Met hods for Producing Al kyl Esters BACKGROUND Al cohol ysis of vegetable
oils and ani mal fats has been investigated extensively for producing fatty
acid al kyl esters, which can be used as diesel fuels. Commonly used

catal ysts for al coholysis include al kali hydroxi des and al cohol ates. These
non-enzymatic 5 catal ysts are di sadvant ageous as they have to be renoved
with glycerol, a by-product, and cannot be reused. Further, purification
of glycerol is difficult as it contains a | arge anmount of such a catal yst.
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, SUMMARY
15 This invention is based on the discovery that high purity alkyl esters can be readily
produced from an oil feedstock (e.g., vegetable oils or animal fats) by a lipase-catalyzed
reaction, in which inactivation of lipases is minimized.
In one aspect, this invention features a method for producing an alkyl ester via a
transesterification or esterification reaction. The method includes (1) mixing an oil source
20 containing a triglyceride or a carboxylic acid with a first primary alcohol or a first
secondary alcohol in a first organic solvent to form a first solution; in which each molecule -
of the first organic solvent contains 4-8 carbon atoms and a heteroatom; (2) reacting the
triglyceride or the carboxylic acid with the first primary alcohol or the first secondary
alcohol in the presence of a first lipase to produce a first alkyl ester, in which the first
25 solution does not undergo phase separation throughout the reaction; and (3) separating the
first alkyl ester from the first solution.
| Examples of a suitable oil source include plant oil (e.g., microalgae oil), animal oil

(e.g., fish oil, lard, rendered fats, or tallow), waste grease (e.g., waste restaurant grease), or
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(e.g., fish oil, lard, rendered fats, or tallow), waste grease (e.g., waste
restaurant grease), or a hydrolytic fraction thereof (e.g., carboxylic
acids). Before the mxing step, the oil source can be heated to 150-215C
and cooled down to the reaction tenperature. Before the reaction, the oi
source can be mxed with the first primary al cohol or the first secondary
al cohol in the first organic solvent to forma one-phase sol ution. Exanples
5 of the first primary and secondary al cohols include those containing Ito
18 carbon atons, such as, nethanol, ethanol, isopropanol, isobutanol,
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transesterification or esterification reaction. Examples include candida antarctica lipase,
thermomyces lanuginosa lipase, pseudomonas fluorescens lipase, pseudomonas cepacia

20 lipase, or chromobacterium viscosum lipase. The first lipase can include a single lipase or a
combination of two or more lipases. It is preferably immobilized on a carrier in the first
reactor. The transesterification or esterification reaction can be carried out at 0-95°C (e.g.,
20-95°C) for 1-180 minutes (e.g., 10-90 minutes or 20-60 minutes) to obtain the first alkyl
ester.

25 During a transesterification reaction between an oil source containing a triglyceride
and a first primary or secondary alcohol, glycerol is produced as a by-product.
Unexpectedly, the first alkyl ester can be easily obtained by phase separation between the
first alkyl ester and the glycerol after removing the first organic solvent and the unreacted

first primary or secondary alcohol by evaporation. The just-mentioned oil source may also
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first alkyl ester and the glycerol after renoving the first organic sol vent
and the unreacted first primary or secondary al cohol by evaporation. The
just-nentioned oil source may al so 2 contain nonogl ycerides, diglycerides,
or carboxylic acids. Mpnoglycerides and diglycerides react with the first
primary or secondary alcohol in a manner simlar to triglyceride. The
carboxylic acids react with the first primary or secondary al cohol via an
esterification reaction, in which water is produced as a by-product and can
be readily 5 renoved during the evaporation process. During an
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t hen be Specifically, the first alkyl ester can be mixed with a second primary alcohol or a second
secondary alcohol, optionally in a second organic solvent, to form a second solution. Each
molecule of the second organic solvent contains 4-8 carbon atoms and a heteroatom. The
second organic solvent can be the same or different from the first organic solvent. The
20 second primary or secondary alcohol is preferably the same as the first primary or
secondary alcohol. The monoglycerides, diglycerides, triglyceride, or carboxylic acid in the
second solution can then react with the second primary alcohol or the second secondary
alcohol in the presence of a second lipase to produce a second alkyl ester. In the reaction, -
the second solution does not undergo phase separation. The second lipase can be the same

25 or different from the first lipase. The first and second alkyl esters thus obtained can then be

separated from the second solution. Preferably, the second alkyl ester is identical to the first

alkyl ester.



separated fromthe second solution. Preferably, the second al kyl ester is
identical to the first alkyl ester. 3 The detail s-of one or nore

enbodi ments of the invention are set forth in the description below. O her
features, objects, and advantages of the invention will be apparent from
the description and fromthe clainms. DETAILED DESCRI PTION 5 Thi s invention
relates to a nethod of preparing alkyl esters froma feedstock via an
enzymatic transesterification or esterification reaction. Below is an
exanpl e of nmanufacturing al kyl esters: First, an oil source containing a
triglyceride (eng:F.detaa?Issacﬁyinseannmiele)nbbdinmhmemhd interdiohiaresdet fopthingiey oOr
secondary | cohol é . drou .met ha inafirst or sol vent
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first n1Xefrommhédb@éﬁ}ﬁlohlahﬁE‘roﬁpthélblaﬁﬂy. whi ch remai ns one-phase throughout
the transesterification reaction described herein. The oil source can be
degummed or refined. Preferably, it contains a m ninmum anount of

phospholipids (e.g., |ess thanp8TAINEIIESCRIBTIGRN 0. 001 W % . Typically,
t he nmount of first pri mar%/elsor secondary al cohol is about 10-50 nol % in
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l'i pase-catal yzed reaction (i. oes not react yceride to any
signifi cari’@am’éaﬁélmﬂﬁrdﬂ%ammvate the |ipase). Wwen the oil source contains

fatty acids sed as .the first or nlc al vent.. . onal |y,
t he 1¥| r st orgg?ﬁnlég \%g‘% © Coae gl eerde ﬁe #nde Falb?lééﬁwegﬁf‘mmtsuc%
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the oil source can also be héated to 150C t erio
(e.g., 5- 665 nlhcas)sonrrg conbp depoime Qjev»ﬁmetio Prdferablysit tmrumna; empemahur e. The
25 heat in
25 heat ea%é%dugﬁfﬁl?)%})%hgﬁ?%‘g 128 REh 8559 dr 1885 451806 S pihity, the
amount of first primary or secondary alcohol is about 10-50 mol% in excess of the

15 stoichiometric amount required for the complete conversion of the oil source. The first
organic solvent is inert in the subsequent lipase-catalyzed reaction (i.e., does not react with
triglyceride to any significant level or inactivate the lipase). When the oil source contains
fatty acids, pyridine can be used as the first organic solvent. Optionally, the first organic
solvent can be mixed with another organic solvent, such as an alkyl ester. Usc of an alkyl

20 ester as a co-solvent prolongs the life span of a lipase for the subsequent transesterification
or esterification reaction. The mixing step can be carried out at the reaction temperature or
at any other suitable temperature.

