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ABSTRACT OF THE APPLICATION

A process for producing a lubricant from an epoxy-triglyceride comprising
treating the epoxy-triglyceride with an esterifying agent in the presence of a

heterogeneous catalyst under conditions to produce the lubricant is disclosed.
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TITLE: PROCESS FOR PRODUCING A LUBRICANT FROM AN EPOXY-
TRIGLYCERIDE

FIELD OF THE APPLICATION

[0001] The present application is in the field of esterification of epoxy-

triglycerides, in particular for the production of lubricants.
BACKGROUND OF THE APPLICATION

[0002] Lubricants are extensively utilized in industry and in the automobile
sectors for lubricating machineries and materials. A wide range of lubricant base oils is
available in the market, which are derived from mineral oil, synthetic oil, refined oil, and
vegetable oil. Among them, lubricants derived from mineral oil are most commonly used
although they are non-biodegradable and toxic in nature [1]. Extensive use of petroleum
based lubricants is creating several environmental issues, such as surface water and
ground water contamination, air pollution, soil contamination, and agricultural product
and food contamination [2]. Public awareness has resulted in strict government
regulations for petroleum based lubricants and hence, new technologies have been aimed
at developing lubricant base oils from renewable sources. Synthetic lubricants, solid
lubricants and vegetable oil based lubricants are the alternatives to petroleum based

lubricants, and they are currently being explored by the scientists and tribologists [3].

[0003] Vegetable oil based lubricants are a highly attractive substitute to petroleum based
lubricants because these can be environmentally friendly, renewable, non-toxic and
completely biodegradable. Vegetable oil based lubricants are preferred not only because
of renewability, but also because of their excellent lubricating properties such as high
viscosity index (i.e., minimum changes in viscosity with temperature), high flash-point,
low volatility, good contact lubricity, and good solvent properties for fluid additives [4].
However, vegetable oil based lubricants have some drawbacks such as poor low
temperature properties (opacity, precipitation, poor flow ability and/or solidification at
relatively moderate temperature), and poor oxidative and thermal stability (due to the

presence of unsaturation) [5]. However, the low temperature properties of vegetable oil



CA 02853848 2014-06-09

B&P File No. 13764-P46390CA00

based lubricants can be attenuated with the use of additives [4,6]. The oxidative stability
of vegetable oil based lubricants can be improved by selective hydrogenation of
polyunsaturated C=C bonds of triglycerides [7], or conversion of C=C double bonds of
triglycerides to oxirane rings via epoxidation [8-9]. A wide range of reactions can be
carried out under moderate reaction conditions by modification of C=C double bonds of
triglycerides to oxirane rings [10] and hence, this has received more attention as

compared to hydrogenation of C=C double bonds.

[0004] Obtaining lubricants from vegetable oils involves three steps: (i) epoxidation of
triglycerides to produce epoxy-triglycerides, (ii) ring opening of epoxy-triglycerides, and
(i11) esterification. Epoxidized triglycerides are produced industrially by an in situ
epoxidation process, in which acetic or formic acid reacts with hydrogen peroxide in the
presence of a mineral acid such as sulfuric or phosphoric acid [11]. However, use of a
strong mineral acid leads to many side reactions, such as oxirane ring opening to diol,
hydroxyesters, dimer formation, and also hydrolysis of oil. Enzymes, resins and
heterogeneous catalysts are being used for the epoxidation of oil to overcome the

problems connected with the use of mineral acids [12-14].

[0005] Goud et al. (2006) reported epoxidation of Mahua oil (Madhumica indica) by
using mineral acid (nitric acid and sulfuric acid) as catalyst, hydrogen peroxide as oxygen
donor and acetic acid as an active oxygen carrier [15]. Dinda et al. (2008) studied the
kinetics of epoxidation of cotton seed oil by peroxyacetic acid generated in situ from
hydrogen peroxide and glacial acetic acid in the presence of a mineral acid [16]. Lu et al.
(2010) reported the epoxidation of soyabean methyl ester by using Candida Antarctica
lipase immobilized on polyacrylic resin in the presence of hydrogen peroxide and free
fatty acid [17]. Olellana-Coca et al. (2007) synthesized alkylstearates by using
immobilized lipase (Candida Antarctica lipase) followed by epoxidation of oleic acid
[13]. Most enzymes were deactivated during epoxidation due to the presence of hydrogen
peroxide. Tornvall et al. (2007) studied the stability of Candida Antarctica lipase B
during the chemo-enzymatic epoxidation of fatty acids, and reported that temperature

control and careful dosage of hydrogen peroxide is essential for chemo-enzymatic
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processes [18]. Meshram et al. (2011) used the acidic cation exchange resin Amberlite
IR-122 for epoxidation of wild safflower oil by using hydrogen peroxide and acetic acid
[19]. Mungroo et al. (2008) used Amberlite IR-120H resin for epoxidation of canola oil
using hydrogen peroxide and acetic acid/formic acid, and concluded that acetic acid is a
better oxygen carrier as compared to formic acid [20]. Sinadinovic-Fiser et al. (2001)
studied the kinetics of epoxidation of soyabean oil in the presence of an ion exchange
resin, and kinetic parameters were estimated by fitting experimental data using Marquardt

method [8].

[0006] Limited literature is available on ring opening of epoxy-triglycerides of vegetable
oils (also referred to herein as vegetable epoxy-triglycerides) to produce an esterified
product. Hwang and Erhan (2001) studied a sulfuric acid catalyzed epoxy ring-opening
reaction of epoxidized soybean oil with various linear and branched alcohols followed by
esterifying the resulting hydroxyl group with an acid anhydride [6]. Adhvaryu et al.
(2005) prepared dihydroxylated soyabean oil by using perchloric acid, and further
esterified with acetic, butyric, hexanoic anhydride in the presence of an equimolar
quantity of pyridine [1]. Salimon et al. (2010) reported three step processes: epoxidation
of ricinoleic acid by using hydrogen peroxide and formic acid, followed by ring opening
with various fatty acids by using p-toluenesulfonic acid, and finally esterification with 1-

octanol using sulfuric acid [21].
SUMMARY OF THE APPLICATION

[0007] The present application discloses a process for esterification of epoxy-

triglycerides using a heterogencous catalyst to produce a lubricant.

[0008] The use of a heterogencous catalyst means that the process of the present
application may be considered generally green and sustainable, since the heterogeneous
catalyst allows for ease of separation, catalyst reuse and environmental safety [22]. The

heterogeneous catalyst is, in some examples, a sulfated Ti-SBA-15 catalyst.
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[0009] In general, the process disclosed herein allows for lubricants to be obtained from
epoxy-triglycerides in a one-step process that includes (i) epoxy ring opening, and (ii)

esterification.

[0010] Accordingly, the present application includes a process for producing a lubricant

from an epoxy-triglyceride, the process comprising:

a) treating the epoxy-triglyceride with an esterifying agent in the presence of a

heterogeneous catalyst under conditions to produce the lubricant.

[0011] In some embodiments, the esterifying agent comprises a C; to Cgalkyl anhydride.
In other embodiments, the esterifying agent includes acetic anhydride. In other
embodiments, the esterifying agent includes a carboxylic acid. In other embodiments, the
esterifying agent includes a carboxylic acid selected from the group consisting of acetic
acid, succinic acid, maleic acid, and glutaric acid. In another embodiment, the esterifying
agent, for example, acetic anhydride, is used in an amount that is approximately from 1.5

wt% to 4 wt% of the epoxy triglyceride.

[0012] In some embodiments, the heterogeneous catalyst comprises a silica catalyst. In

other embodiments, the silica catalyst is a mesoporous silica catalyst.

[0013] In some embodiments, the heterogeneous catalyst is a titanium substituted silica
catalyst. In other embodiments, the titanium-substituted silica catalyst has a Si/Ti ratio of

at most about 80. In some embodiments, the Si/Ti ratio is about 10.

