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FI ELD OF THE | NVENTI ON The invention relates to the field of apparatuses
and net hoawo taws/089%29 producti on of 5 fuels and fuel addiPGH{e006/1§0286
particular, the invention relates to the production of fuels and fuel
additives suitable %ﬁ?&%@&%ﬁ%ﬁoﬁﬁ@k%ﬁﬁmﬁo THE | NVENTI ON
Di esel engines nay be powered by a variety of fuels, 1ncluding those
derived from 10 petrol eum sources, and well as renewabl e sources. For
exanpl e, effo to di ssol ve al cohols such as ethanol in
petrol eum basié@ﬁggfwwp n 1c\)It her exanples, diesel fuels may be
derived from Theireensouretadss te thetickisof apparatesrsang resthody derdheproducgpn of  ani nal
fats and stg f1yi I [ SIS f the oil
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di esel engi nefuekend Bxckbadditioes fudibhly faapainagidssilengist.ers (FAVE) nmay be derived
from vegetable oils, animal fats and waste frying oils to produce

"bi odi esel s" suitable for use in a diesel engine either with or wthout

ot her additives. In other exanples, such biodiesel products may be m xed
wi t h pet r ol euUBABESHRIOUNSSED THIRINVENTIQ¥Nner at e a bi odi esel / regul ar di esel
fuel blend. 2Q. The adyv 1,od] d . i esel fuel
are wel | knomﬁlef %%H%Iﬁegglgh&ﬁ%%t% ﬁ'glfeglrg#.ggé%r Jéfxfg%{'r% Il%ﬁé%?%?g{?%nge

gener at ed16 r opat@lenmrseueas kibd/welt asTeneuable sewersc Epr dxempiyy effarisdaeddicen t o

bi odegr adat i on, . and. | l,ow far usy i B Wt es of

pol | utants. I—B@x@ggfsg‘?ﬁeeﬁ%%lgﬁfuc asﬁrﬁ%%éﬂl é}éél% %Iwo%?%dsﬁgﬁgﬁlgggﬁg?h% costs of
produci ng di egainples,atiaspicfuslohaybe d@ived &om lipol soRfsedivoklpg dalexahplany type to
present an econonica

LIy viaple alternative t trol eunmt  ba j.odi esel,
appar at uses aHé® I‘?Bﬁgn’ﬁ?aZP Seatﬁ’ai & gioﬁ%rlg'\fgg}l RSP °é’n§§“e§¥s
bi odi esel pr ogud biDsvurcSEidyARCofifert:NMENTb@Nts3Gitdtle fos camimstity) elinef t he
present invention, at |east i referre odj S t o, proyide an
appar at us ¥ or HipiebengEE; ﬂrwp%ﬁgva%meﬂﬁf%?%m@]@ Thay o %ngaelﬁm%ngi ne. WD
2006/ 089429 PRELGH2006AARA2RE anlitvas® f§HRlHET @BIRs tbiodietc shinwknt i on, at
| east in preferred enbodi nents, to

for use in a diesel engine either with or without other additives. In other examples,

such biodiesel products may be mixed with petroleum-based diesel fuels to

generate a biodiesel / regular diesel fusl blend.

20  The advantages of biodiesel over petroleum-based diesel fuel are well known to
those in the art. For example, biodiesel may be generated from a more easily
renewable source, be more amenable to biodegradation, and may allow for
combustion with lower quantities of pollutants. However, the costs of producing
biodiese! exceed the costs of producing diesel from petroleum sources. For

25  biodiesel of any type to present an economically viable alternative to pétroleum—
‘based biodiesel, apparatuses and methods are required to improve the efficiency of

biodiesel production.

SUMMARY OF INVENTION
30 It is one object of the present invention, at least in preferred embodiments,

to provide an apparatus for production of a fuel suitable for use in a diesel engine.



provi de a nethod of producing a fuel suitable for use in a diesel engine.
In one aspect of the invention there is provided an apparatus for producing
a fuel orwaedoeaghddd i ve suitable for use in a diesel endCRECA20008E6ar at us
conprising: 5 a porous nenbrane for separating a reaction mxture froma
perneate, the reaﬁfzéeﬁfath@}&ﬁé&@f&@fiﬂéﬁtﬁhnﬂlé&lﬂiﬁkf a%ﬁ@d}ﬁlen@w' sion and a
catal yst for convertin in said | -1n-al co emul sion to products

i ncl udi ng sai erdvids|a msthdd afiprodaelds e fupbsuitable faiupe iBgidieseliralingr f uel additive
is substantially . absaPRls provif ne bei ng
substantial ly |mg1§.gfgg%p%0édg %ﬂu%gr fﬂgl?sm ?\ e agg&%m oh angg

subst ant i al | y agfesl pebib) addiive buitable fQI‘OISs i mldleaqbangmp, ﬂlmmpam@mcpmpésinand

optionally.to said i ere is
provi ded asrret hod ?grrﬁgggﬁ%mtg%ﬁp&gﬂgﬁxﬁa%&% %thiggfok]?%//é Ui ?at%%]e for use
In a diesel engictiemihes ehistgeoepii-gicop! ehelsion Bnda egdysvfor provi ding a

por ous ”e”bra”%ve !na%n sofd 6112&;2&1&0%1 é&@iéﬁ&‘x{% ?éhuécs En%ﬁl%E' OQldrﬁ;éito%u% si de of

t he porous ne, reactiron m xture i n- a cohol

enul si on and additas al yst for converting oil i n sa| d 0| | -i n-al cohol emul sion

to products incl ud| sal r. fuel. additive aid r fuel

addi ti ve being sub‘g ﬁﬁf?ﬂ{@‘e]lag&@vfﬁsg%ﬁ%ﬁgal I%ﬁﬂgemgaé%% ?ous

magbr aBe hei ngzluiépﬁﬁﬁﬁﬁéﬂ%’aﬁ@’beﬂﬂgb&bmllﬁuﬁpﬁmabmdﬁ oipiebRtsiiisai®éai d enul si on,
and substantia e ea d or, fu addl ive and
optionally toe?ﬁs %Fam%\'%?e ?P%ferfgle&‘t%t‘? %aécgﬁ‘e]s%ﬂd‘ﬂﬁ 1jive, ‘#uel addi tive
to perneate sapﬁbnpmyﬁw&drimbdﬂane 25 to forma perneate on a perneate side
of said porous ne ran o OSI said. reaction mxture side. BRI EF

DESCRI PTI ON OF TH Finyetion heresis grovided Agiefod de fa?ﬁP%{ﬁ‘i'ft%r an

exenpl ary appgha uﬁmafadalﬁee buHABI18 Ffb1QRe in d:dl&'éfdﬁg&eltﬁe Aeh6d sMbrdstgdhagr am of
anot her exenpl ary appar atus of the invention. WO 2006/ 089429

PCT/ CA20087 006topeot:
providing a porous membrane;

placing a reaction mixture on a reaction mixture side of the porous
membrane, the reaction mixture comprising an oil-in-alcohol emulsion and a
catalyst for converting oil in said oil-in-alcohol emulsion to products including said
20  fuel or fuel additive, said fuel or fuel additive being substantially miscible in said
alcohol, said porous membrane being substantially impermeable to oil droplets in
said emulsion, and substantially permeable at least to said fuel or fuel additive and
optionally to said alcohol; and
causing at least said fuel or fuel additive to permeate said porous membrane
25  to form a permeate on a permeate side of said porous membrane opposite said

reaction mixture side.

BRIEF DESCRIPTION OF THE DRAWINGS
30

Figure 1 is a schematic diagram of an exemplary apparatus of the invention.

Figure 2 is a schematic diagram of another exemplary apparatus of the invention.



Figure 3 is a schematic diagram of another exenplary apparatus of the
invention. Figure 4 is a schematic diagram of another exenplary appar at us
of the i nwenteads9429-i gure 5 is a schematic diagram il | uPCTEIA20H/00p86
separation of oil and FAME by a porous nmenbrane. 5 Figure 6 is a graph

plotting the yo geyg?m aasfc 2 d{agw&fofraﬂ&ﬁﬁ eﬁ&ﬁ\}ﬂ@y&plgﬁrzltﬁs $faheintvdntion. m xt ur e
C

vs. vol une percent canoa0| in mxture Flgure is a graph plotting the
- tenperature vs. vol une percent FA bi od| a batch
process and cdiguss hi w&%ﬂlt’ﬁtd’taﬁrag‘c‘? ?‘FB‘?IWT’m %E?’@Ppa%l“ ‘Stgﬁ/?)lnﬁ'-e“%lg{;nty acid
met hyl ester). 10 Figure 8 is an HPLC chromatogram of a m xture of
standards.  Figgu#es & d shamtiblagraahillostatingthanepofatian stoijdnd FAMBbY on mi xt ure.
Figure 10 is an HPLC chromatogram of a sanple perneate. Figure 11 is a
graph pl otti nPEMEMEMOEEE- of reaction tenperature and aci d-cat al yst
concentration (linear fit for 0.05, 2 and 4 wt. % fit not plotted for 6
w. % 15 Ki gyrgend@ Ism@yplqﬂsmﬁguhavdnmmmm&‘ laaver pheaerflaeolaeiHo@ntst t he
invention. Figure 13 (;loto r aphi ca{ %1 |II strates a perneate derived from
an appar at us dlﬁleuﬁee"sg ‘i’rcnﬁ A n ®a) allowed to sit at room
tenperature for several hours, and b) when heated to 40C using tap water.
DEFI NI TI ONS:  126urd\p jeer ghpmplbmngfmblteamreramaam oplume perseny FﬁM%ﬁyblacga%ﬁ} atus as

descri bed herein for tin bferdGa@Aance with
t he t eachings (B’iﬂdl‘?‘?éf‘b’%bgi%&pr%%ﬁ |ca +t%1ﬁ£>§€"’/3§mg Ptlﬁe Tler(?sr to any fuel or
fuel additive -}gﬁﬂ?acaﬂﬂﬁﬂ‘@}/eﬁdﬂﬁ apparatus or 25 nethods of the present

i nventi on, SU|tab e for use in powering or assisting in powering or

provi di ng naI i BEndasdsV\O 2006/ 089429
PCT/ CA20061/000 @%‘38 m}@b%aﬁ?ne‘?m agtogﬁgllr%ﬁ%%ft uIrlea conprising an al cohol

and an oil, wherein the oil forns droplets of oil in the alcohol due to
the substanti afigirerfiisoi BPILG throwfiogia of  [samaple rapRasHBHuTC.

