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(57) Abstract: The process of this invention removes impurities from transesterification products comprising primarily fatty acid al-
kyl esters (FAAE) that are being processed for final fuel products, such as biodiesel. The inventive process is catalytic, and the res -
ulting ester is suitable for use as biodiesel. Metal oxide and mixed metal oxide catalysts are particularly suitable. The invention is
particularly suitable for treating fatty acid alkyl ester compositions comprising impurities such as glycerin, sterol glycosides, and/or
triglyceride, diglyceride and/or monoglyceride. The invention is particularly useful in treating FAAE transesterification products
made using homogeneous alkali catalysts. The treated ester exhibits improved performance under cold weather conditions, which
can be measured by methods such as ASTM 7501 Cold Soak Filtration Test (CSFT).



WO 2012/177348 PCT/US2012/038947

CATALYTIC PURIFICATION OF FATTY ACID ALKYL ESTERS USED INFUELS

RELATED APPLICATIONS

{0001 ] This application claims priority and the benefit of the filing date of United States
Provisional Patent Application Nos. 61/499,565 filed June 21, 2011 and 61/394,730 filed

February 3, 2012, the disclosures of which are hereby incorporated herein by reference.

FIELD OF THE INVENTION

(60621 This invention relates to the purification of fatty acid alkyl esters, particularly
those esters known as biodiesel, which are prepared from transesterification reactions involving

triglycerides derived from animal or vegetable sources and an alcohol.

BACKGROUND

[6003] Biodiesel fuel is frequently made from triglycerides derived from snimal or plant
sources. The triglyceride is reacted with an alcohol, typically, methanol in the presence of a
catalyst (typically sodium methoxide) in 4 transesterification reaction to produce fatty acid alkyl
esters (biodiesel) and glycerin (a byproduct). The ester fraction is separated from the glycerin
layer (e.g., after catalyst neutralization with an acid like phosphoric acid) and then purified using
water washing and distillation o decrease the levels of impurities and pass a specification under
ASTM D6751 indicative of the availubility of the ester for use in colder temperatures. The
processed ester is also known as biodiesel. The cold temperature test commonly used today is
the Cold Soak Filtration Test {TSFT) as described by ASTM D7501, which is used 1o measure

the product’s “cold flow properties”™.

{(004] The cold flow properties of biodiesel depend on the nature of the fatty acid chains
of the feedstock (paraffinic versus olefinic), as well as the presence of impurities such as
monoglycerides (intermediate product in the transesterification reaction) and sterol glycosides
{originating from the feedstock) remaining after the purification steps. Sterol glycosides are

compounds present in ppm quantities in natural oils. They are typically present in the acylated
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form which is soluble in the oil. During the transesterification process, these compounds get
converied to the non-acylated form of sterol glycosides which have low solubility in the fatty
acid alkyl esters. It has been shown that the presence of saturated monoglycerides and the non-
acylated sterol glycosides (both with relatively high melting points »40°C) can cause significant
clouding of the biodiesel and result in clogging of fuel filters, especially under cold weather
conditions. This phenomenon has been observed in sireamns containing 100% biodiesel (also
referred to as “BI00”), as well as sireams comprising blends of biodiesel and petroleum derived
diesel (also referenced as “BXX" blends, in which the XX is a number reflecting the percentage
of biodiesel in the blend). To overcome these problems, the aforementioned ASTM D7301 tests
have been implemented in the United Stutes to qualify fatty acid alkyl esters for biodiesel for

cold weather performunce .

[0005] Current methods for purifying faity acid alkyl ester streams involve low
temperature adsorbent approaches, wherein adsorbents bind or otherwise remove impurities from

the desired fatty acid alkyl ester. For example:

{t WO 2009/099655 discloses a cartridge-bused solution to process ester product
that meets the CSFT. This process comprises iwo sieps for continuous
purification of biodiesel, one of which includes the use of an adsorbent or filter-
aid.

{2)  US 2010/0313468 describes a process of ireating biofuels with an adsorbent
comprising two different metal oxides including zeolites, silicas, aluminas or

combinaticns thersof,

(3) US 2007/0151146 describes a process utilizing a silica hydrogel, among other

samples, for alleviating the “filter-blocking tendency” of biodiesel.

{4) US 2009/0156847 discloses using resin-based adsorbents for biodiesel

purification.

(5} US Patent 7,635,398 describes a magnesium silicate product that can remove

biodiesel impurities and help pass the CSFT.
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{6) WO 2009/132670 describes clay adsorbents for processing product to meet the
CSFT requirement.

{0006] Adsorbent processes, however, require frequent regeneration to remove bound
species from binding sites, or removal/replacement of the adsorbent to introduce fresh adsorbent.
Regeneration in continuous processes, moreover, require either shutting down the system and
flushing it with solvent to regenerate the adsorbents, or requiring at least a second adsorbent
column containing fresh adsorbent through which the process siream is run while the other
column is being regenerated. Distillation processes require capital investment at a significant

COSL,

(00071 It therefore is desiruble to have alternative processes, especially those that can be
run with less frequent changeover or regeneration of material used to purify the esters, with a
lower capital investrent cost relative to distillation, as well as have an approach that can be

widely adopted regurdless of the specific process used to manufuacture the fatty acid alky! ester.

SUMMARY OF THE INVENTION

(0008] The process of this invention removes impurities from fatty acid alkyl ester-
containing streams, e.g., biodiesel, by using a catalytic process. Typical fatty acid alkyl ester
streams produced from conventional transesterification reactions comprise at least ninety percent
by weight fatty acid alkyl ester. Such streams also comprise impurities that adversely affect the
properties of the esters at temperatures in colder environments. After treaiment using the
invention, however, the resulting ester stream exhibiis improved performance under cold weather
conditions, which is typically required for biodiesel. This performance can be measured by
methods such as the ASTM 7501 Cold Soak Filtration Test ({CSFT).

(80091 Generally, the process of the invention treats a fatty acid alkyl ester-containing
stream by

{a) contacting the siream with a catalyst, with optional addition of an alcohol, under
catalytic conditions to convert at least one, preferably, some or all of the

impurities in the stream to alky! ester product and/or byproduct, e.g., that does aot
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affect the properties of the desired ester at relatively colder temperatures

compured to those in the presence of the unconverted impurity, and

{b) recovering a fatty acid alkyl ester (FAAE) stream having reduced amounts of
impurities and having improved cold flow properties, e.g., such that the recovered
fatty acid alkyl ester stream meets all the specifications desired for use of the
product in diesel fuel, including specifications such as the ASTM D7501 C5FT.

{0018] Particularly suitable catalysts comprise an oxide of an element or metal selected
from the group of elements or metals in Groups 3, 4, 5, 13 and 14 of the Periodic Chart as
defined by ITUPAC nomenclature. Mixed oxides of the aforementioned elements are also suitable.
Particularly suitable oxides include slumina, silica, titania, zirconia, lanthana, and combinations
thereof, and particularly suitable mixed oxides include silica-alumina, lanthana-aluming, ttania-
alumina, zirconig-aluming, titania-silica, titania-zirconig-aluming, lanthana-zirconia-aluming, and
the like. Mixed oxides comprising alkaline earth oxide, e.g., magnesium oxide, and Group 3
metal oxide, eg., aluming, are also generally suitable, and those containing magnesium
aluminate spinel are particulurly suitable. Mixed oxide compositions further comprising rare
earth oxide and an oxide of a Group 5 metal, e.g., ceria and vanadium oxide, respectively have

shown to be particularly useful in the invention.

(6011} The impurities removed in this process include those typically found in products
from transesterification reactions, in which triglycerides, e.g., those from ammal or vegetable
sources, are converted to fatty acid esters. These impurities include monoglyceride, sterol
glycosides, unreacted triglyceride, diglyceride, andfor glycerin. In the case of the glyceride
derivatives such as mono-, di- and tri- glycerides, it is especially advantageous to convert these
to the fatty acid methyl ester derivatives. It has been shown that FAAE comprising 0.8% by
weight or less monoglycerides, and 10ppm or less sterol glycosides can be recovered from the

process of this invention.

00123 Suitable catalytic conditions for the invention comprise contacting the feed stream
with a catalyst at a temperature of at least 100°C. Alcohol is optional in step (a) above since
fatty acid alky! esters from trunsesterification processes frequently comprise sufficient amounts

of unreacted alcohol from the initial transesterification process. If additional alechol is needed,
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the alcohol can be one selected from the group consisting of methanol, ethanol, propanol,

butanol, and mixtures thereof.

