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Abstract
Castor (Ricinus communis) oil containing ricinoleic acid 89% was self-metathesized in the presence of Grubbs’ second gen-
eration catalyst (0.025 mmol), followed by epoxidation and insitu hydroxylation using Prilezhaev dihydroxylation method 
to obtain hydroxylated derivatives in 93% yields. MALDI study has shown that the metathesized products comprised of a 
mixture of monomer, dimer and trimer metathesized products. The hydroxylated derivatives were acylated using acetic, 
propionic, butyric and hexanoic anhydrides in 85–90% yields. The acylated base stocks being highly branched and of 
high molecular weights exhibited very low pour points (− 30 to − 40 °C) and broad viscosity ranges 45.5 cSt to 60.0 cSt 
at 40 °C, high viscosity indices (165–191), excellent anti-wear properties (0.52–0.69 mm), good thermal and oxidative 
stabilities along with high load carrying capacities (165–184 kg) suitable for multi-range industrial applications. These 
base stocks can be used with the addition of minimum additives during the formulation.
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1 Introduction

Lubricants play a critical role in increasing the efficiency 
of manufacturing and transportation systems by reducing 
the energy consumption and release of green house gases 
(GHG). However, lubricants can also be a source of several 
toxic materials due to accidental or intentional leakage 
to the environment. Today over 95% of the lubricants are 
petroleum based and about 50% of the lubricants end 
up in total loss applications, volatility, spills or major acci-
dents [1–4]. In this context, plant based oils have gained 
importance during the last couple of years. The triglycer-
ide structure of plant oils makes them excellent lubricants. 
They exhibit excellent biodegradability (95%), reduced 
environmental pollution [5] compatible with additives, 
low production costs [6] large possibilities of production, 
low toxicity, high flash points, low volatility, high viscosity 

indices and excellent tribological performances. However, 
they posses few disadvantages like low thermo oxidative, 
hydrolytic stabilities and low temperature properties [7]. 
Low temperature properties are important for lubricant 
pump abilities, filterability, fluidity as well as cold cracking 
and start up. These drawbacks can be overcome by chemi-
cally modifying the triglyceride structure. Trans etherifica-
tion of alkene groups to other stable functional groups can 
improve the oxidation stability, while reducing structural 
information of the oil by attaching alkyl side chains can 
improve the low-temperature performance.

Introducing branching around the polar group of a 
lubricant protects the molecule from physical and chemi-
cal interactions due to stearic hinderance. Some of such 
modifications include epoxide ring opened products [8, 
9] and polyol esters [10]. These inhibit the stacking of 
molecules and crystallization leading to microcrystalline 
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structures at very low temperatures [11]. In addition 
branching also leads to better thermal, oxidative and 
hydrolytic stabilities [12, 13]. Molecular branching and 
high viscosity is beneficial in lubrication involving high 
contact loads or extreme pressure [14] in case of biolubri-
cants compared to mineral oil based. The reason for high 
load carrying capacity is the stabilization of the tribofilm 
from breaking apart [15].

Both viscosity and branching are thus most important 
parameters to develop an ideal biolubricant base stock. 
One of the integrated methods used for making such 
modifications for applications into synthetic hydrocarbon 
fluids, plasticizers and polar synthetic lubricant base stocks 
from a renewable feed stock is metathesis. Metathesis of 
natural oils or its derivatives in the presence of an efficient 
amount of metathesis catalysts can form linear alpha ole-
fin, internal olefins and reduced chain length triglycerides 
[16]. The reduced chain length triglycerides are converted 
into polar synthetic lubricants base stocks or may be epox-
idized followed by derivatizing the epoxide as required for 
different industrial applications.

Branching of alkyl chain of vegetable oils is one of the 
modifications used for the production of lubricant addi-
tives for fuel and lubricant rolling and drawing oils and 
also as solvents for painting inks [17–29]. Branching fatty 
acids have advantages like low melting point, distinctly 
reduced pour points in biodiesel and lubricants, formula-
tion, good oxidation stability due to reduced C–C double 
bonds. Branching is generally carried out using different 
synthetic methods like epoxidation or dihydroxylation of 
double bonds in the triglycerides followed by acylation. 
Selection of new materials and its chemistry play a vital 
role in the economics and performance of the lubricant 
produced. In this context, castor oil (Ricinus communis) 
containing about 87–90%, mono unsaturated hydroxyl 
fatty acid widely grown crop in India, 9–10 lakh MT (2015), 
a major source for a number of oleochemicals was selected 
as the raw material. Castor rich in monounsaturated 
hydroxyl fatty acid has been exploited for the prepara-
tion of a number of lubricant base stocks [18, 22, 30, 31]. 
However, no single modification resulted in lubricant base 
stocks with very low temperature properties associated 
with high viscosities, superior anti-wear and high load car-
rying capacities. In this context, olefin metathesis of castor 
oil can help in generating molecules with unusual chain 
lengths and high branching.