Figure 10 is an HPLC chromatogram of a sample permeate.

Figure 11 is a graph plotting the effect of reaction temperature and acid-catalyst
concentration (linear fit for 0.05, 2 and 4 wt. %, fit not plotted for 6 wt. %.

15  Figure 12 provides an overview of an example method of the invention.

Figure 13 photographically illustrates a permeate derived from an apparatus of the
present invention when a} allowed to sit at room temperature for several hours, and

b) when heated to 40°C using tap water.

DEFINITIONS:

20
Apparatus / membrane reactor: refers to any apparatus as described herein for

generating a fuel or fuel additive in accordance with the teachings of the present

application.

Biodiesel: refers to any fuel or fuel additive generated by the apparatus or
25  methods of the present invention, sujtable for use in powering or assisting in

powering or providing internal combustion to a diesel engine.



Fuel or fuel additive: refers to any fuel suitable for powering a diesel
engine, or 5 any fuel additive suitable to add to one or nore other

conponent woorood/esok® suitable for powering a diesel engPAEF/CA2806498386t |n
the powering of a diesel engine. Perneate: refers to any materials that

have per nmeat Edj?rﬁﬁ§18§§ei§r3995%1xﬁ§@@&ﬁﬁﬁmg aﬁ@l’coﬂﬂ@ﬁ@brﬁoll stekinm@é 6l i al s may
i nclude, in selected enbodi nents, al cohol and / . aqr gﬁlﬁ%gggﬁﬁgducts from

a reaction m xbmsdreplets ofeil mgaicohp} dede &msybstapﬁé 1’1’6”?9 y be drawn
off in a pernegye; sffeamand may, at least in selected enbodinents,

further include al'cohol and / or catalyst. Pernmeate side: refers to any
posi tion on oriﬁlekmrdeelaﬁdlavq;mfenaéo erb‘?léw@blecfpr Pays&ing & diesH ENEING 6F ous

menbr ane, that u [ RS 1S

t herefore |nter§‘§2“1 %ﬁé‘ﬁegsgﬂn‘g%@aagﬁg ?%géﬁgégglgp%@%gﬁfg that 15

i ncl udes a perﬁafeahmrmgla dizdeliengion to aﬂﬁﬁt@ﬂmmﬁwoiﬁeﬁilﬁhﬁf@@l de includes any
position adja e stream
Phat 1 nol utes Bustt Fes b iRbale Bl ShErR RS s ol RERTRE.

menbr ane: ref eF® ekajnpimsumhﬁemzds mehaclufle nwlea}teﬂ@n@e@m@wcob@lrwéébl e
barrier between a reaction xtur and. e may 20
take and sui ta?flr%acgﬁl??ﬁogl?d %ﬂ ?f‘r%té |01r71£a“g 3H1§%$rlgﬁgzﬁgny Aterial that

i ncl udes pgay espedhedte ﬁauyba&ﬂa@nsffzﬁapmmasnemhmdnmumwt ipselpded | es of

sel ective perneabi|i t e errglg %dém?l Stts t he nenbrane may be
cylindrical or® ’c“i’enlsu erfl FREdq 3l 984 OF #E4Y cylindrical nodule unit in
fluid connectipymedte sidé: |réfers?¢d$1€1§,/tpdsimoﬂopbﬁiﬁde zﬁ‘rad:ofcmanmmbmd@tloe Wi th an i nput
reaction m xture stream and out put @ern?E] ie 25 st ig] 1n.d 10gferred

enbodi ments, aNsBFAELE ARMPHSIRNUTAP: MAHRAY 8"183%”‘%‘ ?81) Si nt er ed

carbon, car bonﬁ)eﬂlﬁ@d@é‘hﬁ@}s tlﬁ‘e@éfaﬁhﬁtendeﬂ&(ﬁéﬁcbmpmadﬂe oﬁipmmrmmbrﬂ'@fthﬂnTM and
stai nl ess stee Modul e: ref er%h ny conponent g ggtgar atus of the
i nventi on thatinfladgsggsamete. Jpaddid BLAESIONREH G 46 HEOEP Pecei ves a

reaction m xt ug e a&%@%ﬂ&ﬂ&ﬂn@@éaﬁ%fap%ﬁbu@ﬂieﬁfbﬁﬁ%dilpermeitaktseaﬂﬁhhr ane, such
that perneation of selected reacti Ondﬁ‘l roducts through the nenbrane may
occur as requi inelydesparerasaiingy| COMmPanRE rgot. may have an input line for

receiving a reﬁ&&ﬁs‘?ﬂeﬂﬂrﬁ%ﬁerﬁﬁréﬁaf@f@r@ InS@ridth@Ubkia deicvelyor
outputting a perneate stream In other enbodi nents, a rmdul may be adapt ed

for use in a pramefvlobasderdstwerna rysonnEiE? i RATBEE: nEIIRIANRIRY e may

take the 20 take and suitable form or configuration, and comprise any material that includes

pores of a suitable size to cause the required properties of selective permeability.
In preferred embodiments, the membrane may be cylindrical or multi-lumen for
insertion into a cylindrical module unit in fluid connection or a flat sheet in a plate
and frame module with an input reaction mixfure stream and output permeate

25  siream. In preferred embodiments, a porous membrane may comprise one or more
of sintered carbon, carbon graphite, ceramic\, titaninm oxide, aluminium, Teflon™,
and stainless steel. —-
Module; refers to any component of an apparatus of the invention that includes a
porous membrane, and contains or receives a reaction mixture or products thereof

30  adjacent the porous membrane, such that permeation of selecied reaction products
through the membrane may occur as required. For example, a module may have
an input line for receiving a reaction mixture stream, and also an output line for
outputting a permeate stream. In other embodiments, a module may be adapted for

use in 2 batch process. In most preferred embodiments, 2 module may take the



4 WD 2006/ 089429 PCT/ CA2006/ 000286 form of a substantially cylindrical
menber in fluid communication with a reaction mxture streamand a
per neat e $iy»asgNsbapy use in a continuous process. O : rBEBCA206/0813§6 sour ce
of lipid or triglyceride materials suitable for use in an apparatus of the
present invention i~ AP ehpe M Buid edrhmiEyato8 Withiageactibn one or
nore oil from?ITnpOfasanPa s%lg{:{ﬁ ected fromthe non-limting group
consi sting of mmmfegtreanvegmmmn@tmﬂesm f%@@twogmg}}opgpmaﬁp mal s fats, palm
oi I, non- edible ofLs fM R G dedde (RBGAIE QtaBlb XrikSin anef ers to
any m xture og]cat’gfer% ?{n\é\@u%eeaogth nts s%teabl e for the generation of a
fuel or a fuelap@winstdf\ﬂ& [Sesetizibveatién rlnwéerreﬁ cgbprfimsnls. HPPHOMPIEF React i on
m xture side: refers tg.an Iﬁlﬂgql Rinfi0d menbr ane, or
upstream of a opBPguYe %Félﬁﬁg%e%@ﬂl el es a reaction mg%tsure The
expression r %aﬂ‘sliénﬁgloﬁwkguwegaabmheoﬂssvegﬁelﬂeﬁﬁﬁ anifopls Safei@aln eil.@dAkonpass a si de
of a porous rrg hat Iuges a reaction mxture such as for exanple
in batch procé@’é’ P Sa‘f‘ W%F(’J'ed t he expression reaction m xture side
i ncl udes any Q&ﬁétbh(ﬁﬂxt@fﬂ m@mtomynﬂxﬂum@ﬁbztdwmamd reactps suleblaEirtane in a
reaction m xture streamt cl or conponents

Olt & nlrﬂfl'dlrd%féﬂgtape & Cﬁts% 2% cﬁés?éf éﬁﬁﬂ‘n]

t her eof . Resergyefrglionobp 6 cont ai n, a volume of one

or nore CRPGREMs ndktufe HRACHEIrOM dily Pbditice, onfome sﬂxaﬁpﬁ@‘ommn@l@@m fhuous | oop
of an apparatus of the |nvent| on.