[6613]

The invention can be utilized at various steps of a transesterification process in

which a triglyceride is converted to a fatty acid alkyl ester. One particularly suituble process

{Process 1) comprises:

{0014}

(a)

(b}

{c)

(d)

(e}

(6

introducing triglyceride-coniaining feedstock and an alcohol as reactants into a
reactor selected from the group consisting of continuous fixed bed reactor,

continuous stirred tank reactor, and 2 batch reactor,

contacting the reactants in the reactor with a catalyst in liguid, granulated or

powder form;

subjecting the feedstock and catalyst 1o conditions sufficient to convert
triglycerides to products comprising alkyl ester derivatives of the triglycerides,
and glycerin, wherein the alkyl ester derivatives of the triglycerides and
impurities {e.g., those comprising monoglycerides, diglycerides, uanreacted
triglycerides, sterol glycosides and, optionally, (a portion of) unreacted alcohol
from (a)), are present in an oil phase, and glycerin and {(a majority of) the
unreacted alcohol from () are present in g water soluble phase;

performing product separation to remove the water soluble phase (e.g., glycenia-
containing) from the oil phase;

contacting the oil phase separated from (d), optionally containing any residual
alcohol, with a catalyst and, optionally, additional alcohol, under catalytic
conditions to convert some or all of the impurities in the feed stream to a product

or by product (also referred 1o herein as the purification reaction step), and

recovering a faity acid alkyl ester stream having reduced amounts of impurities,

and thus with improved cold flow properties.

The process of the invention can be used for purification of fatty acid alky! ester

products prepared using homogeneous or heterogeneous catalysts. The invention is particularly

suitable for esters prepared using the former type of catalysts, wherein the catalyst in step (b)
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above can be a liquid homogeneous alkali catalyst, e.g., comprising sodium methoxide or

potassium methoxide. In such a case, step (c) further comprises neutralizing the liquid alkah

catalyst and optionally performing a water washing step prior to or after the separation step (d).

{0015}

A process of the invention can also be used to supplement conventional adsorbent

or filtration processes for purifying contaminated ester sireams produced in Process 1. For

example, Process [ can be modified afier step (d), thereby resulting in an overall process

comprising the following steps:

(a)

(b)

{c}

(d)
{e)
(N
(g

(h)

introducing triglyceride-containing feedstock and an alcohol as reactants into a
reactor selected from the group consisting of continuous fixed bed reactor,

continuous stirred tank reactor, and a batch reactor,

contacting the reactants in the reactor with a catalyst in liquid, granulated or

powder form,

subjecting the feedsiock and catalyst to conditions sufficient to convert
triglycerides to products comprising alkyl ester derivatives of the triglycerides,
and glycerin, wherein the alkyl ester derivatives of the triglycerides, and
impurities, e.g., those comprising monoglycerides, diglycerides, unreacted
triglyceride, sterol glycosides and, optionally, residual unreacted alcohol from (a),
are present in an oil phase, and glycerin and most of the any unreacted alcohol

from (u) is present in a water soluble phase;

performing product separation to remove glyeerin product from the oil phase;
removing residual alcohol from the oil phase recovered in (d),

contacting the oil phase with adsorbent or filter aid,

further contacting the alkyl ester-containing oil phase recovered from () and any
impuritics therein with a catalyst and, optionally alcohol, under catalytic
conditions to convert some or all of the impurities in the alkyl ester-containing oil

phase to a product or by product, and

recovering a fatty acid alkyl ester stream having reduced amounts of impurities.
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[0016]

The process of this invention can also be used in a multiple stage reactor system.

Process 1 can therefore be modified after step {(d) to include one or more additional

transesterification steps, and therefore the process of the invention can comprise,

(a)

(b)

{c)

(d)

{e)

(6

(g

introducing triglyceride~containing feedstock and an alcohol as reactants into
reactor selected from the group consisting of continuous fixed bed rescior,

continuous stirred tank reactor, and a batch reactor,

contacting the reactants in the reactor with a catalyst in liquid, granulated or

powder form;

subjecting the feedstock and catalyst to conditions sufficient 1o convert
triglycerides to products comprising alkyl ester derivatives of the triglycerides,
and glycerin, wherein the alkyl ester derivatives of the tiriglycerides, and
impurities, e.g., those comprising monoglycerides, diglycerides, unreacted
triglyceride, sterol glycosides and, optionally, residual unreacted alcohol from (g},
are present in an oil phase, and glycerin and most of the any unreacted alcohol

from (a) is present in 8 water soluble phase;
performing product separation to remove glycerin product from the oil phase;

subjecting the oil phase to further transesterification in one or more reactors with
additiona! alcohol under conditions sufficient o convert triglycerides,
diglycerides and monoglycerides to products comprising alkyl ester derivatives of

and optionally glycerin;

recovering the alkyl ester derivatives in an oil phase with one or more separation

steps; and

contacting the recovered alkyl ester derivatives, and any impurities and unreacted
alcohol, with a catalyst and, optionally, additional alcohol, under catalytic
conditions to convert the impurities in the recovered alkyl ester-containing stream

to a product or by product, and
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(h)  recovering a fatty acid alkyl ester stream having reduced amounts of impurities
and having properties thut meet specifications desired for use of the alkyl ester in

diesel fuel, e.g,, the alkyl ester has improved cold flow properties.

(60171 The multistage reactor process mentioned above can also employ optional catalyst
neutralization and water washing steps after a trunsesterification process comprising a

homogeneous catalyst.

BRIEYF DESCRIPTION OF THE DRAWINGS

{0818] Figure | is a flow diagrum illustrating one embodiment of the invention

comprising a multistage transesterification reactor system.

{0019] Figure 2 is a flow diagram illusirating another embodiment of the invention, also

comprising a multistage transesterification reactor system.

10020} Figure 3 is an X-ray diffruction pattern of Catalyst B described in the Examples.
(0021} Figure 4 is an X-ray diffraction pattern of Catalyst D described in the Examples.
DETAILED DESCRIPTION

[0022] As indicated above, the catalytic purification process of this invention can be

utilized at various locations within processes for transesterification of glycerides. Exemplary
processes and utilization of the invention therein, especially transesterification processes for

manufacturing biodiesel, are described in greater detail below.

Trielveeride Feedstocks and Transesterification Reactions

60231 Biodiesel is typically derived from vegetable or animal ongin. The feedstock
used to make biodiese] can therefore be unrefined vegetable oils free of their phospholipids or
gums, recovered oils such as those used for frying, and animal fats with an acid number (AN) in
the range 0.5 to 20. Particularly suitable examples of vegetable oils include African oil, palm nut

oil and coconut oil, as well as other types of oils such as soya, rapeseed, sunflower, corn, peanut,
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cotton, shea, crambe, safflower, castor, jatropha, eic. Other less expensive feedstocks that can be
used include those of animal fat origin such as beef tallow, pouliry fat, fish otl, and trap grease as
well as used cooking oils, which are more attractive from g process economics standpoint to g
biodiese! producer. These feedstocks primarily are comprised of triglvcerides, which comprise of
three fatty acid chains linked by a glycerol backbone. Other feedstocks that can be wsed in this

process include algal oil and the like.

{0624} The feeds used in transesterification reactions for making biodiesel contain, or are
processed to contain, mostly triglycerides. The triglyceride feed may also contain free fatty acid,
typically comprising up to 1% by weight free fatty acid. The triglyceride feedstock is then
contacted with alcohol in the presence of transesterification catalyst and conditions to produce a
fatty acid alkyl ester. The alcohol added to the reacior can be one or a mixture of two or more
alcohols conventionally used to convert triglyeeride-containing feedstocks to esters. Suitable
alcohols include those having one to six carbons, and typically are monoalcohols. Methanol is
frequently suitable, but the alcohol can include higher monoalcohols such as ethanol, 1-propanol,

isopropanol, 1-butanol, isobutanol, 1-peatanol or [-hexanol.

[6625] The molar ratio of alcohol to triglycende in a transesterification reaction is
generally in the range of 3:1 to 30:1, and typically in the molar ratio of from 5:1 1o 25:1. A
moluar ratio of alcohol to triglycerides less than 3:1 is more likely to lead to less than
stoichiometric conversion of triglyceride to fatty acid atkyl esters. Higher molar ratios of alcohol
to triglycerides greater than 30:1 are disadvantageous because the presence of increasing
amounts of methanol leads 1o a much higher cost for separationfrecycling of the methanol in the
downstream processing steps. The selected molar ratio of aleohol to triglycerides in the above
range thus represents an economically sensible ratio, outside of which the conversion can no
longer be expected when using other conditions described herein, or when using other conditions

conventionally used in reactions of the type described herein.