Before the mixing step, the oil source can also be heated to 150°C to 215°C for a
period of time (e.g., 5-60 minutes) and then cooled down to the reaction temperature. The

25 heating time varies depending on the oil source used. Use of heat-treated oil sources
unexpectedly shortens the reaction time.

Next, the first solution thus obtained is fed into a first reactor, which is filled with a
first lipase immobilized on a carrier. The first reactor can be a packed bed reactor (e.g., a

plug flow reactor), or any other suitable reactor known in the art. Typically, the first reactor
4



unexpectedly shortens the reaction tinme. Next, the first solution thus
obtained is fed into a first reactor, which is filled with a- first |ipase
i mmobi lized on a carrier. The first reactor can be a packed bed reactor
(e.g., a plug flowreactor), or any other suitable reactor known in the
art. Typically, the first reactor 4 is kept at a constant tenperature
(e.g., 0-95C) during the reaction. The first solution preferably contains
| ess than 10,000 ppm (e.g., less than 5,000 ppn) by weight of water before
it is sent to the first reactor. The flowing rate of the first solution
through t his kepedaQbnstird tafpceRitt (b @gsigamﬁg%er@&hﬁﬁﬁ?ﬁe hfs@olhéo@bout the
sane as the estimated reaction tine. 5 The reaction tinme, which can be
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the first t: i I it fr - I nut es. i ng the
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stripped wonipositioh e@ et Mkt ORESHK al\@itaBY REFRAEALRHN $188 RindBE ﬁ@%ﬁg

th I apotator, a
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t he precedicPrpdepdechoh. Typically, the tenperature is | ower than 120C and
contained in the oil
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sol ution pressure is lower than 100 mmHg. Water (either contained in the oil source or produced

during the reaction), the first organic solvent, and the unreacted first primary or secondary
alcohol are removed in the first evaporator. They can then be collected and separated (in a
pure form or as a mixture) from each other in a recovery unit, which consists of a series of
20 hquid separation or removal units. Water removed from the recovery unit is typically sent
to a water-treatment facility and discarded. The first organic solvent and the unreacted first
primary or secondary alcohol can be recovered and re-used in the mixing step mentioned
above. Preferably, they contain a minimum amount of water so that the first solution
contains less than 10,000 ppm by weight of water before it is sent to the first reactor.
25 The residue leaving the first vacuum evaporator can then be cooled down and sent
~ to a first liquid-liquid separator. The temperature of the separator can be maintained at 20-
80°C to minimize the formation of any solid. In the separator, the residue is allowed to sit
to form two layers. Glycerol, a by-product, forms the bottom layer. It can be easily

collected from the separator and further purified by removing the residual amount of water,
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contains less than 10,000 ppm by wei ght of water before it is sent to the
first reactor. 25 The residue |leaving the first vacuum evaporator can t-hen
be cool ed down and sent to a first liquid-liquid separator. The
tenperature of the separator can be maintained at 20- 80C to mnimze the
formation of any solid. In the separator, the residue is allowed to sit to
formtw |ayers. dycerol, a by-product, forns the bottomlayer. It can be
easily collected fromthe separator and further purified by renoving the
resi dual amount of water, 5 the first organic solvent, and the unreacted
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organic solvent,_to_forn1a_secpn sol ution, remal ns  one-p
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secondar y @dobohobti@latin caomnat orbafiekdy@nao Bitasesec solbtRA, Which réhigind i T st
al kyl ester, a se&%ngggr ani ¢ solyent has to_be included in the second
sol uti on. °PRAEEFFSUREStON! hedraagssGHECHIoN pa psferdficatier Betignydessiitsdiereamd t he
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any phase separation during the subséquent transesteri 10
esteri fi caEfdapalehdlon. This anpunt can be in excess to 20 expedite the
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solution with the first alkyl ester, a second organic solvent has to be included in the second
solution. The amount of the second primary or secondary alcohol and the second orgahic_
solvent is such that the second solution does not undergo any phase separation during the
subsequent transesterification or esterification reaction. This amount can be in excess to

20 expedite the completion of the subsequent reaction. It can be up to the same amount as that
added in the first mixer.

When the second primary or secondary alcohol alone can form a one-phase solution
with the first alkyl ester, a second organic solvent may or may not be used. In other words,
the second solution may or may not contain a second organic solvent in such a situation.

25 The second solution is then sent to a second reactor, which contains a carrier
immobilized with a second lipase. The second reactor is kept at a constant temperature and
is typically the same as that of the first reactor. The residence time in the second reactor is
generally less than that in the first reactor, and can be determined empirically. The effluent

from the second reactor is then sent to a second vacuum evaporator, in which water, the
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When the second primary or secondary al cohol alone can form a one-phase
solution wth the first al kyl ester, a second organic solvent may or may
not be used. In other words, the second solution nmay or nay not contain a
second organic solvent in such a situation. 25 The second solution is then
sent to a second reactor, which contains a carrier imobilized with a
second |ipase. The second reactor is kept at a constant tenperature and 1is
typically the same as that of the first reactor. The residence tine in the
second reactor is generally less than that in the first reactor, and can

be det er m sechddPini¢ &Aldny, and iR @hddcié@REconfl HAMAENG s8@MARY I RAGERE 1S then
sent to a second vacuum evaporator, in which water, the 6 second organic
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and sent t@chhg eVAfoPHE ¥ ! skntT5R5LQNE qgﬁggﬁﬁg&}gﬁfl&? S'l'l%%gré%gg&?t gBrSer go nd

