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EPOXIDIZED FATTY ACID ALKYL ESTER PLASTICIZERS AND METHODS FOR
MAKING EPOXIDIZED FATTY ACID ALKYL ESTER PLASTICIZERS

FIELD

[0001] Various embodiments of the present invention relate to epoxidized fatty acid alkyl

ester plasticizers and plasticized polymeric compositions.
INTRODUCTION

[0002] Plasticizers are compounds or mixtures of compounds that, when added to a
polymer resin. can lower the modulus and tensile strength, and increase flexibility, elongation,
impact strength, and tear strength of the resin (typically a thermoplastic polymer) to which
they are added. A plasticizer may also lower the glass transition temperature of the polymer

resin, which enhances processability of the polymer resin.

[0003] Phthalic acid diesters (also known as "phthalates") are commonly used as
plasticizers in many flexible polymer products, such as polymer products formed from
polyvinyl chloride ("PVC") and other vinyl polymers. Examples of phthalate plasticizers
include diisononyl phthalate, diallyl phthalate, di-2-ethylhexyl-phthalate, dioctyl phthalate,
and diisodecyl phthalate.

[0004] Phthalate plasticizers have recently come under intense scrutiny by public interest
groups concerned about the negative environmental impact of phthalates and potential adverse
health effects in humans exposed to phthalates. Accordingly, suitable replacements for

phthalate plasticizers are desired.
SUMMARY

[0005] One embodiment is a process for making a plasticizer, said process comprising:
epoxidizing a fatty acid alkyl ester, thereby producing an epoxidized fatty acid alkyl ester,

wherein said fatty acid alkyl ester comprises at least one of mono-unsaturated fatty acid alkyl
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ester molecules and di-unsaturated fatty acid alkyl ester molecules in a combined amount of at

least 85 weight percent, based on the total weight of said fatty acid alkyl ester.

[0005a] There is further provided a process for making a plasticizer, said process
comprising: epoxidizing a fatty acid alkyl ester, thereby producing an epoxidized fatty acid
alkyl ester, wherein said fatty acid alkyl ester comprises (1) mono-unsaturated fatty acid alkyl
ester molecules and (i) di-unsaturated fatty acid alkyl ester molecules in a combined amount
of at least 85 weight percent, based on the total weight of said fatty acid alkyl ester; and
wherein fatty acid alkyl ester molecules having a carbon chain length of 18 carbon atoms

constitute at least 99 percent of said fatty acid ester.

[0005a]  There is further provided a polymeric composition comprising a polymeric resin

and said epoxidized fatty acid alkyl ester produced by the process as described herein.

[0005a] There is further provided an article of manufacture comprising the polymeric

composition as described herein.
BRIEF DESCRIPTION OF THE DRAWINGS

[00006] FIG. 1 presents four infrared spectra of two samples and two comparative samples

of epoxidized fatty acid methyl esters prepared in Example 1.
DETAILED DESCRIPTION

[0007] Various embodiments of the present invention concern plasticizers comprising an
epoxidized fatty acid alkyl ester. The plasticizers may additionally include an epoxidized

natural
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oil. Such plasticizers can be incorporated with a polymeric resin to form plasticized polymeric
compositions, which can in turn be employed in various articles of manufacture.

Plasticizer

[0008] The present disclosure provides a plasticizer comprising an epoxidized fatty acid
alkyl ester. The epoxidized fatty acid alkyl ester is prepared by epoxidizing a fatty acid alkyl
ester. Generally, the fatty acid alkyl ester is composed of saturated fatty acid alkyl ester
molecules, mono-unsaturated fatty acid élkyl ester molecules, di-unsaturated fatty acid alky!
ester molecules, and polyunsaturated fatty acid alkyl ester molecules (i.e., fatty acid alkyl ester
molecules having three or more carbon-carbon double bonds). When referring to unsaturation of
the fatty acid alkyl ester molecules herein, it is intended to denote unsaturation located on the
fatty acid carbon chain of the fatty acid alkyl ester molecule, and excludes consideration of
possible unsaturation on the alkyl moiety of the fatty acid alkyl ester molecule.

[0009] In one or more embodiments, the fatty acid alky! ester starting material comprises at
least one of mono-unsaturated and di-unsaturated fatty acid alkyl ester molecules in a combined
amount of at least 85, at least 90, at least 95, or at least 99 weight percent (“wt%”) based on the .
entire fatty acid alkyl ester weight. In various embodiments, mono-unsaturated fatty acid alkyl
ester molecules can constitute in the range of from 10 to 60 wt%, 15 to 50 wt%, 20 to 40 wt%, or
25 to 30 wt% of the fatty acid alkyl ester based on the entire fatty acid alkyl ester weight.
Additionally, di-unsaturated fatty acid alky! ester molecules can constitute in the range of from
40 to 90 wt%, 45 to 85 wt%, from 50 to 75 wt%, or 55 to 65 wt% of the fatty acid alkyl ester
based on the entire fatty acid alkyl ester weight. '

[0010] In one or more embodiments, the fatty acid alkyl ester comprises polyunsaturated
fatty acid alky! ester molecules in an amount of less than 5, less than 4, less than 3, less than 2, or
less than 1 wt% based on the total fatty acid alkyl ester weight. In various embodiments, the
fatty acid alkyl ester can be free or substantially free of polyunsaturated fatty acid alkyl ester
molecules. As used herein, the phrase “substantially free” denotes a concentration of less than
10 parts per million by weight. _ ‘ v

[0011] In one or more embodiments, the fatty acid alkyl ester comprises saturated fatty acid
alkyl ester molecules in an amount of less than 14, less than 12, less than 10 or less than 8 wi%,
based on the entire weight of the fatty acid alkyl ester. In. various embodiments, the fatty acid

alkyl ester can be free or substantially free of saturated fatty acid alkyl ester molecules.
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[0012] In each of the foregoing embodiments, the fatty acid alkyl ester’s composition can be
ascertained by gas chromatography (“GC”). For example, GC analysis can be performed using
an AgilenvtFM 7890 A GC instrument with flame ionization detector. Approx 10 mg of a sample can
be diluted to 1 mL of the methanol and 0.1 pL can be injected on a J&W 123-1111, 15 m, 320
micron, 0.1 micron column. Flow rate can be 13.85 mL/min, maintained at 30 psi with hold time
of 10.3. Initial pressure can be 10 psi with a hold time of 1 minute, increased to 20 psi at a rate
of 20 psi/min with a hold time of 12.5 minutes. Injector temperature can be 350 °C with a split
ratio was 30:1. Initial temperature can be 60 °C with a hold time of 1 minute, increased to
390 °C with a hold time of 2 minutes. Detector temperature can be 400°C.