[0026] The catalyst used in the transesterification reaction can be a homogeneous or
heterogeneous catalyst.  Suitable homogeneous catalysts include alkali methoxide, alkali
hydroxides and mixtures thereof, including but not limited to, sodium methoxide, potassium

methoxide, sodium hydroxide, and potassium hydroxide. Suitable heterogeneous catalysts
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include those described in US Patents WO 2006/050925; US 200%/0069586; US 5,908,946, WO
2007/025360; or US 7,420,073, the contents of which are incorporated herein by reference.

{06271 The ester derivative produced depends on the number of carbons in the alcohol,
Frequently, methano! is used in the transesterification reaction and reactions using methano}
produce fatty acid methyl esters, also known as FAME. Ethyl, propyl, butyl, pentyl, and hexyl
esters are produced, respectively, when ethanol, propanol, butanol, pentanol, and hexanol are

used in the {ransesterification reaction.

[6028] The transesterification reaction is carried out in the presence of the catalyst under
conventional conditions. The reaction can be carried out in batch reactors, in a continuous {e.g.
stirred) tank reactor, as well as in fixed-bed reactors. The reacior conditions should be those
sufficient to convert the triglycerides to esters using transesterification, The conditions (also
referred to as transesterification conditions) include a temperature in the range of 40°C to 250°C,
more typically in the range of 60 to 200°C. Typical pressures would be in the range of [ to 100
atmospheres (atm), more typically | to 50 atm, with the final pressure dependent on the specific
alcohol and the reaction temperature used in the reaction. Lower pressures can lead to a loss of
alcohol from the reaction mixture, thereby reducing ester yield, whereas higher pressures are
energy-intensive and are thus, in certain circumstances, economically disadvantageous. It is
therefore desirous to select pressures approximately corresponding to the vapor pressure of the

selected alcohol at the temperature selected.

{0029} A particularly suitable reactor is a batch reactor or continuously stirred tank
reactor to provide maximum economic benefit to the biodiesel producer. See WO 2009/058324

illustrating such reactors.

{0630] A fixed bed reactor operation is also useful, and can be performed in any type of
flow configuration of the reactants, up flow, down flow or trickle bed mode. The up flow mode
is particularly preferred to ensure optimum catalytic performance for the transesterification

resction.

{00311 For batch reactors, the residence time for the reactant triglyceride and alcohol is
usually between 5 and 100 minutes, more typically between 20 and 60 minutes. For continuous

reactors, the liquid hourly space velocities range from 0.01 to 5 h™', more typically 0.1 t0 0.5h"'.
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{0032} As discussed later below, using the invention in a multiple stage
transesterification reactor system provides an efficient and economically desirable process for
making alky! ester derivatives suitable for fuels, It is envisioned that the invention is particulary

suitable for these systems.

Dupurities in Fany Acid Alkl Ester Producis

[0833] Once the trigivcerides and alcohol react in the transesterification reactor, the
effluent is further processed to recover fatty acid alkyl ester product. The product esters are
present primarily in a phase that is not water soluble {also referred to herein as the “oil phase™),
and any glycerol (also known as glycerin) produced and most of the unreacted methanol are
primarily in the water soluble phase. The separation process comprises separating the glycerol
phase and oil phase comprising the ester and subsequently removing the remaining alcohol
through a flash drying or stripping step. The removal of the water soluble glycerol-rich phase by
means of phase separation is preferably carried out at temperatures between 60°C and 150°C.
The phase separation is likewise preferably carried out at 4 pressure corresponding to the vapor
pressure of the alcohol. The pressure is preferably somewhat higher than the vapor pressure of
the alcohol used in the process. This separation can be conducted by distillation or decantation.

The separation process can be conducted in a batch or continuous manner,

[0034] In the case of homogeneous transesterification processes involving alkali-based
catalysts, typically a catalyst neutralization step {(invelving the addition of an acid such as
phosphoric acid or sulphuric acid) is performed along with one or more water

washing/separation steps prior to the removal of methanol discussed above.

{0835] Impurities and/or contaminants, however, are not completely removed during the
aforementioned separation processes, and up to 10% by weight impurities can still be present in
the desired ester product. For example, impurities may include, but are not limited to, soup,
colors, odors, unreacted catalyst, metals and metallic compounds, phosphorus, monoglycerides,
diglycerides, triglycerides, sterol glycosides, nitrogen compounds, sulfur compounds, acidic
compounds, free and total glycerin, methanol, chiorophyll, water, and sediment. These impurities

are known to detract from or detrimentally affect performance of the ester as a fuel. Of these, the



WO 2012/177348 PCT/US2012/038947
12

residual monoglycerides, diglycerides and triglycerides result from incomplete conversion during
the transesterification process. Sterol glycosides are present in ppm level guantities in the
vegetable oils. They are soluble in oils when in the acylated and non-acylated form. During
transesterification processes that use conventional alkali-based catalysts, sterol glycosides are
converted to a non-acylated form. The non-acylated forms of sterol glycosides, however, unlike
in the vegetable oil, have low solubility in the ester product, and it is suspected that these forms
of glycosides, along with saturated monoglycerides, cause problems with cold weather

performance for biodiesel such as clogging of fuel filters etc,

[6636] Biodiesel manufacturers therefore have heretofore treated the ester product with
adsorbents, filiers or membranes to remove the impurities. Such treatments are sometumes
referred to as “polishing” treatments. Adsorbents suitable for these treatments are well known in
the art, Suitable polishing adsorbents include, but are not limited to, silica gel, resins,
magnesium silicate, bleaching earth and diatomaceous earth. The polishing treatment can be
performed in a batch or a continuous mode of operation and could be performed at temperatures
ranging from 1°C to 100°C. This invention, however, can be used as a supplement to, or in place

of adsorbent, filter or membrane based processes,

Catalvtic Purification

{B037] The process of this invention comprises a catalytic purification process wherein
the impurities are converted chemically to other compounds at conditions that are not preferred
for adsorption processes such as elevated temperatures (>100°C) and pressures. These processes
are considered catalytic because in the absence of a catalyst, the conditions used in the process
alone do not convert the impurities. This difference is also evidenced by the desired product
yields or purity shown after a period of time during which an adsorbent’s capacity would have
been exhausted. It is believed that the catalyst and associated conditions in the process
catalytically convert the saturated monoglycerides to fatty acid alkyl esters, and the non-acylated
sterol glycosides are converted to byproducts comprising fractions of the original molecule with
the overall fatty acid alkyl ester product exhibiting superior cold flow properties. It is therefore

believed that the byproducts do not adversely the affect the cold flow properties of the ester
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compared to esters comprising the unconveried monoglycerides and sterol glycosides, As
described earlier, fatty acid esters comprising 0.8% by weight or less monoglycerides and 10ppm
or less sterol glycosides can be recovered from the invention. The fatty acid alkyl ester recovered
from the invention more suitably comprises 0.5% by weight or less monoglycerides, but with
amounts of 0.4% or less being preferred, and amounts of 0.2% by weight or less, monoglycerides
being even more preferable. Fatty acid alkyl esters comprising Sppm or less, or even 2ppm or

less, sterol glycosides are particularly suitable.

{0038] The catalyst can be in a granulated form (granules, beads, spheres, tablets, and
extrudates), for example, those appropriate for use in a fixed bed reactor designed for continuous
operation. The granulated forms can have dimensions in the range of 0.1 to 10 min, and more
typically, in the range of 0.5 10 5 mm. The form can be of any shape, for example, cylindrical,
trilobe or quadrilobe. The granulation process can be a combination of mixing and extrusion.
The formulation for the extruder feed may optionally comprise additional oxide for improving
the mechanical strength of the granulated material {measured as crush strength}, extrusion aid
such as methyl cellulose {for example, commercially available as Methocel), and optionally acids
such as nitric acid for peptization and for enhancing mechanical strength to the granufaied
material. In addition, the water level is adjusted to optimize the extrudability of the catalyst. The
formulation forming the extruder feed is first mixed in a Sigma or an Eirich mixer and is then
extruded through a commercially available single screw or twin screw extruder. The extruded
material is then dried and calcined to form the finished catalyst., Granulated particle
embodiments are typically calcined during the forming process at temperatures from 300°C o
1200°C, more preferably from 400°C to 1000°C and most preferably from 500°C 0 900°C. The
catalyst can also be granulated into a spherical form with similar ingredients mentioned above,
but done so in a Eirich or a Nauta Mixer, followed by similar drying/calcination processes. The

catalyst could optionally be regenerated for reuse but the preferred mode is once-through.