vacuum evaporator s then sent to a sec I qui ar at
by- pr oduct 15 §¢ppsatedofromitle residne atdadnfbiredvwithahatebiadned fromal thedirki lngét-liqdid t hat

obt ai red f e, first Liguid-liquid separator. A high puri al kyl
ester rgcan {?gg%%? a‘/idr%J PP b’rrgFﬂSStgléCg’Br]i’ﬁ ngaal?ﬁgf-oln? ﬁiS‘EfoggbigP‘gf Eﬂ“.‘é g/eli’?“"‘é’ém be
used as dilkes®l befused ss dibsed hicksRibriGant Sils, OF chdn@pl Gabrnbdal LB A0S behbed aN

al so be used as,a co-solvent in the first solution nentioned above. The

process d_eassc?rciobSQB’e bV Rishswigapentisacdbovey a batch method or a flow
method, i.e.. The@RoHeld WAL ABBINAGH BE 'c%ﬁg@'&ﬁ’tqﬁ'sasbatcm&géﬁ bYa ﬂ@wkise&gd;rf; hod

can be used to help 10 mai ntain reasona manuf acturing costs ase
gener al | y Yod¢snmony magufaetuang proresg. Typipdlyedfiew nethod|cen bt eskdtte hpler at ur e

b, ' im . b Switched.
ot hr el Sopat RO APEERS AT GLPRRT o hetiERS <o as

anot her reactor system er op 7
to prol orgpeded td arf deepahtenibetatuee bdypad & timEhienit, itieefl P BROCOSs nay HeRBpBed/ @ | €S
dependi ng ]! %}%et r etgct ion tenperature, the type of the lipase, and the
type of tHe 6P gafiftoedi TR YR afiPoeriondetivgriamperied ohimg se 8s e st opped
or swi t chetolbf B GENGHan b BfeliPaseS T Gk WARR(L hﬁase%‘éﬁ&%ﬁ%&&ﬁf) biffi! on or
esterification reaction is carried-out ‘at or bel ow roomtenperature. The
speci fi c &%3SHPR ETPSEIYG the /pe of te lipasesenduibel typs ofithe@kganid dobent. dftieflsw and not
i1 48t T VGadfod i, §RTRLIESY ! kA0 way what spever .
W t hout furt her 'gyel abor at i on ?JPP%J]?rs%éﬁ%&e)t\%/)éagtthﬁ%ﬁeac%res\g%%ﬂ%e&‘ fithe art
can, basedrapsesictifcativner egtdibutine rattion is carried out at or below room temperature.
The specific examples below are to be construed as merely illustrative, and not
limitative of the remainder of the disclosure in any way whatsoever. Without further
elaboration, it is believed that one skilled in the art can, based on the description herein,
20 utilize the present invention to its fullest extent. All publications cited herein are hereby

incorporated by reference in their entirety.

Example ]
Soybean o1l was used as an oil source for preparing alkyl esters. Specifically,

25 refined soybean oil (55.4 wt%) was mixed with anhydrous methanol (8.6 wt%), and
anhydrous z-butanol (36.0 wt%) in a first mixer to form a one-phase solution. The solution
was then sent to a first reactor, which was filled with NOVOZYM 435 (a candida antarctica
lipase; Novozymes A/S, Bagsvaerd, Denmark). Specifically, NOVOZYM 435 was

immobilized on a carrier (a macroporous resin) and was then placed in the reactor. The
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20 utilize the present invention to its fullest extent. Al publications
cited herein are hereby incorporated by reference in their entirety.
Exanpl e | Soybean oil was used as an oil source for preparing al kyl esters.
Specifically, 25 refined soybean oil (55.4 wt% was m xed with anhydrous
met hanol (8.6 W%, and anhydrous t-butanol (36.0 w% in a first mxer to
form a one-phase solution. The solution was then sent to a first reactor,
which was filled with NOVOZYM 435 (a candida antarctica |ipase; Novozynes
Al'S, Bagsvaerd, Denmark). Specifically, NOVOZYM 435 was imobilized on a

carrier (aefpohrPOSOUS rda€k hs 257, VIGS rtR06n RIRGRME 60 Mnihiles.F £AGHRY reactd® 7
tenperature of the reactor was 45C. The reaction tinme was 62 mnutes. After

the react i B Copmicted i WIwign wadedsislaa Yasnumesarfosatos anddhen aliguditimed apor at or
fhe productyadh Bt atabrohED Al Bnob QufPOAhD pRABH T et Sa BEIREEL 1 " ©f
e or N O ety el ¢ e PO, HexhAl, and

cont a% ned i@%’.ﬂi@“ﬁk %{éﬁ‘%_ﬁqwrégﬁg?@? @%@gwﬁa%%#é?@’ﬁ%@ﬂb’d@§ Pedlgctabifinader i des,
and 0.22 oshididediogl1paand Qgﬁiestleﬂz, BROLHE MR cbt@@e’gFan ?%@@%ﬁ%ﬁsb /?ﬁt(f)b was used

as a co-sol vent . Specific y, refined soybean oi was m xed
Wi th anhyd¥Gudigheendssol (7.6 w %, anhydrous t 10 butanol (20.5 w %, and

an al kyl ester f o4 - | f b ixer to form a onezphase, saql ution.

The reaction conéﬁ?tlﬁ%ﬂr’\%&v\%ﬂrl%t’taaﬁlealnggtﬁsétgpa‘gastlﬁ%(g%S ey @Y@é-dsg%ﬁf%”)éﬁgﬂlﬁ% t hat

the reactspyreagomi#el ed%) wabsitkdwituirbhgdrobnexpassigiloywied)hahpaeduct obt ai ned
nogl yceri des and

cont ajned,96. 1 %, Al k e rs, 3 %

Al ser é’é‘g"“,‘“’g%%o. 9, Gﬁ/‘i}&“ﬂﬁt‘ﬁr:s?)tefe&?éé%‘%l%a st ixgrrig forer 2 eneghiepsrent
t-anyl al cohdbn.alke @ActainkibhdiBishkerdRisalR 8 8 SAMBE sbove %ﬁeﬁﬁﬁﬁi féé cally,
refined soybean oil, (40.8 wt% was m xed wi th anhydrous nethano (t .3