[0013]  The alky! group of the fatty acid alky! ester is not particularly limited. In various
embodiments, the alkyl group of the fatty acid alkyl ester is selected from the group consisting of
saturated or unsaturated, branched or straight-chain C; to C4 (i.e., having from 1 to 4 carbon
atoms) alkyl groups. As used herein the term “alkyl” denotes a univalent group formed by
removing a hydrogen atom from a hydrocarbon. In various embodiments, the alkyl group is
saturated and straight-chain. Non-limiting examples of suitable alkyl groups include methyl,
ethyl, 1-propyl, 2-propyl, 1-butyl, isobutyl, t-butyl, or combinations of two or more thereof. In
an embodiment, the alkyl group of the fatty acid alkyl ester is methyl. Accordingly, in various
embodiments, the fatty acid alkyl ester is a fatty acid methyl ester (“FAME”).

[0014] The length of the fatty acid carbon chain of the fatty acid alkyl ester is not particularly
limited. In various embodiments, the length of the fatty acid carbon chain can be from 10 to 24
carbon atoms, from 12 to 20 carbon atoms, or from 12 to 18 carbon atoms long. When referring
to the number of carbon atoms in the fatty acid chain, the carbonyl carbon of the fatty acid is
intended to be included. For instance, a fatty acid having 18 carbon atoms is stearic acid. In an
embodiment, the fatty acid alky! ester has a carbon chain length of 18 carbon atoms. In various
embodiments, fatty acid alkyl ester molecules having a carbon chain length of 18 carbon atoms
can constitute at least 50, at least 60, at least 70, at least 80, at least 90, at least 99, all or
substantially all of the fatty acid alkyl ester.

[0015]  In various embodiments, the above-mentioned mono-unsaturated fatty acid alky! ester
comprises alkyl oleate (e.g., methyl oleate). In one or more embodiments, the above-mentioned
di-unsaturated fatty acid alkyl ester comprises alky! linoleate (e.g., methyl linoleate). In some

embodiments, the above-mentioned poly-unsaturated fatty acid alkyl ester comprises alkyl
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linolenate (e.g., methyl linolenate). In an embodiment, the above-mentioned saturated fatty acid
alkyl ester comprises alky! stearate (e.g., methyl stearate). ,
[0016] The above-described fatty acid alkyl ester can be prepared using any known or
hereafter discovered techniques. In various embodiments, the fatty acid alkyl ester is prepared
by blending fatty acid alkyl esters of varying degrees of saturation to achieve the desired
combinations described above. For instance, a fatty acid alkyl ester can be prepared by
combining a mono-unsaturated fatty acid alkyl ester (e.g., 30 wt%), a di-unsaturated fatty acid
alkyl ester (e.g., 60 wt%), a polyunsaturated fatty acid alkyl ester (e.g., 3 wt%), and a saturated
fatty acid alky! ester (e.g., 7 wt%). Thereafter, the combined product can be blended employing
conventional techniques. For example, the compbnents in desired amounts could be mixed at
room temperature or elevated temperature in a reactor / vessel and mixed with continuous
agitation until a homogeneous mass is obtained. Alternatively, any other method that results in a
substantially uniform and homogeneous mass could be adopted. In such embodiments,
commercially available fatty acid alkyl esters can be combined to form the fatty acid alkyl ester
starting material. For example, methyl oleate, methyl linoleate, and methyl linoleate are
available from TCI Chemicals, Tokyo, JP. _

[0017] In other embodiments, the fatty acid alkyl ester can be prepared by genetically
modifying the source of a natural oil to (e.g., sunflower, soybean, algae, bacteria) to produce
triglyceride gombositions having increased content of mono-unsaturated and di-unsaturated fatty
acid chains. Subsequent esterification of such genetically modified compositions could result in
fatty acid alkyl esters meeting the above description.

[0018] The above-described fatty acid alkyl ester is epoxidized to thereby form epoxidized
fatty acid alkyl ester (“eFAAE”). Epoxidation can be performed according to any known or
hereafter discovered epoxidation techniques in the art. In an embodiment, the fatty acid alkyl
ester is epoxidized via contact with an acid and an aqueous peroxide solution to thereby produce
an epoxidized reaction mixture comprising epoxidized fatty acid alkyl ester, residual acid,
residual peroxide, and water. Suitable peroxides for use in epoxidizing the fatty acid alkyl ester »
include aqueous solutions of hydrogen peroxide, peroxycarboxylic acids, alkyl hydroperoxides,
and tertiary hydroperoxides. In an embodiment, the peroxide employed is an aqueous solution of

hydrogen peroxide.
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[0019] Suitable acids for use in epoxidizing the fatty acid alkyl ester include carboxylic
acids, such as formic acid and acetic acid; and peroxycarboxylic acids, such as performic acid
and peracetic acid. In an embodiment, a peroxycarboxylic acid is employed, acting as both the
acid and the peroxide. Catalysts such as mineral acids (e.g.; sulfuric acid) and heterogeneous
acid resins (e.g., Amberlite™ IR 120H, available from Rohm & Haas) may optionally be
employed in the preserice of the acid. In an embodiment, the acid employed for epoxidation is
formic acid.

