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Abstract

functionalization helps overcome these disadvantages.

5 also had the lowest coefficient of friction (u) (0.44).

Background: Plant oils have been investigated as a potential source of environmentally favorable biolubricants
because of their biodegradability, renewability and excellent lubrication performance. Low oxidation and thermal
stability, poor low-temperature properties and a narrow range of available viscosities, however, limit their potential
application as industrial lubricants. The inherent problems of plant oils can be improved by attaching functional
groups at the sites of unsaturation through chemical modifications. In this article, we will demonstrate how

Results: In this work, mono-, tri- and tetra-esters have been synthesized, including 10,12-dihydroxy-9-(stearoyloxy)
octadecanoic acid 3; 9,10,12-tris(stearoyloxy)octadecanoic acid 4; and 18-(4-ethylhexyloxy)-18-oxooctadecane-7,9,10-
triyl tristearate 5. Pour-point and cloud-point measurements have shown that these derivatives have improved low-
temperature properties as compared to the precursor. The tetra ester compound, 18-(4-ethylhexyloxy)-18-
oxooctadecane-7,9,10-triyl tristearate 5, had the lowest pour point (PP) (=44.37°C) and the lowest cloud point (CP)
(—41.25°C). This derivatization also improved the compound'’s thermo-oxidative stability, measured using pressurized
differential scanning calorimetry (PDSC) and thin-film micro-oxidation (TFMO) testing. 18-(4-Ethylhexyloxy)-18-
oxooctadecane-7,9,10-triyl tristearate 5 also had the highest onset temperature (OT) (282.10°C) and the lowest
volatile loss and insoluble deposit (37.39% and 50.87%, respectively). Furthermore, the compounds’ tribological
behaviors were evaluated using the four-ball method. 18-(4-Ethylhexyloxy)-18-oxooctadecane-7,9,10-triy! tristearate

Conclusions: The results showed that, in general, these derivatives have good anti-wear and friction-reducing
properties at relatively low concentrations under all of the test loads. Overall, the data indicates that these
derivatives have significant potential to be used as biolubricant basestocks.

Keywords: Ricinoleic acid-based tetraesters, Chemical modification, Biolubricant basestock, Pressurized differential
scanning calorimetry (PDSC), Thin-film micro-oxidation (TFMO)

Background

Environmental concerns over the use of petroleum-based
products in various industries, such as forestry, farming,
mining, and boating have led to increased interest in the
use of environmentally friendly fluids [1]. Growing envir-
onmental concerns are providing the impetus for increas-
ing the demand and usage of plant oils in lubricants for
many applications [2,3]. Approximately 10-15 million
tons of petroleum-based oleochemicals enterthe biosphere
every year, and approximately 40% come from spills,
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industrial and municipal waste, urban runoff, refinery pro-
cesses, and condensation from marine engine exhaust.
Oleochemical pollutants are derived from the food indus-
try, petroleum products, and by products, such as lubri-
cating hydraulic and cutting oils [4]. Renewable raw
materials are going to play a noteworthy role in the devel-
opment of sustainable green chemistry, and plant oils have
gained increasing attention because of their renewability.
They offer a large number of possibilities for applications
that can rarely be achieved by petrochemistry. Oils and
fats from plant oils share the greatest proportion of the
current consumption of renewable raw materials in the
chemical industry [5]. A steady increase in the use of
eco-friendly consumer products such as lubricants has
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occurred as a result of strict government regulation and
increased public awareness for a pollution-free environ-
ment [6]. There are wide ranges of lubricant base oils in
current use, including mineral oils, synthetic oils, re-
refined oils, and plant oils. Among these, mineral oils are
the most commonly used. They consist predominantly of
hydrocarbons but also contain some sulfur and nitrogen
compounds with traces of a number of metals.

The beneficial aspects of biolubricants from renewable
sources have long been recognized. In general, bio-
lubricants have very low or almost negligible aquatic
toxicity and are, in most cases, readily biodegradable.
Biodegradability mainly depends on the chemical struc-
ture. Frequently, higher chemical stability results in re-
duced degradation rates [7,8]. Plant oil lubricants also
acquire most of the properties required for lubricants
such as high viscosity indices (VI) because of their high
molecular weights, low volatility (they have an approxi-
mately 20% lower rate of evaporation than mineral-oil-
based fluids) and good lubricity because their ester
bonds enable the oil molecules to cling to metal surfaces
via physical bonding and provide better boundary lubri-
city than nonpolar petroleum-based mineral oil. Add-
itionally, bio-based oils have superior compatibility with
additive molecules [9]. However, typical plant oils, such
as soybean or rapeseed oils, cannot fully meet the per-
formance criteria for most lubricants. High levels of un-
saturated fatty acids, such as oleic, linoleic, and linolenic
acids, are present in plant oils and maintain the fluidity
of cell membranes. However, the presence of bis-allylic
protons in these oils makes them susceptible to oxidation.
Increasing the degree of saturation of the oil usually re-
sults in poor low-temperature properties [10]. Most plant
oils crystallize when the temperature is below refrigeration
temperature. The solidification points of common plant
oils are summarized in Table 1 [11]. Other shortcomings

