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SYSTEMS AND METHODS FOR REFINING ALKYL ESTER COMPOSITIONS

This application is being filed as a PCT International Patent application on June 9,
2010, in the name of McNeff Research Consultants, Inc., a U.S. national corporation,
applicant for the designation of all countries except the U.S., and Clayton V. McNeff, a
Citizen of the U.S., Larry C. McNeff, a Citizen of the U.S., Bingwen Yan, a Citizen of the
U.S., and Daniel T. Nowlan, a Citizen of the U.S., applicant(s) for the designation of the
U.S. only, and claims priority to U.S. Provisional Patent Application No. 61/185,453, filed

June 9, 2009, the contents of which are herein incorporated by reference in its entirety.

Field of the Invention

The present invention relates to systems for refining chemical compositions. More
specifically, the present invention relates to systems and methods for producing and

refining alkyl ester compositions.

Background of the Invention

ASTM guidelines for biodiesel fuel place strict limits on the concentration of free
fatty acids that can be present. This is because free fatty acids can contribute to corrosion
of engine parts.

However, some methods of producing alkyl ester compositions can result in an
unacceptably high concentration of free fatty acids. This is particularly true where the
lipid feedstock used to create the alkyl ester composition is high in free fatty acids to begin

with.



10

15

20

25

WO 2010/144597 PCT/US2010/038000

Summary of the Invention

The present invention relates to systems and methods for producing and/or refining
alkyl ester compositions. In an embodiment the invention includes a method of producing
a refined fatty acid alkyl ester composition. The method can include contacting a fatty
acid feedstock and an alcohol with a first metal oxide catalyst at a temperature of greater
than 200 degrees Celsius and a pressure of greater than 500 psi to form an unrefined fatty
acid alkyl ester composition. The method can further include combining the unrefined
fatty acid alkyl ester composition with dimethyl carbonate to form a refining mixture. The
method can also include contacting the refining mixture with a second metal oxide catalyst
at a temperature of greater than 100 degrees Celsius to form a refined fatty acid alkyl ester
composition.

In an embodiment, the invention includes a method of refining a fatty acid alkyl
ester feedstock. The method can include combining a fatty acid alkyl ester composition
having an acid number of greater than 0.5 mg KOH / g oil with dimethyl carbonate to form
a refining mixture. The method can further include contacting the refining mixture with a
metal oxide substrate at a temperature of greater than about 100 degrees Celsius to form a
refined fatty acid alkyl ester composition having an acid number less than or equal to 0.5
mg KOH / g oil.

In an embodiment, the invention can include a system for producing a refined oil
product. The system can include a production reactor for producing a crude oil product
mixture, the reactor comprising a production housing defining an interior volume, metal
oxide media disposed within the production housing, a lipid reservoir in fluid
communication with the production reactor, and an alcohol reservoir in fluid
communication with the production reactor. The system can also include a refinement

reactor in fluid communication with the production reactor, the organic acid removal
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reactor comprising a refinement housing defining an interior volume, the refinement
housing configured to receive the crude oil product mixture from the production reactor,
metal oxide media disposed within the interior volume of the refinement housing, and a
dimethyl carbonate reservoir in fluid communication with the refinement reactor.

In an embodiment, the invention can include a device for removal of free organic
acids from a crude product mixture. The device can include a production housing defining
an interior volume, an input port, and an output port. The device can further include metal
oxide media disposed within the production housing, the metal oxide media comprising a
metal oxide selected from the group consisting of zirconia, alumina, hafnia, and titania.
The device can further include a temperature control unit configured to maintain the
temperature within the production housing at greater than about 200 degrees Celsius. The
device can also include a refinement housing defining an interior volume, an input port,
and an output port. Metal oxide media can be disposed within the production housing, the
metal oxide media comprising a metal oxide selected from the group consisting of
zirconia, alumina, hafnia, and titania. The device can also include a temperature control
unit configured to maintain the temperature within the production housing at greater than
about 100 degrees Celsius; and a dimethyl carbonate reservoir in fluid communication
with the refinement housing.

The above summary of the present invention is not intended to describe each
discussed embodiment of the present invention. This is the purpose of the figures and the

detailed description that follows.
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Brief Description of the Figures

The invention may be more completely understood in connection with the
following drawings, in which:

FIG. 1 is a process flow diagram of a system in accordance with an embodiment of
the invention.

FIG. 2 is a process flow diagram of a system in accordance with another
embodiment of the invention.

FIG. 3 is a graph of the acid number of samples as processed by an embodiment of
a system described herein.

FIG. 4 is a graph of the acid number of biodiesel versus running time for a 1:7
FFA:DMC mixture at 150 degrees Celsius and a 60 minute residence time.

FIG. 5 is a graph of the acid number of biodiesel versus running time for a 1:4.5
FFA:DMC mixture at 150 degrees Celsius and a 60 minute residence time.

FIG. 6 is a graph of the acid number of biodiesel versus running time for a 1:4.5
FFA:DMC mixture at 180 degrees Celsius and residence times of 45 minutes, 60 minutes,
or 120 minutes.

FIG. 7 is a graph of the acid number of biodiesel versus running time for a 1:2
FFA:DMC mixture at 150 degrees Celsius and a 60 minute residence time.

FIG. 8 is a graph of the acid number of biodiesel versus running time for 1:3 or
1:4.5 FFA:DMC mixtures at 180 degrees Celsius and a 45 minute residence time.

FIG. 9 is a graph of the acid number of biodiesel versus running time for 1:1, 1:3,
1:4, 1:5, or 1:10 FFA:DMC mixtures at 180 degrees Celsius and a 45 minute residence

time.
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FIG. 10 is a graph of the acid number of biodiesel versus running time for 1:5
FFA:DMC mixtures at 170, 175, 180, 185, or 190 degrees Celsius and a 45 minute
residence time.

FIG. 11 is a graph of the acid number of biodiesel versus running time for 1:1:18.5
FFAs:DMC:MeOH mixture at 150 degrees Celsius and a 60 minute residence time.

FIG. 12 is a graph of the acid number of biodiesel versus running time for 1:5 or
1:7 FFA:DMC mixtures at 170 or 180 degrees Celsius and a 45 minute residence time.

FIG. 13 is a graph of the acid number of biodiesel versus running time for 1:4
FFA:DMC mixtures at 170, 175, or 180 degrees Celsius and a 45 minute residence time.

FIG. 14 is a graph of the acid number of biodiesel versus running time for 1:5
FFA:DMC mixtures at 175 degrees Celsius and a 45 minute residence time.

FIG. 15 is a graph of the acid number of biodiesel versus running time for 1:5
FFA:DMC mixtures at 185 degrees Celsius and a 45 minute residence time at an elevated
pressure of 750 PSI.

FIG. 16 is a graph of the acid number of biodiesel versus running time for 1:32
FFA:MeOH mixtures at 150 degrees Celsius and a 45 minute residence time at an elevated
pressure of 750 PSI.

FIG. 17 is a graph of the acid number of biodiesel versus running time for 1:5
FFA:DMC mixtures at 175 degrees Celsius and a 45 minute residence time at a pressure of
500 PSI using titania particles.

FIG. 18 is a graph of the acid number of a bio-oil fraction versus running time at
120 degrees Celsius and an 80 minute residence time at a pressure of 500 PSI.

While the invention is susceptible to various modifications and alternative forms,
specifics thereof have been shown by way of example and drawings, and will be described

in detail. It should be understood, however, that the invention is not limited to the
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particular embodiments described. On the contrary, the intention is to cover
modifications, equivalents, and alternatives falling within the spirit and scope of the

invention.

Detailed Description of the Invention

The embodiments of the present invention described herein are not intended to be
exhaustive or to limit the invention to the precise forms disclosed in the following detailed
description. Rather, the embodiments are chosen and described so that others skilled in
the art can appreciate and understand the principles and practices of the present invention.

All publications and patents mentioned herein are hereby incorporated by
reference. The publications and patents disclosed herein are provided solely for their
disclosure. Nothing herein is to be construed as an admission that the inventors are not
entitled to antedate any publication and/or patent, including any publication and/or patent
cited herein.

