FUEL PRODUCTI ON Cross-Reference to Related Applications [001] This
application is a continuation-in-part of U S. Application No. 10/945, 339,
filed Septenber 20, 2004, titled "Methods for Producing Al kyl Esters,"” to
Chi h- Chung Chou, the contents of which are incorporated by reference.
Background [002] This invention relates to fuel production, including

bi o-di esel fuel production fromvegetable oils and animal fats. [003] An
oi |l source of alcoholysis of vegetable oils and aninal fats can be used to
produce fatty acid al kyl esters, which can be used as diesel fuels,
generally referred to herein as "bio-diesel"” fuels. In one production
approach, non-enzymatic cat al yEUEL SR@DESTION| i hydr oxi des and

al cohol ates, are used to facilitate the al coholysis. A by-product of the

al coholysis is glycerol. 1 . [ are renoved with the
gl ycerol, and cannot be rg%?g%gﬁéﬁq it A L% &%erol is made difficult
because it ontains,.a Jarge anpbunt of the catalyst. In_another production
appr oach, [gﬂ];y § qpplication i3 pontinugion-igpartiof Ly Apphiationdie) 109483391 i t at e
product i oryiled Séptdirber 261 804, At QA NMALAHbr RbliRing kZPEs%d'g,e ROLURL Smfngact i on.

An oil source having triglyceride and an al cohol are dissolved 1n an

or gani ¢ sdthpinthe contenis af Whigh gee ineprporated Ay yefereneche tri gl yceri de and t he

al cohol react to produce al kyl ester, with glycerol as by-product. Summary

[004] In a general aspect, an enzyngfd, nsesterification approach for
bi o-di esel fuel production provide§—a§%#%§ purity fuel, such as al kyl

ester (and,j e _ex | es, by- product glyceraol),..in a cost efficient
manner Wi ﬁplbﬁez@ls\/bﬁ%‘?“g‘ggﬁat?%@&@d’r%qduﬂ%mb? g bio-gigsel fugl qwaduchen pl ant for

t he enzymagidnevdgetBRask@hd ihiGal @) can be nmade using a sinple configuration
that requires reduced capital investnment. 1 [005] In general, in one

, ' ] f hat .1 d fi
navi ng’an 1 orn Pl o bRy i o PRRG TG oRs i S niti . o' Socona

react ant, produce fatty acid alkyl esters, which can be used as diesel fuels, generally referred to

herein as “bio-diesel” fuels. In one production approach, non-enzymatic catalysts, such
as alkali hydroxides and alcoholates, are used to facilitate the alcoholysis. A by-product
of the alcoholysis is glycerol. The non-enzymatic catalysts are removed with the
glycerol, and cannot be reused. Purification of glycerol is made difficult because it
contains a large amount of the catalyst. In another production approach, enzymatic
catalysts, such as lipases, are used to facilitate production of alkyl esters from natural oils
in an alcoholysis reaction. An oil source having triglyceride and an alcohol are dissolved
in an organic solvent. With a lipase as a catalyst, the triglyceride and the alcohol react to

produce alkyl ester, with glycerol as by-product.

Summary

[004] In a general aspect, an enzymatic transesterification approach for bio-diesel fuel
production provides a high purity fuel, such as alkyl ester (and in some examples, by-
product glycerol), in a cost efficient manner with less waste and reduced side product.
The processing plant for the enzymatic transesterification can be made using a simple

configuration that requires reduced capital investment.



a reaction product, and an inert solvent that dissolves at |east a portion
of the first and second reactants, an enzyne to facilitate a reaction
between the first and second reactants to generate nore reaction product,
and an outlet to output the reaction product, including the reaction
product received at the inlet and the reaction product generated fromthe
reaction between the first and second reactants. The apparatus includes a
return mechanismto send at |east a portion of the reaction product from
t he outl et k. to the .inlet. [006] Inplenentations of the invention may
i ncl ude onelggéj r}BlgﬁneB?eL WW@@@&@F&W% Ve‘?‘%%feiﬂ"é%? amappyptus et iehides dHshr oduct
i ncl udes alrkythor@ating an TGt th 4R a%&ﬁﬁ@béﬂ@n%%%daﬁﬁz@%re!a&ﬁﬁta &coRpY &!tt&iﬂ, of the
inclu

al kyl ester back to the inlet. The m xture des a sol vent tha
di ssol ves #eaqtiogdrodaichnd aoimed Solye that dissolyesat feasita portien ofdhofitst amhct ant |

and the r e%%(;ng r}ea‘?:'fa?l@u gs% Fr;z}ﬂa% 1o %&lltﬁg a?%‘%ggti ﬁe}ﬁéenl{%%%%sé %ﬂh‘f se%lfnll(cy rleagtglﬁtse r, the

sol vent, and unreacted t reactant us also Tncludes an
evapor at or b gewevaponad mattiva soduegnhd iioogkner @ttput ahe Whetionpeodubainchitdgudes

t he al kyl ter and the unreacted first reactant. The outlet als out put s
dlycorol . TheRpRR e HRESET ridhe bl S e FERs i broRiRt sOUBBOR TN he

sol vent t 0 re@EbRbah@emthidiiftilung séddad rdabahiddehe hfRrabdiHtu@S8Ewrt he gl ycerol,
and the unreacted first. reactant. The apparatus al so includes a phase

separ at or tBrel@psR &2 eendibleastiayortion of the regition predugl fers thst oupgtleagk gmthe
| i qui d-1iqyjgi phase separation. [009] The first reactant includes
triglyceride. The first reactant includes a carboxylic acid. The second

reactant i des at | east one of a prinar nd seconda al cohol . The

first r eaci@#ﬁi ?WBEB’(T@@“&‘?S qfré]}ées‘t“v‘aﬁ‘é’nd’?ay\}gé%‘%’a%eé’rH?olre %%e Hllavdre f at . The
reacti on preguet has a conposition that is suitable for use as fuel. The
reacti on product has a conposition that is suitable for use as fuel for a

di esel engi eactio roduct ha C ositio that i.s suitable for
use as fuell&ffclr ]fg? r{agé%? pr8§% 6’?0(?%‘1%8 F%gﬁsﬁeé‘l QQ%W%‘H@H%W“&“@%WS @ﬁ@zfs 8 and a
gas tur bi ngodicasEtheeiyirsier batk [Ohe inldh e piiafa msluaéssOsolveal thdesisslves xer
havingafirFt inlet to receive the first .

at least a portion of the first reactant, the second reactant, and the reaction product. The

outlet outputs at least the alkyl ester, the solvent, and unreacted first reactant.

[008] The appziratus also includes an evaporator to evaporate the solvent to generate a
mixture that includes the alkyl ester and the unreacted first reactant. The outlet also
outputs glycerol. The apparatus also includes an evaporator to evaporate the solvent to
generate a mixture that includes the alkyl ester, the glycerol, and the unreacted first
reactant. The apparatus also includes a phase separator to separate the alkyl ester from

the glycerol based on liquid-liquid phase separation.

[009] The first reactant includes triglyceride. The first reactant includes a carboxylic
acid. The second reactant includes at least one of a primary and secondary alcohol. The
first reactant includes at least one of vegetable oil and animal fat. The reaction product
has a composition that s suitable for use as fuel. The reaction product has a composition
that is suitable for use as fuel for a diesel engine. The reaction product has a composition
that is suitable for use as fuel for at least one of an internal combustion diesel engine and

a gas turbine diesel engine.
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reactant, a second inlet to receive the second reactant, a third inlet to
receive a portion of the reaction product fromthe outlet of the reactor,
a fourth inlet to receive the inert solvent, and an outlet to output the
m xture that includes the first reactant, the second reactant, the inert
sol vent, and the reaction product. The outlet al so outputs other
conponents, and the return nmechani smalso sends at | east a portion of the
ot her conponents back to the inlet. The enzyne facilitates a reaction

bet ween t t ] nd I nt_to generate nore
Peactson poMS),cfte apfRREP RO bl BERRRH Al A AP kerkRe BN
monog! ycerreatggnt,di gtorcanicti®, retaiveghy seohdieactanda thimriblexil reeeivacd gbrti¢gdddfl] The

apparatus ,al so includes.a second reactor having an inlet, tqQ receive a
mxture tAAFCAFIHRY Hiﬂ‘g?fga’ﬂi‘i tﬁ? Bqut OE@‘EGWHtOFé’atIBPIgIh{nl%r‘i‘_blrerC%‘é{EﬁFdﬁerbr oduct from
the out | etsobfent, B 4 dififet to" RSk BHe mRAur MAYABIUHE thé it tdahsY, the'sE@pbH1 ON

bet ween the second reactant and the other conponents to generate nore

reaction prERbithe nad salvemytndehe resctinmpseduct. nBha adlet dlemoutpitediber , i ncl udi ng
the react QmBhoMiGhd iHFalMAedbnihGIdMERls RlcalilSRieddnd gt o and the
reaction product denerated fromthe reaction between the second reactant
and t he otdemponadsipokénths inlf Ih ehimenafapiditad¢sisreaition betwaden desotles evapor at or

to evaporate the ineri solvent and at | east one of unpreagted first

react ant é’ﬁﬂ’pﬁﬂ%%ac@é%f %eg%‘ﬁ]ifa?t@rgg? ﬁﬁieratﬁ'ﬂ’é’fea‘ﬁﬁ‘g’roﬁtpfﬁ‘{]uﬁﬁ' sg'® Al udes a
short - pat frogipapaisinclidé & laPaicdfandoplycadd! dalychid®d uedlyderiaiangmi ning
unreacted reactant. The reaction product includes al ky¥ ester. The reaction

product iAOOEHESCHE | east 99% al kyl ester. The apparatus al so includes a
return mechanismto send at |least a portion of the alkyl ester fromthe
outl et of [0hd Sheapghrateaat®inchdeka teootidweadtad lelvingah ihleetofredetite araxeirer . The

first rea nt includes triglyceride qr carboxylic acid, and_the second
react ant ﬁt‘?glu?f S 5‘%%%‘58“%@@%&‘1“ r%?FE%P}P.‘yl“‘{t%rfﬂ the AU QEthg first;
anot her aseRE:, arl dLyh8 kPALlRAe § RALKES NP AL Sl dHeadthifttand Bl Jiles a
reactor having an inlet to receive a mxture that includes reactants, an

enzyne t o SPEEPIGNESHP gengiale &pre reoplidmenrodish and en peldat tapntpyt thewgadtioneedback
mechani s g e it ifing 68 facAor bl fectivodat (BE B GF dfseldd rERRT RhPhPACK LO

the inlet:
reaction product generated from the reaction between the second reactant and the other

components.

| [012] The apparatus also includes an evaporator to evaporate the inert solvent and at
least one of unreacted first reactant and unreacted second reactant. The apparatus also
includes a short-path evaporator to separate the reaction product from remaining
unreacted reactant. The reaction product includes alkyl ester. The reaction product
includes at least 99% alkyl ester. The apparatus also includes a return mechanism to send
at least a portion of the alkyl ester from the outlet of the second reactor back to the inlet
of the first reactor. The first reactant includes triglyceride or carboxylic acid, and the

second reactant includes primary or secondary alcohol.

[013] In general, in another aspect, the invention features an apparatus that includes a
reactor having an inlet to receive a mixture that includes reactants, an enzyme to facilitate
a reaction between the reactants, and a feedback mechanism to send at least a portion of a

product of the reaction back to the inlet.



3 [0141 Inplenentations of the invention may include one or nore of the
followng features. [015] The product of the reaction includes alkyl

"~ ester, and the feedback mechanism sends at |east a portion of the alkyl

esterback to the inlet. The reactants include (1) at |east one of
triglyceride and carboxylic acid, and (2) at |east one of primary and
secondary al cohol. The enzyne includes a |ipase. [0161 In general, in

anot her aspect, the invention features a systemfor generating al kyl ester
that inclu a first subsystem and. a second,subsystem The first subsystem
i ncl udes adlﬁ?‘f]st}mlp T loﬂ%?fft G e HORdpaY] ‘H&Efl" o5 F R 9@‘]‘5??1?%?8 m xt u)r/e
that includegugsfirst reactant, a second reactant, and an inert solvent to
di ssolve the first and second reactants, a first enzyne to facilitate a

reaction b e i n G reactants t neratje a, reaction

pr oduct , aﬁgxg ﬁh%rs&?()dfgﬁ{?ftet{]@ egc%ﬁtlgcgltqdets A E%%%rt ?%ﬁhg%ﬁ%%f“eﬁ’ & her t

sol vent, arsdndsait hast agmmianefiths alkyhstesbrne tieUhRy STefeidiahdidemnda(second
react or havii ng a sfergénd jnl e(i ‘tjo E,ece,i ve a _second m xture that includes
addi ti onal 'SBEHS!RE¥eeLdE and parpolic agdy apdR) atdeast enepdprimappind on of t he
reaction prsaginahny afd€olt h&le%ﬂgﬁeiﬁ@lm@q%ge_f romthe first outlet, a second
enzyne to facilitate a reacti'on between the second reactant and the other

conmponent s generate .nmore,react i product, and a secand outl et to output
Che react; dBroInTRGHELS. iMaRFnE e b i PYGUER oS aded™ Baetetingeiofe | nl ot
of the secas@r ihal igtluaest: filREsubkReet dmdn REGRKLSBRAET Piceflsf fuBsleche reaction

bet ween second re?ct ant and the other conponent sr{.m} 017] | rrRI enent ati ons of
the i nvent i"BUdrag firstcrastns haviee a firsiénle to recelye arfip rainfusg that imgludesestitsf 018] The

reaction PrERHGE, alsBEn e 1Ak ¥l af R Solvdii8o %Yﬁél@?ﬁ@lfﬁ?[ ah?' cldide ﬁea@t gt urn
at | he al o

mechani sm to_send east a portion of the alkyl ester fromt Irst
out | et baclk firgf enmene foj frglitated weactionibetveps thenfitat &g seerokl wchetants to @tnerate a

rechan ST e G5 ne L0 B B SR g oo
reaction prodgucimpdnehise Thebguhd afbsysien frtgada s@d6d Sdactos hivighesecbibinld he
percentage t(? I‘eceive a second mixture that includes additional second reactant, an inert solvent, at

least a portion of the reaction product, and the other components from the first outlet, a

second enzyme to facilitate a reaction between the seccond reactant and the other

components to generate more reaction product, and a second outlet to output the reaction

product, including the reaction product received at the inlet of the second inlet and the

reaction product generated from the reaction between second reactant and the other

components.

[017] Implementations of the invention may include one or more of the following

features.

[018] The reaction product includes alky! ester. The system also includes a return
mechanism to send at least a portion of the alkyl ester from the first outlet back to the
first inlet. The system also includes a return mechanism to send at least a portion of the
alky] ester from the second outlet back to the first inlet. The percentage of alky} ester in
the reaction product at the output of the second reactor is higher than the percentage of

alkyl ester in the reaction product at the output of the first reactor.



al kyl ester in the reaction product at the output of the first reactor. 4

[ 019] The second subsystemincl udes a separator to renove at |east a
portion of conponents other than al kyl ester froma first solution output
fromthe second outlet to obtain a second solution that has at |east 90%
by wei ght of alkyl ester. The separator includes an evaporator. The
separator includes a liquid-liquid separator. [020] The first subsystem

i ncludes a separator to renove at |east a portion of conponents other than
al kyl ester froma first solution output fromthe first outlet to obtain a
second sol ufidh thesecadsubsysiemringludes seeparatar logpmere atlisegt a patien of han t he
first sol Wdnffonen Facd, A r
i ncludes a |iqui d-IEIplgt(}q]ﬁ% gﬁe( gﬁﬂg{'ﬁ!ﬁ&%ﬁ%@%&xﬁéﬂ@g@{ @&g&%‘%}%@&fﬁé@ ?%r st
react ant i riditaidesedonil gblyder thalichas brleatt B8V lyxaeightes alkyhaterf Thetepapaet ant

i ncl udes c¢ lic acid. Hg‘e secand. reactant .i ncl.ydes at | east one of
pri mary anghgsigé%énagaerP%% T HOT SCHRRRCT op il ess{jlg(ﬁﬂ}i'ﬂg PHRAAYes a mi xer -havi ng
afirst inlet to receive the first reactant, a second inlet to receive the

second readl& Mt Ths firslispbsystemdacludss aspasatortorrpmoyaddtassopartion of a st ruct ur e
t iX th I ' : h Lnert | vent, and
0 mXx the Johfp%heﬂt@@tﬁ%ﬂﬂ%r{ ali:;? %ﬁ@?rﬁ?&ﬂ% f{rg’tgst%fu%% pu [e frérﬁghef ﬁrl,stg?utkz v

an outlet to output rs ure Inclades | ctant, the
second r eactbtam ¢ sepodd sdlationtbatthas e highat contentmaor oLyl REthat b firkr st enzyne

is the sanme_as. t second.enzynme. In other exanples, the fjrst enzyne is
it erent FOONOPHAR SEERET EIEHTE? cvPorlalois AaBHoT hAGES A RS L ond
enzynes i nckpuissr.a | i pase. [022] In general, in another aspect, the

i nvention features an apparatus that includes a reactor, a separation

unit, and t j or. has .a, pipeline,to transnmt a

m xture th ?ilﬁng+ 80 es&%ﬁﬁ?er%&eﬁgsgé agf%ﬁxnglug%sctgﬁla@;rg@cg%ﬂw?r %qrqpﬂeg%e

sol vent, adustacacemt inchudes qurtackyli¢ adithaThasc@ondreadia HODGREEOKSst Shabe, a
coupler to receive a cartridge Vi an inlet to receive.the m xture from
Che” ot pel 1 RERt e So e ol g EPoelimne B aisering & Fis siet and
second reaes aREve HR [HOTEICRING NREARRCH! ORI REMEEnd RAGa@ANa Bigliflk: 0 Out put
the reaction, product, including the reaction product received at the inlet

and the red€ivEihe B gelventgeriBelrele mixdhe firstreactantt thosedvod wesstant, led fher st and
second r eagtealobvent! B&d an outlet to output the first mixture that includes the first reactant, the

second reactant, and the inert solvent. In some examples, the first enzyme is the same as
the second enzyme. In other examples, the first enzyme is different from the second

enzyme. At least one of the first and second enzymes includes a lipase.

[022} In general, in another aspect, the invention features an apparatus that includes a
reactor, a separation unit, and a return mechanism. The reactor has a pipeline to transmit
a mixture that includes a first reactant, a second reactant, an inert solvent, and a reaction
product that are in an homogeneous state, a coupler to receive a cartridge having an inlet
to receive the mixture from the pipeline, an enzyme to facilitate a reaction betWeen the
first and second reactants to generate more reaction product, and an outlet to output the
reaction product, including the reaction product received at the inlet and the reaction
product generated from the reaction between the first and second reactants. The
separation unit processes the output of the outlet to produce a solution having a higher
percentage of the reaction product. The return mechanism sends at least a portion of the

solution back to the pipeline.



separation unit processes the output of the outlet to produce a solution
havi ng a higher percentage of the reaction product. The return nechani sm
sends at | east a portion of the solution back to the pipeline. - 5 [023]
In general, in another aspect, the invention features a system for
generating alkyl ester that includes a first subsystem and a second
subsystem The first subsystem includes a first reactor having a first
pipeline to transm't a first mxture that includes a first reactant, a
second react an inert solvent, and alkyl ester that are in_ a
hormgeneousm :?]atlé zenergl; ingnothgi aspast, fb%lﬂ*/é@mféafareﬁaﬁx&tereéqrtgemgt@%\wlng a
first inl etes%e@tlfa?%lu‘d@saf’ﬁ?sdﬂs%rtéfﬁ ﬁnJ%%ﬁd’]&b‘g ket o QBsysten] | 'SU enzyme
to facilitate a reaction between t Irst dssecon reactants to

gener at e al iRgludessifigst reantet }HVﬂErasftrSmuvdhet et arsoitpufirst histat khat inebides s t he
solvent, a nd subs em. | ne Iudes a second
react or ha\r)iﬁir r%pllep&gnéec%gg dpl %)CZ n|t’na<]é1 lfl?rgﬁo Wb a4 gg‘é axf”ﬁr"é that incl udes

addi ti onal lmmﬂmboueaaﬁeamﬁrst toupldr to Botiventirst amtidye hbdagh figst PEttb @teRt t he
al kyl esterand.the ot hg@d?%orrponents fromthe first outlet, a second

coupler to g Eitys frpm o PAREIDF- st gRaving b laciliitenrrastindietwesn ihec¥iste t he

m xture fromitsb@ns eseidiskb E@ﬂe&'ﬂ@alkﬁl e%%?%@l a?i'?@bﬁﬁetk@oﬂcu?ﬁﬂ thé bRLLesBrNRACT T ON
bet ween the second reactant and the other conponents to genefate nore

al kyl est ersolvgpidand efberswemponunty. ethersscandtspbaystemanelhdegla seeandread@iyingn
general, | @e@ﬂﬁ?}%?m@?rgﬁﬁn a Ecj&gncl {I?]i\{)g&le t)? A II{C%t Vﬂgd?téon&fge%%lfﬂe?ﬁr ‘{glil’lﬁlir ating

al kyl ester a car 0 rece t | udes a
first reactsahentmd a leasecpordon eﬁmt:arktyl estdrand & tottied gempaiehisdiongthairganzyme to

facilitate a reactlo between the first an econd reactants to generate a
reaction prodlgﬁc?secf’ﬂ %‘E’ﬁetrrl‘? EFQ%‘VFIQW‘WQS W“ng&z‘ﬁ‘flpg?é?mn eido espvEHIG er to

control an BRerafrbMNhe sHRehd plgéhrféfamsncﬁ B BRARLOR rdalon bARAIH ht er on
the cartridge. [025] Inplenentations of the invention nmay include one or

more of t heCswnreagiantandiiba pibeeeomiono; toTgraciatsaae oikybedeuad 4 sseonddes al ky!

ester. The £RZ%ED hy i pase. The controller controls a speed of a
punp based on theuilpgfant g?(?l éhelrl n which the speed of the

[024] In general, in another aspect, the invention features a system for gererating alkyl
ester that includes a cartridge to receive a mixture that includes a first reactant and a
second reactant, the cartridge including an enzyme to facilitate a reaction between the
first and second reactants to generate a reaction product, the cartridge having an
identifier; and a controller to control an operation condition of the system based on the

identifier on the cartridge.

