Office de la Propriete Canadian CA 2895444 A1 2008/02/15

Intellectuelle Intellectual Property
du Canada Office (21) 2 895 444
v organisme An agency of 12y DEMANDE DE BREVET CANADIEN
d'Industrie Canada Industry Canada CANADIAN PATENT APPLICATION
13) A1
(22) Date de depot/Filing Date: 2007/08/14 (51) ClLInt./Int.Cl. C70L 7/02(2006.01)
(41) Mise a la disp. pub./Open to Public Insp.: 2008/02/15 (71) Demandeur/Applicant:

REG SENECA, LLC, US

(62) Demande originale/Original Application: 2 806 441
Ly e (72) Inventeurs/Inventors:

(30) Priorité/Priority: 2006/08/15 (US11/504,828) JACKMAN. JOHN P.. US

PIERCE, JOEL M.., US;

JONES, JEFFREY D., US;

TALLEY, RICHARD H., US

(74) Agent: BERESKIN & PARR LLP/S.E.N.C.R.L.,S.R.L.

(54) Titre : PREPARATION DE BIODIESEL ET DE GLYCERINE A PARTIR DE CHARGES D'ALIMENTATION A ACIDES
GRAS TRES LIBRES
(54) Title: PRODUCTION OF BIODIESEL AND GLYCERIN FROM HIGH FREE FATTY ACID FEEDSTOCKS

(57) Abregé/Abstract:

A system and method for the conversion of free fatty acids to glycerides and the subsequent conversion of glycerides to glycerin
and biodiesel includes the transesterification of a glyceride stream with an alcohol. The fatty acid alkyl esters are separated from the
glycerin to produce a first liguid phase containing a fatty acid alkyl ester rich (concentrated) stream and a second liquid phase
containing a glycerin rich (concentrated) stream. The fatty acid alkyl ester rich stream iIs then subjected to distillation, preferably
reactive distillation, wherein the stream undergoes both physical separation and chemical reaction. The fatty acid alkyl ester rich
stream Is then purified to produce a purified biodiesel product and a glyceride rich residue stream. Biodiesel may be further
recovered from the glyceride rich residue stream, by further separation of and/or processing of glycerides/free fatty acids contained
therein. The glycerin rich second liquid phase stream may further be purified to produce a purified glycerin product and a (second)
wet alcohol stream. Neutralization of the alkaline stream, formed during the alkali-catalyzed transesterification process, may
proceed by the addition of a mineral or an organic acid.

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




CA 02895444 2015-06-23

ABSTRACT OF THE DISCLOSURE

A system and method for the conversion of free fatty acids to glycerides and the
subsequent conversion of glycerides to glycerin and biodiesel includes the
transesterification of a glyceride stream with an alcohol. The fatty acid alkyl esters are
separated from the glycerin to preduce a first liquid phase containing a fatty acid alkyl
. ester rich (concentrated) stream and a second liquid phase containing a glycerin rich

(concentrated) stream. The fatty acid alkyl ester rich stream is then subjected to
distillation, preferably reactive distillation, wherein the stream undergoes both physical
separation and chemical reaction. The fatty acid alkyl ester rich stream is then purified to
produce a puriﬁed biodiesel product and a glyceride rich residue stream. Biodiesel may
be further recovered from the glyceride rich residue stream, by further separation of
and/or processing of glycerides/free fatty acids contained therein. The glycerin rich
second liquid phase stream may further be purified to produce a purified glycerin product

and a (second) wet alcohol stream. Neutralization of the alkaline stream, formed during

the alkali-catalyzed transesterification process, may proceed by the addition of a mineral.

Or an organic acid.
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APPLICATION FOR PATENT

INVENTORS: JOHN P. JACKAM; JOEL M. PIERCE; JEFFREY D. JONES;
AND RICHARD H. TALLEY

TITLE: PRODUCTION OF BIODIESEL AND GLYCERIN FROM HIGH

FREE FATTY ACID FEEDSTOCKS

SPECIFICATION

Field of the Invention

The present invention relates to improved processes and systems for biodiesel

production.

Background of the Invention

There is continued and growing interest in the use of renewable resources as
replacements for petroleum-derived chemicals. Fatty acid alkyl esters (FAAEs) produced

from fats and oils have been investigated as replacements for such petroleum-derived

- materials, particularly diesel fuel.

It has long been known that triglycerides from fats and oils can be used as fuels
for diesel engines. However, such use typically results in engine failure. Remedies for

such engine failure wherein conversion of fatty acids, found in lipids, into simple esters,

- such as methyl and ethyl esters, has been proposed. See, for instance, the process

described in U. S. Patent No. 6,398,707. An increasing body of evidence indicates that
these esters perform well in essentially unmodified diesel engines and that such esters
may effectively reduce the output of particulate and hydrocarbon pollutants relative to
petroleum-diesel fuel. The term “biodiesel” is applied to these esters.

Processes for biodiesel production have been known for many years. For instance

U. S. Patent No. 4,164,506 discloses a bi.o'diesel synthesis wherein fatty acids are
subjected to acid catalysis. The conversion of triglycerides with base catalysis is

described in U. S. Patent Nos. 2,383,601 and 2,494,366. Conversion of both free fatty
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acids and triglycerides with enzyme catalysis 1s disclosed in U. S. Patent Nos. 4,956,286,
0,097,986 and 5,713,965. None of these processes, however., completely addresses the

production of biodiesel from low value high free fatty acid feedstocks.

An economic analysis of any process for the production of biodiesel indicates that
feedstock cost 1s the largest portion of production cost for biodiesel. Whereas a 15
weight percent free fatty acid (FFA) feedstock is the highest content that any
contemporary commercial process has proposed to handle, producers (in order to
conserve costs) would prefer to use feedstocks having up to 100 weight percent FFA
content.