r eservoi ;
confi gurat i on UGHTeRBGHR POIPUF FepPEE, ! é’é&fm ad‘ie?‘%lr? S Détg'?%sr[tg?v |I%Q%gy conpri se
a pipe or tank, ﬁé!ﬂﬁ%%e%ﬁé%qhereﬁowmuandehamembmp&sars1deaﬁksor()w-erhaps in the

order of several thousand litres), elsewhere in the ap tank may
be cl osed (undeqmqjﬂl@stb%ﬂfé’}“déﬂﬁﬁ%ntn&”&fengﬁgbﬁf ’éean% ﬁ ﬁ celssé open to

at nosphere t helﬁ ?‘d ‘?‘9{' ﬁ%@%g{esm&e&%oﬁ ifito@d sl afclutilaeu@qiohlebn adjacpmtew ent
vapori zed aI coho rom 2 escapl ng. 5 WO 2006/ 08942 82006/ 000286

DETAI LED DESCRIpFT2@N{@PoRHE MPREFRRRE RSB KA E‘&ﬁ $°dni fi cant
i nventive i ngenMit Y milis of BYRREAS HhR%E appl i ed

Reservoir: refers to any means to contain, or hold a volume of one or more

components of a reaction mixture, for example in a continuous loop of an

apparatus of the invention. Such a reservoir may take any configuration or form.
20 Inm preferre.d embodiments a reservoir may comprise a pipe or tank baving a larger

Tumen than pipes or tanks (perhaps in the order of several thousand litres)

elsewhere in the apparatus. A tank may be closed

(under pressure) or open to atmosphere. If the tank is open to atmosphere

then a condenser may be fitted over the outlet to prevent vaporized alcohol from

25  escaping.




know edge relating to nenbrane separation techniques to the production of 5
bi odi esel fuels. In preferred enbodi nents, the nethods involve a continous
flow of weamb@evseand products, which in nost pref err eBCEBGHIMIBIES
further include recycling of selected materials. Although the invention
will be descr o iWED DESCRETION OTSIEPREFERRED EMBUDIMENKY! ester (FAAE)
and fatty acid nethyl ester (FAME) production, it wll be appreciated that
t he apparatuses and nethods of the 10 invention nmay be applied to any

sui tabl e substrat hr@ﬁkﬂ: | B Sk apsieduction. In
preferred enbodi rreeflts asl'ril ol a%g‘zengl?%%%ﬂuﬁggge@gﬁ%é??her B%I ant -deri ved

oiI's or ani makndviedgeaelatirigxe Wﬁ%’r@ﬁ seporaon feghmiqigs i the Bropustign €6 one side of a
membrane  Leag) flesh AR i brotiel cABo Mt Ghe ol iSRRI NShidds aeper at e a
reacti on m xture. stoc de oes a transesteriflcation
reaction withof mectaits:mdmwdunts,t\hlech wrrwépre%ﬂ embpslimentafugtber indudsr oduce fatty
acid al kyl ester es t hrough

t he nenbrane Becyam%%g%%%%q{l%%eﬁ%d @@%Iﬁvelﬁgﬁbﬂﬁgaﬁ%ﬂﬁdona |y, al cohol
may al so per nepetcffictréferen@rtbfatyelmd&llcyrl@stﬁmw fhity ifboetaitestat | y i sci bl e

co- por noat | on (oI ENES AR A UALEBRE PRAN MR R et e

menbr ane QOr es$nvafitnInaged apﬂledltbmymﬁtainldz)s@drae@ahd peotduts to achmieohol and t he
di ssol ved eg er.ol ss t hrough, but prevent the oil feedstock, which
is inmmscible }Oﬁleéﬁlewﬁﬁ? “from passi ng. Continuous renoval of product from
the reaction side of the nenbrane serves to inprove yield, especially for
25 equi l i brium | i nintpeefemrebottiodivsentspan eibfebdstskdrpddig eitberipdant-Heviedt he f eed

punp may act Ipésg %E‘xerrﬁi F‘ag ordnrn?{Rl{e%to?bgti] 19k'edvf1 e&ﬁﬁ t%l%n Eﬁdé QEJFBI‘E'#\FPOhOl

enul sion, the asing e surface ar avai T or the
transesterifi ¢gatiopgethactithom alodholatd a batalysilto g&mfamaneebtrbeatlme dbet hi s

invention is t r.et on of stabl ormed as a
result of 1Bprgg‘i?9‘it°§(d’é‘8“E%(?5r?&T %eﬁ'%gﬁﬁa%f)ﬁéeac ﬁo agggr egat e
formation fropidkdiee Bﬂhé yatdlgdt to proltyde fﬁ@taﬁfdaﬂi@ﬂmk ebmsd@gam dhcbglgcercdf cat al yst
sel ection andthetrl cerj de urce, This tl.y inproyes the
processabi l ity ?)]Ploé‘e Sefséi#ﬁrﬁ}églb © %W&B%egfoggiﬁg\{eféﬁ%f)g 429

PCT/ CA2006/ 00Q28frane. Optionally, alcohol may also permeate the membrane. Since FAAE

may be substantially miscible in alcohol, at least under the reaction conditions

20  imposed, co-permeation of FAAE and alcohol may be expected in some
embodiments. The membrane pores are sized to allow the biodiesel product,
alcoho) and the dissolved glycerol to pass through, but prevent the oil feedsiock,
which is immiscible in alcohol, from passing. Continuous removal of product
from the reaction side of the membrane serves to improve yield, especially for

25  equilibrium limited reactions, As well, shearing action from the feed pump may
act to break up droplets of oil feedstock in the oil-alcohol emulsion, thereby

increasing the surface area of oil available for the transesterification reaction.

An additional preferred feature of this invention is the retention of
potentially stable emulsions formed as a result of byproduct soap formation and the
30  removal of aggregate formation from the fatty acid alkyl ester permeate regardless
of catalyst selection and the triglyceride source. This greatly improves the

processability of a wide range of feedstock.



Fatty acid al kyl esters (FAAE) may be produced by transesterification (also
known as al cohol ysis) of vegetable oils and fats with an alcohol in the
presence w0 2me6sgsdtabl e catal yst. I n addition, the proc@€3/@eA006/G08284

gl ycerol. The general reaction schene is shown in Reaction 1 below. 5

H2C- O R H2C- OH | bl yflich ebers (FAAR haydbe febiird€d by teandslerificklion (RCOOX (1)
H2C-O-R H2G-OH The conversion conprises three consecytive reversible
reactions wit Hmodn e ejtapelypisued verxagblawils 2ad by et 4! OtJW@}e RS %Br medi at e
products. Fol | owiiig. ot Agt "B38kHGR thakr¥ 8! b yRYRRra S Ias adnedl by settling or
centrifugation and may be purified for use in a desired application. For
exanpl e, gl ycerwtiotssheheisghewn inReagtinnddeloy. devel oped appl i cations for

ani mal feed, as carbon feedstock in fernentations, and as pol yners,
surfactants, intergpdikes and lubricants. 15 The-g¢mansesterification
reacti on may be catalyzed by both_honogengaus an het er ous ,catal ysts
as well as enzyne #HE&AR and aci d%BHafys j;& h@?‘ﬂﬁé"" gﬁﬁﬁﬁﬁﬁ y &@ed al kal i
catal ysts are sodi hygr oxi de, sodi um net hoxi ggcamg pot assi um hydr oxi de.
More commonly used aci d catal ysts are sul phuric acid, hydrochloric acid
and sul fonic acid. Heterogeneous catal ysts include enzynmes, 20 titanium
si |1 cates, anion exghange(o3his:a0teARRLhRRTWRANAL RIARNE aeON Of gani c
pol ymers. Basic catalysts are the nost commonly used as the_ process may be
faster anm t hiiglyeside (126 admutinoplpersidaGViE) aviatermediate Piodksie T ollPREser
utilization with | qwer SHGH | ats and
waste flying &#?fea{%%nt%yﬁ%go\ﬁ/%nag%gg%%&ﬁe %g%]%i Z)ﬁ'? of %%g)g%?%?ﬁ’/béaci ds (FFA),
i n transest er iguritiad foonsepn e degied ap@iptorhyFor examplealyodrolpan heuEAS in the oil
t hus causing tri erjde, saponi f| | tions are

undesi rabl e sira%e?‘hia%thIOBﬁ%a g“&%‘ﬁ%se&’? é%glpfg?&?%g alwcr:fgeﬁifss@?rg&t he catalyst,
decrease the bieaghnesiohs, yidedsobmarsc anfakiantatintetnmdiataspad bbiieantsand puri fication
steps. As a result, additional steps to renove any water and either the FFA
or soap 30, fromthe,reacti I AL e h j : R kal i

catal yzed ocesseg[he%F?Sgﬁgrgﬁ%h&%}ééﬁmgm H-bgg{‘j‘%%@é”&’@gr e- estggéeiofa% cation
react or to renpeogexems satilffAsas well as enzyme alkali and acid catalysts. The more

commonly used alkali catalysts are sodium hydroxide, sodium methoxide and

potassium hydroxide. More commonly used acid catalysts are sulphuric acid,
hydrochioric acid and sulfonic acid. Heterogeneous catalysts include enzymes,

90 titanium silicates, anion exchange resins and guanadines heterogenized on orgamnic

polymers.

Basic catalysts are the most commeonly used as the process may be faster

and the reaction conditions more moderate. However, their utilization with lower
cost feedstock sources, such as animal fats and waste frying oil, which have a

25  higher content of free fatty acids (FFA), in transesterification produces soaps by
neutralizing the FFAs in the oil thus causing triglyceride saponification. Both soap
formations are undesirable side-reactions because they partially consume the
catalyst, decrease the biodiesel yield and complicate the separation and purification
steps. As a result, additional steps to remove any water and either the FFA or soap

30  from the reaction mixture are required. Commercial alkali catalyzed processes
often employ an acid-catalyzed pre-esterification reactor 1o remove excess FFAs

that cause soaps and stable emulsions leading to, in conventional processes, low



t hat cause soaps and stable enul sions |eading to, in conventional
processes, low 7 WO 2006/089429 PCT/ CA2006/ 000286 FAAE recovery.