[025] Implementations of the invention may include one or more of the following

features.

[026] The reaction product includes alkyl ester. The eﬁzyme includes a lipase. The
controller controls a speed of a pump based on the identifier, in which the speed of the
pump affects the speed in which the solution passes through the cartridge. The controller
controls a heater based on the identifier, in which the heater affects a temperature of the
solution. The controller determines when to send a signal indicating that the cartridge

needs to be replaced based on the identifier.



punp affects the speed in which the solution passes through the cartridge.
The controller controls a heater based on the identifier, in which the
heater affects a tenperature of the solution. The controller determ nes
when to send a signal indicating that the cartridge needs to be replaced
based on the identifier. 6 [027] In general, in another aspect, the

i nvention features an apparatus that includes a first reactor having an
inlet to receive an oil source and a reactant, and an enzyne to facilitate
a reaction between the oil source and the reactant to generate a desired
product ant28t Herzerdnlp Braskthsr aspeet. the fviestionsispiaires po ppasatuethatincladdsiae
desired pr e es] crude
product ; aﬁ%ggkﬁgéﬂ%;%gﬁggﬁﬁf ‘%gj%g%?r%tﬁmfa gg(%&%é%%?ﬁ %\ngg?‘%?hoe crude
desired prodadtaiharsictian heheeanihetil sfurderemd e sactan actorratd H38)red product

| mpl enent atj ons,. of the inveniign may | nclude on r.mpre of the follow ng

f eat ur es. [%@é;]%hefﬁ%ma%%epgeﬁj %ﬁl&hﬁ;pxﬁat%ﬁq,ﬁfggrag tgﬁg?s.lre RedgetdTom thethsuct

i ncl udes al dopipoasiteto genf@RQ] debiel @pdagroluts; Al et ChedlRsisA t5 8GRANE dgact or
havi ng an inl et, tgf%ecei ve a mxture that includes additional reactant and

at |east a PRFHPRA thF cde deyigd eradust haghytoghe il thefistaractanzyne to
facilitate a reaction between the reactant and conponents in the crude
desired pri6@8ictimpiengamtions ef thelthiventmmahaydesideshepirashre bf thadellaviggcond
separator tg separate the desired product from other conmponents to
generate a i ‘purity desired product. [031] The oil source includes at
| east one of triglyceride and carboxylic acid. The-crude fuel includes
al kyl est erfﬂzﬂhé%eé&@tﬁnﬁodwtiﬂﬂhié@ afuel. cBtstdesiraed ppbdyst inchudys akyl esecondar y
al.cohol. The enzyne includes lipase. [032] In general, in another aspect,

t he invent i[oBojf eticuppaatanalap pRhdbilssdcbt reni6) MG 2 inRBfolbdih@s h&ldi Ng an
enzyne, the cartr(iggge configured to be coupled to an al kyl ester

.C pl
gener at or . “idnclydey pddidonal rengtant and gt lepsi@nestion of the stade desied piodess, andfanr st
react ant , T : ' r enerat e
%n%ﬁﬁ@fbdfacﬂlﬁ?ec% ﬁ?&ﬁmn@n@hﬂm{%ﬁ gﬁe reRh e Rk g%(?’l%rlil V\%Eﬂ% ﬁgt%h@e dE:é?rema |

a solution that is passed throug cartri enzy n
t he cartri dgeducheigeneratcaddisional alesitedprishictyeadia sdvend sepatat@na sepaetothe

Ir ggg: agt S tcf%sige%ri)%)&}c?fr%ro%he?‘lcg%{)on%lsl%seicr) ’ger?err]ge S‘ hlrg%tpldlr'igr égﬁgf ]g]rloal?c}t.t o send at

[031] The oil source includes at least one of triglyceride and carboxylic acid. The crude
fuel includes alkyl ester. The reactant includes at least one of primary and secondary

alcohol. The enzyme includes lipase.

[032] In general, in another aspect, the invention features an apparatus that includes a
cartridge'inbluding an enzyme, the cartridge configured to be coupled to an alkyl ester
generator. The alkyl ester generator includes a mixer that mixes a first reactant, a second
reactant, an inert solvent, and alkyl ester to generate a solution that is passed through the
cartridge, in which the enzyme in the cartridge facilitates a reaction between the first and
second reactants to generate more alky! ester, and a return mechanism to send at least a-
portion of the alkyl ester derived from the reaction between the first and second reactants

back to the mixer.

[033] TImplementations of the invention may include one or more of the following

features.



portion of the alkyl ester derived fromthe reaction between the first and
second reactants back to the mxer. [033] Inplenentations of the invention
may include one or nore of the following features. -7 [034] The enzyne
includes a |ipase. The cartridge includes information on the cartridge
related to an operation of the alkyl ester generator. [0351 In general, in
anot her aspect, the invention features an apparatus that includes a
cartridge including an enzyne, the cartridge configuredliolbe coupleﬁ to a
first subs of a twp-stage systemthat generates al kyl ester. The
first subsi@bm]: g ingludes g lipasg o 3 b eantridgg inghideninioraptieman the sprridas i nert

sol vent, angdiRaS8es oferdior M Be LR eslePS n‘éﬂlﬁoﬁ.the first reaction, the second
reactant, and the inert solvent through the cartridge, the enzyne

facilitati reaction. between the. first and second reactants toQ generate
a first pr a@t ,he]igﬁner%hinc Oﬁﬁﬁasﬂ)?‘ft}s@e H}VBM’thyeﬁf‘B@%@W ‘gi’/t igelpdes g

separ at or targdpeinahuging adledelend tRdidatid er@»sﬁgﬁe@mer@m{)es&&@ﬂ;s@%spsfterﬁl kyl
ester. The second subsystem recei ves t%e crude produc and addi t1 onal

second reactdritO-skeq sydere that ggncateseliohesipr ddadirst shbsyspmatecive adisgond
product is REERSS&EoredtHR CHILNSERALR AL af)(ﬁ g%?c%gdr rﬂfxgﬁg It}{af {?'cﬁlﬁgsht% oduct

havi ng a second ~ percentage of al kyl ester 't a e first
per cent age. fir$i08&tionnthg esrend reaciant, ambthb éreriaebeot thrauple therueriddeo the ezt es an
apparatus t d-ncludes a cartri i hcl udj ng .an enzyne, the cartridge
confi gur ed f?(g}l%l[emégﬂ%alcéﬁl ?%Wgenstéﬁg%gan ﬁﬁ%‘iﬁsﬁegm? toage%;%?eftfté}&é’r%{}% t hat
gener at es ablkyh thediraeiprodueeisiprdcatsed b 8 ¥t @8PakR6ah \tei%eratd a bhids prddgact ant and a
second reacgtant, and generates a crude product having a first percentage

of “al kyl est¥iNE *¥He ReEeBiaC elfkylspiem ?{@2%?%@?%8@@@%@5 thschuede prpdict
addi ti onal $@6aMHcAR IR roacRAS 98P odheRles UL :})g[&dé‘llﬁﬂ ﬂﬁgﬁﬁ tﬁerh%(aﬁ{dlme

product and the additional second reactant t e cartridge, the
enzyme faciprdust ismgoagssed &t taisoepnd Senapwento gorspain e mtfmeil pradoct lewinga socanduct and

t he second I .. an out put in ich the output is
processed fﬁgﬁ%g%gﬁ%&}%gtgﬁ%llgﬁlg{%hgetﬁ%ﬂ;‘f’@%W@%@ﬁ%‘a‘d product having a

second percent aqe of alkyl ester that is higher than the first percentage.
[036] In general, in"another aspect, the invention features an apparatus that includes a

cartridge including an enzyme, the cartridge configured to be coupled to a second
subsystem of a two-stage system that generates alkyl ester. The first subsystem receives
a first reactant and a second reactant, and generates a crude product having a first
percentage of alkyl ester. The second subsystem receives the crude product and
additional second reactant, passes a mixture that includes the crude product and the
additional second reactant through the cartridge, the enzyme facilitating a reaction
between components in the crude product and the second reactant to generate an output,
in which the output is processed by a separation unit to generate a refined product having

a second percentage of alkyl ester that is higher than the first percentage.

[037] In general, in another aspect, the invention features an apparatus that includes a
cartridge including a lipase, the cartridge configured to be coupled to an alkyl ester
generator. The alkyl ester generaor includes a mixer to mix an oil source and a primary
alcohol or a secondary alcohol in an organic solvent to form a solution that is passed
through the cartridge, in which the oil source includes a triglyceride and the lipase

facilitates a reaction between the triglyceride and the primary alcohol or the secondary

-3




[037] In general, in another aspect, the invention features an apparatus
that includes a cartridge including a |lipase, the cartridge configured to
be coupled to an al kyl ester generator. The al kyl ester generator includes
a mxer to mx an oil source and a primary alcohol or a secondary al cohol
in an organic solvent to forma solution that is passed through the
cartridge, in which the oil source includes a triglyceride and the |ipase
facilitates a reaction between the triglyceride and the prinmary al cohol or
t he secondary 8 al cohol to generate an al kyl ester, in which the solution
does not ur?déhﬁbmpﬂ%%ré‘e el atterol Whiclthgisolution Heesmotianderge mmst gl ycerol s

produced a%eﬁar@ﬂdrpﬁiﬁgfg\%&ut HdRad olﬁ%h? ggﬁ%l%gr S%?(Q)%E&f la ¥ -5‘8d1ilc@CJJ"Hedzﬁﬁ)é an

evaporator to renove the organic so nd unreacted © prinary al€ohol or
secondary d&iStoaecrater aivaisdudespareatpratbotoseparathe otdaticablyht aag breadiedm t he

gl ycerol, d_separat o separate the al kyl ester from unreacted
oi source.} |%§§ 81%’026)|r§e§§3§a5¥ f‘%ﬂ}téoqbq‘ﬁfaﬁ%seipﬁ’@ {9 WJWE? Yif§T GR® or nore
of the fol Itheglycerok emi aisee6nd HpLrafiR GO BPaRRPARE AIKOT estR FoMABScR1caRAbaRat h

evaporator. [039] In general, in another aspect, the invention features an

appar at us tyhsdy i ielﬁ%(r?) : ' [ uding a lipase,. t cartridge
confi gur ed [tolbe E’oup zdgg?%&@hé gﬂl"g’gft’“e’g e’lrﬂglb%(g%%eroét e Oﬁﬁl?g?@fW?g ester
gener at or ifpatimgsleEheasendndbseparatomineluaies oshors path eeapangbra primary al cohol or a

secondary al cohol in an organic solvent to forma solution that is passed

thr ough thqosar uf bege, intnibclipdRanOihe SO ERul06) @ggaggsytﬁaﬁ#a%&giac acid

and the lipase facilitates a reaction between t Ic acid and the
primary al éamddecdnclydiag adipessnthacyrinidgeshofigired gereoapled aranadligykstast er, in

which th ‘ : tion,th t.th
re:agti onea g]llé\}:/%t? gPT %gﬁal%g%gg%gggs&gml])@‘;{%%lg%Bg%ﬁgg%lﬁggléf%gﬁ?eu%g?%”"@éﬁer at or

al so i ncl udesharoreseqodatyaicohol in@ffoy@nichelvehd Tben 8 oI thaANGl paskél eact ed
and a separator. to separate the al kyl

rimary al ¢cohol or secondary .al cohgl, ) [
gst er 1¥r om%’tfﬁ?’@atg‘f 86‘%64) & @d%/h“gb&‘e [Jgée‘j‘rc? mstudaencabeots agd apd theilipasent i on may
| ncl ude oneucditaids ecadfion Betwbat thovrBGky o Gdidnd the tHitfary GREFALPIheI NCI udes a

short-path evaporator. [041] In general, in another aspect, e invention
features afcCopHy alcghoktp genergie prualkyl egter. in which the solution does not undergo

phase separation throughout the reaction and water is produced as a by-product. The
alkyl ester generator also includes an evaporator to remove the organic solvent and
unreacted primary alcohol or secondary alcohol, and a separator to separate the alkyl

ester from unreacted oil source.

[040] Implementations of the invention may include one or more of the following

features. The separator includes a short-path evaporator.

[041] In general, in another aspect, the invention features an apparatus that includes an
evaporator having an input to receive a mixture that includes alkyl ester, alcohol, a inert
solvent, and glycerol, the evaporator to cvaporate the inert solvent and the alcohol to
generate a solution including alky! ester and glycerol, and a separator having an input to
receive the solution, the separator to separate the alkyl ester from the glycerol based on

liquid-liquid phase separation.

{042] In general, in another aspect, the invention features a power generator that
includes an enzyme-based alkyl ester generator and an eleciricity generator. The alkyl

ester generator includes an inlet to receive a mixture that includes reactants, an enzyme to
_ _o.




evaporator having an input to receive a mxture that includes al kyl ester,
al cohol, a inert solvent, and glycerol, the evaporator to evaporate the
inert solvent and the alcohol to generate a solution including alkyl ester
and glycerol, and a separator having an input to receive the solution, the
separator to separate the alkyl ester fromthe glycerol based on

| iquid-liquid phase separation. [042] In general, in another aspect, the
invention features a power generator that includes an enzyme-based al kyl
ester gener r.and an electricit enerator. The al kyl ester generator

i ncl udes ar'fa ‘f‘ﬁ‘a&eta Faton “”{Fﬁng’eﬁf*%ﬁ%}‘%@ﬂf?&?mﬁeﬁ&mﬁ%ﬂ frslacieadhagk “an enzyne
to 9 facil ih@hgniomieastiaPRahGtioReHh 6fh§e HRACLRP ErSmiie SRREDAkKS0 ﬁ'{(li%ﬂlat ester,
and a feedback nechanismto send at |east a portion of the al ester
fromthe outhestechisity senpratprthptipelndes anrinlettogecerveche glkylaster g@rwratctdia»tth«r ncl udes
an inlet t I

qener at or . ORCRAEpLEyd BhlerE i Lor B ShALS BB b i B iR and
eIectrlC|twpoaﬂdtoanmbumbekamnpgmnnﬁmihemebeﬂknbmlty generated by the
converter. [043] Inplenentations of the invention may include one or nore

of the fol l{gq)NImpleRRhldli&S: of R4 erfonlBRS Bclédéjﬁ{etdrﬁﬁ)rg’i){]egg FMX% ester

generator is powered by the electricity”™ generated ectricity
gener at or. fei@res.eact ant s i ncl ude triglyceride and aIcohoI [045] In
general, in another aspect, the invention features a vehicle that includes

a storage [ozbt]sbéarl@strepcﬁtlanéﬂhe alkyedytey WendpasEd patvkitl b9 hedle@gRer at or, and
generator includes an inlet to recéive a

an engi ne. The hﬂ ster

m xt ure thﬁfmqrﬁﬁq? é@ aqhicity gencsses | Theeactantsinalude trighseride andaleshpleact i on
bet ween the reactants to generate al kyl ester, and a feedback mechanismto
send at | ed&45] alpgererarin amothdras;adckylhe msér&i’onfféamﬁl‘ei heelitlt et ideAgks4 0t he

inlet. The engine inclu an inlet to receive the alkyl ester generated by
the al kyl Sté’ﬁ%&m 88?‘?6?%1&?5?5 an gpymesbasedalk g esepesriay pndamengipe; & h¢ he al kyl

ester intoakiyn&lidrgen@bOincludtChbhlet tbesrRid ﬁﬁﬂt&@%ha@ﬁncthm%s iH%‘f@den%nal{my

include one or nore of the following features. [047] |'east a portion of
the al kyl &80v@e igdprdlitaiearreacsiop boisiean theyeackaatsdp gendrate @H@} ggjer, and a

feedback mechanism to send at least a portion of the alkyl ester from the outlet back to
the inlet. The engine includes an inlet to receive the alkyl ester generated by the alkyl

ester generator, and a converter to convert energy in the alkyl ester into kinetic energy.

[046] Implementations of the invention may include one or more of the following

features.

[047] At least a portion of the alkyl ester generator is powered by the kinetic energy
generated by the engine. In some examples, the vehicle also includes transmission
mechanism to transmit the kinetic energy to wheels. In some examples, the vehicle also

includes transmission mechanism to transmit the kinetic energy to propellers.

[048] 1In general, in another aspect, the invention features a vehicle that includes a
storage to store reactants, an enzyme-based alkyl ester generator, and an electricity
generator. The alkyl ester generdor includes an inlet to receive a mixture that includes
the reactants, an enzyme to facilitate a reaction between the reactants to generate alkyl
ester, and a feedback mechanism to send at least a portion of the alkyl ester from the

outlet back to the inlet. The electricity generator includes an input to receive the alkyl
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generated by the engine. In sonme exanples, the vehicle also includes
transm ssion nechanismto transmt the kinetic energy to wheels. In sone
exanpl es, the vehicle also includes transm ssion nmechanismto transmt the
kinetic energy to propellers. [048] In general, in another aspect, the
invention features a vehicle that includes a storage to store reactants,
an enzyme- based al kyl ester generator, and an electricity generator. The
al kyl ester generator includes an inlet to receive a m xture that includes
facilitate a reaction between the reactants to

the reactants, an en$¥n§}?t? _
gener at e al RV SBERIE] 0y Heplly] eelerpnedonaqonyarisnia epnyem gnatey indhatlkd porti on

of the al kydst@shtgleletfirRityha an%UfﬂJ?{o_mtﬂe%l c@it&{‘ggﬁératea- IB? el c%ﬁ\tré’r{epi ty

generator includes an input to receive the a __ester generated by the
al kyl est er ThfeYfbickop!so mchiges deqteonictaomponends, end pewgylinentd tnsmibtiay leastast er

into el ectrjci: t.the electricit enerated by the
converter. fxﬁrﬁ%ﬁ’t\% %lfég‘r%né%%&%{%%%ﬁggg Eegﬁ”]ecf:w BORTEOS eoﬂ‘é%’fogfc CRPOpSWer
lines to trlab it at least a_portion the electricity generated by the
electricity giﬂ]elﬂﬁ%’fmﬁ%m?ﬁ@f BE R ERE A bRynem o moeeidie folpviegent at i ons

of the invephiuRR. WRYbNMJG:HHRsOREvAiclER R dRE ar? he faﬂ%.l A0 exle%@%!fjrtﬁes' In
sonme exanples, the vehicle includes an air p ang. n sone exanpl’es, the
vehi cl e i ncYahdsingludesra carnIssome exrmplsh.abg vehide inghides eshipcl udes a shi p.

[050] In general, in another aspect, the invention features a building that

i ncludes a [0BO]t Ahgendral, P HGLSFashe@dthe tEhMPABS LS aHuNiRe HIBE WehREs 91 | used
i n processi ngét he food; and an enzyne-based al kyl ester generator. The

al kyl est erkifBriodresness foerirmeraghioisrerecyeled eid vseddn procassistathe faokaandianc| udes
the recycl bl t Ll [ Lon
! ycl egh pht-bard aﬂcylf @sgﬁr @%?%rmoﬁ Wﬁ%%?%%télo%efn%{or fréc%%cﬁs(glln frRAGS Loy

bet ween the recycl ed oi e reacta enera ester, and a
f eedback mecihaitirs that mchdpsithatredyelad bilang e rdaciant, of: elidyeneab ifydilites tageackiveom t he

outl et bac inlet, . | npl.ement ati ons, of the invention may

i ncl ude onzb e%)"gee;r?nq}?eere@fc‘??%’él %“%5‘%%{}%3?'%"‘%? 33?‘36?‘%%]%‘[?(5?2’] ar@ﬁé‘g%ﬁ‘?‘?]ﬂi ng al so

i ncl udes amedheditinite bdnyl agRagagiodtiornt dTake dlRAlHELToRANhd HRIE bAR to HIRGRIYE t he
al kyl ester generated by the al kyl ester generator, a converter to convert

energy in t[b@léa #)g%elergfﬁ{aﬁBng Sife ﬁllv@rﬁfolhirﬁé.)}i}qclu@éqg]ead} n?o% BF Ehetfglloov%%g ut the

electricity g nlelr
features.
[052] The building also includes an electricity generator that includes an ihput to
receive the alkyl ester generated by the alkyl ester generator, a converter to convert
energy in the alkyl ester into electricity, and an output to output the electricity generated
by the converter; and power lines to transmit at least a portion of the electricity to the

building.

[0S3] In general, in another aspect, the invention features an apparatus for producing an
alkyl ester, the apparatus including a mixer to mix an oil source and a primary alcohol or
a Secondary alcohol in an organic solvent to form a solution, the oil source including a
triglyceride; a reactor to receive the solution, the reactor including a lipase that facilitates
a reaction between the ttiglyceride and the primary alcohol or the secondary alcohol to
generate an alkyl ester, in which glycerol is produced as a by-product; an evaporator to
remove the organic solvent and unreacted primary alcohol or secondary alcohol; and a

phase separator to separate the alky! ester from the glycerol.
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by the converter; and power lines to transmt at |east a portion of the
electricity to the building. [053] In general, in another aspect, the
invention features an apparatus for producing an alkyl ester, the
apparatus including a mxer to mx an oil source and a prinmary al cohol or
a secondary al cohol in an organic solvent to forma solution, the oi
source including a triglyceride; a reactor to receive the solution, the
reactor including a lipase that facilitates a reaction between the
triglycer| n rimar | cohol or the secondary alcohol to generate
an al kyl esft ‘?1 qf‘ﬁ’? EWOB? §fc‘§? Hi"eil‘é”f‘d?’%'ﬁe%lae qre of Tagre of g fellowigg
evapor at or fe@uresenove the organi c solvent and unreacted primary al cohol or
secondary al cohol; and a phase separator to separate the alkyl ester from

t he gl ycer 1 ipventi on may . nclude one or
nore of thgb?sé}l Ilroﬂ\ﬁn(ggﬂm#l ﬁ{r‘ggy a[eorgﬁor%ﬂ%s £ Iuﬂ?fir%%p"?ﬂ@?:éff °By the reactor
does not urthmmghnmﬁ&sreamepaEadh molecilhbOlg badhictsbRefitdaatid R nukdehofol ecul e

of the organi,c | vent, i.ncludes a nu ro carbon atonms and a heteroatom
in which tH& '%?Bﬁg’é*? s and aJislereaton, 1 W%rlgt%ew@bﬁrr@%&%émn%%nT hej giganigles a C4

to C8 tertisalvnBheladdla CTRECHEe ﬁlc&wlv?ﬁé offﬁﬁt: @@@&t%clﬁ&@% le?s@gn@éf
di met hy

t-butanol, 2- nethﬁl-z but anol , but anol - pent anol ,
3- et hyl - 3/-hyémphAonethy- ?ebwnolsZ b@nv%thadﬁ blZaIB)l,dEl rmthbrw-pzmpmu hm@th,yl .3-
2,3-dineth ent ok, t xanol ,
and 3-neth enémﬁegtgﬁlgfs P gﬁcg%%%ﬁ %Q@)}I vgmga'%?nrbté %ethyé r}i’eglaﬁgl, El&t "l east
one of the tpmiethyl- &-paﬂltemm-mﬁxyl-ﬂﬂExmd;mdarmetﬁjflc_-bhtﬁdanﬁom%t@mc(%f)lvbntt o 18

carbon atons, The ail s i nc des at plant ojl, ani nmal
o1 oana. By g Biins A 55 one Rt Rt HEH wl o vcabwy alcom kpkis | n
whi ch the lofpas @8 ksrbommiehis! TEE 81 8burbdWRclugéy dt Ikt on-g%?piahpé‘ﬁ%ninﬁhqloﬂdﬁﬁ at
| east one of candida antarctica |ipase, thernonyces "lanuginosa [ipase,

pseudomna&aﬁﬁetﬁé?aéécens l'i pase, pseudonpnas cepacia |ipase, and
chronobact eri um vi scosum | i pase. A portion of the reactor is maintained at

a react i on [036dnJde apparenofls@intnd &S cdrier! moihibh glediphdas in@ebilios hethyeen t he
triglyceri de and]“hehhpase includes at least one of candida antarctica lipase, thermomyces
lanuginosa lipase, pseudomonas fluorescens lipase, pseudomonas cepacia lipase, and
chromobacterium viscosum lipase. A portion of the reactor is maintained at a reaction
temperature of 0 to 95°C to facilitate the reaction between the triglyceride and the
primary alcohol or the secondary alcohol. The apparatus also includes a pump

configured to cause the solution to flow through the reactor in 1 to 180 minutes.

