mm) than the WSD of general base oils such as 150N and Yubase (0.735 and 0.810 mm, respectively), indicating
better wear resistance of the estolides. However, the lubricant property was found to be independent of the amount
of OA in the estolides. These new materials are prospective candidates for application as a lubricant base oil.

Keywords: estolides (9| =2E2}0] =), fatty acid (X ®4}), lubricants (£-84))), wear scar diameter (7F2.& 2] 74)
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2-1. Alg
9-1-1. AloF B A

diEgtol= Aol AREEE AEARE SHAt
(AldrichAL, 90%)7 ZHE4E (AcrosAt, 98%)0lH, =
2= FYAAHIAMSSENAL, Perchloric acid, 70%)
< ARESER o™, HPLCEA Ol AMg-E §uiel HlE=
Slo| =27 TH(THF), cHIEYUCIEY, olHEZ GCE
Aol AREH &4k Burdick & JacksonAFe] HPLC
gradeE ARSI ol 2Efte|= 4§ Fslehet
AMEE ZEHE YEE (sodium bicarbonate)Z} AFFE
Zol=ENaCl) 2 3HRIEF NSO, 4Hd 3138 A
F2 AR, 1 9o &ulE EPE AloRS HE9
A 3lo] ARg-skTt.

o ~EFfo|=9] 2L SEC(Size Exclusion Chroma-
tography) =4S st FA5HATH Waters 410 RI
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detector, Waters 2487 UV detector, Waters 515 pump,
Z9: Styragel HR 0.5 THF 7.8x300mm 2ea, HR
1.0 THF 7.8 x300 mm lea). EFE2 2 FYAE &
SAEZRAB)E AER APAHEAE 280)2
o|~El 23} wgsle] ZE|FEHE A WA o zEH=
A 360, B4 620, A 880, EAE 1200,
B2 15000] £28 At SEC EFAIERE A}
g3t Babgl U3k FFEIAS 71Fe R A
AREe] FAES ERleision, EAkF WA g

AT diEfto|me] EFeEdiEfe|ls &
4 dATZvlET2) 3 (Agilent 1260 Infinity
System, AH: ZORBAX SB-C8 4.6 mm x 250 mm,
5-Micron, stable bond, Agilent, USA, 71Z7]: NQADAH
2 BE8ZAL] mL/min 522 &1 7|&7]e

acetonitrile: acetone=60:40 (1 min)—15 min — aceto-

Mo o X

fr
12

nitrile: acetone=0: 100 (5min) — 4 min — acetonitrile:
acetone=60:40 (2 min)S. & F 2787+ B3} TH30].

e o 2ERlol= FZ2E 'HNMR(500 MHz,
Bruker), "C-NMR(125MHz, Bruker) ¥ FTIR(FTSI165,
Bio-Rad) ZHEg] o2 FAET. o] 2Eete|= At
7HTAN) E4& ASTM D664[31], LLE=7HIV)
21L& ASTM D5558[32] %5 & (Pour Point)i-4]-&
ASTM D97[33], ®3(Cloud Point)¥4]& ASTM
D2500[34] o zhzF 245190t

o ~Eglo] =9} oAxEgto|= 2-odE Al o 2|
o] 8 B4 4-ball PFRAE E-43} HFRR 4
Z38le] Hrlstgon 74z ASTM D4172[35]
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Fig. 1. Synthetic scheme of estolide and estolide 2-
ethylhexyl ester derivatives.
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2-2-1. HI~E20]=2] 8 (R-EST-OA)

dlaEglelt ik Fu|glte] vl&S 2elst
o] o3 o] AT 4 500 mL 5 Bk~
3ol Sk ZuEak(708 mmol, 190-200 gye B
60°C 7HA] F23t &, Sl = A A% (HCIO, 354
mmol, 0.5 eq)S 23l 24X7F 40-60 mmHg %71 3loll
A HESEIITh W F, &3 EAethyl acetate)s ©]§
3 FEIL FEHYoNN SR ARSS HAARS X
3} FEREF gdlor FIAIL & F 5
SHERS o838 EAd Xx3H &5 AASIAL EA
2 vRES AL A FF/(160-200°C, 0.03-0.04
mmHg)3lo] <=3k o| 2Eg}o]|=(93.4-97%)2 A3t
e ol 2~EElo|ze] = 'HANMR, "C-NMR %
FLIR 2 24319tk 'HNMRS| 527} A7) old
A Yehs 21 g#lite gngite] vlgol meE
U Ao Zo|o} Baxslico| 7|91k Slojo},