[0014] In some embodiments, the heterogeneous catalyst comprises a sulfated titanium-
substituted silica catalyst. In other embodiments, the heterogeneous catalyst comprises
sulfated Ti-SBA-15. In further embodiments, the sulfated Ti-SBA-15 has a Si/Ti ratio of
about 10.

[0015] In some embodiments, the heterogeneous catalyst comprises at least one of
amorphous SiO,, SBA-15, Ti-SBA-15, sulfated Ti-SBA-15, Amberlyst-15, IRA-400, and
IRA-200.
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[0016] In some embodiments, about 5% to about 20% catalyst is used by weight with
respect to a weight of the epoxy-triglyceride. In embodiments, about 10% catalyst is

used by weight with respect to a weight of the epoxy-triglyceride.

[0017] In some embodiments, the process further comprises filtering a product of a) to

recover the heterogeneous catalyst.

[0018] In some embodiments, the process comprises agitating the epoxy-triglyceride,
esterifying agent, and heterogeneous catalyst at a speed of at least about 600 rpm, or of at

least about 1000 rpm.

[0019] In some embodiments, a) is carried out at a reaction temperature of about 100
degrees Celsius to about 140 degrees Celsius. In further embodiments, a) is carried out at

a reaction temperature of about 128 degrees Celsius to about 132 degrees Celsius.

[0020] The present application further includes a catalyst for use in producing a lubricant
from an epoxy triglyceride. In an embodiment, the catalyst comprises a sulfated

titanium-substituted silica.

[0021] In embodiments of the application the catalyst is mesoporous. In further
embodiments, the catalyst has an Si/Ti ratio of less than about 80, for example an Si/Ti

ratio of about 10.

[0022] Other features and advantages of the present application will become apparent
from the following detailed description. It should be understood, however, that the scope
of the claims should not be limited by the embodiments set forth in the examples, but

should be given the broadest interpretation consistent with the description as a whole.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The present application includes references to appended drawings in
which:
[0024] Figure 1 is a schematic diagram showing an embodiment of a reaction

scheme for the preparation of esterified canola oil from canola oil;
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[0025] Figure 2 is a schematic diagram showing a proposed reaction mechanism

for the esterification of epoxy canola oil in one embodiment of the application;

[0026] Figure 3 shows the FTIR (Fourier Transform Infrared Spectroscopy)
spectra of Ti-SBA-15(10) and sulfated Ti-SBA-15(10);

[0027] Figure 4 shows the XRD (X-Ray Diffraction) patterns of SBA-15, Ti-
SBA-15(10) and sulfated Ti-SBA-15(10);

[0028] Figure 5 is shows the NH;-TPD profile of Ti-SBA-15(10) and sulfated Ti-
SBA-15(10);
10029} Figure 6 is a graph showing the effect of acetic anhydride concentration on

the conversion of epoxy canola oil to esterified canola oil in exemplary embodiments of

the application;

[0030] Figure 7 is a graph showing the effect of catalyst loading on the
conversion of epoxy canola oil to esterified canola oil in exemplary embodiments of the
application;

[0031] Figure 8 is a graph showing the effect of temperature on the conversion of

epoxy canola oil to esterified canola oil in exemplary embodiments of the application;

[0032] Figure 9 is a graph showing the relationship between catalyst loading and

initial reaction rate in exemplary embodiments of the application

[0033] Figure 10 is an Arrhenius plot (-In k vs. 1/T) for the conversion of epoxy
canola oil to esterified canola oil at different temperatures in exemplary embodiments of

the application;

[0034] Figure 11 shows the FTIR spectra of canola oil (A), epoxy canola oil (B),

and esterified canola oil (C);

[0035] Figure 12 shows the 'H NMR of canola oil (A), epoxy canola oil (B),

esterified canola oil (C) and D,0 exchanged esterified canola oil (D);
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[0036] Figure 13 shows the BCNMR spectra of canola oil (A), epoxy canola oil
(B) and esterified canola oil (C); and

[0037] Figure 14 shows the microscopic images of the wear scar generated on test
metal surface in the presence of pure diesel fuel and 1% esterified canola oil blended in

the diesel fuel in exemplary embodiments of the application.

DETAILED DESCRIPTION OF THE APPLICATION

I. Definitions
[0038] Unless otherwise indicated, the definitions and embodiments described in
this and other sections are intended to be applicable to all embodiments and aspects of the
application herein described for which they are suitable as would be understood by a

person skilled in the art.

[P AN 19

[0039] As used in this application, the singular forms “a”, “an” and “the” include
plural references unless the content clearly dictates otherwise. For example, an
embodiment including “an esterifying agent” should be understood to present certain

aspects with one esterifying agent, or two or more additional esterifying agents.

[0040] In embodiments comprising an “additional” or “second” component, such
as an additional or second “esterifying agent”, the second component as used herein is
chemically different from the other components or first component. A “third” component
is different from the other, first, and second components, and further enumerated or

“additional” components are similarly different.

[0041] The term “suitable” as used herein means that the selection of the
particular compound or conditions would depend on the specific synthetic manipulation
to be performed, and the identity of the molecule(s) to be transformed, but the selection
would be well within the skill of a person trained in the art. All process/method steps
described herein are to be conducted under conditions sufficient to produce the product
shown. A person skilled in the art would understand that all reaction conditions,
including, for example, reaction solvent, reaction time, reaction temperature, reaction

pressure, reactant ratio and whether or not the reaction should be performed under an

-7-
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anhydrous or inert atmosphere, can be varied to optimize the yield of the desired product

and it is within their skill to do so.

[0042] In understanding the scope of the present disclosure, the term “comprising”
and its derivatives, as used herein, are intended to be open ended terms that specify the
presence of the stated features, elements, components, groups, integers, and/or steps, but
do not exclude the presence of other unstated features, elements, components, groups,
integers and/or steps. The foregoing also applies to words having similar meanings such
as the terms, “including”, “having” and their derivatives. The term “consisting” and its
derivatives, as used herein, are intended to be closed terms that specify the presence of
the stated features, elements, components, groups, integers, and/or steps, but exclude the
presence of other unstated features, elements, components, groups, integers and/or steps.
The term “consisting essentially of”, as used herein, is intended to specify the presence of
the stated features, elements, components, groups, integers, and/or steps as well as those
that do not materially affect the basic and novel characteristic(s) of features, elements,
components, groups, integers, and/or steps. For example, when a catalyst “consists
essentially of” the stated elements, then only the stated elements are present for the
purpose of catalysis, however the catalyst may include other elements that do not
materially affect the basic function of the catalytic elements, and/or that do not function

as part of the catalytic process.

[0043] Terms of degree such as “substantially”, “about” and “approximately” as
used herein mean a reasonable amount of deviation of the modified term such that the
end result is not significantly changed. These terms of degree should be construed as
including a deviation of at least 5% of the modified term if this deviation would not

negate the meaning of the word it modifies.

[0044] The term “heterogeneous catalyst” as used herein refers to catalyst that is
in a different form from that of the reactants. In embodiments of the present application,

the heterogeneous catalyst is a solid, where the reactants are liquids or in a solution.
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[0045] The term “lubricant” as used herein refers to a substance that is used to
reduce friction between moving surfaces, for example to protect against wear or
corrosion. Such surfaces include, for example, surfaces of industrial machinery, or
surfaces of automobiles. In an embodiment, the term “lubricant” refers to a single
compound usable to reduce friction between moving surfaces, such as a base oil. In an
alternative embodiment, the term “lubricant” refers to a mixture of substances, such as a
mixture containing a base oil and various additives. Lubricants of the present application
include, for example, esterified vegetable oils. In use, the esterified vegetable oils are

used alone as a lubricant, or are combined with various additives to form a lubricant.