As described above, some methods of producing alkyl ester compositions typically
result in an unacceptably high concentration of free fatty acids. This is particularly true
where the lipid feedstock used to create the alkyl ester composition is high in free fatty
acids. However, in accordance with various embodiments herein, dimethyl carbonate can
be used in a process for removing free fatty acids from alkyl ester compositions. As such,
embodiments herein can be used to refine alkyl ester compositions so that they meet
specifications for biodiesel fuel.

Referring now to FIG. 1, a process flow diagram is shown of a system in
accordance with an embodiment of the invention. The system can operate as a continuous
biodiesel production process. A lipid feedstock can be held in a lipid feedstock tank 102.

Examples of lipid feed stocks are described in greater detail below. From the lipid
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feedstock tank 102, the lipids can optionally pass through a centrifuge 104 in order remove
particulate material. Optionally, the lipid feedstock can also pass through a filter 106, such
as a carbon filter or particulate filter, before entering a pretreated lipid feedstock tank 108.
From the pretreated lipid feedstock tank 108, the lipid feedstock can pass through a
pump 110 and optionally another filter 112. The lipid feedstock can then pass through a
high pressure pump 114 and optionally through another filter 116 before entering a heat
exchanger 122 where the lipid feedstock can absorb heat from effluent reaction products.
An alcohol can be stored in an alcohol feedstock tank 118. Exemplary alcohols are
described in greater detail below. The alcohol feedstock can then pass through a high
pressure pump 120 before also entering the heat exchanger 122. The lipid feedstock and
the alcohol can then pass through a preheater 124. The preheater 124 can serve to raise the
temperature of the lipid feedstock and the alcohol to a desired level before further
processing. After the preheater, the lipid feedstock and the alcohol can enter a reactor.
The reactor can include a metal oxide media as a catalyst. Exemplary metal oxides are
described in greater detail below. Details regarding exemplary reactors are described in
US 2008/0051592, the content of which is herein incorporated by reference in its entirety.
The temperature within the reactor can be greater than about 200 degrees Celsius. The
pressure within the reactor can be greater than about 500 psi. In some embodiments, the
temperature and/or pressure within the reactor can be supercritical for the alcohol used.
The reaction product mixture coming out of the reactor 126 can include fatty acid
alkyl esters along with some residual amount of free fatty acids. An additive, such as
dimethyl carbonate (DMC) can be stored in supply tank 128. The DMC can pass through
a pump 130 before being combined with the reaction product mixture leaving the reactor
126. Various mole ratios of DMC to free fatty acids can be used. By way of example, in

some embodiments, the amount of dimethyl carbonate (DMC) is in a molar ratio with the
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free fatty acid greater than or equal to 1:1 free fatty acid:DMC. In some embodiments, the
amount of dimethyl carbonate (DMC) is in a molar ratio with the free fatty acid greater
than or equal to 1:3 free fatty acid:DMC.

The DMC and the reaction product mixture can then enter a polisher 132 (or
refinement reactor) before entering a heat exchanger 134. The polisher 132 can include a
metal oxide catalyst. The metal oxide catalyst can be the same or different than the metal
oxide catalyst in the reactor 126. The DMC can react with free fatty acids in the reaction
product mixture such that the amount of free fatty acids is reduced. The temperature
within the polisher can be greater than about 100 degrees Celsius. In some embodiments,
the temperature can be between about 150 degrees Celsius and 220 degrees Celsius. In
some embodiments, the temperature can be between about 170 degrees Celsius and 180
degrees Celsius. In some embodiments, the temperature can be about 175 degrees Celsius.

The pressure within the polisher can be greater than about 300 PSI. In some
embodiments, the pressure is greater than or equal to 500 PSI. In some embodiments, the
pressure is greater than or equal to 700 PSI.

As shown in the examples below, the contact time (or mean residence time) of the
refining mixture with the metal oxide catalyst can impact the degree to which the acid
number is reduced. The mean residence time can be calculated by dividing the volume of
the refining mixture that the polisher (or refinement reactor) can hold by the flow rate of
the system. In some embodiments, the residence time is less than or equal to 120 minutes.
In some embodiments, the residence time is less than or equal to 60 minutes. In some
embodiments, the residence time is less than or equal to 45 minutes. In some
embodiments the residence time is greater than 1 minute. In some embodiments the
residence time is greater than 5 minutes. In some embodiments the residence time is

greater than 10 minutes.
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The refined product mixture can pass back through the first heat exchanger 122 and
then a backpressure regulator 136, before entering a separation device such as a flash drum
138. Refined alkyl esters, sometimes referred to as biodiesel, can then pass to a storage
tank 140. Volatiles separated out by the flash drum can then pass through a still 142 in
order to separate water from residual alcohol. The water 144 can be stored or pumped out.
The alcohol can pass through another pump 146 before being returned to the alcohol
feedstock tank 118.

Metal oxides used with embodiments of the invention can include metal oxides
with surfaces including Lewis acid sites, Lewis base sites, Bronsted base sites, and
Bronsted acid sites (zwitterionic). By definition, a Lewis acid is an electron pair acceptor.
A Broensted base is a proton acceptor and a Bronsted acid is a proton donor. Metal oxides
of the invention can specifically include zirconia, alumina, titania and hafnia. Metal
oxides of the invention can specifically include oxides of Group IV metals. Metal oxides
of the invention can also include silica clad with a metal oxide selected from the group
consisting of zirconia, alumina, titania, hafnia, zinc oxide, copper oxide, yttria, lanthanum
oxide, magnesium oxide and iron oxide. In some embodiments, metal oxides of the
invention can include mixtures of metal oxides, such as mixtures of zirconia, alumina,
titania and/or hafnia. In other embodiments, the metal oxides used can be substantially
pure metal oxides, such as substantially pure zirconia, alumina, titania and/or hafnia. Of
the various metal oxides that can be used with embodiments of the invention, zirconia,
titania and hafnia are advantageous as they are very chemically and thermally stable and
can withstand very high temperatures and pressures as well as extremes in pH.

Metal oxides of the invention can include metal oxide particles clad with carbon.
Carbon clad metal oxide particles can be made using various techniques such as the

procedures described in U.S. Pat. Nos. 5,108,597; 5,254,262; 5,346,619; 5,271,833; and
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5,182,016, the contents of which are herein incorporated by reference. Carbon cladding on
metal oxide particles can render the surface of the particles more hydrophobic.

Metal oxide media of the invention can be made in various ways. As one example,
a colloidal dispersion of zirconium dioxide can be spray dried to produce aggregated
zirconium dioxide particles. Colloidal dispersions of zirconium dioxide are commercially
available from Nyacol Nano Technologies, Inc., Ashland, MA. The average diameter of
particles produced using a spray drying technique can be varied by changing the spray
drying conditions. Examples of spray drying techniques are described in U.S. Pat. No.
4,138,336 and U.S. Pat. No. 5,108,597, the content of both of which are herein
incorporated by reference. It will be appreciated that other methods can also be used to
create metal oxide particles. One example is an oil emulsion technique as described in
Robichaud et al., Technical Note, "An Improved Oil Emulsion Synthesis Method for
Large, Porous Zirconia Particles for Packed- or Fluidized-Bed Protein Chromatography,"
Sep. Sci. Technol. 32, 2547-59 (1997). A second example is the formation of metal oxide
particles by polymer induced colloidal aggregation as described in M.J. Annen, R.
Kizhappali, P.W. Carr, and A. McCormick, "Development of Porous Zirconia Spheres by
Polymerization-Induced Colloid Aggregation-Effect of Polymerization Rate,” J. Mater.
Sci. 29, 6123-30 (1994). A polymer induced colloidal aggregation technique is also
described in U.S. Pat. No. 5,540,834, the content of which is herein incorporated by
reference.

Metal oxide media used in embodiments of the invention can be sintered by
heating them in a furnace or other heating device at a relatively high temperature. In some
embodiments, the metal oxide is sintered at a temperature of 160° C or greater. In some
embodiments, the metal oxide is sintered at a temperature of 400° C or greater. In some

embodiments, the metal oxide is sintered at a temperature of 600° C or greater. Sintering

10
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can be done for various amounts of time depending on the desired effect. Sintering can
make metal oxide media more durable. In some embodiments, the metal oxide is sintered
for more than about 30 minutes. In some embodiments, the metal oxide is sintered for
more than about 3 hours. However, sintering also reduces the surface arca. In some
embodiments, the metal oxide is sintered for less than about 1 week.