[0020] Following epoxidation, the residual acid, peroxide, and water is removed from the
epoxidized reaction mixture via layer separation and neutrélization. Layer separation involves
separation of an aqueous layer, which contains water, acids, peroxide, and possible traces of oil
and esters, from an organic layer containing the eFAAE. To accomplish layer separation, the
reaction mixture is allowed to settle and separate into two layers by density difference, and the
bottom aqueous layer is disposed of while the top organic layer is processed further to obtain the
desired product. | _

[0021] Following layer separation, the residual acid can be neutralized, such as by contact
with a sodium/bicarbonate solution. Thereafter, the organic layer can be washed one or more
times with water. In an embodiment, the organic layer is washed repeatedly until it is neutral
(having a pH of about 7). Thereafter, the washed mixture can be subjected to layer separatiori
again, followed by vacuum distillation of the top organic layer to remove residual water.

[0022] The compositions of this invention can alternatively be prepared by blending the
appropriate epoxidized fatty acid alkyl esters to achieve the desired compositions.

[0023]  The resulting eFAAE can exhibit a solubility in polyvinyl chloride (“PVC”) of at
least 30, at least 40, at least 50, at least 60, at least 70, at least 80, at least 90, at least 100, at least
110, at least 120, at least 130, or at least 140 grams per 100 grams of PVC at 80 °C. The
solubility in PVC in such embodiments can have a practical upper limit of 500 grams per 100
grams of PVC at 80 °C. Solubility in PVC is determined according to American Society for
Testing and Materials (“ASTM”) method D 3367-98. In addition, the epoxidized fatty acid alkyl
ester can have an oxirane oxygen value of at least 3.5, or in the range of from 4.0 to 7.8, as
determined by American Qil Chemists’ Society (“AOCS”) method Cd 9-57. In addition, the
epoxidized fatty acid alkyl ester can have an iodine value less than 10 g/100 g, or in the range of

from 1.0 to 8.0, as determined by American Oil Chemists’ Society (“AOCS”) method Cd 1-25.
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Furthermore, the epoxidized fatty acid alkyl ester can exhibit a water solubility of less than 3
wt%, less than 2.5 wt%, less than 2 wt%, less than 1.5 wt%, or less than 1 wt%. In such
embodiments, the epoxidized fatty acid alkyl ester can exhibit a water solubility as low as 0.7
wt%, 0.6 wt%, or 0.5 wt%. Water solubility of the epoxidized fatty acid alkyl ester is
- determined according to the procedures described in the Test Methods section, below.

[0024] In an embodiment, the plasticizer can further comprise an epoxidized natural oil
(“eNO”). A “natural oil,” as used herein; is an oil composed of fatty acid triglycerides and
derived from a microbe (algae, bacteria), a plant/vegetable, and/or a seed. In an embodiment,
natural oils include genetically-modified natural oils. In various embodiments, the natural oil
excludes petroleum-derived oil. Non-limiting examples of suitable natural oils include beef
tallow oil, canola oil, castor oil, corn oil, ﬁsh oil, linseed oil, palm oil, rapeseed oil, safflower oil,
soybean oil, sunflower oil, tall oil, tung oil, and any combination of two or more thereof.

- [0025) The term “epoxidized natural oil,” as used herein, is a natural oil having at least one
fatty acid moiety that contains at least one epoxide group. Epoxidation may be performed as
described above, typically by way of reaction of the natural oil with a peroxide, a percarboxylic
acid, and/or other peroxy compounds, often in the presence of an acid or base ;:atalyst.

[0026]  Non-limiting examples of suitable eNOs include epoxidized algae oil, epoxidized
beef tallow oil, epoxidized canola oil, epoxidized castor oil, epoxidized corn oil, epoxidized fish
qil, epoxidized linseed oil, epoxidized palm oil, epoxidized rapeseed oil, epoxidized safflower
oil, epoxidized soybean oil, epoxidized sunflower oil, epoxidized tall oil, epoxidized tung oil,
and any combination of two or more thereof.

[0027] In an embodiment, the epoxidized natural oil is an epoxidized soybean oil (“eSO”).
[0028] Examples of suitable commercially available epoxidized natural oils include PLAS-
CHEK™ epoxidized soybean oil, available from Ferro Corp., Mayfield Heights, OH, USA;
VIKOFLEX™ 7170 epoxidized soybean oil and VIKOFLEX™ 7190 epoxidized linseed oil,
both available from Arkema Inc., Philadelphia, PA, USA.

[0029]  In various embodiments, the eFAAE constitutes the entirety of the plasticizer. In
other embodiments, when more than one component is present in the plasticizer, the plasticizer
can comprise the eFAAE in an amount ranging from 20 to 80 wt%, 30 to 70 wt%, 40 to 60 wt%,

or 50 wt% based on the entire plasticizer weight. The remainder can be eNO. In various
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embodiments, the plasticizer is a 50:50 blend by weight of eFAAE and eNO (e.g., eSO). In
various embodiments, the plasticizer is free or substantially free of phthalates.

Polymeric Composition |

[0030] The present disclosure provides a polymeric composition comprising a polymeric
resin and the above-described plasticiéer. In various embodiments, the polymeric composition is
free or substantially free of phthalates, |

[0031] Non-limiting examples of suitable polymeric resins include polysulfides,
polyurethanes, acrylics, epichiorohydrins, nitrile rubber, chlorosulfonated polyethylene,
chlorinated polyethylene, polychloroprene, styrene butadiene rubber, natural rubber, synthetic
rubber, ethylene-propylene-diene monomer rubber, propylene-based polymers, ethylene-based
polymers, and vinyl chloride resins. The term “propylene-based polymer” denotes a polymer
comprising a majority weight percent polymerized propylene monomer (based on the total
amount of polymerizable monomers) and optionally at least one polymerized comonomer. The
term “ethylene-based polymer” denotes a polymer comprising a majority weight percent
polymerized ethylene monomer (based on the total weight of polymerizable monomers) and
optionally at least one polymerized comonomer.