Hence, in the present study castor oil was subjected 
to self-metathesis to prepare highly branched structures 
employing Grubbs’ second generation catalyst. The con-
centration of the catalyst was varied from 0.1 to 0.5 m mol 
to study the effect of catalyst concentration on the prod-
uct formation. The metathesized castor oil was epoxidised 
followed by in situ hydroxylation and acylation to develop 

metathesized castor acylated products. The products were 
evaluated for physico-chemical and lubricant properties.

2  Experiment

2.1  Material

Castor oil (BSS grade) obtained from M/s Ramcharan 
Industries Pvt. Ltd., Hyderabad, India, Tricyclohexylphos-
phine-[1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-
2-ylidene] benzylidene ruthenium (IV) dichloride (Grubbs 
second generation catalyst) (II) was purchased from M/s 
Sigma Aldrich Ltd. (Mumbai, India), DMAP, acetic anhy-
dride, xylene, aluminum oxide active basic and sodium 
sulphate were purchased from M/s S.D. Fine chemicals 
Pvt. Ltd., (Mumbai, India). Propionic, butyric and hexanoic 
anhydrides were procured from M/s Sigma Aldrich Ltd. 
(Mumbai, India). Hexane and ethyl acetate were procured 
from Industrial Solvents and Chemicals Pvt. Ltd (Mum-
bai, India). All the solvents and reagents were of ana-
lytical grade and were used directly without any further 
purification.

2.2  Methods

2.2.1  Spectral analysis

Infrared spectra (FTIR) were obtained using a 1600 FT-IR 
BRUKER Spectrometer (Norwalk, CT). The spectra were 
recorded in a transmittance mode with a liquid film 
between KBr cells. Proton nuclear magnetic resonance 
(1H NMR) spectra were recorded on Avance (300 MHz) 
equipment in  CDCl3. Chemical shift values relative to 
TMS as internal standard are given as δ values in ppm. 
Carbon nuclear magnetic resonance (13C NMR) spectra 
were recorded in  CDCl3 on a Varian (75 MHz) spectrom-
eter. MALDI-TOF/MS analysis of castor metathesized prod-
ucts was carried out using a Shimadzu Biotech Axima CFR 
Plus instrument equipped with an  N2 laser (337 nm, 3 ns 
pulse width, 20 Hz reprtition rate). Mass spectra were 
acquired in both the linear and reflector ion and a range 
of m/z 300–2000 ranges was explored. The instrument 
was operated with an accelerating voltage of 20 kV. The 
matrix solution was prepared by dissolving 10 mg crys-
talline α-cyano-4-hydroxycinnamic acid (CHCA) in 1 ml of 
methanol containing 0.1% TFA. The sample was dissolved 
in chloroform at a concentration of 10 µl/ml. An aliquot of 
the chloroform layer (10 µl) was mixed with the matrix (1:1, 
v/v), and 1 µl of the resulting solution was deposited onto 
the sample plate and air dried. Typically, 196 laser pulses 
were acquired for each spectrum. To check the repeatabil-
ity, samples were analyzed in triplicate.
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The Chromatograms and the Spectra along with 
the characterization are provided in the supporting 
information.

2.2.2  Thermogravimetric analysis (TGA)

TGA were carried out in a non-isothermal mode using a 
Mettler Toledo TGA instrument to get the decomposition 
pattern of the lubricant base-stocks. About 5 mg of the 
sample was taken in an aluminium crucible and heated 
slowly up to 600 °C at a rate of 10 °C/min under nitrogen 
atmosphere. The TGA degradation onset temperature was 
obtained by extrapolating the horizontal base line and 
intercept of this line with tangents to the downward por-
tion of the weight curve.