(60391 Catalyst in powder form can be utilized in batch or continuous stirred tank
reactors. The powdered forms generally comprise spray dried particles, and have a nominal
particle size in the range of | to 1000 microns, frequently in the range of 10 to 500 microns, and
more typically in the range of 30 to 200 microns. In this case, a filtration step is typically

employed to separate the purified biodiesel product from the catalyst powder.



WO 2012/177348 PCT/US2012/038947
14

[6040] The oxides or mixed oxides described above and used to make the catalyst of this
invention can be characterized as either acidic or basic. For example, acidic oxides include
combinations of alumina and silica, and exemplary basic oxides include lunthana and cerna.
Titania, zirconia, alumina and vanadia are considered amphoteric, and therefore capuble of acid
or base character depending on the environment in which they are used. A single metal oxide site
at any given instant is either a Bronsted acid if terminated by —~OH, i.e. the oxygen is protonated,
a Lewis acid if the metal is coordinatively unsaturated, i.e. lacking full oxygen coordination such
as an Al within a silica matrix, or a base {which can function in cither the Lewis or Bronsted
sense) if terminated by an M-Q', Le. the oxygen is unprotonated.

{0041} The oxides or mixed oxides, either amorphous or crystalline, can be prepared
using conventional preparation methods and technigues. Single or mixed oxides can be prepared
via precipitation or co-precipitation using salts of the selected element, but can also be prepared
via gelation, forming solid solutions, or impregnation. For example, one preferred embodiment
comprises impregnating one element onto a carrier made from another suitable element, either in
gxide form, or oxide precursor form.

[0042] Suitable oxides and mixed oxides include those commercially available in
powder, which can be further processed into shaped forms. For example, Catapal™ aluminas
from Sasel and TIONA® titanium dioxides from Cristal Global can be used to make the
invention. Suitable oxides are also available in pre-formed shapes.

(6043} In some embodiments, such as a formed catalyst or other compositions
comprising oxide precursors, it may be necessary to further process the composition. For
example, oxide precursors generally require further processing to form oxides, or crystalline
oxide compounds. Calcining under appropriate conditions is one method to do so. Further
processing of mixed oxides may also be necessary to form spinel structures, if desired, e.g.,
magnesium aluminate spinel can be formed by calcining mixed magnesin/alumina under
appropriate conditions. Methods for making the oxides, oxide precursors and brmed shapes
thereof are known and illustrated in Farrauto and Bartholomew, Fundamentals of Industrial
Catalytic Processes, Blackie Academic & Professional, pp. 88-99 (1997), the contents which are
incorporated by reference. See also, further description below, and Krylov, O.V. 1870 Catalysis

by Nonmetals; Moss, R.L., 1976. Preparation and Characterization of Supported Metal Catalyst,
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in Experimental Methods in Catalytic Research , v. II, Ch 2, pp. 43-94; Stiles, A.B., Catalyst

Manufacture: Lab. and Commerciall Preparations

{6044] Surface area, dispersion of oxides within the catalyst comprising mixed oxides,
presence and nature of crystalline phases, if any, and specific of combination of oxides, can
affect the caialytic activity of the catalyst composition chosen. Therefore one can tailor the

composition andfor its properties to have the desired activity for a particular application.

(68451 As mentioned above, suitable mixed oxide catalysts include oxides of alkaline
earth metals {including but not limited to Mg, Ca and combinations thereof) and Group 13
metals, such as aluminum. Particularly suitable embodiments of the invention, for example,
comprise 20 to 60% by weight magnesium oxide, and 30 to 70% by weight alumina.
Embodiments of the catalyst comprising 30 to 45% by weight magnesium oxide, and 45 to 60%
by weight alumina are also suitable. The mixed metal oxide, alkaline earth metal embodiments of
the catalyst of this invention may further comprise an alkaline earth metal aluminate spinel, as
discussed carlier. The term spinel in the context of this invention refers to the conventional
definition of a spinel phase, .., a crystal structure possessing double oxides having a formula of
AB20; wherein A and B represent a metal element. The composition of the spinel used in this
invention can therefore vary depending on the metals selected. For example, a spinel formed
from an alkaline earth and Group 13 metal such as aluminum is an aluminate spinel. Therefore
metal B is trivalent Al, and metal A is an alkaline earth metal, e.g., magnesium, thereby making
such a spinel an alkaline earth metal aluminate spinel. Spinel structures are crystalline, and
possess an octahedral profile that belongs to a closely packed, oxygen-containing cubic lattice of
AB.0, as the lattice unit. Processes for making spinels are known and described in US Patents
4,492,678 and 4,728,635, the contents of which are incorperated by reference. Briefly, a mixture
of the two selected metals are formed, a mixed oxide is precipitated, and the precipit te heated,

e.g., via calcination, to form a mixed oxide having the aforementioned crystal structure.

{0046] Generally, when using spinel-containing embodiments, the catalyst can comprise
spinel in amounts ranging from § to 95 % by weight of the catalyst composition, more preferably
35 to 80 wt% and most preferably 35 to 75 wi%. The spinel content of the composition can be
measured using x-ray diffraction. The position of the peak in the XRD pattern for the spinel of

this invention depends on the temperature of formation of the spinel when calcined.
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(6047} The spinel used in this invention preferably has a formation temperature, ie,,
calcination, temperature, in the range of 300 to 700°C. This is different from the formation
temperatures of spinels derived from other materials such as hydrotalcites. Hydrotalcite
compositions typically form magnesium oxide, as well as alumina, ot temperatures less than
500°C, and have to be calcined at temperatures as high as 800 to 900°C before spinel forms as
mentioned in US 2010-0298586.

{6048} Depending on the mixed oxides selected, or added, there also may be other types
of spinel present in the catalyst composition, including zinc aluminate-, calcium aluminate-, or
lanthanum aluminate-containing spinels, such as those described in US 2010-0298586. Most
catalyst embodiments of this invention however do not contain more than 20% by weight of the

additional mixed oxide or additional spinel, and more typically, no more than 10% by weight.

[0049] The catalyst of this invention can comprise certain metal oxides, such as alumina,
that provide binding properties to a formed catalyst, in addition to providing catalytic properties
to the resulting catalyst. The catalysts of this invention, however, can also comprise one or more
additional oxides that are not substantially catalytically active, but do provide binding properties
or promote structural stability to the finished product, For example, a mixed magnesium
oxide/alumina catalyst can comprise other mixed oxides or silicates that include, but are not
limited to, calcium/alumina mixed oxide or calcium silicate or magnesium silicate including ones
those derived from natural sources or synthetic processes such as those from the cement industry,
and mixed oxides from fillers, such as clay and other silica/aluminas. The catalyst can contain
oxides (such as 5i0; or TiO; or Zr0;) that are added for improving thermal stability. These
oxides can be added in powdered form to the mixed oxide powder added for catalytic properties,

or as powders to the mixer during a granulation process using conventional methods.

[005¢] The catalyst used in the invention may optionally further comprise rare earth
oxide, as mentioned above. The rare earth oxide in the catalyst of this invention can be an
oxide(s) of one or more of the elements of the Periodic Table having atomic numbers from 57 to
71, The metals within this range of atomic numbers include lanthanum (atomic number 57) and

Hawley’s Condensed Chemical Dictionary, 11" Edition, (1987). Suitable

lanthanide metals. See,

rare earth oxides therefore include oxides of cerium, lanthanum, neodymium, erbium,

dysprosium, holmium, thulium, lutetium, and vtterbium. The rare earth oxide can be added to a
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mixed metal oxide in accordance with processes described in the aforementioned US Patent
4,728,635, The rare earth oxide may also contain yitrium oxide, which is frequently present in
mined rare earth. Processes for adding the rare earth oxide, include, but are not limited to,
associating the rare earth metal in the metal oxide precursors when making the mixed oxide, or
impregnating rare earth onto a base of mixed oxide and alkaline earth metal aluminate spinel
containing composition. The rare earth oxide may be present in the catalysts at an amount of |
to 30% by weight. Ruare earth oxide would more typically be in the range of 5 to 20% by weight
and more preferably in the range of 10 to 15% by weight. The weight measurements of rare earth
oxide refer to that reported as an oxide in elemental analysis techniques conventionally used in

the art, including but not limited to, inductively coupled plasma (ICP) analytical methods.