Further, most of the processes of the prior art are unattractive because they rely
upon acid catalyzed esterification of fatty acids. Acid catalysis is not suitable for
processing such feedstocks containing FFA concentrations for two principal reasons.
First, an excessive amount of acid catalyst is required in order to fully convert feedstocks
having high FFA content. Since the acid catalyst must be neutralized before processing
the glycerides, the increased catalyst loading results in an excessive amount of generated
salt. Further, such processes generate a large volume of waste water as disclosed in U. S,
Patent Nos. 4,303,590, 5,399,731 and 6,399,800, -

While enzymatic catalysis has been reported in the literature for esterification of

free fatty acids, it is disadvantageous because of reaction product inhibition from the

presence of water which results when the free fatty acids in the feedstock are esterified

- with enzymes. Another problem evidenced from enzymatic processing is the high cost of

enzymatic catalysts. Further, enzymatic catalysts have a limited life.

To avoid two-phase operation in packed bed and other reaction settings, some
conventional processes for biodiesel production use volatile, toxic co-solvents. Such a
process 1s disclosed in U. S. Patent No. 6,642,399 B2. The use of volatile, toxic co-

solvents is environmentally unacceptable.

Further, some prior art processes for producing biodiesel employ water to wash

residual glycerin and salts from the FAAEs. This, however, generates a large volume of
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wastewater and increases the risk of forming FAAE emulsions, as disclosed in U. S.
Patent No, 5,399,731.

' To gain market share in the fuels industry, biodiesel must be competitively priced
with conventional hydrocarbon diesel. To be competitively priced, production of
biodiesel must be economically profitable. Increased profitability requires that the

biodiesel industry take advantage of lower cost feedstocks. In addition, overall yields of

biodiesel from fats and oils must be high. Increased yield is a very important criterion as

feedstock costs approach two thirds of the total cost of production of biodiesel.

Improvements in processes for biodiesel production therefore need to be

developed which result in an increased yield of biodiesel from feedstocks and which
minimize undesirable by-products. Alternative processes further need to be developed

which do not require high pressures or acid catalysis. Such processes should not employ

- toxic co-solvents or water for the extraction of impurities. Such processes also need to

‘produce high yield of biodiesel as well as employ inexpensive feedstocks. Further, such

~ feedstocks need to have a high FFA content in order to be competitive with petrodiesel.

Summary of the Invention
A process is disclosed which combines several unit operations into an economical
and unique process for the conversion of free fatty acids to glycerides and the subsequent

conversion of glycerides to glycerin and FAAEs. The fatty acid alkyl esters of the

Invention produced in accordance with the invention are typically fatty acid methyl esters

though other fatty acid alkyl esters may be produced.

The invention relates to a process for converting low-value, high free fatty acid
(FFA) feedstocks to biodiesel and high quality glycerin at a market price comparable to
that of petroleum derived diesel fuels. The process of the invention therefore
substantially departs from conventional concepts and designs of the background art. In
so doing, the inventive process provides a process and apparatus primarily developed for

the purpose of producing fatty acid alkyl esters and high quality glycerin from any low-

- value high free fatty acid feedstock.
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In a preferred aspect of the invention, streams enriched in fatty acid alkyl esters
are subjected to successive treatment stages of distillation and/or non-evaporative
separation in order to maximize the yield of recovery of purified biodiesel. '

Another aspect of the invention relates to separation and purification of major by-
products of biodiesel production to render glycerin at a purity level greater than 95 or

99.7 percent, with non-detectable levels of alcohol and less than 0.5 percent

welght/weight (w/w) salts.
A turther aspect of the invention relates to treatment of a by-product stream (from

which biodiesel has been separated) in order to maximize the yield of recovery of

purified biodiesel.

The invention further relates to minimization of waste streams during normal

operations, the use of lower operating conditions (such as pressures) than other

commercial biodiesel processes, the non-use of toxic co-solvents and the production of a

high quality glycerin b&product.

In a preferred embodiment, the process is a continuous pProcess.
The major steps of the process include the transesterification of a glyceride stream

with an alcohol, preferably in the presence of base catalyst, to convert the glycerides to

fatty acid alkyl esters and glycerin.

The fatty acid alkyl esters are then separated from the glycerin to produce a first
liquid phase containing a fatty acid alkyl ester rich stream and a second liquid phase
containing a glycerin rich stream.

The fatty acid alkyl ester rich stream is then subjected to a first distillation or to a
non-evaporative separation process. Preferably, the fatty acid alkyl ester rich stream is
subjected to reactive distillation, wherein the stream undergoes both separation and
chemical reaction. By means of reactive distillation, the stream is separated into (i.) a
bottoms fraction or biodiesel stream comprising a plurality of the fatty acid alkyl esters:

and (ii.) an overhead fraction (principally composed of alcohol, a first wet alcohol

stream), while simultaneously chemically reacting two or more stream components

together in such a way as to remove unwanted Impurities in one or more output stream(s).
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Such reactive distillation for example increases the yield amount of glycerides exiting the

distillation column while increasing the purity of the biodiesel exiting the distillation
column. The biodiesel exiting the distillation column may be separated into a purified

biodiesel stream and a by-product stream.

The biodiesel stream exiting the first distillation column may further be subjected
to a second distillation or to a non-evaporative separation in order to render a pufiﬁed.
second biodiesel stream along with a second by-product fuel stream. The preferred
second distillation occurs in a wiped film evaporator or a falling film evaporator, or other
such evaporative device. Non-evaporative separation typically is a physical separation
technique, such as freeze crystallization, steam stripping or liquid-liquid separation. A
free fatty acid stream and/or glyceride enriched stream may further be separated from the
second by-product fuel stream and then re-introduced into the process for production of

fatty acid alkyl esters.

The glycerin rich stream of the second liquid phase may further be purified to
produce a purified glycerin product and a (second) wet alcohol stream. A portion of the
purified glycerin product may then be recycled into a glycerolysis reactor (in a
glycerolysis process described in more detail below) for reaction with the free fatty acids.

The wet alcohol streams may further be puritied, preferably continuously, to

produce a purified alcohol product. Further, at least a portion of the purified alcohol

product may be recycled into the transesterification reactor for reaction with the

glycerides.

Neutralization of the alkaline stream, formed during the alkali-catalyzed

transesterification process, may proceed by the addition of a mineral acid or more

preferably an organic acid to the stream. Neutralization may occur by addition of the
acid to the transesterification effluent stream directly or to the fatty acid alkyl ester rich

stream and/or glycerin rich stream after such streams have been separated from the

transesterification effluent stream.
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Brief Description of the Drawings.