[057] The apparatus also includes a heater to heat the oil source to a range of 150 to
215 °C. The heated oil source is cooled to the reaction temperature before the oil source
is sent to the mixer. The apparatus also includes an inlet to add an alkyl ester to the
solution before the solution is sent to the reactor. The apparatus also includes a return
mechanism to allow at least a portion of the alky! ester separated by the phase separator

to enter the inlet and add to the solution.

[058] In general, in another aspect, the invention features a method that includes
inserting a cartridge into an alky] ester geneator, the cartridge having an inlet, and outlet,

and an enzyme positioned between the inlet and the outlet; reading information encoded
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primary al cohol or the secondary al cohol. The apparatus al so includes a
punp configured to cause the solution to flow through the reactor in |l to
180 m nutes. [057] The apparatus also includes a heater to heat the oil
source to a range of 150 to 215 C. The heated oil source is cooled to the
reaction tenperature before the oil source is sent to the mxer. The
apparatus also includes an inlet to add an al kyl ester to the solution
before the sol uti on is sent to the reactor. The apparat us al so includes a
return msc n of the alk ester separated
by 't he phase separ a‘?% COI]?%HIélﬁtagrOpfrﬁtém? %Ioté?a KLesieg gorerpten 5%‘!"11 Fon. [058]

I n general ,informatie@i.her aspect, the invention features a nmethod that
includes inserti ng a cartridge into an alkyl ester generator, the
cartridge h nz i tipned between
the inlet a@??%ﬁu’?%ﬁﬁm gﬂg ﬂ%ht %ﬁggﬁ%%lye%fe%?%f fgﬁ >t'he
cartridge; ff}@tﬁt%oQontn@hag]ampmatommﬁthﬁalk)hestaﬂ gonkraes iludge bRl Aased on

the infor 9 n t he .inventjion_may include one or
nore of the ovéeﬁ%UJefaggﬁﬁWégt.e %Bﬁ‘?lf‘lﬂ?rf hﬂﬁm&ﬁn%ﬁléfr‘&lqt B%thBFalegeal kyl
ester generat or includes controlling at |east one of tenperature and flow
rate of a sk ilBerargninpgothar sspediethe mvemlcoffeaﬂuﬁ:seamettlndddg"@roc[e%@ fobd,

general , i feat net.hod of ocessi ng
Pond ™t ho e ARUGEnARHEL brocd e KINARILQR, FESHIeRe B R Dokt e ol |

used to pr cfoedisectehhenga’mmdurerthﬁemo?md&g r@ydlad(bﬂl,raereﬁd’lait dnachustessoreey.akiagd oi l,
a reactant, and ﬁnlrﬁglit sol ve ne to facilitate a reaction

in
between t he ARG & Bl a %‘?ﬁ‘&‘qﬂ%@t‘}’eé’aél?%ﬁfycll@y@%@tﬁ? wagipalyp genssgteplkyl
tecycling afstek: &a@fchﬁg POEdst Qﬁmﬁfm bf‘@je ﬁiwyést&%sr%lxmé a'ﬂeéét @gmf’ﬂonl AW alfy

portion of the alk ester with the m xture,; ter aSS|st|ng|n
di ssol vi ng Stevitad me@rm the alal ﬁtSWéaSSrS@aguad\\ssohgam@pmqynlgd elleod theC| ty or

ki netic en%&}{an? bﬁg ééﬁ Wgﬁt“%ﬂm%&@por tth@%fg{l %Tte'r %%éﬁgfvgr%lg [061] In

processing the usihg ectricl
general , i nlexicet !Im@d fargpectsing the foadusingithaclibaatity asthakimaﬁd\@ﬁrg@/f operating a
vehicle, the nmethod including receiving a mxture that includes reactants

and an i nerhe1}s oh yibkal, iNARSHhAGsHRE tHE HL MRt BLANIR nRuRA HobddRPf enzyme to
facilitate a reaction

vehicle, the method including receiving a mixture that includes reactants and an inert

solvent, passing the mixture through a cartridge of enzyme to facilitate a reaction

between the reactants to generate alkyl ester; recycling at least a portion of the alkyl ester

by mixing at least a portion of the alkyl ester with the mixture, the alkyl ester assisting in

dissolving the reactants; generating electricity or kinetic energy from the alky! ester;and

powering devices used for operating the vehicle using the electricity or the kinetic

energy.

[062] Other features and advantages of the invention are apparent from the following

description, and from the claims.

{063} All of the publications, patent applications, patents, or other references mentioned
are incorporated by reference. In case of conflict with the references incorporated by

reference, the present specification, including definitions, will control.




between the reactants to generate al kyl ester; recycling at |east a portion
of the alkyl ester by mxing at |least a portion of the alkyl ester with
the m xture, the alkyl ester assisting in dissolving the reactants;
generating electricity or kinetic energy fromthe al kyl ester;and powering
devi ces used for operating the vehicle using the electricity or the kinetic
energy. [062] Other features and advantages of the invention are apparent
fromthe followng description, and fromthe clains. [063] Al of the
publ i cations, patent applications, patents, or other references nentioned
are incorporated by reference. In case of conflict with the references
i ncorporated by reference, the present specification, including
definitions, will control. 13 DeBesdriptivenf Dfavirawi ngs [064] FIG 1l is a
bl ock di agram of a fuel production system [0651 FIGS. 2A-2D are bl ock
di agranms ofjpgiy frggent i i f J duction plant. FIG 2A
(064 fraGents £opfl &Hérggl ddg*é?ﬂé? &(@dg&!{ﬂlﬁlesyg{e%.

is a single stage plant with Io-diesel. FIG 2B is a

t wo- st age t wit.h dba f.. crude bi o-diesel fromthe first stage.
FIG 2C isp@gﬁoﬁgtgt %‘g‘éﬁpﬁrsﬁF’F‘(‘)éﬁaé’.a"%ﬂfidﬁ%“ﬁﬁﬁﬂé%ﬂé?@@%%fﬂ.el predetior] G, 3
i s a bl ock digFi@afis &sBiRlee §ra_agﬁizme%alsacwomua;@%t}ﬁ€§él.qbﬁG.O;!f}in% bi 0-

diesel. [0671 FIG 4 is a schematic d[agranlofa single stage plant with
f eedback of™ersags Phanbwithifeedback of come bipadie! Hom thafirst gage. VIGWRE bfa porti ons

of FIG 4. (ng@%%egjaﬁ_ﬁ@jm glﬁa@%ip&&gi agram of a single stage plant with

f eedback of crude bio- diese -D are enlarged views of portions

of FIG 5. 9], El i schematjc diagramof a two stage plant with
f-eedback of[hg u (I:Eb:§3 E?—aqﬂ?%s‘g?g.mﬁlog.smél& stage plagt wih fpedlask\f etpge gfo'por tions
of 'FIG 6. didd¢0] FIG 7 is a block diagramof fuel production system [071]
FIG 8 is a block diagramof a fuel production system coupled to an

electric q&@ﬁ " 848" 4 is a schematic diagram of a single stage plant with feedback of crude bio-
diesel. FIGS. 4A-C are enlarged views of portions of FIG. 4.

[068] FIG. 5 is a schematic diagram of a single stage plant with feedback of crude bio-
diesel. FIGS. 5A-D are enlarged views of portions of FIG. 5.

[069] FIG. 6 is a schematic diagram of a two stage plant with feedback of crude bio-
diesel. FIGS. 6A-C are enlarged views of portions of FIG. 6.

[070] FIG. 7 is a block diagram of fuel prodiction system.

[071] FIG. 8 is a block diagram of a fuel production system coupled to an electric

generator.
[072] FIG. 9 is a block diagram of a vehicle having a fuel production system.

[073] FIG. 10 a block diagram of a fuel production system coupled to.a fuel processing
unit. '
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[072] FIG 9 is a block diagram ofa vehicle having a fuel production
system [073] FIG 10 a block diagramof a fuel production system coupled

to a fuel processing wunit. -14, Description | Overview [074] Referring to
FIG 1, a fuel production systemincludes a processing plant 100 that
takes an oil source 110, such as soybean oil, and produces a bi o-diesel

fuel 150, such as alkyl ester, or a related product such as lubricating
oil or a chemcal internediate. The processing plant 100 uses one or nore
reactors 140 that each nakes use of an enzymatic catalyst 142. The
processi ng pl ant nmakes use of an inert solvent 120, such as an anhydrous
tertiary al cohol or anhydrous pyridi Il as a reactant 130, such as
a primary or secondary al cohol suchgg%lgﬁ%%grous met hanol . Duri ng
processing, the processing plant 100 recovers sone of the inert sol vent
120 and redct @Mervi80 to replenish the supply. The processing plant also
produces coproducts 160, such as waste water or glycerol. 10751 A nunber

. . . er ¢ : h
of differemph74enRekenss fafmhhf,ea?ﬁ@ﬁ;ﬁ?amgn TT mgfugesdzfﬁ%&ﬁﬁﬁg ggﬁl that1€S€

versions differ, for.” exanp eatures such as the of reactor
processi ng takeagesil s¢irer 1y sirpblae sodicagbid, ant! poeluvdstatbiodiese] dad 160, suths St age

wWth tw r ). | ack rran nt.of .internedi ate crude i o-diesel
to prior st% g%}egéri%a%rtaorr%gi?e% ﬁ%dqcﬁsqcﬁggﬁ,@%ﬁt&glo ora rthmécﬁ I?é’,“e‘%ﬁt@rﬁ‘esol vent ,
reactant, praesaigiystl0ansksa9s 0E£MNtcadaddie N iHafeRR Nthktd @0 DI HS 8tbymafi®r

exanpl e, the processjn | ant can operate_in a continuous flow node, or
al ternati vé"l‘tﬁgsﬁ Wsa’ﬂ[‘)%gre%sﬁﬁﬁléﬁnf B2 vss oF ayiaeit sahend | dhsudrasie processi ng

pl'ant may Bﬂm:&isftérﬁér%rhﬁcoﬂbb’&iaﬁﬁ;ldréész@fidink, s Vs S RABRE 134, REcPdsant 1S
rel atively conpact, for exanple,” the Size of a refrigerator, permtting
depl oynent PEmapher seeindaryiirohel supleabinby dioss mkthhud] Dikngpnssieg theuch as at

the |ocat] | S for electri.git eneration. O her
" versions rrg&agégfnggjlkglﬁ??‘?%egﬁ?ﬁtrél)gqngﬁ (gfgdrje %/I\ﬁeftﬁoﬁgrﬂtrlgé Sg%ﬁq%ﬁtayv‘%@g%gletpéqms
pr oduct i ontleappalyt Phe procesangplantaaiqal gsduces coproducts 160, such as waste water or
glycerol.

1075} A number of different versions of the processing plant are described below. These
versions differ, for example, in features such as the number of reactor processing stages
(for example, single stage with one reactor, two stage with two reactors), feedback
arrangement of intermediate crude bio-diesel to prior stage reactors, and in the particular
oil source, inert solvent, reactant, bio-catalyst and associated operating conditions used.
For example, the processing plant can operate in a continuous flow mode, or alternatively

in a batch mode.

[076] Different versions of the processing plant may have different physical sizes. In

one example, the plant is relatively compact, for example, the size of a refrigerator,

permitting deployment at the point where the bio-diesel fuel is consumed, such as at the

location of a diesel motor used for electricity generation. Other versions may be

significantly larger with correspondingly greater production capacity. In some examples,

the plant can be designed for home use, have sizes that are similar to a large refrigerator,
- and can have a production capacity of 200 liters per day or less. In other examples, the

plant can be designed for farm, mall, or military field use, and have a size similar to
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the plant can be designed for hone use, have sizes that are simlar to a

| arge refrigerator, and can have a production capacity of 200 liters per
day or less. In other exanples, the plant can be designed for farm mall,
or mlitary field use, and have a size simlar to 15 containers having a
length in a range of 20 to 40 feet. In other exanples, the plant 100 can
be designed for a commercial plant and have a capacity ranging from 40, 000
tons to nore than 250,000 tons annually. 1.1 Plant Configurations [077]
Referring ¢ontdmdtShavafr Dendth itk a £x gé@f@@ % 40 fRét! 1¢ OMRE! Sdhiiels NS plaRKRIOUSE Of
different nunbers of stages and different types of f eedback. Referrlng to
FIG 2A aandedgsignedf a&cmﬁplahﬁké%mwvw capagifywghging &gt 41,0040ns Phe

out put of ,hR th&AoW00 FshndAQ. is fed to a separator (S-1) 220, which

i ncl udes conponents to separatée inert solvent 120, unreacted reactant 130,
and byproducts 160 fromthe reactor output to produce a crude bio-diesel
product 2261 f QtlartX@Afi@atiéii Ng a conbi nation of an evaporator and a
liquid- liquid separator. The input of reactor R-1 140 is provided fromthe
output of @7T XdferZALto FIGY, CA- B%@Pé;én%%‘yﬁfaht &ﬂﬁgﬁ%l&éqnaweg%&fso' vent 120

and reactant 130. In this version of | ant e m xer al so
recei ves %ﬁ@e@fnmrb@rwf@@ée&ﬂr@ (hﬁf%fgl@;tltms'fmébawblkﬁelfrmgm FH& 24at put of the

tor | 25 ages:
?%)ar 2nhan8§1egk P cpci an%ﬁlga%g%g%s&ofg n%ﬁel%écg%c 4|Bon ?%ﬁ%lgolfﬂjgr?aecﬁ%t(gﬁﬁ%and (2)
reduce t hds &midontsepacdtor (Seh)t226 olvhieln tnchelq:uwnqgmbms bﬁ?eﬁmi'%l 1mdsdwbtnt llwoz gnox e][
210. The out of the ator, 220 is f to a final separator or
exanpl e, Ef%StIrefl {aﬂt @a%@ﬂ’&d“ﬁw 190 Siog} the prgctor outpat tpprogured crugpi ch
further plhid> Hless pt'dlﬁctblzg fér 8hplé, leﬁfgch%%lﬁahgn Qflﬁlpébtap A Gnd pllﬁﬂlgl esel
150. As an, exanple, the crude bio-diesel 225 maybe 99% pur e wei ght,

and the pisi sspater. ddeinppsof TeagionR- 1gh4s provided frogg% putpuat dfya mmgﬁtO Thi s
version Ofwﬁlaleaog{e@gan 8!3%51.11‘2:@'1 F(ﬁé'nsfe% %l\te%mﬁpz{ﬁﬁqu%?e}f ?(p ?1% ' h‘?errgli]éz? éf" the o

suitable for sm ortabl é versions
[078] Ref eManit,ribe mixeF2m aIQB;ecavemmtcéij q]:hdieriilo—liﬁ;@ﬂ m&ealabﬁe&'r(?ﬁ ﬂie¥m st ages
d 10 h inclu a genent. of a first
}gé C? (r;r ( 9! %.\ (ltatg (sﬁ)aragorcg pgl{lus ee lgof t:lie crude ese?ﬂas two advantages: (1)
enhance the completeness of the reaction among the reactants, and (2) reduce the amount

of inert solvent required to be combined in the mixer 210. The output of the separator 220
1s fed to a final separator 230, for example, a short path evaporator or a short-path
distillation, which further purifies the bio-diesel to produce the output “pure” bio-diesel
150. As an example, the crude bio-diesel 225 may be 90-99% pure by weight, and the
pure bio-diesel 150 may be greater than 99% pure by weight. This version of the plant
has relatively few components that therefore is suitable for small and portable versions,

as well as larger versions.

[078] Referring to FIG. 2B, a two-stage plant 100B makes use of two stages 101 and
105, each including a reactor 140. The arrangement of a first reactor (R-1) 140 and a first
separator (S-1) 220 are similar to that shown in FIG. 24, including using a feedback of
crude bio-diesel 225 from the output of the first separator 220 to the mixer 210 for the
first reactor 140. In this version of the plant, the output of the first separator 220 is fed to
a second mixer 210 that combines the crude bio-diesel 225 with further inert solvent 120

and reactant 130. The output of the second mixer 210 is fed to a second reactor (R-2)
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separator (S-1) 220 are simlar to that shown in FIG 2A, including using a
f eedback of crude bio-diesel 225 fromthe output of the first separator
220 to the mxer 210 for the first reactor 140. In this version of the

pl ant, the output of the first separator 220 is fed to a second m xer 210
t hat conbi nes the crude bio-diesel 225 with further inert solvent 120 and
reactant 130. The output of the second m xer 210 is fed to a second reactor
(R-2) - 16 140. The output of the second reactor 140 is passed t hrough a

iee di 1 eeply e oyl U rond PR B pled DR R RO R SRARRAIS B R o o

final sepaFhotp2d6theseand tsepapaibpdR0.cadbe asedatiromy & the hiosdiedal fuel 13Wost age

pl ant, the 0 out put mtheflr se aratqr 220 is at
| east o%f%fera%? as%é‘qb‘i%gh aﬁﬂaéﬂ’ﬁg‘%&{%wm Sy & paRsiBR i s at
| east 95% mmge[;ﬂbm]théﬁﬁ@é bioRfese 243! datput Homhe Bl Bép'araftchaztzoq@aﬂl%t make use
of feedbac /of crude hi o-. di esel have configurations that are otherw se

R

simlar t Burg by yrede it ukife the owpet! thensepond separpiot isial btagt. 95AspwRanpl es, t he
outputs of the first separators 220 in these versions of the plant are at
| east 80% |9E?le, szfmingm FIGtS. @l stlagethaedsnn makh avdofi edbhék oﬁiﬁ;detﬁi@- out put

of the segond sepa tor is.,at |least 95% pure. [080] The singl e-stage plant
| ooC is udEFLrave 8 %WBF@MW@ e sy 'éﬂ?s the plaglsshopen i FIGS: 2Ad ar t ype

of |ipas e)resp&cteoége 2Siex@mplefldhd ARp@E Of BE Giekd Qépafb?é}s hb@h tﬁﬁgi%rs‘{(ﬁ{s l(')?the?] uch as

for medical or drug use, The anount of l|ipase that is required in
si ngl e- st dYa gretfcapt S0rpwreyand in thedwotstage versionshown i 6UBDethstoatpat of ant s 1

OOB and | 2S¢k duct can be produced nore cost
efficiently. [081%1)%?1 %E?s I /&)‘%{g 1 OOD can have vari ous

confi gurat Addi |ona nents nay be included in the plants, such
as heat e hﬁ@né@fﬁmﬁ 18 ‘H%@‘} é%rseéamﬁ@ vhpibe setalyeis(sesh asiie

sol uti ons, aﬁﬂ:dlapbﬂi@%fhﬁasﬁpﬁreﬁﬁénsfvgeanﬁltﬁé’\é rs&lfetﬁé%'mgﬁ Rl vallfE AL Deds

may be |ncI uded to renpve unwanted noi stur cero or ot unwant ed
i mpuriti edoFmegisal Wédlmgovamme arpynt eklapase that nsmequnedm thg lsing kst stape ghdmnt | OOA,

a0 v ocrER ISR ATRALTNE LR AOIR PR IORGR 00 SR feed ("

non- conpl gredugt craaémtpecmﬂucai/\mnmtcmu aficiestty. be

[081] The plants 100A to 100D can have various configurations. Additional
components may be included in the plants, such as heat exchangers to increase or
decrease the temperatures of the solutions, and pumps to control the flow of the solutions.
Removal beds may be included to remove unwanted moisture, glycerol, or other
unwanted impurities from the products. For example, in the single-stage plant 100A, the
separator 230 can separate non-completely reacted raw material (for example, reactant
and oil source) from the product, so that the non-completely reacted raw material can be
recycled. In this case, a glycerol removal bed filled with ion exchange resin can be used

to remove trace glycerol from the recycled raw material.