[6051] The catalyst may optionally further comprise oxide of a Group 5 metal such as
vanadium or niobium. The Group 3 metal oxide can be present in amounts of 0.001 10 10% by
weight, more typically in the range of | to 5% by weight, and can be added to the catalyst
composition in a manner similar to that used to add the rare earth oxide component. See for
example, US Patent 4,728,635, Unless expressed ctherwise herein, weight measurements of the
oxide of Group 5 metal or Group 5 compounds refer to that reported as an oxide in elemental
analysis techniques conventionally used in the art, including but not limited to, Inductively

Coupled Plasma (ICP) analytical methods.

[0082] The Group 5 metal and rare earth are particularly suitable for inclusion in spinel

containing embodiments of the invention that are prepared from magnesia alumina mixed oxides.

{6653] The catalytic purification process of the invention can be carried out in a reactor
similar to that described earlier with respect to transesterification reactions converting the
triglyceride-containing feedstock, A fixed bed continuous reactor is particularly suitable,
Suitable catalytic conditions comprise temperatures, residence times, and pressures suitable for
converting the aforementioned impurities into molecules and byproducts that will not
detrimentally affect the resulting ester as fuel, or its properties that affect its properties during
storage or use. The reactor conditions can vary and depend on the concentration of impurities,
the type of impurities, and the desired purity. The conditions can range from 40°C 0 250°C
Particularly suitable conditions include a temperature of at least 100°C, and more particularly in

the range of 100°C to 200°C, pressures in the range of 1 to 13 atm, and liguid hourly space
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velocity (LHSV) of 0.01 t0 5.0 h'! are suitable for continuous processes, with a LHSVY in the

range of 0.05 to 2 b being particularly suitable.

{5854} Certain reactors require a filtration step after the purification reaction step to
separate the catalyst from the purified fatty acid alky! ester product. This is especially preferred
when the purification reaction step is carried out in a batch or continuously stirred tank reactor

wherein the catalyst used is in powder form.

[0655] The catalytic process of this invention can be carried out at process stages in
which conventional adsorbent processes are carried out to purify fatty acid alkyl ester streams
destined for use in biodiesel. The invention has been shown to be particularly useful in purifying
streams comprising at least 80% by weight fatty acid alky! ester, more likely streams comprising
at least 953% by weight fatty acid alkyl ester and is very useful for purifying streams comprising
at least 97% by weight fatty acid alkyl esters. The impurities in these streams can be the

remaining fraction in the stream.

[B0S6] This process can therefore be incorporated at any point after the transesterification
reaction step in the biodiesel manufacturing process, but most preferably incorporated after
catalyst neutralization/washing with respect to processes using homogeneous catalyst. In this
process, the biodiesel is washed with warm, slightly acidic water to neutralize the ester product
containing residual alkaline homogeneous catalyst and remove them as salis, One or more
additional washing steps employing water may also be employed in combination with the
neutralization step. Typically a decantation step is employed after these steps to perform

separation of the glycerin layer containing glycerin, methanol and salts,

[BOST] Indeed, the invention is particularly useful in transesterification processes using
alkali catalysts. Many transesterification processes utilize liguid alkali catalysts, e.g., sodium
methoxide, which, as mentioned earlier, result in non-acylated sterol glycosides that are not as
soluble in fatty acid alky! esters, especially at lower temperatures. Processes using other types of
alkali or alkaline earth catalysts, e.g., heterogeneous catalysts such as those based on calcium or

lanthanum, may also benefit from this invention.

[6058] Alternatively, the process can be used either before or after methanol recovery

typically carried out by distillation or stripping. For example, the invention can be used prior to
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methanol recovery, because the presence of residual methanol can promote the conversion of

residual monoglycerides in the impurities by transesterification to form fatty acid alkyl esters.

Use of the Inverion with Multiple Stace Reactors

[0059] The invention is particularly adaptable for use at one or more of several points in

a multistage reaction process system.

[0060] For example, the invention can be utilized as a process step in a two-stage fixed
bed continuous or a two stage batch catalytic process, as shown in Figure 1. In the first stage of
the process, triglyceride in a refined oil or fat feedstock is convented to a product, e.g., containing
about 70-90 wit% alkyl esters (typically methyl esters) with the remaining composition
comprising unreacted triglycerides (TG), residual monoglycerides (MG) and diglycerides (DG)
and small quantities of other impurities such as ppm levels of sterol glycosides. Suitable
conditions for this first reaction include a temperature in the range of 40°C to 250°C, more
typically in the range of 60 to 200°C, pressure in the range of | to 100 bar, more typically | to 50
bar, and alcohol to feedstock molar ratio in the range of 3:1 1o 20:1 (more typically 3:1 10 25:1).
In the case of a fixed bed continuous process, the LHSV is in the range of 0.05 to 5 h”! (more
typically 0.1-0.5 b'). In the case of a batch process, the residence time for the reactant
triglyceride and alcohol can be between 5 and 100 minutes, more typically between 20 and 60
minutes. This process stream is sent to a decanter to separate the glycerin/methanol layer from
the oil layer. The intermediate step of removing glycerin po entially helps to avoid eguilibrium
limitations for transesterification facilitating the complete conversion of TG to FAME. A typical
composition of oil product after the separation of glycerin/methanol comprises 80% alky! ester
or more by weight (e.g., 83%), and less than 10% each by weight of TG (e.g., 6%), MG (e.g.,
6%;), and DG (53%). The oil is subsequently sent to a second reactor which converts TG/MG/DG
into alkyl ester, e.g., FAME, with additional alcohol, e.g., methanol. The conditions in the
second reactor are typically similar to that in the first reactor. The product of the second reactor
is then processed through a decanter, wherein the resulting stream is typically, essentially all
alkyl ester {e.g., greater than 95 wt. %). The process of this invention can therefore be used o

treat product from the second reactor.
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{0061} Figures 1 and 2 illustrate specific embodiments of the invention as utilized in
exemplary multistage reactor-based transesterification processes, and more specifically, in
connection with other process steps taken when processing the ester, e.g., product separation
processes such as decantation, washing steps and alcohol removal steps. Moreover, whereas
Figure | illustrates a process in which unreacted alcohol from the transesterification reactors is
removed from the ester product prior to catalytic purification, Figure 2 illustrates a process in
which alcohel is not removed until after the invention is carried out, and thereby the process of

the invention can use residual unreacted alcohol from the transesterification reactors.

[0062] The invention is also suitable for further purifying fatty acid alkyl ester that had
previously been treated with conventional adsorbents. Conventional adsorbent processes are
known. For example, conventional processes comprise treating the ester with silica hydrogel,
resinous adsorbents, magnesium silicate, and/or clay. See WO 2009/099635; US 2007/0151146;
US 2009/0156847;, US Patent 7,635,398; and WO 2009/132670; the contents of which are

incorporated by reference,

{0063] As discussed above, a goal of the invention is to produce a stream comprising
fatty acid alkyl esters that has improved cold flow properties, preferably such that the esters meet
the cold flow property specification requirement such as that mandated by the ASTM D7501
CSFT. The catalytic process converts some or all of the impurities in the initial stream to
products or by products which do not significantly detract from the ester as a fuel, e.g.,
combustible material suitable powering an internal combustible engine. Accordingly, esters

treated with the invention have shown to meet specifications listed below.
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Bindiessl Standards EUROPE Usa
Specification EN 14214 ASTM D E751
Appiies to FAME FAAE
CFPP o " gountry specific
Cloud polnt 0 * report

8.2 max or Fp
Methano! W% £.20 max <130°C
Monoghwoeride | WE% 0.8 max -
Diglyraride W% 0.2 max ~
Triglycerids W% £.2 max -
Free giycerol Wi% .02 max 0.02 max
Total glycerol W% 8.25% max £.24 max
C8FT sec . 3807200

[0064] In some instances, the invention at least improves the cold flow properties, e.g.,

such that the total time to pass through a filter prescribed in the CSFT is 200 seconds or less,

which is considered to be the winter specification of the CSFT.

[00468] To further illustrate the present invention and the advantages thereof, the
following specific examples are given. The examples are given as specific illustrations of the
claimed invention. It should be undersiood, however, that the invention s not limited to the

specific details set forth in the examples.

[B066] All parts and percentages in the examples as well as the remainder of the
specification that refers to solid compositions of concentrations are by weight unless otherwise
specified. However, all parts and percentages in the examples as well as the remainder of the

specification referring to gas compositions are molar or by volume usless otherwise specified.
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[0067] Further, any range of nsumbers recited in the specification or claims, such as that
representing a particular set of properties, units of measure, conditions, physical states or
percentages, is intended to literally incorporate expressly herein by reference or otherwise, any

number falling within such range, including any subset of numbers within any range so recited.

