FUEL PRODUCTI ON Cross- Reference to Rel ated 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 catal yEHEL PRODULTEORG| i hydroxi des and

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

al cohol ysis is glycerol. %sﬂ%&ﬁ@tﬂeﬁﬁe&i@@cﬁ@&_ﬁ are renoved with the
gl ycerol, and cannot be reused. Purificatlon grycerol is made difficult
because it ontains..a large anmount af the lyst.. In anoth roduction
approach,[gﬁ@y § gpplicationi %Fgwngﬂgﬂqa?aﬂPB@?%?F%QF@“ﬂgﬁh1@%4£3¥£Iitaye
product i oriled Sétkirber 261 BI08, fitlAMMERRJS Fbr IRbdRing AANERrEORALMBIChupgact i on.
An oil source having triglyceride and an al cohol are dissolved in an

or gani ¢ sdFhpunthe coptenis gf Whish gee ineorporatgd &y yeferemene tri gl yceride and the

al cohol react to produce al kyl ester, with glycerol as by-product. Sumary
[004] In a general aspect, an enzynpihis.dph@ansesterification approach for

bi o-di esel fuel production provides a high purity fuel, such as al kyl

et her (and.,j me. ex | es - product glycerol),,.| cost efficient
manner Wi ﬁﬂbﬂes lwg?rgiggﬁ%atlf%g’yjlfgld’rgcﬂﬁgorb?%%‘ﬁﬁ?g. blo‘ﬁﬁeégﬂﬁ%lé’é% CHY pl ant for
t he enzynmekdf vegelibkeSisenil bhigal kAN can be nade using a sinple configuration
that requires reduced capital investnment. -1 [005] In general, in one

aspect, t ) (r)] ]2;/4@1?61'1 Q&Jréee(ﬂ‘tai”bg)ﬁélg 0 é%%{agnl%%ﬁs Eﬁagénéﬁlglfﬂra.fsﬂggﬁbg‘u%eén f reactor

havi ng an 0 recelve ur e =conpri si reac a second
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 dissoived
in an organic solvent. With a lipase as a catalyst, the triglyceride and the alcohol react to

produce alky! 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 ether (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
the outl et t e: 1l : t] [FYalY i on may

i ncl ude on[ghg]rc kI#[?‘ré réér%f mt[Lng aﬁ;oeﬂ’ %Qﬁ%enhggget%gg%;@ akg%éﬁug a{eﬁrglélg%t%{ pr oduct

i ncl udes atekstor lewingran iflhietoreteiven mstharispriseaSrsatadtanst seaondpeadtangn of t he
al kyl ester back to,the inlet. The mxture includes a.solven hat
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sol vent, and unreacted first reactant. g%] The apparat us_ al so i ncludes an

evapor at or ESIEHEFATETBUMEPTeGIchERE af Ut fRpuip the reaftion iU UG udes
the al kyl @staktidlstolits retfB@G RS indi Al tHe%@eﬁ:Ei@ﬁ‘grodl:[&%el%lﬁtl:cﬁroﬁl 1§ outputs

glycerol. The apparatus also includes an evaporator to evaporate the
sol vent t oreagjmmdetvasn ghenfingt andseqond reactanisu dbs appweatad igludesstretun t he gl ycerol

dth [ ] | i nel h
epar ator  PEARbSEbisbR g ISR orie BRI P ALe, FOR e st EER R
|'i qui d-|i giwled. phase separation. [009] The first reactant includes

triglyceride. The first reactant includes a carboxylic acid. The second

reactant | Rkt dGsahak RS oPBE ifbnforihl RENI2OM ASEARIPEY rAIRARE! . The

first reac es at ast one of" veget e ol animal fat. The
reacti on pfeaditest ha s 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 engiotoe} TiRereiida pkacihdistalasstd. VRSt @Raniéd aénds §¢ 1S4t habl e for
use as fuel for at |east one of an internal conbustion diesel engine and a

gas tur bi neortipraiihe alyl ester bpakito fherplet. abjramixtws inglusles # plveng gt dissalvesr havi ng
a first inlqt,d Qpérﬁ&ﬁ by f(l;'le.tﬁli]ﬁ‘% réa!c{aﬁ{, the' B Bdctan ! an§ ﬁ"l%r}gac'ti&ll ﬁltodﬁa. ggcei ve the
second reactant, "a thir Inlet to'recelve a portion o

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

{008] The apparatus 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 o0il and animal fat. The reaction product
has a composition that is 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 cbmposition
that is suitable for use as fuel for at least one of an internal combustion diesel engine and

a gas turbine diesel engine.




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 solvent, and
the reaction product. The outlet also outputs other conponents, and the
return mechani sm al so sends at |east a portion of the other conponents
back to the inlet. The enzyne facilitates a reaction between the other
conponents and the second reactant to generate nore reaction product. The
ot her enfis ceride,
trlglycerﬁg?ﬂ l%zb@%?%%%@ hmh@%?% |8%%%ngﬁgﬁggmgﬁgkﬂgvgﬁggﬁ¥ncIudes a
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to generate nore reaction prod ct and an outlet tqQ output the reaction

product , | %eqRt the eRsoerteandhe pragiricRrodust of Reerptist al %%@Jtplm e of the

second 1 eagiionaflél ahd e rERRE MOhaRkAMIG e BNE IAkahod ArBritReohgact i on bet ween
the second reactant and the ot her conponents. [012] The apparatus al so

i ncl udes agPmpPapYs backrto thy inleh pesneymaaciliteiesta reaitipp hetwearithgtother east one of
unr eact ed édn#%ﬁl%ﬂt?gﬁ]tﬁggec%ﬂ&lr ‘A&’é&%tg@:%raﬁg %Pedre &%ﬁéo%‘c@mt e o Par atus al so
a shor or 't

i ncl udes BVAPOY at 0°sep ar ron pro uct from
remai ni ng caxtmoaattt Eidlu‘deatlbﬁﬂnbne amﬁoni(gmmldmd@t)@dmet trighektidteandil kyl ester.
The reactlon B ﬁ %% i ncludes at | east 99% al kyl ester. The apparatus al so
i ncl udes a4 chanismto send at |east a portion of the al kyl ester
fromthe outlet of the second reactor back to the inlet of the first

react or. TH41f i Thetapparats also inchedes d escond regbiprhsnvingeandnlet wrrbesiye d mixacia d and

t he secon ant i.ncludes econ
gorer a0t RAFAE Mg RN 4R R B i e BBt Mot o e
i ncl udes areacftexaiecbrﬁlthdtavlbn@‘tnmmsnfee&toi, an Eegaic\te fmlttttthmnbmaétwemhudes
reactants, an enz%?r;ﬁa}ug facilitate a reaction between the re ctants, and a

f eedback niscHke s pther cprapnents to, generammgte rﬁaCt‘ﬁP(B Rt @1 40he reaction

back to t h@utlep{oeautp& Ak adiioR pRimRet Bl (R rebfiRonipRyRIct fcBlvema tHefletide one
or nore of the follow ng
of the second reactor and the 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.




features. [015] The product of the reaction includes al kyl ester, and the

f eedback nechanism sends at |east a portion of the al kyl 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 another aspect, the
invention features a systemfor generating alkyl ester that includes a
first subsystem and a second subsystem The first subsystem includes a
first reacpeq) ha ;f;'léﬁ%n?ahf)hJ @thé i'ﬁlvgr{“no‘h%e[aﬁgahe(eeoﬁ% ok Ifopd %é(ﬁolﬂlbg}ltgq i ncl udes
a first reactan a second react ant an inert solvent 1o ssol ve the
first and fsatosad reactants, a first enzyne to facilitate a reaction
between the first and second reactants to generate a reaction product, and

a first ouokst TR #?éttul@ﬂéfthé"@a&ﬂﬁcmélﬁdbs rar@ﬁeg@ér; arfdiBe feB@fabk BRENGRI and
ot her conponents. The second subsystem includes a second reactor having a
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and the other co nts irst o enzynme to
facilitat ese_epndeazcatlaodml.Bﬂte\mgnnailneludmzolﬂphsas.eact ant and the other conponents
to generate nore reaction product, and a second outlet to output the

reaction d[lO![G]dlIﬁtgendrélcllnléqbﬂﬁgrés ot rtﬁ@&%&{bn%é%ﬁ%& sysBaf Fof §EneRltin ?Qﬁ( yinl et of
t he second inl et "and reac uct generat'ed fromthe reaction
sec@m;hqyg

bet ween setththa mghdesa ﬁ@hﬂlbﬁmr@@ ﬁ@m Tf[ed“llrS?t]SUbS}'pﬂemrrent ations of
the inventig déE%yﬁﬂs{}Féc Eha9 acffrsets 8&0?.%% J@ea f{r tml Qﬁlat m‘é%ﬁ\!{]&r eﬁrst [018] The

reacti on pro UCt SO |nc return
mechani sm I'Bm:tam,rtdseadmdl Ieasetnt anphanﬁnmobzrentttbehmlkzytheefﬁitand Becond tdaetalﬁts,r st

out | et backt t he inlet. The s so includes a return
mechani smft% lto a&’i‘iﬂt'e a regefiqn by é‘eh rSt%d@‘FO"gsr‘FaéFanfS 18 $FHHEC 8econd

out| et baC&a&@nthtﬁquﬂ hisd a fifdt Sitlet TNEULRAR HIESBAARA pRidudt, HlindSdoBlent, And t he
reaction product at the output of the second reactor is higher than the

per cent agePthir corpRiAntse shheseqond sHsystemdndlusles psersnd reagior hidngrusssond ilet t he
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| east a portion of
least a portion of the reaction product, and the other components from the first outlet, a

second enzyme to facilitate a reaction between the second 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 alkyl ester. The system also includes a return
mechanism to send af 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
alkyl ester from the second outlet back to the first inlet. The percentage of alkyl ester in
thé 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.




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 al kyl ester. The separator includes an evaporator. The separator
includes a liquid-liquid separator. [020] The first subsystemincludes a
separator to renove at |east a portion of conponents other than alkyl
ester froma first solution output fromthe first outlet to obtain a
second solution that has a higher concentration of alkyl ester than the
first solgia0n (O I - ar at or

i ncl udes amf?]qE%FF‘%&E?%Q%%E{?%%% Hqﬁ%ﬁ‘]{} tﬁ%&ggjﬁgatt %)%%r%{& gtlsoﬁxeot?he first
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second r eawmimpohentasttiertthan alkdresteshbm arfirst sbhutis o owtpatdaom tlesrsttdudeftbr st enzyne
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as the second. enz ..l n other exa s,, the first enzyne is
di f ferent n&%’?ﬁ' ferand é‘gﬁ?ﬂl th%ﬂ?g Hg'.‘ghﬁ& cqngeggrlau%gt[%{(ﬁteﬁt@r ‘F?’? e fitfld second
enzynmes i nglugdes The bdppass ind @R hn EVhpaRRA! The sdparadRohdi&les atBRtliquide
invention features an apparatus that includes'a reactor, a separation

unit, and $8P¥&Chrn nechani sm The reactor has a pipeline to transmt a

m xture that includes a first reactant, a second reactant, an inert

sol vent, dfigil]a Ineaat examplgy O@diit rédoaint ACkdéedtrighy crided fe obosSambib ahe a

coupler to.receive. a.c rtrng,iiPhavi Er}g an inlet to receive the mxture from

the pi pel | &t reagfang <) Priflad Be seeppehensian dwdre atlcashane of r st and

second 1 eggtnd Snd RcHRAS ALSONOTIR: fi8AGbLRR PN mABOh Al ikEhiet © out put
the reaction product, including the redction product received at the inlet

and the rdadeens thotistigastanenteconddalet foorraiveethe sesond eactpult svhind inlketof i r st and

d . i i |
second reggtant emm%owgg@g@ﬁ&ﬁl@éﬁ@;ﬁhgh?&?%ﬁtgg mggeﬁgg%&g%ag f‘%‘i‘n‘?‘sfﬁéuiﬁ.

to produce a solution ng a perce té
The r et ur ringregdieenit,smd 9 outet & otpatghe frspmisttive thay includes the dirstiréatinhaek to the
pi pel i ne. 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 befween 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
prbduct 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,




[023] In general, in another aspect, the invention features a systemfor
generating al kyl ester that includes a first subsystem and a second
subsystem The first subsystem includes a first reactor having a first
pipeline to transmt a first mxture that includes a first reactant, a
second reactant, an inert solvent, and al kyl ester that are in a
honogeneous state, a first coupler to receive a first cartridge having a
first inlet to receive the mxture fromthe first pipeline, a first enzyne
tofadlit [
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coupler to receive a second cartridge having a second inlet to receive the
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al kyl ester, and a second outlet to o ut t ester. [024] In
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identifier.
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 enzyme 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.




[027] In general, in another aspect, the invention 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 and other conponents; and a
first separator to separate the desired product fromthe other conponents
to generate a desired crude product; and a return nechanismto send at

| east a portion of the crude desired product back to the inlet of the
first reac I f |nv ntLon one or
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t he inventfegﬂré‘scatur es an apparatus that includes a cartridge including an
enzynme, the cartri dge confi gured to be coupl ed to an al kyl ester

generat or . rat o at mpxes a first
eactant. - 2L Bees EERBlP TRER Rl "B oo T Inel? B S gener at e
a solution that is passed through t he cartrldge in WhICh the enzynme in
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cartridge desired product from other components to generate a high purity desired product.

[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] [n general, in another aspect, the invention features an apparatus that includes a
cartridge including 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
cai'tridge, in which the enzyme in the cartridge facilitates a reaction between the first and
second reactants to generate more alkyl 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] Implementations of the invention may include one or more of the following

features.




related to an operation of the alkyl ester generator. [035] In general, in
anot her aspect, the invention features an apparatus that includes a
cartridge including an enzyne, the cartridge configured to be coupled to a
first subsystem of a two-stage systemthat generates al kyl ester. The
first subsystemreceives a first reactant, a second reactant, and an inert
sol vent, and passes a mxture that includes the first reaction, the second
reactant, and the inert solvent through the cartridge, the enzyne

facilitatiggspn TR ALDELAEARLL OO d:71080 BESAR ARG Ahociragener at e

a first product, in theflrst pro I'S processe
separ at or mlat@énenap@atmlmfmhmlhdwmgenem: ng a first percentage of alkyl
ester. The second subsystemreceives the crude product and additional

second rea@BfNtin g@ﬁb@algﬁ%bﬁh%p@ct SB6 REntIneGles art ébp‘ﬁ&'tt%hhe{t heLsRs @nd
product is processed a second separator to generate a refined product

havi ng a s@&s aemal@d@éﬁﬂag@nm thg|crepidgespafiguredio besonpledhiora fingbsubsystent i r st
percent ageyr [t%ﬁsla @@H%@Ew&&%ﬂ%ﬁ e E"?i?stt suﬁsgﬁeﬁl'?éé%ﬂ%%]e Ciea“”es an

appar at us that ine artri |ncl artridge
conf i gur edreaaarie mmpllleabtarm, amdaaa:wmﬁsoh&nbmyctpaemscafmaamre/\thaismalgdaessﬂyest em t hat

gener at es est f| rst s S rec s. a fi. reactant and a
second rea@rtsg%?cmﬁnt §%°HE 1t aﬁ@ﬁé’eﬁrs tg’l‘?&g? ¢ rtch{ ste SBaMent age

of al kyl eﬁblﬁtaun'graeeaaﬁ@romws@nwﬁise Bhd ﬁﬁ@id/l@&téﬂ@sﬁto%féh@@te AR Yeddua) th
addi tional second reactant, passes a mxture that includes the crude

product anthichéhe figdredushisipracesssn By adisd senvratetie sergrate perudaprodieige, t he
enzyme fac elvﬁrﬁﬁﬂ&gpe@ceﬁ Ebt ARy Ret W%%e%?ﬂ%ﬁﬁk%&%& rk&&e@aqefcrra%epr&wuct and

t he secon ant- to g nerate an output, In he out put
processed waddﬂlep@lrsattqndmeamﬂt, an@gegermsaitseccmdmecﬁdun‘em whmuuwtsetmrdl ng a
second per Cﬁ est | I st § ﬁent age.
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t hat i ncl upheeenmgeoaﬁlkylled@emamIhigﬂbﬂ(ga@tﬂelfnaqaerceﬁtb@.cart ridge configured to
be coupled to an alkyl ester generator. The alkyl ester generaor includes

a m xer to b 1kefirhl, ﬁl%%)ﬁl%r é’sggcstgtlhgﬁvgﬁﬁc%ﬁhfe&hzl%%ﬂgpﬁ?a tﬁﬁ‘if?&@%w al cohol

in an orgalc solvent "to form rou t he
cartridge, carmldghlm}udtig@n@ntymmrtnd@ aodEgured torbeg:loypled twlzeseamﬂ the |ipase

faci | tat e, JSRGH Qb D550, F chich LR d: A4 S RL LR eclagono! o
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 generdor 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 o0il source includes a triglyceride and the lipase

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

'.3..