The features of the invention will be better understood by reference to the
accompanying drawings which illustrate presently preferred embodiments of the
invention. In the drawings:

FIG. 1 is a schematic flow diagram of the process of the invention.

FIG. 2 15 a schematic block diagram of the biodiesel production system in
accordance with the invention;

FIG. 3 1s a schematic block diagram showing the basic stepé of the production of

biodiesel in accordance with the process of the invention:

FIG. 4 1s a schematic flow diagram of the process of the invention wherein a

mineral acid 1s used in the neutralization of the alkali catalyst used during

transesterification; and

FIG. 5 is a schematic flow diagram of the process of the invention wherein an

organic acid is used in the neutralization of the alkali catalyst used during

transesterification;

FIG. 6 1s a schematic block diagram which demonstrates reactive distillation of a

fatty acid alkyl ester rich stream upon separation from the transesterification effluent

- stream, as set forth in Example No. 6.

FIG. 7 is a schematic block diagram which illustrates the recycling of a stream

from a by-product stream for further recovery of fatty acid alkyl esters,

FIG. 8 1s a schematic block diagram of the process of the invention illustrating the

use of a non-evaporative separator to generate streams enriched in fatty acid alkyl esters,

glycerides and free fatty acids from which refined biodiesel may be recovered.
FIG. 9 is a schematic diagram llustrating biodiesel refining wherein a biodiesel

stream 1s treated in an evaporative device, such as a wiped film evaporator or falling film

evaporator, for further recovery of fatty acid alkyl esters.

FIG. 10 is a schematic diagram which demonstrates an embodiment of the
invention wherein by-product (fuel) separated from a biodiesel stream is further recycled

to an evaporative device, such as a wiped film evaporator or falling film evaporator, for
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further recovery of fatty acid alkyl esters.

FIG. 11 shows another embodiment of the invention wherein the by-product (fuel)
siream, separated from purified biodiesel, is further separated for additional recovery of
fatty acid alkyl esters.

FIG. 12 illustrates an embodiment of the invention wherein a biodiesel stream
may be directed to a non-evaporative separator, separated into a fatty acid enriched

stream and then re-directed to a second evaporative device for purification.

Detailed Description of the Preferred Embodiments.

In the process of the invention, biodiesel is prepared by reacting glycerides with
an alcohol in a transesterification reactor to produce fatty acid alkyl esters. This reaction

typically occurs in the presence of an alkali catalyst. The alcohol is typically a C;-C;

alcohol, preferably methanol.

The resulting transesterification effluent stream may then be separated into a fatty
acid alkyl ester rich stream and a glycerin rich stream. Each of these streams may then be
purified or subject to ﬁirther separation processes in order to maximize the efﬁcieﬁcy In
recovery of biodiesel, glycerin and alcohol. By-product (fuel) streams, separated from

purified biodiesel, may further be subjected to further processing in order to maximize

the efficiency of biodiesel reCOVery.

The alkaline transesterification effluent stream formed during the alkali-catalyzed

transesterification process may be directly treated with a neutralizing agent, such as a

mineral acid or an organic acid. Alternatively, the neutralizing agent may be added to the

fatty acid alkyl ester rich stream and/or the glycerin rich stream after the streams have

been separated from the transesterification etfluent stream. Fatty acid alkyl esters are

recovered from this pH adjusted stream.

Subsequent to neutralization, the neutralized stream may further be purified, such

as by distillation or fractionation.
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The process of the invention may further consist of an esterification step wherein

a free fatty acid feedstock is first converted to glycerides. The resulting glycendes are

then introduced into the transesterification reactor.

The use of the acid as neutralizing agent converts soaps, formed in the
transesterification reactor, to free fatty acids. The soap forms from the action of caustic
with fatty acids in the transesterification reactor. The presence of the soap makes it very
difficult to effectuate phase separation between the fatty acid alkyl esters and the solution
of glycerin, water, alcohol and salt. As a result, the soap emulsifies and retains much of
the fatty'acid alkyl esters in the glycerin rich phase. Purification of the glycerin rich

phase is therefore complicated by the presence of the soap and the yield of alkyl esters is

decreased.

An overview of the process of the invention may be presented in FIG. 3 wherein a

feedstock 1 containing free fatty acids is introduced into a glycerolysis reactor 2 with

glycerin wherein the free fatty acids are converted to glycerides. The glycerides are then

introduced into transesterification reactor 4 with alcohol wherein the slycerides are
transesterified to form fatty acid alkyl esters and glycerin. Alcohol/alkali stream 3 may
be introduced into transesteritication reactor 4 as a combined mixture of alkali catalyst

and alcohol, or alternatively the alkali catalyst and alcohol may be introduced into the

transesterification reactor as separate streams into transesterification reactor 4. The
transesterification effluent stream 4a or a portion thereof is then neutralized during
neutralization/phase separation step 5, either before or after the etfluent stream Sa is
separated into a fatty acid alkyl ester rich stream and a glycerin rich stream. Ultimately,
alcohol, glycerin and biodiesel may be refined in alcohol refining step 6, glycerin refining

step 7 and biodiesel refining step 8, respectively. The alcohol typically exits the system

~as a small portion of waste stream 9a or is recycled via flow 11 back to -the

transesterification reactor. Refined glycerin is isolated in technical grade glycerm stream
13 and/or may be recycled back via flow 15 to glycerolysis reactor 2. Waste stream 9b

may contain some unrefined glycerin. The alkyl esters may further be refined in
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biodiesel refining step 8 to produce purified biodiesel stream 18 and waste stream 19
which‘may be useful, for example, as a burner fuel.

As 1llustrated in FIG. 7, at least a portion of the waste stream 19 may be
reintroduced into prior processes, for example as stream 35 I, into biodiesel refining stage
8 to further recover fatty acid methyl esters, or into the transesterification reactor 4 to
transesterify glycerides into fatty acid methyl esters, or into esterification reactor 2 to
esterify fatty acids.