2.2.3  Physico‑chemical and lubricant properties

The lubricant properties of acylated metathesized castor 
oil derivatives (base-stocks) was carried out using standard 
AOCS and ASTM methods.

2.2.3.1 Total acid value Acid value was determined by 
following the procedure as per the standard AOCS Cd 
3d-63 method. About 2 g of the sample was dissolved in 
50 mL of neutralized methanol. The resultant solution was 
titrated with 0.1 N KOH solution using phenolphthalein as 
indicator. The acid value was calculated using the expres-
sion.

2.2.3.2 Hydroxyl value Hydroxyl value is a measure of 
hydroxyl content. Hydroxyl value is defined as the num-
ber of milligrams of potassium hydroxide required to 
neutralize the amount of acetic acid capable of combin-
ing by acetylation with 1 g of sample. Hydroxyl value was 
determined by standard AOCS Cd 13-60 Official Method. 
A suitable quantity of sample was taken in 5 mL of pyri-
dine/acetic anhydride (3:1, v/v) and the contents were 
refluxed on water bath for 1 h. To this 10 mL of water and 
25 mL neutralized n-butanol were added, and heated 10 
more minutes. The contents were titrated against stand-
ard 0.5 N of alcoholic potassium hydroxide solution. The 
end point was indicated by phenolphthalein. To correct 
for free acid, mix about 10  g of the sample, accurately 
weighed, with 10 ml of pyridine (neutralized), add 1 ml of 
phenolphthalein and titrate to a faint pink endpoint with 
0.5 N ethanolic potassium hydroxide.

Acid value (AV)

=
(mL of alkali used for titration × normality of alkali × 56.1)

Wt of the sample

Hydroxyl value =
[

56.1 × N
(

VB − Vacet
)]

∕Wtacet + AV

where  VB is ml of KOH solution required for the titration of 
blank;  Vacet is ml of KOH solution required for the titration 
of acetylated sample;  Wtacet is the wt of the sample (in gm) 
used for acetylation; N is the normality of KOH; 56.1 is the 
molecular Wt of KOH; AV is the acid value of the hydroxyl 
compound.

2.2.3.3 Oxirane value The oxirane oxygen content of 
sample was measured as per the standard AOCS Cd 9-57 
official method. 31b The oxirane value was calculated as 
follows

2.2.3.4 Density The density of the products was deter-
mined using an Anton Paar DMA 4500  M density meter 
at 15 °C as per the ASTM method (ASTM, 2011). The meas-
urements were carried out thrice and the results reported 
are an average of the three.

2.2.3.5 Kinematic viscosity and  viscosity index (VI) Kin-
ematic viscosity was measured using calibrated Cannon–
Fenske viscometer tubes in a Cannon Constant Tempera-
ture Viscosity Bath (Cannon Instrument Co., U.S.A.) at 40 °C 
and 100 °C. Viscosity and viscosity index (VI) were calcu-
lated using ASTM D 445 (ASTM, 1998) and ASTM D 2270 
(ASTM, 2002a) methods, respectively. Duplicate measure-
ments were made and the average values are reported.

2.2.3.6 Pour point The pour points of the products were 
determined according to the ASTM D 97 method (ASTM, 
2005) with an accuracy of ± 3 °C using the pour point test 
apparatus manufactured by Dott Scavini & Co, Italy. The 
sample temperature was measured in 3 °C increments at 
the top of the sample until it stopped pouring, and all the 
runs were carried out in duplicate.

2.2.3.7 Flash point The Flash points of the products were 
determined using the Tanaka Scientific Ltd., Japan, appa-
ratus according to the ASTM D 93 method (ASTM, 2002b). 
Duplicate measurements were made and the average val-
ues are reported.

2.2.3.8 Copper corrosion The determination of corrosive-
ness of the products was done using the Koehler Inc., 
U.S.A. apparatus as per the ASTM D 130 method (ASTM, 
2004). A polished Cu strip is immersed in 30  mL of the 
sample being tested at 100  °C for 3  h. After 3  h, the Cu 
strip is removed, washed with n-hexane, and the colour 
and tarnish level were assessed against the ASTM Copper 
Strip Corrosion Standard.

