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Abstract

Soy-based fatty acid methyl ester disulfide (FAME-S,) was synthesized in good yield by oxidation of polymercaptanized
soybean oil fatty acid methyl ester (PM-FAME). The chemical structure of FAME-S, is of interest because of its potential
as a biobased multi-functional additive in lubricant formulations. Neat FAME-S, and their blends (1-10% w/w) in polyal-
phaolefin (PAO-6) and high oleic sunflower oil (HOSuO) were characterized for its chemical, physical and tribological prop-
erties. Blends of FAME-S, in HOSuO relative to similar blends of PM-FAME displayed higher oxidation onset temperature
(> 15 °C) that remained constant with increasing concentration. Evaluation of FAME-S, as an extreme pressure (EP) additive
on a 4-ball tribometer showed increasing weld point (WP) with increasing concentration to a maximum of 220 and 180 kgf
in HOSuO and PAO-6, respectively, at 10% w/w concentration. The results indicate that FAME-S, has both anti-oxidant and
EP properties and can be applied as a multi-functional biobased additive in lubricant formulation. This work demonstrates
an encouraging progress towards the development of effective biobased lubricant additives.

Keywords Extreme pressure (EP) additive - High oleic sunflower oil (HOSuO) - Multi-functional additive - Polyalphaolefin
(PAO-6) - Soybean oil

1 Introduction There has been some progress in the commercial use of

soybean and other vegetable oils and their derivatives for

There has been a steady progress in the development
and commercialization of biobased lubricants. However,
biobased lubricants still comprise a meager 1% of the global
lubricant market [1]. Thus, more work is needed to develop
biobased lubricants that are commercially competitive in
performance and cost. This will require progress in both
biobased base oil and biobased additive development.
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biobased base oil and additives applications [2]. As a result,
formulators of biobased lubricants are not totally dependent
on commercial petroleum based additives for their lubricant
development. In addition, there are sustained efforts at devel-
oping new biobased additives based on soybean and other
vegetable oils. One example is the biobased extreme pres-
sure (EP) additive obtained from the transesterification reac-
tion between high oleic sunflower oil (HOSuO) and lipoic
acid. Lipoate ester products did display good EP properties
but were not as effective as the commercial EP additive di-t-
dodecyl pentasulfide (TPS-32, from Arkema) [3, 4]. A sec-
ond example involves a series of biobased phosphonate anti-
wear (AW) additives synthesized by the reaction of dialkyl
phosphites with the double bond of limonene, vegetable oils
(soybean oil, high oleic sunflower oil), or their derivatives
(methyl oleate, methyl linoleate) [5—8]. In all cases, these
phosphonate biobased AW additives displayed wear scar
diameters in a 4-ball AW test that were comparable or lower
than those from similar concentrations of zinc dialkyl dithi-
ophosphate (ZDDP) [5-8], which is a common commercial
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AW additive used in engine and gear oils, hydraulic and
metalworking fluids, etc.

In the work described here, we discuss the synthesis and
investigation of disulfides of soybean oil fatty acid methyl
esters (FAME-S,) as biobased additives for EP and other
properties. FAME-S, is synthesized by the oxidation of
fatty acid methyl ester of polymercaptanized soybean oil
(PM-FAME). Polymercaptanized soybean oil (PM-SOY) is
a commercial product obtained by the reaction of soybean
oil with hydrogen sulfide using a patented procedure [9].
PM-SQY has been investigated for its tribological properties
[10] and as a precursor for the synthesis of a wide range of
products [11, 12].

Oxidation of thiols to disulfides is an important and well-
known reaction [13-19], and a subject of active research
[20-25]. The oxidation of thiols to disulfides using air as
an oxidant without catalyst has been reported [21, 22].
Dimethyl sulfoxide has been reported to be a good oxidant
of thiols to disulfides [15], but the reaction releases highly
odorous and volatile dimethyl sulfide. A promising method
[25] involves Cs,COj;-catalyzed oxidation of alkyl thiols in
ambient air, acetonitrile solvent and 60 °C. In the current
work, we used a modified procedure of Kirihara et al. [17]
to oxidize thiols to disulfides at room temperature In this
method, the oxidizing reagent is H,O,, the catalyst is sodium
iodide and the solvent is ethyl acetate. In the modified pro-
cedure, which was also reported by He et al. [19], tetrabutyl-
ammonium iodide was used as the catalyst instead of sodium
iodide, and ethanol as the co-solvent. The modified proce-
dure resulted in improved yield of secondary thiols.

Polysulfides are known to provide excellent lubricant
additive properties, both as antioxidants and as EP addi-
tives [26-28]. It has been demonstrated that biobased
disulfides based on lipoic acid and garlic oil display good
EP properties [3, 4, 29]. Fatty acid methyl esters of polymer-
captanized soybean oil (PM-FAME) did display some EP
properties, which was attributed to the presence of some pol-
ysulfides in PM-SQY [30]. Since PM-FAME is derived from
polymercaptanized soybean oil (PM-SOY), it is of interest
to increase its polysulfide content using the oxidation reac-
tion discussed above and depicted in Scheme 1. The product
from the oxidation of PM-FAME according to Scheme 1
is FAME-S,. In the pages to follow, FAME-S, synthesis,
identification, properties and evaluation as lubricant addi-
tives is discussed.