W %, anhytAcHeR complaier i b3 6 munuies Asxpecqdly, drepraducabkipined sorgaingdl%e. B0 wt % i n
a first myxesandiQskRr i “96/‘}%&%% S | e reaction, %'E?g}lcﬁtﬁl ns were
the sanme as t h]é}tse_ descr ?bed) a @ge e(gejéte%}g 8%9’5@‘%%@”@61%?%% Pg?sed in
53.0 minutes. Unekbewtledleyperiniat, praogligltohol and an alkyl ester were used as solvents.
i5 Specifically, refined soybean oil (40.8 wt%) was mixed with anhydrous methanol (6.3

wt%), anhydrous ¢-amyl alcohol (37.3 wt%), and an alkyl ester (15.6 wt%) in a first mixer

to form a one-phase solution. The reaction conditions were the same as those described

above except that the reaction completed in 53.0 minutes. Unexpectedly, the product

obtained contained 96.96 wt% alkyl esters, 2.64 wt% monoglycerides and diglycerides, and
20 0.40 wt% triglycerides.

Example 2
| An alkyl ester obtained from Example 1 was mixed with anhydrous methanol and
anhydrous #-butanol in another mixer to form a one-phase solution. The solution thus
25 formed contained 70.00 wi% of the alkyl ester, 2.8 wi% of contaminants (i.e., 2.47 wt% of
monoglycerides and diglycerides and 0.31 wt% of triglycerides), 7.28 wit% of the methanol,
and 19.94 wt% of the s-butanol. The solution was then sent to another reactor, which was
filled with NOVOZYM 435. Specifically, NOVOZYM 435 was immobilized on a carrier

and then placed in the reactor. The temperature of the second reactor was 45°C. The
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obt ai ned cont ai ned 96.96 wt % al kyl esters, 2.64 wt % nonogl yceri des and
diglycerides, and 20 0.40 wt% triglycerides. Exanple 2 An al kyl ester
obtained from Exanple 1 was m xed wi th anhydrous nethanol and anhydrous
t-butanol in another mi xer to forma one-phase solution. The solution thus
25 formed contained 70.00 wt % of the al kyl ester, 2.8 wt % of contam nants
(i.e., 2.47 wt% of nonogl ycerides and di gl ycerides and 0. 31 wt % of
triglycerides), 7.28 w% of the nmethanol, and 19.94 wt % of the t-butanol.
The solution was then sent to another reactor, which was filled with

NOVQZYM 4 3oactDpeidied woal 1.y milREOAYIM th3edisn waledtplbe8dhOfblai ks 8l inténd
then placed i.n the reactor. The tenperature of the second reactor was 45C

The 8 react®PHIFr Yasyemgaporgtonand thep anothenfiguid-ligyid soparetor 5roieis ageeicet ed, t he
sol ution V‘ﬂ&d‘oﬂﬁnokiﬂbl@ofﬁl@%&%&t W%%%Hﬁnﬁlﬁﬁ%?r}ﬁi% and then anot her
uct . e

l'iquid-liquid separator to obtain a pro conposition of the
product was det'@rrpecseily yheppdict tbieinpd sbweicpntainké 9p2 6 dutitalioh estemedioabove

cont akned % al S.:. 0.6 W, %.monogl yceri des and
di gl yceri d‘g%f%éﬁ lﬁ.@ﬁ%@ﬁ@?{f%ﬁ%ﬁ%%?“ﬁf"atﬁﬁYergfe i | sources other than
soybean oil were used as starting materials for preparing alkyl esters in

a manner ﬁm I gr%to that described in Exanple 1. O sources used included
10 waste nt grease containing high free fatty acids, waste

restaurant gr eaHPsduedds bk Hin kOWekd SEweAL l¥d 84 taSing hldHaW o E{%Eﬁjaring sh oil,

pal moil, and castor oil. |In one experinent, waste restaurant gré&ase
cont ai ni ng'M g¥ers fee reaRerpinaildr i thakdesersed. in Eperopleilc il sourdek esadendudad

ont s ni o - o : ¢

ot e anc MR S RSSO RER S g otSRl

(20.5 wt Wow dired faity anidsytallesiend, fish (iR Pakn vil %nd cHRQWIT i16 ahé ¥xpeNMEZ ¥M@35 was
p ;

i nmobi liz on carrier .and then placed in the reactaor. The tenperature
of the regc B ea%ﬁntﬁﬂagp@ggﬁetegﬂtyta}c}% W?S%.%’eﬁﬁﬁfiﬂ)’e@? reapE pr oduct

fromthe remaindig NOYGAAVABS 3R Witls a SATROSEdnk A Y BRhAGkR r()@%t!ﬁﬁ by HPLC.
g hi;p\?\f (t)/oe%lr ase E4r9]?1 u‘%rtyﬁ’)? lfilxg:l}ydxqotl)lts %{enth%?mla(b?%vfrt‘;j)? ?—E()l?tlal?oﬁ %2(?? :w?%),vawncf) a;;l alk{f{ es?esrt o
15 (22.8 wi%). Specifically, NOVOZYM 435 was immobilized on a carrier and then placed in
the reactor. The temperature of the reactor was 45°C. The reaction time was 24.0 minutes.
The product from the reactor was isolated and its composition was determined by HPLC.
Unexpectedly, the product obtained above contained 96.63 wi% alkyl esters, 3.17 wt%
monoglycerides and diglycerides, and 0.20 wt% triglycerides.
20 In another experiment, fish oil (an animal oil) was used as an oil source.
Specifically, fish oil (52.4 wt%) was mixed with 'aﬁhydrous methanol (7.8 wt%), and
anhydrous pyridine (39.8 wt%) in ;1 first mixer to form a one-phase solution. The
reaction conditions were the same as those described above except that the reaction
completed in 25.0 minutes. Unexpectedly, the product obtained contained 95.63 wt% alkyl
25 esters, 3.03 wt% monoglycerides and diglycerides, and 1.34 wt% triglycerides.
In still another experiment, palm oil (a plant oil) was used as an oil source.
Specifically, plant oil (46.5 wt%) was mixed with anhydrous methanol (7.5 wt%), and
anhydrous #-amyl alcohol (46.0 wt%) in a first mixer to form a one-phase solution. The

reaction conditions were the same as those described above except that the reaction

9



nmonogl yceri des and diglycerides, and 0.20 wt% triglycerides. 20 I n anot her

experinent, fish oil (an animal oil) was used as an oil source.