Nonet hel egg) 20obyasoappar at us and net hods of the inventi onprara;A2ea6/doezsst i n
preferred errbodi rrents adapted to reduce the effects of such problens.

Aside fromthe; \%?Tg tﬂeﬁgsethe%gﬁhtrﬂﬁsratﬂ'h?émg kr@E mtvglﬁloﬁ(ﬁ!cedatcat al yzed

process is the reqwr or the reactor to wthstand an acid
envi ronnent . aedabm@mﬁgir@lwbomee@mﬁ@m%toag@@g mﬁ'ﬁctﬁzaﬂ&uﬂeﬁob‘@ms on f our
different continuous processes with different types of oil (virgin vs.

waste) and cat al ystgideqohtihy slowdtdsadd tte, SIRAME Grathalk eI al26a

al kal i -catal yzed process using virgin oil had the lowest capi'tal
i nvest nent cogrocessis thegequirsmenidoribe prates tp Withstandea acidicpnpirepiesat.t ot al

manuf act urisng 1¢H3 el(egsh%‘p&o%mi@lassessﬁgg@ame%ﬁﬂoﬂ’ﬁﬁtt(ﬁfféx%ﬁ(t'c@ﬂtuﬁtbﬁs was used in
the 10 al kaI i-catalyze rocess pre-treatnent unit was required to

reduce the comtr@msse@ﬁ'lthti repApes T 98 ,(Vltgma\’&: vatte)pnd eetplysta choif e relkalie
re-treat ment t ste fryin
P! Hs'dv%ﬁ azt@%( g§1 AefLcata g&gﬁﬁggﬁr@ A6l KBRS lowh& yi ng

oil. Yet anoth e ac process, 1s that high
al cohol to 0|dap1taéinvcmnamt@0ﬂdb@g§a®iy—lsma vpeioradiled toehighesiolth of oi|l to FAAE.

These hi gher 12, AIRHOLS oQF (ALGLRAL. J035) SRRG I EAACLPNasEesn OOV

recycling of t it gat SOITe ssocl a I ncreases in
cost. The hOssuﬂcahfca&Waipbcasg atpheteatmeni osit was Teghiraiowdne: thé catepbbidl fr om

tplhgg EQ:\EFAW?IQ Bﬁ%g'ﬂ%t f@'}r’?rpﬁlhé 8‘? esqs?cé‘?’w%(%/‘&th £ tFees‘?a uAﬂIt Lﬁll%&ﬁghe 88 ltlSI ;ng' ol from

t he bi odi esel sﬁﬁﬁ@hﬁ%.tot%ﬁs@cfﬂﬂa@lﬂﬂ‘ymg&llto drive the reaction as close to
conpl ete conversion of the TG as possi ble. However, the transesterification

oo, "o ro Lo ABEEH L LB RASR Sell o 20 1
stream  whi chilaaifosgia/ecessse td promotehahw}e&mgl cufgnlvtaEAAEt fibederegher pr obl em i n

t he wast ewat er 25 stgﬁa‘g}ﬁ Unr eag g e' O\l%l o‘3 rec?e{i d&etFetaqcihr(} uf ficient
catal yst conc&MOPEEP blnf’f’?@se err§§° HEECOH WGt &1 TheE FeedStock is a
maj or probl emcah&gu;gatbgsoml%fﬂﬁdmhwd inthaseslit@nt Tharssoé of daparatirlg tisase i n t he
reactor conpl e{ﬂ?slt nﬁaf almnc]m?l glc '1%01% I?eb]!?m may become complicated and

important.

A further issue that plagues FAAE production is the removal of residual
20 TG and glycerol from the biodiesel product. One approach is to drive the reaction
as close to complete conversion of the TG as possible. However, the
transesterification of TG is an equilibrium reaction, and there are thus, limits to this
approach. Other approaches employ water washing steps of the product stream,
which can give rise to a challenging waste treatment problem in the wastewater

25  stream. N

Unreacted oils in biodiesel due to insufficient catalyst concentration and the
presence of water in the feed stock is a major problem plaguing the industry. The
retention of the oil phase in the reactor completely eliminates this problem as no
unreacted oil passes through the membrane. In addition to this, vegetable oils can

30  contain up to 2 % unreactable organic substances that traditionally remain in the

post reacted medium of a batch process. These must be further separated and can



unreacted oil passes through the nmenbrane. In addition to this, vegetable
oils can 30 contain up to 2 % unreactabl e organi c substances that

tradi ti onwiol 206/@0mion in the post reacted nedi um of a bRCTICANGHOEE286 These
must be further separated and can 8 WD 2006/ 089429 PCT/ CA2006/ 000286

remain in t hen%haqgin ﬁinoﬁl'é&qjgﬁ: uéﬁ@hﬁlﬂ HAUSERLFYRIEMs. X BBbRE®: | n the

present inve ese organophilic substances are retajned |n t he oil
phase within fibventiong thesecrrganaphiliv @bﬁmce? gandaipgd ipke elphescrilin

Mscibility is.an, LOpos hatbylaf @A iradhesel product i on, The-

conventi onal I anses | cation dresults in a two- phase reaction
which is, as a rest::;hthammpam Eactor frfbiedierel mypdustion eBhefqoryanfignal t he

veget abl e 2' ! dtle]g éa%ﬁfgl%eﬁg‘ri gegllﬂ'ts eenpl%age reI nBRREERACH 1 dsuffBNy exi sting

commer ci al ocuse on steps to enhance the
reaction r at enﬁys—ﬁﬁﬁsﬁmmmg Moreoperifialip, thhvegetablmeils gidonethanpl arror - exanpl e,

th ddi t f t t
can great |y enFEEET: HpeAERerrOl MR By s Sebe RO RERRC bat BRI D ™ Yl ¢
this significaséd Boeshansess tb bshanesht ieactionatte by titrentiog sodvemame thsist

eventual |y be separated_fromt he bi I h i,y es additional
processi ng. Cé‘ﬁgﬁlsﬁg’ll%tﬁgl??rl‘?éf‘m?lﬁ ‘@dtlolné’ acg gv‘%ntlto englgtléecessarl ly restrict

process piof |hbﬂlbgéﬂe§1)é,reéchaﬂﬁﬁ&ﬁzemﬁ greﬁlylenl‘naucst}ameaeqm llatetIBpunwk e‘tact ion and
downstream 15 rocessi

n ut most direct
contrast to p vl 895193?1% \&-E’%ee@lsfslﬁm%%ﬁ%tﬁ’p‘?aﬁﬁ%s[tg%ﬁea%tfonﬁi\t%ﬂ? e Sc’lvern gsent
i nvention tak%s@@%ﬁﬁﬁl@s@@e &fﬁathtb@frﬂﬁtthﬁ’lﬁodiéseliiﬂthzmqphm&tlonal
transesterification reaction for convertlad:g trlg%écer%ﬁ%ggé |Snto fatty
acid al kyl estrsgesssisaAiopsidersgdbat fheagacfion rafqHay pok iggessar REB&r meabl e t o
FAAE but not L fhSpilily, @dhsdtbrBRMMoniid ArechuflBfitin rédctiomend dofvnitaainl | tat ed
separati on of %e product and, at least in preferred enbodinents, helps to

drive the léqumfﬁ’dﬁﬁmgrﬁféhehl?@eﬁeEQEWB’I‘?SttCSWFH FARE production. As
illustrated previously in reaction scheme 1, the reaction consists of

transformng TG i mf[x?dfé%?&onﬂ’é&t@@pr@ﬁmﬁﬁﬁrbc}és@@ i ﬂli@irbryictlasdifd?‘m fRAME), in the
25 presence of an al cohol met hanol B opanal tbc Eanol ) and a
catal yst (e. resgridayentions ‘?f ai ?}gﬁ@)’ﬂw%ﬂ‘ﬁ % a@;@gpg asg JASORR ST B pr oduct .
I'n reaction sGRRWEn for converting triglyceride (TG) into fatty acid alkyl esters (FAAE).
Specifically, the use of a membrane permeable to FAAE but not to TG in an
20 emulsified form, allows for facilitated separation of the product and, at least in

preferred embodiments, helps to drive the equilibrium of the reaction toward

FAAE production.

As iltustrated previously in reaction scheme 1, the reaction consists of
transforming TG into FAAE, such as fatty acid methyl esters (F AME), in the
25  presence of an alcohol (e.g. methanol, ethanol, propanol, butanol) and a catalyst
- (e.g. alkali, acid, enzyme), with glycerol as a major byproduct. In reaction scheme
1, X represents the alkyl group of the alcohol (e.g. CHs for methanol} while R
represents a carbon chain typically , but not necessarily, of the order of 11 to 20

carbon atoms in length.