2 Experimental
2.1 Materials

Polymercaptanized soybean oil (PM-SOY) was a free sample
from Chevron-Phillips Chemical Company (Woodlands, TX,
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USA). High oleic sunflower oil (HOSuO) was obtained from
Columbus Foods (Des Plaines, IL, USA). Polyalphaolefin
(PAO-6), with a kinematic viscosity of 6 cSt at 100 °C, was a
free sample from Ineos Oligomers (League City, TX, USA).
Methanol, HPLC grade, and ethyl acetate, HPLC grade,
were from EMD Millipore (Billerica, MA, USA). Hexanes,
HPLC grade, tetrahydrofuran (THF), certified, toluene,
certified ACS, Na,SO,, anhydrous, certified ACS, hydro-
gen peroxide, 30%, certified ACS, and Na,HPO,, certified
ACS, and NaHCO;, certified ACS, were from Fisher Chemi-
cals (Fair Lawn, NJ, USA). NaOMe, 25 wt. % in methanol,
butylated hydroxytoluene (BHT), and tetrabutylammonium
iodide, 98%, reagent grade, were from Sigma-Aldrich (St.
Louis, MO, USA). Ethanol was from AAPER Alcohol and
Chemical Company (Shelbyville, KY, USA).

2.2 Synthesis

2.2.1 Synthesis of Polymercaptanized Soybean Oil Fatty
Acid Methyl Ester (PM-FAME)

To 1 L (972 g) Polymercaptanized Soybean Oil (PM-SOY),
were added 300 mL methanol and 60 mL 25% sodium meth-
oxide. The mixture was boiled at~ 65 °C for 1 h, allowed to
cool, the catalyst neutralized with 60 mL acetic acid, and
the glycerol layer separated. The crude PM-FAME was
dissolved in hexanes, washed three times with aq. sodium
bicarbonate solution, dried overnight over anhydrous sodium
phosphate, filtered over Whatman #4 filter and the hexanes
removed by rotary evaporation at low pressure (30 mbars),
70 °C during 5 h. The solvent-free product was weighed
to give 878 g of purified PM-FAME product or 90% yield.

2.2.2 Synthesis of Fatty Acid Methyl Ester Disulfide
(FAME-S,)

Ethyl acetate (1440 mL) and PM-FAME (405 mL) were
mixed in a 5 L three-neck round-bottom flask equipped with
a magnetic stirrer, condenser and temperature probe. While
stirring, 30% hydrogen peroxide (144 mL) and a solution of
2.3 g tetrabutylammonium iodide in ethanol (720 mL) were
added to the mixture. The homogeneous mixture was stirred
for 8 h, after which the reaction was stopped, and 1 L deion-
ized water and 1 L hexanes added to the mixture. The lower
water phase was then removed and the top phase washed
twice with disodium phosphate solution. The organic phase
was dried over anhydrous sodium sulfate for 3.5 h, filtered
over a Whatman #2v filter. The hexane solvent was then
removed by two consecutive rotary evaporations at 43 mbar,
60 °C for 3 h; and at 2 mbar, 100 °C for 2 h.
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Scheme| Oxidation of PM-FAME to bridged (1, 6), and cyclic (2, 3, 4, 5) FAME-S,

2.3 Analysis and Identification

Fourier transform infrared (FTIR) spectra were obtained on
a Varian 3100 FTIR spectrometer and 64 scans were aver-
aged. The scans were collected at 5 kHz at a spectral resolu-
tion of 4 cm™! from the neat sample on a multi-pass hori-
zontal attenuated total reflectance accessory with Ge crystal.

Gas chromatography—mass spectroscopy (GC-MS) was
used to monitor the oxidation reaction. Approximately 50 L
sample was diluted to 1 mL with ethyl acetate, and 0.2 pL
were injected in a GC-MS for analysis. The GC-MS instru-
ment was equipped with a model 6890 N GC oven from
Agilent Technologies (Santa Clara, CA, USA) and a SPB-1
column (30 mx0.25 mm X 0.25 pm) from Supelco Inc.
(Bellefonte, PA, USA). The inlet temperature was 250 °C.
The oven program was held for 3 min at 130 °C, followed
by a ramp of 5 °C/min from 130 to 290 °C, with a H, flow

rate of 1 mL/min. A model 5973 Network MSD detector
in electron impact mode from Agilent Technologies (Santa
Clara, CA, USA) was used. The conditions were: mass range
34-750 amu, 2> sampling rate, electron multiplier 0 V rela-
tive (1059 V). The areas of the total ion counts were scaled
to the combined areas of the methyl palmitate and methyl
stearate peaks.