Examples

Preparation of Catalvst A:

[0068] Catalyst A was prepared as follows. To a mixture of water and alumina (Catapal-
C from Sasol) in a Cowles mixer, formic acid was added to make a peptization slurry,
Subsequently MgO was added to the alumina slurry followed by cerium nitrate and the slurry
was milled with a2 media loading of 80% and a mill feed rate of 0.9 gallons/min. The mixed
siurry was pumped to a4 Bowen spray dryer with a wheel atomizer and a speed of 13500 rpm,
targeting an inlet air temperature of 345°C and an outlet air temperature of 150°C. The catalyst
was subsequently calcined in a rotary calciner at 595°C. The slurry was dried as per the above-
mentioned procedure and the resulting catalyst had the composition of 53% ALGY 37%

MgO/10% CeO- by weight.

Preparation of Catalyst B:

{00691 Catalyst B was prepared using a similar procedure as that for Catalyst A except
that a measured amount of vanadium oxalate was added to the slurry mixwre before the spray
drying step. The resulting mixed oxide had the composition of 32% ALOY 36% MgQ/ 10%
CeOny/ 2% V10s by weight. The X-ray diffraction scan of this catalyst shown in Figure 3

confirms the presence of the MgAl O, spinel phase.

Test | - Evaluation of the catplviic concept in a batch reacior;

[00748] The baich reactor experiments were conducted as follows. The impure biodiesel
sample used for the tests was a palm-based biodiesel containing negligible levels of methanol but

appreciable levels of the impurities, monoglycerides {0.66 by weight) and sterol glycosides (69
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ppm}. 330ml of this biodiesel sample was added to a beaker and heated up in an oil bath w0
140°C. The powder catalyst (Catalyst A) was dried for 1.5 h at 200°C and then added to the
biodiesel at 3% by weight. The test was carried out at 140°C at ambient pressure for 60 min with
the final 15 min being under vacuum. At the completion of the reaction, the catalyst was
separated from the biodiesel using a glass fiber filter either at 140°C or at 21°C. The purified
biodiesel was then tested for its cold flow properties using the standard ASTM D750{ CSFT

methodology.

0671} Table | summarizes the results from the baich tests. Biodiesel that is heated up to
140°C without any catalytic treatment and filtration does not pass the CSFT. These tests show
that the treatment with Catalyst A enables the biodiesel to pass the CSFT with reasonable
filtration times (<10 min). It is also shown that the observed effects are independent of the size of
the used filters (0.7 pm vs. 5-12 pm). In addition, analytical results indicate that the significant
improvement in cold flow properties is indeed due o the reduction in the amount of

monoglycerides and sterol glycosides in the biodiesel.
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Preparation of Catalyst C
(6672} The powder precursor to Catalyst € was prepared using the same procedure as

that for Catalyst B except that no calcination step was performed after spray drying. The
resulting spray dried product was mixed with water and an extrusion aid (methyl cellulose) and
mixed in a 2-gal Eirich mixer for 9 minutes at low speed. The water addition was adjusted to
ensure that the resulting granulated material was consistent enough to be extruded. Extrusion was
performed using a 4” Bonnet single screw extruder with a screw rotational speed of 20 rpm
through a die fitted with cylindrical buttons in order to achieve a 1/32” average diameter. The
extrudates were dried overnight at 120°C in a convection oven and finally calcined in a batch
rotary calciner at 650°C for | h with an air flow of 8L/min. The resulting catalyst was designated
as Catalyst C. The X-ray diffraction pattern for this catalyst also confirms the presence of the

MgALQ, spinel phase (Figure 4).

Test 2 -Evaluation of the catalvtic purification concept in 4 fixed bed reactor for Process [

{0073] The fixed bed reactor test was performed in up-flow mode with {3 cc of Catalyst
C extrudates that had been crushed and sieved through 10 mesh and sbove 20 mesh. The
experiment was carried out at a temperature of {80°C, a pressure of 4 psi and LHSV of 0.5 h'".
The biodiesel sample used for the experiments was a final filtered soy oil-based biodiesel
containing 0.52% by weight monoglycerides (to simulate Process | - After the methanol removal
and optional filtration steps — with methanol addition to the biodiesel containing very little water
{See Figure 1). To simulate Process | the final filiered biodiesel sample was spiked only with
methanol to the 1% weight level. The liguid flow after the reactor was sent through a back-
pressure regulator to a fraction collector that was programmed to collect 8 mL of sample at
predetermined time intervals with the total duration of the run being 150 h. Each sample
analyzed by GC according to the ASTM D6384 method with an Agilent 5890 Gas
Chromatograph equipped with a MXT Biodiesel TG and Integra Gap columns (14m x 0.53mm
dia, 0.16 micron thickness) using a Flame lonization Detector. Prior to GC injection, each

sample was mixed with an internal standard (Tricaprin}, and then derivatized using a silylating
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agent MSTFA (1:1 volume ratio) diluted with n-heptane. The results from this test are
summarized in Table 2. It is observed that significant reduction in monoglycerides without a
substantial increase in the diglyceride content (undesirable effect) can be achieved with this

catalytic process concept.

Table 2-Catalvtic Purification in a Fixed Bed Reucior

Time on Monoglycerides | Diglycerides
Stream (h) {wt%} {(wi%)
inlet 0.522 0.150
24 (.085 0.230
51 {.258 0.226
102 .294 0.224
150 {.322 0218

Test 3 ~ Fixed bed reactor test with slass beads

(0074} To rule out the presence of any thermal conversion, a test was performed with
glass beads. The fixed bed reactor mentioned above was packed with 12 cc of glass beads. The
test was performed with the same procedure as that used for Test 2 except that the conditions
used were: a reactor wemperature of 180°C, pressure of 60 psi and LHSV of 1.0 k' Negligible

conversion of monoglycerides was observed confirming the lack of son-catalytic conversion,

Preparation of Catalyst D

[0075] A pre-weighed amount of Catapal-C alumina received from Sasol wus added to a
2-gal Eirich mixer along with pre-weighed amounts of a mixture of nitric acid (70%

concentration) and water. The ingredients were mixed for 8 min at the low speed setting. The
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water addition was adjusted to ensure that the resulting granulated material was of adequate
consistency o be extruded. Extrusion was performed using a 4" Bonnet single screw extruder
with a screw rotational speed of 20 rpm through a die fitted with quadrulobe buttons in order to
achieve a 0.03” average diameter. The extrudates were dried overnight at 120°C in a convection
oven and finally calcined in a rotary calciner (6” internal diameter, four zones, 4 rpm rotational
speed) at 649°C with 4 feed rate of 129 g/min with an air flow of 3-4 L/min. The resulting
catalyst was designated as Catalyst D) and had a surface area of 210 mzfg and a N; pore volume
of 0.60 ccfg.

Preparation of Catalyst E

[0076] A pre-weighed amount of Siral 30 alumina received from Sasol (containing 30
wt% Si0;) was added to a 2-gal Eirich mixer along with preweighed amounts of methyl
cellulose (extrusion aid) and a mixture of nitric acid (70% concentration) and water. The
ingredients were mixed for 8 min at the low speed setting. The water addition was adjusted to
ensure that the resulting granulated material was consistent enough to be extruded. Extrusion was
performed using a 47 Bonnet single screw extruder with a screw rotational speed of 20 mpm
through a die fitted with quadrulobe buttons in order to achieve u 0.05” average diameter. The
extrudates were dried overnight at 120°C in a convection oven and finally caicined in a rotary
calciner (67 internal diameter, four zones, 4 rpm rotational speed) at 900°C with a feed rate of
129 g/min with an air flow of 3-4 L/min. The resulting catalyst was designated as Catalyst E and

had a surface area of 396 m’/g and a N> pore volume of 0.69 cc/g.

Preparation of Catalyst F

16077} Catalyst F was prepared as follows. 30 g of alumina in quadrulobe extrudate form
with an average diameter of 0.057, a SA of 167 mzfg and a Nj pore volume of (.68 co/g was used
as the support in an incipient-wetness impregnation. 1.3 g Zr acetate hydroxide was dissolved in
34 cc of water (equivalent to the pore volume of the support). This Zr-containing solution was

added drop-wise to the support as it was tumbled in an impregnation vessel consisting of rotating



WO 2012/177348 PCT/US2012/038947
28

tilted cylindrical beaker. The tumbling of the impregnated support was then continued for an
additional 30 minutes. The impregnated material was then dried ovemnight in air at 120°C and
finally calcined in air at 550°C for 2 h. The resulting catalyst by analysis had ZrO» content of 1.5

wi%, SA of 143 m*/g and N pore volume of 0.65 cc/g.