Oxirane oxygen =
mL of HBr consumed × N of HBr × 1.60

Wt of sample (g)

Kinematic Viscosity(cSt) = Viscometer constant (cSt∕s) × time(s)
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2.2.3.9 Oxidative stability by rotating pressure vessel oxida‑
tion test (RPVOT) The oxidative stability of the products 
was measured using a Koehler Inc., U.S.A. Rotator Bomb 
Oxidation Test apparatus as per the ASTM D 2272 test 
method (ASTM, 2002a). The experiment was carried out at 
150 °C, with a Cu catalyst, 55.5 g; sample, 50 g and water, 
5 mL. The vessel was sealed and charged with oxygen to 
90 psi pressure. The test was completed once the pressure 
dropped more than 25 psi below the maximum pressure.

2.2.3.10 Weld load The weld load of the products was 
determined using the Four Ball Tester manufactured 
by Stanhope Seta, U.K. according to the ASTM IP 239 
method (ASTM, 2002c). Out of four balls, three clean balls 
are placed in the ball cup securely and the fourth ball is 
placed into the upper ball chuck. The ball cup assembly 
is positioned centrally under the spindle in contact with 
the fourth ball. Then the series of loads are applied on the 
weight pan with an increment of 10 kg and the motor is 
started for a period of 1 min. The load at which the balls 
are welded or fused together is taken as the weld load of 
the product.

2.2.3.11 Wear The wear of the products was determined 
using the Four Ball Tester manufactured by Stanhope Seta, 
U.K. as per the ASTM D 4172 method (ASTM, 2002d). The 
point contact interface is obtained by rotating a 12.7 mm 
diameter steel ball under load against three stationary 
steel balls immersed in the lubricant. To evaluate the anti-
wear characteristics of lubricants, the subsequent wear 
scar diameters on the balls is measured.

2.3  Typical procedure for the self‑metathesis 
of castor oil

Castor oil (BSS grade; 519 g, 1.67 mol), Grubbs’second gen-
eration catalyst (7.0 g, 0.025 m mol), toluene (300 ml) were 
stirred mechanically under reflux at 90 °C for 8 h. The reac-
tion was monitored hourly using TLC eluted with hexane: 
ethyl acetate (90:10, v/v). Reaction mixture was added to 
a solution of tris(hydroxymethyl)-phosphine  (P[CH2OH]3, 
0.13 g, 0.0010 mol) and triethylamine  (Et3N, 0.014 mL, 
0.010 g, 1.0 × 10 − 4 mol) in DCM (20 mL) and stirred for 
10 min. Distilled water (∼ 30 mL) was then added and 
the biphasic solution was vigorously stirred for > 15 min 
before being allowed to separate. The aqueous layer was 
removed, and the organic layer was washed further with 
distilled water (2 × 30 mL) to wash away the catalyst and 
passed over anhydrous sodium sulphate. The solvent was 
removed using rotary evaporator and dried under reduced 
pressure (2–5 mm Hg) to obtain metathesized products 
(460 g, 95% yield).

2.4  Hydroxylation of metathesized castor oil

To metathesized castor oil (412 g, 0.764 mol), formic acid 
(85%; 6.6 g, 1.14 mol) and concentrated sulfuric acid (2% 
weight of formic acid and hydrogen peroxide) were added 
and stirred under mechanical stirring at 5–10 °C. Hydrogen 
peroxide solution, (30%, 2.29 mol), were added slowly to 
the contents through addition funnel for a period of 2 h at 
0 °C. This precaution was taken to prevent over heating of 
the system due to the exothermic nature of epoxidation. 
After addition of the  H2O2 the temperature was slowly 
raised to 60 °C and then to 90 °C for 24 h. The course of 
the reaction was monitored by withdrawing aliquots of 
the reaction mixture at various time intervals and analyz-
ing for oxirane value. After complete conversion, the reac-
tion mixture was cooled, extracted with ethyl acetate and 
washed with water until acid free to obtain hydroxylated 
product with 93% yield. The product was analyzed for acid 
value, oxirane value, iodine value and hydroxyl value.