[082] Insome examples, when certain types of enzymatic catalyst are used, for
example, thermomyces lanuginosa lipase, it is useful to limit the amount of moisture in
- the solution flowing into the reactor 140. In such cases, a cartridge type water removal
bed filled with moisture adsorption (or absorption ) resin can be employed at the oil
feedstock inlet stream for smaller plants. For larger plants, water moisture can be
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recycled. In this case, a glycerol renoval bed filled with i on exchange
resin can be used to renove trace glycerol fromthe recycled raw material .
[082] In sone exanpl es, when certain types of enzymatic catal yst are used,
for exanple, thernmonyces |anuginosa lipase, it is useful tolimt the
amount of noisture in the solution flowng into the reactor 140. In such
cases, a cartridge type water renoval bed filled with noisture adsorption
(or absorption) resin can be enployed at the oil feedstock inlet stream
for smaller plants For larger plants, water noisture can be 17 controll ed
by other resfgiralied ycothsrgameial igshriaues. &irh 9o PeppriHon pT hejtdrdpipstaippingt r i ppi ng
apparatus. } §§L,In sone exanples of the two-stage plants (for exanple,
100B and 10 the final separator 230 can be omtted. [084] In the

pl ants 100 t he re i on e |Iibr umin fhe reactors 140 can be
fet or i nedA[t?kﬁt B DG HPRIESS! o SRR Ble. (M YOO B Eiimt | o
cat al yst L@pﬂatoﬂ'gmgantaaemﬁgéwent ration of bi odi esel at equilibriumis a
function of tenperature, inert solvent concentratlon react ant

concentrati atl bi odi esel

equi | i bri un@gﬁnceﬁ%ﬁg{nﬁg@ cgn "0 tr%la e%‘fqllﬂfwg}i'ﬁfeaf@ﬁspﬁ@aﬁaﬁpgs when
ot her conmdammdmgmmod)hmmd lauﬁeﬁaﬂmtmhheqypmwmmr&taﬂ)%ﬂ A
variety of i nert solvents, reactants, and

natjons of ojl ur ces,
cat al yst s, fﬂb J”a&s%.ca@csa“@f?er%&%esel&ﬁmw{ i isciuneliongpftempsastaicur e and
reaction tl}ﬂa’ésolﬁdﬂt taRbardion, reél&arﬁlc&sb%n@u&a@eanﬁ?Fdduw&%&ﬁﬂaﬂ&spb%&tar e
described in U'S. Application No Sept emper 20, 2004,
titled " MetthesHesck espulpriven edneeptialinys capde ebtgined abdiffarent Eempegtur@hoben otherch i s
|ncorporatqgngy ﬁﬁ%ﬁ&ﬁﬂﬁ€5m£ 86] The processing approach is based on the
di scovery that ﬂlgh purity al'kyl esters can be readily produced from an
oil feedstock (for exanple, vegetable oils or animal fats) by a
| i pase- cat al.yzedhegasl t@ifioutafiohi ch i nactivation of |ipases is mnimzed.
In particular, an alkyl ester can be produced, for exanple, via a

transest erijhssjaty el of&dhfhalibfBf RMources, inert solvents, reactants, and catalysts,

and associated operating conditions including temperature and reaction times, suitable for

versions of the fuel production plants are described in U.S. Application No. 10/945,339,
filed September 20, 2004, titled “Methods for Producing Alkyl Esters,” to Chih-Chung
Chou, which is incorporated by reference.

[086] The processing approach is based on the discovery that high purity alky! esters
can be readily produced from an oil feedstock (for example, vegetable oils or animal fats)
by a lipase-catalyzed reaction, in which inactivation of lipases is minimized. In particular,
an alkyl ester can be produced, for example, via a transesterification or esterification
reaction. The method includes (1) mixing an oil source containing a triglyceride or a
carboxylic acid and 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 solution does not
undergo phase separation throughout the reaction; and (3) separating the first alkyl ester

from the first solution.
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reaction. The nethod includes (1) mxing an oil source containing a
triglyceride or a carboxylic acid and a first primary al cohol or a.f+rsp
secondary al cohol in a first organic solvent to forma first solution; in
whi ch each nol ecule of the first organic solvent contains 4-8 carbon atons
and a heteroatom (2) reacting the triglyceride or the carboxylic acid
with the first primary al cohol or the first secondary al cohol in the
presence of a first |ipase to produce a first alkyl ester, in which the
first sol utj es ungder go,_phase separation throughout the reaction;
and (3) sepL%?& dﬁ?&fqpﬁ%* Hiarsuptable Ry souges ippluds plgph aihigorrgxempleswionedlens oil),18

M ot oal gae oL L) G arral [ P er ekl el B ety o 1 at s,
m cr oal gae oi ani mal " oi

or tall gw) e’%ﬁ@l{k’e“@ﬁtéa@é’fm(%grea@%mlhedm%st’fbmhmsﬂ]mnﬁmr e;amp]se) or a

hydr ol ytic e car box aci, ds ) re the
m'yxi ngyst ep%arrt hghg?ﬁl&%b%@%&e ﬂ’an B@g%gg’ttggO{ISOTB%C%@%G%T@ to i:%)of gdgd‘ﬁ% to
t he react i osoledrdopmac theacadtioB &nBeftaee t he reaction, the oil source can be
mxed with the first primary al cohol or the first secondary al cohol in the

first organjosspabsitind RaliiiMne o B6nBDASE.AY bl he E’éﬁ‘;{?ﬂi’n%% ongi 2 1 1St

primary and secondary al coho s include those containin o] bon
atons, suchthadirst psp plcolent] fratho first |0$§tpmcsphnaml tp formob uhapiﬁise solution.

3- th | -1 - anol can or | aur al.cohol . Exanpl es
of mtsheyfl rst oﬁganl ¢ soi 3 B?aryl nct aﬁ’yfi'ﬁ?% ﬁsem‘bli"death@f: ‘)égtafr}é?%?&? {8 al cohol
(for exanplaarboh-atusamadh, asznataaﬂmylalﬁnblutsamganolZs@ouehnﬁptﬁ}uém =R

2-met hyl - 2-.pent nt anol 3- pent ano

2, 3- di met hy[*¥ gor‘i{aaﬂ‘sﬁ“a?&éoﬂlﬁwf AR %?éﬁwa%%/f the first organic solvent
2,2,3-tri rfﬁh@ydle}%rriaﬁd’étcﬁ*'&@ékcgIé?ﬁ‘é-?ﬂcohcﬁ'(ﬁ%?eﬂﬂélﬁ, (Buaiol By QREAT0L )

The first organic solvent can be m xed er “sui vents.
Pref er abl y,2 H’énemyr]@tb”éﬁ”@bﬂr'éEth)]I-ZrEmt@%eﬁﬂnbtbyhi-pedamltBhethyﬂ Bpéntinol est er,

h on or
\Qﬂl ;Ihk;:/?n g?tgfrih tai ne%h@f%?’nb&ol?h{ﬁﬁ S ur%réoi’%% t e '@enﬁ?ﬂlcﬁ g‘éfifrom a

conmmer ci al 2slkexned)ar 3-wbibpl- 3-hexahol)sffh@f‘1g;a61tg@m$@bwali’ctcah slsblbefhitcagither with
anot her soI mount sufficient to maintain the

homogenei ty %nts'%%hfefspfvg‘f'tss gf‘?@‘fr?@h’ tB%T%?Sh@rgf‘Wé splygnip pagbe mixed with an alkyl

ester, which can be an alkyl ester obtained from the method of this invention or an alkyl

ester obtained from other sources (for example, purchased from a commercial SOurce).
When the first organic solvent is used together with another solvent, it is added in an
amount sufficient to maintain the homogeneity of the first solution during the reaction,

_ thereby minimizing the inactivation of the first lipase. The term “lipase” refers to any
enzyme capable of catalyzing a transesterification or esterification reaction. Examples
include candida antarctica lipase, thermomyces lanuginosa lipase, pseudomonas
fluorescens lipase, pseudomonas cepacia lipase, or chromobacterium viscosum lipase.
The first lipase can include a single lipase or a combination of two or more lipases. Itis
preferably immobilized on a carrier in the first reactor. The transesterification or
esterification reaction can be carried out at 0-95°C (for example, 20-95°C) for 1-180

minutes (for example, 10-90 minutes or 20-60 minutes) to obtain the first alky] ester.

[089] 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
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thereby mnimzing the inactivation of the first |ipase. The term"I|ipase"
refers to any enzyne capable of catalyzing a transesterification or
esterification reaction. Exanples include candida antarctica |ipase,

t her nonyces | anugi nosa | i pase, pseudononas fluorescens |ipase, pseudonbnas
cepacia lipase, or chronobacteriumviscosumlipase. The first |ipase can
include a single |lipase or a conbination of two or nore |lipases. It is
preferably i mmobilized on a carrier in the first reactor. The
transesterification or esterification reaction can be carried out at 0-95C
(for exanpl %?‘W%Ltg% Byst plsyl epter gud thaiglygerobalierarmesseatbe éirst orzanio spivenitand or

20- 60 m nut@s hinfeQctoP Ak ﬂrlﬂlgﬁ’ Jriséc%ladzﬁif Eﬁébh(ﬁ l%fv %(/%)ma}x%ﬁ.gml%f;»%gmg(med 0il

transesterification reaction bet ween” an ol |l “source ¢
triglyceri deuesdnay flsaepmtapy inpeogyyceridssediglydenidesalraatbatylicgkidser ol i s produced

as a by- pr ctedly.. the fi. | kyl. ester can be easi

bt ai nod by ohGhelE PG ilohng! S nibihe fisFomEd S beepha B i « ne

gl ycerol afmamer ginmilat fegriglyeerfder The earbanilic asidb ket wiahthe frAQrivAfeact ed first
primary or secondar alqohol by_evaporation. The just-nentioned oil source
may al so cosﬁ‘f%ﬂdﬁ"ynﬂ%@ﬁ V@ &p egedlicagipyrepetign, gowhich watea ispueduced ant bits

Mbnogl ycer i esuct it Sinde¥ SRkl §8Rove@ Gt ingMHE Rvigifadoh pilcel | MBI'Y Or secondary
al cohol in'a nmanner simlar to triglyceride. Tlh

e carboxylic acids react
with the fi imary or ..secondary alcohol via an esterification
reaction, i[2§%ﬁ% M 5?“*?@“%%&%?8@%“ g}'gwﬁend%?’-Odpﬁnﬂff’ﬁ(‘?f’“fﬁw&’gcaa??ﬂl?fé‘yh%adi ly
removed durdchicankdiefirevaiedrfio @BoIaBCASShol, MR bURWHIgG A i6 oabiéddi £ athyon
reaction between an oil source containing a carboxylic  acid and a first
primary or FE¥eShdAisele wskeactedipat die fimialkyl gstgr spode spsilyiobtapedduoedodsg a by-
product. | tihd firsfb@anil BGNORChE ey ﬁ@?pl‘i}h{l‘gt&r‘ t@écg%{iag? A1k 8o Ca?xﬂ él?e?wz%grs Hy

obtai ned by renoving the first organic so unreacte I'TSt
primary or byewepndation. aVbaitbe justmdntidned v seurce tont@napogeifican amdhenft he

just-nenti {1..S ..contains.a signifi.can unt of , triglycerides,
di gl yceri dggggge?ldﬁ%no%i%eglgﬁ’ aregl?n?gllp’é:eflii%s{theﬁ%?h‘ygg%)eélca%g‘?ﬁtﬂﬁmﬁcg%ﬁ?\ed in
the mannemabescddstrilsediimihcheccediag eatag@par agr aph. [091] 1f the first al kyl
ester obtained above is contam nated wth nonogl ycerides, diglycerides,

triglyceri 4gs1)0nr GEHPDAMY &t@Sbinel BB AP RANES W?tﬁr}n(g‘leogfy%g"li)(y&%d by

further
diglycerides, triglyceride, or carboxylic acid, the contaminants can be removed by further

reacting with an alcohol via another transesterification or esterification reaction.
Specifically, the first alkyl ester can be mixed with a second primary alcohol or a second
secondary alcohol 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 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 or
different from the first lipase. The first and second alky! esters thus obtained can then be
separated from the second solution. Preferably, the second alkyl ester is identical to the

first alkyl ester.
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reacting with an al cohol via another transesterification or esterification
reaction. Specifically, the first alkyl ester can be m xed with a second
primary al cohol or a second secondary al cohol in a second organic sol vent
to forma second solution. Each nolecule of the second organic sol vent
contains 4-8 carbon atons and a heteroatom The second organic solvent can
be the sane or different fromthe first organic solvent. The second

primary or secondary al cohol is preferably the sane as the first primary or
secondary | cohol . The nonogl ycerides, diglycerides, triglyceride, or

car boxylic @g]d A pumper o gxapRics &fgheiprosessing aperadh ar @é@?“bﬁdt%?YCtWﬁe second

pri mary al cohol or the second secondary al cohol in the presence of a
second lipaﬁfltolﬂk%%ﬂﬁp a second al kyl ester. In the reaction, the second
sol uti on does not "undergo phase separation. The second |ipase can be the
same or di rent . fromthe first |lipase. The first and second al kyl esters
t hus obt ai E%ﬁcan §ﬂ€ﬁmb@?“?%3§aéféﬂgﬁﬁﬂﬁ?ﬁ & PERRGHALISO e 0 AP ¥y abl y,
the second rafikad so@bdagloili(55.1 9@ Wadlmikdd Wilteanhly oSt nRinkyd) (£84RY%;), an@0- 1 [092]
A number of exanples of the processing approach are described below 1.2.1

Exanpl e 1 [0bgfrowsdyniane! o0 wWiks) nedistmixaniodpim s one-phase erlutre gihei ng al ky!

- esters. Spegiki fd 0N 9 ] W th
anhydr ous %@?%gﬁgkg??Pé&ﬁfﬁg?ﬂ%ﬁ%XRﬁﬁﬁvgﬁ%ﬁ§§@¥§ﬁ¥%ﬁ%P%?§%§%%ﬁﬁ@@ in a

first m xercandidd amancticadirasq NrvezemtsudiSoRagsTieed, IBamimatk) o Spwaiicatlpen sent to a

first react } s fill i th NOVOZYM 435 (a candi da antarctica

| i pase; m@}’%@“&?%@%&%@ﬂa@% BEhEr %) ?‘“’%&98?4)}1%@?’!“ fmdd M 435 was

i.mobi | i zeglaad & hardacRE. The RRGERANE OFithe F@SioN Wad B OVahelrBRAon BHRGRG i N the

reactor. Tgﬁ Lenperaéure of the reactor was 45C. The reaction tine was 62
mi nutes. APESPINMRR ABEEDS HRchriswesorepndtted thepsolution s fRginigesvaceemi nt o a

vacuum  evanaiai aider ARG b BATPRANA HOCIREL AR RROdCY,

The conposition of the product was determ ned una Su C
18(2) 250x4r@hmi wphdsmamimeebby HRTUb{dotunph dsies Su CR8(2RDE0x4. dnek pstenomeattx;
I sopropanol ;Y ek eCt Hhinol ViRt and soprnanol; UV detector: UV-2075, JASCO,

Japan). Unexpectedly, the product obtained contained 96.19 wi% alkyl esters, 3.59 wt%

monoglycerides and diglycerides, and 0.22 wt% triglycerides.

[094] In another experiment; an alkyl ester was used as a co-solvent. Specifically,
refined soybean oil (49.1 wt%) was mixed with anhydrous methanol (7.6 wt%),

anhydrous t-butanol (20.5 wt%), and an alkyl ester (22.8 wi%) in a first mixer to forma
one-phase solution. The reaction conditions were the same as those d&scﬁbed above

except that the reaction coﬁﬁleted in 58.0 minutes. Unexpectedly, the product obtained
contained 96.10 wt% alkyl esters, 3.23 wt% monoglycerides and diglycerides, and 0.67
wt% triglycerides.

[095] In still another experiment, t-amyl alcohol and an alkyl ester were used as
solvents. Specifically, refined soybean oil (40.8 wt%) was mixed with anhydrous
methanol (6.3 wt%), anhydrous t-amyl alcohol (37.3 wi%), 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 wi% alkyl esters, 2.64 wi% monoglycerides and

diglycerides, and 0.40 wt% triglycerides.
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Japan). Unexpectedly, the product obtained contained 96.19 w % al kyl
esters, 3.59 wt % nonogl ycerides and di glycerides, and 0.22 wt %
triglycerides. [094] In another experinment, an al kyl ester was used as a
co-solvent. Specifically, refined soybean oil (49.1 wt% was m xed with
anhydrous nethanol (7.6 %, 2 anhydrous t-butanol (20.5 W%, and an

al kyl ester (22.8 % in a first mxer to forma one-phase solution. The
reaction conditions were the sane as those described above except that the
reaction conpleted in 58.0 m nutes. Unexpectedly, the product obtained
cont ai ned 962.20 viix¥raldd| esters, 3.23 wt % nonogl yceri des and di gl yceri des,

and 0.67 w%triglycerides. [095] In still another experinent, t-anyl
al cohol ando0sé] al kyh aist esterisbAnddSasin ESamplellmtrﬁmecSﬁmhm)@addsynetﬁaaﬁu ned
soybean oil (40.8 wt% was m xed with anhydrous _nethanol (6.3

w9
anhydr ous t% Mydé?lédfbbl?anf’bm oL IXCE HOFR 2 gnphasesplvtion. 1 Shegsolitig thysp a
first m xerfobfed &hfﬁrﬁzd%‘bﬂmgf ﬁ@h!&%l &fbr, 2T§‘€vt%%?%ﬁt5}ﬂmﬁﬂt§gi{)| IoBpypre the

sane as those descri bed above exce that the reaction co eted In 53.0
m nut es. Urfcfmghfmrgﬂes amm@gbwmsean@@ﬁém‘éobfcogiymde@ DBS 90wl tcal kyl

esters, ot o Iy rides

trigl ycerl es. ?Lq@@gggxéﬁ/o %‘?ﬁe gﬂﬁ%‘?g %A 'Iltf( IWdés;t é}se%‘f)a?f’%‘a”ﬁ%?ﬁ
Exanpl e | welsichrivaefillad whh NﬂW(dZ‘ﬁNMﬁetSpaaﬁhallyaNd)\mym 4BISwis-iltodNigkd i n
another mxer to.forma o esolutlon The solution thus forned

ha
contai ned 78 BT 90 bep piaced 1 Ryihe eapier The ismpergiung ofdBRsesAPCARIST VS e, 2. 47

W% of nonpetyqrs idesorne daghvs alihales ARd %Act%%egfco%le%y&%“ des),
7.28 wt% of the nethanol, and 19.94 w % of the t-butanol. The sol ution was

then sent tselusianiefedriseenether vmnumvmatm aridgbenyinotheNVEH-ignisisgparator
Speci fi cal Ly ]Ilﬁm 3L VRS il ri. en placed in
t he react or %ﬁ%?a?ur e éb. e oé"géefﬁ%duggav% %er%nv%lged bﬁ'g%)Ld?'he reaction

time was 17@ tes. é}er the reaction was conpl ete the solution was
fed into arl Her VARSRRT e IBE BTOHPCté%l?EP”BQ‘?é‘HOWF?@?QdIQ%?ﬁIM pliphegtesepar at or
to obtain @ ¢y Q@ aonodiPeredRRAiLIyaRideE, ahll 8. 1IRNAGHELIMaRedet er m ned by HPLC.

—_

1.2.3  Example 3

[098] Oil sources other than soybean oil were used as starting materials for
preparing alkyl esters in a manner similar to that described in Example 1. Oil sources
used included waste restaurant grease containing high free fatty acids, waste restaurant
grease containing low free fatty acids, tallow, lard, fish oil, palm oil, and castor oil. In
one experiment, waste restaurant grease containing high free fatty acids was used.
Specifically, the reactor containing NOVOZYM 435 was fed with a solution containing
such waste restaurant grease (49.1 wi%), anhydrous methanol (7.6 wt%), t-butanol (20.5
wit%), and an alkyl ester (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.
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[ 097J Unexpectedly, the product obtained above contained 99.24 wt % al kyl
esters, 0.65 wt % nonogl ycerides and di glycerides, and 0.11 wt %
triglycerides. 1.2.3 Exanple 3 10981 G| sources other than soybean oil
were used as starting materials for preparing alkyl esters in a manner
simlar to that described in Exanple 1. O sources wused included waste
restaurant grease containing high free fatty acids, waste restaurant
grease cont ai ni ng low free fatty acids, tallow, lard, fish oil, palmoil,
and castor In, one experjnment, waste restaurant %r ease cont ai ni ng hi gh
free fatty @8-? lgs mhlsaﬂag@aexpesa@eﬁ fisle a1l (ap animal oild aves Byedcas ap ail Kpuree. NOVOZYM
435 was fe rease (49.1
W5y anhydi sl PN (2 §P By S P AT SRR
ester (22. @nhydepus [Spildiel (398 WiPo) INOVER Yix43H fmmapnmmnsbsdeﬁlomrﬂ“hea carrier
and then pl or. The.te ctor was 45C. The
reaction !to |r§%&gn C&E}A Halsmerlfﬁihe same A% hope nggeﬁ%rf Eragmet%e]? éé%?kgrre%ggni sol at ed
and its coompitdd mIYSV(ﬂ&gdlgiéeElslgibmdtebllj/kﬁ?bfbdu&ﬁﬂ%ﬁﬂé‘dlé;ﬂby%}edt%%BFi)lrft%jUCFa
obt ai ned abqv cont ai ne wt % a esters wt % non yceri des
and di gl ycé??]fygég‘?m;an@ W%G‘“’WW&‘FMB&F‘%‘ég]iyﬂi@esa-anﬂi Jiouds tr}&lycgrmgﬁsher
experinent, fish oil (an animal oil) was used as an oil source.
Speci fical [[91000i shlnoaitilll ahbRerexpefinemapalmi oikb@ phintt bil)awkwwkled)usaﬂmt el (7.8

wt %, and nhyd 9.8 W I rst
one- phase ssalem lfﬁtyml &g:}e Y& W%?dﬂ‘&?ﬁ Wbtﬁé"abyéif%ust’ﬂ% wgwgic’sg@
descri bed abbyd m@@@n IcBRé] (4610 WiBAGT 4 Akt mERTR RIr@th drid-phascbolitioH! A
Unexpect edl y, t?le rodact ob(t ai neg@cont ai ned 95. 63 vvt%p%g? kfl)l 1esteres 3.03

Wt.% nonog| J%F'P@é@d&msme@? {hesamei asthosafigsoribed abpwmexeenhes heirerstion [ 0100] I n
still anot I?:@fn WQBM”Wmu&@l mh&()ﬂect@@lgpéhéyog%d&bt ‘%ﬁéahéégﬁ%eﬁ%@'? vibd source.
(4 Wt % wasS m Xxe an

SpeC| ficall pI ant ol fous nét hanol (7.5

- W%, and mr&ds%t“’ﬁ/ﬁrwonagbcﬂmﬂes aublig@yorides,iand 4. G‘&Wt% trighcenideso form a
one- phase soI uti on The reaction conditions were the sane as those
descri bed that the reaction conpleted in 41.0 m nutes.