In some embodiments, the metal oxide media is in the form of particles. Particles
within a desired size range can be specifically selected for use in embodiments herein. For
example, particles can be sorted by size such as by air classification, elutriation, settling
fractionation, or mechanical screening. In some embodiments, the size of the particles is
greater than about 0.2 um. In some embodiments, the size range selected is from about 0.2
um to about 2 mm. In some embodiments, the size range selected is from about 150 pum to
about 250 um.

It can be desirable to maximize the surface arca of the metal oxide media so that
the amount of organic acids bound by the media is maximized. As such, in some
embodiments, metal oxide media used with embodiments of the invention includes porous
particles. By way of example, in some embodiments the metal oxide particles can have an
average pore size of about 30 angstroms to about 2000 angstroms. However, in other
embodiments, the metal oxide particles used are non-porous.

The Lewis acid sites on metal oxides of the invention can interact with Lewis basic
compounds. Thus, Lewis basic compounds can be bonded to the surface of metal oxides
of the invention. A Lewis base is an electron pair donor. Lewis basic compounds of the
invention can include anions formed from the dissociation of acids such as hydrobromic
acid, hydrochloric acid, hydroiodic acid, nitric acid, sulfuric acid, perchloric acid, boric
acid, chloric acid, phosphoric acid, pyrophosphoric acid, methanethiol, chromic acid,

permanganic acid, phytic acid and ethylenediamine tetramethyl phosphonic acid

11
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(EDTPA). Lewis basic compounds of the invention can also include hydroxide ion as
formed from the dissociation of bases such as sodium hydroxide, potassium hydroxide,
lithium hydroxide and the like.

The anion of an acid can be bonded to a metal oxide of the invention by refluxing
the metal oxide in an acid solution. By way of example, metal oxide particles can be
refluxed in a solution of sulfuric acid. Alternatively, the anion formed from dissociation
of a base, such as the hydroxide ion formed from dissociation of sodium hydroxide, can be
bonded to a metal oxide by refluxing in a base solution. By way of example, metal oxide
particles can be refluxed in a solution of sodium hydroxide. The base or acid modification
can be achieved under exposure to the acid or base in either batch or continuous flow
conditions when disposed in a reactor housing at elevated temperature and pressure to
speed up the adsorption/modification process. In some embodiments, fluoride ion, such as
formed by the dissociation of sodium fluoride, can be bonded to the particles.

In some embodiments, metal oxide particles can be packed into a housing, such as
a column or bed. Disposing metal oxide particles in a housing is one approach to
facilitating continuous flow processes. Many different techniques may be used for
packing the metal oxide particles into a housing. The specific technique used may depend
on factors such as the average particle size, the type of housing used, etc. Generally
speaking, particles with an average size of about 1-20 microns can be packed under
pressure and particles with an average size larger than 20 microns can be packed by dry-
packing/tapping methods or by low pressure slurry packing. In some embodiments, the
metal oxide particles of the invention can be impregnated into a membrane, such as a
PTFE membrane.

In some embodiments, metal oxide media used with embodiments of the invention

is not in particulate form. For example, a layer of a metal oxide can be disposed on a

12
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substrate in order to form media used with embodiments of the invention. The substrate
can be a surface that is configured to contact the unrefined chemical composition during
processing. In one approach, metal oxide media can be disposed as a layer over a surface
of a housing that contacts the unrefined chemical composition. Alternatively, the metal
oxide media can be embedded as a particulate in the surface of an element that is

configured to contact the unrefined chemical composition during processing.

Lipid Feed Stocks

Lipid feed stocks used in embodiments of the invention can be derived from many
different sources. In some embodiments, lipid feed stocks used in embodiments of the
invention can include biological lipid feed stocks. Biological lipid feed stocks can include
lipids (fats or oils) produced by any type of microorganism, fungus, plant or animal. In an
embodiment, the biological lipid feed stocks used include triglycerides. Many different
biological lipid feed stocks derived from plants can be used. By way of example, plant-
based lipid feed stocks can include rapeseed oil, soybean oil (including degummed
soybean oil), canola oil, cottonseed oil, grape seed oil, mustard seed oil, corn oil, linseed
oil, safflower oil, sunflower oil, poppy-seed oil, pecan oil, walnut oil, oat oil, peanut oil,
rice bran oil, camellia oil, castor oil, and olive oil, palm oil, coconut oil, rice oil, algae oil,
seaweed oil, Chinese Tallow tree oil. Other plant-based biological lipid feed stocks can be
obtained from argan, avocado, babassu palm, balanites, borneo tallow nut, brazil nut,
calendula, camelina, caryocar, cashew nut, chinese vegetable tallow, cocoa, coffee, cohune
palm, coriander, cucurbitaceae, euphorbia, hemp, illipe, jatropha, jojoba, kenaf, kusum,
macadamia nuts, mango seed, noog abyssinia, nutmeg, opium poppy, perilla, pili nut,
pumpkin seed, rice bran, sacha inche, seje, sesame, shea nut, teased, allanblackia, almond,

chaulmoogra, cuphea, jatropa curgas, karanja seed, neem, papaya, tonka bean, tung, and

13
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ucuuba, cajuput, clausena anisata, davana, galbanum natural oleoresin, german chamomile,
hexastylis, high-geraniol monarda, juniapa-hinojo sabalero, lupine, melissa officinalis,
milfoil, ninde, patchouli, tarragon, and wormwood.

Many different lipid feed stocks derived from animals can also be used. By way of
example, animal-based biological lipid feed stocks can include choice white grease, lard
(pork fat), tallow (beef fat), fish oil, and poultry fat.

Many different lipid feed stocks derived from microorganisms (Eukaryotes,
Eubacteria and Archaea) can also be used. By way of example, microbe-based lipid feed
stocks can include the L-glycerol lipids of Archaea and algae and diatom oils. Many
different lipid feed stocks derived from fungus (e.g. Yeasts) can also be used.

In some embodiments, lipid feed stocks derived from both plant and animal
sources can be used such as yellow grease, white grease, and brown grease. By way of
example, yellow, white or brown grease can include frying oils from deep fryers and can
thus include fats of both plant and animal origin. Lipid feed stocks can specifically
include used cooking oil. Brown grease (also known as trap grease) can include fats
extracted from waste water treatment and sewage systems and can thus include fats of both
plant and animal origin. In some embodiments, lipid feed stocks used in embodiments of
the invention can include non-biological lipid feed stocks. Lipid feed stocks of the
invention can include black oil.

In some embodiments, lipid feed stocks can be derived from microorganisms such
as bacteria, protozoa, algae, and fungi. Lipid feed stocks of the invention can also include
soap stock and acidulated soap stock.

Lipid feed stocks used with embodiments of the invention can specifically include
low value feed stocks. Low value feed stocks, such as various types of animals fats and

waste oils, generally have a relatively high concentration of free fatty acids. One method
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of assessing the concentration of free fatty acids is to determine the acid number (or acid
value) of the feed stock. The acid number is the mass of potassium hydroxide (KOH) in
milligrams that is required to neutralize one gram of the chemical substance being
assessed. The precise acid number as measured can vary because of the heterogeneity of
the lipid feed stock. However, as an example, a high value feed stock such as virgin
soybean oil can have an acid number of about 0.35 whereas a lower value feed stock such
as swine tallow can have an acid number of about 5. Yellow grease, a low value feed
stock, can have an acid number of about 15 while acidulated soap stock, also a low value
feed stock, can have an acid number of about &8.

In some embodiments, the lipid feed stock used has an acid number of about 3 (mg
KOH/g oil) or greater. In some embodiments, the lipid feed stock used has an acid
number of about 5 (mg KOH/g oil) or greater. In some embodiments, the lipid feed stock
used has an acid number of about 10 (mg KOH/g oil) or greater. In some embodiments,
the lipid feed stock used has an acid number of about 50 (mg KOH/g oil) or greater.