Nuclear magnetic resonance (NMR) spectra were
obtained in CDCl; on a Bruker Avance 500 NMR spec-
trometer (Bruker Corporation, Billerica, MA, USA) using
a 5-mm BBO probe operating at 500 MHz for 'H NMR and
126 MHz for '3C NMR. Chemical shifts are reported in parts
per million (ppm) from tetramethylsilane calculated from the
lock signal. 'H, *C, *C-Dept 135, HSQC, HMBC, COSY
and HSQC-TOCSY were acquired and analyzed.

Gel permeation chromatography (GPC) was conducted on
unfiltered samples. The GPC consisted of a precolumn PLgel
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3 pm Guard (50 7.5 mm, Part 1110-1320), two PLgel 3 pm
mixed E columns (300 % 7.5 mm) from Agilent Technologies
(Santa Clara, CA, USA) connected in a series, a Wyatt Opti-
lab REX differential refractive index (dRI) detector from
Wyatt Technology (Santa Barbara, CA, USA), a Waters
717 autosampler, and a Waters 1515 isocratic pump from
Waters Corporation (Milford, MA, USA). About 40 mg of
each sample was dissolved in 1 mL of THF with 0.1% BHT
(stabilizer) and 0.5% toluene (internal standard for the flow
rate). Calibration curve was prepared with EasiVial PS-L
low-MW polystyrene standards from Agilent Technologies
(Santa Clara, CA, USA). The standards contained 12 poly-
styrene samples with peak molecular weight from 162 to
45,120 Da. The log of molecular weight vs. elution volume
was fitted to a cubic calibration curve.

2.4 Chemical and Physical Properties

Total acid number (TAN) was measured on 751 GPD Titrino
(Metrohm Ltd., Herisau, Switzerland), according to the offi-
cial AOCS Method Te 2a-64 [31].

Refractive index (RI) was measured as a function of tem-
perature, in the range 30-80 °C, on a model Mark II Plus
Abbe refractometer (Reichert Inc., Depew, NY). The instru-
ment provides data to four-digit precision. RI at 100 °C was
obtained by extrapolation of measured data.

Density, dynamic and kinematic viscosity as a function of
temperature were obtained from measurements on a Stabin-
ger SVM3000/G2 viscometer (Anton Paar GmbH, Graz,
Austria) according to ASTM D 7042 [32].

Viscosity index (VI) was calculated from measured kin-
ematic viscosity values at 40 and 100 °C, in accordance with
ASTM D 2270-93 [33].

Onset (OT) and peak (PT) oxidation temperatures were
measured on a Q20P pressurized differential scanning calo-
rimeter (PDSC, TA Instruments—Waters LLC, New Castle,
DE, USA) in accordance with ASTM D 6186 [34]. Tests
were conducted using pressurized cells (500 +25 psig of
pure oxygen) with positive oxygen flow rate of 100+ 10 mL/
min, as described before [3].

Pour point (PP) was measured according to ASTM D 97
on a Lawler Model DR-4-20L automated pour point analyzer
(Lawler Manufacturing Corp., Edison, NJ, USA) [35].

Cloud point (CP) was measured according to ASTM D
2500 on a Lawler Model DR-4-10L automated cloud point
analyzer (Lawler Manufacturing Corp., Edison, NJ, USA)
[36]

2.5 Tribological Properties
Four-ball extreme pressure (EP) tests were conducted on a

model KTR-30L and K93100 four-ball tribometers equipped
with TriboDATA software (Koehler Instrument Company,
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Bohemia, NY, USA). At least two measurements per test
lubricant were conducted, and average values are reported.
EP tests were conducted according to ASTM D 2783 [37],
which involves a series of 10 s tests with increasing load
until welding of the four balls occurs. The load at which
welding is observed is recorded as the weld point (WP) of
the test lubricant.

Data analysis was conducted using IgorPro Version
5.0.3.0 software (WaveMetrics, Inc., Lake Oswego, OR,
USA).

3 Results and Discussion
3.1 Synthesis and Characterization

Oxidation of PM-FAME in air without catalyst in ethanol
solvent [22] did not produce disulfides. We followed pub-
lished procedures [17, 19] using 30% H,0, as oxidant, a
small amount (~0.5 mol%) of tetrabutylammonium iodide
salt as a catalyst, and ethanol-ethyl acetate co-solvents to
ensure miscibility of the H,O, with thiols.