[0046] As used herein, the term “vegetable o0il” refers to a triglyceride obtained
from a vegetable. Accordingly, for example, the term “canola oil” refers to a triglyceride

obtained from canola.

[0047] The term “epoxy-triglyceride” as used herein refers to a triglyceride in
which at least one C=C double bond of at least one fatty acid chain has been converted to

an oxirane ring via epoxidation.

[0048] The term “esterified triglyceride” as used herein refers to a triglyceride in
which at least one C=C double bond of at least one fatty acid chain has been converted to
a single bond, and at least one carbon that was formerly part of the C=C double bond is

substituted with an ester.

[0049] The term “esterifying agent” as used herein refers to any chemical
compound that when combined with an epoxy-triglyceride under suitable conditions will

react with the epoxy-triglyceride to yield an esterified triglyceride.

[0050] The term “mesoporous” as used herein refers to a material containing

pores having a pore diameter of between approximately 2 nm and approximately 50 nm.

[0051] The term “silica” as used herein refers to a compound of the formula SiO;,

and is interchangeable with the term “silicon dioxide”. Accordingly, the term “silica
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catalyst” as used herein refers to a catalyst comprising, consisting of, or consisting

essentially of Si0O».

[0052] The term “titanium-substituted silica” as used herein refers to silica in
which at least some of the silicon has been substituted with titanium, yielding moieties of
the formula Si-O-Ti. Accordingly, the term “titanium-substituted silica catalyst” as used
herein refers to a catalyst comprising, consisting of, or consisting essentially of moieties

of the formula Si-O-Ti.

[0053] The term “sulfated” as used herein refers to a compound that includes a
moiety of the formula SO4*. Accordingly, the term “sulfated titanium-substituted silica
catalyst” as used herein refers to a catalyst comprising, consisting of, or consisting
essentially of moieties of the formula Si-O-Ti and moieties of the formula SO42', A
person skilled in the art would appreciate that the sulfate moiety is an anion and will
require two ionic or covalent bonds in the solid state to counter the negative charge.

Anionic species typically exist in aqueous solutions in dissociated form.

[0054] The term “SBA-15" as used herein refers to a silica catalyst having a pore
diameter of about 4.6 nanometers to about 30 nanometers, and having a hexagonal array

of pores.

I1. Processes of the Application

[0055] The present application includes a process for producing a lubricant from an epoxy-
triglyceride. The lubricant comprises, consists of, or consists essentially of an esterified
triglyceride. The lubricant is produced by treating the epoxy-triglyceride with an esterifying
agent in the presence of a heterogeneous catalyst, under conditions to produce the lubricant,
for example, as shown in Figures 1 and 2.  The processes disclosed herein produce
lubricants that are potentially renewable, biodegradable, and non-toxic, and also have

sufficient lubricity and oxidative properties.

[0056] The epoxy-triglyceride in some embodiments is obtained via epoxidation of

a vegetable oil. Suitable vegetable oils include, for example, canola oil, soybean oil,

-10 -
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mahua oil, cotton seed oil, safflower oil, coconut oil, corn oil, olive oil, palm oil, peanut
oil, sesame oil, sunflower oil, and mustard oil. In one specific embodiment, the epoxy-

triglyceride is obtained via epoxidation of canola oil.

[0057] The vegetable oil is epoxidized in any suitable manner, including the
methods described in the “Background of the Application” above. In one embodiment, the
vegetable oil is canola oil, and is epoxidized via treatment with acetic acid and hydrogen

peroxide in the presence of Amberlite IR-120 catalyst, for example, as shown in Figure 1.

[0058] As noted above, the lubricant is produced by treating the epoxy-triglyceride
with an esterifying agent in the presence of a heterogeneous catalyst. In some
embodiments, the esterifying agent is a C; to Ce alkyl anhydride, such as acetic anhydride,
for example, as shown in Figures 1 and 2. In other embodiments, the esterifying agent is
acetic acid. In yet other embodiments, the esterifying agent is maleic anhydride, succinic
anhydride, glutaric anhydride, maleic acid, succinic acid, glutaric acid, or cyclic
dicarboxylic acids or cyclic anhydrides. In yet further embodiments, the esterifying agent

includes a mixture of two or more different esterifying agents.

[0059] The heterogeneous catalyst is, for example, in the form of a powder or a
pellet.
[0060] In some embodiments, the heterogeneous catalyst is a silica catalyst. For

example, the silica catalyst is amorphous SiO,. In further embodiments, the silica catalyst
is a mesoporous silica catalyst. In one particular embodiment, the heterogeneous catalyst is

a mesoporous silica catalyst known as SBA-15.

[0061] In further embodiments, the heterogencous catalyst is a titanium substituted
silica catalyst. For example, the heterogeneous catalyst is a catalyst known as Ti-SBA-15.
In some embodiments, the titanium substituted silica catalyst has a Si/Ti ratio of at most

about 80. For example, the Si/Ti ratio is about 80, about 40, about 20, or about 10.

-11 -
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[0062] In further embodiments, the heterogeneous catalyst is a sulfated titanium
substituted silica catalyst. In one particular example, the sulfated titanium substituted

silica catalyst is sulfated Ti-SBA-15, having a Si/Ti ratio of about 10.

[0063] In other embodiments, the heterogeneous catalyst is any other suitable

heterogeneous catalyst, such as Amberlyst-15, IRA-400, or IRA-200.

[0064] The catalyst is prepared using various methods. In one particular example,
where the catalyst is a sulfated titanium substituted silica catalyst, the catalyst is prepared

by sulfating Ti-SBA-15 with cholorosulfonic acid.

[0065] As stated above, the epoxy-triglyceride is treated under conditions to
produce the lubricant. For example, the epoxy-triglyceride, esterifying agent, and
heterogeneous catalyst are combined and maintained at a reaction temperature for a

reaction time, with agitation, in order to produce the lubricant.

[0066] In some embodiments, the reaction temperature is about 100 degrees
Celsius to about 140 degrees Celsius. In some particular embodiments, the reaction

temperature is about 128 degrees Celsius and to about 132 degrees Celsius.
[0067] In some embodiments, the reaction time is approximately 5 hours.

[0068] In some embodiments, the epoxy-triglyceride, esterifying agent, and
heterogeneous catalyst are agitated at a speed of at least about 600 rpm. For example, the
epoxy-triglyceride, esterifying agent, and heterogeneous catalyst are agitated at speeds of
about 600 rpm, about 800 rpm, about 1000 rpm, or about 1200 rpm. In some specific

embodiments, the epoxy-triglyceride is agitated at a speed of at least about 1000 rpm.

[0069] The epoxy-triglyceride is treated with the esterifying agent at various
weight ratios. In some embodiments, the esterifying agent, for example, acetic anhydride,
is used in an amount that is approximately from 1.5 wt% to 4 wt% of the epoxy triglyceride,

for example, an amount that is approximately 1.5 wt% of the epoxy triglyceride.

[0070] The catalyst is present at various weight ratios. For example, about 5% to

about 20% catalyst is present by weight with respect to a weight of the epoxy-triglyceride.

12 -
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In one specific embodiment, about 10% catalyst is present by weight with respect to a

weight of the epoxy-triglyceride.

[0071] In some embodiments, after treating the epoxy-triglyceride with the
esterifying agent in the presence of the heterogeneous catalyst, the product of the reaction

is filtered to recover the heterogeneous catalyst.

[0072] The processes of the application are performed in a batch or continuous

format. Commercial processes are generally performed in a continuous format.