Specifically, fish oil (52.4 wt% was m xed with anhydrous nethanol (7.8

wt% , and anhydrous pyridine (39.8 % in a first mxer to forma

one- phase solution. The reaction conditions were the sanme as those

descri bed above except that the reaction conpleted in 25.0 m nutes.

Unexpect edly, the product obtained contained 95.63 wt % al kyl 25 esters,

3. 03 wt % nonogl yceri des and diglycerides, and 1.34 wt% triglycerides. In

still anotdmipl@sPrrd1MERtnuRAReRbdotdas), %%Pédu@é dbraiM@Bc Bk By 9] hncour ce.

SpeC| ficall plant oil (46.5 wt% was nmi xed with anhydrous nmet hanol ™ (7.5
w %, and esi.lﬁ‘ﬂx dﬂ#m%ﬂayyceaﬂ@méldlglmnéewwél Phwaeftiiglyeerigeker to form a

one- phase sol ut| on. The reaction conditions were the sane as those

descri bed above except that the reaction 9 conpleted in 41.0 m nutes.

Unexpect edisampldd product obtai ned contai ned 96.97 w % al kyl esters, 1.95

wt % npnogl yceriges a eri and 1. 08 %trl i des, Exanpl e 4
5 Pr |n9 mary al coh%ma%F%hoﬁg‘géreﬁe‘g?saﬁﬁfrp%mﬁﬁf@ﬁ | FEeRAE) gﬁﬁ‘@[}%ﬁt?ﬁﬁl Al kyl
esters i n raanneBsinglar ®itdtldageribed iﬁ@anﬁiﬂ@ﬂhh@ﬂolh Dsd@XACTRASE rhethAMof RRRLs!, Uused
i ncl uded i.sobut anol | -1-butanol, hexanol

e hano et hanol th
oct anol , %‘%’é‘f‘f’@i‘P 3andhylzobysamoly hegpanl, octanob ﬁécan@‘zﬁ?@ﬂaﬁﬁfhﬂlcohﬂeh?@@ct or
cont ai ni n%xb@f%YNhé?é@ct\ﬁ@éonftaﬁﬁim%‘]\f@V@ZW 434 08, £ % énggﬂquxﬂ Srainfilg fsh>2- O

Wt 9 et hanol , drous t-Dbutano
SpeC| fi caldilf32. O’Vtmm&ﬂw 433 wigs), Blmdmﬂlyﬂnonetzlbmmc& (B8 wmit &) &pdmﬁbﬂ]ly pl aced

vas 58 0 MOTPA M VETRARIA G tEepBIR AP Coreaehs T 1

corrp05| ti demp\ﬁstutbeifePammﬂ@hbasﬁPCCThbJB@w&ﬁtﬁrﬁ@'ws 39.0 Rgine o dpkd prodicai ned
above cont %%I 97.44 WM % ?J: esters, 1.44 w % nonogl yceri des and
ngyi

di gl yceri RERCOT PpS V(P@F}PH%QOH was detergiendier ARG e Mnpnsetediiex anol
a C6 al cqg an oil
( Mrbdﬁ@%bﬂdﬁx%@l aBsveRoftfafclioN A4 NRYS /ez{llq? f%tmgsp L 'vJ:t“/ d&&@gﬂ Ex?%eg :

(53.7 W% was m xed with anhydrous hexa rous
t - but anol apddiglyegridgs, and lal ¥ wi¥strighioesides o f orm a one- phase sol ution. The

reac§4 on

In another experiment, hexanol (a C6 alcohol) was used as a starting material.
Specifically, soybean oil (53.7 wt%) was mixed with anhydrous hexanol (26.6 wt%), and
anhydrous #-butanol (19.7 wt%) in a first mixer to form a one-phase solution. The reaction
conditions were the same as those described above except that the reaction completed in
46.0 minutes. Unexpectedly, the prdduct obtained contained 95.06 wt% alkyl esters, 4.11
20 wit% monoglycerides and diglycerides, and 0.88 wt% triglycerides.

In still another experiment, lauryl alcohol (a C12 alcohol) 'Was used as a starting
material. Specifically, soybean oil (37.2 wt%) was mixed with anhydrous lauryl alcohol
(33.6 wit%), and anhydrous ¢-butanol (29.2 wt%) in a first mixer to form a one-phase
solution. The reaction conditions were the same as those described above except that the
25 reaction completed in 66.0 minutes. Unexpectedly, the product obtained contained 95.03

wtYo alkyl esters, 4.07 wi% monoglycerides and diglycerides, and 0.90 wi% triglycerides.

Example 5



conditions were the sane as those descri bed above except that the reaction
conpleted in 46.0 m nutes. Unexpectedly, the product obtained contained
95.06 Wm % al kyl esters, 4.11 20 wt % nonogl yceri des and di gl yceri des, and
0.88 wt%triglycerides. In still another experinent, lauryl alcohol (a Cl2
. alcohol) was used as a starting material. Specifically, soybean oil (37.2
w% was m xed with anhydrous lauryl alcohol (33.6 W%, and anhydrous
t-butanol (29.2 W% in a first mxer to forma one-phase solution. The
reaction conditions were the sane as those descri bed above except that the

25 reaction compbgidas; diebHe6. \Qerérhwdta%tanlé@%d%@r%}@f&)ﬁre ﬂkﬁ%}s iRt ai ned
contained 95.03 wt% al kyl esters, 4.07 wt % nono cherl es and

di gl ycer i dB¥Mmesigpley @@W%WF’P@W@WP&FE% AICE&@ﬁmG@ ISCIE@ﬁdS@mm@MaQ%ohol s
were used AShsHh - bieh Qraic%@%{ aﬂfl s&:rfﬁ@z%r O’l%gﬁl af%fnolﬁ? L8 ohglaaln Jmnner

simlar to that descrl I's ‘use I 'sopr opanol
(a C3 al c%nmmentzhbnﬁaanotor(tanﬁgm\éﬁﬁw 43%awas fed caticesojution@ohiginigy cohol (a