Table 1 Solidification points of common plant oils

Name Solidification point* (°C)
Castor oil -17t0 -18
Corn oil -10to -20
Cottonseed oil 12t0-13
Linseed oil -19to =27
Palm oil 35to 42
Palm kernel oil 27

Peanut oil 3
Rapeseed -10
Safflower oil -13t0-18
Sesame oil -41t0 -6
Soybean oil -10to -16
Sunflower oil -17

*The solidification points depend on varieties.
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of plant oils include deposit-forming tendencies, and low
hydrolytic stabilities [9].

The most serious disadvantage of the usage of plant
oils in biolubricants is their poor thermo-oxidative
stability [12]. Plant oil oxidizes similarly to hydrocarbon
mineral oil, following the same free radical oxidation
mechanism but at a faster rate. The faster oxidation of
plant oils is due to their unsaturated fatty acids (bis-
allylic hydrogens in linoleic and linolenic fatty acids are
susceptible to free radical attacks), peroxide formation
and the production of polar oxidation products [13].
Different modern technological approaches have been
adopted to solve the problems associated with the appli-
cation of plant oils in biolubricants. However, low resist-
ance to oxidative degradation still remains the major
drawback to the application of plant oil in biolubricants
[14]. The physical and chemical properties of plant oils
are determined by their fatty acid (FA) profiles. Table 2
shows typical fatty acid contents of some plant oils that
are being investigated as potential basestocks for industrial
applications [11]. High unsaturation in the molecule in-
creases the rate of oxidation, resulting in polymerization
and an increase in viscosity. However, high saturation in-
creases the melting point of the oil [15]. Therefore, suit-
able adjustments between the low-temperature properties
and oxidative stability must be made when selecting a
plant oil basestock for particular industrial applications.

The performance limitations of plant oil basestocks can
be overcome through chemical modification. Current re-
search efforts are directed toward improving the thermal
and low-temperature stability of plant oils by chemical
modification [16]. The molecular structures of plant oils
have some potential sites for chemical modification, such
as at double bonds, and the conversion of C = C bonds to
oxirane rings via epoxidation constitutes a promising ap-
proach to obtain valuable commercial products from re-
newable raw materials. Epoxidation has received special
attention because it opens up a wide range of feasible re-
actions that can be carried out under moderate reaction
conditions because of the high reactivity of the oxirane
ring [17-19].

The goal of this work is to continue developing a
chemical modification method for the preparation of
biolubricant basestocks from ricinoleic acid [20]. The
synthesis, characterization, and utilization of head-group
manipulation, together with a branching strategy to im-
prove the physicochemical and tribological properties of
the ricinoleic-acid-based-tetraesters, are discussed within
this contribution.

Results and discussion

Synthesis

Due to the increasing market relevance of environmen-
tally labeled products, the ecological properties of plant
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Table 2 Fatty acid compositions (%) of plant oils by GC
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oil biolubricants have been intensively studied over the

analysis last few years [18,19]. In general, their aquatic toxicity is
Plant oil Palmitic Stearic Oleic Linoleic Linolenic  very low or almost negligible, and they are readily bio-
Safflower oil 6 4 20 70 - degradable in most cases. Their origin from renewable
High-oleic safflower oil 5 3 80 12 B resources results in lower net CO,-emissions (“global
High-finoleic safflower 3 , 0 88 i wgrmmg”) compared to Pe.trochemlce.ll produc.ts. Few lu-
oil bricants have such positive ecological profiles. Thus,
Sunflower o 6 ) 35 o5 4 most of lubricants are classified in the most favorable
High-oleic sunflower il 5 ) w0 _ water hazard class. The favorable ecological properties

of plant oils, together with their well-established technical
Soybean oil 16 . 23053 8 performance, make them suitable base oils for the devel-
Corn il 7 - 47 4 4 opment of high-performance “green” oil and biolubricant
Cotton seed oil 22 - 25 50 3 products [21]. However, typical plant oils cannot fully

meet the performance criteria for most lubricants. One
approach to eliminate the negative properties of plant oils
and to improve their performance is through structural
chemical modifications. In this work, careful ring opening
of epoxidized ricinoleic acid 1 was carried out to obtain

RA, ricinoleic acid (1) \/\/\/]\/\/\/\/\/\H/OH

OH o)
J HCOOH/ H,0,
ERA, epoxidized ricinoleic acid \/\/\/I\/D/\/\/\/\"/OH
2
(2) n O !