EXAMPLES

EXPERIMENTAL

Chemicals and Reagents

[0073] Canola oil was supplied by Loblaws Inc. (Montreal, Canada). The sources
of other chemicals are as follows: glacial acetic acid (100%) from EMD Chemicals Inc.
(Darmstadt, Germany), methylene chloride from Sigma-Aldrich (St. Louis, MO, USA),
chlorosulfonic acid from Sigma-Aldrich (St. Louis, MO, USA), GR grade hydrogen
peroxide (30 wt%) from EMD Chemicals Inc., Amberlite IR-120 from Sigma-Aldrich (St.
Louis, MO, USA), ethyl acetate from EMD Chemicals Inc, Wijs’ solution were procured
from VWR (San Diego, CA, USA), 33% HBr in acetic acid, poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol), titanium isopropoxide, tetraethyl

orthosilicate were obtained from EMD Chemicals Inc.
Catalyst Synthesis

[0074] Ti-SBA-15 with different Si/Ti ratios (10, 20, 40, 80) and sulfated Ti-
SBA-15(10) were prepared according to the method reported by Sharma et al. (2012) [23].
The molar gel composition of the solution was TEOS (0.988) : Ti(O'Pr)4 (0.024-0.05 )
P123 (0.016) : HCI (0.46) : HyO (127). Ti-SBA-15 with Si/Ti=10 was synthesized by
mixing pluronic P123 (9.28 g) in water (228.6 g). The solution was stirred for 2 h at 40
°C. Thereafter, 4.54 g of HCI (37 wt%) was added to the solution and stirred for another 2
h. Then, a mixture of tetraethylorthosilicate (20.83 g) and titanium isopropoxide (2.84 g)

was added drop wise, and then the solution was stirred for 24 h at 40 °C. Hydrothermal

-13 -
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treatment was done by keeping the solution at 100 °C for 24 h in Teflon bottle. The solid
material was recovered by filtration, washed with water, and kept at 100 °C for 12 h.
Finally, the material was calcined at 550 °C for 6 h. The samples were labeled as Ti-
SBA-15(10), where 10 denotes Si/Ti ratio in the material. The same procedure was
followed to prepare other materials having different Si/Ti ratios such as 20, 40 and 80 by
varying the molar composition of tetracthylorthosilicate and titanium isopropoxide.
Sulfation of Ti-SBA-15(10) was carried out using 0.5 M solution of chlorosulfonic acid
(in methylene dichloride). Further, the catalyst was calcined at 550 °C for 3 h and denoted
as sulfated Ti-SBA-15(10).

Epoxidation of Canola Oil

[0075] Epoxidation of canola oil was carried out in a three necked round bottom
flask (500 mL capacity), equipped with an overhead stirrer and placed in an oil bath at a
temperature of 65+2 °C. The side neck of the flask was connected to a reflux condenser,
and the thermometer was introduced through another side neck to record the temperature
of the reaction mixture. Epoxidized canola oil was prepared by a method reported in the
literature by Mungroo et al. (2008) [20]. A 22.6 g sample of canola oil was placed in the
round bottom flask, a calculated amount of acetic acid (acid to ethylenic unsaturation
molar ratio, 0.5:1), and Amberlite IR -120 catalyst (22 wt% of oil) were added, and the
mixture was stirred continuously for 30 min. Then, 17 g of 30% aqueous H,O; (hydrogen
peroxide to ethylenic unsaturation molar ratio 1.5:1) was added. The reaction mixture
was continuously stirred for 8 h. The complete conversion of canola oil was monitored by
iodine value and oxygen content. Thereafter, the reaction mixture was filtered and
extracted with ethyl acetate, washed with water to remove acetic acid, and then
concentrated in rotary evaporator to obtain viscous oil. Epoxidized canola oil was

confirmed by FT-IR, 'H NMR, and "°C NMR.
Ring Opening and Esterification of Epoxidized Canola Oil

[0076] Ring opening and esterification reactions were carried out simultaneously

in a three necked round bottom flask (100 mL capacity), equipped with a magnetic stirrer
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and placed in an oil bath. The center neck of the flask was connected to a reflux
condenser, and a thermometer was introduced through one of the side necks of flask to
record the temperature of the reaction mixture, and the oil bath was maintained at the
desired temperature of 130+2 °C. Typically, 3.0 g of epoxidized canola oil, 4.5 g of acetic
anhydride and 10 wt% of catalyst with respect to epoxy canola oil were placed in the
flask and the mixture was continuously stirred for 5 h at 130 °C. A zero time sample was
withdrawn before the addition of catalyst and the course of the reaction was monitored by
withdrawing the samples at regular intervals. The samples were filtered to remove the

catalyst and the solution was analyzed for oxirane content.
Method of Analysis

[0077] The iodine value was determined using Wijs solution according to the
method reported in AOCS Cd 1-25. The oxirane oxygen content of each sample was
determined by using the standard AOCS Cd 9-57 method. In this method, samples were
titrated with 0.1 N HBr solution (in acetic acid) using crystal violet as an indicator. All
experiments were repeated thrice and have + 3% of error. The product was confirmed by
FTIR, '"H NMR and "*C NMR. Oxirane oxygen content and percentage conversion was

calculated as follows:

mL of HBr solution required to titrate sample X N X 1.60

Oxirane oxygen content =
(1)

where, N is the normality of the HBr solution.

mass of sample (g)

Oxirane content at time{ty 1—-0xirane content at time (z,)

Conversion(%) = X 100

(2)

{Oxirane cantent artime ()

Tribological property of esterified product (bio-lubricant)
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[0078] The viscosity of the esterified canola oil was measured at 100 °C. The
measurements were carried out using a DV-II+ Pro Viscometer (Brookfield, USA),
equipped with a constant temperature bath. Kinematic viscosity was measured as the
method mentioned with ASTM standard D445 — 12. The viscosity measurement was
made in duplicate to eliminate error and the average of the two values was reported.
Cloud point and pour point temperature was determined in accordance with ASTM
standard methods, D2500 — 11 and D97 — 11 respectively, using a K46100 Cloud Point &
Pour Point Apparatus (Kochler Instrument Company, Inc., USA). Oxidative stability was
determined in accordance with AOCS Cd 12b - 92 standard method, using Metrohm 743
Rancimat® (Metrohm, Canada) equipment at a standard temperature of 110 °C under a
continuous flow of air at 15 L/h. The time at which a steady increase in the conductivity
value of the conductivity cell was recorded, was denoted as oxidative induction time
(OIT). Lubricity testing was carried out using High Frequency Reciprocating Rig (HFRR)
apparatus, according to ASTM D6079 — 04 method. A 0.2 mL volume of canola oil
derived lubricant was added to 1.8 mL of pure diesel fuel. The test sample was placed on
sample container which has a smooth metal surface. The ball was placed in contact with
the metal surface at 50 Hz for 75 minutes, and the wear scar diameter on the ball surface

was then measured using a microscope.
RESULTS AND DISCUSSION
Catalyst characterization

[0079] The sulfated Ti-SBA-15(10) catalyst was characterized by FT-IR, X-ray
diffraction analysis (XRD), N, adsorption—desorption isotherms (specific surface area,
mean pore diameter and pore volume), NH;s-temperature programmed desorption analysis
(NH3-TPD) and energy dispersive X-ray analysis (EDX elemental analysis), and reported
previously from laboratory by Sharma, et al. (2012) [23]. A few silent features are
reported herein. FT-IR spectra of Ti-SBA-15(10) and sulfated Ti-SBA-15(10) show the
band at 966 cm™ is due to Si-O-Ti vibration (Fig. 3). Ti-SBA-15(10) catalyst absorbs the