-8 alcohol to generate an al kyl ester, in which the solution does not
undergo phase separation throughout the reaction and glycerol is produced
as a by-product. The al kyl ester generator also includes an evaporator to
remove the organic solvent and unreacted primary al cohol or secondary

al cohol, a phase separator to separate the al kyl ester from the glycerol,
and a second separator to separate the al kyl ester from unreacted oi
source. [038] Inplenentations of the invention nmay include one or nore of

the foll oy b {oeRhUERS aﬂ%ﬁeﬁtﬁ?ﬂ%ﬁﬁﬂ@gﬁhﬂg&n S bl PRREL - PAL D

evapor at or. 39]° I n gener h anot her aspect, tron features an
appar at us geharatiomiblangbeut she reantionianidyelyterall is drodgeed 2k ia pagpeoduch el heatityt | dge

confi gurede]éo be elgouat?l ed t&) an al I%I ester qgnerat.or.l TQe cfl kgl ster
gener at or K EUGEROLLISE el pdes n gvgpotator o retuong e organe solvent g Ynragtedo g o a
secondary griahalcohd] odBecon@ianhicolid) Msate deparh@F 1 Rparale\ihd ARyl ekt frirh passed
through the cartrjdge, in which the oil source includes a carboxylic acid

and the |ilpaglyeerphand 3 pegpadseparatos éq separatsehoalkil estestrenpesegted eil §eUree-and t he
primary al cohol or the secondary al cohol to generate an al kyl ester, in
whi ch t he $38]utlmplenttnésionoéf the theegion mdyasdudeprraamodanof the flphdng t he

reaction d wat IS oduced. a by- product. The al kyl ester generator
al so incl ﬁg%@reé‘n%é?/ﬁe&ﬁ%?e@?m %! %@%gli‘q%‘ép%]? WP o) vent and  unreact ed
primary al cohol or secondary alcohol, and a separator to separate the alkyl
ester fronl8Nr dageeaaloin angiber aspect|thel Olventinyl featnss an apagatusfthattiechidesent i on may

i ncl ude on r f .t fallow. tu . Th arator i ncludes a
short - pat hgagglg%%}rﬁg 81(rPlg a[@%iej’ a{eﬁggéég%rcgpﬁgqrﬁ& %ﬁj&cﬁuﬁegg%en&%?? H¥ i nventi on
features ageneppar dheislkyhater paeractdsclades aeniagas atiobn bidwoure: @i a prigry t 0

receive a mxture that, i ncl ydes al kyl ,ester, alcohol, .a [nert solvent, and
gl ycerol , Ei’{]?fé’og\’/rgapﬁf’%d@’fy Eﬁﬁolf'ﬁﬁ'é‘ﬁ'&roé ARG 39 VePW@%?”%BPQ)E?R“ thetds Paveechl cohol to
gener at e ahffih ticarttingd, dohvRigh Bekail sofeh Richaiada Bh¥e8/ielacidang R 1paRar at or
having an input to receive the solution, the separator to separate the

al kyl ~est efecHifnmarrctign petaieen thsgadaxie acid anditee pimary dlgoheloethsepar at i on.
[042] In %Eﬁdﬂ'}y alédﬂo%%ﬂ&ﬁte%ﬁ Qﬁ&} estetr,rﬁﬁ WHIMSRL ls&ﬂtignecﬁ'}ey E&%nﬁer%gwer

generator t
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 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 from the glycerol based on

liquid-tiquid phase separation.

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

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




i ncl udes an enzyne-based al kyl ester generator and an electricity
generator. The al kyl ester generator includes an inlet to receive a

m xture that includes reactants, an enzyne to - 9 facilitate a reaction
between the reactants to generate al kyl ester, and a feedback nmechanismto
send at |east a portion of the alkyl ester fromthe outlet back to the
inlet. The electricity generator that includes an inlet to receive the

al kyl ester generated by the alkyl ester generator, a converter to convert
energy in t i i CJ I out put the

el ectrici tf%aig%teiul‘a\elea{r(I}aé%1 %gﬁtl))g{ “t’éﬁgh%ﬁ%/cgﬁ%ﬂro Cge{%%g?&?lrreﬁ’ g’rfaglgiagfge}dg%% of the

i nvent i on mehanisoltusmdankasin potioa offthea dleyl esibd foov thg outleidiaok @sthe iletd] At

| east a poy,tion of the al kyl, .ester generator. i red by t electricity
gener at ed T Tava vy edtertier Yot G aonel el I e F BN ycer i e
and al cohadlkyl k§iébdentratogen@hdrier kdcorRert Beoy@mIRClkyllchter infv@eiuiaty, gt ures a
vehicle that includes a storage to store reactants; an enzyne-based al kyl

ester genelAUYEL o gupubihe slegirisy gomeeateddpiipe cEBEEST. gener at or i ncl udes an
inlet to receive a mxture that includes the reactants, an enzyne to
facilitat d043}r daptanentabietsdfahe inkentivaandyantisdd amege neradfahatddpiviest er, and a
f eedback ﬁchani smto send at |east a portion of the alkyl ester fromthe
outl et back*SS the inlet. The engi ne includes an inlet to receive the

al kyl ester generated by the alkyl ester generator, and a converter to
convert e n[@fl%y Atreasheperliky bl e ulky! ¢star gehdrater is powered §y theebepjcity

| 1 et Sl B RYGTORotd DRLA000 BlBOER B AR 0 L0,

by the kinetic energy . generated by the engine. In sone exanples, the

vehi cl e all883l reeaered. pranbei asechiihe nyemion leamese Yelugls tat inchidesd net i ¢
energy to Mheel $ sidrdreSOEs: %Wthﬁé KYeh Opnd Uges th& ansm ssi on
mechani smto ?ér ar?smg{ tﬁgs’%ﬁnetl c g%%@glyyt%{egkogga{tfr’eﬂé Q(T)]ZEIB In general,

i n anot herallgd geiet geneator invlusies ioimldt tarcogivsa mixtoteitbdtendides tHermedcliaiss am

storage to, _stor an . an._enzyne- hase | kyl ester generator, and an
electrici t%/nzylaggoefraglt%%ﬁg aéF (gloélmgﬁye%él%eerre a‘%%ngse?)ag(%?ratfe ﬁ!:klyL A Eglﬁl “inlet to
recei ve a faedtiack metHanism oGtk $east 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] In 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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the reactants, an enzyne to facilitate a reaction between the reactants to
generate al kyl ester, and a feedback nechanismto send at | east a portion
of the alkyl ester fromthe outlet back to the inlet. The electricity
generator includes an input to receive the alkyl - 10 ester generated by
the al kyl ester generator, a converter to convert energy in the alkyl

ester into electricity, and an output to output the electricity generated
by the converter. The vehicle also includes electronic conponents, and

pover | i negqd geﬁef Y he %fkez @s‘t'f’(ﬁgeﬁeirat&oﬁ LoRRrEME c&%\}%&%bfg{r %l?gm?r ated by

the electricifty generator ectroni ¢ conmponents
| npl enment atsieoitgo electribigy,iand emvutput toraytpiiibt eldeirioitiegaeratedriy tbﬁf canmertdrol | owi ng

features. e vehicl e jncludes a I N, some
excanp os. 1Tk Ry ey B lArlE: Sporpls” Gyl st bRl et v e

i ncl udes apgetidrpthe EIROGLitY Ber@R@ 18] the blRciaitiOf fRkrafs Rethe elebiénit BoBRineae
features a building that includes a kitchen to process food; a storage to

store 1 ecyglhad i %&gﬁﬁﬁhyo &%&ﬁbﬂ%@hﬁa& Ot o@%r@&thsfog%% ased al kyl

ester gene at or . er ener udes an in receive a
m xt ur e t higaturenc lruses: dxlamplee,dye:treénblmnlcludemhmaur Iaamet dnsomaexagmitesnthet o

facilitate reacti.on beiween the recycled. oi nd he reactant to

gener at e aYelﬁiﬂle lélglflg?sa%?ﬁdf“asopge@%’ﬁ@ﬁs %ﬁs‘éeﬁ%q@ frfis &Y at | east a portion
of the alk ester fromthe outlet back to the inlet. [051] I|nplenmentations
of the inv ﬁ@] dn gaeayali ingingidper @spectdhe inyertionfieatives # building thgt inpladesur es. [ 052]

The bui | di ﬂ&gxﬁl o {i&ﬁi H.»%?Sa &&a B5dr ‘Pébgéﬁ?cﬁ&i‘ﬁ{ ﬁﬁrﬁ’f»ro%{& %g‘tﬁ%%&@%ﬁdﬁﬁ‘ I nput

to receive erated gener dtor,
converter érmymmba@dtalkye mta&r%eneraot HEhead iy Iestelsgeawraton trmluetbsamt inlet tct rggeian d an

output to output the electricit nerated by the c erter: and power

i nes to t§ e sl indides e eaysied U Ang A rarienie FRERAEN (PR AEERT T di ng.
[053] In g@d%@ée'nlthe fe@ @mlh@ﬁd 88 RQ6tant t&fg@ndrawsmyléaﬁr fa@ahtféeasao@cn appar at us
for producin ester, the apparatus includin m xer to mx an

0i | sour cem§ lémptp |S¢ﬁ§1r%? legptapestionsof t walkdesistitipy te %I%bbacikﬁo HK Welgani c

solvent to forma solution, the oil source including a triglyceride; a
react or t o[0sef eimfderhditativns of the mvehtivym masiatiode dmcdrucira of the ifolpadeg t hat

facilitat etseaums

[052] The building also includes an electricity generator that includes an input to
receive the alky! 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.

[053] 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 triglyceride 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 alkyl ester from the glycerol. .
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a reaction between the triglyceride and the primary al cohol or the
secondary al cohol to generate an al kyl ester, in which glycerol is
produced as a by-product; an evaporator to renove the organic solvent and
unreacted primary al cohol or secondary al cohol; and a phase separator to
separate the al kyl ester fromthe glycerol. -11 [054] Inplenentations of
the invention may include one or nore of the followng features. [055] The
solution received by the reactor does not undergo phase separation

t hr oughout e ggﬁg I r cludes a
nunber of wé{!}r bIo tég%s?iog ae e!tﬂgtgolcl}a{lﬁ?ﬁhd %ﬁ%%ﬁrﬁgﬁtﬁ%rﬁﬁhﬁgnges from4
to S. The fatgmmi c solvent includes a C4 to C8 tertiary al cohol. The

organi ¢ sol vent includes at |east one of t-butanol, 2-nethyl-2-butanol,

2, 3- di met hpoksR-THetsdRMon redeiiel Bykhe?re&%?‘dmot uﬁd ¢ separdétf anol

3-et hyl - 3-pentanol , 2, 3-di net hyl - 2- pent anol , I met hy I- - pent anol

2,2,3- tri uamulﬁwpfémlaﬁoﬁacl@nﬂb@lﬁwﬁbe nmalﬁ@plve@nnplgieﬁremhyl erpfhexanol .

The or gani i Py ry al cohol
and the secscéo aa\r{(;iﬂél ' a{}@téﬁ@%ﬁrgi %t\{élﬁ&l{‘@e Péhbér%%%%g?lﬁglnmgtgt %el%%agﬁ oi | source
i ncl udes astoNea‘amt:ludﬂm ot tq)ﬂ:&tﬁ!’tléﬁly hlcolaudi e orgamic salmeht iwhsiee aigemtsem of 056]
The apparat C rki whi.ch the li i ilized
on the car 'ﬁ%r}o 8{11‘?’{'%3 (?Ing? %t{l%%fi ngg%ofl %ﬁ’gthéi}'ﬁ'é?g‘?w &ags @ﬁm%tl ca

l'i pase, t hesnfEBY S&shyl33RuEheI0S 3-dinp@sE2-pRE sl D BRS1y BeamaaIN 3 2|3 pase,
pseudononas, cepaC| a |lipase, and chr ormgact eriumviscosumlipase. A portion

of the redéinsthyi3 n?ataﬁ@wwwahﬂ@ hexanohand grmetheindsbexgpely d heprggnicgolyset t o
facilitat cohol

o the seaerl e e e A b by AT e o
cause the efolltotlli?marhoo afdnwsw Thieodsgirce neludeswtlanst éne of ptant mB@nmlahutlwd [ 057]
The apparatu al sqg includes a heater to heat the oil source to a range of
150 to 215%% BFRE heated oil source is cooled to the reaction t enperature
before the 0|I source is sent to the mxer. The apparatus_al so i ncludes an
inlet to alP@6hnlhs apppratisalse inchudena carsigr, i Whish therlipage is framebiliged Ohthes sent to

the react oggydh %h@‘ﬁBere%éﬁdeg bSRad: B HEGRIBa bR 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 alky! 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 alkyl ester separated by the phase separator

10 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 alkyl 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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mechanismto allow at |east a portion of the al kyl 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 nmethod that includes
inserting a cartridge into an al kyl ester generator, the cartridge having
an inlet, and outlet, and an enzyne positioned between the inlet and the
outlet; reading informati on encoded - 12 on the cartridge; controlling an
operation of the al kyl ester generator based on the information. [059]

| Tl ement ag G0 aat Nnk AR BRI BRI HIE (00 BPE R by e Ol ! ovi ng

features. ntro an op rat ester generator includes
cont r ol | i ngfoamatiemast one of tenperature and flom/rate of a solution
flowwng into the inlet of the cartridge. [060] In general, in another

aspect, t hes9jnvgPldnfhtati &R diftESinferdiBh MOF iRdlud 2 %§ ﬁio&goff tHé)ﬁ'yllonge net hod
|nclud|ngé£roce55|ng food using oil; récycling the oil used to process the

food; recdpedtpigy qomHoling @ enseation pEthaabiel estargencsgoninpiudes qopelling ot leashd an
inert solvy Is e recycled
oil and tﬁ%ﬁﬁggk gﬁ%m?gﬂ&gﬁgg%?3¥%§iﬁ¢&9&£Yﬁgﬁﬁﬁ@%yg%'ng at gfgt a portion
of the alk I ester by mxing at |leasf a portion of th | kyl _ester with
the i xt url@60k HB gsrekd)) ingapthsr aspest.4hs ipyentiondradrss wqtng ﬁgpmw@gz doi | and

the reaCttﬁ@Inet%ﬁ&@?c‘hﬁﬁﬂg‘&o@ésﬁﬁé fdoﬁ'ufsﬁﬁg%il }%bj?l%llg%e%%sgd’t dﬁr@é@s&ﬁ'@ al kyl
ester; and powering devices uSed for processing usi ng the

el ectri ci tipodireqeimdnga maxting that dncdpydes foBdid oih agm@m&land almnaﬁ@ph(ént Bffect, the
| nvent | on byl e ialbt ROl RREh id B8 cfta of Sl Hheiead I ELDOR s udi ng

receiving a ure i'ncl udes’Teact an rner vent,” passi ng
t he m xt uratet;reoutihg at leat 4 pordge obthe etz lever be nimmg lat bat @ paxtnoeanithecaﬂwl bet ween

t he reactants t ener at e, al ester;. rec | eas tion of the
al kyl est €P®T Y Hﬁurat‘hf’é {GSE?YB%PSPP%W FSO‘W%‘Q? Ksry e E‘i?@P‘P h the

m xture, tﬁes‘ctﬁit kééher%ﬁﬁé%lecﬁﬁéib%r‘l@n@btk@ne@ 8@ NRy1her; aRapbwety;  generating
electricity or ki netic energy fromthe al kyl ester; and powering devices

used for icas iyed fermsogeasing the fopst wsing the eletidieity orahe ingic eOBEEYKi net i ¢
energy. [062] Other features and advantages of the invention are apparent
fromthe f@bljovin@neral, in another aspect, the invention features a method of operating a

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.
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description, and fromthe clains. [063] Al of the publications, patent
applications, patents, or other references nentioned are incorporated by
reference. In case of conflict with the references incorporated by
reference, the present specification, including definitions, will control.
-13 Description of Drawings [0641 FIG 1 is a block diagramof a fuel
production system [065] FIGS. 2A-2D are bl ock diagrans of different
configurations of a fuel production plant. FIG 2A is a single stage plant
wi th feedback of crude bio-diesel. FIG 2B is a two-stage plant with

f eedback of crude bio-diesel fromthe first stage. FIG 2Cis a one-stage
plant. FIG 2D is a two-stage plant. [0661 FIG 3 is a block diagramof a

singl e stage plant wth feedbacRessfipteniofdDiaivingsdi esel . 1067] FIG 4 is a
schematic diagramof a single stage plant with feedback of crude bio-

di esel . FI[@84] 4AG: CisHd Bo&Ndids8RbI ifgMproabciybtems of FIG 4. [0681 FIG 5
is a schematic diagram of a single stage plant with feedback of crude bi o-

diesel . F1igh, o3 400 SOLRETHLMRE R ot BOL RREE eBrod 0850 I O 6

is a sche ragramo cru bi o-
di esel . Flmﬁ. BUS. 21& 1@& emglrelswggptanwwm&edﬁacpefénudmbloaiﬁesal GG @B @701 FIG 7

is a block dia r uctl y is a block
di agr am of Mg B%@gﬁ% 190%‘5 L%ﬁrs ?t%%et (gz CdéAer at or .
[072] FI Gon%_gta% 2\149‘{ qnq@ mgg{msq;j ceplanhi cI e having a fuel production
system [073] FlI 10 a bl ock diagramof a fuel production system coupl ed

1 2 tuer WPBGHIE S AR e Rl ks AUEL VG sp i bsBOE R " 10 T ©

diesel.

[067] FIG. 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 production system.

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

generator,
[072] FIG. 9 is a block diagram ofa 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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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 plant nmakes use of an inert solvent 120, such as an anhydrous
tertiary al cohol or anhydrous pyridine, as well as a reactant 130, such as
a primary or secondary al cohol such as anhydrous nethanol. During
processing, the processing plant 100 recovers sone of the inert sol vent
120 and reactant 130 to replenish the supply. The processing plant also
produces coproducts 160, such as “ﬁﬁkﬁdﬂ@@?r or glycerol. [075] A nunber
of different versions of the processing prant are descri bed bel ow. These
versions differ, for exanple, in features such as the nunber of reactor
processi ngd staagedew(for exanple, single stage with one reactor, two stage
with two reactors), feedback arrangenent of internedi ate crude bio-diese
to prior e : b i i . i ol vent,
reactant, BT SRAbOLTICERA ABORREH st Abladld SOl v L
exanpl e, tthlespn od eswca iyl () kanhtas caybearpeil,ane praducesadnid-ilivsd igel i F@wuchode, or

alternativel in a batc de. [076] D fferent versipons of . .th rocessi ng
ol ant ey Y st PrLRERE SR tush 34 Fpuchene i p bR PR Bt e <
relativel ypre@sRaeplant! 100 ueesaimB bemotdRadbrg 24®thafedcR fak @Rl 0P bn enzP@Bdid t t i NQ

depl oynent %%!the %oint where the bio-diesel fuel is consumed, such as at
the | ocat5Ehshi4%aThs pwesssingplant makes use et & igert polvsnt y2QsRdyastdnon. Ot her

versions Ryyd@sus ©idR) fIEHBNG M&ﬁﬁ%ﬁgrﬂﬂe hasGRdIT ﬁ%ﬁ@%rﬁ 950 sQULRLET

production capacity. "I n sone exanp the plant can be deS|gned for hone
use, have mimary ot segendarseelenhod $ugh as anhydioas gethardlr Dydngiproeessingribe can have a

d [ ' f ' . d I . h les, th
ol ant can EC0a8 blkaop 3oty fing af Be o 2P5ne (e G(ED SIAIMET, 2"

si ze si mi |th¢ supply: ThSpioosskiak pRinsalkagtiotgeea chodiich 160, auch angastoivabot 0 40
feet. In %hggr exanpl es, the plant 100 can be designed for a commerci al
pl ant and Blg capacity ranging from40,000 tons to nore than 25,000
tons annual | y.