2.5  Acylation of hydroxylated metathesized castor 
oil

Hydroxylated metathesized castor oil (356 g, 0.8 mol), Ace-
tic anhydride (130 g, 2.54 mol), DMAP (0.3 g, 0.1% DMAP 
based on weight of hydroxylated metathesized castor oil), 
and xylene (150 mL) were taken in a three-necked round-
bottom flask and stirred at 135 − 140 °C for 8 h. The pro-
gress of the reaction was monitored by TLC using hexane/
ethyl acetate (80:20 v/v) and IR. The crude product was 
distilled at 140 °C and 5 mm Hg to remove excess ace-
tic anhydride and xylene. The residue was extracted into 
ethyl acetate, washed with water, passed over anhydrous 
sodium sulfate and concentrated using a rotary evapora-
tor and dried under reduced pressure to obtain acetylated 
product. The product was further purified to remove traces 
of acetic acid by passage through a basic alumina column 
to obtain acetylated metathesized castor oil) with an acid 
value of < 0.2. The product was analyzed for hydroxyl value. 
The structure of the product was confirmed by IR, 1H NMR 
and 13C NMR spectral studies.

Similar procedure was followed for the propionylation, 
butanoylation and hexanoylation of hydroxylated metath-
esized castor oil (356  g, 0.8  mol), by taking propionic 
anhydride (157 g, 2.42 mol), butanoic anhydride (172 g, 
2.18 mol) and hexanoic anhydride (221 g, 2.07 mol) respec-
tively. The structures of all the alkanoylated esters were 
confirmed by IR, 1H NMR and 13C NMR spectral studies.
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3  Results and discussion

Castor oil with composition (palmitic acid, 0.9%; stearic 
acid, 1.2%; oleic acid, 4.0%; linoleic acid, 4.6%; ricinoleic 
acid 89.3%) was utilized to develop four homologous 
lubricant base stocks employing a three step procedure.

Step 1 Metathesis of castor oil

Castor oil (0.166  mol) was self-metathesized in 
the presence of Grubbs’ second generation catalyst 
(0.025 m mol). The nature of the formation of metath-
esized products was also monitored varying the concen-
tration of Grubbs’ catalyst 0.025–0.030 m mol). Maximum 
conversion was observed at 0.03 m mol concentration 
itself with about 95% yields. The presence of peaks at 
(m/z: 1802, 1264, 643, 599.4) in MALDI SPECTRUM indi-
cated the formation of monomers, dimers and trimers of 
metathesized castor oil containing ricinoleic acid which 
accounts for 90% and other peaks indicate metathesized 
products containing ricinoleic, oleic, linoleic and satu-
rated fatty acid containing products.

Step 2 Hydroxylation of metathesized castor fatty 
acids

The metathesized product mixture were hydroxy-
lated using one pot synthesis of epoxidation followed 
by hydroxylation employing Prilezhaev dihydroxyla-
tion method with 93% yield. The hydroxylated products 
were analyzed for oxirane value, hydroxyl value, iodine 
value and characterized using spectral techniques. The 
products with low oxirane, < 3; iodine, ≤ 1.5 and high 
hydroxyl values, indicated almost complete hydroxyla-
tion of branched mono-dimeric and trimeric metathe-
sized products. The hydroxylated metathesized product 
mixture was further characterized using IR, 1H NMR and 
13C NMR Spectral analysis.

The presence of prominent –OH stretching band 
(~ 3448 cm−1) as observed in IR spectra along with dis-
appearance of =C–H and epoxy stretching bands sup-
ported complete hydroxylation. The presence of a multi-
plet at ~ 1.46 to 1.51 ppm relating to –CH(OH)–CH2– and 
multiplet at ~ 3.36 to 3.45 ppm relating to –CH–OH in 1H 
NMR and also characteristic peaks at 74.2,77.2 ppm relat-
ing to  C9 and  C10 hydroxyl carbons in 13C NMR further 
confirmed hydroxylation.

Step 3 Acylation of the epoxidised products

Acylation of the hydroxylated products was car-
ried out using acetic, propionic, butyric and hexanoic 

anhydrides to obtain -Acetylated metathesized castor oil 
(MCAC), Propanoylated metathesized castor oil (MCPR), 
Butanoylated metathesized castor oil (MCBT), Hex-
anoylated metathesized castor oil (MCHX) with 85–80% 
yields ((Scheme 1). The hydroxyl value in all the cases 
was ≤ 2 indicating that almost all the –OH groups have 
been acetylated (Table 1). The structure of the acetylated 
products was further confirmed by 1HNMR and IR spec-
tral studies.