water molecules after treatment with chlorosulfonic acid, and hence the band at 1716
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cm™ is due to vibration of adsorbed water molecule present in sulfated Ti-SBA-15(10)
catalyst [24-25]. The band at 1388 cm™ in sulfated Ti-SBA-15(10) catalyst is attributed to
sulfate group vibration. The band at 800, 1069 and 1228 cm™ show Si-O bonding present
in Ti-SBA-15(10) and sulfated Ti-SBA-15(10) catalysts which agrees with the literature
[26-27]. Table 1 represents the BET surface area, pore volume, pore diameter and EDX
elemental analysis of Ti-SBA-15 with Si/Ti ratio from 10 -80, and sulfated Ti-SBA-
15(10). The data has an error of +2% which confirmed from duplicate analysis. It is
observed that chlorosulfonic acid treatment on Ti-SBA-15(10) decreased the specific
surface area from 993 to 594 m*/g. It can be due to the formation of sulfate linkage in
sulfated Ti-SBA-15(10) catalyst which is also confirmed by FT-IR spectra by the band at
1388 cm™' due to sulfate group vibration. The specific surface area, mean pore volume
and pore diameter of sulfated Ti-SBA-15(10) catalyst were found to be 594 m*/g, 0.99
cm/g and 6.6 nm, respectively. The EDX data of sulfated Ti-SBA-15(10) catalyst
demonstrate that 2.1 wt% of sulfur is present in the catalyst. The XRD patterns of SBA-
15, Ti-SBA-15(10) and sulfated Ti-SBA-15(10) are represented in Fig. 4. The sharp
peaks at around 26=0.80 and weak peaks at 26=1.6 and 2.07 are present in all three
catalysts which indicate high structure periodicity due to better condensation between
silanol and titanium centers [28]. These peaks can be indexed to the 100, 110 and 200
reflections which are characteristic of long range 2D hexagonal order of p6mm symmetry
structure, which is in accordance with the literature report [29-30]. Therefore, it can be
concluded that sulfation of Ti-SBA-15(10) does not affect the hexagonal symmetry of Ti-
SBA-15(10). The wide angle XRD pattern i.e. from 206=0.5-90 (Figure is not shown) has
no diffraction peak beyond 26=3 in Ti-SBA-15(10) and sulfated Ti-SBA-15(10) which
represents the amorphous nature of the pore wall and absence of any extra-framework
TiO, phase in both the catalysts which is inconsistent with the literature report [28]. The
acidic strength of Ti-SBA-15(10) and sulfated Ti-SBA-15(10) were studied by using
NH;-TPD analysis (Fig. 5). Sulfated Ti-SBA-15(10) shows one broad peak at 220-390 °C

in the strong acid strength range. This high temperature desorption of ammonia is due to
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the presence of strong acidic sites in the catalyst which is generated by the presence of

sulfate linkage in the catalyst and confirmed by FT-IR and EDX data.
Screening of catalysts

[0080] Amorphous SiO,, SBA-15, Ti-SBA-15 with different Si/Ti ratios (10, 20,
40 and 80), sulfated Ti-SBA-15(10) and commercial catalysts such as Amberlyst-15,
IRA-200, IRA-400 are evaluated for ring opening of epoxy canola oil to obtain the
esterified triglyceride (Table 2). The reproducibility of all experimental data was
confirmed by performing the reaction in triplicate with an error of +3%. It was reported
that with the increase in titanium content in the silica framework increase the acidity of
the catalyst [23]. It is found that the percentage conversion increased with increase in
titanium content in the catalyst. The sulfated Ti-SBA-15(10) shows the maximum
conversion, which is due the presence of a strong acidic center in the catalyst. This strong
acidity was confirmed by the NH;-TPD profile. Therefore, from above characterization
results, it can be concluded that large surface area, mesoporosity and high acidity of
sulfated Ti-SBA-15(10) can be responsible for high catalytic activity for ring opening
reaction of epoxy canola oil to esterified canola oil as compared to other commercial
catalysts such as Amberlyst-15, IRA-200 and IRA-400. The complete conversion of
epoxy ring opening to esterified product is a characteristic of the ideal bio-lubricant [14],
as the unconverted epoxy linkage forms free hydroxyl groups in the lubricant during fuel
combustion inside an engine, and leads to self-polymerization which results into engine
coking. Nevertheless, this application is not limited to the complete conversion to the
esterified product. The sulfated Ti-SBA-15(10) resulted in complete conversion of epoxy

canola oil, and hence was used for further reaction optimization.

Effects of speed of agitation, external mass transfer resistance, and intra-particle

diffusion resistance

[0081] In any industrial process, the overall rate of the reaction is generally
limited by the rate of mass transfer of reactants between the bulk liquid phase and the

catalytic surface. Lubricants are long chain high molecular weight compounds; therefore,
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the effective conversion of an epoxy-triglyceride to an esterified triglyceride is much
influenced by mass transfer resistance. The liquid surrounding the catalyst particle forms
an inter-phase between catalyst surface and liquid phase which causes resistance which is
known as external mass transfer resistance. The flow of substrates into the pore to reach
the active site of the catalyst is known as internal mass transfer resistance [32]. The
sulfated Ti-SBA-15(10) catalyst generally has uniform mesopores and high surface area,
which is confirmed by surface area measurement and XRD analysis, hence can act as a
suitable catalyst for such bulky molecular transformation by decreasing both the external
and internal mass transfer resistance. The external mass transfer resistance was
investigated by carrying out the reaction at 600, 800, 1000 and 1200 rpm. The conversion
of epoxy canola oil was found to be 100% at 1000 rpm (Table 3), and beyond 1000 rpm
conversion remained constant, indicating that there was no external mass transfer
resistance on the overall rate of reaction. Theoretical calculations (shown below) also
confirmed the absence of external mass transfer resistance. Thus, the speed of agitation
was kept at 1000 rpm for further experiments for the assessment of the effect of other

variable parameters on the reaction.

[0082] The Wilke-Change equation and Sherwood number were used to calculate
internal mass transfer resistance. The internal mass transfer resistance was calculated
from the mass transfer coefficient for the reactants, which were obtained from their bulk
liquid phase diffusivities. The diffusivity of the limiting reactant (epoxy canola oil) was
calculated from the Wilke - Change equation given by Dgco=117.3x10°
ISX(I//XMAA)O'SXT/([JXVECOO'6), where y= 1 (the association factor for acetic anhydride);
M, is molecular weight of acetic anhydride; T, reaction temperature in K; 4 is the
viscosity of reaction mixture; and VEco is the molar volume of epoxy canola oil [31]. The
value of Dgco calculated to be 8.66 x 10 m%s. The value of mass transfer co-efficient
for epoxy canola oil kcgeo was calculated from Sherwood number Sh= kcgco x Dp/Deco
and the value was found to be 1.73 x 10 m/s. The Sherwood number was taken to be 2
by assuming the extreme case [31]. The mass transfer flux of epoxy canola oil is given by

Wecor= kceco X Cecosand the value obtained was 1.10 x 107mol/m?s. The initial reaction
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rate was calculated from standard reaction and found to be 3.26 x 10 mol/m’. It
confirms that the mass transfer rates were higher than the overall rates of reaction and
hence speed of agitation had no influence on reaction rate beyond 1000 rpm. It also
ensured that there was no internal mass transfer resistance during the reaction, and all

data collected can be used for intrinsic kinetic study.