[075] 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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1.1 Plant Configurations [077] Referring to FIGS. 2A-D, four exenplary

pl ant configurations nmake use of different nunbers of stages and different
types of feedback. Referring to FIG 2A, a single-stage plant nakes use of
a single reactor 140. The output of the reactor (R 1) 140 is fed to a
separator (S-1) 220, which includes conponents to separate inert solvent
120, unreacted reactant 130, and byproducts 160 fromthe reactor output to
produce a crude bio-diesel product 225, for exanple, using a conbination

of an evapar %En%g'sf k%gﬂdr%gtaahlgn mng urtan%e?owﬂ) {3 %g ?’er:egg_ othe-ll‘-h}? Eheg)flant ? tor -l

140 is prOV| r aCce oi

sour ce 11Qanibbdediged|fvrendondi@éicianglantend havta chi?’ﬁblty Irbhg‘h’(y feoriv @0, QD@)ta)nS)fo t he

pl ant, the m xer 210 al so re?elves some of the crude bio-diesel 225

avai | abl e PPEHRHS-0 Qe A Yt he separator S-1. This feedback of the crude
bi o-di esel has two advantages: (1) enhance the conpl eteness of the

reaction aﬁPnglﬁQﬁchﬁﬁQEQHS% and (2) reduce the anpbunt of inert solvent

required to b he m xer 210. The output of the separator 220

Shor - pat HO7h SRTTTRE RoRCY,Aran i erep pup e Burpuronf Bl BEER°L 5 ot oduce

t he out putdiffeiehnunbeds ¢liseged andUdPereSyth of RRGHRCE., Rdfé'rﬁngi ({319 (23 DAQa dl esel 225
may be 90- 99@6pure by weight, and the pure bio-diesel 150 %; reater

than 99% pikge-pipe ﬁrgnﬁakesrvﬁesof@émﬁleorﬁa%w FReThs aytput phde reactor (Rrd
conponent Slsffézﬁts tQﬁc{r&tBP(sen'z@ofwhlkﬂmc&dggéoﬁﬁmhﬁts @mpwe it QIVeRE ﬁzoons as

wel | as larger versions. [0 Referring to B, a two-stage plant 100B
makes use wiredacted redctge $30181d bypdedue 5,60 émlrhthﬁ mezicied prtguteto peslveot crvd®. The

g; (ra ag?rennfgl.lrno 7 6esglﬁa?&uci12i56? egEPéR ‘?K}g L4 %Ogo i r; Sap Or%%ggndﬁg iu“(! S-1) 220

|nc I'ng "usi hg™a crude
bi o- di esel llcﬂ%sd‘pmmﬂﬂe: iapiit P teactor Rhie140 is @fov&&ﬁairom e oBPht dfa rhixer Di0xer 210

for the react or 0. In.this versi of the t he .out put of the
first sepaWé‘tcE peoSpls ﬂilf‘sm@L fed 10ginesd sofyert A?Qérrdf vy ﬁé‘? qe BibYSEEen PhBe o1 Lde

bi o-di esel 131%5thWrﬁ1Qerf2‘—10taﬁ§rredeﬂr%§ SonfPbMBOErudLBlo-RdREl 18aGhifible &R theThe out put
of the second m xer 21 fed to a second reactor (R-2) - 16 140. The

out put of @lﬁ@ts)é&@r‘ﬁﬁpﬁf@tat&drTlllﬂtﬁeedbacﬂsﬁﬂw(fmdﬁr%éﬁs haslowrgdvarpessdidbr (S-2)

220. 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
is 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 (8-1) 220 are similar to that shown in FIG. 2A, 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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The out put of the second separator 220 can be used directly as the

bi o-di esel fuel 150, or preferably passed through a final separator 230
prior to output. As an exanple, in such a two-stage plant, the crude

bi o- di esel 225 output fromthe first separator 220 is at |east 90% pure by
wei ght, while the output of the second separator is at |east 95% pure.

[079] Referring to FIGS. 2CGD, plants that do not make use of feedback of
crude bi o- diesel have configurations that are otherwise simlar to the

pl ants sho

in FlI GS. res tively. exa the o of the
first sepa tgﬂ%o‘ﬁﬁﬁ Oifﬁ“etsﬁg‘g’éi Eosrcléh SefiAErou% ag%fo'ﬂs@p%{f‘wf &&%@0% pur e,
and in thﬂﬁ%ﬁt%ﬂ&e%@doﬁﬁ@épmolcﬁn b (meddRectlyS tRIBipdieselffucitiBg, sgecond
separator is at |east 95% pure. [080] The single-stage plant 1000 is

usef ul , opre%f@&hpwsésedm@k}gh nEngd senaraiar 230guiton toseutppt. /fssa%rt FAmPles it spplza of
X pase) ﬁw@@fg&ﬁ:’lé{f th@&qd%]ﬂg | ﬂs%ﬂﬁ& ﬁ%ﬁlﬁh@ﬁﬁbse@%@%@ 2¥@lUgleasiuch as
or ug

for nedlc use e anount of 11 pase t S required in the
si ngl e- st agf¥¥s plumrhy wWeigdb@Gvinikpythdeutheisd thesepondsaparabr ishtledsd 3bloepust. age pl ant s
100B and 100D, and thus the end product can be produced nore cost

efficientl 791 OBdtbrrihB @0 PIGNLE 13,04t PadRPidt GRRe DAVE fRAPARWT cRBbigur at i ons.
Addi ti onal onponents may be included in the plants, such as heat

exchanger sdlﬁﬁl havercenBgurations ghat are thervise similepiorthe pleats shywn 1681 2A4Bons, and
punps to cg ercm/e]§' W& Jxla ]éétg’ l)f‘{hlﬂ: Pst se aﬁﬁ'&f‘g %34 mbLEEejsE v@ﬁ}’ong) 6f fh@c ! uded

lethéPﬁ
to renove u nted noi st ero or oth unwant Inmpurities from
t he pr oducplent aFoat lexst8$iih qaure; mdmehesu\wgite%e%agm shb@amin BIGOZT, the ketpus@par at or

220 can separat e, non Jeacted raw material (for exanple, reactant
and oil so éﬁonﬁdf’%at%ﬁgyf)ﬁ L%Q/opg{f‘ that the non-conpletely reacted raw

material can be recycled. In this case, a glycerol renoval bed filled with
i on exchant§80} e'Elilthl@@rStb@e plansd 00€ ds wsefrbifer example, yihgw the sptalysidmuahins ar ecycl ed

raw materi gl . [1 ﬁ%ﬁ,dﬁmﬁ&iﬁ %Q{Mee&d AEY eétg{i&c"f‘h& Iﬁ%fg%ﬁlle@ fvalﬁg'zsﬁgﬁaés' C

catal yst are use or t hernomy anu
useful to formedichhe daagpuset Tthé amomtotﬁhpasmﬂqatﬂsheqmmﬁum t}mrsnfgleemgegalarmto t he

ot el Bey B e RS ) leee s R Ehng PR g a7

f eedst ock p@ﬁ@tcﬁbgmﬂﬁ&ﬂmb&e&fmeﬁﬂys For | arger plants, vvat er
noi sture can 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 100C, the
separator 220 can separate non-completely reacted raw material (for example, reactant
and oil source) from the product, so that the non-completely reacted raw materiaf 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] In some 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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17 controlled by other renoval techniques, such as evaporation or hot dry
air stripping apparatus. [083] In sone exanples of the two-stage plants
(for exanple, 100E and 100D), the final separator 230 can be omtted.
[084] In the plants 100A to 100D, the reaction equilibriumin the reactors
140 can be determ ned by thernodynam cs, and is independent of the type of
enzymatic catal yst used. Thus, the concentration of biodiesel at
equilibriumis a function of tenperature, inert solvent concentration,
reactant con atl oduct concentrations. Different biodiese
cau || br i e B rmE AL RS Ef et ehtr et s SR8 ur s when
ot her congphrdaes remain the sanme. 1.2 Chemical configurations [085] A
vari ety of conbinations of oil sources, inert solvents, reactants, and

catal ysts, n 9@@ i i el inc e and
reaction tW%@sqngﬁiggﬁﬁgﬁ %g%s e@@@@h@k&ﬂ%agﬁ g&gé&Ctlon gfgﬁgg are
described:wnanSZﬂAumﬂk@mnﬁﬂh No. 10/945,339, filed Septenber 20, 2004,
titled "Methods for Producing Al kyl Esters,” to Chih-Chung Chou, which is

i ncor por at @dcqbwnrﬂ?éﬁaﬁm@A {cORRD, 'ﬂa@ed%@&@@ﬁmﬁ}ﬁznamh@?eﬁaofsmb%@sh on the
di scovery that hl% urity alkyl "esters can be readily produced from an
vé

oi | feedstdstdtmirfed Hlammg@rtdab indeprindentoff theriypeed! enatedfic cptplyat

|1 Pase: cat gy 2¢fld BEEhhRRa ) MMk hIREALNANOR SHind R3S Rndefurf 1 ™ 260
In particular, —an al e er can b duc

transest erinéit satéro nommmﬁtoar 1ef1¢tmatcnm&ntratt&ms tand prodﬁhﬁconmﬁmﬂbnsnbiffwm (1)

m xing an ail, source containing a tri cerl carboxylic acid and a
first pri nw@»e%? EBRRIUG) Copcpnty n%@&&%&ﬁweﬁﬁwﬁ%{enf RgeIAnE S, VIO o

sol vent t oedn@fiith@rdmaiSthe 88hait i on; in which each nol ecule of the first
organi c 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 bB2condamicalconfimirationst he presence of a first |ipase to produce a
first alkyl ester, in which the first solution does not wundergo phase
separ at i on[08Ry cAlIghhety of benbigaiohi 6Noil netef,Inerb@panal feagiatthieant catslystal Kyl
ester

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 alkyl 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.

- 18-




fromthe first solution. - 1S [087] Exanples of a suitable oil source

I ncl ude plant oil (for exanple, mcroalgae oil), animal oil (for exanple,
fish oil, lard, rendered fats, or tallow), waste grease (for exanple,
wast e restaurant grease), or a hydrolytic fraction thereof (for exanple,
carboxylic acids). Before the mxing step, the oil source can be heated to
150-215C and cooled down to the reaction tenperature. [088] Before the
‘reaction, the oiI source can be m xed vvith the first prirrary al cohol or
the first o ohal the fi sql.vent £

one- phase §o| utlon 1eSE§ 'iagf'goél SOP‘H«%"} a%? ?‘rgf?rexgﬁlg mcrﬂ%} em@’l cohol s
i ncl ude t akeal oilffoaiexdnnge, fish @il 18rd, e@ﬁa@a fzas @H&J]oﬁrﬂﬁ*&s&%;reaﬂ@(fbﬁnol et hanol ,
i sopr opanol |sobut anol , 3-net g yl - | - but anol hexe\%%)zﬁfor oct anol decanol or

lauryl al CSHBPIe: asigassiawapjiarease), oy ¢ kydrefy e faqtion & PREPlRle pyri di ne or
a C4-C8 t%tuoﬁym a%k&?r@éfokft% mﬁaﬁ%aélﬁ ,thetmmma%n b@héaeerdwhs@zwmal

2, 3-di met hyl - 2- but anol , 2-net hyl pent anol - met hyl - 3- pent anol ,
3-et hyl - Scp@hddﬂ‘ﬁntothzr@ﬂmmm?ﬂat@e pent anol , 2 3-di met hyl - 3- pent anol
2,2,3-trinethyl -3-pentanol, 2-nethyl- 2- hexanol , or 3-nethyl -3-hexanol ).

The first [08$afBe€or5ﬁieVi€ﬁHtloﬁ,&He ail scurdrecafibg @txenl With the g prisiait Abdkel &0l vent s.
Preferably, the first qrganjc_ sqlvents can be mxed with an al kyl ester,

whi ch can thefisshsespndary deqhel inghe Hishetganie splvenido fasmRmephasePRtiPRy ent i on or

an al kyl lﬁéﬁ@l@s%’?ﬁﬁ'ﬂ?ﬂqﬂﬁﬂaﬁ’yﬁhﬂté@%n 150‘?1515(lﬁc%deqm%bﬁmnﬁl%rlctﬂQ%ed froma
comrercial source). Wen the first organic solvent is used together with

anot her sahthentatonis; syoh agdushhnoh ednnolammmpar@hﬁmbunamit 3-mth7*é|1 fiutanal, t he
homogene thex 01 oQFép&' ﬁécta?&?éﬂ[ﬁ\:lr?palgolﬁu %xean%pz 0%?1%% tdrgamcsf lvetﬂy m ni m zi ng

t he inactiva pase ers to any
enzyne c apﬂd:lh&e ®iridietoalayC4-OY tedtidry alesks (RF etdngid, |t4b[1taﬁdsl sietiyil-Ritaddnbnn

o o RS2 b S ool e PR s SRR pac o

l'i pase, or2 TRMRAMAACH BTN BLAEMCHY I bERARE 2,2 mﬁméﬂhy183~péﬂtmq L ¥1L ncl ude a
single Ilpase or ‘a conbi nation of two or nmore | i pases. preferably

i mobi | i ze&dhaxang, erai-miedw1-3-hexamel)s The first erggnig solvaiigan ﬁléfl"lb‘é@ﬂ?@ﬁll"flﬂbat i on or

]?2 '; e rl ' 2'8880%& @uﬁa%?ecsto'l\%ﬂtsc @?ef@rﬁblgf Ahé hf"sq o%dfuc@&lvgntg of lgefrﬁ{xec? WB}I %lkyl’Z 0-95C)

ester, which can be an alkyl ester obtained from the method of this invention or an alky!
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. It is
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 alkyl 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
‘ ~19-




m nutes (for exanple, 10-90 m nutes or 20-60 mnutes) to obtain the first
al kyl ester. [089] During a transesterification reaction between an oi
source containing a triglyceride and a first primary or secondary al cohol,
gl ycerol is produced as a by- product. Unexpectedly, the first al kyl ester
can be easily obtained by phase separation - 19 between the first alkyl
ester and the glycerol after renoving the first organic solvent and the
unreacted first primary or secondary al cohol by evaporation. The

just-nentioned aqil rce ma | S0 cont.ain nono eri des i gl ycerides,
> car boxyrEndhe et b et B e @SRl Gripemerbe 65T atie st 456 1 e
primary Orthéﬁﬁeﬁt(ﬂwﬁfrsqirﬁﬂhﬁ lor bdtordlary eI b bvibbration. OTHe juglayéhEibhadieoil The
carboxylic acids react with the first _prinmary or secondary al cohol via an
esterifi caPPSh MY A0;copain mongglveeridsatdiglysesides. o carbexylis addhy- product and

can be reagh) I}Fc%H‘él’é‘s%dQ%gﬁtcgggéﬁf}gaﬁ:?\éﬁﬁﬁgﬁ%@gin%ﬁﬁﬁ&%mdwdoh%wa”9 an

esterification reaction talning"a carboxylic acid
and a fi r smanmer similyr tortriglycmiddaibe edromiylit acidsmteast Withithe fist gliparool ) is
produced as_a ;by- uct. It.is..al so unexpected that the first alkyl ester
o be- eactrr Bt uPhEEl il AR IREEOEPasn Rertdfeldn e pe

unreact ed grodugt anl dafde Yeadily s@a®Rd diingthe eWpbratian @rdcbe. wat er by

evaporation. When the just-nentioned oil source contains a significant

amount  of [g%]i Ghy gh%ﬁri?ﬂdéﬁh¥&%ﬁ$ el an g%o\é%ﬁﬁthigﬁgéae%%x{/liic{ st al kyl

ester can be ‘obtal manner described 1n the I ng” par agr aph
[091] |f tdeel dndrasfirstgirioydry esseeondahyt deohel] valo\(mting gtyentobns patiectd ws & hy-

nonogl yceri des di gl ycerides,., tri ceride, or . carboxylic.acid, the
Cont am nar ek iR s gy et ot B fh e Tl Spinee B ot
anot her t riao siess bahit isciatntOfhe Qhre@SéEritst prédiry @D sdcBadHy SMBehol,2p8 elcfvaal |y, the
first alkyl ester can _be mxed wth a second primary al cohol or a second

secondary ¥ @8PEFIGT Whavbpitt-Brgiaticd o8 spweneoniant pyignificad eBAMIES! ut i on.
Each nol e%@@ce%s,tdiggﬁﬁwgr RSN Crid! tﬁ%%st%ggﬁ ?éﬁ&%aﬁlb@oﬁﬁﬁapﬂ At ons and

a heteroatom’ The seCo organi ¢ sol vent can e sane or different from
the first opggnilescylddia the prytedinggewedphpri nary or secondary al cohol is
preferably the same as the first primary or secondary al cohol. The

nonogl ycer[odgs, If GieFirtGetyl 88ér obtdied ¥ 6@ ik Aentar@inaka vROXHMbidglyR6ridks] N t he

second diglycerides, triglyceride, or carboxylic acid, the contaminants can be removed by further
reacting with an alcohol via another transesterification or esterification reaction.
Speciﬁcall.y, 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 alkyl 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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solution can then react with the second primary al cohol or the second
secondary alcohol in the presence of a second |ipase to produce a second
al kyl ester. In the reaction, the second solution does not undergo phase
separation. The second |ipase can be the sane or different fromthe first

| i pase. The first and second al kyl esters thus obtained can then be
separated fromthe second solution. Preferably, the second al kyl ester is
identical to the first alkyl ester. - 20 [092] A nunber of exanples of the

processi ng r h, ar esgl | below. 1. 2 1 Example | ] Soybean oil
s used SUSER" SREMLY R LARTH (i BRRE g gL EFB R S o T
refined soybean oil (55.4 wt% was m xed wi th anhydrous nethanol (8.6 w%,
and anhyd{oeys tg pl (36.0 wt% in a first mxer to forma one-phase

solution. The solution was then sent to a first reactor, which was filled

W th NOV 35 L tarcti i e )V : vaerd,
Denmar k) . pe]gi fi ggﬁegﬁ mk}%@&%@,@?ﬁ%“\%ﬁ‘g ké| %?r@gep?ﬂil\%e oﬁgagrségﬁciﬁg?g%’a

macr opor ousfinekioybeaamd (Bad vt rwas nzizeidwitinarthydronsmethencl (Fhevit@amdr at ur e of

t he reactor s 45C.. Th acgtion time. wa 62 m nutes, .After.the reaction
was conpl e?[g’\é\fl,gmflﬁég:‘gﬁ%ﬁ(’{ﬁ“@%glnf%% S{Trﬁlxgré @%ﬁﬁﬂ?‘h@%ﬁ%ﬁé@oﬁ%nd then a

| i qui d-1i qeolelicnepatianaent 0 adhttatdtiad, RhieHwak filldhwite BITpaSZ Y ivo4Bs5qh t he

product was determ ned by HPLC (colum: Luna Su C18(2) 250x4.6mm
phenonenex¢andidg gntagstigh Hpass: NowoeymenfV/S, Bagsyaad: Remnarido spesilisadls UV detector:

UV- 2075, JRENDZYNIARERIas itdRRvABEd 654 YarribN@ nk R s ARIgbAeH @Bt ai ned 96. 19
wt % al kyl esters, 3.59 w% nonogl ycerides and di glycerides, and 0.22 wt %

trigl yceri pleeed if 084packar. Jho tdmperatipof theaeactoraras 4510 | Thesteagtiondignesasd as a

co-sol vent ifi.cally, efin bl (49, 9 i xed with
anhydr ous %% Iﬁ%ﬁlA%%?B%ﬁfﬁésn“gggygﬁgggﬁﬁé%wpgﬁoEw%?%ﬁ%?%%%@?ﬁgnd an al kyl
ester (22.8vapbtMoriand theh blighidriguit scharafod towtaain apeodabinskhesompbsition of ihe
reaction conditions were escribed above except that the

e the sane as those d
reaction cPiopREeg dptgrsigedbyHRLESeolumpdiima Suddid(2) 208t o phanoystes; ned

cont ai ned. 46,4036 AlltholSRbEAS andisd okl TPV ABkAEET Vige720flsdbgl yeer | des,

Japan). Unexpectedly, the product obtained contained 96.19 wi% alkyl esters, 3.59 wt%
monoglycerides and diglycerides, and 0.22 wi% 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 wt%)in a first mixer to form a f
one-phase solution. The reaction conditions were the same as those described above

except that the reaction completed 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 alky! 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 wt%), and an alkyl ester (15.6 wit%)
in a first mixer to form a one-phase solution. The reaction conditions were the same as
those described above except that the reaction completed in 53.0 minutes. Unexpectedly,
the product obtained contained 96.96 wt% alkyl esters, 2.64 wt% monoglycerides and

diglycerides, and 0.40 wt% triglycerides.
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wo%triglycerides. [095] In still another experinent, t-anyl alcohol and an

al kyl ester were used as solvents. Specifically, refined soybean oil (40.8

w% was m xed with anhydrous nethanol (6.3 W%, anhydrous t-anyl al cohol

(37.3 %, and an al kyl ester (15.6 wt% in a first mxer to forma

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

descri bed above except that the reaction conpleted in 53.0 m nutes.

Unexpect edly, the product obtained contained 96.96 W % al kyl esters, 2.64
wt % nonogl yceri des and diglycerides, and 0.40 wt% triglycerides. - 21

1.2.2 Exan{\;ﬂé 2 Bogsle An alkyl ester obtained from Exanple 1 was nixed with

anhydrous net hanol and anhydrous t-butanol in another mxer to forma

one- phase I@Bﬁlut i oAn alkybestes|obtained franuExanide dwas ouradaviffeahhy drogomaihesdf t he
al kyl estef danh rV\ﬁs% vﬁ"ﬁ/P a%n?h x%rgof %n)'ﬁ\one?%%v&’l/%ylo 1{1%@891 IX€ﬁ.§nges and

di gl yceri es % rlg ycerl nol, and
19.94 wt % fafmémmmﬁvdtmml wt%T hﬁthcs alkyt dseen, 2088/1% becoms@nnarito(irn AtdTent?s eact or

mfgg. |W?§e $%§35@§EFP@}92 H&ert éﬁmﬁﬁgi'@%"%qﬁﬂﬂﬁw Ot%o% Wﬁ/s B%@n’perature

of the Seclﬁaﬁaﬁo@%aqp 9\4@&% 6‘{51& t-ﬂih@ndl eapd $dl’ﬁhofnlv{?@ tN@Ssedtho andthdtutLeor, Af ter
the reaction was conpleted, th solution was fed i nto anot her vacuum

evapor at or whith wah 8Heqyih M}V@ZMM B3 |S?Qi:lﬁcdbfp%]péfQﬁYMt‘ﬁfsd@ﬁwohﬂ‘ﬁfbduct
The co oSt f t ectedly,
The pr otucd 4Bt ant BEaBL LN okl BALICRBHARNG o secp R bt el O Y
nmonogl ycer45i€s Thadeagdtign thaemias@2.5 nainoted. Aﬂenkhé’/ﬁeaaloglvyesenm;ib&d the2. 3 Exarrpl e
3 [098] G| ,source t her than soybean oi l artl terials
o o oA T b et Rec e Ao s hch 4R B Bk

Exanpl e 1.o@blaisQpfoats. THe esinpareddndTdhRsdet vasiasthamnid Iigrse cont al ni ng
high free fatly acids, waste restaurant grease containing low free fatty

aci ds, tal i“%asl aME)ééecéﬁgh{he r&%kmb?édlétd a%gge go%ﬁaﬁlge{%l éfyfjeélew‘t%n?l%(ﬁrégters

experl ment te restaur rease contal nin acl s was
used. 0.65 wt% monoglycerides and diglycerides, and 0.11 wt% triglycerides.

1.2.3  Example 3

[098] Qil 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 wt%), anhydrous methanol (7.6 wt%), t-butanol (20.5
wi%), and an alkyl ester (22.8 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 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.




Specifically, the reactor containing NOVOZYM 435 was fed with a solution
containing such waste restaurant grease (49.1 w%, anhydrous net hanol
(7.6 wt%, t-butanol (20.5 w%, and an al kyl ester (22.8 w%.
Specifically, NOVOZYM 435 was inmobilized on a carrier and then placed in
the reactor. The tenperature of the reactor was 45C. The reaction tinme was
24.0 mnutes. The product fromthe reactor was isolated and its

conposi ti on was determ ned by HPLC. Unexpectedly, the product obtained

above ned % s and

di gl yceri g@%l andﬂbang%‘er gﬁ%‘céelr anﬁnajr %)V\(flﬁ%%?&] nn)a/toﬁlg %r% experi nment,
fish oil (SpecifivaliygFistobil I[SZWHWt%)S@ak Iﬁﬁ{eﬁmﬁlahh}ﬁlmifsmthan&(@@ WivEahddy, fish oi I
(52.4 vvt% m xe%]l ég anh dro m%:t han (7.8 ?? and nhydrous
byr i di ne_ (B8YEOYByIding Bt npigerity W%ﬁﬁ% Lsobitegy 3B on. The
reaction Q@M’oﬁb@ﬁlﬁhd&ﬁ%@eréﬂ@s%@ﬁs ﬁ%séd&%e&'ﬁ&ﬁ@'e?%t Haome r@¥eapt that the
reaction %{St ed in .0 mnutes. Unexpectedly, the product obtained

go n]t ai ned @8pb3edndes. (hmkl}dtesegp@fp@‘ite@)fﬁbe Wﬁmﬁt@@@@@ﬂﬂ?@% 9&ht Wi
gl ycer I m o ?33 %Mn%%l&%r?ﬁ)gg glgc%%t],'? Qll]d I1 By %&t% tl‘lgl?&%d@?r

experlnent as an oil sou
SpeC|f|caII plant oi | wt %9 mas m xed w th anhydrous nethanol (7.5

w9, and | iﬁ'ﬂ]ydrk’t%‘“ta-na ‘leXQP"é’BFI‘HI pylm@ilfa plagh oivas used asEnilQPCEo form a
one- phase GRLHH{CAIRNp lamﬁl 468PGH40RasGRIREA (iR 'aﬁh}m%xﬁ nfRnSANS W84t MMase

descri bed above exce %at the reaction onpleted in 41.0 m nutes.
Unexpect edinpydrppget- Epnxidlf@hOMBﬁ Qivritd llt@ﬁtsamrw@d tofprioa ope-phasgispiplionsther s, 1. 95

wt % nonogl riég%ﬁagglé&% WL 96 S AMorhe %bWe%QxE{ﬂt dhyfighdes, 1.2.4

Exarrple4 rimary alcoho as star materials for
prepari ng @npidtedtdrGminta. Utexpeeiedls| thit lpardutiabtdiedd cdmsamled Bed7 m%Exanpl e 1.

hexanol . GARA RS HSHBmORAGCiss A ABLERLRS, A - BV ERRBP R | Lhe

reactor containing NOVOZYM 435 was fed with a solution containing fish oil

(52.0 wt% grt Rl%‘fﬁﬁl} 2 W%, and anhydrous t-butanol (36.8 wt %.

Speci fi cal 435 vvas | nmmobi | i zed on a carrier and then placed in

the [0101] ‘Primary alcohols were used as starting materials for preparing alky! 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 wi%), 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 wi% 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 wi%), 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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reactor. The tenperature of the reactor was 45C. The reaction tine was 39.0
m nutes. The product fromthe reactor was isolated and its conposition was
determ ned by HPLC. Unexpectedly, the product obtai ned above cont ai ned
97.44 W % al kyl esters, 1.44 wt% nonogl ycerides and diglycerides, and 1.11
w%triglycerides. [01021 In another experinment, hexanol (a C6 al cohol) was
used as a starting material. Specifically, soybean oil (53.7 wt% was

m xed wi th anhydrous hexanol (26.6 wt%, and anhydrous t-butanol (19.7
W% in a gkt -Rh t r '

conditi ons[fo\aggénghggéoad?f% eggérﬁ%%g%% (1:%?1 ]e@%algc?illcgﬂcél%yea%tu Setc‘l %gtg tS{taﬁglgr eaction
conpl et ed matedd. @pexificallessoybinexdda.2 ditys) wahmixdodticanhpdiad laet! deotohi ned

95.06 W % al kyl .ester 4. % oglycerides .and di gl ycerides, and 0.88
W% trigl y@&ﬁi%‘g@? a“?ﬁ%@'ﬁ]‘}ﬁ%@ (P2 %‘H&ﬁgg%ﬂé‘?ﬁﬂg‘?{% !?"&tﬂhﬁﬁe al cohol (a
C12 al cohodoJutitas THS Rfdc@sh @nditidhd W@ thdRhRIk Hose dReEId Bald dkceadhigan oi |
(37.2 wt%9 was m xed with anhydrous |auryl alcohol (33.6 wt?%,_ and

anhydr ous fagiopgampleteggn 96.Qmuutes; Hngxpeasedlyy heprodyst phiaiped copadgshts®

sol ution. 96 alGREHON AR hbATS RIS ahH BihARRIASad MNP HE REAIARG DOV
‘except that tft’%gjﬁ7 reaction conp ecgﬁ?na%g.%nut’es. Unexpecgé}:,jélay, t he
product obtai ned contai ned 95.03 w % al kyl esters, 4.07 w % nonogl yceri des
and di gl ycepisdesixaaptk 0. 90 wt % triglycerides. 1.2.5 Exanple 5 [0104]
Secondary al cohols were used as starting materials for preparing al kyl

esters i Noao4RNNSEcontaRy laR0hd19 weRalse @St rtiReMateNalEXd PRéRrihg alf) IRA s used
i ncl uded i_[sopflgpanocl %R{aaC?, al cohol S:, 2- bu?%ngle aga C??allﬁ(rzlo%gl , and

secondary #-ageuykr simdatielthyt descgbed indiremple 1.| Al esep dncluded fsoponandl eact or
(52, 0 we of T aE R, ZBptigL A 69 sighth 2 QLD - ERTHELIN ROCH RERTF 13, o

wt %9 . Specinfdane akpgrimdNOVréhitdiB3mnaisng NOMOA Y IeleldS ovas dedoaitht & eslutdord  t hen

pl aced into the reactor.. t erature he, reactar was 45C The
Peact s on AT AL RSB ol Tar bE Hegopraldie | MEgmenn e eHBE 57 Es | sol at ed
and its coapstel tInwwas SpReried iy, N GFY RIS widieiReniedbya cirhier aadoduct

obt ai ned above contained 93.92 wt% al kyl esters, 4.86 wt % nonogl yceri des

and di gl yc‘@feql Hl@qu iniothy reastopy "E,hettpmaq:@‘@ger gfdhesreactor 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 wi%
alkyl esters, 4.86 wt% monoglycerides and diglycerides, and 1.22 wi% 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 wt%), and anhydrous
t-amyl alcohol (28.6 wi%) 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 wit% alkyl esters, 5.08
wi% 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 wt%) was mixed with anhydrous secondary n-
octyl alcohol (29.3 wt%), and anhydrous t-butanol alcohol (24.3 wi%) 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

- 24.




[0105] In another experinent, 2-butanol was used as a starting material.
Specifically, soybean oil (52.5 % was m xed w th anhydrous 2-but anol
(18.9 %, and anhydrous t-anyl alcohol (28.6 wt% in a first mxer to
form a one-phase solution. The reaction conditions were the sane as those
descri bed above except that the reaction conpleted in 46.0 m nutes.
Unexpectedly, the product obtained contained 92.84 wt % al kyl esters, 5.08
wt % nonogl yceri des and di gl ycerides, and 2.09 w% triglycerides. [01061 In

still anot r aco starting
ateri ol inrRElty O g HEAR e, S8 Wi RS s B G iRy i o
secondary dnd 2088 wi% algh@edes( 29. 3 W %9, and anhydrous t-butanol al cohol
(24.3 % in a first mxer to forma one-phase solution. The reaction
conditions were the sanme as those described above except that the reaction
conpl et ed 17642 Kxamphaft es. Unexpectedly, the product - 24 obtained

contai ned 94.69 wt % al kyl esters, 2.45 wt % nonogl yceri des and di gl yceri des,
and 2.86 W7 rAlgalyjdemedefas prkpzﬁecﬁudﬁ:@]ﬁpﬂueacﬁd hidil@Zthenth asdtikyihg metegnlswas

prepared usin aci d. and net hanol eri via an
stor 11 cant Bhenaicfunendion Thammone syt ds FeQicraRREGHPEEY 1 n Bxanpie 1.
Speci fi cal $pec1fb£ug; HRACAHT OABInRNOY OSNPAYIAS Reawaith 4 @utiinicbnt@ingyl uti on
contai ning _anhydrous lauric acid (77.7 w 9%, anhydrous nethanol (17.6

w9, and aKdraboaErie acid (ahwive) deetm@?mm%@ R SohyEBitt | zed on a
carrier a%tgdafgg G«%).W@gdfﬂﬁ%@ﬁwaJT 66% r(ﬁxt a?né? %ﬁ@nﬁﬁ@-%m was 45C.

The reaction ti was” 37. m nut es uct romthe reactor was
i sol at ed amectirt S'he dermeesattiecrt tlwasacmmftvens r*ﬁ?@dThwremon(t&&l\@@ 37IRNNUESA,;

| i ofl :
ST Vi, sy BOBIM oot 1B iy pndind ulos PR e SBped Brgc 1 I B
t enper at ur(@éﬂﬁ?@@)l USﬂl&ﬂﬂlthrMXﬂ‘%StT@h gtht b@npmdtoczs @b @inie Gaalbry e

cont ai ned 96.0 vvt%rrethyl | aurate and O W% lauric acid. 1.2.7 Exanple 7
flow rate: 1 ml/min; injector: split ratio: 20 to 1, temperature: 300°C,; detector: FID,

temperature: 370°C).

[0108] Unexpectedly, the product obtained above contained 96.0 wt% methyl laurate and
4.0 wt% lauric acid.