The progress of the reaction was monitored by GC-MS.
Several PM-FAME peaks could be identified: MW =270
(methyl palmitate), MW =298 (methyl stearate), MW =296
(methyl oleate), MW =294 (methyl linoleate), MW =330
(monothiol, formed by addition of hydrogen sulfide to
methyl oleate), MW =328 (monothiols or cyclic sulfides,
each formed by addition of one molecule hydrogen sulfide to
methyl linoleate), MW =362 (dithiol, formed by addition of
two molecules of hydrogen sulfide to methyl linoleate), and
MW =360 (cyclic disulfides, formed by oxidation of dith-
iol). We used methyl palmitate and methyl stearate (which
do not participate in the oxidation reactions) as internal
standards to monitor the reaction. We observed a decrease
of monothiols, a disappearance of dithiols, an increase in
cyclic disulfides, and no change of cyclic sulfides as the
reaction progressed (see Fig. 1).

methyl
palmitate | PM-FAME
—FAME-S,
3
© methyl linoleate,
S oleate and stearate monothiols
8 '
c
3 H lic
s % cyclic Zyc o
® ift sulfides  dithiols®'SY"9€S
J A A P
T T T T i T
16 18 20 22 24 26 28

time, min

Fig.1 GC-MS total ion count traces for PM-FAME (red dotted line)
and FAME-S, (blue solid line) (Color figure online)
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One disadvantage of the GC-MS was that it did not detect
the oligomeric fatty acids, formed due to sulfide or disulfide
bridges between two or more fatty acid chains. These were
analyzed using GPC, which clearly showed peaks corre-
sponding to PM-FAME monomers, dimers, and higher oli-
gomers (see Fig. 2 and Table 1). The increase of oligomeric
structures in FAME-S, is well-pronounced and indicates that
many of the new bonds, formed in the FAME-S,, were intra-
molecular (see Fig. 2).

GPC calibration using polystyrene is known to yield
higher than the actual molecular weights of lipids and lipid-
derived oligomers [5, 38]. The discrepancy is due to the
differences in the limiting viscosity numbers of the two
dissimilar compounds. A more accurate determination of
molecular weight by GPC requires use of a universal cali-
bration curve [39] or static light scattering method [40]. The
light scattering method is not sensitive to low-molecular
weight compounds and did not generate a useful signal for
our oligomer samples. The universal calibration assumes
that polymers with the same molecular weight and limit-
ing viscosity number elute at the same volume, if the same
column and conditions are applied. A universal calibration
thus requires knowledge of the limiting viscosity numbers

300 MW, Da

differential refractive index, a.u.

- o

14 15 16 17
retention volume, mL

Fig.2 Gel Permeation Chromatography of PM-FAME (red dotted
lines) and FAME-S, (blue solid lines). Two runs from each mixture
at different concentrations are overlaid. The molecular weights in the
top axis are apparent values based on polystyrene calibration (Color
figure online)

of the oligomers or an elaborate calculation procedure for its
estimation [41, 42]. Since we did not apply a universal cali-
bration method, the reported molecular weights from GPC
are apparent molecular weights and expected to be higher
than the actual values.

After the dithiols have been completely reacted, water
and hexane were added to the reaction mixture to sepa-
rate the hydrogen peroxide phase from the organic phase.
GC-MS showed that the disappearance of dithiols was
accompanied by the appearance of peaks with molecular
weight of 360 Da, which corresponds to cyclic disulfides
(see structures 2, 3, 4 in Scheme 1). No other GC-MS peaks
were observed that correlate with the disappearance of the
monothiols. The data from the GPC (see below) suggest that
the monothiols were oxidized to dimeric disulfides (molecu-
lar weight > 650 Da), which probably were too big to pass
through the GC-MS column.

In preliminary experiments, prolonged exposure of PM-
FAME to H,0O,/tetrabutylammonium iodide led to the for-
mation of semisolid and solid products. A sample from such
a prolonged exposure experiment was subjected to elemental
analysis and showed approximate composition correspond-
ing to C,g ¢H35 50, 73S, 25Na; o9. This suggests that a sig-
nificant amount of the thiols were oxidized to sulfenic acid
(R-S-0O-H) or its thiosulfinate precursor (R—S(O)-S-R)
which, when washed with aqueous sodium bicarbonate, con-
verted to sodium sulfenates (R—S—O—-Na). Thus, in order to
avoid such overoxidation, we shortened the oxidation time,
which might have caused some unreacted monothiols in the
final product.

FTIR did not show big differences between the spectra of
PM-FAME and FAME-S, (Fig. 3). This is due to the C-S,
S—H and S-S bond stretches giving very weak IR signals
[43]. There was a weak 2570 cm™! signal due to the S-H
stretches in the PM-FAME spectrum (see the inset of Fig. 3)
that disappeared in the FAME-S, spectrum. In the FAME-
S, spectrum, there were no new peaks at 1070-1030 cm™!
(sulfoxides S =0 stretch), 1350-1300 or 1160-1120 cm™!
(sulfones and sulfonic acids S =0 stretches). Such peaks
should be very strong if present in the reaction mixture [44].