Alternatively, as illustrated in FIG. 8, at least a portion 351 of waste stream 358
may be separated into (i.) fatty acid alkyl ester enriched stream 371 and (ii.) glyceride
enriched stream 376 and/or free fatty acid enriched stream 374 in separator 370. Fatty
acid alkyl ester enriched stream 371 may then be re-introduced into biodiesel refining
stage 8. The glyceride 376 and/or free fatty acid 374 enriched streams may then be re-

introduced into the transesterification reactor 4 and/or esterification reactor 2.

The process of the invention may be a continuous process. For example, a

continuous process, wherein one or more of the following steps are carried out in a

continuous fashion, is apparent from the description provided herein:

(1) the optional conditioning of a fatty acid containing feedstock by heating,
mixing and filtering; '

(2) continuously reacting the free fatty acids in the feedstock with glycerin in
a glycerolysis or esterification reactor to produce glycerides:

(3) reacting the glycerides in a transesterification reactor with alcohol to

render fatty acid alkyl esters and glycerin. This reaction preferably occurs in the

presence of an alkali catalyst;

(4) separating (e.g., by gravitationa] separation of two relatively immiscible
phases), fatty acid alkyl esters and glycerin from the fransesterification effluent stream to

yield a fatty acid alkyl ester rich stream and a glycerin rich stream:

(5) puritying the fatty acid alkyl ester rich stream by distillation and/or

fractionation. In a preferred embodiment, the fatty acid alkyl ester rich stream is purified

by react’.ive distillation wherein a reaction in the distillation or fractionation column
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assists in the reduction of unwanted impurities such as glycerin. The purified fatty acid
alkyl ester is acceptable for use as biodiesel:

(6) purifying the glycerin rich stream, preferably by use of an organic acid,
such as a weak organic acid like acetic acid, formic acid or propionic acid, and
recovéring alcohol ffom the stream. The purified glycerin may then be introduced into
the glycerolysis reactor:

(7) puritying the wet alcohol streams resulting from steps (5) and (6) above

and removing water from the streams: and

(8)  recycling at least a portion of the purified alcohol to the transesterification

reactor for reaction with the glyceride.
The process may further consist of subjecting the biodiesel stream of step (5) to
further separation by a second distillation or non-evaporative separation in order to render

a more purified biodiesel stream (or second purified biodiesel stream) and a second by-

product fuel stream.

As another option, the biodiesel stream of step (5) may further be separated in a
non-evaporative separator into (1) a fatty acid alkyl ester enriched stream and (11) a
glyceride and/or free fatty acid enriched stream. Preferred non-evaporative separators for
use here include freeze crystallization processes and liquid-liquid separation processes.

The fatty acid alkyl ester enriched stream, resulting from this separation, may then
be combined with the biodiesel stream of step (5) and then subjected to the second
distillation or non-evaporative separation. The glyceride and free fatty acid enriched
stream may then be re-introduced to the transesterification or esterification reactors.

The feedstock, from which the biodiesel may be produced, typically contains a
plurality of free fatty acids. The feedstock typically contains between from about 3 to
about 100 weight percent of free fatty acids and, optionally, a fat and/or oil.

Typically, the feedstock is a lipid feedstock. The free fatty acid feedstock for use
in the invention may be a low-grade lipid material derived from animal fats and vegetable
oils, including recycled fats and oils. For instance, the feedstock for the production of

bilodiesel fuel may be a grease feedstock, such as a waste grease or a yellow grease. S'uch

10
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low-grade lipid materials are very complex and typically are difficult to economically
process using current state of the art processes because of their hi gh free fatty acid levels
(ranging from a few percent to 50 percent, and higher). In addition, such materials

contain unprocessable material and contaminants that must be removed prior to

- processing or during refinement of the products.

- The feedstock may be first introduced into a conditioning vessel or reactor that is
operative to heat, mix and/or filter the feedstock to produce a conditioned feedstock. The
feedstock may then be filtered, such as by using a traveling screen.

Subsequent to filtration, the concentration of free fatty acids in the conditioned

lipid feedstock may be measured. Optionally, the concentration of free fatty acids in the

conditioned feedstock may be continuously measured throughout the process.
Measurements may be made with an in-line free fatty acid measurement device, such as a
titration device or near-infrared spectrophotometer, that is operative to quantity the
concentration of the free fatty acid in the conditioned feedstock.

During conditioning, the feedstock may be heated to a temperature in the range of
about 35°C to about 65°C, preferably between from about 55°C to about 65°C, while
mixed. A uniform mixture of glycerides, free fatty acids and unsaponifiable materials are
typically present in the conditioned feedstock.

During glycerolysis, glycerin is used as a reactant to convert the free fatty acids in
the feedstock to glycerides (mono-. di-, and triglyceride). Reaction of the free fatty acids
in the feedstock typically occurs in the absence of a catalyst. In the glycerolysis reactor,

the free fatty acid in the feedstock is mixed and continuously reacted with glycerin at an

appropriate temperature and pressure to render a glycerolysis reactor effluent stream that
contains generally less than about 0.5 percent by weight of free fatty acids and a plurality

of glycerides. Glycerolysis preferably occurs in the absence of both catalyst and co-
solvent.

The glycerin, typically a purified glycerin product, is normally added to the
glycerolysis reactor at a rate that is greater than the stoichiometric amount of glycerin

required for the glycerolysis reaction. The amount of glycerin introduced to the

11
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glycerolysis reactor is generally in a stoichiometric proportion of about 35 percent to

about 400 percent glycerin to free fatty acid in order to render the glyceride. In a

preferred embodiment, the amount of glycerin added to the glycerolysis reactor is at a
rate in the range of about 300 percent of the stoichiometric amount of free fatty acids in
the feedstock.

Preterably, glycerolysis is conducted at a temperature in the range of about 150°C
to about 250°C, typically from about 180°C to about 250°C, more typically from about
180°C to 230°C. The reaction typically proceeds under agitation. The reaction is further
typically conducted at a pressure of about 0.1 pounds per square 1nch absolute to about 15
pounds per square inch absolute, more typically about 2 pounds per square inch absolute.

Reaction of the free fatty acids and glycerin typically occurs in the presence of a

catalyst such as ZnCly, but in a preferred embodiment is performed in the absence of a

catalyst. The glycerolysis reactor effluent stream may contain less than 0.5 percent by

weight of free fatty acids and a plurality of glycerides.