Embodiments herein can be used to reduce the acid number of various
compositions. By way of example, embodiments here can be used to reduce the acid

number of biodiesel compositions, pyrolysis oil (bio-oil), and the like.

Alcohols

Alcohols used in some embodiments of the invention can include many different
types of alcohols. By way of example, alcohols used in some embodiments of the
invention can include alcohols having from one to six carbon atoms. For example, in
some embodiments, methanol is used. Methanol can be advantageous as the resulting

alkyl esters (methyl esters) have a lower viscosity than higher alkyl esters. However, in
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some embodiments ethanol is used. Ethanol has low toxicity and is readily produced from
plant matter by fermentation processes.

In some embodiments, a single alcohol is used. In other embodiments, a mixture
of different alcohols is used. By way of example, a mixture of methanol and a higher
molecular weight alcohol can be used. Such a mixture can offer the advantage of being
more miscible with the biological lipid feed stock than methanol alone.

The present invention may be better understood with reference to the following
examples. These examples are intended to be representative of specific embodiments of

the invention, and are not intended as limiting the scope of the invention.

Examples

Example 1: Titania Particles

Titania particles were purchased from Sachtleben Co. in Germany. Table 1 shows

the physical characteristics of the porous titania particles.

TABLE 1
Surface area (m"2/g) 100
Pore volume (mL/g) 0.12
Pore diameter (angstrom) 60
Internal Porosity 0.32
Average size (micron) 80

Example 2: Formation of a Packed Refinement Reactor

15.97g of titania particles (80 pm/60 A) from Example 1 were packed in a 150 mm
length by 10 mm. i.d. reactor (Reactor series No. TI042109A) by dry packing with a

shaker machine.
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Example 3: Continuous Production of Alkvyl Esters from Fatty Acids in Biodiesel Using

Dimethyl Carbonate (DMC)

A continuous biodiesel production process was used for the esterfication of free
fatty acids (FFAs). A process flow diagram of the system is shown in FIG. 2.

A premixed DMC-biodiesel solution consisting of different amount of DMC in
biodiesel having an initial acid number of 10.31, and without methanol and water was
prepared, yielding 1:3.6, 1:2.16, 1:1.44, 1:1 molar ratios of DMC to free fatty acids(FFAs).
The premixed solutions were then stored (separately during different experimental runs) in
a feedstock tank 202.

The DMC-biodiesel solution was pumped into one 1/8th inch o.d. stainless steel
tube (Alltech Associates, Deerfield, IL)using one high pressure Waters 590 HPLC pump
204 obtained from Waters Corporation (Milford, MA). The reactant mixture was passed
through an electrically driven, preheater 214 with the capability of bringing the reactants
to the desired set point temperature before entering the independently thermostated fixed
bed catalytic reactor prepared as described in Example 2. The custom preheater consisted
of wound 1/8 inch o.d. stainless steel HPLC tubing in a grooved aluminum cylindrical
block with an 800 watt Watlow heater in the center of the cylinder. The temperature
control of the column was achieved using ten of one inch length by 2.5 i.d. band heaters
(Applied Thermal Systems, MN).

The hot solution coming out from the reactor 220 was passed through a heat
exchanger 212 using water as coolant to bring the hot effluent to room temperature. The
backpressure of the system was maintained through the use of a backpressure regulator
222 obtained from Tescom (Elk River, MN). The as-made fuel was collected in a flask and
the fuel was distilled 224 under vacuum (120 mbar) at 95 °C to remove the residual DMC
and methanol.

The total acid number (TAN) was measured for each fraction collected using a
Tiamo Titration System (Mettler-Toledo) based on ASTM D664. The reaction conditions

were as follows: The preheater temperature was 260 degrees Celsius, the reactor inlet
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temperature was 301 degrees Celsius, the reactor middle temperature was 260 degrees
Celsius, the reactor outlet temperature was 298 degrees Celsius, the front pressure was
2400, the residence time was approximately 30 seconds. For a first group of nine samples
the mole ratio was 1:3.6. For a second group of nine samples the mole ratio was 1:2.16.
For a third group of nine samples the mole ratio was 1:1.44. For a fourth group of nine
samples the mole ratio was 1:1.

The results are shown in FIG. 3. FIG. 3 shows that acid number of the as-made
biodiesel was decreased during 3-hour testing. Thus, the esterification of FFAs in biodiesel
was achieved successfully at molar ratios of 1:3.6 1:2.16 and 1:1.44 and the acid number

of the resulting biodiesel meets ASTM specifications.

Example 4: Alumina Particles

The alumina particles were purchased from Wuhan Jiangming Import and Export,

LLC in China. Table 2 shows the physical characteristics of the porous alumina particles.

TABLE 2
Description Testing Methods Results
Al,O3 (%) NA >99.5

Weight loss by drying (%) Q/BKUS 1-2008 0.05

Weight loss by sintering (%) | Q/BKUS 1-2008 0.95

Particle size (US mesh 60- Q/BKUS 1-2008 94

100)

pH value Q/BKUS 1-2008 6.95
Activity Q/BKUS 1-2008 Reported
Solubility in water Q/BKUS 1-2008 0.20
Specific Density (g/mL) GB/T 5061-1998 1.01
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Surface area (m’/g) BET 159
Si0,(%) GB/T6610.3-2003 0.0074
Na,O(%) GB/T6610.5-2003 0.18
Fe,03(%) GB/T6610.4-2003 0.016

Example 5: Formation of a Packed Refinement Reactor

684 g of alumina particles from Example 4 were packed in a 12 inch length by 2 inch
1.d. (inside diameter) reactor by dry packing with a shaker machine. The packed particles
were washed with deionized water and the eluting water was monitored with a
conductivity detector (Omega CDH222, OMEGA Engineering, INC, Stamford,
Connecticut). The water wash was considered to be complete when the conductivity value
of the total dissolved salts (TDS) was measured to be 0.1 or lower. The particles were

then washed with approximately 2 column volumes of methanol.

Example 6: Continuous Production of Alkyl Esters from Fatty Acids in Biodiesel Using

Dimethyl Carbonate (DMC)

A continuous biodiesel production process (a process flow diagram of the system is
shown in FIG. 2) was used for the esterification of free fatty acids (FFAs) yielding
biodiesel having an acid number of 8.52.

Then, a premixed DMC-biodiesel solution consisting of 91.32 g of
dimethylcarbonate (DMC) in 1000 g biodiesel (having an initial acid number of 8.52) was
prepared, yielding a 1:7 molar ratio of free fatty acids (FFAs) to DMC. The DMC-
biodiesel solution was pumped into one 1/8th inch o.d. (outside diameter) stainless steel
tube (Alltech Associates, Deerfield, IL) using one high pressure Waters 590 HPLC pump

obtained from Waters Corporation (Milford, MA). The reactant mixture was passed
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through an electrically driven, custom preheater with the capability of bringing the
reactants to the desired set point temperature before entering the independently
thermostated fixed bed catalytic reactor (packed as described in Example 5). The custom
preheater consisted of wound 1/8 inch o.d. (outside diameter) stainless steel HPLC tubing
in a grooved aluminum cylindrical block with an 800 watt Watlow heater in the center of
the cylinder. The temperature control of the column was achieved using ten 1 inch length
by 2.5 inch i.d. band heaters (Applied Thermal Systems, MN). The hot solution coming
out from the reactor was passed through a heat exchanger using water as coolant to bring
the hot effluent to room temperature. The backpressure of the system was maintained
through the use of a backpressure regulator obtained from Tescom (Elk River, MN).

The as-made fuel was collected in a flask and the fuel was distilled under vacuum
(120 mbar) at 95 °C to remove the residual DMC and methanol. The total acid number
(TAN) was measured for each fraction collected using a Tiamo Titration System (Mettler-
Toledo) implementing ASTM D664.

The reaction conditions for samples (ST27-46C through ST27-46J) (N=8) were as
follows: preheater temperature (150 °C); reactor inlet temperature (150 °C), reactor middle
temperature (154 °C), reactor outlet temperature (150 °C), back pressure (530 PSI), front
pressure (550 PSI).