[0032] The term “vinyl chloride resin” denotes a vinyl chloride polymer, such as polyvinyl
chloride (“PVC™), or a vinyl chloride copolymer, such as vinyl chloride/vinyl acetate copolymer,
vinyl chloride/vinylidene chloride copolymer, vinyl chloride/ethylene copolymer, or a copolymer
prepared by grafting vinyl chloride onto ethylene/vinyl acetate copolymer. The vinyl chioride
resin can also include a polymer blend of the above-mentioned vinyl chloride polymer or vinyl
chloride copolymer with other miscible or compatible polymers including, but not limited to,
chlorinated polyethylene, thermoplastic polyurethane, olefin polymers such as a methacryl
polymer, or acrylonitrile-butadiene-styrene polymer. |
[0033] In an embodiment, the vinyl chloride resin is PVC.

[0034] In an embodiment, the polyﬁeric composition comprises the polymeric resin in an
amount ranging from 20 to 90 wt%, from 30 to 85 wt%, or from 40 to 80 wt%, based on the
entire polymeric composition weight. In various embodiments, the polymeric composition
comprises the above-described plasticizer in an amount ranging from 10 to 80 wt%, from 15 to

70 wt%, or from 20 to 60 wt%, based on the entire polymeric composition weight.
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[0035] In various embodiments, the polymeric resin (such as PVC) has a solution
temperature in the above-described plasticizér of less than 180 °C, less than 170 °C, or less than
160 °C, as determined by Deutsches Institut flir Normung (“DIN”) standard method 53 408.
Additives .

[0036] The polymeric composition may include one or more of the following optional
additives: a filler, a flame retardant, a heat stabilizer, an anti-drip agent, a colorant, a lubricant, a
low molecular weight polyethylene, a hindered amine light stabilizer, a UV light absorber, a
curing agent, a booster, a retardant, a processing aid, a coupling agent, an antistatic agent, a
nucleating agent, a slip agent, a viscosity control agent, a tackifier, an anti-blocking .agent, a
surfactant, an extender oil, an acid scavenger, a metal deactivator, and any combination thereof.
[0037]  In an embodiment, the polyrheri'c composition comprises a heat stabilizer. Examples of
suitable heat stabilizers include lead-free metal soaps, lead stabilizers, organic heat stabilizers,
epoxides, salts of monocarboxylic acids, phenolic antioxidants, organic phosphites, and beta- .
diketones. In an embodiment, the heat stabilizer employed is a lead-free mixed metal soap. The
term “metal soap” denotes a salt of an acid with a metal. Metal soaps suitable for use include zinc
salts of fatty acids (e.g., zinc stearate), calcium salts of fatty acids, barium salts of fatty acids,
magnesium salts of fatty acids, tin salts of fatty acids, and mixtures of two or more thereof. Heat
stabilizers can be present in the polymeric composition in an amount ranging from 0.2 to 10 wt%,
from 0.4 to 7 wt%, or from 0.6 to 5 wt%, based on the entire polymeric composition weight.

[0038] In an embodiment, the polymeric composition includes PVC, the present plasticizer, a
filler (e.g., calcium carbonate, clays, silica, and any combination thereof), one or more metal
soap stabilizers, a phenolic or related antioxidant, and a processing aid.

Coated Conductor '

[0039] ~ The present disclosure provides a coated conductor. The coated conductor includes a
conductor and a coating on the conductor, the coating being at least partially being formed from
the polymeric composition described above. '

[0040] A “conductor,” as used herein, is one or more wire(s) or fiber(s) for conducting heat,
light, and/or electricity. The conductor may be a single-wire/fiber or a multi-wire/fiber and may
be in strand form or in tubular form. “Wire” means a single strand of conductive metal or a

single strand of optical fiber. Non-limiting examples of suitable conductors include metals such
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as silver, gold, copper, carbon, and aluminum. The conductor may also be optical fiber made
from either glass or plastic.
[0041] The coated conductor may be flexible, se.mi-rigid, or rigid. The coating (also referred
to as a “jacket,” “sheath,” or “insulation”) can be located either directly on the conductor or on
another layer that surrounds the conductor.
[0042] In an embodiment, the coated conductor is a cable. “Cable” and “power cable” mean
at least one wire or optical fiber within a sheath. Typically, a cable is two or more wires or
optical fibers bound together, typically in a common insulation covering and/or protective jacket.
The individual wires or fibers inside the sheath may be bare, covered or insulated. Combination
cables may contain both electrical wires and optical fibers. The cable can be designed for low,
medium, and/or high voltage applications.  Typical cable designs are illustrated in
USP 5,246,783, 6,496,629 and 6,714,707.
Articles of Manufacture
[0043] In addition to the coated conductors describea above, articles of manufacture can be
prepared that comprise the above-described poiymeric compositions.  Such articles of
manufacture can include fhose designed for use in the medical or food industries, particularly
those articles that may frequently come into contact with water and where water-leachable
compounds are a concern. Exemplary articles of manufacture include blood bags, intravenous
bags, saline solution bags, syringes, intravenous tubing, nasogastric tubing, catheter tubing,
drainage tubing, examination gloves, oxygen masks, orthodontic retainers, artificial skin, and
food packaging (e.g., packaging for various beverages, meats, and frozen vegetables).