[ PTSA, steraic acid

H
DHSOA, 10,12-dihydroxy-9- OH
(stearoyloxy) octadecanoic acid (3)
OH (0]
o

J 10 mol % H,SO,, 2 mol stearic acid

TSOA, 9,10, 12-tris(stearoyloxy) ? o)

R o é\/\/\/\/\/\/\/

\ 10 mol % H,SO,, 4-ethylhexanol

\/\/\/\/\/\/\/\/\ﬁ
C—
O
7 o 0
EHOTT, 18-(4-ethylhexyloxy)-18-oxooctadecane o= O
-7.9,10-triyl tristearate (5)

Figure 1 Reaction scheme for the formation of tetraesters.
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10,12-dihydroxy-9-(stearoyloxy) octadecanoic acid 3. Then,
esterification of these products was carried out using ste-
aric acid and sulfuric acid as the catalyst to yield 9,10,
12-tris(stearoyloxy) octadecanoic acid 4. This triester com-
pound was used as a precursor for the synthesis of modi-
fied tetraester-derivative 5 by an esterification reaction
with 4-ethylhexanol (Figure 1). This method is effective for
introducing branching on the fatty acid chains of plant
oils. The straightforward epoxidation of ricinoleic acid 1
was closely monitored (27°C and 5 hrs) to avoid the syn-
thesis of the undesired 9,10,12-trihydroxyoctadecanoate,
which will form if the reaction temperature is elevated
or if the reaction is allowed to progress for too long.
The removal of unsaturated moieties in the ricinoleic
acid through conversion into epoxy-groups improves
the oxidative stability of the compound. It has already
been established that the presence of multiple double
bonds in plant oil fatty acid chains accelerates oxidative
degradation [22-24]. Furthermore, a suitable approach
to improve the low-temperature properties is to attach
branching sites at the epoxy carbons.

Characterization
All of the synthesized compounds were characterized via
'H, *C NMR and FTIR spectroscopy. Significant signals

Page 4 of 13

found in the 'H spectrum of the epoxidized ricinoleic acid
2 at ~2.2 and 2.4 ppm correspond to protons on the qua-
ternary carbons of the oxirane ring (Figure 2), whereas a
doublet in the '*C spectrum at ~56.82 and 56.86 ppm
corresponds to the carbons of the oxirane ring (Figure 3).
Furthermore, the 'H spectrum of epoxidized ricinoleic
acid 2 exhibited singlet signals at ~9.15 and ~9.32 ppm,
which represent the protons of the —OH groups [25].

A singlet at ~9.12-9.29 ppm represents the —OH
protons, and the bands at ~2.03-3.64 ppm correspond to —
CH,— groups in the 'H spectrum of 10,12-dihydroxy-9-
(stearoyloxy) octadecanoic acid derivative 3 (Figure 4). The
3C NMR signals of 10,12-dihydroxy-9-(stearoyloxy) octa-
decanoic acid derivative 3 are in agreement with the pro-
posed structure (Figure 5).

The 'H spectrum of 9,10,12-tris(stearoyloxy) octadec-
anoic acid 4 consists of multiplet signals at ~9.18-
9.35 ppm due to the —OH protons and at ~1.42-3.24 ppm
due the —CH,—, -CH(OH) and -CH(OCOR) protons. Fur-
thermore, the signals at ~173.1-176.7 ppm in the '*C
NMR spectrum are attributed to the ester carbonyl
groups [23]. These signals are in agreement with the
proposed structures. The spectrum of tetraester 18-(4-
ethylhexyloxy)-18-oxooctadecane-7,9,10-triyl tristearate
5 consists of signals of low intensity at approximately

-
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Figure 2 "H NMR spectrum for epoxidized ricinoleic acid (ERA) (2).

i_

3

3]

4 /’
53 TR T




Salih et al. Chemistry Central Journal 2013, 7:128
http://journal.chemistrycentral.com/content/7/1/128

Page 5 of 13

. A S -
.
3
b
]
= |
=
=
o
-
o]
2
- 3]
S '._‘:'9;:.'.{ 1800 170.0 160.0 150.0 140.0 130.0 1200 110.0
|
g
S e e S
Figure 3 3C NMR spectrum for epoxidized ricinoleic acid (ERA) (2).
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9.22-9.40 ppm and 2.10-3.65 ppm. Broad peaks at
1.41-1.77 ppm represent the CH, groups’ hydrogen.

The structures of the ester functional groups were also
confirmed via IR spectral analysis (Figure 6). Bands
representing the ester C = O group (~1740 cm™Y), the CH;
group (~1376 cmY), the OH group (~3478-3443 cmY) and
the C-O-C functionality (~1000-1100 cm™) are clearly
visible in the spectra [26].