Note that mole ratio of FFAs (free fatty acids) and DMC (dimethyl carbonate) was
1:7; reactor size: 2 inch i.d. x 12 inch length; catalyst: alumina (150-250 um), residence
time: 60 minutes.

The results are shown in FIG. 4 show that acid number of the as-made biodiesel
(acid number 8.52, initially) was decreased to less than 0.5 during 5-hour testing. Thus the

esterification of FFAs in biodiesel was achieved successfully and the acid number of the
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resulting biodiesel meets ASTM specifications (e.g., meets the requirement of <= 0.5mg

KOH/g).

Example 7: Continuous Production of Alkyl Esters from Fatty Acids in Biodiesel Using

Dimethyl Carbonate (DMC)

Using the system described in Example 5 the continuous esterification of a 1:4.5
molar ratio of FFA:DMC solution, prepared by dissolving 58.71 g of DMC in 1000 g
biodiesel (initial acid number 8.52), was investigated at 150 °C. The as-made fuel was
collected in a flask and the fuel was distilled under vacuum (120 mbar) at 95° C to remove
the residual DMC and methanol. The total acid number (TAN) of each sample was
measured as described above.

The reaction conditions for samples (ST27-48A through ST27-48H) (N=8) were as
follows: preheater temperature (150 °C); reactor inlet temperature (150 °C), reactor middle
temperature (154 °C), reactor outlet temperature (150 °C), back pressure (570 PSI), front
pressure (590 PSI).

Note that the reactor size was 2 inch i.d. x 12 inch length. The catalyst was
alumina (150-250 um). The residence time was 60 minutes.

The results are shown in FIG. 5. The results show that represent a decrease from
8.52 to an average value of 1.85 during 7-hour testing, indicating that approximately 80%

of the FFAs in the biodiesel have been removed.

Example 8: Residence Time Effect on Continuous Production of Alkyl Esters from Fatty

Acids in Biodiesel Using Dimethyl Carbonate (DMC)

Using the system described in Example 5 the continuous esterification of a 4.5:1

molar ratio of DMC:FFA solution, prepared by dissolving 58.71 g of DMC in 1000 g
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biodiesel (initial acid number 8.52), was investigated at 180 °C. The as-made fuel was
collected in a flask and the fuel was distilled under vacuum (120 mbar) at 95 °C to remove
the residual DMC and methanol. The TAN of each sample was measured.

The reaction conditions are summarized for samples (ST27-50A through ST27-
50H) (N=8) as follows: preheater temperature (180 °C); reactor inlet temperature (180 °C),
reactor middle temperature (186 °C), reactor outlet temperature (180 °C), back pressure
(570 PSI), front pressure (590 PSI). For samples (ST27-52A through ST27-52H) (N=8)
the conditions were as follows: preheater temperature (180 °C); reactor inlet temperature
(180 °C), reactor middle temperature (184 °C), reactor outlet temperature (180 °C), back
pressure (570 PSI), front pressure (590 PSI). For samples (ST27-54A through ST27-54H)
(N=8) the conditions were as follows: preheater temperature (180 °C); reactor inlet
temperature (180 °C), reactor middle temperature (180 °C), reactor outlet temperature (180
°C), back pressure (570 PSI), front pressure (590 PSI). The mole ratio of FFAs and DMC
was 1:4.5; reactor size: 2 inch 1.d. x 12 inch length; catalyst: alumina (150-250 um).

A significant difference between the experimental groups was the residence time
(60 minutes for ST27-50A-H, 120min for 52A-H, 45min for 54A-H).

The results are shown in FIG. 6. The acid numbers shown in FIG. 6 demonstrate
large changes based on residence time at constant molar ratios of DMC:FFA. Specifically,
as can be seen from the FIG. 6, the acid number actually increases as contact time (or

residence time) increases.

Example 9: Continuous Production of Alkvyl Esters from Fatty Acids in Biodiesel Using

Dimethyl Carbonate (DMC)

Using the system described in Example 5 the continuous esterification of a 2:1

molar ratio of DMC:FFA solution, prepared by dissolving 26.09 g of DMC in 1000 g
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biodiesel (initial acid number 8.52), was investigated at 150 °C. The reactor size was 2
inch i.d. x 12 inch. The catalyst was alumina (150-250 um). The residence time was 60
minutes. For samples (ST27-47A through ST27-47H) (N=8) the conditions were as
follows: preheater temperature (150 °C); reactor inlet temperature (150 °C), reactor middle
temperature (154 °C), reactor outlet temperature (150 °C), back pressure (570 PSI), front
pressure (590 PSI).

Aspects of the sampling are summarized in Table 3. The as-made fuel was
collected in a flask and the fuel was distilled under vacuum (120 mbar) at 95 °C to remove

the residual DMC and methanol.

TABLE 3
Sample Name Sampling Time (min) | Total Time (min)
ST27-47A 60 60
ST27-47B 60 120
ST27-47C 60 180
ST27-47D 60 240
ST27-47E 60 300
ST27-47F 60 360
ST27-47G 60 420
ST27-47H 60 480

The TAN of each sample was measured. The results are shown in FIG. 7.

The acid numbers shown in FIG. 7 display a gradual increase during 6-hour testing.

Example 10: Molar Ratio Effect on Continuous Production of Alkyl Esters from Fatty

Acids in Biodiesel Using Dimethyl Carbonate (DMC)

Using the system described in Example 5 the continuous esterification of a 4.5:1
molar ratio of DMC:FFA solution, prepared by dissolving 58.71 g of DMC in 1000 g
biodiesel (initial acid number 8.52), and then a 3:1 molar ratio of DMC:FFA solution,

prepared by dissolving 31.46 g of DMC in 1000 g biodiesel (initial acid number of 8.52)
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were investigated at 180 °C. The reactor size was 2 inches i.d. x 12 inches in length. The
catalyst was alumina (150-250 um). The residence time was 45 minutes. The as-made
fuel was collected in a flask and the fuel was distilled under vacuum (120 mbar) at 95 °C
to remove the residual DMC and methanol. The TAN of each sample was measured.

The reaction conditions are summarized as follows: for samples (ST27-55A through
ST27-55H) (N=8) preheater temperature (180 °C); reactor inlet temperature (180 °C),
reactor middle temperature (186 °C), reactor outlet temperature (180 °C), back pressure
(530 PSI), front pressure (550 PSI). For samples (ST27-57A through ST27-57L) (N=8)
were as follows: preheater temperature (180 °C); reactor inlet temperature (180 °C),
reactor middle temperature (184 °C), reactor outlet temperature (180 °C), back pressure
(570 PSI), front pressure (590 PSI).

The results are shown in FIG. 8. The acid numbers shown in FIG. 8 demonstrate
that biodiesel meeting the ASTM specification for TAN can be made at 180 °C and molar
ratios 1:3 or 1:4.5 FFA:DMC. However, the molar ratio of 1:4.5 FFA:DMC was

somewhat more effective at reducing the acid number.

Example 11: Molar Ratio Effect on Continuous Production of Alkvyl Esters from Fatty

Acids in Biodiesel Using Dimethyl Carbonate (DMC)

Using the system described in Example 5 the effect of the molar ratio of
DMC:FFA on the acid number during continuous esterification was investigated at 180 °C.
Solutions of 10:1 (89.66 g DMC), 5:1 (47.96 g DCM), 4:1 (46.11 g DMC), 3:1 (27.60 g
DMC), and 1:1 (8.97 g DMC) molar ratio of DMC:FFA were prepared by dissolving the
appropriate amount of DMC in 1000 g biodiesel (initial acid number 6.02). The reactor
size was 2 inch i.d. x 12 inch. The catalyst was alumina (150-250 um). The residence

time was 45 minutes. The as-made fuel was collected in a flask and the fuel was distilled
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under vacuum (120 mbar) at 95 °C to remove the residual DMC and methanol. The TAN
of each sample was measured.