TEST METHODS
Oxirane Oxygen Value
[0044]  Determine oxirane oxygen value according to AOCS Cd 9-57.
lodine Value
[0045] Determine iodine value according to AOCS Cd 1-25.
Solubility in PVC '
[0046] Measure solubility in PVC according to ASTM D 3367-98.
[0047]  Test parameters, such as the design of centrifuge tubes, soak temperature, soak time,
drainage of plasticizer, and centrifuge speed to remove excess plasticizer, are optimized to be

able to capture differences in plasticizer absorption and solubilities of different plasticizers in
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PVC. Centrifuge tubes with a 0.8 mm diameter hole at the bottom are used for the test. The hole
~is covered with 0.1 g cotton. 1 g PVC (preheated at 80 °C for | hour) and 4 g plasticizer
(preheated at 80 °C for 1 hour) are weighed in the centrifuge tubes on top of the cotton. The
centrifuge tubes (containing cotton, PVC and plasticizer) are inserted in sheaths and the
assembly is soaked at 80 °C for 4 hours. During the soak time, the plasticizér molecules wet the
cell walls of PVC particles and penétrate through it due‘to its porosity. Once inside, the
molecules start filling the void space. After the void space is completely filled with plasticizer,
the PVC primary particles start absorbing the plasticizer. This absorption is relatively slow and
continues until the primary particles reach saturation limit. It is therefore important to optimize
the PVC/plasticizer soaking temperature and time. Following this, the tubes are centrifuged at
7000 rpm for 1 hour to remove the excess plasticizer which flows out through the cotton and 0.8
mm diameter hole and is collected in the outer sheath. The plasticizer absorbed by PVC is
measured from the weight gain of PVC (after accounting for weight gain due to plasticizer
absorbed by cotton). The equilibrium plasticizer solubility is calculated by subtracting the void
volume (found to be equal to amount of acetylated castor wax absorbe‘d by PVC, see PCT
Published Application WO/2011/041380) from the plasticizer absorption.

Solution Temperature

[0048] Determine solution temperature in accordance with Deutsches Institut fiir Normung
(“DIN™) 53408. Important test parameters such as the PVC/plasticizer émount and heating rate
are optimized to be able to capture differences in solution temperature of different plasticizers in
PVC. 0.6 g PVC is accurately weighed in a 20-mL glass vial and 15 mL of plasticizer is added
to the PVC. The contents of the glass vial are stirred using a magnetic stirrer and heated using an
oil bath at 1 °C/min. A thermometer is used to record the temperature of the PVC/plasticizer
mixture which is illuminated with a flash-light. When PVC is mixed with a plasticizer, a milky
solution is generally obtained. As the temperature of the PVC/plasticizer mixture is raised, the
PVC starts to imbibe the plasticizer and becomes translucent. As the temperature is raised
further, the PVC particles swell and lose their shape forming a gel. At the solution temperature,
a clear solution is obtained. A |

Water Solubility

[0049] 20 mL of plasticizer is taken in a beaker and mixed with equal volume of distilled

water. The mixture is stirred vigorously at room temperature and allowed to settle in a
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separating funnel. The mixture forms an emulsion which takes approximately 24 hours to form
separate layers of organic and aqueous phases. After 48 hours, the two layers are separated. The
aqueous layer is drained and the organic layer containing plasticizer and some water is
recovered. The organic layer contains water in dissolved form as well as in the fine emulsion
form. This layer is centrifuged at 7000 rpm for one hour. This step separates water trapped in
the plasticizer in dispersed form. The plasticizer is further analyzed for water content with the
help of wet chemistry methods. Carl Fischer titration method is used to determine the water
content in plasticizer.
Infrared Spectroscopy
[0050] Fourier Transform infrared (“FTIR”) spectroscopy is used for the qualitative finding
of the components present in the samples. FTIR Instrument: Thermo Nicolet 6700 FTIR with
Smart Orbit Diamond Crystal ATR accessory. Wavelength range: 4000 to 400 cm™'; Resolution:
4.0; Background collection: air background collected before each sample; Number of scans: 150,
Attenuated Total Reflectance (“ATR”) is used to study the films in the reﬂecténce mode. A
resolution of 4 cm™ and 100 sample scans are used.

| EXAMPLES

Example 1 - Comparison of methyl oleate- and methyl linoleate- to methyl linolenate-
based plasticizers

[0051] Prepare two samples (S1 and S2) and four comparative samples (CS1-CS4) as
follows. '

Preparation of Sample 1

[0052] S1 is an epoxidized methyl oleate. Prepare ASI by epoxidizing methyl. oleate (~ 90%
GC purity synthesized by esterification of oleic acid with methanol in presence of acid catalyst at
reflux temperature of alcohol with 6 hours of reaction) using hydrogen peroxide (“H»0,”;
30 wt%, available from RANKEM) and formic acid (“FA”, 90%, available frofn RANKEM) at |
40 °C for 11 hours using a mole ratio of 1:2:0.5 of carbon-carbon double bonds in the methyl
- oleate (“C=C”)-to-H,0,-to-FA. The reaction is carried out in a glass reactor with continuous
stirring and immersed in an oil bath. The reaction temperature is achieved and maintained by
controlling bath temperature by way of an electrically heated hot plate. The mixing is ensured
during reaction using an overhead stirrer. After charging methy! oleate (50 g) and formic acid
(4.3 g) in the required amount, a calculated amount of an aqueous solution of H,0, (38.3 gm) is

added in the reactor with the help of a pump over a period of 1 hour. The pump flow rate (35



CA 02887048 2015-04-07

WO 2014/061026 PCT/IN2012/000688

12

mL/hr) is adjusted such as the total addition time is 1 hour. Monitor the oxirane oxygen value
* using wet chemistry methods mentioned above (i.e., AOCS Cd 9-57) throughout the epoxidation
reaction. The the‘oretical oxirane oxygen value for methyl oleate is 5.1. Analyze the resulting
sample accordiﬁg to the Test Met/hods provided above. Results are provided in Table 1, below.
Preparation of Sample 2

[0053] S2 is an epoxidized methyl linoleate. Prepare S2 by epoxidizing 50 g of methyl
linoleate (95% purity obtained from TCI chemicals) using the method described above for
preparation of S1, with the following exceptions: the H,O, is a 50 wt% solution (46.3 g) in
water (available from Fischer Scientific) and formic acid is used in an amount of 4.35 g for S2.
The theoretical oxirane oxygen value for methyl linoleate is 9.8. Analyze the résulting sample
according to the Test Methods provided above. Results are provided in Table 1, below.
Comparative Sample 1 |