Low-temperature properties and the viscosity index

Plant oils when subjected to low-temperature environment
undergo solidification through crystallization, therefore
posing a major hurdle to the use of plant oils in industrial
applications. The relatively poor low-temperature flow
properties of plant oils derive from the appearance of waxy
crystals that rapidly agglomerate, resulting in solidification
of the oil. Plant oil is a complex molecular system and,
therefore, the transition from the liquid to solid state does
not occur at a particular temperature but rather over a
wide temperature range involving several polymorphic
forms (a, B’, ), contributing to the appearance of wax and
the crystallization process. This deposition of waxy mate-
rials from the oils results in a rapid increase in viscosity,
leading to poor pumpability, lubrication, and rheological
behavior [27]. The pour point (PP) and cloud point
(CP) of a biolubricant are good indicators of its
low-temperature fluidity. The attachment of an ester

side chain of optimum length at the 9 or 10 pos-
ition of the fatty acid chain improved the pour
point significantly [28].

Therefore, compounds 2-5 were screened for cold-
flow performance through the determination of their
cloud and pour points. While epoxidized ricinoleic acid 2
had a pour point of 9.10°C and a cloud point of 12.31°C,
all of the synthesized esters 3—5 had much better pour
points. The tetraester product, 18-(4-ethylhexyloxy)-18-
oxooctadecane-7,9,10-triyl tristearate 5 showed the
most effective decrease in the pour point and cloud
point, —44 and -41°C, respectively. It can be assumed
that the presence of a large branching group at the mid
and end points of a fatty acid chain creates a steric barrier
around the individual molecule and inhibits crystallization,
the result of which is lowering of the pour and cloud
points (Table 3).

A lubricant is usually used as a thin film between
devices to protect them against the asperities of the de-
vices. The contact pressure between the devices from
sliding is usually sufficient to cause surface wear and
damage without a protecting substance. In general, a lu-
bricant can reduce friction and minimize wear between
the components of mechanical devices. Moreover, a lu-
bricant can also be used as a bridge for heat transfer to
remove heat from the device during operation. The vis-
cosity of the lubricant is a very important property in
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Figure 4 TH NMR spectrum for 10,12-dihydroxy-9-(stearoyloxy) octadecanoic acid (DHSOA) (3).
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choosing a lubricant for hydrodynamic lubrication. A
high viscosity of the lubricant also requires a large force
against its own intermolecular forces in sliding between
devices. In contrast, if the viscosity of the lubricant is
too low, it will cause the surfaces between the devices to
be rubbed directly and further damage the devices [29].
The results (Table 3) indicate that the viscosity index in-
creases with an increasing number of substituents at the
mid- and end-points, which leads to an overall increase
in the molecular weights of the products, resulting from
an increased number of ester functionalities.

Thermo-oxidative stability

Fundamental knowledge of the oxidative properties of
lubricants is necessary to predict the long-term thermal
stability of these fluids, which is a critically important lu-
bricant property. Oxidation properties evaluated experi-
mentally are often used to predict the actual lubricant
service life in high temperature and other extreme appli-
cations. The more resistant a lubricant is to oxidation,
the lower the tendency it has to form deposits, sludge,
corrosive byproducts in grease, engine oil and industrial
oil applications and also the more resistant to undesir-
able increase in viscosity during use.

The triacylglycerol structure forms the backbone of most
available plant oils, and these are associated with different
fatty acid chains. Therefore, a complex association of dif-
ferent fatty acid molecules attached to a single triglycerol
structure constitutes a plant oil matrix. Unsaturation in the
triacylglycerol molecule from C=C in the oleic, linoleic,
and linolenic acid moieties functions as the active sites for
various oxidation reactions. Saturated fatty acids have
relatively high oxidation stability [15], which decreases
with increasing unsaturation in the molecule. Oxidation
of hydrocarbons usually takes place through a radical
initiated chain mechanism [30] involving initiation (RH —
R’, R"+ O, — RO3), propagation (RO3 + RH — RO,H + R’,
R"+ O, — RO3), branching (RO,H— RO"+‘OH, RO’ +
RH + O, — ROH + RO3, ‘OH + RH + O, — H,O + RO3),
chain-stopping inhibition (InH + RO5 — In" + RO,H) and
peroxide decomposition (RO,H — inert products). The
free radicals generated during the initiation stage react
with O, to form peroxy free radicals and hydroperox-
ides. During this period, O, is consumed in a zero-order
process [31], apparently leading to inter-mediates that
are not well characterized, prior to the formation of per-
oxides. The latter undergoes further reactions to form
alcohols, ketones, aldehydes, and carboxylic acids [32],
leading to rancidity and toxicity [33], thereby
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Figure 5 >C NMR spectrum for 10,12-dihydroxy-9-(stearoyloxy) octadecanoic acid (DHSOA) (3).
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accelerating the oil degradation process [34]. These
compounds have molecular weights that are similar to
plant oils and therefore remain in solution. As the oxi-
dation proceeds, the oxygenated compounds polymerize
to form viscous material that, at a particular point, be-
comes insoluble oil, leading thickening and deposits.
The extent of oxidation and formation of oxidation prod-
ucts is further complicated by the amount of unsaturation,
structural differences in the various triacylglycerol mole-
cules, and the presence of antioxidants. All of these factors,
together or individually, can change the specific compounds
formed and the rates of their formation [35]. In addition to
unsaturation in the molecule, oxidative degradation and the
kinetics of oxidation are also influenced by the methylene
chain length and bis-allylic methylene groups, among other
factors. The cumulative effect of various structural parame-
ters in the triacylglycerol molecule makes oxidation a highly
complex process and no simple kinetic model alone would
be adequate for such systems.