Unexpect edl y2 th xfff’ étfct obt ai ned contai ned 96. 97 W %

[0101] Primary alcohols were used as starting materials for preparing alkyl esters in a
manner similar to that described in Example 1. Alcohols used included methanol,
ethanol, isobutanol, 3-methyl-1-butanol, hexanol, octanol, decanol, and lauryl alcohol. In
one experiment, the reactor containing NOVOZYM 435 was fed with a solution
containing fish oil (52.0 wt%), ethanol (11.2 wt%), and anhydrous t-butanol (36.8 wt %).
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 39.0 minutes.
The product from the reactor was isolated and its composition was determined by HPLC,
Unexpectedly, the product obtained above contained 97.44 wt% alkyl esters, 1.44 wt%
monoglycerides and diglycerides, and 1.11 wt% triglycerides.

{0102] 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 t-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 product obtained contained 95.06 wt%

alkyl esters, 4.11 wt% monoglycerides and diglycerides, and 0.88 wt% triglycerides.
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al kyl esters, 1.95 wt % nonogl yceri des and di gl ycerides, and 1.08 wt%
triglycerides. 1.2.4 Exanple 4 [0101] Primary al cohols were used as
starting materials for preparing alkyl esters in a nanner simlar to that

described in Exanple 1. Al cohols used included nethanol, ethanol,
i sobut anol, 3-nethyl-1-butanol, hexanol, octanol, decanol, and | auryl
al cohol. In one experinent, the reactor containing NOVOZYM 435 was fed

with a solution containing fish oil (52.0 w%, ethanol (11.2 W%, and
anhydrous t nol...(36,8 wt 9% . Specificall NOVQOZYM 435 was i mmobi | i zed
on a carrief ?giaglntshg%n?}f‘%fceé‘aeriﬁﬁeqtﬂéuryf@&%*{og é#%@cqlpﬁp\@esd{sgﬁ@wamng |
react or wasmdbkal. Bhecifi@Ae! §d9Bedni o3 NASKBE). v@asrﬂuﬂbﬁ ®ith anh ?OL@ 'jz%j)'ﬁ%cofﬂi]om the
react or was |soI ated and 1ts conposition 'was determ ned by

Unexpect edl &30t Hee)pdscanby draps ahuiang! éa?e?/‘ef%bmtaaﬂinﬂ@ﬂlngim@rm%abkqsb esters,
1.44 W% rRARGLY §8E i’é%@l?orﬁéb‘i’xdﬂ g %El%rthf?%a%QEos% f’lt)n\%d/ Bk g)&é/egg{h HE? arting

[0102] In another experinent, exa ol Was use
mat erial . TSpRsioh ﬁpmaleteyl, in §6.9bmautes)| Unp8ctddivs 88 pwdactrabiaicbdwohitainad Ry @8 ous

hexanol (2 6 anhydr ou ut a 19.7 wt% in first mxer to
form a one- aé“éy/?es é’ﬁ.vaf*?;‘é’o"%i%f 1? agifﬁhgciapg‘?fsa%/a‘%b %9 tdghieendes-t hose
descri bed above except that the reaction conpleted in 46.0 m nutes.

Unexpect edliyz st henpppguct obtained contained 95.06 wt% al kyl esters, 4.11
wt % nonogl ycerides and diglycerides, and 0.88 w%triglycerides. -23 [01031

Starting O] o SRERMIT Moo Wb LB EXeRnt Rl R L8R O

anpydrous Ilaam}ahnmsmﬂmto ﬂ(aBBeserwcP/ﬁm Iﬁxm@]eanh@(rﬁbmw%dbw]m@h%oﬁ)?@aﬂow% in

afirst mxe 0 ol ution e reaction condjtions were

the sane az Fﬁ&gcé’aglégcg'i“%‘g (ggg\?@‘)]é‘ibéﬁ% sgaQrdary peoctyl alsphql gmC8 glegheld-ed i n

66. 0 ni nut gs onélﬂq;éﬂﬁféhﬁﬂleweac&é}%oﬁmﬂg@vovl@im%s%%&! »O&‘ﬁa ggﬂbﬁé‘ wt % al kyl
i

esters, 4.07 w % nonogl yceri des and gl ycerides, and 0.90
triglyceri §eataining rapesegdeihid BL%00 SORPPEEd 6HH B ohland iydrave t-emybed as

SLarti ng maicephabhs ot PSEREAG, ROGHZ SRS ok By BuFORNSE o Sl 2 10 Nt

described in Ex I'nclu sopropano
then placed into the reactor. The temperature of the reactor was 45°C. The reaction time
was 39.0 minutes. The product from the reactor was isolated and its composition was
determined by HPLC. Unexpectedly, the product obtained above contained 93.92 wit%

alkyl-esters, 4.86 wi% monoglycerides and diglycerides, and 1.22 wt% triglycerides.

[0105]) In another experiment, 2-butanol was used as a starting material. Specifically,
soybean oil (52.5 wt%) was mixed with anhydrous 2-butanol (18.9 wi%), and anhydrous
t-amyl alcohol (28.6 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
46.0 minutes. Unexpectedly, the product obtained contained 92.84 wt% alky! esters, 5.08
wit%e monoglycerides and diglycerides, and 2.09 wt% triglycerides.

[0106] 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 n-
octyl alcohol (29.3 wi%), and anhydrous t-butanol alcohol (24.3 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 42.0 minutes. Unexpectedly, the product
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(a C3 al cohol), 2-butanol (a C4 al cohol), and secondary n-octyl alcohol (a
C8 alcohol). In one experinent, the reactor containi ng NOVOZYM 435 was fed
with a solution containing rapeseed oil (52.9 %, isopropanol (14.1

wt %, and anhydrous t-amyl alcohol (33.0 wt% . Specifically, NOVOZYM 435
was i mmobilized on a carrier and then placed into the reactor. The
tenperature of the reactor was 45C. The reaction time was 39.0 m nutes.
The product fromthe reactor was isolated and its conposition was

det er m ned .HPLC.  Un ect ed| t he praoduct obtai ned above contai ned
93.92 wt % O%i’%ﬂd CQEPBFEQ@%%%%‘ ﬁﬁﬁﬁS?-f}é@W‘dﬁ@loglyaeréﬁe@ Ap¢ dighgeadesand 1. 22

wt % triglyceaidgsws rdlRedddsn anot her experiment, 2-butanol was used as a
starting material. Specifically, soybean oil (52.5 wt% was m xed with

anhydrous 2-butanol (18.9 wt%, and anhydrous t-anyl alcohol (28.6 W% in
a first m Xe2.6t o Axamplead one- phase sol uti on. The reaction conditions were
the sanme as those descri bed above except that the reaction conpleted in
46.0 m nut §8107Unaxsikyd tesd} Was frogar@l @iCundial BRIME MR Al H Q82 nideritdsYo al kyl
esters, 5.08 w % nonogl ycerides and di gl ycerides, and 2.09 w %

triglyceri d&&2 SHETBKINTeaHOP N & MSNPRE Siralasde thebdiscrikedo kdampled- oct vl

al cohol wasspusaeLIRSHR redctr i : 0°0% Jof | ] (-1, (46.4
w% was m >}<)ed Wi?/ﬁ anhydroglggigleéﬂggﬁlgg%ryﬁgggﬁ Tegﬁlggﬁ%fa?%@ﬁgﬂﬁ%ég, and
anhydr ous tanhydreusdiurid asshGl7.7(wide)3ankydfous methaholr($ 7.6 mitk@y andanhfdrows ta

one- phase | A% he } nditions,.were the.sane as.thase
descri bed %gl%g{)/fe@gx\g{g&f ﬁt(ﬁgﬁkmﬁge)‘gg% TPEROR U R AE TR 24 D0 it fhces .
Unexpect edlrgactarh@hpteatherature o2 the okicrir had 46Nt hoveset B2 Wil Hrut@st er s,
2.45 wt % ogl ycerides and diglycerides,, and 2.86 w%triglycerides.

T 506 Bxanie Destiehbin Dtess eyt sird Sakissumsrian nét Agematd & a6 o and

met hanol ~ aggaioar SRNUSRIBNinA: MIXVieaT8NIeRSHEs0 b FBL i Qe mRNNer
simlar to%t hat descri bed i n Exanpl eei.eﬁgﬁsjpﬁe(zz{nf f%aloloi;,ﬂlﬁﬁ%%ée}%g%'gqre’
cont ai ni ng fRGvERYMmigsinyaiscoedplif tatio 220sto luteangrratwat 300AC ndptecanh§idy, ous | auri ¢

acid (77. 7@1}\%%@9% met hanol (17.6 w %, and anhydrous t- butanol
(4.7 wMo0). ‘was i mobilized on a carrier and then into the
[0108] Unexpectedly, the product obtained above contained 96.0 wt% methyl laurate and
4.0 wt% lauric acid.

127  Example 7

{0109] Alkyl esters were prepared using soybean oil and methanol as starting materials in
a manner similar to that described in Example 1 except that the soybean oi] was heated
for a period of time before use. Specifically, the soybean oil was first heated either at
200°C for 5 minutes or at 210°C for 1 hour and then cooled down to the reaction
temperature. Subsequently, the soybean oil (49.1 wi%) was mixed with anhydrous
methanol (7.6 wt%), anhydrous t-butanol (20.5 wt%), and an alky! 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.
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reactor. The tenperature of the reactor was 45C. The reaction tine was 37.0
m nutes.~ The product fromthe reactor was isolated and its conposition was
determned by GC (8610C, SRI, USA; colum: MXT-65TG length: 30 in, I|.D.:
0.25 m carrier gas: He, flowrate: | m/mn; injector: split ratio: 20 to
1, tenperature: 300C, detector: FID, tenperature: 370C). [01081
Unexpectedly, the product obtai ned above contained 96.0 w % nethyl |aurate
and 4.0 wt%lauric acid. 1.2.7 Exanple 7 [0109] Al kyl esters were prepared
usi ng soybe terials in, a manner simlar

il and t hano startin .
to that des@ﬁilge ngRpe ?’r’df 0*@36%’}9?16? 47@@’%§ﬁﬁéahta&4pr\ﬂﬂ‘éaheat ed for

a period of cdntdil@ing & than USewtyeRReHER! Usihg sbtRass 8l REARH AidooMB s fsi st heated
either at 200C for 5 mnutes or at 210C for” 1 hour and then cool ed down to

the reacti ofiNes3pe peing peybean aibhegiedrmt P10°Criael boybesspectively( hgtlzompgtoig%n, \;v?;tai

m xed with I ey 04 [ t - but angl . . 5. ,
and an al kyll%ggggg%ﬁ(ﬁ%tggg}dv]\ﬁ%%?%Emlgﬁ\é@ané@l ?(nefd?ltﬁ %}%P g]lrgli?l goﬁﬁéﬁgﬁ%téo%t&rm i on.
The sol ut i obratvseatmpign sent to the reactor, which was filled with NOVOZYM
435. Specifically, NOVOZYM 435 was imobilized on a carrier and was pl aced
into the re or I.n advance. The tenperature of the reactor was 45C. Each
pr oduct froﬁg'%h was isolated and its conposition was determ ned by
HPLC. - 25 101101 Unexpectedly, it took 50.3 minutes and 47.4 mnutes to
obtain a prl@4LBt bH?QQYMEﬂ}fll‘éégﬂmhmmmxslarwgmaailwmmwwag soybean

oi | heated 1 LNg_soybe il heated at 210C for
| hour, res%éeggtgé%\g(glﬂye. aﬁ‘)é‘g‘lsrr%gérd%g&%?‘g%ﬁ ocrjgf(epglty%’.’g&a }ﬁfff’résfnflgl%erso ina
si-m | ar r eathilorio dondesciibniniangls hySyeaiicaily, it\/\dvztshﬁiﬁtobrllde@bp afgeaiu}a!tddeat ment .
1-2.8 Exanple 8 [0111] LI POZYME TL I M (a_ thernmonyces | anugi nosa |ipase,
Novozymes rr%}]gac i Ak ibpy pla H‘éﬁ?qg)eaﬂﬂ'sa%?éﬁﬁcﬁg was thanded withpsplugprpar i ng

al kyl est ercontathify §5DEA0il (49.1 wt%), anhydrous methanol (7.6 wi%), anhydrous t-butanol
(20.5 wt%), and an alkyl ester (22.8 wit%). The temperature of the reactor was 45°C.
The reaction time was 51.0 minutes. The product from the reactor was isolated and its

composition was determined by HPL.C.

[0112} Unexpectedly, the product obtained above contained 94.04 wt% alky] esters, 3.65
wit% monoglycerides and diglycerides, and 2.31 wi% triglycerides.

2 Single-stage biodiesel fuel production approach

[0113] Referring to FIG. 3, an example of the processing plant 100A of the configuration
shown in FIG. 2A includes a number of components used to implement separators 220
and 230, as well as additional components not shown in FIG. 2A used to process the
recovered output and waste products produced by the separators. In this example, the

reactant 130 includes an alcohol.

[0114] The reactor 140 can be, for example, a plug flow reactor that includes the
enzymatic catalyst 142. A description of the reaction between the oil source 110 and the
reactant alcohol 130 can be found in section 1.2, and in U.S. Patent Application
10/945,339. The velocity of fluid flow through the reactor 140 is controlled so as to meet
a residence time specified for the reactor 140, allowing sufficient time for the reactions to

be completed. The residence time can range from, for example, 3 hours to less than 20
. - 26- :




- source react ant and

simlar to that describe in Exanple 1. Specifically, it was immobilized on
a granulated siliea carrier and then placed in the reactor. The reactor
was then fed with a solution containing soybean oil (49.1 wt%, anhydrous
met hanol (7.6 wt%, anhydrous t-butanol (20.5 w%, and an al kyl ester
(22.8 wt%9 . The tenperature of the reactor was 45C. The reaction tinme was
51.0 m nutes. The product fromthe reactor was isolated and its
conposi tion was determned by HPLC. [01121 Unexpectedly, the product
esters, 3.65 W% rm %/CEI‘I des

obt ai ned aboye, co ned 94. 04 w % Q

and di gl ycePiPyBs, %‘?1{’? 'i??urﬁf?/ﬂ’ﬁr %}5&) jsqraintaiiedptn prgsel gli‘j ®sel fuel
producti on raﬁgymﬁﬁrfoﬂ e, BoPEN6 05, ldepdntifag i partbn 8% cﬁ‘oﬂfsotnh‘s@

processi ng pl ant OOA of the confi guratl on ﬁovvn in“FIG 2A includes a

nurmber of 68%&‘?@@%5@@1 to inplenent separators 220 and 230, as well as
addi ti onal conponents not shown in FIG 2A used to process the recovered
out put and [MaEi]d hereadttetld0 poipdisaasdudeyproduet $(m9au‘rﬁxmdmsluddsrall¢yﬂlbﬁeregﬁgmb]e t he
react ant 130 ,i.ncl udes a al cohoiﬁ‘ ({0114 ,Th reactor 40 ¢ for

exanpl e, a B DY $EAaT Bcompiied At httare Gsipirairam ra?%{l 142. A

descri pti orheBlechiife 6ifafkdcONn oRAH WREBadid}R 190, | ESHI &S0 bhéorARieel Rcicl 8AST ant
al cohol 130 can be found in section 1.2, and in U S Patent Application

10/ 945, 339.incfpde meragdyoeyideandidiglyerrideow t hrough the reactor 140 is
controlled so as to nmeet a residence tinme specified for the reactor 140,
al | owi ng SL[f)ﬂ(i]i'}éﬁtprddemg‘}ﬂanttlheAﬁﬁﬂ@dds@@Spdr@onb@cﬁtiﬁﬂﬂ()&hﬁ@epdfﬁ@s thesi dence
time can range from 3.hours to |less than 20 -26 m nutes. The

xaml e,
t enper at ur BP0 s nd ecquSe Hg?g“‘itéoﬁﬁ}t?rtfa’f GeEple crds elyeerel Vol and crwdi ch can

range frOmbufcﬁésepxmﬁélﬁdm%Qnﬁaét&i 1o mﬂ’eﬂglﬂmaﬂﬁhﬁe&%dtrgﬁztatrﬂ Ppgo.of oil
al yst [01151 The reactor 140 outputs a crude

product 103 hevsppasttianmeedwie?? Ginklpdesastaenym gvapomtarl such and wipqsithintfiles, such as
e N
i ncl ude nonsgkyeierf, Germandy, el adiyplerflagdle drum integrated with a packed bed evaporator.

The thin film evaporator 324 separates the various components in the crude product 103

using thin film evaporation. The thin film evaporator 324 includes a thin film that has a

lafge surface area so that the inert solvent 120, unreacted alcohol 130, and water can be

evaporated at a faster rate. Components having lower boiling points, such as unreacted

alcohol 130, water vapor, inert solvent, and other impurities, are flashed, condensed, and

collected in a solvent recovery unit 328, which separates the inert solvent 120, the

unreacted alcohol 130, water vapor, and other impurities. The inert solvent 120 and the

unreacted alcohol 130 can be recycled and mixed with fresh solvent 120, fresh oil source

110, and fresh reactant alcohol 130 as part of the input to the reactor 140. The water

vapor and other impurities are sent to a catalyst converter 362, which coverts the

impurities into, for example, carbon dioxide. Thé water vapor and the carbon dioxide are

output through a vent (not shown).

~[0117] Remdue from the thin film evaporator 324 1nc]udes glycerol alkyl ester,
unreacted 011 and uncompleted reacted oil, Whlch are sent to a first coalescer and

separator 336. The coalescer coalesces the glycerol droplets into liguid form. After the
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[01161 The processing plant I OOA includes a separation nodul e 220 t hat
separates the conponents in the crude product 103 into, for exanple, crude
gl ycerol 168 and crude biodiesel 150 including unreacted oil 110, inert

sol vent 120, and unreacted reactant 130. The separation nodul e 220

i ncl udes a vacuum evaporator, such as a wiped thin film evaporator 324,
nodel VD type, nade by Verfahrens Techni sche Aul agen GvBH, Deggendorf,
Germany, or a sinple flash drumintegrated with a packed bed evaporator.

The thin filmevapgrator 324 separates. the various conponents in the crude
oroduct 103 HEPAEUEHIGA TOF PETabeF s Hihe Sorareias; the blcisehran dreaalserobo

includes a winive shdrived f}altmihﬁﬁn Bpper #ySLOIHHE]iAC Barfdl LB W Plal U glydErol. NN
sol vent 120, unreacted al cohol 130, "and water can be evaporated at a

f havi I i ' h d
et conol - 130" FEER 163 5 0k Rees 0P beRPed iRk EbSornbliEy o PTESt M achnea

condensed, imparitiesobichak @atdr/inert sellatenind hataved Ycolivl! TR SudwhlyediolSieRas at es
the inert solvent ﬁ‘éﬁoi th unreacted al coho] 130, water vapor,_ and other
i npuriti es.SHHE 2CHERENCHIY) B¥POIaeT 33hd Anrfaamplerod ia arepienhd is a3botamhpe

recycl ed angapinged swit 4 ﬁé&?b@@k%%ﬁde%g%%ﬂf GRAH Yrla AL Ish dfh and fresh

reactant al cohol 130 as part of e input to the reactor 140. The water
vapor and cPHRled wiharneckadded cvappstier. thezgvepnratby 318 apsraiesrtyevaBédionthi ch
coverts th j ey i . . | rdbon...di oxi The wat er vapor
and the ca?%%%ﬁgﬁ%%$%%§gggﬁpgﬂ%%%?géﬁggﬂgﬁmQ%VéﬁF:( 6’K§ﬁgﬁn)§m[01l7]

Resi due fr emumhle, thhiparefglyaerd & oaralbeodt 1@20N0 plrd e Svegghycer ol , al kyl ester,
unreacted oil, and unconpleted reacted oil, which are sent to a first

coal escer 3ﬂﬂl9] S 14k r%%eﬁgﬁbig%igfel m@_eﬁ%ﬁ%ascc?@de 8cﬁ§se;f@3 eygesol droplets

into liquid form After ‘the - solution settles down for a period of tine
in the separdudss impiratidsi sigh eswicompittedreagtd/aib noteactad bil, dnd tsiepanadne df

form ng an l r of..bi odi,esel.. an . | ower .| ayer,.of gl ycerol . 0118]
The | over IEFERL P RYRlncit s FRAE R RTGTis elen BT Pec b Raglor gt o

i ncl udes iAgieséritied abosy eleyclihgwid @ide bibgieiel 324 ¥aNkdudntk ARG @86t @ektal cohol .

The crude glycerpl 168 js, _sent to a crude glycerol evaporator 338. An
exanpl e of %Plgféntég%{ﬂﬁ)’fe&’r‘%?d @QEISF‘gv‘&gW]tS-"H%fFH“d Espaisat dedde!, s pdditiondoppdel VK

type, made gayadviMasdMBtroRbtisg S McBod foadhpRidhays.

[0120] The portion of the crude biodiesel 225 that is not recycled is sent to the final
separator 230, which includes a short-path evaporator 344 that separates the biodiesel

from the impurities to generate the pure biodiesel 150.

[0121] The short-path evaporator 344 outputs uncompleted oil, unreacted oil, and
glycerol to a second coalescer and separator 354 or a regeneratable ion exchange resin
bed (plug flow bed), which separates ore removes the glycerol from the other
components. The coalescer and separator 354 outputs crude glycerol 156 to the crude
glycerol evaporator 338, which processes the crude glycerol 156 to generate pure
glycerol 114. The coalescer and separator 354 outputs uncompleted and unreacted oils,

which, optionally, can be recycled and fed back to the reactor 140.