Table 1 Composition and

. PM-FAME FAME-S,
apparent molecular weight
of PM-FAME vs. FAME-S, Concentration, Apparent molecular Concentration, Apparent molecular
determined by GPC (See Fig. 2 % wiw weight at peak, Da % wiw weight at peak, Da
for GPC trace)
Monomers 81.0+0.3 431+6 37.1+0.1 412+2
Dimers 15.1+0.1 879+5 252+0.1 863 +4
Trimers 3.2+0.1 1236 +5 16.5+0.1 1245+3
Tetramers 0.6+0.0 1517+5 10.2+0.0 1605 +2
Pentamers 0.2+0.1 54+0.0 1939+3
Hexamers - 5.6+0.0
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Fig.3 FTIR spectra of PM-FAME (red dotted line) and FAME-S,
(blue solid line) (Color figure online)

(a) CH
OOCCH, 3
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Fig.4 a '"H NMR spectra of PM-FAME (dotted line) and FAME-S,
(solid line); b partial '>*C NMR spectra of PM-FAME (bottom blue
line) and FAME-S, (top red line). The numbers refer to the structures
in Scheme 1 with the corresponding assigned peaks (Color figure
online)

The FTIR thus indicates that the thiols had reacted but did
not over-oxidize.

The 'H NMR showed that most regions of the mole-
cule remained unchanged after oxidation of PM-FAME to
FAME-S, (See Fig. 4a). The signal associated with S—H
groups (~ 1.45 ppm) disappeared, while the peak associ-
ated with HCS groups shifted from~2.75 ppm (HCSH)
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to~2.60 ppm (HCSS). There was no broad peak in the
region 10.0-13.5 ppm to indicate the presence of a carbox-
ylic acid [44].

In *C NMR (see Fig. 4b), the CSH signals at
41.1-40.8 ppm disappeared after oxidation while new sig-
nals appeared for CSS at 52.6-52.1 ppm. We attribute these
new signals to 1,2-dithiane (six-membered cycles with 2
sulfur atoms, 3), 1,2-dithiepane (7-membered cycles with
2 sulfur atoms, 4) and to oligomer disulfides (see structure
numbers in Schematic I). Signals appearing at 3.6 ppm
(‘H) and 55.8 ppm ('3C) were attributed to the CH group
in 1,2-dithiolane (five-membered ring with two S atoms, 2).

Odor and color are very important properties of sulfurized
compounds, and are taken into account when deciding on
whether or not to apply them in lubricant formulations. PM-
SOY had a faint hydrogen sulfide odor which we attribute to
some contamination or insufficient purging of the hydrogen
sulfide used in its manufacture. PM-FAME obtained from
PM-SOY had a weak odor of hydrogen sulfide, which dis-
appeared after oxidation to FAME-S,. We attribute the low
odor of PM-FAME and the absence of odor of FAME-S,
to their relatively high molecular weight and correspond-
ing low volatility. PM-SOY has a light yellow color, which
didn’t change much after conversion to PM-FAME. On the
other hand, FAME-S, had a darker yellow or amber color.

3.2 Neat Oil Properties

In this section, we compare the properties of PM-FAME,
and FAME-S, to each other and to biobased (high oleic
sunflower oil, HOSuO) and petroleum (polyalphaolefin,
PAO-6) base oils. HOSuO and PAO-6 were selected as rep-
resentatives of their corresponding base oil groups because
they have similar viscosity at 40 and 100 °C but differ in
chemical structure. While PAO-6 is a non-polar pure hydro-
carbon, HOSuO comprises tri-ester functional groups and
is polar. As a result, HOSuO and vegetable oils in general
adsorb on friction surfaces and lower coefficient of friction
(COF) whereas PAO-6 and petroleum base oils do not [45].
HOSuO and vegetable oils also substantially enhance the
performance additives much higher than that attainable with
PAO-6 or mineral oil base oils [28, 46]. The two base oils
also differ substantially in many other properties, including:
viscosity index (VI), oxidation stability, cold flow, hydrolytic
stability, bioresitance, etc.[47, 48]. In the following sections,
we will examine how blending FAME-S, to these important
classes of base oils affects their properties. In this section,
we will explore how the properties of FAME-S, compare
with these two base oils.

The solubility of PM-FAME and FAME-S, in HOSuO
and PAO-6 is shown in Table 2. The two materials dis-
play similar solubility in HOSuO at room temperature
(RT). However, FAME-S, was substantially less soluble in
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PAO-6 at RT which improved with heating. This could be
the increased polarity of FAME-S, due to the disulfide struc-
ture making it less compatible with the non-polar PAO-6.
The density, kinematic viscosity and VI of PM-FAME
and FAME-S, are also compared in Table 2. Both PM-
FAME and FAME-S, are denser than the two base oils,
which is attributable to the presence of multiple sulfur
groups in their structures. The higher amount of sulfur
per molecule in FAME-S, (see "Experimental") is also
responsible for its higher density and viscosity relative to
PM-FAME. As expected, HOSuO displayed the highest VI

whereas FAME-S, and PM-FAME displayed VI above that
of PAO-6 (Table 2).