Thermal analyses such as pressure differential scan-
ning calorimetry (PDSC) methods, are popular for the
determination of the oxidative stabilities of plant oils
[36-38]. In this work, pressure differential scanning cal-
orimetry analysis was carried out using a programmable
heating rate mode with a constant flow of dry O, inside
the pressure chamber to determine the onset temperature

(OT) and the signal maximum temperature (SMT). The
oxidation onset temperature is a relative measure of the
degree of oxidative stability in a material evaluated for a
given heating rate and oxidation environment. For ex-
ample, in oxygen, a higher OT value indicates a more oxi-
datively stable material. The signal maximum temperature
is the temperature at which maximum heat output is
observed in the sample during oxidative degradation. A
higher SMT value does not necessarily correlate with im-
proved oxidative stability.

The results in Table 4 indicate that a general improve-
ment in the oxidative stability was observed in synthe-
sized compounds 3-5. The oxidative stability increases
with an increasing number of substituents (mid- and end-
chain esters) and a decreasing number of hydroxyl groups
in the synthesized product structures. This phenomenon
may occur because the presence of hydroxyl groups in-
creases the possibility of the formation of free radicals,
which will facilitate the oxidative degradation mechanism.

Another thermal-oxidative stability test was performed
using thin-film micro-oxidation (TFMO) to study the
volatility and the depository tendencies of the synthe-
sized ester products. The test is especially effective when
thermally induced volatility is low and when insoluble
deposit formation through polymerization is to be con-
sidered [39]. In this work, a thin-film micro-oxidation
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Figure 6 FTIR spectrum for 10,12-dihydroxy-9-(stearoyloxy) octadecanoic acid (DHSOA) (3).
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test was carried out the synthesized products 2-5;
the data from these samples are presented in Table 5.
One can observe that the losses due to high-
temperature volatility and insoluble deposits decreased
gradually as the number of substituents in the mid-
chain ester and end-chain ester groups increased. These
results are in agreement with those obtained via pres-
sure differential scanning calorimetry (Table 4).

Tribological measurements

Lubrication is a process employed to reduce the wear of
one or both surfaces in close proximity, and moving
relative to each other, by interposing a substance called a
lubricant between the surfaces to carry or to help carry
the load (pressure generated) between the opposing sur-
faces. Adequate lubrication allows smooth continuous

Table 3 The physicochemical properties of the samples

operation of the equipment with only mild wear and
without excessive stresses at the bearings. When the lu-
bricant breaks down, metal or other components can
rub destructively over each other, causing damage, heat,
and failure. Tribology is the interaction between surfaces
in relative motion. The tribological interactions of a
solid surface's exposed face with interfacing materials
and the environment may result in loss of material from
the surface.

The process leading to loss of material is known as
“wear.” Major types of wear include abrasion, friction
(adhesion and cohesion), erosion, and corrosion. Wear
can be minimized by modifying the surface properties of
solids by one or more “surface engineering” processes
(also called surface finishing) or by the use of lubricants
(for frictional or adhesive wear) [40]. A lubricant is any

Samples Density (g/cm?) Volatility at 120°C (%) Pour point/ °C Cloud point/ °C Viscosity index (VI)
2, ERA 0.734 1.77 9 12 67

3, OHSOA 0.867 1.12 -20 -18 163

4, TSOA 1326 0.89 -32 -29 193

5, EHOTT 1.560 0.56 —44 -41 257

ERA epoxidized ricinoleic acid, DHSOA 10,12-dihydroxy-9-(stearoyloxy) octadecanoic acid, TSOA 9,10,12-tris(stearoyloxy) octadecanoic acid, EHOTT

18-(4-ethylhexyloxy)-18-oxooctadecane-7,9,10-triyl tristearate.
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Table 4 The PDSC data of the samples showing the onset
of oxidation and the signal maximum temperatures
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Table 6 The tribological properties of the samples in the
four-ball test

Samples Onset temperature Signal maximum Samples Four ball wear scar diameter Coefficient of
(OT)/ °C temperature (SMT)/ °C (WSD), 40 daN, 1 h (mm) friction (p)

2, ERA 60.23 22898 2, ERA 1.14 0.75

3, OHSOA 190.78 189.97 3, OHSOA 091 0.69

4, TSOA 22445 231.21 4, TSOA 0.78 0.57

5, EHOTT 282.10 176.59 5, EHOTT 0.62 044

ERA epoxidized ricinoleic acid, DHSOA 10,12-dihydroxy-9-(stearoyloxy)
octadecanoic acid, TSOA 9,10,12-tris(stearoyloxy) octadecanoic acid, EHOTT
18-(4-ethylhexyloxy)-18-oxooctadecane-7,9,10-triyl tristearate.