C8 al gohol t t 435 f ed
wth oomtret e o 8 Phinel U 55 BhoSaDhitvg a0 (14 1
w %, and vafd)y Spetifically el O yaalaak w(a@ﬁnﬂobﬂﬁzg@ on SOAEHT arﬁahémbladﬁ@{@zm 435

was inmobilized on a carrier and then placed into the reactor.
t enper at ur@CHY- {hRterwariEr ofihs repstor wppdS rCeaBteirsapthpﬁ@W@&;@gOmmﬁtqsut es. The

product f rgy }&aﬁcm@}ﬁwmm&w&s%%@@am Ao oSRIBR s hiafe&ngg&ggﬁ bep gm ned by

HPLC. Unexpeéectedly, the product tal ne ve cont ai ned % al kyl
esters, 4 %ch%dlﬂdlemwbgt Wemc@dmvanqhtdngd 9262 misikydasters, £26 Wt'%0

trighyceri t nol. gias used as a starting

frat elrl(lyal n%)%%gly{:l ca I]i&%gl%erg‘% 92’2(\:5[(2}){%1 G4'd%¥as ni xed with anhydr ous
2- but anol (18 %m&@aemmnmmml tv-asas’énlasals@&h@métgﬁawsp@c%icdn@ a first
m xer to form agggﬁaggéfe sol utl on. The reaction conditions weré the sane
as those JRLLP} &) watmped it anhydopsezbiiane] (48 f311&) cand anhydsousg: 0

mi nut es. uﬁgme&mqws wWilAg iP5 BE Rix QRS ﬁin'i&eado& faéé é%%ﬂg%Z T@é réfxfcﬁjel?' kyl

esters, 5. % nonogl yceri des and di ycer
tri gl ycer coshitionsiyvese fhejsamp a3 thepe dospritradabove ewaddhaiahwrenctmtqupwt@mhol was

used;as a48%ahihhag Unexpectedly, the product obtained contained 92.84 wt% alkyl esters, 5.08

wt% monoglycerides and diglycerides, and 2.09 wt% triglycerides.

In still another experiment, secondary n-octyl alcohol was used as a starting
material. Specifically, soybean oil (46.4 wi%) was mixed with anhydrous secondary -
octyl alcohol (29.3 wt%), and anhydrous z-butanol alcohol (24.3 wi%) in a first mixer to

20 form a one-phase solution. The reaction conditions were the same as those described above
except that the reaction completed in 42.0 minutes. Unexpectedly, the product oﬁtéined

contained 94.69 wt% alkyl esters, 2.45 wt% monogtycerides and diglycerides, and 2.86
wit% triglycerides.

25 Example 6
An alkyl ester was prepared using lauric acid and methanol as starting materials via
an esterification reaction in a manner similar to that described in Example 1. Specifically,
the reactor containing NOVOZYM 435 was fed with a solution containing anhydrous lauric
acid (77.7 wt%), anhydrous methanol (17.6 wt%), and anhydrous ¢-butanol (4.7 wt%).
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material. Specifically, soybean oil (46.4 wt% was m xed wi th anhydrous
-secondary n- octyl alcohol (29.3 w%, and anhydrous t-butanol al cohol
(24.3 % in a first mxer to 20 form a one-phase solution. The reaction
conditions were the sanme as those descri bed above except that the reaction
conpleted in 42.0 m nutes. Unexpectedly, the product obtained contained
94.69 WM % al kyl esters, 2.45 wt % nonogl yceri des and di gl yceri des, and 2. 86
wo%triglycerides. 25 Exanple 6 An al kyl ester was prepared using lauric
acid and nmethanol as starting materials via an esterification reaction in
a manner sSNOMGEYNOI3ERads i8R6ilizEE6h h BarkXamE tRenlintoIRE fdabiof alhetempéi®id €act or
cont ai ni ng WOZYM 435 was fed with a solution containi nglF anhydrous lauric
aci d (77. 7oMpPoAeacighngt-lis ThersnsHen timg was 3P opinutgn dTheprpducs frony the reetiap |
(4.7 W9 . widl - bl Zi n i t I, t he
reactor. ThisjitS g%&e)rglgyt}?gﬁn%@&tohé%ﬁg ggég'?%@gdm%éGgS@af%?ergggﬁ %ﬁ%nﬁm\;\ﬁas

37. 0 m nut &G Fngthp 30 dud.D. fO.Dhpnherriaaes: die, flowvgaies b hitngid; iajedior:tsplit ratio:
conpositi %V\qs determ'_ne%%tgy C (8610C, SR, USA colum: MXT- 65TG

| engt R: 307018 1> jenpperatgentUng | delgeiqreb Dy ignpergtures T Chat e: | m /i n;

injector: split b&Qe TRE : : re Fl

t enper at ur e: 37%%%&%?%&3%%@8%@;%? Iﬁg pr ggtﬁﬁtggg?glgﬁégqﬁ%‘%l Plggrﬁ ea%}ﬁed 96. 0
wt % rret hyl 4.0 atitedewsicaasdtl. 4.0 wt % |l auric acid. Exanple 7 10 Al kyl esters were
prepared using soybean oil and nethanol as starting materials in a manner
simlar to that described in Exanple 1 except that the soybean oil was

heat ed forExamphe?i od of tinme before use. Specifically, the soybean oil was
f.‘_i;rstél heat ed ei tlE r at 200C for . 5 mnutes or at 210C for 1 hour_ and then
cool 8l down t o AKY SFEEYFERTPaIH HFiae soWbean al primeibaqlys seRBE Y EING |
(49.1 Wt Y9mmsr TinKtoWhdt iean : P

t-butanol (20.5 W%, and anBg?ﬁlﬁﬁtﬁ?é%%t.tg&v@%@wy%aﬁ?ngm xe‘rdird'(t}gls orma
one- phasdessd ot i befprauss o Spedifinallyethe sdybeangdhwag first Irvetedeitberot 20006 ©h was
i1 ed Wit NYGPYM 438 tor RS bhe Al Yoot MUY SReallh dfTRRIL 200 0N 2

‘ Subsequently, the soybean oil (49.1 wt%) was mixed with anhydrous methanol (7.6 wt%),

15 anhydrous z-butanol (20.5 wt%), and an alkyl ester (22.8 wt%) in the mixer to form a one-
phase solution. The solution was then sent to the reactor, which was filled with
NOVOZYM 435. Specifically, NOVOZYM 435 was immobilized on a carrier and was
placed into the reactor in advance. The temperature of the reactor was 45°C. Each product
from the reactor was isolated and its composition was determined by HPLC.