30 It has been determined that alcohol, for example methanol, is only slightly
miscible with oils such as canola oil, and that temperature has only a slight effect

on this miscibility. For all practical purposes, it may be said that the two phases



1, X represents the alkyl group of the alcohol (e.g. CH3 for nethanol)
while R represents a carbon chain typically, but not necessarily, of the
order of Wb d006/@09429carbon atons in length. 30 It has be®aTHARewHOI86 t hat
al cohol, for exanple nethanol, is only slightly mscible with oils such as
canola oil, and that . JH e I Fohtr saE @t cen@illyt hi s
mscibility. lgf)ersua‘%?nutﬁﬁ}gg%ﬁ%ggweblljl?%glgg%’,%jtagsﬁs%}gdt}e sai d tghat t%]e two phases
9 WD 2006/ 0894RS:iRET BAROBBLG0HE 28Taneloweraseadargcf fGunehfiecitl e. 1n
contrast, FAAEs such as FA b Y v iG ' LGl s such as
met hanol over ”8“‘6‘7'1'6%8@0 a{cﬁrﬁl\gg etggr%%ggaté’?es. At ?%%irlﬁrrlg}ﬁ?glactiqn,

t enper at ures (Bxperiméiil yideteAllsatihgris dhavowillheatisshssed i farther getpibin nent al

evi dence il | usérﬁlti n%et hle §bove will be discussed in further detail in 5
the Experi rment8f EXPEOEIRL s* %% r di ng to the present invention, the
immscibility of oil and al cohol presents an opportunity for inproved
producti on of FAAE#cc@singioihegresent oiventiongtheiingpiscipility ¢fiod 49 alsehitle of a
suitable catalyst) to form. i | 0 iReLiemRbl e menbr ane
allows for F SB‘%%%%HR%%@“%@ rrrﬁ%eg ?ﬂﬂﬁe%ﬁfgﬁéeﬁé%ﬁﬁﬁi gh surface area
for the oil / aHoillialhd pesendeade stiablemptabyst ta foen gp eadlsiop opApESIdseidduct i on.

Further, the nmenbrane may_ conpri s$€xRQk f henssidd Gl eRbhiye smal | to
substantial ly pﬁf“é??gﬁtmeﬁé%?ggaggvﬁeorrg i u%(ﬁw%(?n'?}%- Fﬁl a coﬁﬁﬂl} enul si on
particles 11 .1gh fithosr@ploetss bil / ylebha intdriacé writpsove thegpeadef #AAEW passage

t heret hrough of FAAE reactjon products. ln.thi - ugtion of
FAAEs may be fpé?,‘}“ﬁl?"atﬁé’&%eri MR & &g Bﬁ%&’&?ﬁ%ﬁfgﬁz ét eé}%rggcﬁ on may be
carried out aty,gihsianEdIEGE6@nt faesape thatethrachef af-insgcdlo! emblsienpartideper at ur e,
This may inprove the speed of_the —reacti.on as well bility of
the reactants Gy p ¥et S‘I‘fﬁc’glétilyelé’fggé) ‘3&‘3’&5’?‘5 Sﬁﬁ%{hg’;‘eﬁﬁ%gﬂ%&kjég%?oduct s may
be drawn of f frembRpededs. Bihis hey,RRodardonpiRysiEenshie Seitietedonpri si ng t he
oi | -in-al cohol enmulsion (the 20 "perneate side"). In other enbodi nents, the

oi | -in-al cohol enulsio y be_..under [essur Lo, . 4 redddg Preferred
embodi nent 5 posi ti \;’ép‘ﬁ?eé’ggﬁ?]go‘éiﬁle?tﬁ’éheo’i%fﬁo L agpggﬁg?ﬁ%{?tggﬁg#m{e %Se menbr ane,
or negative prgsgihiRreaBlatifeoidiont sindaanfe. tlhes mayeintprandhe spead didiep

facilitate pasr%e?c '?)n gsr wgﬁ gs Q %gw%cilitl;Ao@\ etrer;lrc e Dm& Qreolec(g{ es of

In selected embodiments, the FAAE products may be drawn off from a side
of the-membrane opposite the side comprising the oil-in-alcohol emulsion {the
20  “permeate side”). In other embodiments, the oil-in-alcohol emulsion may be under
pressure. In any event, in preferred embodiments positive pressure on the oil-in-
alcohol side of the membrape, or negative pressure on the other side of the
membrane, may help facilitate passage or drawings of FAAE through the pores of

the membrane thereby increasing the rate of FAAE production.

25 Membrane pore size may vary significantly, and yet still achieve the
desired result of emulsion and permeate separation. For example, pore sizes from
1nm to several microns may be suitable, providing that the pore size is sufficiently

small to prevent or substantially prevent passage therethrough of the oil-in-alcohol

emulsion particles.

30 Turing now to the figures, Figure 1 illustrates a schematic diagram of a

representative apparatus 10 according to the present invention, which incorporates

10



t he nenbrane thereby increasing the rate of FAAE production. 25 Menbrane
pore size may vary significantly, and yet still achieve the desired result
of enul si g woshgoewneat e separati on. For exanpl e, pore BCEEA2066069286 nm t o
several mcrons nmay be suitable, providing that the pore size is
sufficiently small to Hbggﬁﬁggaﬁéw@hig@gd/@ﬂﬁgm&@@ log ehe

t her et hr ough Bfm éangﬁﬁf:ﬁxa@ FS% emul sion particles. 30 Turing nowto
the figures, kp@uns villibk ﬁmhba&m@lmfesmh@mﬁl@a@!ﬂ%&fhﬁﬁﬂ #yd IG SPWt esent ati ve
apparatus 10 accor L& P £0bi, RbtwevihliiGhied ROGIRGRAL €S 10 WO
2006/ 089429 P Wg 8?50‘8651@%10? f&qﬁ%erng% as{’ pr eF(/l ouls 5 di scués{ed For the
sake of this matmaeﬁmsmnw efhe somes Ms@ha%canplawﬂt@eda]ég@# F¥8d wit h
reference to canola &S d’:}p\gnrgg{; hansd rod t he

al cohol . The PRPERET gr’imii u%t(? an%ug\%l\%ge&gf& @l% bl s rsegard Due to the
i i sci bi | ity ophn dr@sic e clzsplett sﬁﬁerslaa];hlra@h@ah@mthéﬁhaﬂ&nd al cohol such 5
as nmet hanol, and due,tg various surfa el g, 8! Wl exist
in the form @Pnséﬁe%’ﬁiﬁﬂf‘%‘}%‘ﬁyo‘fc“%%ﬁae ceetoglihs%&gn%éng&?gﬁ? met hanol . On this
basi s, transegigedct bﬁ@ﬁdr@@aﬂl@t‘lmﬁbﬁw 1zaw1tmhmodulaﬂa,cthe ol diopletsesaiora oi |

droplets In the presence nodul e 13, the
oi | dropl ets é#féeilod’éss q“&l"@'e Borﬁggétge ﬁ@ﬂeﬁcgl%grsééwofﬁ‘m%% menbrane. In

contrast, Eﬁ%ﬁuﬂ nl@cﬁlébﬁﬂﬁlﬂidt}&hbi)an&mwpdﬁ ﬂmughtﬂtaenmrhwesand will
pass thr ough t rane_por op nal | -hanol ,
gl ycerol and @atlenailz PIOHPE’Ftﬁﬂ%i’t ﬂ&ﬁ‘ﬂ{aﬁ\% TR cgln eé{eg §Pﬁx§%:nt d on the

perneate si deﬁ% RS AGEonliBe e&taadeeﬁxmhmxhbmanMu‘: on can be
driven towards ME production. t he apparatus can be any

sui tabl e or garnthbmummﬁfg@rﬁaébe%veﬁ*é?‘@qg r%‘?dg‘ﬁiﬁ?rb nmenbranes are nore
suitable for use with organic solvents and due their excellent thernmal

stability, they Ca@h@ﬁeﬂ%ﬁﬂe a8 oﬂ"thgbpﬁa@mtcambe aryenitebleadrprndsor inereddi¢ ust r at ed
e used to react ant s,

in Figure 1, a e

i ncl udi ng &l conmnaltleﬂergareceembéaee%ﬁa mé?recsé(’ft%\l?eiﬁ/gc’f Y% Wf[&ﬁglgamg%ow \%m le a 20
circulating pynp {8 ek e':!é&ﬁntttﬁerﬁiar SADIRY Shdyhaan b xéodraehigh haecﬂmr»(t ure may be
derived, for exanple, froma feed tank conprising the nmixture (not shown),

the contents ct&mperatures
As illustrated in Figure 1, a feed pump 16 is be used to feed a mixture of
the reactants, including alcohol, the TG source and a catalyst to the system while a
20  circulating pump 18 is used to circulate the mixture. The mixture may be derived,
for example, froma feed tank comprising the mixture (not shown), the contents of
which may be circulated or mixed to help create a homogeneous mixture. The
circulating pump 18 may preferably further act to cause turbulence in the reaction
mixture which helps in creating an emulsion comprising smaller droplets, thereby
25  increasing the overall surface area of the oil / alcohol interface. The overall

increase in surface area increases the reaction rate as transesterification occurs at

the surface of the oil droplets.

A heat exchanger 14 is used to control the reaction temperature and
comprises an inlet 30 and outlet 32 throughout which temperature controlled water

30  or a heat transfer medium (for example) can be input and output.