Preparation of Catalvst G

[6078] Catalyst G was prepared as follows. 50 g of a silica alumina extrudate support
{from Grace containing 23 wt% alumina, 75 wit% silica) with surface area (SA) of 320 and pore
volume (PV) of 0.86 cc/g, was used as the support in a 2-step incipient-wetness impregnation
process. In step 1, 2 g of La(NO:}:-6H.0 was dissolved in 43 cc of water and spraved onto the
tumbling support similarly to what was vsed to make Catalyst F, followed by 10 minutes
additional residence time in the tumbling vessel. After drving the impregnated catalyst at 120°C,
the second impregnation step was similarly applied using 13 g of a zirconyl nitrate solution with
Zr concentration equivalent to 20 wt% ZrOs. After a second 120°C drying step and calcination in
air at 350°C for 2 hrs, this finished material had LayOs content of 1.4 wi%, Zr(O» content of 5.8

wi%%, 8 A of 240 mzfg, and Nx pore volume of 0.78 cc/g.

Evaluation of Catalysts D through G for biodiesel purification

{0079] The performance evaluation of Catalysts D through G for biodiesel purification
was conducted in a fixed bed microreactor using the same protocol as those for Tests -3 except
that the conditions used were as follows: temperatures in the 180-230°C range, pressure of 70-
110 psi and a Liguid Hourly Space Velocity (LHSV) of 1.0 h''. The biodiesel sample used for
the experiments was a soy oil-based biodiesel obtained from a commercial facility containing
either 0.42 wi% or 0.67 wt% monoglycerides. The tests were conducted io evaluate the
performance of these catalysts for biodiesel purification at two different stages of the biodiesel
manufacturing process: Process | After the methanol removal and optional filtration steps —

with methanol addition to the biodiesel containing very little water (See Figure 1), and Process 2:
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After the neutralization/washing steps performed right afier the transesterification — this
biodiesel sample will contain residual amounts of methanol and water (ranging from 0.2 to 2
wi%) (See Figure 2). To simulate Process | the final filtered biodiesel sample was spiked only
with methanol to the required level (1-2 wt%). To simulate Process 2, the final filtered biodiesel
was spiked with methanol and water to achieve a total weight of 1-2 wt% methanol and 0.2 wt%
water respectively. In addition tests were also conducted with a biodiesel taken after the water
washing step from a commercial facility that contained methanol and water. The praduct

collection and analyses were identical to those used for Tests [-3.

Test 4 - Evaluation of Catalvst I for Process |-

(60801 The fixed bed reactor test was carried out with the same procedure as above but
with the final filtered biodiesel spiked with | wi% methanol and no water to simulate Process 1.
The initial monoglyceride and diglyceride contents for the feed blend as measured prior to the
run were (.34 wi% and 0.13 wi% respectively. The reaction conditions used were: total pressure
of 90 psi, temperature of 180°C, and LHSV of | h'' and the test was carried out for a total
duration of 24 h at this condition. The results are summarized in Table 3 below. It can be
observed that Catalyst D exhibits 4 monoglyceride reduction of 80% over this timeframe with a

minimal increase in the diglyceride content.

Table 3
Time on Monoglycerides | Diglycerides
Stream (h) (wi%h) {(wi%h}
initial (.54 0.13
& 0.04 0.19
is 042 0.23
24 0.1 .22
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Test 5 - Evaluation of Catalyst D for Process 2:

[6081] The fixed bed reactor test was carried out with the same procedure as asbove but
with the final filtered biodiesel containing 042 wi% monogiycerides spiked with 2 wit%
methanol and 0.2 wi% water to simulate Process 2. The initial monoglyceride and diglyceride
contents for the feed blend as measured prior (o the run were 0.42 wi% and 0.13 wi%
respectively. The reaction conditions used were: total of pressure of 140 psi, temperature of
IR0°C, and LHSV of | h' and the test was carried out for a total duration of 600 h at this
condition. The results are summarized in Table 4 below. I can be observed that Catalyst D
shows stable performance over this timeframe and exhibits 1 monoglyceride reduction of about

40% without any significant increase in the diglveeride content.
¥ sig gty

Tabled
Time on Monoglycerides | Diglycerides
Stream (h) {(wi%) {wit%h)
initial 0.42 0.13
60 0.20 0.13
{80 0.2 8.21
360 (.25 0.16
540 0.23 G.15

Test 6 - Evaluation of Catalyst E for Process |

{0082] The performance of Catalyst E for biodiesel purification was evaluated using the
same protocol as discussed above with the exception that the feedstock used was the final filtered
biodiesel spiked with | wt% methano! and no water 0 simulate Process |. The initial

monoglyceride and diglyceride contents for the feed blend as measured prior to the run were 0.48
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wt% and 0.14 wi% respectively. The reaction conditions used were: a pressure of 90 psi, LHSV
of | h'! and temperature of 180°C. The resuls are summarized in Table 5. It can be seen that
Catalyst E decreases monoglycerides by nearly 80% with only a small portion of that

contributing to diglyceride formation.

Jable 5
Time on Monoglycerides | Diglycerides
Stream (b) {wit%) {wt%}
Initial 0.48 0.14
6 0.03 0.17
"""" 15 0.06 0.23
24 0.09 0.25

Test 7 - Evaluation of Catalvst F for Process 2

[B083] The performance of Catalyst F for biodiesel purification was evaluated using the
same protocol as discussed above with the exception that the feedstock used was the final filtered
biodiesel spiked with | wi% methanol and 0.2 wi% water to simulate Process 2. The initial
monoglyceride and diglyceride contents for the feed blend as measured prior to the run were 0.46
wt% and 0.15 wi% respectively. The reaction conditions used were: a pressure of 90 psi, LHSV
of 1 h"! and temperature of 180°C. The results are summarized in Table 6. It can be seen that
Catalyst F decreases monoglycerides by nearly 50% with only a small portion of that
contributing to diglyceride formation. Analyses of the samples for total sterol glycosides also

indicate that this catalyst reduces the level of this contaminant.
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Tuble &
Steral
Thne on Menoglyveerides | Diglycerides
. {lyeosides
Stream (k) {(wi %) (Wt} ‘
{ppm)
initial (.46 .15 Q.5
6 8.11 28 3.8
&i 028 (.31 57
78 3,20 .28 6.8
40 023 .32 5.8
Test 8 — Evaluation of Catalyst G for Process |
{06084} The performance of Catalyst G for biodiesel purification was evaluated using the

sume protocol as discussed above with the exception that the feedstock used was a final filtered
biodiesel spiked with | wt% methanol and no water to simulate Process 1. The initial
monoglyceride and diglyceride contents for the feed blend as measured prior to the run were 0.67
wi% and 0.22 wit% respectively. The reaction conditions used were: a pressure of 120 psi, LHSV
of 1 1" and temperature of 180°C. The results are summarized in Table 7. It can be seen that

Catalyst D decreases monoglycerides by nearly 70% with only a small portion of that going to

diglyceride formation.
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Table 7
Thme on Maonoglycerides | DHglyeerides
Stream (h {(wi%) {wi%)
nithal 067 8.22
6 0.20 0.27
I3 0.22 0.28
24 0.22 0.28

Test 9 - Effect of methanol and temperature on the performance of Catalvst D for

Meonoglveerides and Sterol Glveosides reduction for Process 2

[0085] The effect of methanol level and reaction temperature on the performance of
Catalyst D for biodiesel purification was tested using biodiesel taken after one of the water
washing steps employed in the production process , a washing step which in turn followed the
transesterification and catalyst neutralization steps (simulation of Process 2). This impure
biodiesel sample containing 0.4 wit% methanol and 0.2 wi% water was spiked with different
levels of methanol and tested using the above fixed bed reactor protocol at different temperatures
in the 180-230°C range. As can be seen in Table 8 below, the combination of methanol and
increased temperature show greater reduction in the levels of monoglycerides and sterol
glycosides. In addition, this behavior with increasing temperature also demonstrates that this

purification concept is catalytic,
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Tablc 8
Diata st -3¢ A TOS
Additional | Temperature | Monoglycerides | Diglyeerides | Sterol
MeBH K {(wt%) {wi% ) glvensides
added {ppm)
wi%h
Feed - 8,40 0 37
{3 180 0.21 .23 i
j 180 4.24 .15 8
1.5 200 .17 .16
<2
1.5 218 (.09 812 <fh5
i.3 238 .03 4.09 <5
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What is claimed is:

L. A process for treating a fatty acid alkyl ester-containing stream comprising impurities,
and at least ninety percent by weight fatty acid alkyl ester, and optionally alcohol, the process for
treating the feed stream comprising:

{a) contacting the stream with a catalyst, and optionally, alcohol under catalytic
conditions to convert the impurities in the stream to a product or by product, and

(b} recovering a fatty acid alkyl ester stream having reduced amounts of impurities

and having improved cold flow properties.