C16-EST-10A:

'H-NMR (500 MHz, CDCl;) ppm : & 537-533 (m,
04 H, -CH=CH-), 4.86-4.83 (m, 1.1 H, -CH-OC=0-),
232 (4 20 H, -CHYC=0)}-0-CH-), 227-226 (m, 2.4
H, -CH,(C=0)-O-CH-), 1.96-120 (m, 59.8 H), and
0.88-0.84 ppm(m, 6.5 H, -CH;)

BC NMR (125MHz, CDCl) ppm : & 1800, 1738,
130.3, 74.0, 34.7-22.6, 14.1

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

2-2-2. OI~E2P0|= oOIEENL O|l~HI=S| ghd (R-
EST-OE-R1)

oA T diEgte|=E ARgSle] 2-oEE A
U} o 2EH 23} Wk dsle] o iERto|= 2-
ogdd JiHEZE AT thEHORE Clé6-
EST-10AE ARg-sled st o2Erfol= 2-o|dd] A
o ~HE ] PG vhest 22T} 37 250 mL 5
Zg}x=0)] CI6-EST-10A (40 g), 2old8)d 438
(553 g 425 molyS ¥ 60°C7HA 523 F Znj=
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o) - f - ol - AR - RS - P - WU
& & 6AZF BQF 40-60 mmHg 271 ShellA] WHE-
SHATh WES- & &3 EA(ethyl acetate)E |83l 5

= 2
THMEF 78R TPt = 5 7 &
THEFS o83 EA T E£FH] = B2 A

Ast
SOEA 2 g 209y 2mee AT FF
(110-120°C, 18-30 mmmHg)3te] 43 CI6-EST-

10E-2EHE AUt} gt ojagEete|= 2-ode
o|2EH| 29 2= 'H-NMR, “C-NMR % FTIR 2
45199tk 'HANMRe] $=47F A7t obd sxl7t
ek 28 gelit) Zugte] v ue 9
AR Zole} Basiwe 7]Q1g Zlo|t),

C16-EST-10E-2EH:

'H NMR (125 MHz, CDCL), ppm:S 5.31-5.30
(m, 0.5 H, -CH=CH-), 4.86-4.83 (m, 1.I H, -CH-
0C=0-), 393 (d, 2.0 H, -OCH,(CH(CH,CH,), 221
(m, 42H, -CH,(C=0)-O-CH,, -CH,(C=0)-O-CH-),
1.96-1.20 (m, 66.8 H), and 0.88-0.84 ppm(m, 12.7 H,
CHy)

5C NMR (125 MHz, CDCL), ppm:5 173.8, 173.5,
1304, 73.9, 66.6 38.8,34.7- 22.6, 14.0, 11.0

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

3. @ ¥ nE

OIAE2I0|=2f O AEEI0|= 20(EA Of|AH 2
k

ok

31
=
Sk Frgate] vES gl diEgiol=

C16-EST-10A
C16-EST-20A
C16-EST-30A
C16-EST-40A
C16-EST-50A

15 16 17 18 19 20 21 22
Eluent volume (mL)

Fig. 2. SEC chromatograms of estolide derivatives.
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Table 1. Synthetic results of estolides
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Reaction Condition, Composition', After distillation
EXP. Code mole ratio % Composition, % Sield
C16:0 C18:1 Monomer® Estolide Monomer Estolide
C16-EST-10A 1.0 1.0 433 56.7 53 94.7 54.6
C16-EST-20A 1.0 2.0 32.5 67.5 6.6 93.4 59.4
C16-EST-30A 1.0 3.0 30.0 70.0 5.0 95.1 68.2
C16-EST-40A 1.0 4.0 27.5 72.5 6.5 93.5 74.2
C16-EST-50A - 5.0 21.6 78.4 3.0 97.0 79.0
'Analyzed by GPC