The reaction conditions are summarized as follows: for samples ST27-59A through
ST27-59J; ST27-60A through ST27-60J; ST27-62A through ST27-62J; ST27-68A
through ST27-68J; and ST27-69A through ST27-69]: preheater temperature (180 °C);
reactor inlet temperature (180 °C), reactor middle temperature (179 °C), reactor outlet
temperature (180 °C), back pressure (530 PSI), front pressure (550 PSI). Molar ratios of

FFAs to DMC for the experimental groups were as shown in Table 4.

TABLE 4
Experimental Group Mole Ratio (FFA:DMC)
ST27-59(A-J) 1:3
ST27-60(A-J) 1:4
ST27-62(A-J) 1:5
ST27-68(A-J) 1:10
ST27-69(A-J) I:1

The results are shown in FIG. 9. Acid numbers shown in FIG. 9 indicate that the
molar ratio of FFA:DMC has a significant effect on the final acid number with ratios of

higher amounts of DMC yielding lower acid numbers.

Example 12: Temperature Effect on Continuous Production of Alkyl Esters from Fatty

Acids in Biodiesel Using Dimethyl Carbonate (DMC) at a FFA:DMC Molar Ratio of 1:5

Using the system described in Example 5 the continuous esterification of a 5:1
molar ratio of DMC:FFA solution, prepared by dissolving 58.71 g of DMC in 1000 g

biodiesel (initial acid number 6.02), was investigated at 170, 175, 180, 185 and 190 °C.
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The reactor size was 2 inches 1.d. x 12 inches. The catalyst was alumina (150-250 um).
The residence time was 45 minutes. The as-made fuel was collected in a flask and the fuel
was distilled under vacuum (120 mbar) at 95 °C to remove the residual DMC and
methanol. The TAN of each sample was measured.

The reaction conditions for samples (ST27-62A through ST27-62J) were as
follows: preheater temperature (180 °C); reactor inlet temperature (180 °C), reactor middle
temperature (179 °C), reactor outlet temperature (180 °C), back pressure (530 PSI), front
pressure (550 PSI).

The reaction conditions for samples (ST27-64A through ST27-641) (N=8) were as
follows: preheater temperature (190 °C); reactor inlet temperature (190 °C), reactor middle
temperature (191 °C), reactor outlet temperature (190 °C), back pressure (530 PSI), front
pressure (550 PSI).

The reaction conditions for samples (ST27-71A through ST27-71J) (N=8) were as
follows: preheater temperature (185 °C); reactor inlet temperature (185 °C), reactor middle
temperature (186 °C), reactor outlet temperature (185 °C), back pressure (530 PSI), front
pressure (550 PSI).

The reaction conditions for samples (ST27-72A through ST27-72J) (N=8) were as
follows: preheater temperature (175 °C); reactor inlet temperature (175 °C), reactor middle
temperature (176 °C), reactor outlet temperature (175 °C), back pressure (530 PSI), front
pressure (550 PSI).

The reaction conditions for samples (ST27-73A through ST27-73J) (N=8) were as
follows: preheater temperature (170 °C); reactor inlet temperature (170 °C), reactor middle
temperature (171 °C), reactor outlet temperature (170 °C), back pressure (530 PSI), front

pressure (550 PSI).
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The results are shown in FIG. 10. The acid numbers in FIG. 10 show the
temperature effect of reducing the acid number. It was observed that biodiesel meeting

ASTM specifications was produced in a temperature range of 170 °C to 180 °C.

Example 13: Continuous Production of Alkyl Esters from Fatty Acids in Biodiesel Using a

Mixture of Methanol and Dimethyl Carbonate (DMC)

Using the system described in Example 5 the continuous esterification of a 1:1:18.5
molar ratio of FFA:DMC:MeOH solution, prepared by dissolving 9.5 g of DMC and 63 g
MeOH in 1000 g biodiesel (initial acid number 6.02), was investigated at 150 °C. The as-
made fuel was collected in a flask and the fuel was distilled under vacuum (120 mbar) at
95 °C to remove the residual DMC and methanol. The TAN of cach sample was
measured.

The reaction conditions for samples (ST27-59A through ST27-59F) (N=8) were as
follows: preheater temperature (150 °C); reactor inlet temperature (150 °C), reactor middle
temperature (178 °C), reactor outlet temperature (150 °C), back pressure (520 PSI), front
pressure (550 PSI).

Note that mole ratio of FFAs:DMC:MeOH is 1:1:18.5, reactor size: 2 inch i.d. x
12 inch; catalyst: alumina (150-250 um), residence time: 60 minutes.

The results are shown in FIG. 11. FIG. 11 shows that acid numbers obtained

during a 4-hour testing. The acid number is decreased from 6.02 to an average of 0.65.

Example 14: Continuous Production of Alkyl Esters from Fatty Acids in As-made

Biodiesel Using Dimethyl Carbonate (DMC)

Using the system described in Example 5 the continuous esterification of as-made

biodiesel (initial TAN = 5.01, water = 0.48% by Karl Fischer, methanol = 9.7%) was
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investigated. Solutions of 1:5 and 1:7 FFA:DMC were prepared by dissolving either 39.7 g
of DMC (5:1) or 55.6 g of DMC in 1000 g as-made biodiesel. The esterification reactions
were investigated at 170 and 180 °C. The reactor size was 2 inches i.d. x 12 inches. The
catalyst was alumina (150-250 um). The residence time was 45 minutes. The as-made
fuel was collected in a flask and the fuel was distilled under vacuum (120 mbar) at 95 °C
to remove the residual DMC and methanol. The TAN of each sample was measured.

The reaction conditions for samples (ST27-65A through ST27-65J) (N=8) were as
follows: preheater temperature (180 °C); reactor inlet temperature (180 °C), reactor middle
temperature (180 °C), reactor outlet temperature (180 °C), back pressure (530 PSI), front
pressure (550 PSI); and mole ratio of 1:5 FFA:DMC.

The reaction conditions for samples (ST27-68A through ST27-68]J) (N=8) were as
follows: preheater temperature (170 °C); reactor inlet temperature (170 °C), reactor middle
temperature (170 °C), reactor outlet temperature (170 °C), back pressure (530 PSI), front
pressure (550 PSI); and mole ratio of 1:5 FFA:DMC.

The reaction conditions for samples (ST27-67A through ST27-67]) (N=8) were as
follows: preheater temperature (180 °C); reactor inlet temperature (180 °C), reactor middle
temperature (180 °C), reactor outlet temperature (180 °C), back pressure (530 PSI), front
pressure (550 PSI); and mole ratio of 1:7 FFA:DMC.

The results are shown in FIG. 12. FIG. 12 shows the acid numbers measured

during 7-hours of testing.

Example 15: Temperature Effect on Continuous Production of Alkyl Esters from Fatty

Acids in Biodiesel Using Dimethyl Carbonate (DMC) at a 1:4 Molar Ratio of FFA:DMC

Using the system described in Example 5 the continuous esterification of a 1:4 molar

ratio of FFA:DMC solution, prepared by dissolving 33.33 g of DMC in 1000 g biodiesel
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(initial acid number 5.44), was investigated at 170, 175 and 180 °C. The as-made fuel was
collected in a flask and the fuel was distilled under vacuum (120 mbar) at 95 °C to remove
the residual DMC and methanol. The TAN of each sample was measured.

The reaction conditions for samples (ST27-74A through ST27-74J) (N=8) were as
follows: preheater temperature (175 °C); reactor inlet temperature (175 °C), reactor middle
temperature (176 °C), reactor outlet temperature (175 °C), back pressure (530 PSI), front
pressure (550 PSI); and mole ratio of 1:4 FFA:DMC.

The reaction conditions for samples (ST27-76A through ST27-76J) (N=8) were as
follows: preheater temperature (180 °C); reactor inlet temperature (180 °C), reactor middle
temperature (181 °C), reactor outlet temperature (180 °C), back pressure (530 PSI), front
pressure (550 PSI); and mole ratio of 1:4 FFA:DMC.

The reaction conditions for samples (ST27-77A through ST27-77]) (N=8) were as
follows: preheater temperature (170 °C); reactor inlet temperature (170 °C), reactor middle
temperature (171 °C), reactor outlet temperature (170 °C), back pressure (530 PSI), front
pressure (550 PSI); and mole ratio of 1:4 FFA:DMC.