IR spectra shows stretching band at 1735 cm−1 (MCAC); 
1740 cm−1 (MCPR), 1736 cm−1 (MCBT), and 1734 cm−1 
(MCHX) related to acylated side chain. In the case of 1H 
NMR spectra appearance of new peaks at around δ 4.15 (m, 
–CH2–O–CO–CH2–), 4.88 (m, –CH–O–CO–CH2–), 5.42 (m, 
–CH=CH–)-MCAC; 4.15 (m, –C–CH2–O–CO–CH2–), 4.9 (m, 
–CH–O–CO–CH2–), MCPR; 4.86 (m, –CH–O–CO–CH2–), 5.42 
(m, –CH2– C–(O–C=O)–CH2–)-MCBT; 4.14 (m, –C–CH2–O–CO–CH2–), 
4.86 (m, –CH–O–CO–CH2–), 5.44 (m, –CH=CH–)-MCHX indi-
cated the ester formation. In 13C NMR spectra the peaks at 
around δ 76.6 ppm-MCAC; δ 77.6 ppm-MCPR; δ 76.3 ppm-
MCBT; δ 76.3 ppm-MCHX related to –CH2–CH–O–C(O)–R, 
around 173.9 ppm-MCAC; 174.2 ppm-MCPR; 173.6 ppm-
MCBT; 173.1 ppm-MCHX related to acylated carbon, indi-
cated the acylation of hydroxylated castor metathesized 
products.

3.1  Lubricant and tribological properties

The castor oil and their metathesized acylated products 
were evaluated for lubricant properties (Table  1). The 
densities of the acetylated products were quite high and 
were found to increase with increase in the branching 
chain length, i.e. acetylated to hexanoylated. Similarly 
the viscosities of these compounds also increased from 
acylated to hexanoylated derivatives, 45.5 cSt to 60.1 cSt. 
The increase in viscosities with chain lengths was also 
observed in several acylated derivatives of earlier stud-
ies [32–34]. The viscosity indices, which are indicative of 
change in viscosity with change in temperature were also 
high, a highly desirable property for lubricants. In general 
vegetable oils have viscosity indices around 200, while 
petroleum based oils have VI ≤ 100. Hence, these highly 
branched metathesized castor acylated products can be 
used without any viscosity improvers unlike mineral oil 
based [35]. These products have viscosity indices in the 
range 170–190, useful for a number of hydraulic and metal 
working fluid applications [36].

Another important property by this modification is low 
cold flow properties as measured by their pour points. 
The pour points of these products were very low and 
decreased further from − 30 to − 40 °C. Low pour points 
are very much desirous for almost all the applications, 
ranging from hydraulic fluids to aviation and turbine 
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lubricants [36]. These low temperatures can be attributed 
to the highly branching structures, disrupting the micro 
crystaline structures [22]. In general base stocks derived 
from vegetable oils cannot remain liquid in cold storage 
for more than 1 day; therefore addition of PPD becomes 
essential. However, in the present study use of PPD can 
be avoided during formulations. The values were found to 

be quite low compared to any other high viscosity polyol 
derivatives [7, 18, 32].

Flash point indicates the lubricant volatility, fire resist-
ance and transportation and storage temperature require-
ments. In general flash point of the lubricants should be 
high for safe operation especially at high temperatures. 
The castor metathesized acylated products have very high 

Scheme 1  Synthesis of metathesized castor acylated derivatives
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flash points 165–191 °C much suitable for hydraulic, metal 
working, forging and aviation applications [15].

The metathesized castor acylated products when evalu-
ated for wear-scar diameter exhibited extraordinary values 
(WSD, MCAC, 0.52 mm; MCPR, 0.57 mm; MCBT, 0.67 mm; 
MCHX, 0.69  mm), much reduced values compared to 
other polyol and castor acylated products [18, 19, 36–38]. 
This may be attributed to the fact that high molecular 
weight metathesized castor acylated products form a 
thick film over the steel surface thereby increasing lubric-
ity and the reduction in wearing. This property increased 
with increase in chain length of the acylated moiety. The 

extreme pressure (EP) performance of these products was 
also found to be excellent ranging from 165 to 184 kg and 
was found to increase with increase in the chain length 
branching. This can be explained that the increase in chain 
length of the metathesized castor acylated products, 
generates a thick protective film thereby preventing the 
development of friction [33]. Hence, metathesized castor 
acylated products developed employing self-metathesis, 
followed by acylation resulted in products with excellent 
tribological properties, whereby, the lubricant can be used 
without any EP additives (Table 1).