The refractive index (RI) as a function of temperature,
and total acid number (TAN) of PM-FAME and FAME-S,
are compared with those of PAO-6 and HOSuO in Table 3.
RI values from 30 to 80 °C were measured, and RI value
at 100 °C was obtained by extrapolation of measured data.
As expected, RI values for all four materials decreased
with increasing temperature, as was the case with the den-
sity of these materials discussed above (Table 4). The RI
values also increased in the order PAO-6 < HOSuO < PM-
FAME <FAME-S,, which was also the order of increasing

Table 2 Solubility, density,

: ) . o T, °C PAO6 HOSuO PM-FAME FAME-S,
viscosity and viscosity index
(VI) of neat PM-FAME and Solubility, % w/w
FAME-S, In HOSuO RT 20 20
In PAO-6 RT >50 8
40 10
75 20
Density, Kg/m® 40 811.6.+.0.0 900.1+0.1 918.9+0.2 949.4+0.2
75 789.7+0.1 876.8+0.2 893.7+0.2 924.6+0.1
100 774.2+0.0 860.4+0.0 876.1+0.1 907.6+0.1
kVisc, mm?/s 40 30.70+0.01 38.92+0.00 10.38 +0.01 30.88+0.01
75 10.24+0.00 14.19+0.00 4.57+0.00 10.84 +0.01
100 5.85+0.00 8.48+0.00 3.00+0.00 6.34+0.00
dVisc, mPa-s 40 24.92+0.01 35.03+0.01 9.53+0.01 29.32+0.01
75 8.09+0.00 12.44 +0.00 4.08+0.00 10.02+0.01
100 4.53+0.00 7.30+0.00 2.62+0.00 5.75+0.00
VI 137 204 155 163
Table 3 Refractive index (RI) PAO-6 HOSuO PM-FAME FAME-S2
and total acid number (TAN)
RI, 30 °C 1.4555+0.0001 1.4662 +0.0000 1.4690+0.0001 1.4811 +0.0000
40 °C 1.4515 +£0.0000 1.4624 +0.0000 1.4651 +0.0001 1.4774 £0.0001
60 °C 1.4439 +0.0000 1.4549 +0.0000 1.4578 +0.0001 1.4698 +0.0001
75 °C 1.4382+0.0000 1.4495 +0.0001 1.4517+0.0000 1.4640+0.0001
80 °C 1.4366 +0.0000 1.4477 +0.0001 1.4500+0.0001 1.4622 +0.0001

Table 4 Pour point, cloud point,
PDSC Onset (OT) and peak
(PT) oxidation temperature of
neat PM-FAME, FAME-S,,
PAO-6 and HOSuO

100 °C (Est)?

TAN mg KOH/g sample

1.4289
0.2955+0.0174

1.4403
0.4354+0.0754

1.4426
1.0293+0.1142

1.4546
5.6291+0.3702

“Estimated by extrapolation of measured data at 30-80 °C

°C) ASTM PAO-6 HOSuO PM-FAME FAME-S,

Pour point D-97 <—=59 (-65% —20P 3.0+£0.0 6.0+0.0
Cloud point D-2500 -9.6 -6.3° 4.0+0.0 7.0+0.0
PDSC—OT D-6186 198.6 +0.7 177.5+0.4 211.9+1.2 204.4+0.2
PDSC—PT D-6186 217.7+1.1 190.4+0.7 233.8+0.6 231.6+0.4

“Data from manufacturer’s data sheet (Ineos, League City, TX, USA)

"Data from Ref [10]
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density (Table 2), which confirms the well-known direct cor-
relation between density and RI [49]

Measured total acid number (TAN) increased in the order
PAO-6 <HOSuO < PM-FAME < FAME-S, (Table 3). The
low TAN values for PAO-6 and HOSuO were expected since
these are highly purified commercial products. The TAN
value for FAME-S, was more than fivefold higher than that
for PM-FAME and is attributed to the presence of residual
sulfenic (R-SOH), sulfinic (R-SO,H) or sulfonic (R-SO;H)
acids in the product mixture as a result of overoxidation of
FAME during conversion to FAME-S, as discussed before
(please see "Synthesis and Characterization"). The fact that
the sulfenic, sulfinic and sulfonic acids products were not
detected by IR or NMR indicates that they are present in
concentrations below the detection limits of these analytical
methods. The FTIR absorption in the range 3000-3600 cm ™"
indicates that the high TAN value was not due to the pres-
ence of carboxylic acids (R-COOH) from hydrolysis
FAME-S,.

The pour point and cloud point of PM-FAME and FAME-
S, are shown in Table 4 along with the values for the base
oils. As expected, PAO-6 showed excellent pour point value
whereas PM-FAME and FAME-S, displayed very poor pour
point and cloud point values. The pour point and cloud point
values of PM-FAME and FAME-S, increased with increas-
ing sulfur content, which can be rationalized to be a function
of their molecular weight, which increases with increasing
sulfur content.