[0054]  CS1 is an epoxidized methyl linolenate. Prepare CS1 by epoxidizing 50 g of methyl
linolenate (90% purity, availablek from TCI chemicals) using the method described above for
preparation of S1, with the following exceptions: (a) 3.2 g acetic acid (“AA”, glacial acetic acid
>99% purity, available from S.d.fine-chem Limited) is used in place of formic acid; (b)
epoxidation is performed at 65 °C for 5 hours; (¢) C=C:H,0,:AA is 1:2:0.3; (d) H,02 (69.9 g of
50 wt% solution) addition performed over 4 hours; and (e) a catalytic amount of sulphuric acid
(0.5 mL) is employed at 2 weight percent based on the C=C concentration. The theoretical
oxirane oxygen value for methy! linolenate is 14. Analyze the resulting sample according to the
Test Methods provided above. Results are provided in Table 1, below.

Comparative Sample 2 _

[0055] CS2 is an epoxidized methyl linolenate. Prepare CS2 by epoxidizing a methyl
linolenate using the method described above for preparation of S1, with the following exception:
H;0; addition is performed over a period of 3 hours. The starting methyl linolenate is the same
as in CS1. Analyze the resulting sample according to the Test Methods provided above. Results
are provided in Table 1, below. |
Comparative Samples 3 and 4

[0056] CS3 and CS4 are epoxidized methyl linolenates. Prepare CS3 and CS4 by
epoxidizing a methy! linolenate using the method described above for preparation of S1, with the

following exceptions: (a) epoxidation is performed for a total of 9 hours reaction time; (b) H,O»
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addition is performed over a period of 1.5 hours; (c) add H,O, at ambient temperature (24-
25°C), then raise the reaction temperature to 40 °C for remainder of the reaction. The starting
“methyl linolenate is the same as in CS1. Analyze the resulting sample according to the Test
Methods provided above. Results are provided in Tabie 1, below.

Analysis
[0057]

that the equilibrium solubility is determined only for samples which have oxirane oxygen values

The results from analyses of S1, S2, and CS1-4 are provided in Table 1, below. Note

close to theoretical values (S1, S2, and CS4). Also, the water uptake is measured only for
epoxidized methyl oleate (S1) and epoxidized methyl linolenate having an oxirane oxygen value
of 6 (CS2).

Table 1: Properties of single chain epoxidized FAME derivatives
Sample: S1 S2 CS1 CS2 CS3 CSs4

. . Methyl Methyl Methyt Methyl Methyl Methyl .
Starting material oleate linoleate | linolenate | linolenate | linolenate | linolenate
Theoretical maximum 5.2 9.8 14.1 14.1 14.1 14.1
oxirane oxygen value v
Final oxirane oxygen value 4.68 8.3 0.28 6.0 8.97 9.28
Interim oxirane oxyge 3.4 (after | 7.8 (after N/A 7.8 (after | 8.87 (after | 7.0 (after
value : 7 hours) | 7 hours) 7 hours) 9 hours) 7 hours)
lodine value 7.4 2.8 69 8.5 63.66 37.32
Ogxirane conversion (%) 90 85 2 43 64 66
Conversion based oniodine | g, 54 | 9337 | 7444 | 96.73 755 | 7832
value (%) -
Solution temperature (°C) 114 88 - 124 98 98
Solubility in PVC (g/100 g )
PVC) 73 244 N/A N/A 223.6
Water solubility (%) 0.68 - - 4.77 - -

[0058]

Table 1 shows that epoxidation of methyl oleate (S1) and linoleate (S2) can be carried

out with ease and oxirane oxygen values close to theoretical values can be obtained. No
degradation of oxirane oxygen ring during the reaction is observed. In contrast, epoxidation of
- methyl linolenate results in ring opening of oxirane ring, as evidenced by the low oxirane oxygen
conversion values and high exothermicity during the reaction. The highest oxirane oxygen value
obtained with methyl linolenate under these reaction conditions was 9.28 (CS4), compared to a
theoretical maximum of 14.1. |

[0059]

relatively easy and theoretical oxirane oxygen values are achievable, as compared to linolenate

These experimental results indicate that epoxidation of oleate and linoleate is
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where the epoxidation low percent oxirane oxygen yield is obtained with significant ring opening
of the oxirane ring, which leads to -hydroxyl compounds. The IR spectra (FIG. 1) for S1, S2,
CS1, and CS2 indicate the presence of OH groups in only the epoxidized methy! linolenate with
oxirane oxygen value of 6 (CS2). '

[0060] It should be noted that, in the case of CS1, using the mole ratio of 1:2:0.3 of
C=C:H;0,:AA with 30 wt% H,0, solution and carrying out the reaction at 65 °C, the oxirane
oxygen value is only 0.28 at the end of 5. hours. Changing the mole ratios to 1:2:0.5 and using
formic acid at 40 °C (CS2) the final oxirane oxygen initially increases to 7.8 at the end of 7
hours of reaction, and then decreases to 6 at the end of the reaction. Exothermicity is observed in
the both reactions, although it is less at 40 °C (CS2). With CS3 and CS4, exothermicity is
controlled by sldw addition of hydrogen peroxide over a period of 1.5 hours at ambient
temperature (24-25 °C) and then continuing the reaction at 40 °C. This results in appreciably
higher oxirane oxygen yields (albeit far below the theoretical value), but the iodine values are
unacceptably high.

Example 2 — Comparison of high oleate and linoleate eFAME to soy eFAME

Samples 3 and 4 |

[0061} Prepare two samples (S3 and S4) having high methyl oleate (C18:1) and methyl
linoleate (C18:2) content, and epoxidize them. S3 has a combined C18:1 and C18:2 content of
about 85 wt%, and S$4 has a combined C18:1 and C18:2 content of about 90 wt%, as detailed.in
Table 2, below. The remainder of S3 and S4 is made up of methy! linolenate (C18:3) and methyl
stearate (C18:0).