*Unreacted fatty acid

*Unreacted fatty acid Yield based on mass of pure estolide obtained via distillation

Table 2. Composition of estolide derivatives

HPLC area %

EXP. Code MOI}O Di. Tri Tetfa Pen.ta Hex.a Hepta
estolide estolide estolide estolide estolide estlolide estolide
C16-EST-10A 56.5 25.4 12.5 5.6 - - -
C16-EST-20A 39.0 26.3 17.9 9.3 7.5 - -
C16-EST-30A 30.9 24.6 19.3 12.6 5.7 6.9 -
C16-EST-40A 294 25.7 18.1 11.8 8.1 6.9 -
C16-EST-50A 17.6 17.9 18.4 15.2 11.7 10.1 9.1
2 BYSRom WSHEE SECE BHT AvE  flon] Tedlzuz AN SR S

Fig. 29} Table 19 WERASITE. Fig. 298] SECEA
A EYite] vlgo] FUtEel wEr &Ehke] olF AT
o2 Qlste] oEgto|=e] Aol WolAle Ag
g & °‘i’i°ttl JEAbEe] o AEete| =7t A4
Atk T3 Table 18] AERE &4ke] H]So]
77}§:}oﬂ w}a]. oﬂg_\_Ea}o]E /lg/H ako] Eo{p}j_ hui tﬂ-
& AWARe] Hlgo] Tadle] diEffo|=e] FEE
54.6%°04 784%7HA] F7¥eke AR UERHTE T
g0l AARS SRk diEfe|= FhEol
93.4~97.0%2 A&k oxEge|l=E FAEIT &
H, Zu|Eile] FU1EFE | 2ERfolE £go| A
st olffe TEARS Bl olF RS st
3 UA] o} capping acidZAITF 2H8-3F ¥ o ~EE}
o|=e] #aggo] AR = Aelle FEFE T4 7] W
o g JgEh

o|~Eglo|ce] Zgd~EflolE EX= HPLC ¥
A& Fote] ERlskien 1 AFE Table 20 YEf
WAtk Table 2014 He uie} o] Bz o AEgfo]
1:_,] /lg/d o‘_ Egﬂ}\]—_,] d—ako] _7}61—01] U}E]— 71-_/,:5}

Bl 29] Bx= Ao ol 2HE Afol 1~77HA] &

xEaplon ko] Hlgo] FUIETE oEro|=

o] == ZAge] F7kske Ao® vEbsth
PE dzEde|=E ¥ 3K0.03-0.04 mmHg),

AN
3 §0 0
b d n 0
o
a_ b CI6EST-10A
a b cieEsT-20A
2 b Ci16EST-30A
2 b Cl16-EST-40A
C16-EST-50A

o
= ’U’

T T T T T T T T T T T T 1
56 52 48 44 40 3.6 3228242016 12 0.8 04
8, ppm
Fig. 3. 'H-NMR spectra of estolide derivatives.
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dr b C16-EST-10A |p “
dg b C16-EST-20A Ifi ”[l
de b C16-EST-30A I.a ““
de¢ b C16-EST-40A Ir" “I I
dg¢ b C16-EST-50A |.a “i.l

f T T T T T T T 1

T T
180 160 140 120 100 8 60 40 20 O
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Fig. 4. "C-NMR spectra of estolide derivatives.

2200 °C)OlA F7/3t AEx diEge|=E
Adatlon s dxEge|=e] F2= 'H-NMR
(Fig. 3), "C-NMR(Fig. 4) 2 FLIR(Fig. 5) 29E
HE Fslo] FQlsiiitl. 'H-NMR E49] ospd &
Yok rEAke] gracid®] Z2ENA 71918 5232
ppme] T|F7} ZojEL, o 2ETo|E9] grestere] ZF
EollM 71218k 5225 ppme] =7} AAEHE Zow
HH daEgtol=rt MdEE A g1 7 ATk
W3 oacid (a-methylene proton shift, & 2.32 ppm)<}t
a-ester (a-methylene proton shift, & 2.25ppm)2] H]
&2 oester/a-acidZ AN S W Estolide number

(EN)E YeRd 4= 9o, Fig. 19 schemed] YER}

C16-EST-10A
Ester C=O "
. |.Cl6-EsT-20a Acd 0=0
=
§
S | CI6-EST-30A Al <.
£
g
&
g | CI6.EST-40A AN
£
CL6-EST-50A A <.
.
Z

2500 2000 1500 1000

Wavenumber, cm™!