3 Detailed design of a single-stage system

[0122] Referring to FIG. 4, another example of plant 1 10A of the configuration shown in

FIG. 2A is described in detail below.
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coupled with a packed bed evaporator. The evaporator 338 operates by
evaporation to separate the glycerol frominpurities, and outputs the
"pure" glycerol 114. As an exanple, the pure glycerol 114 can be at | east
99% pure by weight. [01191 The upper | ayer of biodiesel is referred to as
crude bi odi esel 225 because it includes inpurities, such as unconpl eted
reacted oil, unreacted oil, and trace anount of glycerol. A portion of the
crude bi odi esel 225 is recycled and fed back to the reactor 140. As

descri bed aﬁove recycling. the crude biodiesel 225 can reduce the anmount of

inert sol V8M31Beferipg to B i barket T iAsweudesan aihdrus (D- Dot swrestle plact ant
al cohol , i nopddirhh Ohetifert §0hseen9ﬂ2031@%ﬂgtﬁl iff st glﬁgwhﬁﬁ re!zcgﬁgg ﬁgs'ﬂ ih&

conpleteness [ 01201 The portion o cru e bl odi ese I'S not
recycl ed i sobent retcmd‘méleﬁlsalabnt feopsnlamd rec@ @y unitwathin the bladig sndanitrhgent - pat h

evapor ator 34 [ e biodi esel he .i itie

gener at e t%?&%gﬁq%ﬁgg%@%%gw [)](fh'”ﬁelf cﬁ‘?{{é’g?ﬁgwlp %f%"eg@;l!&mﬁ’%ﬁ 344

out puts uncuopblel3eds sioted inarearhesdcsliol druaf) Whidl ¥evefrebiPreacta@Giidtiolc 0al escer
and separ at or 34 or a ré%ﬁneratable i on exchange resin bed (plug flow
bed), mhicﬁm§@% refclet glehiol. and PEWEER 8%yl ycerol from the other components.
The coal escer and separator 354 outputs crude glycerol 156 to the crude

gl ycerol eJ8pdi adizing3gahe aihsomhcepr Ociosts edvertid 28 rand ecaglaypcaealiol 186ist o gener at e

pure glyc The ¢ Ie cer a arat or .354 outputs Ieted and

unr eact ed gjeﬁlorme Wing o Ci} P%"?W”e'ﬂ%iﬁg‘ ni’gi‘{?gll’[éeﬂe PE‘A@S to the

react or 14Qumds Epetaldoafbedeeh@ng@fpm @Qﬁgbﬁx&@ﬂ@to&hﬁ&av&a@eﬂ%o&%&iri ng to
e of pl ant OA of the_configuration shown in FIG

FI G 4, anoﬁger exa
2Ai s desch 43 @E‘F‘éﬁn ‘kf-'ef%ﬁxam@‘&a packesh be) fillndrvhy supey-ahsotbpis nelymase
plant 1] Ofmdt RGhMLERadWak? dlfla"c%@ﬁ' the 01tl ce'S tfﬁq{mﬁﬁuet\%@er% }emo%&?' q:ffee?.lli]' 10. The

inert solvent 120 is stored in a sol vent Ich recei ves res nert
sol vent, r éeyet sdentribropgk apipedt0 faveard §”@Imﬂswt 2 ¥0pwhichrincludes & statit hiixert he

From i he s6YENPE A S anFlRd s WAGRBA TR i TR 2o efan. "ol ool
drum whi cheaceaeindahe ineashlvestiacwandtthadigtthalxer 438 at a rate so that the ratio of oil

source versus the reactant alcohol and inert solvent is maintained at a predetermined

value. The pump 430 also pumps recycled crude bio-diesel 225 through a pipe 476

toward the static mixer 438, ata precietennined ratio of recycled crude biodiesel verse oil

source.

[0125] The static mixer 438 can be, for example, a multi-element static mixer such as
described in U.S. Patent No. 3,286,992, or a compact mixer, such as Sulzer Compact
Static Mixer, available from Sulzer Chemtech, Switzerland. A static mixer does not have
moving parts, and mixes the solution without external power. The static mixer 438
causes the reactant, the inert solvent, the oil source and the recycled crude bio-diesel to

mix thoroughly to produce a homogeneous solution.

[0126] The reactor 140, which includes a heat exchanger (HE-1) 448 and a cartridge type
reactor (R-1) 404, receives the output of the mixer 210. Specifically, the output of static
mixer 438 is forwarded to a heat exchanger (HE-1) 448, which regulates the temperature
of the mixed solution by using, for example, cooling water, hot oil, steam, or electrical

heaters or coolers. The heat exchanger 448 can have, for example, a double pipe design.
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recycl ed reactant al cohol, and nitrogen gas. [0124] M xing of the oil
source 110, inert solvent 120, and reactant alcohol 130 is perfornmed using
a nunber of conponents. A twin headed netering punp (P-1) 430 punps the
oil source 110 along a path 432 at a fixed rate towards a water renoval bed
(RB-1) 436, which can be, for exanple, a packed bed filled with
super - absorbent polyner that renoves trace water directly fromthe oil
source. After the water is renoved, the oil source is sent through a pipe

440 toward xer, 210, whi h|nlude |c m X ( 1)..438. At the
sane tine, 1151 tﬁﬁoﬂg’ﬁﬂgﬂtew (?’ﬁ%‘e% (fgﬁa}lg E r‘iﬂﬂ?ﬁg‘aﬂ?ﬁwﬂé%iﬂ’ttﬁﬁt and
the inert sarmenic daQWar 2| BethRicadd 16pa8R. XBife d&SBiod kenfpek Al 8P bd Al rahfiEofr at i o
of oil source _versus the reactant al cohol and inert solvent is nmaintained

at a predetdpPiPiedreliiblyat roprpteppaatlus (fonexs@PiuApSCrecycl ed crude
bi o-di esel 225 through a pipe 476 toward the static m xer 438, at a
predet er m f@1L7] &t inomigk ofaimynzimelt)qmmdﬁcabiridgé @ktan\bersal. Oot exagply, ar. [ 0125]

The static mx for, | e, ti-el enent stat|c m xer such
as descri 5&4" ‘i?g’i’ 4@3 E%? E‘ﬁf‘ pBYbHat tgul’%ft% hsrEten s Revided githe as

Sul zer Conpagém oﬂlrﬁtdaﬁn é&@ﬁ'etalﬂ‘f@é érél?xlnﬁtié Eéi’é]?scéll hz ﬁﬁthglﬁ%zﬁﬂﬁm eSWdt zer I and.
A static m xer does not ave novi ng parts m xes the sol Utl on w t hout

ext ernal poRRther spren & pipyidedatits uppgBportan Q%%le 10111@ idesaeteapla flawef thaer t
sol vent, thefid; r@ﬂyseﬁﬁu%@dsmeﬁ aﬁwo%gre&{sua}%[cgq@%%% i€RRL it ol X

thoroughly to produce a honbgeneous solution reactor 140, which
i ncl udes achishyst. @h@hamgmture-r@ﬂa)em&edmluaomanérs th&gﬁrth;lgre404rtblamg]®ﬁn (R 1)

404, receives.the ou eC|f| t.he out of
statice m vEmhaE PEEHUES sfed 4T ek e Rnuet B ey salhapicy
regul at es (e chBWREE d4tklya fadfitatebe réﬂcﬁ@ﬁi b&%éﬁ the 'ﬂea@ténﬂﬁbdlﬂ:ls dnartnexanpl e,
cooling water, hot oil, steam or electrical heaters or coolers. The heat

exchanger 4248 é{ﬂ“?’i‘d%?@uc’@fsd’flg]é%’dﬁﬁi ta geperalg alybesierpely ereeli gnd. waterfondrpre
sol ution t Bap, fRLRARs)@n el ongated cartridge 404 of the reactor that is
filled wth the  enzymatic catalyst 142, in this case |ipase. The reaction

E ? gfeéiglrjr{)l?%ﬁgggg%%agto? 1£0a Sut:? Il crude prodxglgt%laterrlc%c%g% ly es%;[r él?ge%]t enperature
unreacted oil (triglyceride), uncompleted oil (monoglyceride and diglyceride), unreacted
alcohol, inert solvent, and other impurities. As described above with reference to FIG. 3,
the crude output of the reactor 140 is passed to a separator 220, which includes an
evaporator 324 and coalescer and separator 336. In FIG. 4, a particular design of
coalescer and separator 336 is indicated by reference numeral 336A, in which a

membrane filter with pore size [~5 pm is employed for coalescing of glycerol droplets.

{0129} In the plant 110A shown in FIG. 4, the evaporator 324 includes a pressure
regulator (PR) 452, a preheater (HE-2) 448, and an evaporator of simple flash drum
integrated with a packed bed design (E-1) 451. The preheater 448 can use, for example,
hot oil or steam to pre-heat the crude product. The evaporator 451 can use hot oil or
steam as a heating medium in the jacketed area. Inside the evaporator 451, inert solvent,
water, and unreacted alcohol are evaporated and exit the evaporator 451 through an upper
opening. The inert solvent, water, and the unreacted alcohol are condensed and collected

in the solvent recovery unit 328 (not shown in FIG.4), and can be recycled.
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[01271 A nunber of alternative types of cartridge 404 can be used. For
exanple, the cartridge 404 can be a colum with grid support at the
bottom A screen is provided at the bottomof the cartridge to retain the
enzymatic catalyst 142 within the cartridge, and another screen is

provi ded at the upper portion of the cartridge to level a flow of the
solution in the cartridge. Between the two screens, the cartridge is filled
with the catalyst. The tenperature-regul ated m xed solution enters the
cartridge 404 hﬂrough an ning on the top of the cartridge, and flows
down t hr ough? pitign 8§#ﬁ|¢9§4€n¥4‘~2hqw¢mfhéﬁtzlyﬁﬁtriff@\'@atwyw include

faci | i tat esyges@RCHidho), lﬁf‘eﬁ%%mt ek SAPL AR RLAOIM A TRk sour ce.

which includes triglyceride, to generate alk ester cero and wat er
(and/ or ot tRAMMPTERARDE Lisesktp. SeIPfi@‘rthm@ m\@CﬁGéal?wal 40 S@lutlpuam‘i wetoy hd:mepr oduct

that includ héﬂﬂ{e §t|tc%fum1% gl%{eg t}aa 16%%(3 é}ltt ?rom tlll]% }.nértg%% %idéi i%rhm

unconpl et ed ol I (nonogl yceri yceride), i nert
sol vent, anwaiot.hBre inerpsolvdni, dscludiag descamduatofiiodieselyiif iyt efigrienchet o FI G 3,

t he crude oyt put he reactor. 140 ssed t epar at or 220, which

i ncl udes ango‘gmi%%&%hﬁc‘gﬂnéﬂ@ilsﬁﬁlc@ég%e%@ﬁ% a’f”& 336. In FIG 4, a
particul ar design of coal escer and separator 336 is indicated by reference
nuner al 336131 Innvikg shveat regevelny wrib thd lhrn'mcted/iaﬂdmhplm’nd vt exits Goinuke fop of

| d fo | 291 11 QA
S en Elhe 08 RS 8o BB LecRIFRLES wherbE it ded 5B BT pR) a2,

a preheat ercdliefie®jn A refAndiram 204 aR9tiad @F the teaSlanidleohbl @sith. driémottbit egr at ed

with a packed bed desi 1) 451. The preheater 448 can use, for exanple,
hot oil or @f‘g‘é‘?ﬁnt‘g %’%@E‘Emﬂ ﬁ‘é"sbgF%}B%Stbr"cfd’(?éftranq'ﬁéa]b%‘”a%}“a?@m%‘fdcan use

hot oil or al%%ﬁﬁﬂcﬁﬁe@sd]@&ﬁ' e SRAI MR of Bﬁeéﬁ&@éo@gl :ﬂfde]ﬁert s1edi Gard R

‘evaporator 451, inert solvent, water, and unreact al co are evapor at ed
and exit t hepetizaddhrengh a aBalystieooragter ami hyspesiout opreplictely. Hdﬂesmméemolwons/ent

e A1 S URLeRs LA RlEaN% aAbRACRONRRC IS ARG SRL TS sl NS

solvent recovery- uni Rowm i
[ 0130] The rccmenosddpemis onfthd deokmd aotbths dvicet dolvgti tati ate hided, sl diffeentr ecovery
unit may include E?nreact d aleé:ohol, inert solvent, water and trace anount

of bi odi esel**VFRO* G BAY b US

[0132] Continuing to refer to FIG. 4, the components in the evaporator 451 having higher
boiling points are pumped by a gear pump (p-6) to a coalescer (CL-1) 454, and the
glycerol droplets coalesce into large drr;plets that can be easily separated from the crude
biodiesel. Two liquids are formed in the liquid-liquid phase separator (S-2) 456. Crude
biodiesel is sent through a cooler (HE-3) 458 and a trace glycerol removal bed (RB-3)
461, which is filled with a regeneratable ion exchange resin. The output of the trace
glycerol removal bed 461 is split into two flows 476 and 478. One flow 476 is recycled to
the static mixer 438, the other flow 478 is sent to the short-path evaporator (E-2) 424

[0133] Crude biodiesel, which may include at least 95% by weight of alkyl ester, flows
out of the separator 456 and is cooled by a cooler (HE-3) 458. Cooling water is used to

coo!l the crude biodiesel in the cooler.

[0134] A portion of the crude bio-diesel is recycled through a feed back pipe 476. The

recycled crude biodiesel passes a three-way solenoid valve 478, which can switch
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colums can be used to separate the unreacted al cohol, inert solvent, and
water. In one exanple, the first colum separates the inert solvent fr-om

t he unreacted al cohol and water. The inert solvent, including trace anount
of biodiesel, if any, exits fromthe bottomof the first colum and is
recycled to the inert solvent drum 101311 In the solvent recovery unit,
the unreacted al cohol and water exits fromthe top of the first colum and
are sent to the second columm, where the unreacted alcohol is collected in

a top refl Wt 56“%3) ¥1Canﬁ u}eobisé] Ssef GRS 1ieas l?e%l 8%0269 lt eﬂp&l@nﬁ heug?l?ﬁ(gbafgn of

residue in t e secon unn onsi St oSt
unr eact ed 'mﬁnmh@himnﬁEMmeanGﬂkmmntnﬁﬁhGSSHBII anount of unreacted al coho
and inert solvent can be vaporized through a catal yst converter and burned

out conp! etii35) FRRINR FRIUTBes AT RenARELALEEL BHBTR Lo éJpMa at

anbi ent pressure I'n general, the design of solvent recovery ends on
the al coholevaprtatoh#d4 (pert of Sodl wemratoi0 aalsmmsmcFlGaB]):l THe fs}ioe‘r]mliu cvapegwer y

schenmes nay. refer F t.he c onents
T the: evardianiiS s peet el ) BE § elrShriRer 18 A R BIRE gear
punp (p-6) etv@pcﬁat@ﬂ@i Bl 'I(h@lshdr)—pﬁﬁévap@mﬂoﬁm seiryteethe biodiee@ll fedrs tieoal esce
into |arge q Iets thgt_c%ﬁ be easily separated fromthe crude biodiesel
Two | i qui dSEPELrBreRetedioH. 39 ther dmperitics o Hiigh Rmiks Blodiepel flomsout e ths 456,
Crude bIOdwaﬁﬁﬁofﬁyﬁﬁﬂﬁ%ﬁQﬁgﬁgb6a cooler (HE-3) 458 and a trace gl ycerol
renoval bed (RB-3) 461, mhlch |s filled with a regeneratable ion exchange

in. Th f th tot
Frows 476 b e Sameriocl i PRy L FOTE M Re e SB35, ¢ he
ot her fl ow gh#8rol auslegmta Iiaﬁh amosahﬁﬁmsay 72 TapohRhaEd 61Exs2ﬁunﬂ£é byh@a31 Crude
bi odi esel, which may include at | east 95% by wei ght of alk ester, flows
out of t he PSEDAPH 473 HEguckricpoplsr &%&6@&7%@@«:%@@?@@@ ok g soBibd ng

water is U%@l%ﬁfbrtlﬁ:%ouﬁhﬁ"l @Hﬁll? 15’&&%@1?%'1}&&01% A%grg e'nltjo %%% @ﬂrportl on

of the crude bio-diesel 1sr l'ed through a pI pe
recycl ed crdispesdidoun, %&ntﬁaem éydéemle@nmj'b@tﬂl’&‘@] @44vtalrvrem¢7®y whi ch can

,[S\r']\"et gnnp3i§§%£1ﬂﬁ§gl el%(il%n r'egj%'le%sto the ozpdr&nrﬁlbl'[% ?%grlol remova %r4499d above,

be, for example, a packed bed filled with a resin that can remove traces of glycerol from

the solution.

[0137} A dual gravity drain trap (DN-1) 457 is placed between the liquid-liquid phase
separator (S-2) 456 and the drum 474 to discharge the glycerol automatically. An
example of the trap 457 is available from Armstrong, MI, U.S.A. Alternatively, if the
“drain trap cannot be used because the amount of glycerol is too small, a small drum with
a high level switch and a low level switch, both coupled to a solenoid valve in the drum

bottom for glycerol discharge, can be used.

[0138] The crude glycerol in the drum 474 can be refined through a vacuum evaporator
{not shown in FIG. 4) to remove water, unreacted alcohol, and inert solvent. The
evaporated vapor is condensed and lumped with the condensate liquid drum of evaporator
E-1 (and E-2) described above. - The residue leaving the crude glycerol evaporator is pure

glycerol product suitable for commercial use.

[0139] High purity biodiesel from the short-path evaporator 424 is pumped through a

‘heat exchanger (HE-5) 408, in which cooling water cools the high purity biodiesel. The
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the recycl ed biodiesel toward the static m xer 438. [0135] The portion of
the crude bio-diesel that is not recycled is sent to the short-path
evaporator 344 (part of final separator 230 as shown in FIG 3). The short
pat h evaporator 344 includes a heat exchanger (HE-4) 486, a pressure
regul ator 452, and a short-path evaporator (E-2) 424. The short-path
evapor at or 424 separates the biodiesel fromthe glycerol, unreacted oil,
and other inpurities. H gh purity biodiesel flows out of the evaporator
424 t hr oudfina pthilodiabl nrb : oi |
cont am nat ed \II)VI th tra(;ep a%ﬁ%&y?ﬁu%@%@%t?@{%ﬁégﬁ%ﬁ%ﬁgﬁﬁ%gﬁgkﬁg drum
(S-4) 472.biggigselproduettingiostl fin & purg binsécsclyoducydam (DhhPDwigdhe 478-uplfough a
cooler (H : i ity .of..the unreacted il and/ or

t he armun:;t hg roiégrsgﬁlg??%iiqﬁé ﬁ%gg&dfe?atca}ef%%ﬁercé%lg‘i %Ou(%hlar}%%(ﬁ)a?}%paé%ﬁ{th?o a waste
oi | di sposger 2ilufoy thereaetl 40 lwhen ¢ie caudy biadiese! is henmmihbloethe (RRbZK 444 to

renove any__.remnaini cerol..and r cled to the oil drumD 1. The
gl ycer ol r%\?&PW@%gﬁ‘gh%éﬁ nmf}é’?ﬁ’Féﬁgé‘?(%‘Ih&recﬁc ghewEbioshicsckqanbeg with a
resin thatswighed 6ffWhen tHeadG@R bibdigklgemploytdom the solution. [0137] A dual
gravity drain trap (DN1) 457 is placed between the liquid-liquid phase
separator (S-2) 456 and the drum 474 to discharge the gl ycerol

Altetgmtive desiph ef afinglerstape axstedb7 i s avail able from Arnstrong, M,
US. A Aternatively, if the drain trap cannot be used because the anount

of glycer qb140§ HIQO5 SHBWS an afcHaBd dégfgﬂraf‘é’is%lgle s@aﬁa'r%hdé%’éa?hse%%&&ﬁ and a | ow

| evel switch, both coupled to a solenoid valve int um bottom for
gl ycerol diredustdigehargeiesige. Twediquidoras} (SFhkStranddSg) $6@vdiich are swischgdum 474

b fu t . Ln F 4
vater: untelitn RN AT SERRRY D\ L parbloi® RO pRRTA S pepibel s ° ™
condensed tatig dvepgedr. viitthidtdetecmen@ensatva) ke getdindirum §f6 fdasefat or  E- |

(and E-2) descr.i be bave. .The resj due |.eaving the crude glycerol
evapor at orauﬁ’énaf}ﬁ 198’%’03 Of SRR ERttop ?ﬁl?@ﬂq&@gﬂw@o - wrgRpolenodd [ 0139)

Hi gh puri tyilvies 858 a81e360f 4N it -vwdyodolenBRIVANVRB AU ANRE thd 3thw St tREEREEHAL hr ough
a heat exchanger (HE-5) 408, in which cooling water cools the high purity
bi odi esel .fropyihe drum 455 to the drums 556 and 566. The valve 560 regulates a flow of liquid

from the bottom of the drum 556. At a first time period, the valve 560 is closed, and the

valve 558 is opened. The three-way solenoid valve 568 is configured so that a top
opening of the drum 556 is coupled to a vacuum pump (not shown). The solution flows

by gravity from the drum 455 into the drum 556.

[0141] After there is a preset amount of solution in the drum 556, the valve 558 is closed.
The valve 560 is opened, and the 3-way solenoid valve 568 is selected so that room air
can pass a silica gel (or resin) 570 and enter the top opening of the drum 556. The silica

gel or resin 570 removes moisture from the air entering the drum 556.

[0142] Due to gravity, the solution in the drum 556 flows into the drum 566. After the
solution flows out of the drum 556 to a preset level, the valve 560 is closed, the valve 568

is switched and valve 558 is reopened.