11



whi ch may be circulated or mxed to help create a honogeneous m xture. The
circulating punp 18 may preferably further act to cause turbulence in the
reacti on wo 2oernse4mwhi ch hel ps in creating an enul si on c®EFrGCALN0EIBAl | er
droplets, thereby 25 increasing the overall surface area of the oil /

al cohol interface. sTh&xRYaftfldntial G R3EblisRe S RE TecAfeBReadidORGes t he
reaction rate as transesterification occurs at the surface of the oil

dropl ets. A hébsreeskienmirger silg of e meatprang bassh or srcordeqdanies iotelkasnper at ur e
and conpri Se%heatﬂ?Slg |8k o? rf88e Ootlcb&dn, ?&m‘%ﬂéﬁ Q. syMRbRI: th AREbAL Ur e

controll ed water or a eat transf & medium (for exanple) can be input
and out put. 1:nWBcoBOBLARILPY IREThCRANTEIT0dTLBEIcopoljmesghihe differenti al

may e est abl itk Rb RN pLAR.BYHEALE SbHP 15 bl iEadkiERE R X Ur e Si de

of the rre rane ase on'r I on rates as wel esired rate
of perneate codydetncbned pehepameatpprodugt suatag theglfctiot bypmeducandause or

monbr ane. 12 ¢ e e BenpEPDh shitfplop oo i fa b RO RHTT 1 Re
conmponent s myndnml i:aok preskmce ¢omtrolive 2P er the dikempy beiused teeoniroldbe tehewgl ycer ol
the nenbr ane. PRRrE R SEer B ol S IR e AP RATRRE 000"
used to cqot r elentbie ket ilﬁ/ePermea&s sidy e chlkebted mrttpeahedﬁtectqﬂeﬂmnttm 28er nmeat e
may b col | ecPBAThOR P HUEE POFPEHE] Bird SR 2D Bt fag B Fur thor
purified or smﬂteat@éecmddnma&ypr&surbabtm réetidindixturd bn e kdactid mikuid her
appreci ated that thg pres%ére of the r&éctlon m_ Xt ur e gn the eaction

mxture side SKEPAHES iNFEsREed Dy nY5RSInG OF LLLPSHTPYOf FEPiaRty YPWB’EI reactants

by punp 16. Figure 1 illustrates a particularly preferred feature of the
invention 15 i nvoI Figﬁ@ Irittagpates lgamt:ula@ame&n'ed;feafﬁrﬁeofmﬁbvmﬁen 12 effectively
acts as a _cross Ite and n To takei.{ advant age

d.filter.
of this, e sembisaieesding R dondentate 1 Emaingers it 685 I ough
whi ﬁh the r eacfﬂtﬁmna nef aﬁtlidﬁﬂ eneitando takp i enealpt yf thﬁﬁﬂhemeﬂd)falﬂe tdaeohsnt
exchanger 14. The _circul ation punp 18 ensures ation.
Dependi ng on t"ﬁ’@P‘FséaEFF‘B‘IIP“PBH"[?@rﬂ%ff’ﬁé}b“’]?la‘eh%iﬂfaﬁﬁ 3¢ ed’ng}ﬁ%ﬁs 20 may be
pl aced anywheigtibdally Réuiddl witithahé-0BxdnaRr of. THReibEMmaen Baahess 10

proper circulation. Depending on the reaction temperature the circulation pump 18

20  may be placed anywhere in the circulation loop of the membrane reactor 10
preferably such that the reactants are not in a vapour phase when passing through
the circulation pump 18. A thermocouple 24 and/or additional analysis tools may
be inserted into or allied to the apparatus 10 to monitor temperature, flow rates,

viscosity, density, etc. in any of the streams,

25 The membrane reactor 10 further comprises an outlet 26 for purging the

reactor 10.

Possible TG sources for use in the reactor 10 include, but are not limited to,
virgin vegetable oils, vegetable oil, animal fats, non-edible oils, waste frying oils,

ete.

30 As an alternative to premixing the catalyst with the reactants before

charging of the membrane reactor 10, the catalyst may be added separately to the

12



preferably such that the reactants are not in a vapour phase when passing
through the circulation punp 18. A thernocouple 24 and/or additi onal

anal ysi s waodoss/omy29 be inserted into or allied to the apf@iCarzus/00@®s86 0

noni t or terrperature flowrates, viscosity, density, etc. in any of the
streams. 25 The natgg @@Hmer ndot ERAYst GRYBE bERSd A @eltdattbr, 26 f or
purging the reactor OSSI bl e TG sources for use in the reactor 10

i ncl ude, but &e eoatastoriplaged enthe membiane o Gaioy a4RIUAPANEBI | s, vegetable oil,
animal fats, non-edible oils, waste frying oils, etc. 30 As an alternative

to premxing the Cﬁ%ﬁh&ﬁfaﬂ%kﬁrﬁeb%aﬁ@@@ﬁtﬂ@ﬁﬁe@@ﬁ Wlﬂushﬁf&aﬁlgl"‘@@e(}f It he
menbr ane reactor st may be added separat@w%/S to the 12 WO
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i ncl udes a cony B¥fhe aB8iaRAAK 1n Bis L Reough L he
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exchanger 14) the i f.or 3 Q ¥ebo®mal Be t hi s way,
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transesterifi 5’8’1}1 m?f’&h%éeﬁéé(%ﬁ?&mﬁ%w é vl!'eclgeirt0 e equilibriumof the
reaction toward FAME production. The reaction previously shown in reaction
scheme | is rever sfﬂ)fkEacﬁbln@reva}yplarShQVaslnGwcthéSGE@Ié%bF?tereﬁﬁ}@ﬁt T¥n preferably
includes features to @%ehPasPmeduct i on of
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to the product s de ecte d reaction
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Preferably, tfﬂ@v@ﬁ&%@ﬁﬁbnﬂﬂﬂ td mepledndtsndmnlnasnkdctbd @rnbctdmemee endgpendieg s a

upon reaction / product stream conditions, glycerol may also be present in the

permeate. Preferably, the glycerol in the emulsion and / or the permeate forms a
third phase (separate to the alcohol or oil phases) so that it can be removed without
20  difficulty for example using phase separation techniques. Preferably, this allows
for FAME production which has a glycerol content several orders of magnitude
lower than previous methods without the need for costly and time consuming

separation steps.

An exemplary porous membrane reactor 10 can selectively permeate
25  FAME, alcohol and glycerol from the reaction mixture side to the permeate side of
the porous membrane. Various pore sizes ranging from nanoporous to
microporous (e.g. 1 nm - 5000 nm) may be selected such that oil droplets are
substantially obstructed from passing through the pores in the membrane. Pore
size may further be selected l‘aased on the desired reaction temperature,
30  miscibility/immiscibility of the TG source, type of TG source, pressure differential

between the retention side and the permeate side, etc.
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third phase (separate to the al cohol or oil phases) so that it can be
renmoved without 20 difficulty for exanple using phase separation

t echni quewo Joo@dsesmbl y, this allows for FAVE producti oRCRGACHIGHAG2SE

gl %/(r:]er;)lt(r:]ontenéI fseveral orders of magnitude |ower than previous nethods
W thout the nee | Yor@Rhe b VB 1HE HARHBRING Goacid L PREAL @ & An
exenpl ary porous U’gﬁrﬁpﬁgﬁ}g%eggogt (e)_rlb%g can sggll_lectaicvejn?é perngg?%ﬁg; FANE,
?Ihcohol and gﬁ%scmteiﬁe toroposition trbmeluiesmorss ke dnge wagEd et REfgeilyist e si de of
he porous nmenbrane. var i | i : j QA us to

mi cropor ous (87§" TGIPP%H?I%ES%%R{G?R?&ﬁr‘agt;%}nﬂgﬂigdglq%gir%%@guch {t@ﬁg? oi | droplets
are subst ant ibghkdowakisin sicoted arfd/omFANES | Brgmples ofigish pErOUPBPBRENG, t he

menbrane. Pore  size may.fur r . t dpsiidsed reaction
t enper at ur &, %tW’é&I?agil%{cil‘t‘%/éf %’L%%es&é?gﬁﬁ%‘ﬁ; %ﬂe@ﬁgﬁﬂ}%ﬂ 21 8&1?%3’, t %’e of TG
S_Ogr CE,tpr eigltivta\gtﬁh &:fiéy, eminieas stedhetwmin Tefien, saphi hlldmo@ipdéte&ﬁ&};tﬂhe per neat e
side, etc. 2006/ 089429 PCT/.CA2006/ 000286 The porous nenbrane 12 of
the menbrane lgéaﬁh‘ﬁ)‘?” B B’r‘fnb(@%c‘l;ol%ﬁ sed of any suitabl e conposition that
includes pores having a required size. Preferably the porous nmenbrane is
clorrp[] i ised gf/a mat Biginal2 iusttates eothey excasgilary apteeptescithedpvestion $®8kdown from
al cohol an or E | es, O r ials ma

i nclude, but §P@rﬂ@¥%p9.ﬁ%g%p?%t:usé?ﬁstéé&éag%tgé%gn, al'u %gg;,mgﬁlani as, g
titani um ayi dehatsdpaiattl fesbpwipsdD and 42 mehged 1T &k dlnohag(tagkiheravitteend conposi tes

such as graphite wt titanium oxi de | I —FL Qul |
exenpl ary appél“&’?’l?s"a ysshaé"ditﬁ%ﬁf?%%e’ geﬁ%ev?ng%%@ erlr?g%' %hv@’ fértﬂr%%. ﬁﬁréri]lg&t:;p:pg: L\gr
60 is simlar giReritalG shiesbritie Mool @ ah indicidpd basis. Fbexamgple, dspar at e f eed

punps 40 and 42 are used to feed al.coh t. ther. W i.table

catal yst), anéo‘Fﬁf’em?ﬁG“g’Ei?ﬂsﬁé,s‘iF@gﬁaé W@%W{.m%%&ma ff%‘rl’srg?%f grglr&er?_r eat nent of

?'hteh_?_g the TGrefuaeeiRmd b’tﬁr@hﬁ@fgﬂxbro@aitaﬂoimﬁﬂiityifmm cdntimioss plogss.exanpl e,
source may conprise a substantially.solid material at room

tenper at urlé, aiditionally. feckG F@rﬁmﬁyﬂﬁr&@‘egﬁgfl%sge%y i mprove its flowability

for the continuous process. 15 Additionally, the TG source may be filtered

as desired. Figurergnidd Wattradsasotaanakbeplageeppitas of thppaswionshafm t he

i nvention shown . . .
generally at 70. The apparatus 70 includes a heater 44 in communication with the

TG source feed pump 42 for preheating the TG source to a femperature sufficient
to ensure or improve flowability of the oil. Additionally, the heat exchanger is not

20  required in this embodiment, since heating of the TG source is carried out by the
heater 44. This allows for flowability of the oil without a need to heat the alcohol
to a point closer to the boiling point of the alcohol. This helps to reduce the
amount of vapour in the reactor 70. Furthermore, by using the heater 44 to heat the
oil as it is fed into the continuous loop of the apparatus, the heat exchanger may be

25  optionally omitted. The circulation loop may involve a corrosive environment and

* removal of the heat exchanger from this environment may reduce the amount of

maintenance for the apparatus, thereby lowering upkeep costs of the reactor 70.