1.2.7  Example 7

[0 109] 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 oil 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 wi%), anhydrous t-butanol (20.5 wi%), and an alkyl ester (22.8 wt%) in
the mixer to form a one-phase solution. The solution was then sent to the reactor, which
was filled with NOVOZYM 435. Specifically, NOVOZYM 435 was immobilized on a
carricr 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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[0109] Al kyl esters were prepared using soybean oil and nethanol as
starting materials in a manner simlar to that described in Exanple 1
except that the soybean oil was heated for a period of tine before use.
Specifically, the soybean oil was first heated either at 200C for 5

m nutes or at 210C for 1 hour and then cool ed dowmn to the reaction

t enperature. Subsequently, the soybean oil (49.1 W% was m xed with
anhydrous nmethanol (7.6 wt%, anhydrous t-butanol (20.5 W%, and an al kyl

ester (22. % in_ .the.m X o.farm ne- phas l.ution, The solution
was then A8 e tdls (S0 PR aE R O RRIRER, et o

Speci fi cal ¢ontaimifady/(9Zsred 35 westrigtyrohidds uziag seybedn oithdatddext 260t¢ foaS pl aced into
the reactor in adyance. The tenperature of tEe react or W?JS 45C, Each
product f r BAveEnT Bseg s ORIl Rgicd@bd! BRdor | BOWoiTRSSIYS b N ATPHECEr i ned by
HPLC. - 25;(033 QlmibiR¥ REES ®Ah Y sinhilar tQBHorPQnditiBh RsihE SoydBsh AV wihdlit pHées to

obtain a product containing less than 1.5 wt% triglycerides using soybean
oi | heat echeat tré@@@f or 5 ni nutes and usi ng soybean oil heated at 210C for
1 hour, respectively. In conparison, it took 53.8 mnutes to do so in a
simlar re ﬁti on con?iéi on using soybean oil w thout prior heat treatnent.
1.2.8 Exarr@ & 8 PP LI PoZYME TL 1M (a thernonyces | anugi nosa | i pase,
Novozynmes A/'S, Bagsvaerd, Denmark) was used as a, catal yst for £repari ng

al kyl ~ est eld1iln o LARGAYME TL B (afhefraomyss lapuginpsedipasen Nexerrpies A1S,

Speci fi cal j V@&Iﬁ'am_(lﬁl}pj lJ : okl h&r and t hen
pl aced in {B%gesv%éé%ct or. The Srdg%o&&%gfﬁg%p?gggﬂm@ﬁgtgﬁg%?ﬁrﬁhgﬁ cont ai ni ng
soybean oi $im{ld®tothattdegeribamhkishmapls 1 nBpdvifivelly,(7ws imnigbilized oy drgoanslatedbut anol

(20.5 w9 ,...and an alkyl ester (22 3 wt.%. Th r : . react or
tas a5 SHENPEAR P e TREEn € ol e red W ETGTRN Wi adbuliE T2 O
was i sol at eshtéfidg séydearcGNPIISH wide)) aitBdrcde rtianolgd. 6byt%4IPArBy ddo0d AR ]tanol

Unexpect edl y, the product obtained aho cont ai ned .94. 04 wt % | esters,
365wt 56 (ROrOHT ke Br oSk S R o TGRS TRRRAT PGP JEar des.
The reaction time was 51.0 minutes. The product from the reactor was isolated and its

composition was determined by HPLC.

{0112] Unexpectedly, the product obtained above contained 94.04 wt% alkyl esters, 3.63
wit% monoglycerides and diglycerides, and 2.31 wt% 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-




2 Single-stage biodiesel fuel production approach [0113] Referring to FIG
3, an exanple of the processing plant 100A of the configuration shown in
FIG 2A includes a nunber of conponents used to inplenent separators 220
and 230, as well as additional conmponents not shown in FIG 2A used to
process the recovered output and waste products produced by the
separators. In this exanple, the reactant 130 includes an al cohol. [0114]
The reactor 140 can be, for exanple, a plug flow reactor that includes the
enzymatic cataly 42. A description . of the reaction between.the oi

sout ce. 1100MEST Rbe SFpafaner B B M58 elfepE i i FIE SIS and
in US. Patggd frdpbt eaiiphd) 20 204895,C3 A8ending itV giroen thit tygk of biliseliréd, ow t hr ough
the reactor 140 is controlled so as to neet a residence tine specified for
the react ofacta, angicp@Sthg sufficient tinme for the reactions to be

conpl eted. The residence tine can range from for exanple, 3 hours to |ess
than 20 - @15} ThetrestorTHe ohipopearctderpeodict 108 whehdndudet 4yl sstamedlyeailned at a

preset val ue,. whi.ch ca range. fr for. e le, 2 t0.95C .depending in
part on t haél%tlwgn%‘?& Jiop 2 BRpepwlete rgé‘if?cg?ﬂ“ﬁ%%ge %eaFr&%()g{O.m M54 he r eact or
140 out put Setwedil tHélgil BRREHIEID 2hd3he rohdita 13N CELARTesd KinborRsibted reagiey 6y ol ,  and
inpurities, such as unconpleted reacted oils that are generated fromthe

reacti on Beludeaenegirceside andgjglyeerideo and t he reactant 130. Exanpl es of
unconpl eted reacted oils include nonoglyceride and diglyceride. [0116] The
pr ocessi ng[opl 6JrThelOkssing plantelD0A ind pdus atsepmationdnddnl 220 thitatpasagethat es t he

conponents in the crude product 3.into, for exanmple, de .gl ycerol 168
and o ude BRSPS 8114 SoRF ARt R iy h s Frods By ceroh LR St 120,
and unr eactig@iesc® 56 ARfudindQnreadie® o @ PANiAGrt &vaiP t2U, endeitedchsd reslemt 830/acuum
evaporator, such as a wped thin film evaporator 324, nodel VD type, nade

by Verf ahr Epgsscparation etide A} mgbdeavmquum pEapgeriofo fuch age mrivgdthindima” si npl e
evapor at or P 4B ERE 3E R dndlel P B BAAC oF RSB RR Ao (PR SNBLE et 103
usi ng t hi nDegdenla{,djromaty, ona siftpde fldsh drdm integstep with b prckdd ded enpordéns. a t hin
filmthat Jflﬁés thih 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. The water vapor and the carbon dioxide are

output through a vent (not shown).

[0117} Residue from the thin film evaporator 324 includes glycerol, alky! ester,
unreacted oil, and uncompleted reacted oil, which are sent to a first coalescer and

separator 336. The coalescer coalesces the glycerol droplets into liquid form. After the
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| arge surface area so that the inert solvent 120, unreacted al cohol 130,
and water can be evaporated at a faster rate. Conponents having | ower
boiling points, such as unreacted alcohol 130, water vapor, inert solvent,
and other inpurities, are flashed, condensed, and collected in a solvent
recovery unit 328, which separates the inert solvent 120, the unreacted

al cohol 130, water vapor, and other inpurities. The inert solvent 120 and
the wunreacted al cohol 130 can be recycled and m xed with fresh sol vent
120, fresh C n h of the
input to tsr?fe{mroelg és O%EOQﬁ’ﬁgr Odd frtl el\r}éﬁegsr%%nn{rq 8 &ese%%?qtplégg%éle sent to
a catal ystwﬂldn\,sepetraed,ifﬁﬁung\m cﬂspecm\yerrdf&lddlrfee] anmal]mw&nlag&r ofglgcerédlor exanpl e,
carbon di oxi de. The water vapor and the carbon dioxide are output through

! (32
a vent (nglhlfé]%)lowéﬂé?g %?Z@ér&l{?reffér%@te Q@crhﬁb‘ élyéérél%@vﬁlﬁl% fHcRes324

i ncl udes ycer ol unreacted oil unconpl eted reacted
oi I, whi chimpustiesesuchtas vatet; ingrt sajvat,eod enrcacn@ﬁ als@phr“éhmuwycerm é6&bsal escer

Coal esces t h %|C¥L1(E2F¥e¥ Idogo ql,p%{'a%or 3@%?}[3{11;16 sgear a evﬁtotr%{)r %ﬂ%aglzo Aﬂgjtl on

settles dow |od|es and t he
gl ycerol avapdratog saerparmaddt VK @pelinige &n Vle\pGMBmyera soﬁplbrﬂmmhr deml and a

| ower | ayer cero [0118] The | ower erol is. referred to
as crude g‘W‘B%F‘B‘P 155 i %heeﬁvr YLy eev?ﬁ?ff’rt%’/ qréé)l’e%ﬁ% Y §XRREAIGR 0 ner t

sol vent, aéega&ertﬁ'@grye%ﬁhﬁm%mn@%n&Bat?etseiey%reol olyk6B L &4, Aot to a crude
glycerol evaporator  338. An exa he evaporator 338 is a short-path

evaporatorexam%ﬂ?&spumﬁimemmlﬁﬁiebe Fraenst 3o wrabgvBight.or a sinple flash drum
coupled with a packed bed evaporator. The evaporator 338 operates by

evapor at i o119 TizappédbgerohBiogleydd 6y @ferfet @iy dﬁiuerr:hdsd]ml 2Hngkcause put s t he
"pure” glyceraql 114. As an exanple, thegfure gly 5 g 14 can be at | east
99% pur e byclidssgrpurifies Juh asHRCOiRFd Yeast Olbfunfﬁ%*a BLANdUaCq AR BY t o as

crude bi 0d¢1§&%1 %Zﬁorﬁepaﬁﬁ@cme bioﬁfékél‘i% id r@@éfe'dta'n@%d Bk b @8 rdabieP 1. et ed
reacted oi unreacted oil, and trace amount” of | ycerol. A portion of the

crude bi odAsdescrib@zbose, mesygiingslie anvde biedickrd GRS ean e ecertep@memt eligert As
descri b§g| \aP Ovﬁhﬁ IST qsulre{l]gor dls%%lcv*ngqﬁe 190%]\%% %d r%aﬁgangl ho?%’ijg@dlﬁ& anmount  of

i nert require 1 SSOI VI ng SdUI’CG an react ant
al cohol , i theadwintdgef p@moting the reaction to completeness.

[06120] 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
glywrol 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 110A of the configuration shown in

FIG. 2A is described in detail below.
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t he advantage of pronoting the reaction to conpl eteness. [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 fromthe inpurities to generate the pure biodi esel 150.
[0121] The short-path evaporator 344 outputs unconpleted oil, unreacted
oil, and glycerol to a second coal escer and separator 354 or a
regener at abl e i on exchange resin bed (plug flow bed), which separates ore

renoves t | fr h C nent s.. Th I
separatorqgg%hgﬁﬁ%ﬁ?gaﬁﬁg%%ng? 3g€QPAf§gH%§apﬁ§(%Waggﬁggkﬁgéggpﬁgggporator
338, whi clsopreed&s.sie itidresotventd 8200k yioesxddh a koerit drgenetiich ecgusdreshineaer ol 114,

The coal escer and separator 354 outputs unconpl eted and unreacted oils,

g e o R L N R AT R R s

Detai | ed dgesiTR Mogdn Shib&sTuPBIBishYS 1INy BdRdm el RIveh Thé Rakthfe 4, anot her
exanpl e of plant 11 of the configuration shown in FIG 2A is described

in detail aledheld30ipgioadiip 3 readanialpgheldiug, phichgeceiyss figshaigactant @gobelc| udes an
oi | drun1(ékﬁﬁcﬁ@ﬁﬂmﬁ&@Sﬁﬁxﬁﬁ%ﬁﬁ%kn source 110. The inert solvent 120 is
50l Whi Ch FecE! v

stored in a“solvent drum Ives fresh inert solvent, recycled
inert solvent fromsolvent recovery unit wi thin the plant, d nitrogen
gas. The nn%é%ﬂd\éwrga%‘fj thy @walpnﬂ?@ﬁfm@té% aasw@wmrﬂi@m kb i§ol vent. The
reactant ahfabal usl@gQal hufin ek f &ﬁnﬁdﬁeﬁs.rﬁaﬁh%@%dealn?eﬁé?ﬁig pifpP-1Wasgh recei ves

fresh reactant al cohol, recycled reactant alcohol, and nitrogen gas.
[0124] M xpumpsdhe eihgousdel 1 1§olmmee pethol32iahe fixedwiatewards 2ovatememewhbedant

al cohol 1384 e ' u . i d
wetoring s (HELh TR st T pplt PRk AR her AR ASERET
fixed rat ehbtoemods taceveher diratip \fimin the dil s¢uirEe. iAfted 8%, wanriiclencaed, bies oif or
exanpl e, a packed d filled with syper-abs ent . pol r .hat. renoves
race vt IR ALET ottt Do S G (o A BR 5oL FLfByed. ¢ he
oi | sour c@M-$) $3BUAMHE e virde, Ritheh Kdled BYBHEL Slisp (LXen4Hlhps Wi ch i ncl udes
a static mxer (SM1) 438. At the sanme tinme, a twn headed netering punp
(P-2) 424 1sagty andyghe inert solvent toward the static mixer 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, at a predetermined 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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reactant and the inert solvent toward the static m xer 438 at a rate so
that the ratio of oil source versus the reactant al cohol and inert sol vent
is maintained at a predeterm ned value. The punp 430 al so punps recycled
crude bi o-di esel 225 through a pipe 476 toward the static m xer 438, at a
predetermned ratio of recycled crude biodiesel verse oil source. [0125]
The static m xer 438 can be, for exanple, a nulti-elenent static m xer such
as described in U S. Patent No. 3,286,992, or a conpact m xer, such as

Sul zer Co %%Cs%lug% ﬁ;[ein %?tlé:/*]sxa%re’lon%t%cil lcﬁ'Pric%e f464? Ot tﬁg lrezdgtror g&f %‘ﬁ%@ witht. .et zer| and.

A static miXer does no ave Vi ng part’'s, and m xes e solution w thout
external powahaticaalst B2, i thisxase a8, Tiausasion kenpeeaat ant be ihhaangeer 't

solvent, the qil sour and the recycled crude_biq-diesel to mx

©hor oughl y BESH-SHtIEEOY Ao BTBEIS UPUP RO PO10E] The reactor 140, whi ch
i ncl udes a heat exchanger (HE-1) 448 and a cartridge type reactor (R 1)
404, recei[08]tAmpuroksr b altayhativi éyneb rEearidge 4Bpeoibe usal. For exampleolit put  of

static mxer. 438 is forwarded .t.o a heat h er (HE-1) 448, i

Fequl at es EhEdEhsinbEp ESOER e QRS PORSL ekt PPRed BT o

cool i ng wadogbm didlie @ittidgslogain the elyeatic taadlst 1hBaitainshosartigb.end. The heat
exchanger 448 can have, for exanple, a double ph@; desi The

] . gn, -
sol ution ta7ehensireends prRvidedadhe Wepes Rertipp ahibe seriridge tq feueladloy Bfrzt%‘f’hat is

filled w tdnfifdR in RRZNMRIJCC Belh ¥R twhbrechsNtHe RhFridRI€ filléPRFRthe The reaction
tenperature can be in aTtange of 0 to 95C, preferably at roomtenperature

(for exanmplatalyspFhefempeoatapegulatedyisied selutipn enterathecaririggedMdhrong ar i dge 404
can be used.. For | . tird : Ltih~grid
support aﬁgFﬁggggﬁégﬁﬁOgmg%%@g#gﬁ%ﬁ6¥%%§§§%4gﬁaa%§£e@@@%%g?%? ﬁgzbartridge
t o retai n ThHeeenenmyticakiatystfatditatsta rkdRionibtinean theeeacaint slcatgds andnitk oibnot her

screen i s provided at.the upper, rtion o he cartridge tao |level a flow of
The. S0l ut U Witk et FEbGer bl sl f: SxiendR vl @ifer Tage T s
filled w thndrhi@pusidspl yst. The tenperature-regul ated nixed solution enters
the cartridge 484 t hrough an opening on the top of the cartridge, and

Lo, oo ongh L6 GIRTA R bR MR B !
unreacted oil (triglyceride), uncompleted oil (monoglyceride and diglyceride), unreacted
alcohol, inert solvent, and other impurities. As described above with reference to FIG. 3,
thé 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 3364, in which a

membrane filter with pore size 1~5 pm is employed for coalescing of glycerol droplets.