[0062] Prepare S3 énd S4 by initially mixing epoxidized methyl linoleate and epoxidized
methyl linolenate prepared as described in the above examples with epoxidized soy FAME (e-
FAME) prepared as described in Comparative Sample 5, below. The desired composition for S3
and S4 is achieved by mixing these components in appropriate proportions in a stirred tank
reactor until a uniform, homogeneous mass is obtained. Thereafter, analyze the samples
according to the Test Methods described above. The results are provided in Table 3, below.
Comparative Sample 5

[0063]  Prepare Comparative Sample 5 (CS5) by epoxidizing soybean oil (available from
Gemini Cargill) according to the epoxidation procedure described above for S2 to obtain

epoxidized soybean oil (“eSO”). Transesterify 100 g of eSO using 20 g of methanol (>99%
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purity obtained from S.d.fine-chem, Limited) in the presence of 4 g of sodium methoxide (25%
solution in methanol, available from Sigma Aldrich) catalyst at 60 °C for 3 hours. Following

transesterification, analyze CS5 according to the Test Methods described above. The results are

provided in Table 3, below.

Table 2 — Composition of S3, S4, and CS5

Sample: S3 S4 CS5
C18:1 content (Wt%) 27.03 28.55 24.37
C18:2 content (wt%) 57.75 61.30 - 55.33
Combined C18:1 + C18:2 (wt%) 84.78 89.85 79.71
C18:3 content (wt%) 3.92 2.62 5.23
C18:0 content (Wt%) 11.30 7.53 15.06
[0064] The results from analyses of S3, S4, and CSS are provided in Table 3, below:

Table 3 — Properties of blended epoxidized FAME
Sample: S3 S4 CSK5

Oxirane oxygen value (measured) 6.77 6.83 6.73
Oxirane oxygen value (theoretical) 7.41 7.72 7.15
Oxirane conversion (%) 91.364 88.384 94.015
Iodine value 4.21 3.33 2.06
Solubility in PVC (g/100 g PVC) 127.9 140.9 96.1
Water solubility (wt%) 1.0401 0.9643 1.0400
Solution Temperature (°C) 116 110 100

[0065]

enhanced plasticizer performance. Additionally, lower water uptake by S4 indicates lower

As seen in Table 3, Samples 3 and 4 provide increased solubility in PVC, indicating
hydroxyl content. Lower water absorption can be beneficial for wet electrical insulation
resistance.

Example 3 — Comparison of varied ester alkyl chain lengths

[0066]

procedure described above for the preparation of S2. S5 is exactly same as S1 and re-considered

Prepare five epoxidized alkyl oleate samples (S5-S9) as follows using the epoxidation

here for comparison. The starting material for S6 is 1-propy! oleate, synthesized by esterification
of oleic acid with 1-propanol in presence of acid catalyst at reflux temperature of alcohol with 6
hours of reaction. The starting material for S7 is 2-propyl oleate, synthesized by esterification of
oleic acid with 2-propanol in presence of acid catalyst at reflux temperature of alcohol with 6
hours of reaction. The starting material for S8 is 1-butyl oleate, synthesized by esterification of
oleic acid with 1-butanol in presence of acid catalyst at reflux temperature of alcohol with 6

hours of reaction. The starting material for S9 is isobutyl oleate, synthesized by esterification of
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oleic acid with isobutanol in presence of acid catalyst at reflux temperature of alcohol with 6
hours of reaction. Following epoxidation, analyze each of the samples according to the Test -
Methods provided above. Results are provided in Table 4, below:

Table 4 — Properties of epoxidized fatty acid alkyl esters

Sample: S5 S6 S7 S8 S9 -

. . Methyl 1-Propyl 2-Propyl 1-Butyl Isobutyl

Starting Material Oleate Oleate Oleate Oleate Oleate
Oxirane oxygen value 4.68 5.13 5.16 4.69 4.97
Todine value 7.4 0 1.7 2.04 2.20
QOxirane conversion (%) 91 ~100 ~100 ~100 ~100
Solubility in PVC (g/100 g PVC) 73.2 66.5 34.1 54.9 56.9
Solution Temperature (°C) 114 116 134 120 118

[0067]

As seen in Table 4, epoxidized alkyl oleate samples having longer ester alkyl chain

lengths (S6-S9) can provide comparable oxirane conversion to epoxidized methyl oleate (S5). In
fact, a higher percentage of oxirane conversion is seen in each of $6-89 as compared to S5. This
indicates relatively lower hydroxyl content, which in turn will result in decreased water
absorption and, thus, improved wet electrical insulation resistance. The eFAAE of Table 4 also
exhibit sufficient solubility of at least 30 grams per 100 grams of PVC at 80 °C.

Example 4 — Model comparisbn of varied fatty acid chain lengths

[0068]

Tables 5 and 6, below, present model data comparing epoxidized methyl esters of
various fatty acids having different chain lengths and numbers of unsaturation. '

Geometry
optimization of these molecular structures is performed with TURBOMOLE version 5.0
(available from CSOMOlogic GmbH & Co. KG) using TZVP basis set and BP86 exchange
correlation functional within the density functional theory formalism. Along with the .cosmo
files generated via TURBOMOLE, BP_TZVP_C21 _0111.ctd parameterization is utilized in
COSMOtherm version C21 0111 _a (available from COSMOlogic GmbH & Co. KG). To
calculate solubility of epoxidized FAME in PVC at 90 °C, at first the infinite dilution activity
coefficient, y°, is calculated using COSMOtherm. The PVC is modeled as a polymer within the
metafile approach available within COMOtherm, where the hydrogen bond and the
combinatorial contribution to the chemical potential are neglected. The following equation is
used to calculate the solubility (g/100g): | '
Solubility = 53430.50 * EXP( «(7.07 * y°) ) + 86.85*EXP(-(1.23 * y°) )
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The data for the water molecule is used as available within COSMOtherm. Solubility of water
in epoxidized FAME is calculated in the pure phase of each of the epoxidized FAME listed in
Table 6 using COSMOtherm at 25 °C.