material that is interposed between surfaces, forming a
film to avoid or minimize contact between the surfaces.
The main functions of a lubricant are to reduce wear on
components due to friction, to cool, to protect against
corrosion and to clean [41]. An important property of
lubricants is their ability to maintain a stable lubricating
film at the metal contact zone. Plant oils and fatty esters
are known to provide excellent lubricity due to their
ester functionality. The ester ends of the fatty acid chain
adsorb onto the metal surfaces, thus forming a mono-
layer film with the hydrocarbon end of the fatty acids
oriented away from the metal surface [42]. The fatty acid
chain thus offers a sliding surface to prevent direct
metal-to-metal contact. If the film is not formed, direct
metal contact may result in high temperatures
at the zones of contact between the moving parts that
cause adhesion, scuffing, or even metal-to-metal
welding. The strength of a fluid film and its extent of ad-
sorption onto the metal surface dictate the efficiency of
a lubricant’s performance. In addition, the friction coeffi-
cient and wear rate are dependent on the adsorption en-
ergy of the lubricant [43,44].

Table 6 shows the tribological results for the synthe-
sized compounds 2-5. The results indicate that an
improvement in the anti-wear/anti-friction properties
(reduced wear scar diameter (WSD) values and coeffi-
cients of frictions (u)) occurred with an increase in the
number of substituents at the mid- and end-points. This
result may be due to the increasing polarity in the struc-
ture with increasing numbes of ester functional groups,
i.e., tetraester > triester > monoesters (Table 6), which

Table 5 The thin-film micro-oxidation test data of the
samples at 175°C

Samples Volatile loss (%) Insoluble deposit (%)
2, ERA 65.87 73.78
3, OHSOA 55.16 64.32
4, TSOA 48.08 57.56
5, EHOTT 37.39 50.87

ERA epoxidized ricinoleic acid, DHSOA 10,12-dihydroxy-9-(stearoyloxy)
octadecanoic acid, TSOA 9,10,12-tris(stearoyloxy) octadecanoic acid, EHOTT
18-(4-ethylhexyloxy)-18-oxooctadecane-7,9,10-triyl tristearate.

ERA epoxidized ricinoleic acid, DHSOA 10,12-dihydroxy-9-(stearoyloxy)
octadecanoic acid, TSOA 9,10,12-tris(stearoyloxy) octadecanoic acid, EHOTT
18-(4-ethylhexyloxy)-18-oxooctadecane-7,9,10-triyl tristearate.

will increase the strength of the tribological film at the
metal contact zone and thereby increase its efficiency in
reducing the wear/friction [45,46].

Conclusions

The widespread use of plant oils as biolubricant
basestocks will depend largely on how well they perform
during high-temperature oxidation and low-temperature
applications. Oxidative stability and low-temperature
characteristics of plant oils should be improved before
these oils are considered for universal biolubricant appli-
cation. The complexity of plant oil oxidation is primarily
due to the involvement of different structural parameters
in the fatty acid chain. Different structural parameters
participate in the reaction at different stages of oxida-
tion. Based on the results obtained from this work, the
chemical modification of ricinoleic acid led to decreased
pour points because of, the increased ability to disrupt
crystalline formation at reduced temperatures; increased
viscosity index because of, the increased molecular
weight of the synthesized compounds; increased onset
temperature together with decreased volatile loss and
insoluble deposits because of, elimination of the
double bonds of ricinoleic acid; and decreased coeftfi-
cients of friction because of, the increasing number of
polar functional groups in the structures of the synthe-
sized compounds. These changes led to stronger ad-
sorption onto the metal surface and enhanced lateral
interactions. For example, elimination of the double
bonds together with attachment of mid- and end-chain
ester groups generally led to improved physicoche-
mical and tribological properties of the synthesized
products.

Experimental and methods

Characterization

"H and "*C NMR spectra were recorded using a JEOL
JNM-ECP 400 spectrometer operating at frequencies of
400.13 and 100.77 MHz, respectively, with a 5-mm broad-
band inverse Z-gradient probe in DMSO-dg (Cambridge
Isotope Laboratories, Andover, MA). Each spectrum was
Fourier-transformed, phase-corrected and integrated using
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MestRe-C 2.3a (Magnetic Resonance Companion, Santiago
de Compostela, Spain) software. The FTIR spectra were
recorded directly on a Thermo Nicolet Nexus 470 FTIR
system (Madison, WI) with a Smart ARK accessory
containing a 45 ZeSe trough plate over a scanning range
of 650—4,000 cm™" using 32 scans to yield a spectral

. -1
resolution of 4 cm™".