Figure 4 illusirates another exemplary apparatus of the invention shown
gencrally at 80. The apparatus 80 comprises an alcohol feed 40 which can also be
30 used to feed catalyst if required, and an oil feed 42. Also included is a heat
exchanger 14 with input 30 and output 32. As previously discussed, the heat
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generally at 70. The apparatus 70 includes a heater 44 in conmuni cation
with the TG source feed punp 42 for preheating the TG source to a

t enper at upwa Rwé/bsegisent to ensure or inprove flowabil it PCHICA2NIS/ 064286

Addi tionally, the heat exchanger is not 20 required in this enbodi nent,
since heating gl 17Ges BWES S fonk A LbRBoRUbONY dqiod, Bpiiondl. Thi s

all ows for f|OV\B.}bI Ity of the oil without a need to heat the alcohol to a
poi nt cl oser treplided withialbieatey tp beaithegrrut Bl stEramdtiar shop 18 Hig S to reduce the
anount of vapour in the reactor 70. Furthernore, by using the heater 44 to

heat the oil as iy is &6d hopGnkhs seObt heuuBnsB0 s fafthirhdamapar at us, the
heat exchanger nmay %e i 1

25 optionally omtte The_cirgul ati.on ] oop may
i nvol ve a cor rlosimaeeddnprevisharembodiments) (e Haw: r’i?f’yclhﬁ%oﬁéﬁ?‘fc%]}?éﬂ E)Elr from
this envir & b GRuUnt A0foolch B0 b Banke td Bivet i€ appar at us,
t her eby | o%?ﬁﬁ%p% %éeg%st s of the reactor 70. Fi %re ﬁ illustrates

anot her exenpl temyeraipisar tewsmostetepreduchiherpy niadhvlhre fy at 80. The
apparatus 80 coppries o?@e%leﬁ%é&%‘foﬁ SRR IFAMEABoRY isband 80 used to
q an

feed catal yst 7T Trequired, an ol | Feed 42. Al so included is_ a heat

exchanger 14 wilédhoVampistst S@searithealsohelicaalyst phasepnanthen e therdiedeqyeledd, t he heat
14 WD 2006/ 089429 PCI/ S8kt fromthe
conti nous | oop°f 2R b%ﬁ?%@ﬁé%g&.égﬁlgﬁgﬁﬁimﬁﬁ ! %ﬁrgy@%@i@

urred, ~replaced with a heater to heat
the input o | mixceaintdcatinsieluopi(uot Eiaym erig.to the madplecde fimy resaber neat e

side of the apparat.u i ur t.h Ar&dvd- BE KRMhiRMS

enbodi ment s) tEgcoéi‘gllt18%%%%ME@L°§E?HP%SG§?B§% hggaéjloéagﬁ%orgﬁ phase in élt he perneate
derived from nugpteodsh: didused) gycetid mapylshbe proesdt indhd prmepate.isad pagper at ure of
t he perneate product, thereby t act.l i t.at tpSeparation 52
of the per meat ¥PFEi° & ?ﬁiﬁﬁgﬁﬁkwﬁ‘gﬁg@&ﬁﬁ%ﬁ}a@é%@% an

al cohol / cat al ygtenpiabee sidtessalllgatoldredilateydtirophasmertathat dxdivitbe highen be
recycled, for exanple back to the al ol Jnput..s shown) or to
the reacti &h 1ov§lrkpwite CFF\“rPYFém%%F Pﬁ%&hﬂrs%“ft%%ﬁv a(gl%% 5@?&%&%??% to the
nodul e 13. Anygggsidual al cohol in the FAVE al cohol phase nay be
evaporated and recovered, as required. As previously discussed, glycerol

Fur ther al Tow for giyRer orPaig RS ar SRABRFAME BETC! aues Y

further allow for Ji§Ee inventors have
successful |y r goaugfeaterinnee Mot fizeahipanamtatre itistnted ihFisi T s abouh P§h

pm. The porous membrane 90 is shown to include pores 91 of about 0.05um in

20  size. The porous membrane separates a reaction mixture side 100 and a permeate
side 101. The oil effectively forms an emulsion of oil droplets 92 in alcohol 95,
wherein the oil droplets are too large to pass through pores 91. Also present on the
reaction mixture side of the porous membrane are catalyst molecules 93. Atthe
surface 94 of the oil droplets an interface 97 is present between the oil and the

25 alcohol at which the TG in the oil can be reacted by transesterification, induced by
the catalyst, to ultimately form FAAE 96 such as FAME. The FAAE, being
substantially miscible in the alcohol may pass through pores 91 of the porous
membrane 90 to the permeate side 101, possibly accompanied by glycerol and / or
catalyst. The passage of FAAE through the membrane may be assisted, for

30  example by a pressure differential across the membrane. Moreover the reaction

mixture may be at an increased temperature relative to ambient temperature,
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15 I evel of purity, circunventing the need for further washing and / or
separation steps. Figure 5 schematically illustrates the separation of oil
and FAVE o moc/esepar ati ve nenbrane. Pore size of the nme®bT&AG0G6[0086 r at ed
in Fig. 5is about 0.05 m The porous nenbrane 90 is shown to include
pores 91 of abpu ' i QLIRME: 1WE BTN cE BAAEGL 6 a

reacti on m xt eéébgg%gaé%&gﬁgeagﬁ@rﬁgsﬁga gl?ge 101. Tﬁg oil effectively
forns an enul sidcoholof oil droplets 92 in al cohol 95, wherein the oil
droplets are too large to pass through pores 91. Al so present on the

reaction mxture Shf'%ré?éul RGO QU R ARAR BE TR ercARdrabanela diinhaydiel es 93. At
the surface 94 of e 0|al i

roplets an interface %7 is re%%&h bet ween t he
oi | and the 25ised asarsotrcaef Threhmethanotes thealcehel, Shereby ip s Ed by
transesterificat]on, | QEE@ ey bf the Qertlehic By @plofatly bt FAAE 96
such as FAIQE. q"aliﬁaer%ll—d,&AdlgI,i!r el %8193{113 s 081% Ie e B

~ substanttally miscible ip the al cohol may
pass through patrzd oBilefbfientlyaisive puitable sapasaiioameaiFueyas Vasingr HEBEE side 101,

possi bly acco aqig%% Ogé ﬁ&h%’%%% si?egxglo(v? g{rr ﬁéeg,@}rggaiestg cosieoP@sgage of FAAE

t hrough t he si sted, exanpl e by a pressure
differential antabss akbiel ahglyend witibigwlespo THor 8RR A PRPERE may be at

an increased t eratyre relativ AJhi BHREE RtdMRsesl@ WO 2006/ 089429
PCT/ CA2006/ Oooﬁggemgeﬁé?rgggﬁ}ege?nae%eﬁl? at ehﬁﬁ%d% eact | ondi{)rsf)eg_é(gs_ and enhance
t he sol ubiqig t ymehandoNARANE phive andih glybabl phased manelse befoampd fapiliatiag r ed

enbodi nents of the. inyention. capnola qil of TG and
net hanol as trﬁép*ﬁi‘ttoé‘hﬁﬁs Sﬂél}l%‘ﬁi/%f 5306(2{515? gﬁ% C%%m%‘%glgg%%?;?%ﬁgﬁ FANVE
from t he ot herpeavmenests. of the perneate may optionally be carried out
efficiently using suitable separation nmeans such as washing. Using a
menbrane of a suitable pore size allows for the perneate to consist of
FAME, catalyst, alcohol and glycerol with virtually no TG or oil present

i n the perneat®ocesd tiging Higheh . Sbragesieax nay be adj usted such that
two phases, (a 10 nethanol / FAME phase and a gl ycerol phase) may al so be
formed factiitati ng separation. This also allows for recycling of the
catal yst and net hanglbrdehfodidiphredidee pradectimnanss ardandke Fbiodiesel” competitive

with petroleum diesel, low cost feedstock, such as non-edible oils, waste frying oils

and animal fats may be used as raw materials. However, the higher amounts of
free fatty acids (FFA) and water in such feedstocks (relative for e?cample fo canola
20  oil) can result in the production of soaps for example in the presence of an alkali
catalyst. Thus, traditionally, additional steps to remove any water and cither FFA
or soap from the reaction mixture may be required. Typical commercial
approaches involve pre-reacting (i.c. esterifying) the FFA with an acid catalyst

followed by neutralization and addition of base to perform the transesterification of

25  theoil.