The onset (OT) and peak (PT) oxidation temperatures
of PM-FAME and FAME-S, are compared to each other
and to the base oils also in Table 4. As expected, PAO-6
displayed superior oxidation stability relative to HOSuO.
However, PM-FAME and FAME-S, displayed values that
surpassed those of PAO-6. This indicates that two different
mechanisms are involved with the suppression of oxidation
in PM-FAME and FAME-S,. The first mechanism is the
elimination of double bonds in the hydrocarbon chain which
also eliminates the allylic and bis-allylic protons responsible
for oxidation. This mechanism should bring the oxidation
stability to the level of PAO-6, which is also free of allylic
and bis-allylic protons. The second mechanism, which is
responsible for the additional oxidation stability, can be
attributed to the anti-oxidant property of sulfur atoms in the
FAME and FAME-S, molecules [27, 50].

3.3 Properties of Blends in Polyalphaoefin (PAO-6)

The effect of blending 0-10 (% w/w) PM-FAME and
FAME-S, on properties of PAO-6 were investigated. Fig-
ure 5 shows the effect on density of PAO-6 at 40 and 100 °C.
Increasing the concentration of both PM-FAME and FAME-
S, resulted in increasing blend density that is almost linear
with concentration. The blend density appears to be a simple

@ Springer
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Fig.5 Concentration vs. density of PM-FAME and FAME-S, blends
in PAO-6 at 40 and 100 °C (kg/m?)
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Fig.6 Concentration vs. kinematic viscosity of PM-FAME and
FAME-S, blends in PAO-6 at 40 and 100 °C, mm?/s

proportional combination of the density of PAO-6 with the
higher densities of PM-FAME and FAME-S,. This result is
consistent with expectations from blending a higher density
component.

The effect of PM-FAME and FAME-S, concentration
(0-10% w/w) on PAO-6 blend kinematic viscosity at 40
and 100 °C is illustrated in Fig. 6. As was discussed before
(Table 2), both PM-FAME and FAME-S, are denser and
more viscous than PAO-6. Thus, it is reasonable to expect
a monotonous increase of viscosity with increasing con-
centration, as was observed with density above. However,
the opposite was observed in that the kinematic viscosity
decreased with increasing PM-FAME and FAME-S, con-
centration. Even though the decrease was much sharper for
blends with the relatively lower viscosity PM-FAME than
those with FAME-S,, both blends indicate the presence of
a strong antagonistic effect. The reason for the antagonis-
tic effect is not clear and could be due to the vast differ-
ence in the polarity between the hydrocarbon PAO-6 and
the polar PM-FAME and FAME-S, with multiple sulfur in
their structures.
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The viscosity index (VI) of PM-FAME and FAME-S,
blends (0-10% w/w) in PAO-6 displayed a linear increase
with increasing concentration (data not included). This
result may not be due to the higher VI of the neat addi-
tives (Table 2) positively influencing the VI of the blend, as
was observed with density (Fig. 5). As discussed above, the
higher viscosity of these additives did not produce a positive
influence on blend viscosity (Fig. 6). An alternative explana-
tion could be that PM-FAME and FAME-S, are acting as
viscosity index improvers or VIIs.

3.4 Properties of Blends in HOSuO

The effect of PM-FAME and FAME-S, concentration
(0-10%, w/w) on the pour point and cloud point of HOSuO
blends is illustrated in Fig. 7. For both additives, pour point
increased with increasing concentration above 1% (w/w).
Pour point values were larger for PM-FAME blends below
5% (w/w) concentration, whereas FAME-S, blends were
larger above 5% (w/w) concentration. The two additives
displayed similar cloud point values which increased with
increasing concentration up to 3% (w/w) but remained con-
stant with further increase of concentration to 10% (w/w).

Figure 8 compares onset (OT) and peak (PT) oxidation
temperatures as a function of concentration (0-10%, w/w)
of PM-FAME and FAME-S, blends in HOSuO. No change
in OT was observed for FAME-S, blends with increasing
concentration or for PM-FAME blends above 1% concen-
tration. The OT data show that FAME-S, is more effective
at maintaining a higher oxidation resistance by the blends
than PM-FAME. The PT data show decreasing oxidation
resistance with increasing concentration of both additives.
However, as with the OT results, FAME-S, was more effec-
tive at maintaining a higher peak oxidation temperature (AT
~ 20 °C) than PM-FAME.