The glycerolysis is typically a continuous reaction. The continuous reaction of

the free fatty acid in the feedstock with glycerin to produce the glyceride in the

glycerolysis reactor may be conducted in response to a signal from the in-line fatty acid

measurement device or spectrophotometer.

During glycerolysis, water is removed; the produced glycerides being essentially

- water-free.  Water is typically continuously removed from the glycerolysis reactor as a

vapor through a fractionation column or a vent in the reactor headspace. Preferably, the
vapor vented from the glycerolysis reactor is fractionated to yield three streams, the first
fraction having a high concentration of unsaponitiables evaporated from the feedstock
that are condensed as a liquid stream, the second fraction being a liquid fraction having a

high concentration of glycerin, and a vapor fraction and a third liquid fraction having a

high concentration of water. The liquid fraction containing the glycerin may then be

returned to the glycerolysis reactor.

12
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The glycerolysis reactor may consist of two or more continuous stirred tank

reactors operated 1n series. The residence time of such reactors is typically from about 30

to not more than about 500 minutes, and preferably not more than 200 minutes.

A plurality of glycerides contained in the glycerolysis effluent stream is reacted

with an alcohol in the transesterification reactor, such as a continuous stirred tank reactor.

In this reaction, the glycerides in the glycerolysis reactor effluent stream are

transesteritfied into fatty acid alkyl esters and glycerin. Transesterification proceeds at an

appropriate temperature and pressure to produce the desired transesterification reactor

effluent stream.

Iransesterification, which preferably is a continuous process, occurs in .the

presence of a base catalyst. Suitable base catalysts include such alkali catalysts as

potassium hydroxide and sodium hydroxide. The alkalj catalyst may be added to the

transesterification reactor at a rate sufficient to catalyze the reaction. Typically, the

amount of alcohol added to the transesterification reactor is from about 1 mole to 5 moles -.

alcohol to each mole of fatty acid portion of the glycerides present in the "
transesterification reactor inlet stream. More typically, the ratio is about 2 moles alcohol
for each mole of fatty acid portion present in the glycerides introduced into the

transesterification reactor, The catalyst, typically potassium hydroxide, is added at a ratio

~of about 0.5% to 3% by weight catalyst to weight glycerides, more typically about 1%.

Alternatively, an alkoxide, such as potassium methylate, may be added to the
transesterification reactor to facilitate the base catalysis. As such, the rapid conversion
of glycerides to alkyl esters may occur in the presence of caustic alkoxide, such as caustic
methoxide catalysts.

The transesterification reaction typically occurs at a temperature in the range of
about 25°C to about 65°C, preferably from about 50°C to about 60°C, and at a pressure
of about 14.5 psia to about 3,625 psia.

The alcohol is normally added to the transesterification reactor at a rate that 1S
greater than the stoichiometric amount of alcohol required for the alkali catalyzed

transesterification reaction. For Instance, the alcohol may be added to the

13
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transesterification reactor at a rate equal to 'about 200 percent of the stoichiometric
amount of alcohol required for the catalyzed reaction.

Preferably, multiple alcohol or catalyst additions are made to the
fransesterification reactor.

The transesterification reactor typically contains at least two continuous stirred
tank reactors that are operated in series. Each of the tank reactors typically has a
residence time of about 5 minutes to about 90 minutes. typically about 60 minutes.

The resulting transesterification reactor effluent stream contains a fatty acid alkyl

ester and glycerin. Preferably, at least a portion of the glycerin is removed from the
transesterification reactor before the plurality of glycerides is reacted with the alcohol.

A plurality of the resulting fatty acid alkyl esters may then be separated from the
glycerin in the transesterification effluent stream. Separation into two distinct immiscible
phases, i.e., a first liquid phase in which the plurality of fatty acid alkyl esters may be
concentrated and a second liquid phase in which glycerin may be concentrated, is
typically dependent upon the differences in densities in the two phases and employs
gravitational force and/or centrifugal force. '

Typically, the two phases are separated at a temperature of about 25°C to about
65°C to produce the fatty acid alkyl ester rich stream and glycerin rich stream. This

separation process may be a continuous operation and may be performed in a clarifier or

by means of membrane filtration.

In a preferred embodiment, the fatty acid alkyl ester rich stream is subjected to
reactive distillation in biodiesel refining step 8 to separate the fatty acid alkyl ester rich
stream 1nto a bottoms fraction, an overhead fraction (principally comprising excess
alcohol) and a fatty acid alkyl ester product stream. Such separation utilizes the
differences in the vapor pressures of the components of the fatty acid alkyl ester rich
Stream and the reactive loss of glycerin. The conditions in the distillation or fractionation

column including temperature and pressure conditions, simultaneously with and in the
same vessel wherein the said separation occurs, promote a chemical reaction to occur.

Reactive distillation in the embodiment depicted in Fig. 6 decreases the concentration of
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glycerin and increases the amount of glycerides exiting the column. Thus, reactive
distillation increases the efficiency of the production Process.

The end result of reactive distillation is that the amount of glycerin seen in the
transesterification effluent stream, or the first liquid phase, is greater than the total
amount of glycerin which exits the distillation or fractionation column. This is
attributable to the reaction of the glycerin with free fatty acids and or fatty acid alkyl
esters 1n the reactive distillation column to form glycerides.

Preferably, the overhead fraction produced by the fatty acid alkyl ester distillation
column is a (first) alcoho!l stream which comprises essentially the alcohol. Preferably the
bottoms fraction comprises impurities having a high boiling point, unsaponifiable
materials, monoglycerides, diglycerides, triglycerides and fatty acids.

Pretferably, the fatty acid alkyl ester distillation column or fractionation column 1S
operated at a pressure below about 15 pounds per square inch absolute. More preferably,
the fatty acid alkyl ester distillation column or fractionation column is operated at a
pressure in the range of about 0.1 pounds per square inch absolute to about 3 pounds per
square Inch absolute. Preferably, the fatty acid alkyl ester distillation column or
fractionation column is operated at a temperature in the range of about 180°C to about
290°C, more preferably between from about 23 0°C to about 270°C. Preferably, the fatty

acid alkyl ester distillation column or fractionation column contains a packing material,

The glycerin rich second liquid phase stream may further be purified and alcohol

recovered from it. The recovered alcohol is operative to produce a purified glycerin
product and a (second) wet alcohol stream. In a preferred embodiment, this step employs

one or more of glycerin fractionation (wherein the fractions within the glycerin rich

stream are separated by distillation), phase separation (wherein the impurities that co-

fractionate with glycerin are removed by immiscibility and differences in density) and

glycerin polishing (wherein other Impurities are removed from glycerin).