Table 1  Physico-chemical and Lubricant Properties of MCAC, MCPR, MCBT, MCHX

MCAC-Acetylated Metathesized Castor Oil, MCPR–Propanoylated Metathesized Castor Oil, MCBT-Butanoylated Metathesized Castor Oil, 
MCHX–Hexanoylated Metathesized Castor Oil; The analysis were carried out in triplicates and the reported values are an average of the trip-
licate results

Test Method Castor oil MCAC MCPR MCBT MCHX

Total acid number AOCS Te 2a-64 0.869 0.200 0.051 0.014 0.031
Hydroxyl value AOCS Cd 13-60 167 1.1 1.3 1.9 1.8
Density at 15 °C (g/cm3) ASTM D 4052 0.9621 0.9540 0.9510 0.9458 0.0975
Specific gravity at 15 °C ASTM D 4052 0.9587 0.9549 0.9569 0.9467 0.9541
Kinematic viscosity (cSt)
 40 °C ASTM D 445 231.22 45.5 51.5 55.0 60.1
 100 °C 7.81 9.78 9.80 9.85

Viscosity index (VI) ASTM D 2270 170 182 185 190
Pour point (°C) ASTM D 97 2.7 − 30 − 32 − 36 − 40
Flash point (°C) ASTM D 93 228 165 172 179 191
TGA onset temperature (°C) – – 349 358 370 373
Copper corrosion ASTM D 130 1a (slightly tarnish) 1a 1a 1a 1a
Oxidative stability (min) (RPVOT) ASTM D 2272 12 20 20 18 14
Oxidative stability with BHT (0.5%) – 30 30 25 20
Weld load (Kg) IP 239 120 165 170 180 184
Wear (mm) ASTM D 4172 1.0894 0.5210 0.5788 0.6701 0.6908

Fig. 1  Oxidation stability of the 
base stocks with and without 
BHT
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Though there are reports on chemical modification of 
vegetable oils in particular castor oil [39–42], the present 
study focuses on the development of an ideal biolubricant 
base stock with high viscosity index, low pour points and 
superior anti-wear properties which can be achieved via 
the metathesis route.

Vegetable oils have the drawbacks of poor oxidation 
stability, hence have to be modified or should be used 
along with antioxidant additives. In the present study, the 
said chemical modification of castor oil resulted in prod-
ucts with good oxidative stabilities 14–20 min compared 
to other modified castor oil products [43] (Fig. 1). It was 
observed that on further addition of BHT, about 0.5% (wt% 
of base stock) their stabilities further increased, from 20 
to 30 min. These excellent antioxidant properties make 
the products desirable for use in hydraulic, metal work-
ing and aviation lubricant formulations. The products also 
exhibited extraordinary thermal stabilities ranging from 
349 to 373 °C (Fig. 1). It was also observed that the overall 
properties of castor oil (Table 1) were inferior compared to 
the metathesized alkanoylated esters for its application as 
a lubricant. The said esters with the above properties can 
be used in high temperature applications such as forging, 
aviation, hydraulic and metal working fluid applications 
[44].

4  Conclusions

The present study involved development of acylated 
derivatives of castor oil metathesized products with an 
intention to develop lubricant base stocks with high vis-
cosity indices, low pour points and superior anti-wear 
properties. None of the modifications reported in litera-
ture has shown the development of base stocks with ideal 
lubricant properties, which could be achieved adopting 
metathesis route. Castor oil was self-metathesized fol-
lowed by epoxidation, in situ hydroxylation and acyla-
tion to obtain metathesized acylated products in 85–90% 
yields. The products at all three steps were thoroughly 
characterized using chromatographic and spectral studies. 
These when evaluated exhibited high viscosities 45.5 cSt 
to 60.0 cSt, sufficiently good in protecting the surface 
from friction, low pour points (–30 to –40 °C) and low 
wear (0.52–0.69 mm) values due to high molecular weight 
and branching. The base stocks also exhibited very high 
flash points 165–191 °C and good load carrying capaci-
ties (165–184 kg) indicating their potential into hydraulic, 
metal working, forging, aviation and high temperature 
applications. These base stocks can be used with the use 
of minimum additives for the above applications.
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