2. A process according to claim 1, comprising contacting the fatty acid alkyl ester-
containing stream in (a) with a catalyst comprising metal oxide, wherein the metal is selected

from the group of metals consisting of those in Groups 3,4, 5, 13 and 14

3 A process according to claim 2, comprising contacting the fatty acid alkyl ester-
containing stream in (a} with a catalyst comprising mixed metal oxide of two or more metals

selected from the group of metals consisting of those in Groups 3,4, 5, 13 and 14

4. A process according to claim 2, wherein the mixed oxide comprises magnesium oxide
and alumina.
5. A process according to claim 2, wherein the mixed oxide further comprises alkaline earth

aluminate spinel.

6. A process according to claim 4, wherein the alkaline earth aluminate spinel is magnesium
aluminate spinel, and the catalyst further comprises rare earth oxide and an oxide of a Group 5

meial,
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7. A process uccording to claim 6, wherein the rare earth oxide is ceria, and the Group 5
metal oxide is vanadium oxide.
8. A process according 1o claim 2, wherein the catalyst comprises alumina and an oxide of

metal selected from the group of metals consisting of those in Groups 3, 4, 5 and 14.

9. A process according to claim 8, wherein the metal selected is zirconium,.

10. A process according to claim 1, wherein the impurities are selected from the group
consisting of monoglycerides, glycerin, sterol glycosides, triglycerides, diglycerides and

mixtures thereof.

Il A process according to claim | or claim 2 comprising contacting the fatty acid alkyl
estef-containing stream in {a)} with a catalyst under catalytic conditions that comprise a

temperature of at least 100°C.

iz, A process according to claim |, wherein feed stream in (a) comprises alcohol, and/or
additional alcohol is contacted with the stream, wherein the alcohol is selected from the group

consisting of methanol, ethanol, propanel, butanol, and mixtures thereof.

13. A process comprising:

{a) introducing triglyceride-containing feedsiock and an alcohol as reactants into a
reactor selected from the group consisting of continuous fixed bed reuactor, a continuous tank
reactor, and a batch reactor,

(b}  contacting the reactunts in the reactor with a catalyst in liquid, granulated or
powder form;

{c} subjecting the feedstock and catalyst to transesterification conditions sufficient to

convert triglycerides to products comprising alkyl ester derivatives of the triglycerides, and
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glycerin, wherein the alkyl ester derivatives of the triglycerides and impurities are present in an
oil phase, and glycerin is present in a water soluble phase;

{(d}  performing product separation to remove glycerin product from the oil phase;

(e} contacting the oil phase separated by (d) and, optionally, any residual unreacted
alcohol, with a catalyst and, optionally, additional alcohol, under catalytic conditions te convert
the impurities in the feedstream to a product or by product, and

{f) recovering a fatty acid alkyl ester stream having reduced amounts of impurities.

14. A process according to claim 13 wherein methanol is removed from the oil phase from
{d) comprising fatty acid alkyl ester, or, during the recovery of the faity acid alkyl ester stream in

(£} or wherein methanol is removed during both steps.

I5. A process according to claim 13, wherein the catalyst in step (b) is a liquid homogeneous
catalyst comprising soluble alkali catalyst and step (c) further comprises neutralizing the liquid

catalyst prior to the separation of the oil phase in step (d).

6. A process according to claim 15, wherein the catalyst in step (b) is selected from the

group consisting of alkali methoxides, alkali hydroxides, and mixtures thereof.

I7. A process comprising:

(a) introducing triglyceride-containing feedstock and an alcohol as reactants inio a
reactor selecied from the group consisting of continuous fixed bed reactor, a
continuous tank reactor, and a baich reactor,

{h) contacling the reactants in the reactor with a catalyst in liguid, granulated or
powder form;

{c) subjecting the feedstock and catalyst to transesterification conditions sufficient to
convert triglycerides to products comprising alkyl ester derivatives of the

triglycerides, and glycerin, wherein the alkyl ester derivatives of the triglycerides
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(d)
(e}
{f)
{g)

(h)
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and impurities are present in an oil phase, and glycerin is present in a water
soluble phase;

performing product separation to remove glycerin product from the oil phase;
removing residual alcohol from the oil phase recovered in (d),

contacting the ol phase with adsorbent or filter, and

further contacting the alkyl ester-containing oil phase recovered from (f) and any
impurities therein with a catalyst and, optionally alcohol, wunder catalytic
conditions to convert impurities in the alkyl ester-containing oil phase to a
product or by product, and

recovering a fatty acid alkyl ester stream having reduced amounts of impurities.

IB. A process according to claim 17 wherein methanol is removed from the oil phase from

{d) comprising fatty acid alkyl ester, or during the recovery of the fatty acid alkyl ester stream in

{h) or wherein methanol is removed during both steps.

19. A process comprising:

{a)

(b

{c}

{(d)
(e}

introducing triglyceride-containing feedstock and an alcohol as reactants into a
reactor selected from the group consisting of continuous fixed bed reactor, a
continuous tank reactor, and a batch reactor,

contacting the reactants in the reactor with a catalyst in liguid, granulated or
powder form;

subjecting the feedstock and catalyst to transesterification conditions sufficient to
convert triglycerides to products comprising alkyl ester derivatives of the
triglycerides, and glycerin, wherein the alkyl ester derivatives of the triglycerides,
and impurities are present in an oil phase, and glycerin is present in a water
soluble phase;

performing product separation to remove glycerin product from the oil phase;
subjecting the oil phase to further transesterification in one or more reactors with

additional alcohol under conditions sufficient to convert (triglycerides,
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diglycerides and monoglycerides to products comprising alkyl ester derivatives of
and optionally glycerin;

(H recovering the alkyl ester derivatives in an oil phase with one or more product
separation steps; and

(g}  contacting the recovered oil phase comprising alkyl ester derivatives, and any
impurities therein and unreacted alcohol, with a catalyst and, optionally,
additional alcohol, under catalytic conditions to convert the impurities in the feed
stream to a product or by product, and

(h)  recovering a fauy acid alkyl ester stream having reduced amounts of impurities.

20. A process according to any one of claims 13-14 and 17-19, comprising contacting the

feed stream with a catalyst comprising mixed oxide.

21, A process according to any one of claims 13-19, wherein the catalyst contacting the oil

phase comprises magnesium oxide and alumina.

22. A process according to any one of claims 13-19, wherein catalyst contacting the oil phase
comprises mixed oxide that further comprises alkaline earth aluminate spinel, rare earth oxide,

and an oxide of a Group 5 metal.

23. A process according to claim 22, wherein the rare earth oxide is ceria, and the Group 3

metal oxide is vanadium oxide.

24, A process according to any one of claims 13-19 comprising contacting oil phase with a
catalyst comprising metal oxide, wherein the metal is selected from the group of metals

consisting of those in Groups 3,4, 5, 13 and 14,

23. A process according to claim 19 wherein the catalyst contacting the oil phase comprises
alumina and an oxide of metal selected from the group of metals consisting of those in Groups 3,
4. 5 and 14,
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26. A process according 10 any one of claims 13-19, wherein the impuritics comprise

glycerin, sterol glycosides, and/or triglyceride, diglyceride and/or monoglyceride.

27. A process according (0 any one of claims 13-19 comprising contacting the oil phase with

a catalyst under catalytic conditions comprising a temperature of at least 100°C.

28. A process according to any one of claims 13-19, wherein the recovered fatty acid atkyl
ester stream has properties such that the ester meets the cold flow specification for use as a
biodiesel fuel such as the ASTM method D7501.

29. A process according to claim 22, wherein the alkaline earth aluminate spinel is

magnesium aluminate spinel.

30. A process according to any one of claims 17-19, wherein the catalyst in (b) is an alkali

catalyst.

3L, A process according to claim 18, wherein methanol is removed during the recovery of the

fatty acid alky! ester stream in (h).

32, A process according to Claim 1, wherein the catalyst in {(a) comprises alumina,

33. A process according to any one of Claims 13, 17 or 19 wherein the catalyst contacting the

oil phase comprises alumina,
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