[0143] A pump 562 continuously pumps the solution through a coalescer (CL-1) 454, in
which the glycerol droplets are coalesced into large droplets and separated from the crude
biodiesel. The pump 562 functions similar to the role of gear pump 467 in FIG. 4. The
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32 final pure biodiesel product may include at |east 99% by wei ght of al kyl
ester. The pure biodiesel product is stored in a pure biodiesel product
drum (D-5). During the start-up of the processing plant, the pure

bi odi esel can be recycled through a feedback path to the mxer 210 for the
reactor 140 when the crude biodiesel is not available. The feedback path
is connected to the solenoid valve 478 so that the recycl ed pure biodiesel
can be switched off when the crude biodiesel is enployed. 4 Alternative

desi gn of XS en1 01 EIG 5 shows an alternative, design
of a singl ?lgfltelta%%ee i Z%‘?’%g? tllf%{n g’itﬁ%5'f°f18ﬂ¥’reﬁsfu6%lﬁ\é\sona?’E@ﬁ’étrpé"éss‘ﬂféél?sﬁf?? Two
l'iquid drunsf ttuShlgh vhhimesitha(&r &) in Hboassvivir it @hepisvy 46N EHis pRELAWE Bibreyacuum
and atm)sphf(t? Cuinane, use& t.o d char ge liquid froma drum 455 coupled to

t he evapor atQYPIp;ifihespe 8?%‘&? %pWHBtmg‘I‘Rﬂ/\h‘n)"asﬁéO fiada syitablenymp- 556 and 566
for automatic control of swtching operation for discharging |Iiquids.
Two-way sol [@hdd]dl hevdaminsiseamd BpeanttbnS S bmilant thattgivendn REY. 4504 gmiladdasainfer 568

regul ate t f th m 455 t e druns 556 and
566. The vgﬁvéb%ﬂ?“gsﬁ eésoépgﬁgv\?p(?fa%r(Eﬁ)gwf’?‘b ’ﬂé tom of the drum
556. At a first tinme perlod the valve 560 is closed, and the valve 558 is
opened. Thes t hrgg-gnay phgt enoi d val ve 568 is confi gured so that a top
opening of the drumb556 1s coupled to a vacuum punp (not shown). The
solution fl fromthe drum 455 into the drum 556, [0141]
After there[m\%s]a@%?g ¥§¥%Sn‘%ﬂ?ﬁﬂ“§’&ﬂ {3 TYA-5f48¢ PrRSCHH q@%é 0B AEthg o) ve 558
i's closed. coffigurudivshodaGn FBEG PR @escridbdlinl @il Ry, PRI BRPLDaMalrv8oRb8 1S
sel ected so_that roomair can pass a silica gel (or resin) 570 and enter
tthe top opé:ﬂpnéBéﬁO”f’Wé gtHH956. The silica gel or resin 570 renoves

noi sture fromthe air entering the drum556. [0142] Due to gravity, the

sol ution i r[01463 Tohe dirst FHAich cofinise prme@sm@plaﬂrummﬁ@laﬁé ineludéshefirssbdiéd on fl ows
out of the q@ n}ar5§6 to ? g&gg%t vel , the valve 560 is closed, the valve
568 is swilfcnelShadPYIey diadirstegplesratiand ssrarater ASHhidhepeiiit i nuous! y
punps the sghikriyad cbﬁé@blﬂrﬂln@e!éﬁ@fﬁ@%@ﬂ(} Gch-ﬁsif)ad‘ﬂ)?ﬁsmg 9 shMa@ﬁ‘e\t ?@rangycer ol

droplets are coal esced into 8 ets and separated from the crude
344 as in FIG. 5, the processmg plant 11 B of FIG. 6 uses a second reactor 140, a second

evaporator 324, and a second coalescer and separator 336B. The second reactor 140,
which can be similar to the first reactor 140, includes an enzymatic catalyst, such as a
lipase. The first and second reactors 140 can use the same or different enzymatic

catalysts.

[0147] The crude biodiesel leaving glycerol removal bed RB-2, which removes glycerol
from the crude biodiesel, travels along a pipe 288 towards a second static mixer (SM-2)
210, which is similar to the first static mixer 210 for the first reactor 140. At the same
time, a twin-headed pump (P-4) 292 pumps reactant alcohol 130 and inert solvent 120
toward the second static mixer (SM-2) 210 at a rate so that a preset ratio of the reactant
alcohol 130 and inert solvent 120 mixes with the crude biodiesel at location 290 before
entering the static mixer SM-2 210. The output of the static mixer SM-2 210 is sent to

the second reactor 140.

[0148] In the second reactor 140, the reactant alcohol, the unreacted oil, and the
uncompleted oil react to generate more alky! ester, so that in an output of the second

reactor 140, less unreacted oil and uncompleted oil remains.
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bi odi esel . The punp 562 functions simlar to the role of gear punp 467 in
FIG 4. The -33 difference is that, for the punp 562, the suction pressure
is from anbient pressure instead of the high vacuumsituation as in the
case for the gear punp 467. This provides nore flexibility in the

sel ection of the punp, naking it easier to find a suitable punp. [0144] The
downstream operation is simlar to that given in FIG 4. A simlar design
for the bottomflows of the short path evaporator (E-2) 424 can be

enpl oyed. - 145] .Ref er r.i n t.o anplL.e of a

t wo- st age ;E)Irﬂxgs@%eng aF{P}te g é %aflestc?fe ands ?tﬁﬁﬁaﬁﬁ 'Bﬁug‘ﬁg\kﬁ‘e’f RYEYG 2B is

descri bed | b10d1e<tea|Wh1dﬂ91h10MesTd1laglfldr padceSIBRATG XamaROmbie thir $8% Bﬁwe%Bgmft ted
in FIG

in FIG 6. [014 e first ortlon of the processmg pl ant
6 incl udes "le\k o7 %%A%}BF purity giodiesel; phichanayjpeladeor tr@z&moaﬂkpfglxcpmbtls
coal escer ad‘édleﬁQ‘ﬂﬁﬁﬁih&%o&%@@ﬂE—‘B@ﬂ@ﬂ‘arﬂﬁﬁér%e@%d thtolbh ffe!r¥sit BeFRHEL ?@@nd' ng

elements in FIG, 5. Instead of using a short path evaporator 344 as in
FIG 5, thellsresrbed dP-g) sdilled withm resin | Gm@e troesamowe obglicerdact or 140, a
second evaporator 324, and a second coal escer and separator 336B. The

second r eadd180] IR finalwiodiict c dngHairiy BioliREel 180, tkigcH ink Enchﬁél%ﬁ’éxa%f’p@e

i ncl udes a} @1% @ Iﬁﬁt al yst, such as . a i pase. first and second
reactors 1 ¢} weight efallod shter, Hrse’éﬁ‘?ﬁé‘F?é’rﬁur@hBWﬁ‘éﬁtld@m@%‘tSél Veakigh[ 0147] The
crude bi odigag) bibdiesd RO UGS Hod cgn%mx@cleawrlﬁggggtam@& SVIBASS (T O]

fromthe crude biodiesel, travels ong a pipe s a second statl C
m xer (SM% to the fi.rst static mxer 210 for the

first react MSIﬁ% Sohg e’faﬂqéb]?aﬁf‘g OP?rPH‘ég copdiipn for@reredsing plpnts PO (8. bunps

feact ant alandBpindlBOBAIG I 6)ehh bs@) feRows. 2R filsOrasisk 4dapsRkRAE Static m xer
(SM2) 210 at a rate so that a preset ratio of the reactant alcohol 130

and inert JOTREEHPTe: amgiedem Q¢ HO PhECcnducthihe aigsidsate thme tangestfram 1200 bef ore
entering thego slidttbS THHNGS SMpFadids1 @ggﬁ%%ﬁ nule0R S8 150 S0 4gf SM 2 210

is sent to the second reactor 140. e second reac t he
react ant alpressuses lessiban oot Thielrgmavall bedsal36, 444, and 461 can be operated at
temperatures ranging from 20°C to 80°C, preferably near room temperature (for
example, 25°C). Coalescers 454 and 456 can be operated at temperatures ranging from

20°C to 80°C.

6 Exemplary operating conditions

6.1 Example 1

P [0152] The following is an example of operati-o.n conditions for a two-stage processing
plant described above, in which crude biodiesel was recycled to the first reactor inlet.
Thin-film evaporators were used, and a short-path evaporator wﬁs not used. Refined
soybean oil purchased from a local supermarket was used as the feedstock to the
processing plant. The amount of water in the refined soybean oil was about 200~300
ppm. Pure anhydrous methanol was used as the reactant alcohol. Pure anhydrous t-amyl
alcohol was used as the inert solvent. The first reactor (R-1) included a packed bed filled
with lipase, in which the lipase was TL IM, from Novozymes. The residence time of the
solution in the first reactor was 50 minutes, and the reaction temperature was 25 °C. The
second reactor (R-2) was a packed bed filled with lipase, in which the lipase was Novo
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unconpl eted oil react to generate nore al kyl ester, so that in an output of
the second reactor 140, |less unreacted oil and unconpleted oil remains.
-34 [0149] The output of the second coal escer and separator 336B incl udes
hi gher purity biodiesel, which includes a higher percentage (for exanple,
nore than 99% by wei ght) of alkyl ester. The higher purity biodiesel,

whi ch may include a trace amount of glycerol, is cooled first in the
cooler (HE 5) 488 and then passed through the resin bed (RB-3) 489. The

in bed fill ed t | .
R O AL TR T
for exanpl eninu@9%nbyheweicgioh t@ﬁpe@itk&lw&%e?c lﬁeﬁeﬁﬁorét&sarehwmhdﬂﬁﬁﬁw pr oduct

drum (D-5). The high urlt%/ bi odi esel. in the drum D-5 can he recycled
during t he SYPREFRIORO QU rdperagung ofi d 1 °C arp(baarffswwfslo%n@ieﬁlﬁl aad the

oper ati ng ca@a%taﬂl&fb?eécp&fmqmidﬁgpw Ak, ITh@%al(]Eb&ét @0 2 wand 100E

(FIG 6) can be | ows. The first reactor 404 operates at tenperatures

rangi ng fr dwediset 8.695vteh mprpghtrenfe, (i wids dighieerdde;, 0,966 matidaglyteroimandt o 180
m nut es. TM%£¢§ﬁ&n&%%&8b§%g rﬁ\dﬁgé,mgerates at tenperatures less than 120 C

and pressures less tha he renoval beds 436, 444, and 461 can
be operated at tenperatures ranging from20C to 80C, preferably near room
tenperaturg;(foExmgﬁﬁqple 25C) . Coal escers 454 and 456 can be operated at
tenperatures ranging from 20C to 80C. 6 Exenplary operatlng condi tions

6.1 Exanpl gois3) Ghe #dioWA, %fs%a eQth g‘g Ecc??%ed fienOfor 9@% %%g% ons

for a two-stage processi pl an above, In I"odi ese
was recycl edant deschibed abpg@, in ehishorudertieticsel Whi recydlddro dmpm:matm}es Tweo e used,

d h f h d
froma: ocaleRhsr e APRiet S i betile pBRR (o iS AR R B g

pl ant. The pamurbted wapma; arldl‘(Zli B ehin-Gilth ReghosAyh ER Ral prodst 8RO UtatdPBBH0
ppm Pure us nmet ha was used as, the reactant _al cohol. Pure
anhydr ous 4 %{ﬁﬂ CHFROGHOT: sfe%@élk s feiimed fath soxbgapoilwithrialer meisturg eact or

(R-1) incl vdedoa ppachad rf: {R11h Gs a packed bed filled with lipase. The lipase was TL
IM (from Novozymes), the residence time was 53 minutes, and the reaction temperature
was 25 °C. When the evaporator (E-1) used a simple flash drum integrated with a packed
bed, the operation temperature was 120 °C, and the pressure was 5 torr abs. When the
evaporator used a thin-film evaporator without flash drum in precedence, the operation
temperature was 120 °C, the pressure was 1 torr abs, and the rotation rate was 250
revolutions per minute. The final separator used a short-path evaporator (E-2), in which
the operation temperature was 120 °C, the pressure was 0.05 tort abs, and the rotation
rate was 400 RPM. The end product that was obtained included 99.81 wt% biodiesel,
0.13 wi% monoglyceride, 0.06 wt% diglyceride, and non-detectable amount of '
triglyceride, and the acid mmber is 0.770 mg KOH/g. |

6.3 Example 3

[0154] The following is an example of operation conditions for a single-stage processing
plant described above, in which the crude biodiesel was not recycled. The feedstock was
refined fresh soybean o0il with water moisture 200-300 ppm. The reactor (R-1) was a
packed bed filled with lipase. The lipase was TL IM (from Novazymes), the residence

time was 66.6 minutes, and the reaction temperature was 25 °C. The evaporator (E- 1)
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with lipase, in which the |ipase was TL IM from Novozynmes. The residence
time of the solution in the first reactor was 50 m nutes, and the reaction
tenperature was 25 C. The second reactor (R-2) was a packed bed filled
with lipase, in which the |ipase was Novo -35 435, from Novozynes. The
residence time of the solution in the second reactor was 115 mnutes, and
the reaction tenperature was 25 C. The evaporators are wiped thin film
evaporators, operating at a tenperature of 110 C and a pressure of 1.0 mrHg

abs., and eed of .25 revol ons m nut e, f | nal

pr oduct inc udeﬂnﬁ&ﬁaﬁﬁm L A p@"’@f%ﬂ”ﬁ&ﬁ@ﬁﬁ%?&/@@??"&@re g202§ Wt %
di gl ycer i deandpr@&6re\st i@ortabs. gl ycaidi pﬁl@ducﬁﬂﬂt whiebt@fiedinBaRegs. ¥ 190 bR3ARsAD

KOH g. 6.2 %2{1}§Ie 2 %0153 The following is an exanpl e of operation

condi ti ons /e NOTORE O gézﬁ("dﬁ%g’rrﬁ@ a"ﬂlla@twﬁ’eﬁtﬁl]/%@de above, in which

crude bi odi esel was recycled to the reactor inlet. Two alternative

evapor at or Si used: (1) a sinple flash drumintegrated with a
packed bed ggapWand (2) a thin-fil mevaporator. The final product

was treated short th, ev rator f eedst ock s refined fresh
soybean oi l[(}lﬁ%]arhe bﬂ’gcfgstem’r@g&gé@ mf%fﬁﬁonﬁwpwé&@?@ TapRIYP§ ComesCee

packed bed (potcsead 1MVtHeh”a1|1gle¥395 pﬂib‘ﬁ)a% hRRSH MRAm &f 1,600-1 %O@Eﬁlh%&%%% t he

resi dence tine was 53 m nut es, he reaction terrper at u When
the evapor ahehayig=ligpid separations (Thp ke bislfesdroanbé passet thteghwirtdin hequl«rgd

When e eyer DG FRE LA e WSPerct hute o BPE b RERR FellCh Bt o

precedence, Tlterfmabgigceibl comcerttentipr finthe eelwnscahd 1655 tﬁdﬁﬂSm’pﬂSS’H{eﬂreMﬁﬂxak 1st orr
abs, and the %fl on r Pl\évaa 250 r oI ut.i ons m nute. The final

separ at or U¥E & o Pe P& 5518y P’E)Iﬂ)'s S?Hgmﬁiablhble {198 Bp&F at i on

t enper at ur eComgant 2Gerfmany. hlﬂlel%ﬁ%.ﬁéﬂ BedWas eréyénér%@bﬁﬁx%maﬂ&dem%I pptation
rate was 400 RPM The end product that was obtained incl udled 99.81 wt %

bi odi esel , cWVEsNpaEHYhogl yceri de, 0.06 w % di gl yceride, and
non- det ect abl e amount of triglyceride, and the acid nunber is 0.770 ng

KOH'g. 6.3 %Xaég?zllest %artrid €s

[0156] The first and second reactors 140 can use removable cartridges filled with
enzymatic catalysts, so that old cartridges can be replaced by new ones when the catalysts
become ineffective after long run. The first and second reactor 140 are configured to
accept a variety of removable cartridges, such as from different vendors, or having
different types of catalysts. The processing plants 100A to 100D can be designed to have
a coupling mechanism that mate with the cartridges, so that the cartridges can b'e'easily
removed and installed. Different types of enzymatic catalysts can be used, each catalyst |
associated with a different set of operating conditions, such as flow speed and operation
temperature. The biodiesel fuel production systems may adjust operation conditions

based on the particular type of enzymatic catalyst being used.

[0157] Referring to FIG. 7, a biodiesel fuel production system 702 includes reactors 704,
each including a cartridge 706 filled with enzymatic catalyst. The cartridge 706 includes
an'identifier 708, such as a bar code or a radio frequency identification (RFID) tag, that
identifies the enzymatic catalyst in the cartridge 706. A reader 710 (for example, a bar
code or RFID reader) reads the identiﬁer 708, and forwards identification information to
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[0154] The following is an exanple of operation conditions for a
- singl e-stage processing plant described above, in which the crude
bi odi esel was not recycled. The feedstock was refined fresh soybean oil
with water noisture 200-300 ppm The reactor (R-1) was a packed bed filled
with lipase. The |ipase was TL I M (from Novozynes), the residence tinme was
66.6 mnutes, and the reaction tenperature was 25 C. The evaporator (E-1) -
36 was a sinple flash drumintegrated with a packed bed, operating at

tenperature 120 C an ress torr _abs. . The end product that was

obt ai ned i n%%ﬁ?i@’if’c%géo %%ﬁﬂ&gﬁwpnﬁcaﬁ%?f%%t%ﬂg@Fi%@FqCG@OT Bl224%

di gl ycer i desetraRes gre 8rod Setdiion 6 RAAtRA £rcPn &dﬁé}%@bm 4nk Qée‘é%le Jﬂa?au% ude
c

bi odi esel product that is output froma typical nenbrane ty oal escer
(pore size Pfprigeon tergatrelfa flovs coniol rebysyisiaine? léranéraﬁunper@mrelco@@@hsmbsoo ppm

gl ycer ol afstygtr 4jge liquid-liquid separation. The crude biodiesel can be
passed through a resin bed having a depth of 90 cm in which the residence

time of the f t he bed is abqut 25 minutes. The final glycerol
concentrat i '8##1 ﬂt"ﬁﬁ’"\é‘l“ﬁ"& F\‘{b%’étﬁmt?é6I‘%‘§%de§*f8he’i@%wmh§mﬁ gaprminhat i s

used can beflgy kR oPfhe bARoBrtE RANGE r&@BhNalcRNAR \Lv'}h% tﬁpaél?thqufﬁbdré%e from

Bayer Conpany, Gernany. The saturated bed can egenerat e net hanol ,
et hanol or Swmaplémthm@@trﬁeaﬂgfi may@aassloystted @aﬂltwlledgﬂaatmw)ﬂst fie first

catalyste, Santnaciof PUERR L f HEMABESR AL TR b Bl e

catal ysts dy&temr‘ﬁ%rtmmﬂrﬁpd’tel svsmuafxst mfodgblﬂga eabiors ’Fh«ﬁfafsteﬂ“ Sin it xe6HRE theact or
iety of renovabl e cartridges, such as

140 are conf;i cce a,va
from di f f er éﬂﬁﬂ{%ﬂ‘%ﬁtdw %?SS‘E%%}F%W{I an Fhimatie catplygidhagirequites Fi;kgtggr The
processi Ng BiddHcs tie 0 th@dét@ ORcEAl: P c@ﬁﬁb@ RROAIG BT sulsy

nmechanismthat nmate with the cartri d(}g so that the cartri %ges car? be
easi |y rerfB%edutinng thraaghdhe ecgotors T0fstoaver. Inspene Qxﬁmehzwhatdentlf&qﬂﬁtims can

be used, e GRH nASS00kAL LU, ol LI PURAL SRl len BB 0 o
fuel produché data prpstssmrs’ 1Bwpnadf tetterapanatd c(mlntrolcnmmstystems? 1 8 to set the
temperatures of the reactors or the heat exchangers at a higher value. In some examples,
the identifier 708 may be associated with an enzymatic catalyst that requires a lower
reaction temperature, so the data processor 712 controls the temperature control sub-

system 718 to set the temperatures of the reactors or the heat exchangers at a lower value.

[0159] In some examples, the identifier 708 may be associated with pre-stored
information that provides an estimate about when the cartridge 706 needs to be replaced.
The pre-stored information may indicate that the cartridge 706 needs to be replaced after
a certain volume of solution has passed the cartridge 706. Based on flow meters (not
shown) in the system, the data processor 712 determines the volume of solution that has
passed the cartridge 706. When the volume exceeds a certain limit, the data processor

712 displays a message to the user to indicating that the cartridge needs to be replaced.

& Applications

10160] Referring to FIG. 8, an electric power generator 800 includes a processing plant
802 that receives oil source 804 and reactant alcohol 805, and generates biodiesel 806.

The biodiesel 806 is sent to a biodiesel electric power generator 808, which generates
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based on the particular type of enzymatic catal yst being used. [01571
Referring-to FIG 7, a biodiesel fuel production system 702 incl udes
reactors 704, each including a cartridge 706 filled with enzynatic

catal yst. The cartridge 706 includes an identifier 708, such as a bar code
or aradio frequency identification (RFID) tag, that identifies the
enzymatic catalyst in the cartridge 706. A reader 710 (for exanple, a bar
code or RFID reader) reads the identifier 708, and forwards identification

i nformation daf.a prpce r 712.. Based on the.identification

i nf or mat i one,lécgrﬁ%tyﬁétoghﬁg gjg e@%‘g?se : ‘AP%(EIPP%\‘?iﬁ’e8&8@&%?‘3@8"98é]?eat i on

i nf or mat i orprbeessing ptiat #2ahmugh 4 path8d2,Uuse Biséd 18 PREIAIWRRA to VAH{RE BRERRR O
control a flow cont éfo{b sub-systpgam 716 and a tenperature control sub- system
718. [ 01581°°FHREMHH B RIICESINgA Yy st em 716 incl udes, for exanple, punps
that determine a flow speed of the oil source and the reactant al cohol

f1 owi ng t hrl8leM Fhssystemd3can bd my of theepreceasipg plantsidberibelbsiiavei er 708 may be
associated with an enzymatic catalyst that requires a short residence

tine, so tHe1sHtm AHasRSSES thd dRciFepbRE g%n&la%rfsb@wtﬁé%@ﬁélgkte&%h oBNGLEM 716

to punp the solutions through the reactors 704 faster. I'n sone “exanpl es,
the i dentif§diciyoginigs padlubier then gleetdicmowar generatory that ise peaelaimdnsddnat
requires a Jd;Qp ) [ 1 r 712 controls the
o cont 1ol Soek E S ARBGRC bRy S o e b RRAST R PrdisdBihE 204
sl ower . | n vaierearskanpinaboxithas bysendict.i Hithe/@Bsouye inklad@amokaiedidyitieh an

enzymatic catalys hat, require S?ng her .regction t erature, so the
data proce e?)?ra%igoé:%rﬁfi?%? gﬁ@l}i‘@%‘? ‘é%é‘f"tﬂ"%’“g%ﬁ%]i’ydl’mg%‘- system 718 to set
the tenperatures of the reactors or t he heat exchangers at a higher val ue.
In some exdAHi3bReferring tq &R Pi 4 vebiclad inelydise messsihapledt Mi2tthataecearz pitat i c

catal yst t i t.i on tenper.at uyr he. d rocessor
712" cont r ol S Eh SO Al a ot AShol S0 TFAERA ETRBURY B Do plieRbls B

t enper at ur esntdé a dieselrengine 84, vaick fmvireathe Biodhaaden kitic poveveln thalive.
[01591 In s exa ifier 708 npy be associated with

0 l.es, the ide . )
pre-stored Se’ﬁ? ?)Fﬁ’én%“fssﬁ("i‘ Wé‘fe“bg]cﬁ}?‘?}é?“%m“%. ¢ Kifgtie SRR Wl arpEoreert r i dge
706 needs tfor prveriap iRcRdicle Five THe SeBitR320 md)iRé IR dnQleciRYpdvidligEdfof hat the
cartridge 706 peeds to be r eﬁ)l aced after
(not shown) that converts the kinetic energy from the diesel engine into electricity. The

electricity can be used to power various electrical components of the vehicle 820.