{0129] In the plant 110A shown in FIG. 4, the evaporator 324 includes a pressure
reéulator (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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source, which includes triglyceride, to generate al kyl ester, glycerol, and
wat er (and/or other inpurities). [01281 The reactor 140 outputs a crude
product that includes alkyl ester, glycerol, wunreacted oil (triglyceride),
unconpl eted oil (nonoglyceride and diglyceride), unreacted alcohol, inert
solvent, and other inpurities. As described above with reference to FIG 3,
the crude output of the reactor 140 is passed to a separator 220, which

i ncl udes an evaporator 324 and coal escer and separator 336. In FIG 4, a

particul ar i-gn of coal er_an rat or i s 1ndcat / ference
arer ol 348550 H Ringn S0H FRRE R RARR ARt sSSPl Rep I8 GRGRR BUWEE Ol OO
f or coal esgir¢ergtedfaloghylcimenlsoleemaphgtsSand[t@ Shoun of biediptchrwd dmpPle shown i n

FIG 4, the evaporator 324 includes a pressyre. requlator, (PR) . 452, a
o Chont o1 GoNIB:ceq b nsed {0 sttt e Spsped Spohel oYL Al 1 Ao g at e
with a packapRethe d8stic8RmnEefdratddihe inkiSsoPehlfedh Be WifBceaRlcHid and Or exanpl e,

hot oil or steamto pre-heat the crude product. The evaporator 451 can use
hot oil orwatgt ehaingst slveahinchilingiice pnionntal biodicsilel eny.gxniiom i de t he

evapor at Orl?]oz%t%flrf of thefidst &%ﬁ%%xs ré!%&@& to AR the VbR ffimal cONol are evapor at ed

and exit the evaporator rou an upper opening. The inert solvent,
wat er, and the unreacted al cohol are condensed and collected .in t(g_e
d. - 30

sol vent r el0&3Hr thenofvenbigeqyspt unity Gigrimysscted alcobpi and watep etsiErm teyon

[0130] Thepne gipResiuhdhd Alc stho aRNEENIZbRI, b thdurdrER 1AM BALIs F ecovery
unit may include wunreacted al cohol, inert solvent, water and trace anount

of bi odi eswillectdiin astoppifbix dsanandtecyeled tdhewacantgloshplairame The bottim eact ed
| cohol , i i
ot e OB A A D B Rl

separ at es e’iner ol'ven romthe u The
~inert sol veeashol amiciherd solgerttr Ahesmatbamdunodf irendicd sibdoholi ahd dmeyt sobvent @nfbeom t he

bottom of the first colu and is recycled to the inert salvent,drum
(0131 1 YARGriEs ToHE § ERRy O Ret S0 e e LT RFUEIEr  ex t s
fromthe top wiopedRs ahiohticAR! 4 BRALRACHSsEreS BN ekl tRedBREVTdolo@it UMM,  wher e
the unreacted alcohol is <collected in a top reflux drumand recycled to

t he react aiseovgrcearendsamnghe alypho! pest the irertselyenibatiare v36e apd defentol um
consi sts ”i%ﬁ&le}‘y &fheﬂ‘}@stxﬁ{ay gt_pgseg_nal | amounts of unreacted

[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) 1o a coalescer (CL-1) 454, and the
glycerol droplets coalesce into large droplets 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 majf 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

cool 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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al cohol and inert solvent. The small anmount of unreacted al cohol and inert
sol vent can be vaporized through a catalyst converter and burned out
conpletely. Both sinple colums can be operated automatically at anbient
pressure. In general, the design of solvent recovery depends on the

al cohol and the inert solvent that are. used, and different recovery
schenes may be used. [0132] Continuing to refer to FIG 4, the conponents
in the evaporator 451 having higher boiling points are punped by a gear

punp (p-6) 0 a coal escer 1)..454, apd,th ol _dro ets coal esce
into | ar ge”BYSPICEL f%ﬁselca&‘ﬁlf’ﬂ'?)bé% Pyl g%%ﬁé?%ﬁé%'b?{ ﬁh CHEPC @8 Phi odi esel .
Two |iqui ctﬁe aercyciécp}mmesdlfb\z&ah@tﬂelsﬁubdnkerqgsd phase separator (S-2) 456.
Crude biodiesel is sent through a cooler (HE-3) 458 and a trace glycerol

remov al Th 2@0 uﬁ?:h%)po%'t%%]df ﬂ’{!‘dr&&% 1513 d escl:l e q 1”1(:& pecg?lstﬁg,%@@ éqtt}fétéhgré :thﬂ exchange

resin. the trace cero I enov into two
flows 476 eazapbrét?&ﬁ%ﬂpartfolf ﬁml4€;ﬁ1ratsr mgﬁch@m indFIGt 3)e The shortpath evapordd8, t he

other flo 7 nt t th evaporator (E-2 24 133] Crude
b1 oat esel ndTerager s Rt DR B et 48t 58 A s 11 ows
out of t heev@ﬁ&@tlbﬁ(]}ln) 446 mdhérﬁpﬁﬁfébﬁﬁra{i& BAGEsHrREs thebodlesd Itbm Heol i ng

water is used to cool the crude bio sel in the cooler. [0134] A portion
of the cr L&lécemldlrweeéwlh andrtherampuritiasy Slighhpuity biedicsrl dlowsopedldis. The

recycled & three-way sol enoid valve 478, which can
switch - ?§£g%4§$ﬁie gﬁoggesel and pure biodiesel. As described above,
t he punp 4 the r cycled bi odi esel toward the static m xer 438.
[0135] Thel gﬁﬁ%r‘?‘@?‘”ﬁ“% Fr vt pgeasted ol copfputingted wilh rpcs amauaiP Xfles sent to
the short 1%?&?01 1RYEROL ﬁétﬁ) B3B3t dlAr (-0 478 IMRluntanad 8ll W prédld 8§ aghawn in

FIG 3). e short path evaporator 344 includes a heat exchanger (HE-4)

486, a prepunn @-$ejaltrough alezoleréHErﬁa 4dhdpepepdingion t:lwayelﬂtatome(terezyte 24. The
short - pat F?rﬁlp %}Qfl%%é’f L inGfe (5 E%&ﬁ.llrﬂgic{%ﬁ% 1 c;:lf\ Fb ?ﬂ'hs)f@&[ ol,

unr eact ed ol ri‘tres. urit b|o |ese ows out of the
evapor at or didgaltdnuopgisent thatigh aagﬁoer{m@ﬂﬁ]lal‘ﬁh@ (lw-aﬁ)%thtoacméﬁdlarxyut puts
unreact ed I%Imlam(lzr?gnél?ggr&at 81‘6(:)(0125:(5-| tott{qg 81T dftm Bnl ﬂie glycerol removal bed 444 can

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, a2 small drum with
a high level switch and a low level switch, both coupled to a solencid 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 résidue 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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gl ycerol through a path 433 to a drum (S-4) 472. The unreacted oil is
punped by a gear punp (P-8) 473 through a cooler (HE-6) 475. Depending on
the quality of the unreacted oil and/or the amount of inpurity in the oil,
the unreacted oil can be sent to a waste oil disposal drum or sent

t hrough a glycerol renoval bed (RB-2) 444 to renove any renaining glycerol
and recycled to the oil drumDI. The glycerol renoval bed 444 can be, for
exanple, a packed bed filled with a resi n that can renove traces of

gl ycer ol | 0137 ravi ty drai tra DN-1) 457 is
o1 hced” bet BT RBAR AR S b ST BN AP RS o o
474 to di ssbdegeplobect i smediﬁiaptué Bfasaidsazplrdcmct Aom (Exarrmmngthetsmﬂ-mﬁa’p 457 is
avai |l abl e from Arpstron A Aternatively, if rgralntra
cannot be HSBPCHERgRLS!, ?h@tgﬁhwﬁxes%fzargbwewﬂd tb@us%f@%ﬁc PARIGHSI | drum
with a highet Mefor Wriir 386l wReh AW chid Biodmdbitis ot ab@iﬁdﬁl&?ﬂ@fe@&bab@ a

sol enoid valve in the drum bottomfor glycerol discharge, can be used.
[0138] Thepath isdenngcied éo the splencifiwalie 478 aorthaicthmrepgcledsure biediessl sarybe a vacuum
evapor at or i, wat er, unreacted al cohol, and
inert sol venﬁcﬂgél%f?%%g’egpge%aod\‘}gaselolrgeﬁlgmg%cﬁdensed and [ unped with t he
condensate |liquid drum of evaporator E-1 (and E-2) described above. The

resi due Ie@vi@gergﬁﬁ,e%ygeoigig{ﬁﬁé_gdag@mg{ator is pure glycerol product
suitable for comercial use. [O0I39] Hi gh pur| ty biodiesel fromthe

hor t - pat 424 d- th E-5) 408,
b o COE¥ARTEA A B EP ik 8 PRl Yl B BRLB LS ) 2
plﬁr e biodi lﬁﬁag:t ﬂfsd?imghtdeﬁ@nt Ifmlliq;:iﬁl cagmb ER$) 535 ES 2%\&66; hxthmhfar?m?dhe@st er.
The pure |1 Ol ese roaguc I.S stored, I n.a pur | | es uc rum
(D- 5')o mr'?%ﬁe%véc%‘gﬁ? qipoghere, ﬂf&ua%feé%%hﬁge @ﬂ% rom; & %%‘{5 cswaﬁqd esel can
be recycl e@tﬁ@é@ﬁ&@t& tﬁﬁfmﬁe@é@t&ﬂd& §HRwhnSre u@amrdr&ﬁﬁss‘%dtslas féreact or 140

when the crude biodiesel is not available. The fe path is connected
to the sol aohdiocaniyel of ziteling ppearationdor disshating lpsmdé Mwa-sswlen@ain be

swi tched of 1ve‘§‘3§§‘ a{d‘?ﬁ(? DAL LIPS nol Py aRIS 63%Efatd oo dFahd tuibast gn of

a single- s¥
from the dmm 454 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 454 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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[0140] FIG 5 shows an alternative design of a single stage reactor that
uses bottom product discharge design. Two liquid drunms (S-1) 556 and (S-2)
566, which are switched between vacuum and at nosphere, are used to

di scharge liquid froma drum 455 coupled to the evaporator. Liquid
detectors (not shown) are used in druns 556 and 566 for automatic control
of switching operation for discharging |liquids. Two-way sol enoid valves
558 and 560, and a three-way sol enoid valve 568 regulate the flow of the

”egul at os APPSR R Aol S0 Tae i BSRE naRme LIF plFinay

ti me peri odgf th¢ high vaduum siGftidrsasdh deedse fanthetghar punpl468. Bi8priosidepmoued. The

t hree-way sol.enpoi.d val ve . 568.js configured so that a top opening of the
drum 556 | AU IRTIR dhe SEleGHCL b PR ! SRERER e glE BUTBn 1 ows by
gravity fromthe drum 454 into the drum 556. [0_1412 After there is a preset
anount of Bd#4lt Therdowmstréaen efrematioB36similhetovthdt giveB BBFIG 4c odwilar defign faral ve 560
i's opened, the 3- 1d val ve 568 ,L5 ssle o that roomair
can”pass. anE Pl Rgds b SREPR) kBl eeHaT R FUINsEoni ng of e dr um
556. The silica gel or resin 570 renoves noisture fromthe air entering

the drum 5§6. ngjﬁ%pgﬁg to gravity, the solution in the drum 556 fl ows

into the drum . €r the solution flows out of the drum556 to a

preset |ev t val ye gis cl ose t he val ve 568 i i tched and val ve
B55°Ts el lAn R P B e Bt e e A T R o o oo
ia coal SSCecfonﬁ@,Lraﬂidn dodn ih FIGVIB RhRlesdti®ed Inydetdilelodv. OPheelifl fgparac@a@Besced into
arge droplets_and separated fromthe crude biodiesel. The punp 562
functions %I.%Bawmweﬁﬁ%l%ﬁe of gear punp 467 in FIG 4. The - 33
difference is that, for the punp 562, the suction pressure is from anbi ent
pressur e i[#d4&abhe firkt gondorhaighe pracessimg plantibt0Boin FAS. 6 mchides chistreador t he gear

punp 467. Thi s .pr.ovide re flexibility ip the s ti,on of the punp,
o ng 1t LRl e L Halsiest abehdifiol RS URG Mo br at on
i's siml arsii@lail st codiey@nding efenfantsdn FAG . Thitedd F@sing @ sh@t path Beapbatdrom f | ows

of the short path evaporator (E-2) 424 can_be enployed. 5 Tvvo-sta%e pl ant
344 as 1n FIG. 5, the processing plant 110B 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 alkyl ester, so that in an output of the second

reactor 140, less unreacted oil and uncompleted oil remains.
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[0145] Referring to FIG 6, an exanple of a two-stage processing plant | |
OB of the configuration shown in FIG 2B is described in detail below The
final separator 230 in FIG 2B is omtted in FIG 6. [0146] The first
portion of the processing plant 110B in FIG 6 includes a first reactor
140, a first evaporator 324, and a first coal escer and separator 336B,

whi ch operates simlarly to corresponding elenents in FIG 5. Instead of
using a short path evaporator 344 as in FIG 5, the processing plant 110B

of FIG 6 1 a_secon orator. 324  .and a second
coal escer @?@9‘3‘83’?@?‘ ggﬁég%%%g ngleg%eégﬁgSerpggg({rgsgﬁ%,ﬁuades llggﬁﬁ(l:lg be simlar
to the fi ridédicsehethich iddlGdesiartdgher pacaitage ity eRdnmyde, Gadrathas 99%shyokeigls) of

| i pase. The first and,second reactqrs 140 can use the sane or different
enzymatic 2 YAF%P@Q?@%*@B&W}W hdiegsT. ok e LR PR P8R Fermoval
bed RB-2, dobied Hirft @MRERSoIF YOS5 PA8S Jnﬂ@lﬁ@ntﬂaﬁseﬁw&%mh@fﬂsﬁ%HfRBfﬁW@.s along a
pi pe 288 towards a second static m xer (SM 2) 10, which is simlar to the

first statihes psixbed Rip3)isfilleg@ithjarresin fargmowe tracgemonpt afiglycamghe  time, a

tw n- headed punp (P-4) 292 punps reactant al cohol 130 and inert solvent 120
toward t hef0s30]ane febproducri-hidh fufild BbdidddD 150, whidhah®y inclulld)dbr xappleset ratio
of the reab?tyagt {ag,Lchx),thaEllgyél?’o and inert solvent 120 m xes with the crude

bi odi esel & PHREED e 5roent 1@ Ahighiprg t medust demcp i erhedigty 210, The
out put of gy Bibdbiet it QFumPt Lcad M rb&cRERbriA he%ﬂﬁ-@ﬁﬁ‘ﬁftﬂrid’e@@&ﬁgﬁer.ﬂfo-

[0148] In the second reactor 140, the’'reactant al cohol, the unreacted oil,

and t he |leted oil ;react to.generate re al kyl  ester., at in an
otout of DRETEL Setetmaktsy B orira aRaRfs B rosdtr it it &b ed o |

remains. -and4)bRUARB (FIE. A)uhPbé abllbNe Tecetke40e] 03 0pErarBe Separ at or 336B
i ncl udes higher purity biodjese whi ch i ncl udes a higher percentage (for

I
exanpl e, EMBETANERS raEIREOMAT G He PS5 8¢, ingyhigh the ssidencertiae rngsdrombLiq t v

bi odi esel .1 sohhihetYnd ] Hlforfol 1 SCSRIRUAY REOthan 150 occapl ed first
in the cooler (HE-5) 45138 ang0 t r?en pgl?sse t herng{%ﬁ‘lﬂiéﬁe r egll1 n bed (RB-3) 489.
The resi n mesgueRBsgthan $0¢ inmRgl Thietremaval bedsri36 ot ddeansl 46 ltoan be operaiahat of
glycerol. 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 |

[0152] The following is an example of operation 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 was 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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[0150] The final product - high purity biodiesel 150, which may include,
for exanple, 99% by wei ght of al kyl ester, is sent to a high purity
product drum (D-5). The high purity biodiesel in the drum D5 can be
recycled during the start-up or provided to a user. [0151] In sone

exanpl es, the operating conditions for processing plants 100A (FIGS. 4 and
5) and 100B (FIG 6) can be as follows. The first reactor 404 operates at
tenperatures ranging fromOC to 95 C, in which the residence ti me ranges

fromlto 8Q mnytes. T fi r eva (.451 atures
| ess than %08" I@O %%?ees'sg‘zlfs &g e(éestl gg{n@i&gﬂmm%-\& génﬁieﬁ%&/%rl agqggs 436,
444, and zhﬁﬁautea,mnbehmmtﬁhednp&ramﬁemesam IThs evapogitarg affemp@cﬁlﬂi(ﬁ ﬂilm 80C,

preferably near roomtenperature (for. . ex 250) . C 454 and
756 can oo Bparare Gag e St OF A B Birsoutst L P St ar
oper ati ng /@neatibPERePotl raraMitont pbOhidle. Tike hal ﬂr@dﬂcﬂ&cluae@@ wml e of
operation conditions for a two-stage processin | ant descri bed above, in

whi ch cr ud@oquﬁ@bﬂe@e‘mmn@@mﬂ@ﬂe@ ovmdighycetd 986@’@1@% tiiglyesride, am@i n- fi | m
evapor at or %HﬂHggéﬂv?S%O%?ﬁ%gpath evapor at or was not used. Refined

soybean 0| purc roma super mar ket was used as the feedstock to
the processing plant. The anmount of water in the refined soybean oil was
~about 200-890 mwRmMpldUre anhydrous net hanol was used as the reactant

al cohol . Pure anhyérous t-amyl alcohol was used as the inert solvent. The

first r eacfﬂ?SS](ﬁle:%llb\ﬂfﬁkb xﬁmEﬁ:QJf%ﬂeﬂ&@&h édnhiti%ﬂs fopl ks Fie'—s@&%’é%mc’eﬂlﬁ@hi ch the

| pase was from VOZYNES. residence tine o solution in

the first pl@l@tciemrlbmgb@@ unwimlee'udmddles@éwae@eyqlwo ﬁ]@‘l‘p@qﬂa‘tlmﬁb Twe 25 C.
[ pase. vast GG SierhBidt1ah RuPSUREN RSl it g8 o 1 "o Ut on
i n the seceRbed @Ricivapormas add &) a_l‘r]nm&i‘.tlm&vamﬁtot. h&erfﬁﬁtpﬂodmtmmmtai by® was 25
€, SR AL S S BRCAN L St Ler s ORI BLR
speed of 25f)-3EMIML TIRNSadd&T(ROT) s @ paditd tell Rifikd RARUYE. TTRE lipsleha891.10 Wt %

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 torr abs, and the rotation

rate was 400 RPM. The end product that was obtained included 99.81 wt% biodiesel,

0.13 wt% monoglyceride, 0.06 wi% diglyceride, and non-detectable amount of '

triglyceride, and the acid number 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 oil with water moisture 200-300 ppm. The reactor (R-1) was a
packed bed filled with lipase. The lipase was TL IM (from Novozymes), the residence

time was 66.6 minutes, and the reaction temperature was 25 °C. The evaporator (E-1)
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bi odi esel, 0.62 wt % nonogl yceride, 0.22 wt % di gl yceride, 0.066 wt %
triglyceride, and the acid nunber was 0.630 ng KOH g. 6.2 Exanple 2 [0153]
The following is an exanpl e of operation conditions for a single-stage
processing plant described above, in which crude biodiesel was recycled to
the reactor inlet. Two alternative evaporator designs were used: (1) a
sinple flash drumintegrated with a packed bed evaporator, and (2) a
thin-filmevaporator. The final product was treated by a short-path

evaporator,, T r.ef i h i i noi sture
200- 300 ppi® ombRIfSh g‘ﬁ‘ht?é?e%atﬁj@a‘gmggéa"é‘g@g“ﬁ%&% a@%ﬁ%&%“ﬁ?%‘%ﬁ%. The

| i pase wasanfilpreskide Gftom abdNoMezndpsjduct the wasbthired énduded 86485 W% tiedieseks, and

the reacti t gnper at ur e. 29 G en the evaparator., (E-1) used a sinple
flash dr uné?)'?%%%pr’%‘{ngag\‘iﬁr q‘?y\gﬁ‘bé@k@ﬁcen %&?511%3 Vﬁ%eﬁ“ S’f"c’fﬁiet enperature was 120
C, and the pressure was 5 torr abs. Wen the evaporator used a thin-film

evaporatorg i t haut £l ash drumin precedence, the operation tenperature was
120 C, the6%ﬁres“3'm'£‘4was | torr abs, and the rotation rate was 250

revol ution r~m nut . The, final ..separat used .a .short - pat at or
(B o) | PR it R B BRLRE R R ot S p B R SRR 2 %6 05
torr abs, @bt difedn itrahide®T 1-9 @hPmaRiavili arfMht Je0BNIGS QO fpRET cdrblaiitervas

obt ai ned i ncluded 99. 81 w % bi odi esel, 0.13 wt % nonogl yceride, 0.06 wt%

di gl yceri dée lignid-liswitl watraderadhe cradp bigdicst! can be pasrddhiongh a easin hedavieg d
number is D40, | t%ﬂg}iﬁ gvfhic%'tl?fe %ﬂgifge‘%in?é diQtkolia T e b0d s ngﬁl{?zS' infifds.€xanpl e

of operation‘con or a single-stage processing p escri bed
above, in W Gial glyecrot ootecitiaivn és te effhsnhan bedesy thaed 5 phine Theaekin thekis was

refined fresh soybean oil w th water i St.ur 0-3 m_The reactor
(R 1) e 5o GERNCERRe R pphatin iRy VBt Srid2 AP il HO&, LCF o
Novozymes) Coipsny; S8hiiCEhe satuiedBsl daft bb refenidthted by mbthatdlgethadCdi on
tenperature wa C.. The evaporator (E-1) - 36 was a sinple flash drum

25 C.,
i nt egr at ed*WYAFAMBEERBd bed, operating at tenperature 120 C and pressure
5 torn abs. The end product that was obtained included 86.55 wt % bi odi esel,

7  Catalyst Cariridges

[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 be 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 fue! production systems may adjust operation conditions

based on the particular type of enzymatic catalyst being used.