The glycerin rich stream may further be subjected to phase separation wherein a

fatty acid alkyl ester rich liquid phase and a glycerin rich liquid phase are separated and
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the two 1iquid phases may then be subject to purification as described in the paragraphs

above. _
The glycerin rich stream may further be purified in a glycerin distillation or
fractionation column to produce a bottoms material, a side stream and an overhead
stream. Preferably, the bottoms material contains essentially waste materials; the side
stream contains essentially glycerin and trace impurities; and the overhead stream

contains essentially alcohol and water that is collected for further purification and

recycled.

Preferably, the glycerin distillation column is operated at an elevated temperature

between about 180°C and about 280°C, more preferably between from about 180°C to

abou_t 230°C. The distillation column is typically operated at a reduced pressure, of

‘below about 2 pounds per square inch absolute, typically the pressure is in the range of

about 0.1 pounds per square inch absolute to about 2 pounds per square inch absolute.

The glycerin rich stream may further be subjected to a decolorization column
wherein colored impurities and odors are removed from the glycerin, i.e., “glycerin
polishing”. The decolorization column typically comprises a packed bed of activated

carbon operated at a temperature in the range of about 35°C to about 200°C, preferably

between from about 40°C to about 100°C. The contact time is generally less than four
hours. Activated carbon fines carried through the packed bed are removed by filtration.
Water may further be removed from the wet alcohol streams to render purified
alcohol by subjecting the wet alcohol stream to an alcohol d1st1llat10n or fractionation
column at a temperature in the range of about 60°C to about 110°C and at a pressure in
the range of about 14 pounds per square inch absolute to about 20 pounds per square inch
absolute.  Preferably, this purification comprises adsorption onto molecular sieves that
can then be dried and reused or distillation resulting in a bottoms product consisting

mainly of water.

At least a portion of the purified glycerin product may then be returned to the

glycerolysis reactor for reaction with free fatty acids in the feedstock; at least a portion of
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the purified alcohol being recycled into the transesterification reactor for reaction with
glycerides. ‘

It 1s typically desired to neutralize the fatty acid alkyl ester and glycerin produced
in the transesterification reactor. Neutralization is often required in light of the caustic
conditions which characterize transesterification. Such neutralization may oceur by
addition of an acid to the transesterification effluent stream or to either the fatty acid

alkyl ester rich stream or glycerin rich stream after such streams are separated from the

~ transesterification effluent stream. Suitable acid treatments include mineral or more

preferably organic acid treatments.

Suitable mineral acids include sulfuric acid and phosphoric acid. Reaction of the
alkali catalyst with a mineral acid renders an insoluble salt that is removed from the
glycerin rich stream in a solids separation operation. ‘

FIG. 4 is illustrative of the process wherein a mineral acid, such as phosphoric
acid, 1s employed. In particular, FIG. 4 illustrates introduction of feedstock 1 containing
free fatty acids into glycerolysis reactor 2 wherein the free fatty acids are converted to
glycerides by esterification. The glycerides are then introduced into transesterification

reactor 4 with alcohol 3 and alkali catalyst 318 at 317 (illustrated in FIG. 7) wherein the

glycerides are transesterified to form fatty acid alkyl esters and glycerin,
The transesterification effluent stream 4a is first separated in 1% phase separation

320, typically by gravitational separation techniques, into a fatty acid alkyl ester rich

process are represented by the dotted lines in FIG. 4.

Unfortunately, use of phosphoric acid renders an insoluble precipitate. The

formation of the insoluble precipitate mandates the use of a filter in filtration step 326
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and/or a filter in filtration step 328. Suitable filters include rotary vacuum drum filters,
plate and frame presses as well as belt presses. .

In addition to the use of a filtration unit, use of a mineral acid further requires the
rinsing of the insoluble by-product salts in order to wash residual organic materials from
them. Suitable solvents include C1-Cs alcohols, such as methanol. Illustrated in FIG. 4 is
the introduction of alcohol solvent 329 for use as alcohol rinse 330 which removes
organic residue from the filter cake. Vacuum dry 332 is then used to remove alcohol
from the filter cake. and to dry the purified salt which then exits the process as waste
stream 334. The solvent may then be recovered as stream 364 for reuse in the Process.

Preferably, the process comprises drying the insoluble salt in a dryer under
conditions wherein the temperature of the dryer exceeds the boiling point of the solvent at
the operating pressure of the dryer. The dryer may optionally be operated under a
vacuum to mmprove the drying. The dryer may further include a condenser to recover the
solvent for reuse.

FIG. 4 further illustrates the refining of alcohol, glycerin and biodiesel in alcohol

refinery vessel 6, glycerin refinery vessel 7 and biodiesel refinery vessel 8, respectively.

The alcohol typically exits the system as byproduct stream 9a or is recycled via 11 back

to transesterification reactor 4. Refined glycerin is isolated as purified glycerin 13. A
portion of the glycerin stream may be recycled back as stream 15 to glycerolysis reactor
2. The alkyl esters may further be purified to produce purified biodiesel 18 or may exit

the system as byproduct 19 in the form of, for example, burner fuel.

It 1s more preferable to employ an organic acid versus a mineral acid, however.

- While there are inorganic acids that don't create precipitating salts upon neutralization

with the transesterified stream, all suffer from serious disadvantages. For instance,
hydrochloric and perchloric acid produce chlorides in the process streams which, in turn,

cause undesirable corrosion of steel and stainless steel, especially at elevated
temperatures.  Sulfuric acid, sulfurous acid and hydrogen sulfide suffer serious
disadvantages due to the presence of sulfur which increases the tendency of sulfur to exit

with the final biodiesel product. This, in turn, causes potential failure of sulfur level
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limits and the formation of unwanted sulfur oxide in emissions from biodiesel-burning
engines. Arsenic acid, chromic acid, hydrocyanic acid and hydrofluoric acid are
undesirably hazardous to use and/or 'require unwanted additional treatment methods for
the disposal of undesirable byproducts. Lastly, iodic acid does not produce undesirable

precipitates, but it is economically not viable.