The results are shown in FIG. 13. FIG. 13 shows the effect on temperature on the
esterification of free fatty acids in biodiesel using a 1:4 FFA:DMC molar ratio. FIG. 13
shows that 175 degrees Celsius was more effective than either 180 degrees Celsius or 170

degrees Celsius for reducing acid number.

Example 16: Continuous Production of Alkyl Esters from Fatty Acids in Biodiesel without

Alumina (Blank Study)

The continuous esterification of a 1:5 molar ratio of FFA:DMC solution, prepared
by dissolving 66.20 g of DMC in 1000 g biodiesel (initial acid number 8.64), was

investigated at 175 °C. The experimental setup used was the same setup as described in

29



10

15

20

25

WO 2010/144597 PCT/US2010/038000

Example 5 with the notable exception that the column was devoid of alumina particles, an
empty column. The as-made fuel was collected in a flask and the fuel was distilled under
vacuum (120 mbar) at 95 °C to remove the residual DMC and methanol. The TAN of
cach sample was measured.

The reaction conditions for samples (ST27-78A through ST27-78J) (N=8) were as
follows: preheater temperature (175 °C); reactor inlet temperature (175 °C), reactor middle
temperature (176 °C), reactor outlet temperature (175 °C), back pressure (530 PSI), front
pressure (550 PSI); and mole ratio of 1:5 FFA:DMC.

The results are shown in FIG. 14. The acid numbers shown in FIG. 14 are very
close to the original acid number of the biodiesel composition. As such, this example

shows that a catalyst, such as alumina, plays an important role in reducing acid number.

Example 17: Continuous Production of Alkyl Esters from Fatty Acids in Biodiesel by

Using Dimethyl Carbonate under Different Pressure (730 psi).

Using the system described in Example 5 the continuous esterification of a 1:5
molar ratio of FFA:DMC solution, prepared by dissolving 66.20 g of DMC in 1000 g
biodiesel (initial acid number 8.64), was investigated at 185 °C and a back pressure of
~700 psi and 45 minutes residence time. The as-made fuel was collected in a flask andthe
fuel was distilled under vacuum (120 mbar) at 95 °C to remove the residual DMC and
methanol. The TAN of each sample was measured.

The reaction conditions for samples (ST27-79A through ST27-79]) (N=8) were as
follows: preheater temperature (185 °C); reactor inlet temperature (185 °C), reactor middle
temperature (186 °C), reactor outlet temperature (185 °C), back pressure (730 PSI), front

pressure (750 PSI); and mole ratio of 1:5 FFA:DMC. The results are shown in FIG. 15.
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Example 18: Continuous Production of Alkyl Esters from Fatty Acids in Biodiesel Using

Methanol

Using the system described in Example 5 the continuous esterification of a 1:32
molar ratio of FFA:MeOH solution, prepared by dissolving 150.50 g of methanol in 1000
g biodiesel (initial acid number 8.64), was investigated at 150 °C and a back pressure of
~700 psi, and 45 minutes residence time. The as-made fuel was collected in a flask and
the fuel was distilled under vacuum (120 mbar) at 95 °C to remove the residual methanol.
The TAN of each sample was measured.

The reaction conditions for samples (ST27-82A through ST27-82J) (N=8) were as
follows: preheater temperature (150 °C); reactor inlet temperature (150 °C), reactor middle
temperature (151 °C), reactor outlet temperature (150 °C), back pressure (730 PSI), front
pressure (750 PSI).

The results are shown in FIG. 16. This example shows that methanol, by itself, did

not lower acid numbers as much as DMC.

Example 19: Continuous Production of Alkyl Esters from Fatty Acids in Biodiesel Using

Dimethyl Carbonate and Titania as a Catalyst

Using the system described in Example 5 the continuous esterification of a 1:5 molar
ratio of FFA:DMC solution, prepared by dissolving 150.50 g of methanol in 1000 g
biodiesel (initial acid number 8.64), was investigated at 175 °C and a back pressure of
~500 psi and a residence time of 45 minutes. Titania (80 um average size / 60A average
pore diameter) was used as a catalyst instead of alumina catalyst from Examples 6-18. The
as-made fuel was collected in a flask and the fuel was distilled under vacuum (120 mbar)
at 95 °C to remove the residual DMC and methanol. The TAN of each sample was

measured.

31



10

15

20

25

WO 2010/144597 PCT/US2010/038000

The reaction conditions for samples (ST27-81A through ST27-81J) (N=8) were as
follows: preheater temperature (175 °C); reactor inlet temperature (175 °C), reactor middle
temperature (181 °C), reactor outlet temperature (173 °C), back pressure (500 PSI), front
pressure (580 PSI); and mole ratio of 1:5 FFA:DMC.

The results are shown in FIG. 17. This example shows that titania can be used as a

catalyst to reduce the acid number of biodiesel in conjunction with the addition of DMC.

Example 20: Continuous Production of Biofuel using Bio-0il (Pyrolysis Qil) and

Dimethyl Carbonate

A: Preparation of bio-o0il Solution

A fraction of bio-oil was obtained having a tar-like viscosity and an acid number of
43. 1.327 kg of this bio-oil fraction was put into a beaker, along with 663.88 g methanol
and 663.74 g DMC. The mixture was centrifuged. About 42% of the bio-oil fraction was
dissolved in the methanol-DMC solution. The centrifuged solution was then diluted with
1326.9 g mixture of a 50/50 MeOH/DMC solution. The diluted solution was then
centrifuged again.

75.18 g of the diluted solution was put into a beaker and 751.80g of a mixture of

50/50 MeOH/DMC solution was added to form a 10% bio-oil in Methanol-DMC solution.

B Upgrading of bio-o0il Solution

One high pressure Waters 590 HPLC pump obtained from Waters Corporation
(Milford, MA) was used to draw the DMC-methanol-bio-oil solution formed above. The
solution was pumped into one 1/8th inch o.d. stainless steel tube (Alltech Associates,
Deerfield, IL). The reactant passed through an electrically driven preheater that was

capable of bringing the reactants to the desired set point temperature before entering the
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independently thermostated fixed bed catalytic reactor (2 inches 1.d.X 12 inches length)
filled with 684 g of alumina as a catalyst (150-250um).

The temperature control was achieved using some EZ-Zone PM Watlow (St. Louis,
MO) temperature controllers. The custom preheater was used to bring the temperature of
the flowing fluid up to the desired temperature before it entered the reactor which
consisted of wound stainless steel HPLC tubing in a grooved aluminum cylindrical block
with an 800 watt Watlow heater in the center of the cylinder. The flow rate was set for a
residence time of 80 minutes. The hot solution coming out from the reactor was passing
through a heater exchanger using water as coolant to cool the hot fluent to room
temperature. Then the backpressure of the system was maintained through the use of a
backpressure regulator obtained from Tescom (Elk River, MN).

The reaction conditions for samples (ST27-87A-D&S) (N=5) were as follows:
preheater temperature (120 °C); reactor inlet temperature (118 °C), reactor middle
temperature (120 °C), reactor outlet temperature (118 °C), back pressure (530 PSI), front
pressure (600 PSI).

The as-made fuel was collected in a flask. The fuel was distilled under vacuum
(120 mbar) to remove the residual DMC and methanol. The results are shown in FIG. 18.
The results show that bio-oil was successfully upgraded. Specifically, acid number was

significantly decreased. Further, the viscosity was observed to decrease significantly.

Example 21: Biodiesel Color Indication

A color indicator in a biodiesel product was found in the following testing. A series
of tests were performed using different compounds such as acidic compounds (e.g. stearic
acid and acetic acid), and basic compound (e.g pyridine). The colors of biodiesel solutions

were found to change from yellow to red as acidic compounds were added into the neutral

33



10

15

WO 2010/144597 PCT/US2010/038000

solution. The red changed back from red to yellow when the basic compound was added.

It is believed that this special indicator property can be used as a fingerprint to identify
biodiesel made using processes such as those described herein. The isolated natural
indicator compound could be used as food color indicator, high temperature color indicator
material, or the like.