20 Unexpectedly, it took 50.3 minutes and 47.4 minutes to obtain a product containing
less than 1.5 wi% triglycerides using soybean oil heated at 200°C for 5 minutes and using
soybean oil heated at 210°C for 1 hour, respectively. In comparison, it took 53.8 minutes to

do so in a similar reaction condition using soybean oil without prior heat treatment.

25 Example 8
LIPOZYME TL IM (a thermomyces lanuginosa lipase, Novozymes A/S, Bagsvaerd,

Denmark) was used as a catalyst for preparing alkyl esters in a manner similar to that
describe in Example 1. Specifically, it was immobilized on a granulated silica carrier and

then placed in the reactor. The reactor was then fed with a solution containing soybean oil
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pl aced into the reactor in advance. The tenperature of the reactor was 45C.
Each product fromthe reactor was isolated and its conposition was

determ ned by HPLC. 20 Unexpectedly, it took 50.3 mnutes and 47.4 m nutes
to obtain a product containing less than 1.5 w% triglycerides using
soybean oil heated at 200C for 5 mnutes and using soybean oil heated at
210C for 1 hour, respectively. In conparison, it took 53.8 mnutes to do
so in a simlar reaction condition using soybean oil w thout prior heat
treatment. 25 Exanple 8 LIPOZYME TL I M (a thernonyces | anugi nosa | i pase,
Novozymes @#PS, wBalgantgers meBenol([7 16) witisarhs émbus s-batatsit(20.§ swt%h,end phaksl | ng

al kyl esters, i ner simlar to that describe in Example 1.

Speci fi cal ?S%,r (lﬁl%gm%?l STPFRRYC h%@@ﬁ&hﬂﬁ%&&?- ]i—heirﬁaé“{%‘gBP’ieéfYasérln& t hen
placed in iheidsedbt produditfeorh BRGERIorWAS idoleel drRdiWoldpodinsP vl SQRERRER) Ni Ng
soybean oi) 12 (49.1 wt %, anhydrous nethanol (7.6 w%, anhydrous '
t - but anol ](15{3(.35 w9%, and an al kyl ester (22.8 wt% . The tenperature of

the raactor vasSea TNE BEAGHARAITE MBS cSuBeaTyBLES, o TS R odyet from

the reactor was isolated and 1ts conposition was deternine

Unexpect edWi}s monegipearides sndobiglacanilds, abd281 vatit taigheeid®4. 04 wt % al kyl esters,
3.65 w % nonogl ycerides and di gl ycerides, and 2.31 wt% triglycerides.
OTHER EMBODI MENTS 10 Al of the features disclosed in this specification
may be conbined in any conbination. Each feature disclosed in this

specification maybe replaced by an alternative feature serving the sane,
equi val ent, or simlar purpose OTHER EVBQRIMENTSess|y stated ot herw se,
each feature disclosed is only an exanple of a generic series of equival ent

or- gomilar featluseme féa&r&f&E@l&s@@liramvsﬁecqﬁéa%{ohl?ﬁdy%cog}m‘tﬁhcﬁ‘fﬁLu{ din the art
ep

can easily ascertain the essential characteristics o resent

i nvent i on,SHR§APE-hBirh fgaipeerdisolnged inghstshecifgition maxrbd redaned by bheli@oétivecan
make vari qug,eh hé‘?agnmglht/ ti 1 .Of ikventi.on to adapt it to
vari ous usages g[g%%%con it ns%‘lgﬁhdffg,ﬂ%% I%l?p%g?fb@?ﬁsn%w?? APESY gtﬁtegvi thin the
scope of tafeerisk) cavh fegture disclosed is only an example of a generic series of equivalent or
similar features.
15 From the above description, one skilled in the art can casily ascertain the essential
characteristics of the present invention, and without departing from the spirit and scope
thereof, can make various changes and modifications of the invention to adapt it to various

usages and conditions. Thus, other embodiments are also within the scope of the following

claims.
20
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claims. 20 13 1. A nethod for producing a first alkyl ester, conprising:

m xi ng an oil source containing a triglyceride with a first primary al cohol
or a first secondary alcohol in a first organic solvent to forma first
solution in a first mxing step; wherein each nol ecule of the first

organi c solvent contains 4-8 carbon atons and a heteroatom reacting the
triglyceride with the first primary alcohol or the first secondary al cohol
in the presence of a hithsd fdripRRRLGInkG MECARGRsRr fdofrplisiabkyl ester in a first
reacting step,  wherein the first solution” does not undergo phase

separ ati on t hr mixingen oil seurceewtiaivimgartdelygeydrewith a figst priovnc aldolad oaa first
by-product; and obtaining the first a ester. by phase parati on between
che t vt vspRDy BRb R A ernid Sluslb [ opR i fluBREE £ AR FByani «
sol vent awHereliteadh heacduttofithé fifst BfghfIsylvent copeaNHBtirbah 6RRY anda
evaporation. 2. A nethod for producing a first alkyl ester, conprising:

m xi ng anh@¢mat®Blir ce containing a carboxylic acid with a first prinary

al cohol or a {i ; . L O ' [ to forma
it sol ut ortor g FERBMARYe 46 AhPk: Bilbabl NEdnebRAR iRty | b’ 1 1t
organi ¢ sgiboimbin thepraens of-adirsdipasntogirodmceanitsialkflebier mad fi rdacigd dteqg t he
carboxylic acjid with the first pripary al cohol or the first secondary

al cohol i WhetF@ thy B5x selutien degsmp %@c{é?gop%l?ée PapHion duaughonf therreagtiep andst er i n
afirst r bINY pRdRiPed as & -FroBudchgnd 1 rst sol ution does not undergo phase
separatio‘c’ﬁ?ﬁroughoutet%se regﬂgtlllo’n and water is produced as a by-product;
and separ at i ngolitieingithsfirsaalkyl estes bgphise separotiombgetivhen the fisdt abesd)astercarslol vent |

evapor at hEbserok i Bne i ESiEane apivaR 8 1 Yprcieie gt BRER ok

ester is } NesiA by Whdgdraaogl yceri des, diglycerides, triglyceride, or
carboxylic acid, the nethod further
2. A method for producing a first alkyl ester, comprising:

mixing an oil source containing a carboxylic acid with a first primary alcohol or a
first secondary alcohol in a first organic solvent to form a first solution in a first mixing
step; wherein each molecule of the first organic solvent contains 4-8 carbon atoms and a
heteroatom;

reacting the carboxylic acid with the first primary alcohol or the first secondary
alcohol in the presence of a first lipase to produce a first alkyl ester in a first reacting step,
wherein the first solution does ndt undergo phase separation throughout the reaction and
water is produced as a by-product; and

separating the first alkyl ester by removing the first organic solvent, the unreacted

first primary or secondary alcohol, and the water by evaporation.