[0157] Referring to F1G. 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

-37-




6.52 wt % nonogl yceride, 5.24%diglyceride, and 1.69 wt% triglyceride. 6.4
Exanpl e 4 [0155] The crude biodi esel product that is output froma typical
menbrane type coal escer (pore size in the range of 1-5 m nay have an
anount of 1,000-1,500 ppmglycerol after the liquid-liquid separation. The
crude bi odi esel can be passed through a resin bed having a depth of 90 cm
in which the residence tine of the fluid in the bed is about 25 m nutes.
The final glycerol concentration in the effluent can be | ess than 15 ppm

The resin I { . : j Pl us SPI
120 avai | A rolsed3P, BRMAE b lftcliol ARRNGOR RRTLRN A 218
r egener at adirigyesmee-iaredl opemtiiaimdbroation &g avchiltabage et endivabsthe dpdtatoml yst

Cartridges [0156] .The fir and, second re or 40 can us enovabl e

Gar £ 11 dgedniPPRE RiepHiol aTlpyRaer Srarbrd6 Sats kbe Biacitl ffages can be
repl aced hystegwignes when the catal ysts become ineffective after long run.
The first and second reactor 140 are configured to accept a variety of

r enovabl e I I r r i.ng. .di fferent
types of PSRN cRUE BRI A T SRS Tor SRPR Ry malBeiined 05T,
have a cdigpt spegd oBthbailissurce fal theradaetaitt dldohbhidowiag throwpheabe reactotshdd t he

cartridges can be easjly .r d apd installed. Different types of

enzymat o CAEARYpIEn el TE QU8 e Bhassanap ufth an St S UHR a i 1 1 er ent
set of opekglitedd shoH fHisideRRIimeS B6 theafital froes P ¢ ElcndisQRENSK koiitrol bgdrper at ur e.
The bi odi esel fuel production systens nmay adust operation conditions based

on the parsystem7dp te pyep drc sehsipnithraugh thearaesars B4 fagietsdagomp gxmmlesRirer r i ng
to FIG 7,;4adHPHERG nd &%&g@é@%ﬁ%ﬁ%&@ﬁm Q%hdt?&}ggtgﬁloﬁagaﬁors 704,

each including a carttidge enzymati Cc ys The
cartri dge réfifencacinedssthe data ipcheedsof 718rcon8ls tieultdw et Hbrsystenigo prmp r adi o

catalys: i e snations ibpdbnt Foeoh Aot bnsgaegpmales i @en e IPeE 4o o
RFI D r eadetie astRags Wiliean seRinkfid &taly$Shat fdadirésal Malicdl Seac@tehdpiafilrd, 88

information to -37 a data processor 712. Based on the identification
i nf or mat i dfe dgtagragassar HQd‘@@gglé thetgmperature control sub-system 718 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.

8 Applications

[0160] 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 biodiese] 806 is sent to a biodiesel electric power generator 808, which generates
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retrieves pre-stored operation information froma database 714, and uses
the operation information to control a flow control sub-system 716 and a
tenperature control sub- system 718. [0158] The flow control sub-system 716
i ncl udes, for exanple, punps that determne a flow speed of the oil source
and the reactant al cohol flow ng through the reactors. In sonme exanpl es,
the identifier 708 may be associated with an enzymatic catal yst that
requires a short residence tine, so the data processor 712 controls the
flow contr t%g Pﬁm 18. ' : e reactors 704
faster. Ine?%orre g%g)rfr% es, thjoﬁlggaiggg'%#o?%()ré(%gé ﬁgé;ﬁ%{ghggeslﬁg%tgged with an
enzynat i ¢ woteadiysplantBAP threugh a pth 812, andjesed to psiville powet torveriowseldchreatlat a
processor 712 controls the flo ontrol sub-systemto punp the solutions

t hrough t HETPEEHELHd eiﬁrﬂc%sfﬂf}g\@ﬁp‘l n some exanples, the identifier 708 may
be associated with an enzymatic catalyst that requires a higher reaction

t enper at url@16M d'hetsyigerd 802 casy bscens 96 the processing plais despebodalper at ure control
sub-system 718 to set the tenperatures of the reactors or the heat
exchanger q0862] Ahidyasthgd/e thecledtfic F@m gReanmpl 830 is thahthels ichri ggnerd@®8 nay be
associated with an enzymftt I.C %ata yst that requires a |lower reaction

t enper at ur@ectGtyrth lgsstooliptienban glectyie powerganpors the %@ﬂﬂt‘ﬁ%b@e ontr ol

sub- syst &Rl Ref Af #RlbillPEret BERRESEHNIRENY, HeMBn&BBLER Follced BGhGAL
exchangers at a | ower value. [0159] I'n sone exanples, the identifrer 708
may be asswatrmersbcapbandigyide asthyrpraduci.nkdreil soureetinchudep carbixidic agd, Gst i mat e
about whe | e.re ed The pre-stored

i nformati e}l%gtf??é%ﬁggﬁces %rﬁgtw% feﬁ%&%«éa??% %%’8 %%gbyﬁgg%clato be repl aced after
a certain volune of solution has passed the cartr.i dgle 706. Based on_fl ow

meters (nd016YHinfpiying fp Fike s whishs 83haclydesn ppesedng plantA03 hp repitPhels t he
vol une of s%ﬁ%c@ts!o@@?q %ﬁ%taﬁ?ﬁ:oh@%@?ﬁdt Fera@b Birot}i‘%%;@ glﬁggfheVﬁl%eéehgoé/ﬁ' ume

exceeds a certain , e data’ prdcessor ays a nessage to the
user to i rdniclataidgel dnginetdihe, which corigrts the busliesd inte kinept power. 828 thgyd i cat i ons

[0160] Referring . to FI.G 8, a ctric. t _generator .8 i.ncl a

pr ocessi ngseB tgr‘%ltg‘T anggo>p ?1?fs’ternégleés%gtsﬁagf?lltgg'u%ggwr%ynﬁ Vfléeggstoé f()pgél?eg%hol

805, and glnpswdrisg thé adicds 820. 8. vehithee32Dingdi ieciede HQectitc wenk géreraobi odi esel
I [ whi ch

electric p(%\cl)\ﬁsrho%g?&;? cJ:[o%Lert8sotEé kinetlic? ene g?fnﬁ?orn? %h%sdiesel engine into electricity. The

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

10164] 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 asa 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 gererator 808 receives the biodiesel and generates electricity, which is
used to power various electrical components of the food processing unit 8§34 and the

processing plant 802.
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-38 electricity 810 fromthe biodiesel 806. A portion of the electricity is
sent to the processing plant 802 through a path 812, and used to provide
power to various electrical conponents of the processing plant. [0161] The
system 802 can be any of the processing plants described above. [0162] An
advant age of the electric power generator 800 is that the system can
generate electricity wwth less pollution than electric power generators

t hat use petrol eumbased diesel fuel. If the oil source includes
triglyceride, the generator 800 produces glycerol, water, and carbon
di oxide as’ b . If the oil source includes carboxylic acid, the

generator 800 products only water and carbon di oxi de as by-product. [01631
Ref erri ng [0666FIIGs t®be andeesinod tieat 8ROforagoing dewcriatipr vdeesieddo Plusirate 862 t hat
receives oil. source 804 and. reactant. al cpohol, 80 and ner at es; bi odi esel
506, The diobin Y IHRGees o REinl ey ahiaf sBiRe B a8 P AR R B hver 1 s & he
bi odi esel dlfiing. RitiRetnbodiMerts aRAlitHiR éle stépe FER follOwing cladhs FaSkanpleyst em 816
that transpits the kinetic enerqy to wheels or propellers for. powering the

vehi cl e 82B¢ tWiRdcaderipamgs eperariaged by e ndependertiumps pbhiRtatfdRBFSt or  (not
shown) t naty, 6RRYCEE by B adilaRRhikirB A Yr gésggg.xgg@st&h&ﬁ%m? 8} ffalf 68

electricity. The electricity can~be use oower various electrical
conponent sproductipeof/indiesed ageing fPERnpFY etapie odess simbe yedateagomixiag be any

of the praocessi lants descrihed above. he, vehi,cl e 82 an be, for
oxampr e ooy 11e Bl Sl e 18 BARRee o Wik S e 30T et o1 1 ng
to FIG 1@,060 fyui,lthd weteB3thova bed casbeareplasddanitianhot airsedppitesapparhtnedThe

processing unit 834 (sugh as, a kitchen). that receives cooki oil 832 for
processi ngw?ti’fo‘ifl‘.“%e Fé'éﬁ% &4 SipPingagigan gtcgalesﬁéfgﬁebeﬁ%samﬁ? glgﬂe‘?%‘it?fg uni t

834 is forabmedxdiples, %@ﬁ%ﬁﬁiaﬂﬁtsd?'h?l&tméﬁﬁg potb¥ fidht dlis e S&RIsHRS T eact ant
al cohol 805 and outputs biodiesel 806. A diesel " electric power generator

808 recei Vigedstask, the G ruls agatlssgbeé irathe énes sebvent sk y, which is used to
power various el ectrical conponents of the food processing unit 834 and the
processi nOpP6HNE thBQZ. sourcd theRidds E£bdI@ it ¥El, a reaction between the carboxylic acid

and the reactant alcohol generates 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, cartridges 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,

- 40-




[0166] It is to be understood that the foregoing description is intended to
illustrate and not to limt the scope of the invention, which is defined
by the scope of the appended clainms. Qther enbodinments are within the
scope of the following clains. For exanple, the twi n headed punps can be
repl aced by two i ndependent punps. The static mxers can be replaced by an
agitated m xi ng drum or dosing-type static m xers. For small scale
production of biodiesel, a dosing type conpact stati c m xer can be used at
each m xi I f water,
such as rr&rg%c‘g An E‘rf Sﬁ%‘lﬁe Ei)u{) lta%e%olwg%r %llelrlg%\gg’lwgg n e&{rslgp@g%de% with a
hot air stcronnpmmﬂap@at}@twshngﬁhedmn@stwh agamhbgwa&trdneandwxamme:sp@e ng, and
the oil is cpol ed before bheing sent to %he rog]i Some eganpl es, when
ani mal  f atQOlFs He gesigher &5 wig cUBTTAESIE aPR 1apite coohp Stﬁf%ﬁsg% IBRE@USPacdst ock.
the fats or oils are dissolved in the inert solvent first. }0167] If the

oi | sour ce[()ilTﬂjIIudeme exanipdosy b slorapstd gvaporatacn vye dfshdom ineletsimblaxigl i ¢ aci d

and the re; ct nt al ener Wi product .
aycerol | 1B BEvaRiRi B RhieF dosdin i nebipl Sdsiset MR Y Pl
gl ycerol, sthtlﬁat}ﬁaﬁﬂ ohichfmdahea hightl rate@Ftirddt ce@be Sstaiaed meiv@;@briw cavkparati ng

t he sol vent the unreacted al cohol, and water. Wen 0 gurce
i ncl udes CIRF BYIPSIRE e Prpporated wppolea e be diaply drup g8 e Pﬂ“?@ E‘éﬁ‘p@r’ PEHE for

separati ngg d%é%{e cf&til’l'ﬂetﬂi'gdlﬁjc YGRE ﬁﬂo'rt;;%h &M use renoval beds for renmoving
gl ycerol . [0 In sonme exanpl es, the biodiesel can be used as fuel for an

in some ex@ﬂ%#i'g%é‘qw?%e SR IRr s DHIR B B Bon R L0700

the reactgirsledfiessdtBlate 14Bd Tor PirBC 88 RMRYordfONAS probs¥kink &ugie s whaRRItEdg units,
an on-1line Ioadlng and_downl oadi ng of the |ipase can enbedded in the
system desgndesigs 2ty uspdhfog gall 80itip| es, the evaporator E-1 (FIGS. 4-6)can
be a sinple flash drumwith or wi t hout i nt egration of a packed bed design.
| n ot her epdng Rsringdhatrdhig hier wixle tlebprodistpacysierh cal eolFaiketed by métragesol vent)

the cool erl® Redmo T R 3otk A0adRe T W Roasl b e ll 48R, "o ant “oan

be |l unped into one unit for snall scal e systens. In sone exanples, -40
[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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the coolers are separate, but placed in parallel 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 cool ers using one
fan to cool all streans sinultaneously. [0172] In sone exanples, a
short-path evaporator can use a flash drumin inlet simlar to that of
evaporator E-1. This kind of design can reduce the condenser |oad inside
the short-path unit, which neans a higher rate of inlet can be obtained.
An external condenser for condensing the evaporated vapor |eaving the
flash drunypais BRinysigs: The condensate is lunped to the distillate product
of the short path unit. [0173] Regeneration of glycerol renoval bed can be
on |ine processing (such as when parallel designs are used for |arge
systens) oy off-Iline roceSS|n (such as when cartridge type designs are
used for shml| 4hpRREYa wT@EﬁWF“%urlng shut - down, the whol e fuel production
system can be bLFnketed by nitrogen to block noisture and air (to reduce
aci dification c¥IEHEGITYEEel or the oil source). [0175] In some exanpl es,
the glycerol renoval resin can be an ion exchan Pe resin, such as Lewatit
MonoPl us SP 112, avé’inlllélﬁﬂér?crea’ﬁ]%?‘@re@i@l?ﬁ%a ILER‘?%‘FWS%WCO Faff. [ 0176]

The stati ¢, fB¥fh Jféclhcp &%Pin@ﬁ%@lv@tyt tR4E af %l&&ta%‘ﬂeaﬁﬂé%ﬁ%&nd&f‘%ﬁgﬁﬂé’c il 'tS

out put rate reg ated l'evel contro isclaimed iIs

appar at us ssovipticsitangs, a flrst reactor having an inlet to receive a nlxture
conprising a first reactant, a second reactant, a reaction product, and an
i nert solvent that dimzﬂmew fatilifazastcacdiop detween theffirstapd fé¢aosd reastdnts dcond

reactants, an é ) fagh i.tat.e a reaction between the first and second
reactants %%wnﬁﬂﬂ 5?3 R PP o product and an outlet to output the

reacti on product, |ncI eact uct ei ve t.he inlet and
the reaction product®™ 8&%98Gm$¢%ﬁ$? ‘glﬂﬂuﬁag éﬁw ReP Fﬁ?@t and
second r eagtaédat tiididlet and the reaction product generated from the reaction between the first

and second reactants; and

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 product comprises alky! ester.

3. The apparatus of claim 2 in which the return mechanism sends at least a portion

of the alkyl ester back to the inlet.

4, The apparatus of claim 2 in which the mixture includes a solvent that dissolves at

Jeast a porﬁon of the first reactant, the second reactant, and the reaction product.

5. The apparatus of claim 4 in which the outlet outputs at least the alkyl ester, the

solvent, and unreacted first reactant.

6. The apparatus of claim 3, further comprising an evaporator to evaporate the

solvent to generate a mixture comprising the alkyl ester and the unreacted first reactant.
-42-




a return nmechanismto send at |east a portion of the reaction product from
the outlet back to the inlet. 2. The apparatus of claim1 in which the
reaction product conprises al kyl ester. 3. The apparatus of claim2 in

whi ch the return nechani smsends at |east a portion of the al kyl ester
back to the inlet. 4. The apparatus of claim2 in which the m xture

i ncludes a solvent that dissolves at |east a portion of the first
reactant, the second reactant, and the reaction product. 5. The apparatus
of claim4, in | u t ester, the

sol vent, g%d uﬁ@ga F%W%??fé %%%QE@gg%ﬁwghﬂ %%04¥%% %ﬁ%f cIa|n15 further
conprising an evaporator to evaporate the solvent to generate a mxture

conprising the alkyl ester and the unreacted first reactant.- - 42 7. The
appar at us ®f clEierapparatys eh¢leim T, rferthﬁntcbrepneng@ @@pmtostaﬁvyn@welthe 8. The
apparat us 9 0 Y t e the

sol vent to Egveeni toﬁenerateaml%ﬁ{r?%wgn rrprqgm ng hééaﬁlﬁﬁl%ep‘{l an(at A['c)?/ezc:ler ol, and

t he unr eacfistreadtaritst reactant. 9. The apparatus of cIa|n18 further
conprising a phase separator to separate the alkyl ester fromthe glycero
based on liquid-liquid phase separation 10. The apparatus of claim1 in

whi ch the él rSt’Jf"reag){%ér atus o 91 mgﬁﬁﬁhérrcb 1801%“ ase%élparag}% ge%g%geatk%{s of claim

1 in which'the reac conpri ses a car oxy

appar at us gikylektai frorh thd’lgly%lrcﬂfbaieﬁe)nslﬁlomqﬁhuidaﬁlﬁﬁsaEﬁpammmr| ses at |east one of
a primary and secondary al cohol. 13. The apparatus of claim1 in which the.
first reactant conprises at Ieast one of vegetable oil and animal fat. 14.