The invention has been described with reference to various specific and preferred
embodiments and techniques. However, it should be understood that many variations and
modifications may be made while remaining within the spirit and scope of the invention.

It should be noted that, as used in this specification and the appended claims, the

singular forms "a," "an," and "the" include plural referents unless the content clearly
dictates otherwise. Thus, for example, reference to a composition containing "a
compound" includes a mixture of two or more compounds. It should also be noted that the
term “or” is generally employed in its sense including “and/or” unless the content clearly
dictates otherwise.

All publications and patent applications in this specification are indicative of the
level of ordinary skill in the art to which this invention pertains. All publications and
patent applications are herein incorporated by reference to the same extent as if each

individual publication or patent application was specifically and individually indicated by

reference.
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The Claims Are:

1. A method of producing a refined fatty acid alkyl ester composition comprising:
contacting a lipid feedstock and an alcohol with a first metal oxide catalyst at a
temperature of greater than 200 degrees Celsius and a pressure of greater than 500 psi to
form an unrefined fatty acid alkyl ester composition including free fatty acids;
combining the unrefined fatty acid alkyl ester composition including free fatty
acids with dimethyl carbonate to form a refining mixture; and
contacting the refining mixture with a second metal oxide catalyst at a temperature

of greater than 100 degrees Celsius to form a refined fatty acid alkyl ester composition.

2. The method of any of claims 1 or 3-18, the first metal oxide catalyst selected from

the group consisting of zirconia, titania, alumina, and hafnia.

3. The method of any of claims 1-2 or 4-18, the second metal oxide catalyst selected

from the group consisting of zirconia, titania, alumina, and hafnia.

4. The method of any of claims 1-3 or 5-18, the second metal oxide catalyst

comprising alumina.

5. The method of any of claims 1-4 or 6-18, the second metal oxide catalyst

comprising titania.

6. The method of any of claims 1-5 or 7-18, wherein the amount of dimethyl
carbonate (DMC) is in a molar ratio with the free fatty acid greater than or equal to 1:1

free fatty acid:DMC.
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7. The method of any of claims 1-6 or 8-18, wherein the amount of dimethyl
carbonate (DMC) is in a molar ratio with the free fatty acid greater than or equal to 1:3

free fatty acid:DMC.

8. The method of any of claims 1-7 or 9-18, the alcohol comprising a C1-C6 alcohol.

9. The method of any of claims 1-8 or 10-18, the lipid feedstock having an acid

number of greater than about 0.5 mg KOH / g oil.

10. The method of any of claims 1-9 or 11-18, wherein contacting the lipid feedstock
and the alcohol with the first metal oxide catalyst is performed with a residence time of

less than about 600 seconds.

11. The method of any of claims 1-10 or 12-18, wherein contacting the refining
mixture with the second metal oxide catalyst is performed with a residence time of less

than or equal to 120 minutes.

12. The method of any of claims 1-11 or 13-18, wherein contacting the refining
mixture with the second metal oxide catalyst is performed with a residence time of less

than or equal to 60 minutes.

13. The method of any of claims 1-12 or 14-18, wherein contacting the refining
mixture with the second metal oxide catalyst is performed at a temperature between about

150 degrees Celsius and 220 degrees Celsius.
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14. The method of any of claims 1-13 or 15-18, wherein contacting the refining
mixture with the second metal oxide catalyst is performed at a temperature between about

170 degrees Celsius and 180 degrees Celsius.

15. The method of any of claims 1-14 or 16-18, wherein contacting the refining
mixture with the second metal oxide catalyst is performed at a pressure of greater than or

equal to 300 PSI.

16. The method of any of claims 1-15 or 17-18, wherein contacting the refining
mixture with the second metal oxide catalyst is performed at a pressure of greater than or

equal to 500 PSI.

17. The method of any of claims 1-16 or 18, the refined fatty acid alkyl ester

composition having an acid number of less than about 0.5 mg KOH / g oil.

18. The method of any of claims 1-17, wherein the steps of contacting the lipid
feedstock and the alcohol with the first metal oxide catalyst, combining the unrefined fatty
acid alkyl ester composition with dimethyl carbonate, and contacting the refining mixture

with the second metal oxide catalyst are performed as part of a continuous process.

19. A method of refining an alkyl ester composition comprising:

combining an alkyl ester composition having an acid number of greater than 0.5

mg KOH / g oil with dimethyl carbonate to form a refining mixture; and
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contacting the refining mixture with a metal oxide catalyst at a temperature of
greater than about 100 degrees Celsius to form a refined alkyl ester composition having an

acid number less than or equal to 0.5 mg KOH / g oil.

20. The method of any of claims 19 or 21-31, the metal oxide catalyst selected from

the group consisting of zirconia, titania, alumina, and hafnia.

21. The method of any of claims 19-20 or 22-31, the metal oxide catalyst comprising

alumina.

22. The method of any of claims 19-21 or 23-31, the metal oxide catalyst comprising

titania.

23. The method of any of claims 19-22 or 24-31, wherein the amount of dimethyl
carbonate (DMC) is in a molar ratio with the free fatty acid greater than or equal to 1:1

free fatty acid:DMC.

24. The method of any of claims 19-23 or 25-31, wherein the amount of dimethyl
carbonate (DMC) is in a molar ratio with the free fatty acid greater than or equal to 1:3

free fatty acid:DMC.

25. The method of any of claims 19-24 or 26-31, wherein contacting the refining

mixture with the metal oxide catalyst is performed with a residence time of less than or

equal to 120 minutes.

38



WO 2010/144597 PCT/US2010/038000

26. The method of any of claims 19-25 or 27-31, wherein contacting the refining
mixture with the metal oxide catalyst is performed with a residence time of less than or

equal to 60 minutes.

27. The method of any of claims 19-26 or 28-31, wherein contacting the refining
mixture with the metal oxide catalyst is performed at a temperature between about 150

degrees Celsius and 220 degrees Celsius.

28. The method of any of claims 19-27 or 29-31, wherein contacting the refining
mixture with the metal oxide catalyst is performed at a temperature between about 170

degrees Celsius and 180 degrees Celsius.

29. The method of any of claims 19-28 or 30-31, wherein contacting the refining
mixture with the metal oxide catalyst is performed at a pressure of greater than or equal to

300 PSI.

30. The method of any of claims 19-29 or 31, wherein contacting the refining mixture

with the metal oxide catalyst is performed at a pressure of greater than or equal to 500 PSI.

31. The method of any of claims 19-30, wherein the steps of combining and contacting

are performed as part of a continuous process.

32. A system for producing a refined oil product comprising:

a production reactor for producing a crude oil product mixture, the reactor

comprising a first housing defining an interior volume, metal oxide media disposed within
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the first housing, a lipid reservoir in fluid communication with the production reactor, and
an alcohol reservoir in fluid communication with the production reactor; and

a refinement reactor in fluid communication with the production reactor, the
refinement reactor comprising a second housing defining an interior volume, the second
housing configured to receive the crude oil product mixture from the production reactor,
metal oxide media disposed within the interior volume of the second housing, and a

dimethyl carbonate reservoir in fluid communication with the refinement reactor.

33. The system of any of claims 32 or 34, the metal oxide media disposed within the

first housing selected from the group consisting of zirconia, titania, alumina, and hafnia.

34. The system of any of claims 32-33, the metal oxide media disposed within the

second housing selected from the group consisting of zirconia, titania, alumina, and hafnia.

35. A device for removal of free organic acids from a crude product mixture

comprising:

a production housing defining an interior volume, an input port, and an output port;

metal oxide media disposed within the production housing, the metal oxide media
comprising a metal oxide selected from the group consisting of zirconia, alumina, hafnia,
and titania; and

a temperature control unit configured to maintain the temperature within the
production housing at greater than about 200 degrees Celsius;

a refinement housing defining an interior volume, an input port, and an output port;

metal oxide media disposed within the production housing, the metal oxide media
comprising a metal oxide selected from the group consisting of zirconia, alumina, hafnia,

and titania,
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a temperature control unit configured to maintain the temperature within the
production housing at greater than about 100 degrees Celsius; and
a dimethyl carbonate reservoir in fluid communication with the refinement

housing.
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