Pour point and cloud point

The pour points (PP) and cloud points (CP) were mea-
sured using the ASTM D5949 [47] and ASTM D5773 [48]
methods, respectively, with a Phase Technology Analyzer,
Model PSA-70S (Hammersmith Gate, Richmond, B.C,,
Canada). The pour point, or the temperature at which a
lubricant ceases to flow, is important in appraising the
flow properties at low temperature and, as such, can be-
come the determining factor for selecting a lubricant. In
addition, the pour point can be defined as the minimum
temperature of a liquid (particularly a lubricant) below
which the liquid ceases to flow and, along with pump-
ability, as the ease with which the oil pumps at low tem-
peratures, which is a significant factor in cold-weather
start-up. The cloud point is the lowest temperature at
which the sample becomes clouded by the formation of
wax crystals. Clouding is only characteristic of paraffinic
oils and is a consideration in the evaluation of fuels whose
filtration might be impaired by the plugging effect of wax
crystals. All of the runs were carried out at least twice,
and the average values are reported.

Viscosity index measurements

Automated multi-range viscometer tubes HV M472
obtained from Walter Herzog (Germany) were used to
measure the viscosity. The measurements were made in
a Temp-Trol (Precision Scientific, Chicago, IL, USA) visc-
ometer bath set at 40.0 or 100.0°C. The viscosity and the
viscosity index were calculated using ASTM methods
D445-97 [49] and D2270-93 [50], respectively. All the
measurements were made in triplicate, and the average
values are reported.

Pressurized differential scanning calorimetry (PDSC)
method

It is well known that when plant oils are exposed to an
oxidizing environment, they undergo oxidative degrad-
ation. Oxidation is the single most important reaction of
oils used as lubricant base oils, resulting in increased
acidity, corrosion, viscosity, and volatility. Therefore, un-
derstanding and controlling oxidation is a major concern
for lubricant chemists. A primary tool employed to deter-
mine the oxidation of lubricants is differential scanning
calorimetry (DSC) or pressurized differential scanning cal-
orimetry (PDSC), where the oxygen concentration is ad-
justed to exceed that at ambient pressure to expedite the
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oxidation process. The measurements using pressurized
differential scanning calorimetry offer two main benefits.
First, the use of high pressure helps to decrease the sam-
ple volatility by elevating the boiling points. Second, high
pressure increases the concentration of the reacting gases,
which allows the use of lower test temperatures or shorter
test times at the same temperatures. The remaining useful
life of lubricants evaluated using a pressurized differential
scanning calorimetry technique was shown to be more
accurate than the results obtained using differential
scanning calorimetry. In this work, the oxidative stabil-
ity experiments were performed using a DSC 2910 ther-
mal analyzer from TA Instruments (New Castle, DE).
Typically, a 1.5-2.0 mg sample was placed in a hermetic-
ally sealed aluminum pan with a pinhole lid for inter-
action between the sample and the reactant gas (dry
air). A film thickness of less than 1 mm was required to
ensure proper oil—air interaction and to eliminate any
gas-diffusion issues. The dry air (Gateway Airgas, St
Louis, MO) was pressurized in the module at a constant
pressure of 1379 kPa. A 10°C/min heating rate was used
to raise the temperature of the materials from 50 to 350°C
during each experiment. The onset temperature (OT, °C)
and the signal maximum temperature (SMT, °C) of the
oxidation were calculated from the exothermal reaction of
each sample. Each test was run in triplicate, and the aver-
age values are reported.

The thin-film micro-oxidation (TFMO) method

The thin-film micro-oxidation test is often the method
of choice for studying plant oils’ thermal-oxidative sta-
bility because it is simple and reproducible. The test oil
(25 pL) was spread as a thin film on a freshly polished
high-carbon steel catalyst surface and was oxidized by
passing a steady flow (20 cm®/min) of dry air over the
heated sample. The oxidation was carried out at a con-
stant temperature (175°C) inside a glass-bottomed re-
actor. The temperature was maintained at +1°C by the
placement of a heated aluminum slab atop a hot plate.
This arrangement eliminated the temperature gradient
across the aluminum surface and transferred the heat to
the catalysts placed on the slab. The constant air flow
ensured the removal of volatile oxidation products. The
test was designed to eliminate any gas diffusion limita-
tions. After a specific time, the catalyst and the oxidized
oil sample were removed from the oxidation chamber,
rapidly cooled under a steady flow of dry N, and imme-
diately transferred to desiccators for temperature equili-
bration. After approximately 1 h, the catalyst containing
the oxidized oil was weighed to determine the loss of
volatile compounds due to thermal evaporation or the
gain of material due to oxidation. The sample was then
soaked in tetrahydrofuran (THF) for 30 min to dissolve
the soluble portion of the oxidized oil. After dissolving
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the soluble oil, the catalyst containing the insoluble
portion was placed into a desiccator to remove the last
traces of the solvent. The sample was then weighed to de-
termine the mass of the insoluble deposit. Each test was
run in triplicate, and the average values are reported.