Th 00Ok D SRSl BN Ao oet o

IS ppa , further
conprising a second reactor havrng

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

2.  The apparatus of ¢laim 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 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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an inlet to receive a mxture conprising additional second reactant and
reaction product fromthe outlet of the first reactor fromthe outl et of
the first reactor, an enzyne to facilitate a reaction between the second
reactant and the other conmponents to generate nore reaction product, and -
43 an outlet to output the reaction product, including the reaction product
received at the inlet of the second reactor and the reaction product
generated fromthe reaction between the second reactant and the other

components. 16. The aBRaLa) Mo e lalBrtRos LA SRIRLLSL 0y, evapor at or

to evaporate the inert s I"east “one of° unreac
react ant amckivedragtietisldt feliosedondraadtarind tHereaction paglpergehersted troal the m 16,

further conprising a short-path evaporator to separate the reaction
oroduct { rHRPBRERTE e sreoat csasias aud the grber OBPORIS. appar at us of ¢l ai m 17 in
whi ch the reaction product conprises alkyl ester. 19. The apparatus of

claim 18, further conprising a return nechanismto send at |east a portion
of the al khd. eshtherapparans bheaialld, @irthef cdnyerishpcantdagesiol Wreviyede the itdie | nl et

of the first reactor. 20. _An a atus co i sing:, a reactor having an

"l et to rBERANIE [fhsteie bf ERHIOIg CHURE FIpRCactid GBI RECREL faci | tate a
reaction between the reactants, and a feedback nechanismto send at |east a
portion of a product of the reaction back to the inlet. 21. The apparatus
~of clai m 20.i n Theiapparatne opelaieuid, fiathet bEnprisagtd hortgatiuvesestonioksgparatest er
and the feﬁdback rre%tgrgni sm sends at Iea;t‘ a 1[:l)orti on of the al kyl ester back
to the i rfgfcacton praguet figmypmainiedprearied FraglHt i b which the reactants
conprise (1) at least one of triglyceride and carboxylic acid, and (2) at

| east one of primary and secondary al cohol. 23. The apparatus of claim 20

in which tige ertigrmppaanpof deim B inividdethe readdorlgrodubt 8yrsprives iyl ggener at i ng
al kyl ester conprising:

19.  The apparatus of claim 18, further comprising 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.

20.  An apparatus comprising:

a reactor having an inlet {o receive a mixture comprising 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.

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

inlet.

22.  The apparatus of claim 20, in which the reactants comprise (1) at least one of

triglyceride and carboxylic acid, and (2) at least one of primary and secondary alcohol.

23.  The apparatus of claim 20 in which the enzyme comprises a lipase.
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a first subsystemincluding a first reactor having a first inlet to receive
a first mxture conprising a first reactant, a second reactant, and an
inert solvent to dissolve the first and second reactants, a first enzynme to
facilitate a reaction between the first and second reactants to generate a
reaction product, and a first outlet to output the reaction product, the
inert solvent, and other conponents; and a second subsystemincluding a
second reactor having a second inlet to receive a second m xture conprising

addi ti onal,, second ct ant inert solvent, at |least a portion of the

re . an

reaction product ySERGOr RECHTRE AL SHESHBRYE S r om the first outlet, a second
enzyne to facil ig.tﬁte a reactli (gn bet ween the second reactant and the other
conponents to GelErEPYSHEBIRCPENS i on product, and a second outlet to out put
the reaction product,. including the reaction product received at the inlet
of the second inlet ai‘ﬁﬁr‘faﬁ@rk‘%‘g’&%i on product generated fromthe reaction
bet ween second. reactant and t&ﬂe ot her c¢ onents. 25, The system of claim
24 in which the reacti ona§ﬁ5 glto E"(?Ft‘ﬁ??g.’g%“&?‘m cogyyisipg aJpstreaglink @st em of

claim 25 al&mdeorRht, ahdan e QOIVER 1VBRAMY BEIR afeRdoRl rch@@Rd, @ portion of
the al kyl ester fromthe first outlet back to the first inlet. 27. The

system of claim 25 also Q@i%%hz%&ﬂ&o@acﬁlﬁﬁﬂé%@eaﬁﬁ?ﬂ%ééﬂﬂq@ﬁ?s%ﬁﬁ’d @kodeast a

portion of the alkyl ester fromthe second outlet back to the first inlet.
-45 28. Theactaptstteigerstate b aé¢anti@bprioduapdiindh t he second subsystem conpri ses a
separator to renove at |least a portion of conponents other than alkyl
ester froma first sol utadimstoutgite outhutdhe tehaicpgrahut, tetihat sdlenblndi n a

. 3 .
second solo%ér%gm%gn%%tspgnsd at | east 90% by wei ght of al kyl ester.

a second subsystem including
a second reactor having

a second inlet to receive a second mixture comprising 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 second

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,
25.  The system of claim 24 in which the reaction product comprises alkyl ester.

26.  The system of claim 25 also comprising a return mechanism to send at least a

portion of the alkyl ester from the first outlet back to the first inlet.

27.  The system of claim 25 also comprising a return mechanism to send at least a

pertion of the alkyl ester from the second outlet back to the first inlet.
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29. The systemof claim28 in which the separator conprises an evaporator.
30. The systemof claim28 in which the separator conprises a liquid-liquid
separator. 31. The systemof claim25 in which the first subsystem
conprises 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 solution that has a higher concentration of alkyl ‘ester
than the first solution. 32. The system of claim 31 in which the separator

conpri ses |, e Qrator .. 33. ,dhe . em of .claim 32 in.which epar at or
Compri ses 21 altay Aot grtngs Py B b B ng St o rifl bl 57
react or haioge a lgHsp£ponion bbednip@nsits bthar thixilkyleseofifpmhiasirggoRitibh bsthut

react ant, second reactant,. an inert solvent, and reacti o duct that
are in an ﬁ@ﬂﬂ&eﬁ%&%@soug?%@, fainca segof) ohution thad s o deast 3056 BY wa&;gt‘ﬁfré@ﬁy g an
inlet to rgeei ve the mxture fromthe pipeline, an enzyne to facilitate a
reacti on between the first and second reactants to generate nore reaction

product, and -46 an outlet to output the reaction product, including the
reaction rodyct receivep,at the inlet and the reaction product generated
from the rahcti i SUEwE A A T Whish tersaPaeebTRI I BETAHE Talgr.separ at i on
unit to process the output of the outlet to produce a solution having a
hi gher percentage of the reaction product; and a return nmechanismto send

at | east a3@or tTiekysttmtdielatdD8Iid Which @kksepatoNeondirzed 4 Nguid-BiuidAegyabiem f or
generating al kyl ester conprising: a first subsystemincluding a first
react or havi ng

31.  The system of claim 25 in which the first subsystem comprises a separator to
remove at least a portion of components other than alkyl ester from a first solution output
from the first outlet to obtain a second solution that has a higher concentration of alkyl

ester than the first solution.
32.  The system of claim 31 in which the separator comprises an evaporator.
33.  The system of claim 32 in which the separator comprises a liquid-liquid separator.

34.  An apparatus comprising:
a reactor having

a pipeline to transmit a mixture comprising 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 {o facilitate a reaction between the first and second

reactants to generate more reaction product, and
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a first pipeline to transmt a first mxture conprising a first reactant,
a second reactant, an inert solvent, and alkyl ester that are in a
honbgeneous' state, a first coupler to receive a first cartridge having a
first inlet to receive the mxture fromthe first pipeline, a first enzyne
to facilitate a reaction between the first and second reactants to
generate al kyl ester, and a first outlet to output the alkyl ester, the

sol vent, and ot her conponents; and a second subsystemincluding a second
reactor having a second pipekine tr mt a sec ng. I xiure conprising
additional second react&ﬂgPﬂ?ﬁ%?wpﬁgﬁ%EﬁFFméﬁﬂﬁ%"$%%ﬁ¥%§?ﬁﬁgﬁﬁbn of the
al kyl est efrodurt rdcBi®editiiRe inlet @B egictiod protudt Rencrdtedironulid Rhctioa beweend
coupler to receive a second cartridge having - 47 a second inlet to receive
t he nixtur@eﬁﬁ$ﬁW%ﬁ%°@E@Hﬁﬁ“%ipeline, a second enzyne to facilitate a
reacti on between the second reactant and the other conponents to generate
nore al kyl ester, arfdeBaralingHit tppracess thoowpyted thepplletdp pradugess gylutiosg . A

system forhag;}%q‘r}ggﬁegg?@&ﬁgée o‘%‘%ﬁeex%a&i‘ag'%dd%i:t’;‘gﬁd a cartridge to receive a

m xture conprisin irst” reactant a second reactant, the cartridge

incl uding an enzyne ateru‘i-ﬁ"ﬁaieHahf's‘Inecorergfjﬁ‘féaist RESYVESR Mi‘t?thofnil:{aéﬁ togﬁg second

reactants to generate a reaction product e cartridge having
identifierpipelng. a controller to control an operation condition of the
system based on the identifier on the cartridge. 37. The systemof claim
36 in which the reaction product conprises al kyl ester.

35. A system for generating alkyl ester comprising:
a first subsystem including
a first reactor having

a first pipeline to transmit a first mixture comprising a first
reactant, a second reactant, an inert solvent, and alkyl ester that are in a homogeneous

state,
a first coupler to receive a first cartridge having
a first inlet to receive the mixture from the first pipeline,

a first enzyme to facilitate a reaction between the first and

second reactants to generate alkyl ester, and

a first outlet to output the alkyl ester, the solvent, and other

components; and
a second subsystem including
a second reactor having

a second pipeline transmit a second mixture comprising additional
second reactant, inert solvent, and at least a portion of the alkyl ester and the other

components from the first outlet,

a second coupler to receive a second cartridge having
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38. The systemof claim 36 in which the enzyne conprises a |ipase. 39. The
systemof claim36 in which the controller controls a speed of a punp based
on the identifier, in which the speed of the punp affects the speed in

whi ch the solution passes through the cartridge. 40. The system of claim
36 in which the controller controls a heater based on the identifier, in
whi ch the heater affects a tenperature of the solution 41. The system of
claim36 in which the controller determ nes when to send a signal

indicating that the cartridge g&fh&gggggégp%g%ﬁgaeﬁﬁﬁgﬂ%%e&gﬁ identifier.

n
42. An apparatus conpri sing: %%% a car e i'nc I'ng a lipase, the

cartridge pimhihé,gured to be coupled to an al kyl ester generator that
conprises a mxer to mx an oil source and a primary al cohol or a secondary
al cohol in an organi c sol veni sdcond @fzina t& ticllitdtONrdatiitin bedwdrnsisedcdddr ough
the cartridge, in ﬂhi&@hthe oi |l source incluydes a triglyceride and the

|i pase fadFiianhinddhe othgrcomnoneny o geasrateraore pikyl pt&rande and the primary

al cohol or the secondary al cohol to %enerate an al kyl ester, in which the
sol uti on does not undergo phad&cesheitiet foormuh s adHdasier he reacti on and

gl ycerol is produced as a by-product, an evaporator to renove the organic
sol vent and unreacted prinmary alcohol or secondary al cohol, a phase

separat or 360 sepgisthefor Mherttiky bikobdsedr chmpmingie gl ycerol, and a second
separator to separate the al kyl ester fromunreacted oil source. 43. An

appar at us conphicaifidge 8 réRivehintidfird Rhpinpd Bl bRATC and DR fehdisle
configured to be coupled to an alggl ester generator that conprises a

m xer to riscagiidae inchdingga eammatodndilitaiey raaction betwsen tedsetgndisacyndil cohol i n
an organi j i the cartridge,
" whoon dpatinkR ekt 850k o lticy o Litihach R RGHakiNUAR, {5 Cartrido

source 1In car
facilitates a reaftifp (PENEEH &Jggation condition of the system based on the identifier

on the cartridge.
37.  The system of claim 36 in which the reaction product comprises alkyl ester.
38.  The system of claim 36 in which the enzyme comprises a lipase,

39.  The system of claim 36 in which 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.

40. The system of claim 36 in which the controller controls a heater based on the

identifier, in which the heater affects a temperature of the solution.

41.  The system of claim 36 in which the controller determines when to send a signal

indicating that the cartridge needs to be replaced based on the identifier.

42. An apparatus comprising;:

T




carboxylic acid and the primary al cohol or the secondary al cohol to
generate an alkyl ester, in which the solution does not undergo phase
separation throughout the reaction and water is produced as a by-product,
an evaporator to renove the organic solvent and unreacted primary al cohol
or secondary al cohol, and a separator to separate the al kyl ester from
unreacted oil source. 44. The apparatus of claim43 in which the separator

conprises a short-path evaporator. - 49 45. An apparatus conprising: an
evapor at or havi j - . recej . X o) ri sin I ster,
al cohol, a im'arip}t(a n@?ﬁév@ﬁp %"“ég‘é‘Pgﬁ%y@ér%%‘%}‘{Efﬁéﬁﬁ a%dgcg%te Sru@%i tg\?gélc])(ygte t he

i nert sol wert garditdritkatabmpligls to generate a solution including alkyl ester
and glycerol, and a separator having an input to receive the solution, the
separator to separ atagnikéeo néik ki bil esires afdfd 0prirhdie altohcl @F 8 keddadued aloshol

liquid-liquid phase separation. 46. An apparatus for producing.an al kyl
ester, conprfl'§ 3*}6‘5’.531% tig Orfrbasfﬁl%loéﬁﬁ%ilq aéﬁférth@u%%eﬁgrﬁﬂgﬁalw‘%a&tt%ol or a
secondary @i ©aRLlindliica A rify&RAt tndS@b VipRE ikl Mtact shQAthd he oi | source
including a triglyceride; a reactor to receive the solution, the reactor

i ncl udi ng teglyrgrEdsand Hwtprimgey dloehol exthy seqoadary inlsphd) ée grverate snealkyl egfety er i de
and the pr'aﬁ@ﬁ r r . n al kyl
ester, in ¥ |cﬁleg{)l§l§§?g?e%in§{ %%8%?3’3‘8%2553%%@9%%%0%{ F}%grﬁaecél\%%bfat or to
renove t heglywegdis modurkd end bapebduety eact ed prinmary al cohol or secondary

al cohol ; and a phase separator to separate the al kyl ester fromthe

gl ycerol. 47. The appavaiousoab reh@ierthelérgannis soleanpiid siregted priiary er, i n whi ch
the |ipase i?l i mobi Iizcled on the carrier. 48. The apparatus of claim46

al so conpralhpberseralday 2lopbelhani smto all ow at least a portion of the

al kyl ester separated_by the phase separator to enter the inlet and add to
th ey _ P a phase separatgr o separatg the alkyl ester from the glycerol, and

a second separatof to separate the alkyl ester from unreacted oil source.

43.  An apparatus comprising;

a cartridge including a lipase, the cartridge configured to be coupled to an alkyl

ester generator that comprises

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 carboxylic acid and the lipase facilitates a reaction between the
carboxylic acid and the primary alcohol or the secondary alcohol to generate an alkyl
ester, in which the solution does not undergo phase separation throughout the reaction

and water is produced as a by-product,

an evaporator to remove the organic solvent and unreacted primary

alcohol or secondary alcohel, and

a separator to separate the alkyl ester from unreacted oil source.

44.  The apparatus of claim 43 in which the separator comprises a short-path

evaporator.
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solution. 49. A nmethod conprising: inserting a cartridge into an al kyl
ester generator, the cartridge having an inlet, and outlet, and an enzyne
positioned between the inlet and the outlet; - 50 reading information
encoded on the cartridge; controlling an operation of the al kyl ester
generator based on the information. 50. The nethod of claim49 in which
controlling an operation of the al kyl ester generator conprises
controlling at |east one of tenperature and flow rate of a solution

flowi ng i nfso g, ik efusUpmblGngar tri dge.

an evaporator having an input to receive a mixture comprising alkyl ester, alcohol,
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 from the glycerol based on liquid-liquid phase separation.

46.  An apparatus for producing an alkyl ester, 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;

a reactor to receive the solution, the reactor including a lipase that facilitates a
reaction between the triglyceride and the primary alcohol or the secondary alcohol to

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

an evaporator fo remove the organic solvent and unreacted primary alcohol or

secondary alcohol; and

a phase separator to separate the alkyl ester from the glycerol.

47.  The apparatus of claim 46 also comprising a carrier, in which the lipase is

immobilized on the carrier.

48.  The apparatus of claim 46 also comprising a return mechanism to allow at least a
portion of the alkyl ester separated by the phase separator to enter the inlet and add to the

solution. .

49. A method comprising:

inserting a cartridge into an alkyl ester gengator, the cartridge having an inlet,

and outlet, and an enzyme positioned between the inlet and the outlet;
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reading information encoded on the cartridge;

controlling an operation of the alkyl ester generator based on the information,

50.  The method of claim 49 in which controlling an operation of the alkyl ester
generator comprises controlling at least one of temperature and flow rate of a solution

flowing into the inlet of the cartridge.

-51-