[0083] The influence of intra-particle diffusion resistance was evaluated using
Weisz-Prater criterion [32]. The dimensionless parameter {Cyp = Fops X Rp2/DeEco (Cecosl}
represents the ratio of the intrinsic reaction rate to the intra-particle diffusion rate, can be
evaluated from the observed reaction rate, the particle radius (R,), effective diffusivity of
the epoxy canola oil (D.gco) and concentration of the reactant at the external surface
particle [Crcos]. The effective diffusivity of epoxy canola oil (D.gco) inside the pores of
the catalyst was calculated to be 9.18 x 10"'®m%/s from bulk diffusivity Dzco, porosity (6)
and tortuosity (7). The average values of porosity and tortuosity were taken as 0.4 and 3,
respectively. In the present case, the highest value of Cyp was calculated as 0.45, which
is less than 1. Hence, intra particle mass transfer resistance is absent for this reaction [32].
Hence, we can conclude that 1000 rpm is sufficient for complete conversion of the epoxy

product to esterified product, which is desired for an ideal bio-lubricant.
Effect of acetic anhydride

[0084] The ring opening of epoxy canola oil to produce esterified canola oil was
carried out by acetic anhydride. It was mentioned in the literature that esterification with
acetic anhydride leads to high quality lubricant [1,6]. Acetic anhydride produces di-
acetylated product while acetic acid resulted into the mono acetylated product. Hence,
acetic anhydride was selected in the present study. Martini et al. (2009) used different
cyclic dicarboxylic anhydride for ring opening reaction [33]. Lathi et al. (2006) used
acetic anhydride for esterification reaction, and reported that the prepared bio-lubricant
has better lubricating property [14]. In this study, the amount (wt) of acetic anhydride
was increased in the reaction from 1.5 to 4 wt% of the epoxy canola oil (Fig. 6). It was

found that with an increase in the amount of acetic anhydride, the conversion to esterified
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triglyceride decreased, which resulted in a lubricant with more epoxy linkages. This
decrease can be due to adsorption of acetic anhydride on the catalyst’s active sites, which
is an agreement with the literature reported by Dejaegere et al. (2011) [34]. It is reported
that the presence of two acyl groups on acetic anhydride increases the driving force for
adsorption of acetic anhydride on the catalyst. It was also observed that with acetic
anhydride at less than 1.5 wt % of epoxy canola oil, the reaction becomes viscous in
nature, and it was difficult to separate the catalyst from the reaction. Therefore, further
reaction optimization was carried out by using acetic anhydride at 1.5 wt% of the canola
oil to obtain lubricant, with complete conversion of epoxy-triglyceride to esterified

triglyceride.
Effect of catalyst loading and temperature

[0085] The effect of catalyst loading on the reaction was evaluated by varying the
catalyst loading in 5-20 wt% with respect to epoxy canola oil. It was observed that the
percentage conversion of epoxy canola oil was increased with catalyst loading (Fig. 7),
which was due to the proportional increase in the active site of the catalyst. Fig. 9 shows
that the initial rate of the reaction was increased linearly with increase in catalyst loading
in the reaction from 5-20 wt%. It was also determined that in the absence of catalyst, the
reaction did not proceed. The highest conversion of epoxy canola oil was observed with
catalyst loading of 10, 15 and 20 wt%. The reaction with catalyst loading of 15 and 20 wt%
was found to be faster as compared to that with 10 wt% of loading. However, in the case
of a kinetic study a slow reaction is more preferred over the fast reaction; thercfore
further studies were carried out with 10 wt% of catalyst loading to obtain the lubricant,

with complete conversion of epoxy-triglyceride to esterified triglyceride.

[0086] The reactions were carried out using sulfated Ti-SBA-15(10) catalyst with
a temperature range of 100-130 °C, using a catalyst loading of 10 wt% to investigate its
effects on conversion of the epoxy ring opening of canola oil to esterified canola oil.
During the experiments the samples were collected periodically, and oxirane content was

analyzed to calculate % conversion of epoxy canola oil. It was found that with an
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increase in the temperature, the conversion of epoxy canola oil was also increased (Fig.
8). The reaction mixture became viscous and dark in appearance at 140 °C, which can be
due to the polymerization reaction that initiated at the reflux temperature of acetic
anhydride. Park et al. (2004, 2005) also determined that epoxy oil is susceptible to
polymerization reaction at higher temperatures [35,36]. A 100% conversion of epoxy
canola oil to esterified canola oil was obtained at 130 °C; hence, this temperature was

chosen for further experiments.
Catalyst reusability study

[0087] Catalyst reusability can be an important criteria for green and sustainable
technology. Sulfated Ti-SBA-15(10) catalyst was reused in up to four runs (Table 4).
After each run, catalyst was filtered and refluxed with 100 mL of acetone to remove the
reactant and product adsorbed on the catalyst surface. Further, the catalyst was dried at
120+10 °C for 3 h. In a batch reaction, there was an inevitable loss of particles during
filtration and handling. Hence, the actual amount of catalyst used in the next batch was
almost 5% less than the previous batch. The loss of the catalyst was made up with fresh
catalyst. The marginal decrease in the conversion of epoxy canola oil to esterified canola
oil was observed after each run. Hence, it can be concluded that the catalyst has good

reusability.

Development of kinetic model and reaction mechanism for the ring opening of epoxy

canola oil to esterified canola oil

[0088] The plausible mechanistic pathway of ring opening of epoxy canola oil to
esterified canola oil can be predicted by the development of a kinetic model. For this
study, reactions were carried out at 100, 110, 120 and 130 °C and samples were analyzed
periodically to develop the kinetic model of the reaction (Fig. 8). Eley-Rideal and
Langmuir-Hinshelwood-Hougen-Watson (LHHW) type mechanisms were tested, and
LHHW type mechanism was found to hold good for ring opening of epoxy canola oil to
esterified canola oil. LHHW type mechanism proceeds via involvement of two sites

(similar in nature) and the reaction was controlled by 3 steps, viz., adsorption, surface
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reaction and desorption. It was assumed that epoxy canola oil (ECO) and acetic
anhydride (44) were weakly adsorbed on the catalyst active sites. Adsorption of ECO on

vacant site is given by,

K,
ECO+ 5 ECO.S

3)
Adsorption of AA on vacant site is given by
H’.‘
Ad+5=4A5
“4)
Surface reaction of ECO and A4 form esterified product (EP) on the site.
Kzp
ECO.5+ AA S = EP.5+5S
(5)
Desorption of esterified product is given by
K(
EP.S <5 RCO + S

(6)
Surface reaction is the rate controlling reaction, and then the rate of reaction of ECO is

given by

, — _8CEco _ g -t
~Teco = ~ 5 = KsrCecos Caas — Hsgleps - Cs

(7

Value of C, can be calculated from site balance,
C,=Cgep TCaq T Cop+ Cs
(8)
Where C,= Total active sites available.

p eq d N
_8Cgcg _ ksRCr (K. KaCpeo Cas—(XSRCECO fksgph}
dt (1+&, Cpco+K2Cha +C‘EP,v'"gEP)‘

)
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When the reaction is far away from equilibrium,

_ 8Ceco _ kewCrrg Cas
ar (1+K. Cpro+KzCaq +CEP,-"";{EP}=
(10)
Attime (1)=0, Cgp=0
_8Cpco __ _ RrwCpcg -Cas
dr {1+ K, Cprg+ Ko Cand®
(D

Where kw = ksg K, K>CF 5 w= catalyst wt (g cat/L of liquid phase). If the adsorption

constants are very small, then the above equation reduces to

dc
— B0 =}y

T

gco -Caa

(12)
A large excess of acetic anhydride was used in the reaction. Therefore, Cyy = Cyq0 can

be assumed in this reaction. Hence, the above equation can be written in term of

fractional conversion as,

fm:# = k"(:k — Xeco)

(13)
Where k'= kwCyqp
(14)

Integrating the above equation, the final expression leads to

—In(1 —Xgeo) =k't

(15)
[0089] Thus, a plot of —In(1-Xgco) against time (t) was made for at different
temperatures. It resulted in different reaction rate constants at different temperatures

(Table 5). From the kinetic model data, it was observed that the reaction rate constant
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increases with an increase in the temperature, indicating that the reaction is endothermic,
and the reaction is a pseudo first order with respect to epoxy canola oil. Arrhenius plot
was made by plotting -In k vs. 1/T (Fig. 10). The value of apparent activation energy of
epoxy ring opening of epoxy canola oil to esterified canola oil was found to be 19.0

kcal/mol. This value confirms that the reaction is kinetically controlled.