The density determination method

The densities were determined at 20°C based on the
ASTM method D1298-99 [51] using a glass hydrometer
provided by Lanxi Comp., Shanghai, China.

The volatility determination method

The volatility was determined in agreement with ASTM
method D6184 [52] in an electric stove using glass pans
of 4 cm in diameter.

The tribological test method

The experiment is designed to study the anti-wear prop-
erties under sliding contact by four-ball test geometry.
The test zone is a top ball rotating in the cavity of three
identical balls in contact and clamped in a cup below,
containing the test fluid. The resistance to the motion of
the ball is measured by a load cell connected to the sta-
tionary cup on the load platform, containing the 3 balls.
Appropriate load is applied from below and the top ball
is rotated at a set speed for a particular length of time.
The balls were thoroughly cleaned with methylene
chloride and hexane before each experiment. Test fluid
(10 ml) was poured in the test cup to cover the station-
ary ball. The test sequence allowed the speed to attain a
set rpm of 1200 before a normal load of 40 Kg was ap-
plied at room temperature for 15 min. Temperature of
the test fluid was 22°C which increased to 27-28°C at
the end of the 15 min run. In this work, the tribological
determinations were performed according to ASTM
method D4172-94 [53] using the Anton Paar Physica
MCR301 apparatus (Germany) with Rheoplus/32 V3.40
software. Each test was run in triplicate, and the average
values are reported.

Materials

Ricinoleic acid (99%), formic acid (88%) and hydrogen
peroxide (30% solution) were obtained from ChemR
(Poland). Stearic acid, p-toluenesulfonic acid (PTSA) and
toluene where obtained from Fisher Scientific. Sulfuric
acid and 4-ethylhexanol were obtained from Merck.
Hexane was obtained from Aldrich. All other chemicals
and reagents were obtained from Aldrich Chemical
(Milwaukee, WI). All materials were used without fur-
ther purification. All organic extracted were dried using
anhydrous magnesium sulfate.
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Synthesis

Epoxidized ricinoleic acid (ERA) (2)

A solution of hydrogen peroxide (30% in H,O, 8.0 mL)
was slowly added to a stirred solution of ricinoleic acid
(RA) 1 (95%, 15 g) dissolved in formic acid (88%, 14 mL)
at 4°C (ice bath). The reaction proceeded at room
temperature with vigorous stirring (900 rpm) until a pow-
dery solid formed in the reaction vessel (2-5 h). The solid
was collected via vacuum filtration, washed with H,O
(chilled, 3 x 10 mL) and dried for 12 h under high vacuum
to provide epoxidized ricinoleic acid as a white, powdery
solid (14.7 g, 93%).

Synthesis of 10,12-dihydroxy-9-(stearoyloxy) octadecanoic
acid (DHSOA) (3)

Stearic acid (12 g) was slowly added to a mixture of epoxi-
dized ricinoleic acid 2 (31 g) and p-toluenesulfonic acid
(PTSA) (5 g) in toluene over 1.5 h, and the temperature of
the reaction mixture was kept at 70—-80°C. The reaction
mixture was subsequently heated to 90-100°C and re-
fluxed for 3 h. After the reaction was complete, the solu-
tion was allowed to cool to room temperature and stirred
overnight. The next day, the mixture was washed with
water, the organic layer was dried over anhydrous mag-
nesium sulfate and the solvent was removed using a
vacuum evaporator.

Synthesis of 9,10,12-tris(stearoyloxy) octadecanoic acid
(TSOA) (4)

Sulfuric acid (conc. HySO,4, 10 mol-%) was added to a
stirred suspension of 10,12-dihydroxy-9-(stearoyloxy)
octadecanoic acid 3 (3.35 mmol), and then stearic acid
(24 g) was added to the reaction mixture. The suspen-
sion was stirred and heated at 60°C for 10 h. Next,
hexane (5 mL) was added, and the solution was washed
once with saturated aqueous NaHCO; (0.5 mL) and
brine (2x1 mL), dried (MgSO,), filtered, and concen-
trated under vacuum for 6 h to yield the target product.

Synthesis of 18-(4-ethylhexyloxy)-18-oxooctadecane-7,9,10-
triyl tristearate (EHOTT) (5)

The reaction scheme for the formation of the diesters is
provided in Figure 1. Sulfuric acid (conc. H,SO,, 10 mol-%)
was added to a stirred suspension of 9,10,12-tris
(stearoyloxy) octadecanoic acid 4 (3.35 mmol) in 4-
ethylhexanol (3.35 mL). The suspension was stirred and
heated to 60°C for 2 h. Next, hexane (5 mL) was added,
and the solution was washed once each with saturated
aqueous NaHCOj3 (0.5 mL) and brine (2 x 1 mL), dried
(MgSQ,), filtered, and concentrated under vacuum for
6 h to yield the target product. The molecular weight
was determined using LC-MS (ToF) Bruker Delton
q-ToF. The molecular weight determined was 1244.07.
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