[0164] The processing plant 802 can be any of the processing plants described above.

The vehicle 820 can be, for example, a car, a truck, a train, a ship, or an airplane.

[0165] Referring to FIG. 10, a building 830, such as a restaurant, includes a food
processing unit 834 (such as a kitchen) that receives cooking oil 832 for processing food.
Recycled oil 836 generated by the food processing unit 834 is forwarded to a processing
plant 802, which also receives reactant alcohol 805 and outputs biodiesel 806. A diesel
electric power generator 808 receives the biodiesel and generates electricity, which is
used to power various electrical components of the food proéessing unit 834 and the

processing plant 802.
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a certain volune of solution has passed the cartridge 706. Based on fl ow
nmeters (not shown) +n the system the data processor 712 determ nes the
vol une of solution that has passed the cartridge 706. Wen the vol une
exceeds a certain limt, the data processor 712 displays a nessage to the
user to indicating that the cartridge needs to be replaced. 8 Applications
[0160] Referring to FIG 8, an electric power generator 800 includes a
processing plant 802 that receives oil source 804 and reactant al cohol

805, and generates biodiesel 806. The biodiesel 806 is sent to a biodiesel
el ectric pdherAligsrativas or 808, which generates -38 electricity 810 fromthe
bi odi esel 806. A portion of the electricity is sent to the processing

pl ant 802 t[biéa]dhisao patdeBlaod thadhd!fRehdify d@:@@iﬁu@ﬁ]ﬁﬁ%&e&e iMREhLRUAd
el ectrical corrponents of the. pr OCESSIgg pl ant . 161] The system 802 can

be any of tIbIphBEdesicars ¢ thainyertioscvhisBds @ﬁfm@by [’@E@Qﬂe qilrﬂlea@vmﬁeége of the
el ectric pQmsIBMRT 8BbaiRls af Witdh nid\&o géé’éfttﬁ (fl%& r%e{]eﬂf:ngt ﬁor anlel 1 CLLY
with |less pollution than electric power nerators t use pe PeUn}based
di esel f uelthe {Win hpasled iphmps crmde rcpie«tedd:estwmnc@bgmhm mlenpst Abe gfﬁﬁenﬁtew 800
produces gl [ carbo di oxi de as by-product, If the oi
source i ncI % R 1308%\%?” %glgage:admxfnrge waé)ﬁé?%lggﬁypg MBS (0T SHPY SRR er  and
car bon di ow@thlcam b@/bxpmadau(atdos;b@ 13R)coRph@ fstatid tik chh 6o uRd afedtRRighg 820

i ncludes a prOCﬁsg%Wgﬁgvant 802 that receives oil source 804 and reactant

al cohol 80F°MinYt Esingpesiadug) pgoiageiol weicsdrdse m@Bdhans  sent to a
di esel englzrtmo%ﬂ) A ERABVALES cdd e thaééd%fﬂ%ah&ta?r %b%% SpoRIRT THe0 that

iS sent to a transm ssion system 816 that transmts t I'C energy to
Wheel s or pragsepp be maved bbﬁweplnagﬁndhb‘: méhwobbd%%reﬂan%smrmaheareaﬁar may

cner gy 1 oty thae e She BB S o o e o BT can Do
used to pO\Kmdsmek,ithm&tsejreﬁﬁ anectﬁadsol@'edlmﬁheme&sefveﬁtfﬁst\/ehl cle 820. [0164] The
processi ng plant 802 can be any of the processing plants described above.

The vehi cl g7 I%@o@@@m&@fncﬁﬁ@s@*&q@c ga o gmﬁgg%wggn{he% bbx 1csarc]:5d0 or an

airplane. [01o65] Referrin SJeh
r est aur ant and telreagtant @]c@]mbgenerates alkyl ester, with water as by-product. Glycerol is not

generated in this circumstance. Because there is no glycerol, purification of the alkyl

ester can be achieved by evaporating the solvent, the unreacted alcohol, and water. When
the oil source includes carboxylic acid, it is not necessary to use the separators for

separating biodiesel from the glycerdl, or to use removal beds for removing glycerol.

{0168] In some examples, the biodiesel can be used as fuel for an internal combustion

diesel engine or a gas turbine diesel engine.

[0169] In some examples, cariridges filled with enzymatic catalysts are used in the
reactors of small unit processing plants. For larger commercial units, an on-line loading

and downloading of the lipase can embedded in the system design.

[0170] In some examples, the evaporator E-1 (FIGS. 4-6)can be a simple flash drum with
or without integration of a packed bed design. In other examples, when higher alcohol

(reactant alcohol or inert solvent ) are used, thin-film evaporators can be employed.

[0171] In some examples, the coolers (HE-1, HE-3, HE-5, and HE-6) in the same
processing plant can be lumped into one unit for small scale systems. In some examples,
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processing unit 834 (such as a kitchen) that receives cooking oil 832 for
processi ng food. Recycled oil 836 generated by the food processing unit 834
is forwarded to a processing plant 802, which also receives reactant

al cohol 805 and out puts biodi esel 806. A diesel electric power generator
808 receives the biodiesel and generates electricity, which is used to
power various electrical conponents of the food processing unit 834 and the
processing plant 802. - 39 9 Alternatives [0166] It is to be understood
that the foregoing description is intended to illustrate and not to limt
the scope offeEpRlers Aleskparals, buimlased inpamdle] ecbayyandiave @ spmmen inliendgpended
clai ms. O h&imBHPadIMBR IR c%'bﬁné"'}nteﬁiluﬂ%gm:ﬁ a3 £ORhm Q{;atérhﬁx doftle! Q%E:lgs GQi ms. For
exanple, the tw n headed punps can be replaceé y two |néﬁpe ént  punps.
The static ¢fiockes ge designed @s pigpbelcmasing oan fagh catled streachngmaitanvoosly.

dosi ng-type static mxers. For small scale production of biodiesel, a

dosi ng type[0sPNAGhmS badnhfledYh XRért-pAR ePHorSatlusC€AAKH UMY inlAQitMar 4 T the
oi | source Includes a high percentage of water, such as nore than 2,000
ppm the welh@hoficusroraser %ng&ahmﬁ@f dapgmesndedijce theeondanseri lpadkingidp ieng

appar at us. . Y. i pp Ll ed
bef ore bei n“o:ggllaisaféJ r‘#ﬁ%ng{ %‘ﬁ‘gﬂrngeg%% g?%“g%ﬁgsogﬁgéﬂe%gkg?gtgﬁlggm}éﬁg)g%ngr#adl()ﬁ?egqgés{] or

hi gh nel ti nigr poidasiyg thetvapolacdvapousadngthetflash dfvpeciatboaked. fThe chmlessater 0i | S
are dissolved in . the inpert solyent.first 0167] If the oil source includes
carboxyliclﬁgF@ng)ﬁgégﬁﬁ%ﬁ”ﬁ%%ﬁggﬁL?ﬂgwgﬁh58%§lic acid and the reactant

al cohol generates al kyl ester, with water as by-product. G ycerol is not
gener at ed i@1THiRegenargipmetfaticercl Baryakledicar be on §ngiprogespivgr(wich apwhend i cat i on

o e, 2y s A Gty /POl e

acid, it isypodesigacassacd/ior emalbenitdle separators for separating biodi esel
fromthe glycerol, or to use renoval beds for renoving glycerol. [0168] In

sone exaﬁplmﬁﬂtﬁ\ﬁinlggisﬁﬁti&%ﬁl, ttfea\ﬂhé?@f#§ﬁ%d€éioixlé?4631{égjh BRI nirERUS LT on

di esel engine or a gas turbine diesel engine. I'n sonme exanples,

cartridges tPibldckaoiiterh ank 2y fatreduce atidification efithe bisdigsd! nr theeil source).

[0175] In some examples, the glycerol removal resin can be an ion exchange resin, such

as Lewatit MonoPlus SP112, available from Bayer Chemical, Leverkusen, Geramny.

[0176] The static mixer can be replaced by an agitated mixer (drum) with its output rate

regulated by a level control.
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reactors of small unit processing plants. For larger conmercial units, -an
on-line | oading and downl oading of the |ipase can enbedded in the system
design. [0170] In some exanples, the evaporator E-1 (FIGS. 4-6)can be a
sinpte flash drumwith or Wi thout i nt egration of a packed bed design. In
ot her exanpl es, when hi gher al cohol (reactant alcohol or inert solvent)
are used, thi n-fl | m evaporators can be enployed. [0171] In sone exanples,
the coolers (HE-1, HE-3, HE-5, and HE-6) in the sane processing plant can
be lunped into one unit for snall scale systems. In some exanples, -40 the
cool ers ar e Vwpigclpieed iut pl aced in paraliel in a box, and have a common
inlet and a comon outlet for the cooling nedium such as cooling water.

In some exanples, the coolers are designed as air coolers using one fan to
cool all stileansAshppatahRRedpriding: [0172] In sone exanpl es, a short-path
evaporator can use a flash drumin inlet simlar to that of evaporator E-
1. This kind of ifisirgatardaviigduce t he condenser | oad inside the short-path
unit, which neans a higher rate of inlet can be obtained. An external
condenser . for condelasnﬂlgtdﬂeeemwaﬁmﬁﬁ@ﬁapﬁam@ﬁf&seﬁmﬁlﬁ, 4 fdeoridir@fnglr um can
be used. Th ensa is.l e distillate, product of the short
path unit. ?66%%5?‘ agthaé’rdﬂll #ngl‘f% F‘Véélﬁ%?vew&w%ﬁpmq,fm g8t |ine
processi ng ¢soeireasantstien parall el designs are used for |arge systens) or
of f-1ine processing (such as when cartridge type designs are used for

smal | units). [0174] abenzymg tesfacititattaweactibhieetwéa lile: firktehd pscasibdtis t5y St em can

be bl anket egengéé?qﬁ]rgp%&o pm%u‘gl ock moisture and air (to reduce

acidificati i‘ese the oil source). [0175] In sone

exanpl es, the glycer |n C e _an i xchan sjn, such - as
Lewatit MonoPl us SP %Jtﬁavalﬁ*pa tﬁg tmﬁf?ﬁ%’r %H‘@ﬁg@greﬂcﬂ‘g\pé?cﬁl&

Gerammy. [®ei6H aTthe irgetand the rdastiam poaiuctipeneraipd frare thelyyaction E@W&mtﬁ&iﬁrm XEr
(drum Wt%dtsgm%l;ag&gmg%@ regulated by a level control. -4t- i Wat is

cl ai ned
a return mechanism to send at least a portion of the reaction product from the
outlet back to the inlet.

-

2. The apparatus of claim 1 in which the reaction produét comprises alkyl ester.

3. The apparatus of claim 2 in which the return mechamsm sends at least a portmn
of the alky! ester back to the inlet.

4, _ The apparatus of claim 2 in which the mixture includes a solvent that dissolves at
least a portion of the first reactant, the second reactant, and the reaction product.

5. ‘The apparatus of claim 4 in which the outlet outpuis at Jeast the alkyl ester, the
solvent, and unreacted first reactant.

6. The apparatus of claim 5, further comprising an evaporator to evaporate the
solvent to generate a mixture comprising the alkyl ester and the unreacted first reactant.
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1. An apparatus conprising: a first reactor having an inlet to receive a
m xture conprising a first reactant, a second reactant, a reaction
product, and an inert solvent that dissolves at l.east a portion of the
first and second reactants, an enzynme to facilitate a reaction between the
first and second reactants to generate nore reaction product, and an
outlet to output the reaction product, including the reaction product
received at the inlet and the reaction product generated fromthe reaction
between the first and second reactants; and a return mechanismto send at
| east a portd.on Ghe igperatue afélaions Rvasicle dutiorBisoBpuRYlebl back to the inlet.
2. The apparatus of claim1 in which the reaction product conprises alkyl
ester. 3. The apparatus of claim2 in which the return mechani sm sends at

| east a portg on i . 1. he inlet. 4. The apparatus of
claim2 in v%lhi chTﬁ\a' %%%?hﬁ&?ﬁg%g@%%g%ﬁ%%n RPEPT QFLRBPTIE 5t | east a
portion of tShker iq genepigaanisfure comipasisgtbe alitylrestar tirrlycemh dnd the ufiregeddi on
product. 5. f}g@ea@tgﬁ'arat us of claim4 in which the outlet outputs at |east
the al kyl ester, the solvent, and unreacted first reactant. 6. The
apparatus of claimb5, further conprising an evaporator to evaporate the
sol vent to enerﬁtle a m'xtfure copprising the alkyl ester and the unreacted
first reactdnt. '2efpparatugo SafighscomBrivng apharssemarptor toussreratathe out | et

al so out put alkgl eRefom thefrlyctibe bARPS RjuitSliRhd fadd dpefatichyr t her conprising an
evaporator to evaporate the solvent to generate a m xture conprising the
al kyl ester, the glycerol, and the unreacted first reactant. 9. The

appar atus ofgcl & A i Sl hase separator to separate the
al kyl esterfl?'r o?nwyﬁgpaé%ggcée&gfmgglgg’ék@hmﬁr%ﬂﬁ% A CGEP ebﬂ‘ﬁgyé’eré aration.

11.  The apparatus of claim 1 in which the first reactant comprises a carboxylic acid.

12, The apparatus of claim 1 in which the second reactant comprises at least one of a

primary and secondary alcohol,

'13. The apparatus of claim 1 in which the first reactant comprises at least one of
vegetable oil and animal fat.

14.- The apparatus of claim 13 in which the reaction product has a composition that is |
_suitable for use as fuel.

15.  The apparatus of claim 1, further comprising

a second reactor having

an inlet to receive a mixture comprising additional second reactant and
reaction product from the outlet of the first reactor,

an enzyme to facilitate a reaction between the second reactant and the
other components to generate more reaction product, and
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10. The apparatus of claim1 in which the first reactant conprises
triglyceride. 11. The apparatus of claiml1l-in which the first reactant
conprises a carboxylic acid. 12.. The apparatus of claim 1l in which the
second reactant conprises at |east one of a primary and secondary al cohol.
13. The apparatus of claim1 in which the first reactant conprises at | east
one of vegetable oil and animal fat. 14. The apparatus of claim1l3 in

whi ch the reaction prgoisg HOERSSH b t; : i or use as
fuel. 15. The apparatus O%“€?§p%11, fu?% %#a%éﬁgﬁP?ﬁﬁ%éggﬁggﬁgﬁi react or
havi ng an i Ap@fved gt theinlat gkthe seqpndireactor gudiibe resiting pedldittgenanated e éhed r eact ant
and reactigg ; f 4%#¥ﬁl f i reactor, an enzyne to _
facilitate gafgggﬁ#ﬁﬁmﬁﬁﬁﬁgﬁﬁ t e'géggﬁgﬂ%ggg%gééﬁ%ndthe ot her conponents
to generate nore reaction product, and -43 an outlet to output the reaction
product, includi t he reagti.on _product received at the inlet of the
second reactlr a eﬂﬁ@mFﬁQgﬁwﬁﬁsphﬂgﬂé?mﬁﬁﬂ%§%&%ﬁﬁ*?@ﬁ?Pﬁ@mmWéH%@WBn

bet ween t he seemmagd feest b bof @itehelel Brsd tABANGAIRBERAY SecodPreactte. appar at us of
claim15, further conprising an evaporator to evaporate the inert solvent
and at |east one of unreacted first reactant and unreacted second reactant.
17. The appagkatu i f-u r risin short - pat h_evapor at or
to separateqaiheq?gé%%%gﬁg%%ggdgtﬁ%&%ﬁ?&@%ﬁ? %%ﬁ ﬁ%?&&?PEﬁggéﬁ?F%%t. 18.
The appar at ke regction pioduct fommemdiniopuirbmtadaesctanon product conpri ses al kyl
ester. 19. The apparatus of claim 18, further conprising a return mechani sm
to send at least a portion of the alkyl ester fromthe outlet of the

second reacti§r baEkKapp@ralub6f diihe iPivhichee réécﬁtﬁiprﬁcﬁﬁ%oﬁfprise%glkiy

Thgerappar at us
of claim1l in which the product of the reaction conprises alkyl ester, and

the return mechani smsends at |east a portion of the alkyl ester back to
the inlet. 19  Tpe apparatus of claim 18, further comprising a return mechanism to send at least
a portion of the alky] ester from the outlet of the second reactor back to the inlet of the

first reactor.

20. - The apparatus of claim 1 in which the product of the reaction comprises alkyl
ester, and the return mechanism sends at least a portion of the alkyl ester back to the inlet.

21.  The apparatus of claim 1, in which the reactants comprise (1) at least one of
triglyceride and carboxylic acid, and (2) at least one of primary and secondary alcohol.

22, The apparatus of claim 1 in which the enzyme comprises & lipase,

23.  Anapparatus according to claim 1 wherein

the reactor comprises:

‘a pipeline to transmit a mixture comprising the first reactant, the second

reactant, an inert solvent, and a reaction product that are in a homogenous state,

a coupler to receive a cartridge, and

-44-




one of triglyceride and carboxylic acid, and (2) at |east one of primary
and secondary al cohol. 22. The apparatus of claiml in which the enzynme
conprises a |ipase. 23. An apparatus according to claim1l wherein the
reactor conprises: a pipeline to transmt a mxture conprising the first
reactant, the second reactant, an inert solvent, and a reaction product
~that are in a honogeng : B ' rtridge, and -44
a separation unit to p%?)%rg@s%ltﬁlﬁéog’ﬁteééﬂf%g?tp{nﬁ%@&ﬁ%?o&88%é5H3§°% sol ution
havi ng a hi gher pefREhiighes peseentage of e vsastion poodochiebereinttercesiridgehe cartri dge
conprises: the i isb@ receive the mxture fromthe pipeline, the enzyne
to facilitate a reaction between the first and second reactants to
generate nore reacti uct d the gutlet tg output the reaction
product, incl uding tﬁgeﬁéeg%tﬁe?ﬁve _%’B’Wgﬁ’%é@i% %t the inlet and the
reacti on product generated fromthe reaction between the first and second
reactants. 24. An appas dvee bfagilitgiepdenpciion batwgemthe fisst 2nd seooirkreantanitstb | vy as

herei n descri bedgm&mdr@fﬁ&tﬁjﬁ%du@%ﬁﬂy one of the exanples and/or any one
of the Figures. 25. The apparatus of claim1l, further conprising a

short - pat h evapor at or. . reagtian .product fromremaining
unreacted reactant . 2"‘%%&‘#@8%% gﬁg {Jet‘s%&%'%m% 5%‘??9@%@?@%“‘1“%0 Eaction
product conpri sescayadyt the énletand the Feactionmeeducickendratpd Bomchengadibobetivesel f uel
conpri si ng: emyﬂﬂ@his‘?aﬂd%@&%ﬁ?éa% ication of a triglyceride or
esterification of a carboxylic acid in an apparatus according to any of
clains 1-26. 28. A nethod conprising: using an apparatus according to any

of clainms 126 18K afrhenRbOMEkl Heifh 2493 substantially as herein described with

reference to any one of the examples and/or any one of the Figures.

25, The apparatus of claim 1, further comprising a short-path évaporator to separate
the reaction product from remaining unreacted reactant,

26.  The apparatus of claim 25 wherein the reaction product comprises alkyl ester.

27. A method of producing bio-diesel fel comprising: enzymatic transestqriﬁcatioﬁ
of a triglyceride or esterification of a carboxylic acid in an 'apparatus according to any,éf
claims 1-26, ' -

28. A method cdmprising:

using an apparatus according to any of claims 1-26 for the production of bio~
diesel fuel.
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di esel fuel. -45 29. A nethod as clained in clains 27 or 28 substantially
as herein described wwth reference to any one of the exanples and/or any
one of the Figures. 30. The apparatus of claim1l, further conprising; an
evaporat or having an input to receive a m xture conprising al kyl ester,

al cohol, an inert solvent, and glycerol, the evaporator to evaporate the
inert solvent and the alcohol to generate a solution including alkyl ester

and gl ycer o, anﬂnﬁsﬂ&ara@émr@amgmaﬁzdﬁ%ﬂ&@&s%f‘ew@siglbﬁdﬁﬂhmi on, the
asea o

separator to separate the alkyl ester fromthe ‘glycero n
li qui d- | i quirdeTpiradeanyopaptthe exgmples andfprany pascaf hefaguses. cl aim 1, further
conprising: a mxer to mx an oil source and a primary al cohol or a
secondary al cohol in an organic solvent to forma solution, the oil source
i ncrudi ng a3Pri gT%F@éPﬁfﬂé%OfF%@nﬁeﬁﬁh%ﬁommﬁinsg configured to receive the
solution and further conprising a |ipase that facilitates a reaction
between the triglyceride and the primary al cohol or secondary al cohol to
generate the al kifevangraiqr haying gihinpt toyrepeies wmixte pomumtisingdlkabester,mjcopelpduct ; an
evapor at or : ' i i al cohol or
secondary algﬂglcr)l%lgIggwglﬁhﬂgglg%eg@’gmgee&géréiﬁggro et@ %}gga %?g}%%%&ﬁée}{té‘ﬁ% ester from
t he gl ycer oRlcobol tpgenerate 7 palutigniasludingsaliofl estérandrpl3derolf andt her conprising a
carrier, wherein the lipase is imobilised on the carrier. -47

a sepatator having an input to receive the solution, the separator to separate the

alkyl ester from the glycerol based on liquid-liquid phase separation.
31.  The apparatus of claim 1, further comprising:
a mixer.to mix an oil source and a primary alcohol or a secondary alcohol in an
~ organic solvent to form a solution, the oil source including a triglyceride, the reactor
being configured to receive the solution and further comprising a lipase that facilitates a
reaction between the triglyceride and the primary alcohol or secondary alcohol to

generate the alkyl ester, in which glycerol is produced as a by product;

an evaporator to remove the organic solvent and unréacted primary alcohol or
secondary alcohol; and

a phase.separator to separate the alkyl ester from the glycerol. .
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32.  The apparatus of claim 31, further comprising a carrier, wherein the lipase is -
immobilised on the carrier. '
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