[0090] The exact reaction pathway for ring opening of epoxy canola oil to
esterified canola oil by heterogeneous catalyst is not fully understood. However, Laitinen
et al. (1998) reported the mechanism of acid catalyzed epoxide ring opening of
methyloxirane which is based on Ab initio quantum mechanical and density functional
theory calculation [37]. On the basis of above derived LHHW type kinetic model and
mechanism reported by Laitinen et al. (1998), the plausible LHHW type reaction
mechanism is depicted in Fig. 2. The first step is adsorption, wherein the epoxy canola oil
and acetic anhydride are adsorbed on the active sites of the catalyst. The second step is
surface reaction, wherein acetic anhydride undergoes a nucleophilic attack by oxygen
atom of epoxy ring which resulted in a mono acylated intermediate product and acetate
anion. Eventually, the mono acylated intermediate product undergoes a nucleophilic
attack by acetate anion to produce diacylated (esterified) product. In the third step,
diacylated product is desorbed from the catalyst, and active sites are again regenerated for

the next reaction.
Product isolation, confirmation and tribological properties

[0091] The epoxy canola oil underwent simultaneous ring opening and
esterification reactions in the presence of acetic anhydride by sulfated Ti-SBA-15(10)
catalyst to produce an esterified canola oil (Fig. 1, step-2). The progress of the reaction
was monitored by oxirane content value, and after complete conversion of epoxy canola
oil to esterified canola oil, 100 mL of ethyl acetate was added to the reaction mixture.
Thereafter, the catalyst was filtered from the reaction mixture through filter paper. Then,
100 mL of water was added to the filtrate and stirred for 15 min. Ethyl acetate layer was

separated through separating funnel and evaporated on rotary evaporator. Viscous yellow
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colored oil was obtained. The esterified canola oil was confirmed by FTIR, 1HNMR, and
PCNMR.

[0092] FT-IR spectra of canola oil (A), epoxy canola oil (B), and esterified canola
oil (C) are shown in Fig. 11. Canola oil (A) has a characteristic band at 3007 em ! and
738 cm™' which is attributed to the C—H stretching and C—H bending of C=C-H double
bond. The bands at 3007 cm™' and 738 cm™' disappeared after the epoxidation reaction,
indicating that almost all -C=C- bonds have been converted into the epoxide. The new
band appeared at 831cm™' which is attributed to the epoxy group of epoxy canola oil and
is in accordance with the literature reported by Vlcek and Petrovic (2006) [38]. The FT-
IR spectra of the esterified product (C) has no band at 831 em”! which is characteristic of
epoxy group. The intensity of band at 1750 cm’ increased, which confirmed the
formation of esterified triglyceride. Fig. 12 represents 'H NMR of canola oil (A), epoxy
canola oil (B), esterified canola oil (C) and D,O exchanged esterified product (D). 'H
NMR spectra of epoxy canola oil (B) show the chemical shift of 2.7-3.1 ppm region,
which represents both CH—proton attached to the oxygen atom of epoxy group and it is in
accordance with the literature report [20]. 'H NMR spectra of esterified canola oil (C)
shows the new chemical shift at 5.0 ppm. This represents CH- proton attached to
carbonyl group, while the chemical shift present in 2.7-3.1 ppm in epoxy canola oil (B) is
not present esterified canola oil (C) confirming the product formation. The D,O
exchanged '"H NMR spectra of esterified product (D) confirmed that there is no free
hydroxyl group is present in the molecule. The triglyceride backbone is important for
maintaining the biodegradability of the vegetable oil [14]. The methane proton of —CH;-
CH-CH;- glycerol’s backbone was also confirmed by the presence of chemical shift in
5.2-5.4 ppm. Fig. 13 represents the BCNMR spectra of canola oil (A), epoxy canola oil
(B) and esterified canola oil (C). The BCNMR spectra of canola oil (A) shows the signal
between 120-140 ppm, which is characteristics of olefinic (-C=C-) carbon atom. The
PCNMR spectra of epoxy canola oil (B) has no signal between 120-140 ppm, which
indicates the complete disappearance of the olefinic carbon (-C=C-) atom. Also, epoxy

canola oil (B) shows signals between 53-58 ppm, which is characteristic of the epoxy
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carbon atom. The *CNMR spectrum of esterified product (C) shows no signal between
53-58 ppm, while new signal at 170 ppm is observed; which is due to the presence of
carbonyl carbon atom in the molecule. The molecular weight of the esterified product
was found to be 1129 by mass spectrum data. Therefore, FT-IR, 'HNMR, ®CNMR, and

mass spectrum confirmed the formation of esterified canola oil in the reaction.

[0093] The efficiency of a lubricant to lubricate the contact surfaces of metal can
depend on the viscosity of the liquid. Esterified canola oil was found to be highly viscous.
The viscous nature of the product is the result of epoxidation and esterification, which not
only removed the unsaturation but also increased the aliphatic linkage in the oil (Fig. 1).
Tribological properties of esterified canola oil are presented in Table 6. The kinematic
viscosity of esterified canola oil was measured at 100°C and was 670 c¢St. Oxidative
stability is an important property of lubricant because automobile applications are
dependent on it. Oxidative stability of canola oil and esterified canola oil was measured,
bearing in mind that canola oil has high amount of monounsaturation and
polyunsaturation. As a result, the oxidative induction time (OTI) of canola oil and
esterified canola oil was found to be 0.6 h and 56.1 h, respectively. The high OIT of
esterified canola oil is due to the absence of unsaturation. Cloud point is the temperature
at which liquid becomes cloudy in appearance whereas pour point is the lowest
temperature at which it loses flow characteristics. Cloud point and pour point values of
esterified canola oil was found to be -3 and -9 °C, respectively. The lubricating property
of liquid is defined as the quality that prevents the wear when two moving parts come
into contact with each other [39]. ASTM D6079-04 method was used to evaluate
lubricating property of esterified canola oil by using the High-Frequency Reciprocating
Rig (HFFR) apparatus. Fig. 14 shows the microscopic images of the wear scar generated
on a test metal surface in the presence of pure diesel fuel and 1% esterified canola oil
blended in the diesel fuel. Esterified canola oil blended in the diesel fuel resulted in wear
scar of 130 pm, while pure diesel fuel resulted in wear scar of 600 pm. Therefore, it can
be concluded that esterified canola oil has good lubricating properties and has a future in

automobile industries.
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CONCLUSIONS

[0094] Sulfated Ti-SBA-15(10) was found to be the most active, selective, stable
and reusable catalyst as compared to other commercial catalysts such as, Amberlyst-15,
IRA-200 and IRA-400. A kinetic model for ring opening of epoxy canola oil to esterified
canola oil was developed and it follows the LHHW type mechanism. The oxidative
property of esterified canola oil was found to be outstanding due to the absence of
unsaturation in molecules. Esterified canola oil also demonstrated excellent lubricity
properties. Esterified canola oil is renewable, biodegradable and non-toxic, therefore it

can be considered as a replacement for synthetic lubricants.
NOMENCLATURE
ECO = Reactant species - Epoxy canola oil

AA =Reactant species- Acetic anhydride

EP=Product species- Esterified product

Drco= Diffusion coefficient ECO in A4 (m?/s)

M4 - Molecular weight of acetic anhydride

Vico = Molar volume of epoxy canola oil

kepco= Mass transfer co-efficient for epoxy canola oil

Wecor= Mass transfer flux

R,= Particle radius

D.zco= Effective diffusivity of epoxy canola oil

(6)= Porosity of the catalyst

K;=Equilibrium constant for adsorption of ECO on catalyst surface (L/mol)
K =Equilibrium constant for adsorption of AA on catalyst surface (L/mol)
Ksg=Equilibrium constant for surface reaction (L/mol)

K gp= Equilibrium constant for desorption of EP on catalyst surface (mol/L)
r seco—= Observed rate of reaction (mol/g cat. h)

C= Total active sites

t =Time (h)

w = Catalyst loading (g.cat/L of liquid phase)

p= Density of catalyst particle (g/em?)