4000 3500 3000

Fig. 5. FT-IR spectra of estolide derivatives.
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Fig. 49 C-NMR ~HEH 24 AnaHE L
At dugitke] 72 547] 7HE 9]=7} 5 180 ppm
ol LRI, o xErlo]=e] o aHE FHL v
v 173.8 ppmellA] UEhe= Ao 2R oiERlol=
7F EAS BRI = QT Hkte] olFE
ol 71R¥3E= v 1303 ppmelld velH, Zo)E
Are] BlEo] s At A2 As @l &
ALt

Fig. 59 FTIIR 2 EHN= 24k} Zujglt
o] Ft28A5t 1Fl 9$t F= (v 1712 em Yt E0]
3, dzEgto|=e] oZ~HEZd o3t FA (v 1735
em” YFAEA Uehhs 2R ol AEeto] =7t oA E
RS Bl & 4= Q) EEE, 2Yike] ulgo] A
FE Jl=ZEAMN 29 3= (v 1712 em)ETE o AE
gho]=9] o =E|2e] 9§ FA(v 1735 em Yt 2
A velstth giukeld, 2B =9] whgo] o &
o] 718 ol wjz} eite] o]F AT TtEH A
AEHE AFo] EHA FIEEALE] 9371 Zex]
AL o EEIE Aol SISt oAHE =7t =A
Heh}7] wjolth,

oA FAEF AeE o AERfo|=E ARESe] 2-
odd A dFg A Snf SRt o EHE
3} BkEE Pste] o iEgtol= 29 o AH =
2 A0 FLIR 29 EY (Fig. 6)0% 125
g1kt

[C16-EST-OA

Ester C=0 Acid C=0

%

|2-Ethylhexyl alcohol

alcohol O-H
|C16-EST-OE-2EH

Transmittance,

Ester C=0

e

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber, cm!

Fig. 6. FT-IR spectra of estolide (C16-EST-OA), 2-
ethylhexyl alcohol, and estolide 2-ethyhexylester.
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Table 3. Properties of several saturated estolides and estolide 2-ethylhexylester

EXP. Code g;il:ele mg%j{ e EN' %Capped’ EXP. Code mggg\]]{ e
C16-EST-10A 182 94.6 1.17 70.9 C16-EST-10E-2EH 0.22
C16-EST-20A 21.9 87.0 1.33 50.9 C16-EST-20E-2EH 0.14
C16-EST-30A 25.0 81.3 1.50 44.9 C16-EST-30E-2EH 1.78
C16-EST-40A 37.8 83.0 1.64 38.1 C16-EST-40E-2EH 0.22
C16-EST-50A 32.4 75.2 1.70 0.0 C16-EST-50E-2EH 0.19

Fig. 604 B vle}l 7o) o zEgo|=e] 7125 A4S B34 Fojgity) Egite] vgg WELE
A%k 1*«1 H3(v 1712 em ™ok 2084 g2 veRd Zlolw, BuEste] o] moldeys By
9] 4FE FA(v 3342 cm YT AR L o =Eg}e] k] capping acid®] HlE&2 24 100%0lA4 Zw|E
=o] ozdEe] ok F=(v 1735 em o] HE  4F 70.9%7HA] SUHICE AR oil 1 gell E¢ Sl
7k WS KPSttt = 2o & JERH AiE FA7F YolAE Ae

Ak diEgel=e] gorrh AL EN diEgto|=e] Zolrt oA wakge] A%l As ¢

(Estolide Number) 2 %capped2} o] ~EZlo]= 2.9
g3 ozs|=e] AL B4 ZAAE Table 390 ek

elkitss
dxggte|= 2odH A o AH =] HA7h= 1k

r

Y oo

WA Table 394 Hi= npel o] o AEgto|=o] T e daEge|=e] 4hg FAsom, A3
f07k= SHlite] HlEo] Eolxlol wet 182914 3} 0.135-1.776 mgKOH/g®] 72 WeRfich.