When an organic acid is used, no insoluble salt is formed and thus 1t 1S
unnecessary to subject the stream to any solids separation operation. Suitable organic
acid include weak organic acids, such as formic acid, acetic acid and propionic acid. In
such instances, the pH of the glycerin rich stream resulting from transesterification may
first be adjusted below 8.0, preferably between from about 6.5 to about 7.0.

FIG. 5 contrasts the inventive process wherein an organic acid 325 is used in the

neutralization of the alkali catalyst versus a mineral acid. In one embodiment, organic

acid is added to the transesterification effluent prior to separation of the fatty acid alkyl

ester rich stream form the glycerin rich stréam, at a weight ratio of from about 0.1% to

about 5 70, more typically about 0.9%. In another embodiment, organic acid is added to

the glycerin rich stream at a weight ratio of from about 1% to about 7%, more typically

about 4%. The use of an organic acid renders the steps of filtration, rinsing of the filter

cake and vacuum drying unnecessary and thus offers advantages over the use of the

mineral acid.

As 1llustrated in FIG. 7, a portion of by-product (fuel) stream 351 is shown as
being directed back into biodiesel refining stage via 351A, into transesterification reactor
via 351C, or into esterification reactor via 351D. The composition of stream 351 is not
changed prior to béing separated into streams 351 A, 351C and 351D.

In contrast, in FIG. 8, a portion of by-product (fuel) stream 351 is separated In
separator 370 into fatty acid alkyl ester enriched stream 371 and/or a second stream 374
enriched in free fatty acids and/or a third stream 376 enriched in glycerides. The portion
of the second stream having the lower free fatty acid content is then introduced into

transesterification reactor 4 and the portion of stream having the higher free fatty a01d

content 1s introduced into esterification reactor 2.
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FIG. 9 illustrates an embodiment for biodiesel refining step 8 wherein an
increased yield of biodiesel may result by the use of a second distillation reactor or non-
evaporative separator. In a preferred embodiment, this second distillation reactor is one
or more evaporative devices, such as wiped film evaporators or falling film evaporators
known in the art. Typically, this second distillation reactor occurs in the biodiesel
refining unit. Further, a separator unit may also be used to treat the by-product (fuel)
stream which results from the purification of biodiesel.

A system may be constructed in accordance with the teachings set forth herein for
the production of biodiesel from a feedstock, such as a lipid feedstock having free fatty
acids. The system may include:

(1) an optional conditioning reactor which is operative to continuously convert
the feedstock to a conditioned feedstock. The conditioning reactor is operative to heat,

mix and filter the feedstock in order to produce a conditioned feedstock;

(2) an optional system for continuously measuring the concentration of the free
fatty acid in the conditioned feedstock. Suitable systems include an in-line free fatty acid

measurement device which is operative to quantify the concentration of the free fatty acid

in the conditioned feedstock;

(3) a glycerolysis reactor wherein the free fatty acid in the feedstock is

continuously reacted with glycerin to produce a glyceride. This reaction may be in

response to a signal from the in-line free fatty acid measurement device:

(4) a transesterification reactor for continuously reacting the glyceride with an

~ alcohol and which is operative to convert the glyceride to a fatty acid alkyl ester and

glycerin, preferably by an alkalj catalyzed reaction. This reaction may proceed in

response to the signal from the in-line free fatty acid measurement device:

(5) a separator for continuously separating the fatty acid alkyl ester from the

glycerin and which is operative to produce a fatty acid alkyl ester rich stream and a

glycerin rich stream. Suitable Scparators Include a clarifier or a phase separation

, centrlfuge which is operative to produce a (tirst) liquid phase in which the fatty acid alkyl

ester 1s concentrated and a (second) liquid phase in which glycerin is concentrated.
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(6) a purifier for continuously purifying the fatty acid alkyl ester rich stream and

recovering the alcohol from the fatty acid alkyl ester rich stream; the purifier being

operative to produce a purified biodiesel product and a first wet alcohol stream. Suitable
purifiers ‘include fractionation and distillation columns. In a preferred embodiment, the
fatty acid alkyl ester rich stream is purified by reactive distillation to render biodiesel;

(7) an optional evaporator separator, such as a wiped film evaporator or a
falling film evaporator, for further separation of biodiesel into a fatty acid alkyl ester
enriched stream and a by-product stream (fuel) stream;

(8) an optional non-evaporative separator for separation of the by-product

(fuel) stream into a fatty acid alkyl ester enriched stream and a free fatty acid/glyceride

enriched stream;

(9) a purifier for continuously purifying the glycerin rich stream and

recovering alcohol from the glycerin rich stream; the purifier being operative to produce

a purified glycerin product and a second wet alcohol stream. Suitable purifiers include
fractionation and distillation columns, including reactive distillation;

(10) a purifier for continuously purifying the wet alcohol streams that is
operative to produce a purified alcohol product. Suitable purifiers include an alcohol
fractionation column for treating the alcohol streams: and

(11)  pathways for recycling at least a portion of the purified glycerin product to
the glycerolysis reactor and recycling at least a portion of the purified alcohol into the

transesterification reactor for continuously reacting with the glyceride.

Referring to FIG. 1, a preferred embodiment of a biodiesel production process 10
for the conversion of high free fatty acid feedstocks into biodiesel i 1S presented.

In feedstock introduction step 12, teedstock is introduced to process 10. The
introduced feedstock is preferably conditioned in feedstock conditioning operation 14

wherein feedstock 1s heated and mixed in conditioning reactor 16; the high free fatty acid
teedstock being heated and mixed to cnsure a uniform mixture. The free fatty acid may

be quantified, such as in an in- -line free fatty acid measurement device 18, wherein the

concentration of free fatty acids in the feedstock 1s determined by spectroscopy, titration
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or other suitable means. In a first separation, solid (insoluble) substances are removed in
filter 24.