Pour point and cloud point of PM-FAME
and FAME-S, blends in HOSuO il

=
ﬁé:;//r'
5 H
ol /{
—&- 'cp_pmfame, C' —e— 'cp_fame_s2,, C'

o]
—— 'pp_pmfame, ¢' —&— 'pp_fame_s2, ¢’
25 1 1 1 1 i i
0 2 4 6 8 10
[PM-FAME or FAME-S,] in HOSuO, % wiw

Pour point (PP) or Cloud Point (CP), °C

Fig.7 Concentration vs. pour point and cloud point of PM-FAME
and FAME-S, blends in HOSuO, °C

190 [~

180 -

OT and PT of PM-FAME an

d FAME-S, blends in HOSuO
—e— 'OT_fame_s2,C' - 'OT_pmfame, C'
—4— 'PT_fame_s2,C' —A— 'PT_pmfame, C'

170 =

160 [~

Onset (OT) or Peak (PT) Oxidation Temperatures, °C

| | | | |
0 2 4 6 8 10

[PM-FAME or FAME-S,] in high oleic sunflower oil, % w/w

Fig.8 Concentration vs. PDSC onset (OT) and peak (PT) oxidation
temperatures, of PM-FAME and FAME-S, blends in HOSuO, °C

3.5 Tribological Properties of Blends of FAME-S,
in PAO-6 and HOSuO

Additives containing di- or polysulfides in their structures
are known to display extreme pressure (EP) properties [51].
Therefore, it was of interest to see if FAME-S, have such
properties. Figure 9 shows the effect of FAME-S, concen-
tration (0—10%, w/w) on 4-ball EP weld point. Without EP
additives, most hydrocarbons such as PAOs display WP val-
ues in the range 100-120 kgf. As shown in Fig. 9, blending
1% w/w of FAME-S, in PAO-6 increased the WP to 160
kgf, which remained unchanged with a further increase of
FAME-S, to 5% (w/w). At 8% w/w of FAME-S, in PAO-6,
the WP increased to 180 kgf and remained unchanged with
a further increase of FAME-S, concentration to 10% w/w.
The results in Fig. 9 indicates that FAME-S, contains con-
siderably more disulfides in its structure than PM-FAME as
demonstrated by its higher WP (180 kgf) relative to the value
for PM-FAME (160 kgf—data not shown).

Figure 9 also shows the effect of FAME-S, concentration
on the 4-ball EP weld point of HOSuO blends. Weld point

220 -
200 -

180 - /
160 - /

140 |- 4-ball EP weld point for FAME-S, blends in:
—e— 'wp_PAO-6, kgf
—&— 'wp_HOSuO, kgf

4-ball EP weld point, kgf

120 -

100 = | | 1 | 1 1
0 2 4 6 8 10
[FAME-S,] in PAO-6 or HOSuO, % wiw

Fig.9 Effect of FAME-S, concentration on 4-ball EP weld point
(kgf) in PAO-6 vs. HOSuO
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values increased to 200 kgf with increasing concentration
of FAME-S, up to 3% w/w. Weld point was unchanged with
further increase of FAME-S, to 5% w/w but increased to 220
kef at 10% w/w of FAME-S,.

Comparison of the effect of FAME-S, concentration on
WP of PAO-6 vs. HOSuO blends indicates that, generally,
FAME-S, provides about 40 kgf higher WP in HOSuO com-
pared to those in PAO-6. Such enhancement of additive EP
properties by biobased base oils such as HOSuO relative to
petroleum base oils such as PAO-6 has been reported before
[28, 46]. The data provide further confirmation of one of the
most important benefits of biobased base oils, enhancing
the performance of EP additives [28, 46]. This, along with
high VI and low traction coefficient, are considered major
strengths of biobased base oils over petroleum base oils.

4 Summary/Conclusion

Soy-based fatty acid methyl ester disulfide (FAME-S,) was
synthesized by oxidation of the fatty acid methyl ester of
polymercaptanized soybean oil (PM-FAME). The FAME-S,
product was obtained in good yield and thoroughly authenti-
cated using a wide range of analytical techniques. In general,
FAME-S, comprised more than 60% oligomers and less than
40% monomers, compared to less than 20% oligomers and
more than 80% monomers for the PM-FAME used in the
synthesis.

Neat FAME-S, and its blends (1-10% w/w) in polyal-
phaolefin (PAO-6) and high oleic sunflower oil (HOSuO)
were further characterized for its chemical, physical and
tribological properties relative to PM-FAME. Among the
findings were:

¢ Blends of FAME-S, in HOSuO displayed higher oxida-
tion onset temperature (> 15 °C), that remained constant
with increasing concentration, than similar blends of PM-
FAME. This indicates that FAME-S, has anti-oxidant
additive properties

¢ Evaluation of blends of FAME-S, as an extreme pressure
(EP) additive in HOSuO and PAO-6 base oils on a 4-ball
tribometer showed that, FAME-S, provides higher weld
point (WP) than the neat base oils. In addition, the WP
increased with increasing concentration (1-10% w/w)
of FAME-S, in both base oils. FAME-S, also displayed
higher weld point (AWP =40 kgf) in HOSuO than in
PAO-6 base oil; which is an indication of better compat-
ibility between the biobased base o0il and biobased addi-
tive.

The results indicate that FAME-S, has both EP and
anti-oxidant properties in PAO-6 as well as HOSuO base

@ Springer

oils, and is a good candidate for use as a multi-functional
biobased additive in lubricant formulation.

This work demonstrates that effective biobased additives
can be synthesized from thoughtful chemical modification
of vegetable oils and their derivatives.
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