3. The method of claim I or 2 wherein, if the first alkyl ester is contaminated
with monoglycerides, diglycerides, triglyceride, or carboxylic acid, the method further
comprising

mixing the first alkyl ester thus obtained with a second primary alcohol or a
second secondary alcohol, optionally in a second organic solvent, to form a second
solution in a second mixing step, wherein each molecule of the second organic solvent

contains 4-8 carbon atoms and a heteroatom,;

14



conprising mxing the first alkyl ester thus obtained with a second prinmary
al cohol or a second secondary al cohol, optionally in a second organic
solvent, to forma second solution in a second m xing step, wherein each
nol ecul e of the second organic solvent contains 4-8 carbon atons and a

het eroatom 14 reacting the nonoglycerides, diglycerides, triglyceride, or
carboxyl i ¢ aci &agtinhthe pronoglyseridespiiglyaerdes) teslyserids: of prbasdisrgikeibigar y

| cohol i I ' J . t
" e seconsroRE pRFAACAERCRbr e SEGRASeodnB AT Bloch S BlPHECeR DOAUDAA iR 01 1
phase sepé&r giotdace 4 fecavdgdibyltesteh i 4 srond @actirarteps eyharcn thegedbmidsoiutienidoest and

second al kyl esters fromthe gsecond solution. 4, The nethod of any one of
clainms 1 f‘%t@deﬁ‘?&iﬁ?eﬁe?‘l‘fén‘?ria’é‘?u%%gﬁ? ragiyapd or  the second organi c

sol vent is a ClefeBiih8bbihahy fitdt RN Mcon@alk TG ieiEHBRAIhOLecBRY sQfoRf I ai ms 1
to 4, wherein the first organic solvent or the second organic solvent is
t - butanol, 2-nethyl-2-butanol, 2,3-dinethyl-2-butanol, 2- '
nmet hyl - 2- pent apol , 3: net hyl.- 3- pent anol. .. 3-et hyl - 3- pent |, .

50 et hy - 2hpent Liomeoy o By R a1k X bireBte # oteanic solvent or

2,2, 3-tri jRtsbydmdIresid idnt ists ORI krtidrpgyadidel , or 3-net hyl - 3- hexanol . 6.
The nmet hod of any one of clains 1 to 3, wherein the first organic sol vent
or the second organic solvent is pyridine. 7. The nmethod of any one of

| ai 6, < Wh | fi ' : l.cqh . f
al cool .t he sScond TPy oL RRAR SR8 Rhersinl B s aRl P ERRAFSY

secon

cont ai ns thetsecohl oeghivasdlainol¥s-butanocl lPemeiy hptunhok0B-dine ol -2chadnss, 2L to 7,
wherein the oil source_is plant oil animal oil, wast e ?rease. 9. The

met hod of M&thyl-gmenigpole3-metiayl3-pentanoldnether rperanaly ﬁgsi&a?@él-' Perfantly dr ol yti c
f : | e f
raction QB-d%%ﬂ%ﬁ’-?!m e'?%,?ﬁ-ﬁljéeﬂ%ﬁ-@-%ﬁn%l Qr-rﬁgt?i?![—%-élgxanyl",eor@%Qtﬂgl-?- any

one of cldins I'rs I pase
hexanol.

6. The method of any one of claims 1 to 3, wherein the first organic solvent or

the second organic solvent is pyridine.
7. The method of any one of claims 1 to 6, wherein the first primary alcohol,
the first secondary alcohol, the second primary alcohol, or the second secondary alcohol

contains 1 to 18 carbon atoms.

8. The method of any one of claims 1 to 7, wherein the oil source is plant oil,

animal oil, or waste grease.

9. The method of any one of claims 2 to 8, wherein the oil source is a

hydrolytic fraction of plant oil, animal oil, or waste grease.

10.  The method of any one of claims 1 to 9, wherein the first lipase or the

second lipase is immobilized on a carrier.

15



second lipase is inmmobilized on a carrier. 15 11. The nethod of any one of
clains 1 to 10, wherein the first |ipase or the second |ipase is candida
antarctica |lipase, thernonyces |anugi nosa |ipase, pseudononas fluorescens
| i pase, pseudononas cepaci a Iipase or chronobacteriumviscosum i pase. 12.
The nethod of any one of clains 1 to 11, wherein the first reacting step or
the second reathi ngT @gthod Oéal’rlbf?ll?d)f(ﬁlﬁlméti tplO8s¢herein therfest Hpassod st any one

of clainsg acting
ctep s careiEipSe i ARApkkRAIch KRk, HRRbLG HtRishta ihlE RERRRRENC | 1Y)
to 13, f uflodrescenligmse,gisenddmeains ogpatiadipaid, or dﬂmnobadtmu]:ﬁ@rsadﬁlﬁx Bprde.cool i ng
the heated oil source down to the reaction tenperature before the first

m xing step. 15. The nmethod of any of clains 1 to 14, further conprising

addi ng an al ky{> estgfmboll Bﬁaﬁ)} 61%0}5%9411% 1991 lf’e&rﬁ’ér@inttﬂ@ﬁfs??&ﬁlﬂgigst% &P- 16.
A first alkyl ester when produced by any one of the preceding clainms. 16

the second reacting step is carried out at 0-95°C.

13. The method of any one of claims 1 to 12, wherein the first reacting step or

the second reacting step is carried out in 1-180 minutes.
14, The method of any one of claims 1 to 13, further comprising heating the oil
source to 150-215°C and cooling the heated oil source down to the reaction temperature

before the first mixing step.

15.  The method of any of claims 1 to 14, further comprising adding an alkyl

ester to the first solution before the reacting step.

16. A first alkyl ester when produced by any one of the preceding claims.
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