The feedstock may include at least one free fatty acid at a concentration in the
range of about 3 percent to about 97 percent by weight; moisture, impurities and
unsaponifiable matter at a concentration up to about 5 percent by weight; and a remainder
that includes monoglycerides, diglycerides and/or triglycerides. The feedstock may
further include trap grease. ‘

Preferably, the conditioning step is carried out and produces a conditioned
feedstock with a temperature in the range of about 35°C to about 250°C and more
preferably in the range of about 45°C to about 65°C. In 2 preterred embodiment, the
feedstock is heated to a temperature in the range of about 55°C to about 65°C. Preferably,

the resulting conditioned feedstock is substantially free of insoluble solids.

The conditioned feedstock is introduced to a glycerolysis or esterification reaction
at 26 which preferably comprises glycerin addition step 28, heating step 32, glycerolysis
step 34 1n which free fatty acids are converted to glycerides and glycerolysis effluent

cooling step 38.

Preferably, glycerolysis reaction step 26 further comprises performing the
glycerolysis reaction at a temperature in the range ot about 150°C to about 250°C: and
removing water from the environment of the glycerolysis reaction. More preferably,

glycerolysis reaction step 26 further COmprises using two or more continuous stirred tank

reactors in series.

In a preferred embodiment the free fatty acid and glycerin are continuously
reacted, typically in the absence of a catalyst, in a glycerolysis reactor at a temperature of
about 220°C and at a pressure of about 2 pounds per square inch absolute, In an

esterification reaction to produce an effluent stream that contains less than 0.5 percent by
weight of free fatty acids and a plurality of glycerides. Preferably, the purified glycerin
product is continuously added to the glycerolysis reactor at a rate in the range ot about 35

percent to about 400 percent of the stoichiometric amount of free fatty acids and water is

continuously removed from the glycerolysis reactor as a vapor in water venting step 35
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through a fractionation column that retumns condensed glycerin to the glycerolysis

reactor.,

Preterably, the reactor for glycerolysis step 34 comprises at least two continuous

stirred tank reactors that are operated in series, the reactors having a combined residence

time of not greater than about 400 minutes for feedstock with a 20 percent by wei ght free
fatty acid concentration.
' Water is preferably removed as vapor through a fractionation column or a
distillation column that returns condensed glycerin to the glycerolysis reactor.

The effluent from glycerolysis reaction step 26 1s introduced to alkali catalyzed
transesterification reaction at 42 which preterably comprises alcohol metering step 44,

catalyst metering step 46, alkoxide addition step 48 and transesterification step 50

wherein the glycerides undergo transesterification in the transesterification reactor.

glycerides, alcohol and alkali catalyst come into substantially intimate contact.

Preferably, the alkali catalyst is selected from the group conéisting of sodium hydroxide

- and potassium hydroxide.

The transesterification reaction step 42 1s preferably conducted at a temperature in

the range of about 20°C to about 65°C and at an absolute pressure in the range of about
14.5 psia. More preferably, transesterification reaction Step 42 comprises conducting the
transesterification at a temperature in the range of about 25°C to about 65°C and at an

absolute pressure near atmospheric. In a preferred embodiment, the alcohol and alkali

catalyst are mixed at prescribed rates prior to their addition to the transesterification

reaction operation.
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Preferably, the alcohol, most preferably 1ﬁethan01, is added to the

transesterification reactor at a rate equal to about 200 percent of the stoichiometric

amount of alcohol required for the catalyzed reaction and the alkali catalyst 1s added to
the transesterification reactor at a rate of about 0.5 percent by weight to 2.0 percent by
weight of glycerides present in the glycerolysis effluent stream. More preferably, the
alkali catalyst is dissolved in the alcohol prior to their introduction to the

transesterification reactor.

Preferably, the transesterification reactor comprises at least two continuous stirred
tank reactors that are operated in series, said reactors having a combined residence time
of not more than about 90 minutes.

The transesterification reactor effluent stream contains a plurality of fatty acid
alkyl esters and glycerin. The effluent from transesterification reaction step 42 is
preterably introduced to second separation at 52 in which a light phase (for instance,
specific gravity 0.79 — 0.88) is separated from a heavy phase (for instance, specific
gravity 0.90 — 1.20). In biodiesel purification step (operation) 58 (referenced as 8 in FIG.
3), excess methanol and high-boiling impurities are preferably separated from fatty acid

alkyl esters in the light phase and the alcohol is collected for reuse. Preferably,

‘separating the fatty acid alkyl esters from the glycerin involves using the density

difference between the first light liquid phase and the second heavy liquid phase to
separate them. '

In biodiesel purification step 56, differences in component vapor pressures are
used to separate excess alcohol and high-boiling impurities from fatty acid alkyl esters in
the light phase, and the alcohol is collected for reuse.

In a preferred embodiment, second separation step 52 comprises separating the

fatty acid alkyl esters from the glycerin in the transesterification effluent stream in a
continuous clarifier in phase separation step 54. Preferably, in the continuous clarifier, a
first light liquid phase in which the plurality of fatty acid alkyl esters are concentrated

and a second heavy liquid phase in which glycerin is concentrated are continuously:
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separated at a temperature of about 25°C to about 65°C to produce a fatty acid alkyl ester
rich stream and a glycerin rich stream.

Alternatively, the separation step may be a reactive distillation or fractionation
column wherein the fatty acid alkyl ester and glycerin may be separated. The
transesterification effluent stream entering the reactive column contains, in addition to
fatty acid alkyl esters, a certain amount of glycerin, glycerides and unreacted or non-
convertible lipid feedstock. In the reactive column, some of the glycerin reacts with
unreacted fatty acids and/or fatty acid alkyl esters to form glycerides.

In preferred embodiments, the light phase is separated in fatty acid alkyl esters
purification step 56. In step 56, differences in component vapor pressures are used to
separate excess alcohol and high-boiling impurities from fatty acid alkyl esters in the first
liquid phase, and the alcohol is collected for reuse.

Preferably, purifying the fatty acid alkyl ester rich stream step 58 further
comprises using a distillation column to separate the fatty acid alkyl ester rich stream into
a bottoms fraction, an overhead fraction comprising primarily the alcohol, and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>