Table 5 — Comparison of model predictions with experimental solubility
of epoxidized alkyl oleate in PVC .

Sample Alkyl Solubility in PVC (from the Model) Solubility in PVC (from Table 4
Group (g/ 100g PVC) (g/100g PVC)
S5 . Methyl 86.9 ‘ 73.2
S6 1-Propyl 46.1 : 66.5
S8 1-Butyl 37.2 54.9

As can be seen from Table 5, model calculations show that, for higher alkyl groups, the
solubility of epoxidized alkyl ester of oleate decreases in PVC as compared to epoxidized methyl
ester of oleate. This is also seen from the experimentally measured solubility in PVC as listed in
Table 4. The model-determined solubilities at 80 °C, of the eFAAE of Table 5, are also at least
30 grams per 100 grams of PVC.

Table 6 - Model comparison of epoxidized FAME

Model Sample Carbon Chain Number of epoxy | Solubility in PVC | Water solubility
No. Length oxygens per chain (g/100 g PVC) . (wt%)
MS1 12 1 233.78 2.3116
MS2 14 1 162.83 1.4949
MS3 - 16 1 105.46 1.0903
MS4 16 2 283.30 1.6104
MSS 22 1 30.01 0.5781
MS6 24 1 59.03 0.8426

[0069] As seen in Table 6, epoxidized fatty acids having from 12 to 16 carbon atoms and 1
or 2 epoxy oxygen atoms provide comparable or better performance as epoxidized oleates and
linoleates With respect to PVC solubiiity (compare S1-S4, above). Decreased water absorption
will lead to improved wet electrical insulation resistance. It should be noted that the lower
solubility in PVC of MS5 and MS6 is likely due to the increased number of methylene groups in
the carbon chain, which increases the hydrophobic content of the molecule and hence lowers
compatibility of the plasticizer with PVC. |

Example 5 — Model comparison of varied ester alkyl chain lengths and varied fatty acid
chain lengths

[0070]  Table 7, below, presents model data comparing epoxidized alkyl esters of various
fatty acids having varied alkyl chain lengths, varied fatty acid chain lengths, and varied numbers

of unsaturation. Model data is generated as described above in Example 4.
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Table 7 — Model comparison of epoxidized FAAE

Meodel Sample Alkyl Chain Fatty Acid Chain | Number of epoxy | Solubility in PVC
No. Length Length oxygens per chain (g/100 g PVC)
MS7 propyl 12 1 208.53
MSS8 propyl 14 1 128.44
MS9 propyl 16 1 63.79
MS10 propy! 16 -2 37212,
MSi1 butyl 12 1 191.58
MS12 butyl 14 1 99.01
MS13 butyl 16 1 50.39
MS14 butyl 16 2 328.70
[0071]  As seen in Table 7, epoxidized fatty acids having from 12 to 16 carbon atoms with

various alkyl chain lengths and 1 or 2 epoxy oxygen atoms provide comparable or better

performance as epoxidized oleates and linoleates with respect to PVC solubility (compare S1-S4,

above).
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CLAIMS:
1. A process for making a plasticizer, said process comprising:

epoxidizing a fatty acid alkyl ester, thereby producing an epoxidized fatty acid alkyl

ester,

wherein said fatty acid alkyl ester comprises (1) mono-unsaturated fatty acid alkyl ester
molecules and (ii) di-unsaturated fatty acid alkyl ester molecules in a combined amount of at

least 85 weight percent, based on the total weight of said fatty acid alkyl ester; and

wherein fatty acid alkyl ester molecules having a carbon chain length of 18 carbon

atoms constitute at least 99 percent of said fatty acid ester.

2. The process of claim 1. wherein said fatty acid alkyl ester comprises fatty acid
alkyl ester molecules having three or more carbon-carbon double bounds in an amount of less

than 5 weight percent, based on the total weight of said fatty acid alkyl ester.

3. The process of claim 1 or claim 2, wherein said fatty acid alkyl ester comprises
saturated fatty acid alkyl ester molecules in an amount of less than 14 weight percent, based

on the total weight of said fatty acid alkyl ester.

4. The process of any one of claims 1 to 3, further comprising combining an

epoxidized natural oil with at least a portion of said epoxidized fatty acid alkyl ester.

S. The process of any one of claims 1 to 4, wherein said fatty acid alky! ester is
fatty acid methyl ester, wherein said mono-unsaturated fatty acid alkyl ester molecules are
methyl oleates, wherein said di-unsaturated fatty acid alkyl ester molecules are methyl

linoleates.

6. The process of any one of claims 1 to 5, wherein said epoxidized fatty acid
alkyl ester exhibits a solubility in polyvinyl chloride ("PVC") of at least 30 grams per
100 grams of PVC at 80 °C. wherein said epoxidized fatty acid alkyl ester has an oxirane

CA 2887048 2019-03-21
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oxygen value of at least 3.5, and wherein said epoxidized fatty acid alkyl ester has a water

solubility of less than 3 wt%.

7. A polymeric composition comprising a polymeric resin and said epoxidized

fatty acid alkyl ester produced by the process of any one of claims 1 to 6.

8. The polymeric composition of claim 7. wherein said polymeric resin is PVC.

9. An article of manufacture comprising the polymeric composition of claim 7 or
claim 8.

10. The article of manufacture of claim 9, wherein said article of manufacture is

selected from the group consisting of coated conductors, blood bags. intravenous bags, saline
solution bags, syringes. intravenous tubing, nasogastric tubing, catheter tubing, drainage
tubing, examination gloves, oxygen masks, orthodontic retainers, artificial skin, and food

packaging.

CA 2887048 2019-03-21
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