7 =Tortuosity

u=Viscosity of reaction mixture (kg/m.s)
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Table 1. Textural characterization of Ti-SBA-15 and sulfated Ti-SBA-15 with different
Si/Ti ratios (10 to 80).

EDX elemental analysis

Sr. * SpeT dp Ve °

No Catalyst (m2 /g) (nm) (cm3 %) = Ti(wt A)z) =

1 Amorphous SiO; 1011 2.3 0.59 - - - -

2 SBA-15 864 6.4 1.03 - - - -

3 Ti-SBA-15 (10) 993 5.5 1.36 41.3 7.1 51.6 -
4 Ti-SBA-15 (20) 989 54 1.36 439 3.7 524 -

5 Ti-SBA-15 (40) 1030 5.3 1.38 45.3 1.9 52.8 -
6 Ti-SBA-15 (80) 1066 5.5 1.49 46.1 1.0 529 -

7 Sulfated Ti-SBA-15 (10) 594 6.6 0.99 393 6.3 52.3 2.1

h).

Sger: specific surface area calculated by the BET method, Vp: pore volume determined
by nitrogen adsorption at a relative pressure of 0.98, dp: mesopore diameter
corresponding to the maximum of the pore size distribution obtained from the adsorption
isotherm by the BJH method. * The number in parenthesis denotes Si/Ti ratio in the
sample.

Table 2. Effect of various catalysts on % conversion of epoxy canola oil to esterified
product
Reaction conditions: Epoxidized canola oil (3.0 g), acetic anhydride (4.5 g), catalyst (10
wt% w.r.t. epoxy canola oil), agitation speed (1000 rpm), temperature (120 °C), time (8

Sr. No. Catalysts

Conversion (%)

1 Amorphous SiO;

2 SBA-15

3 Ti-SBA-15 (80)

4 Ti-SBA-15 (40)

5 Ti-SBA-15 (20)

6 Ti-SBA-15 (10)

7 Sulfated Ti-SBA-15 (10)
8 Amberlyst-15

9 IRA-400

10 IRA-200

5

7
11
19
26
32
100
55
24
19

-29.
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Table 3. Effect of speed of agitation on % conversion of epoxy canola oil to esterified
product using sulfated Ti-SBA-15(10) catalyst

Speed of agitation (rpm) Conversion (%)
600 85
800 92
1000 100
1200 100

Reaction conditions: Epoxidized canola oil (3.0 g), acetic anhydride (4.5 g), catalyst (10
wt% w.r.t. epoxy canola oil), temperature (130 °C), time (5 h).

Table 4. Reusability study of sulfated Ti-SBA-15(10) catalyst on % conversion of epoxy
canola oil to esterified product

Catalyst run Conversion (%)
1 99
ond 96
30 92
4h 87

Reaction conditions: Epoxidized canola oil (3.0 g), acetic anhydride (4.5 g), catalyst (10
wt% w.r.t. epoxy canola oil), agitation speed (100 rpm), temperature (130 °C), time (5 h).

Table 5. Rate constant (k) for ring opening of epoxy canola oil to esterified product
using sulfated Ti-SBA-15(10) at different temperatures

Sr. No. Temperature (°C) T (Kelvin) rate constant k, 1/T (Kelvin") In k

(min™)
1 100 373 0.0612 0.002681 -2.793
2 110 383 0.1329 0.002611 -2.018
3 120 393 0.2595 0.002545 -1.348
4 130 403 0.4041 0.002481 -0.906

-30 -
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Table 6. Tribological properties of esterified product (bio-lubricant)

Sr.no. Tribological property bio-lubricant
1 Viscosity at 100°C (cSt) 670
2 Cloud point (°C) -3
3 Pour point (°C) -9
4 Oxidative induction time (h) 56.1
5 Wear scar diameter (um) 130

-3 -
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We Claim:

1. A process for producing a lubricant from an epoxy-triglyceride, the process comprising:
a) treating the epoxy-triglyceride with an esterifying agent in the presence of a
heterogeneous catalyst under conditions to produce the lubricant;

whercin the hetcrogencous catalyst compriscs a titanium substituted silica catalyst.

2. The process of claim 1, wherein the esterifying agent comprises a Ci1 to Ce alkyl
anhydride.

3. The process of claim 1, wherein the esterifying agent comprises a carboxylic acid.

4. The process of claim 1, wherein the esterifying agent comprises a carboxylic acid

selected from the group consisting of acetic acid, succinic acid, maleic acid, and glutaric acid.
5. The process of claim 2, wherein the esterifying agent comprises acetic anhydride.

6. The process of claim 5, wherein the acetic anhydride is used at about 1.5 wt % to about 4

wt% of the epoxy triglyceride.

7. The process of any one of claims 1 to 6, wherein the titanium-substituted silica catalyst

has an Si/Ti ratio of at most 80.

8. The process of any one of claims 1 to 6, wherein the titanium-substituted silica catalyst

has an Si/Ti ratio of about 10.

9. The process of any one of claims 1 to 6, wherein the heterogeneous catalyst comprises a

sulfated titanium-substituted silica catalyst.

10.  The process of any one of claims 1 to 6, wherein the heterogencous catalyst comprises
sulfated Ti-SBA-15.

11.  The process of claim 10, wherein the sulfated Ti-SBA-15 has a Si/Ti ratio of about 10.
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12.  The process of any one of claims 1 to 6, wherein the heterogeneous catalyst comprises at
least one of amorphous Si02, SBA-15, Ti-SBA-15, sulfated Ti-SBA-15, Amberlyst-15, IRA-400,
and IRA-200.

13.  The process of any one of claims 1 to 12, wherein about 5% to about 20% catalyst is

present by weight with respect to a weight of the epoxy-triglyceride.

14.  The process of claim 13, wherein about 10% catalyst is present by weight with respect to

a weight of the epoxy-triglyceride.

15.  The process of any one of claims 1 to 14, further comprising filtering a product of a) to

recover the heterogeneous catalyst.

16.  The process of any one of claims 1 to 15, further comprising agitating the epoxy-

triglyceride, esterifying agent, and heterogeneous catalyst at a speed of at least 600 rpm.

17.  The process of claim 16, further comprising agitating the epoxy-triglyceride, esterifying

agent, and heterogencous catalyst at a speed of at least 1000 rpm.

18. The process of any one of claims 1 to 17, further comprising carrying out a) at a reaction

temperature of about 100 degrees Celsius to about 140 degrees Celsius.

19.  The process of claim 18, further comprising carrying out a) at a reaction temperature of

about 128 degrees Celsius to about 132 degrees Celsius.

20. A catalyst for use in producing a lubricant from an epoxy triglyceride, the catalyst

comprising a sulfated titanium-substituted silica.
21.  The catalyst of claim 20, wherein the catalyst is mesoporous.

22.  The catalyst of claim 20 or 21, wherein the sulfated titanium-substituted mesoporous

silica has an Si/Ti ratio of less than 80.

23.  The catalyst of claim 22, wherein the sulfated titanium-substituted mesoporous silica has

an Si/T1 ratio of about 10.
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Figure 3
(A} Ti-SBA-15{10)
(B} sulfated Ti-SBA-15{10)
A
3484 cm? B
1388 cm
3484 em't 1716 cm y 966 cm™
1068 cm™
3878 3378 2875 2378 1875 1375 875 375

%

Wave number (cm)




Intensity (a. u.)

CA 02853848 2014-06-09

B&P Ref. No. 13764-P46390CA00

Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10

-LN K
[any
i

y =9539.7x - 22.84
R? = 0.9909

0.00245  0.0025  0.00255  0.0026  0.00265  0.0027
1T (K?)

10



CA 02853848 2014-06-09

B&P Ref. No. 13764-P46390CA00

Figure 11
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Figure 12
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Figure 13
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Figure 14
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