3242 ZA Yepdth ole ik Hlgo] e

T capping acid7} S|4kl Ha, SH4ke] 0|54 32 OlAaER0|E F O|AEZI0|IE 2-0EEHA oA

H=o 24

314 o| BRI =S} o AEFle|E 2.0|gE A o A
HZ29] sz} f58S £431] Table 49 YERY
omn o AEglo|Ee] 40°C THEE 178.0-316.7 cSt,
100°C FHEE 20.7~32.9 cSt2 YERAAT). 40°C}

FoZ QlEl 8=t AXH, RIE ZmEke] H
£o] SR Q=7 W AL diEgel=
9] capping acid®] gL H] &0 Frlsle] oA
gol HojAl= Aeoln, g o=t WolRl= AL 4F
3} S Ao o= AL 9n|Stt. %capped= GC

Table 4. Physical properties of estolides and estolide 2-ethylhexyl esters

EXP. Code KV, @40°C, ¢St KV, @100°C, cSt Viscosity Index  Pour point, °C  Cloud point, °C
C16-EST-10A 178.0 20.7 137 -7.5 -8.0
C16-EST-20A 1884 22.1 141 -12.5 -12.0
C16-EST-30A 266.4 284 141 -20.0 -20.0
C16-EST-40A 308.1 324 146 -17.5 -17.0
C16-EST-50A 316.7 329 145 -30.0 -30.0

C16-EST-10E-2EH 50.5 9.4 172 -17.5 -18.0
C16-EST-20E-2EH 51.8 9.7 175 -22.5 -23.0
C16-EST-30E-2EH 67.6 11.7 169 -27.5 -29.0
C16-EST-40E-2EH 69.7 12.0 171 -32.5 -32.0
C16-EST-50E-2EH 834 13.8 171 -33.0 -32.5

'EN(estolide number) = a—ester/a-acid determined by 'H-NMR.
*%Capped = percent saturated fatty acid/ percent unturated fatty acid) determined by gas chromatography.
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Table 5. Lubricity data of estolides and estolide 2-ethylhexyl ester

O A o SR e S

r_{

EXP. Code 4-ball (mm) HFRR (zm) EXP. Code 4-ball (mm)
C16-EST-10A 0.422 463 C16-EST-10E-2EH 0.550
C16-EST-20A 0.436 478 C16-EST-20E-2EH 0.555
C16-EST-30A 0.407 462 C16-EST-30E-2EH 0.566
C16-EST-40A 0.495 450 C16-EST-40OE-2EH 0.609
C16-EST-50A 0.522 436 C16-EST-50E-2EH 0.798

'Base Oils: 0.810 mm for Yubase6 and 0.735 mm for 150N, “Blank (ULSD): 647 zm, 120 ppm in ULSD

100°C TH=E &84k Hlgo] T7HrE A U
Ehton ol Exlgo] & ZldxEele|=o] A
ol Woldr]l wWEo=2 ) ¢, Viscosity
Index= 137~1465 UERfo] Eaibke] ko] me
ztol7F A VERA] k). dl=Egfe|= 29
2 o 2E|22] 40°C FHEE 50.5~83.4 cSt, 100°C
THAEE 94~13.8 cStE YERSTE 40°C2} 100°C
TAEE diEfe|=e] FHE By E4 Zke ke
Yehflem, Viscosity Index= 169-1752 o2&}
ol=o] H&Ag Hr} & #E eI

o|xEzto|=e] §-57 (pour point)e -7.5~-22°C
2 yepgor, @ (cloud pointye -8 ~-32.5°CE
Yelstt), gecke] Zujgitel thdl vlgo] S71E
= =e ol =2 B Y] capping acidr]&e] 7
te] freda B wolAle Ao Yehser
o7 Y ARoA HHol 5 HU} w2
VERAIRE 3 Atol|x] et oj=Eeto] =2
A @S vszgk A3 RSl ol 2Eet
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