Under typical reaction conditions, using low cost feedstock with a higher
free fatty acid content produces soaps by neutralizing the free fatty acid in the oil,
which results in triglyceride saponification. The soap formations are undesirable
side-reactions as they may partially consume the catalyst, decreasing the biodiesel

30  yield and complicating the separation and purification steps of the permeate.

However, when the apparatus of the present invention is used for

esterification of such TG sources, saponification is less of an issue.
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Process Using H gh FFA Feedst ock/Low cost Feedstock 15 In order to help
reduce production costs and nake "bi odi esel” conpetitive wth petrol eum
di esel, |wo mosesodmedst ock, such as non-edi bl e oils, wa®CE&GA2M06Y03H| s and
animal fats nmay be used as raw materials. However, the higher amounts of
free-fatty acids @E&&la@@%ﬁé@ﬁ%ﬁ?éﬁ@ts g e diggsis) fockielid @bapdgy@ediay exanpl e

u I n ep

to canola 20 oil) can reg roduction of soaps for exapple in the
presence of ahmadtioniniay be &iteted by the PRIPES MemBENS-| Hharesyt hedamaighdl steps to
renove any water and gl Ay BOaDshhily thRcd ATk pORivAitkt Ure nay be
required. Typslo%%ﬁg%é%ﬁﬁe%lgﬁ%]f&ﬁé%%rggc.hessi nvol ve pre- regcti ng (i.e.
esterifying) reheinFehat thert magive actial seant i thesrermeai e domirtineef tisl i zat i on and
addi tion of base to perf.orm.t L ol SRR REur ikBekd8i@ | . Under
typi cal reﬁfact%g&’f?g%%%af“%‘%“ izod. ggc}léll{ggﬁlr%%é%agsto eedsfll?dglck Wth a hi gher free
fatty acid content sphoggeesespafomblymayaot pass tizeusl thenorqus semineyoaci d i n
the oil, which results in.triglyceri L I € ThehasOaf formations
are undesirab 1@tﬂ%§68%t??°é]a°§tt eo# §as @ﬁg%e%n%ﬁgﬂeﬁgﬁl%%ggrngﬁﬁe the catal yst,
decr easi ng t hge bitesjuemetatdvayliieg of tanBANGp Fdlaely sgnnlheAsBpay RS on and
purification steps, of the perneate. Howeye M . atus of the
present | nven%‘?%ﬁnlf@oﬁ%aéﬁc‘?%?mecggﬁgﬁt E|mc?afulld(r)ur%mo ﬁ%&%ﬂﬁﬁﬂgﬁ{u ces,

saponi fi cgaf i OfucicsstiBpEmSIbysdnnd Emuaorelfzen\B:120 067 0B SM28yREEEAPE §8/ 000286

Particul ates, _whj ch can. act an at,i.ng. site for..m ap

aggr egat es) f%‘lt%ﬁi%fr?aﬁ%}&ﬁéﬁﬁv?eé’r%g%se ¢t é:roﬁlsoﬁlgﬁsma ﬁ%‘?}g[ﬁlgé&% a result,
the for mat i onyGfireris@aMoagiovegaheslionial haitep endreat enatbyertvelatasbsyaatsi al | y
reduced. The possibhility remains that there may be actual soap in the
permeat e but thragh Blem@iseof the 5 aggregates is nininized. Al though
aggregate formation may occur in the reaction mxture, such aggregates
preferably may notAPassl 4bbveu@hn tidieg gk BRA fredstbikape. wed fiylngroiliohe separ ati on
of the FAME-rich phase fromthe nethanagl-gl.ycerol nh g subsequent
wat er washi ngydow F5easealhe PPOCAIS IR S\%EF%G SE?%H% F%n?paﬁesﬁ gl?eerg%ag%lrnté%& ze
limtations aggicsdGe6RE findbartie@sibs (@B then dmdcrohd) mad édlloidsdtommaprave been 10
successfully en&pl oyed and thus, pore sizes hel ow 0.5.m cron Jnmy be

ef fective forandglycerol, These may act as nucleating sites 101 soaps which promate

formation of stable emulsions and inhibit dephasing. This is a known problem in

conventional batch reactors since the FAME may not be easily separated from the
20  reaction mixture. In the case of a preferred apparatus of the invention that involves

a continuous process, the sub-micron particles be retained in the reaction mixture

loop, and therefore may not act as nucleating sites in the permeate stream. As

such, the glycerol-rich and FAME-rich phases in the permeate stream may more

easily be separated. It follows that in selected embodiments the oil feedstock may
25  require minimal pre-treatment. 1f required, the oil feedstock may optionally be

subjected to very coarse filtering and water removal, if required.

In apparatuses and methods employing acid catalysts, pre-treatment of the
oil feedstock to remove FFA may be unnecessary since the acid catalyst may
esterify (as opposed to transesterify) FFA to FAME, and the remaining TG may be

30 transesterified. Exemplary acid catalysts are sulphuric acid, hydrochloric acid and
sulfonic acid. In the case of the alkali catalyzed processes, no pre-treatment o

remove FFA may be required if the formation of soap in the reaction mixture can
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filtering out particulates. Between 0.45 and 5 mcrons there may be sone
benefits in filtering although very fine colloidal natter and very snall
parti cul anas2e0eysopass through the nenbrane. As noted alFeTaA20846190286i ng

hi gh FFA feedstock (e.g. used frying oil or 15 yell ow grease), the perneate
may separate Q&Qﬁ-ﬁ ufthr¥ b 18nitedWhlis6diuiBy cont ai n
fine parti culgﬁatgiela{ﬁ ess t l‘iﬁ' %ﬁ%&?@g&f%&iﬁ@%ol | oi ds from soaps and

gl ycerol . Thelsgiraxide, muMQGMIH%mm@S%Fm@§dIP@ﬂ3soaps whi ch pronpte the
formati on of stable enulsions and inhibit dephasing. This is a known
problemin conventional batch reactors since the FAME may not be easily
separ at ed fromthe 20 reactlon mxture In the case of a preferred
apparat us of e P p AT P £ CQURNDL a continuous process, the

sub-m cron, parti Cl\%? 199?6%‘)@0%@%101}1@111%@@’5ﬁo@ﬁﬁﬁt’e&)tb JoVbeakl bE, suhﬂlﬁﬂ%r and

t heref ore Tay not At nucl eating Sites in the [neate str As such,
the gl ycerol - mil crapeamd OFANEcarﬂp]@WﬂWﬁi@sls‘?drﬁstaﬁ@mﬁ%?ﬁ%éfné’rgﬁa%% nor e
easi | y be sepa to?l %%a\teqa 15\9 oﬁﬂaﬁ‘ttof'ﬂae %%&H@@mﬁaﬂ?ﬁﬂnﬂ?[ﬁaﬁzoﬂhe oi |

f eedst ock may pre-treat nment required, the oil

f eedst ock rrayagynetgatamaﬂ bgaplfe‘mabmbjMbe&aln-eﬂf@éﬁ?af@c?ﬁ}ds@mﬂwsﬂwbﬁg and wat er
renmoval , if re n_appar SBH id catal ysts,
pre-t reat ment & ‘Feféve t% ﬁeaﬁfgedgésqos%?atlﬁ%ﬁgﬁgg (%Ié:g\ nai&%lg@%ntﬁgcessary si nce
the acid ¢at ai)Iy)Séss fseysterand drirdagtigmenditipasles couodiveansest eri fy) FFA to FAME,
and the remaining TG may be 30 transesterified. Exenplary acid catal ysts
are sul phuric acid, hydrochloric acid and sulfonic acid. In the case of
the al kali catal yzed processes no pre-treatnment to renove FFA may be
required if t% t 5Bttt VO

2006/ 089429 PCT/ 6%766‘8’6531&3% 8%9”“ ‘[‘]‘idet?%t éﬁa&{’dﬂﬂ' dpéer%%aﬁka?&auéat al ysts

i ncl ude, but ﬁi’a?b@ﬁlhtab]em preduded A AFLloT FG. Wysresious ngfdl%ﬁﬁe@bﬁh fE¢hoxi de and

pot assi um hydrOX| d 0GEeS in S1dPeVi ragin
veget abl e 19i | §°“i“i?cgﬁﬁ‘i}f1h§ B‘ﬁ?sblé@f "%Pﬂttgfg ?@%ﬁgﬁgﬁ%‘? sunf | ower ol ,
rapeseed oil &wﬂtaﬁ@dl@hﬂnﬁmiblmyhmmwmeact@munxiereofl"her BNWWYr epar i ng

FAAE. Such | h t b
hel pi ng ;J g a\?lé‘fl% ble %%%P%WQ ‘ﬁ'né%%(ﬁj&#len i gtr?.rsggro% ﬂ&é?éﬂlﬂgésg@é‘%hgf;gtg and

aci d- cat al yst gayRyhifier FFA content often require slightly elevated temperatures relative to

oil feedstocks with a lower FFA content. At room temperature, flowability of low

20 FFA feedstock is observed. Substantial miscibility of FAAE in alcohol is also
important to the operation of the apparatus of the invention and presence of FAME

in the permeate. FAME is substantially miscible in alcohol at a variety of

concentrations and at a variety of temperatures as illustrated in Figure 7 which
shows miscibility of FAME phase obtained from a batch reaction in methanol. At

25  an exemplary reaction temperature of between about 60 °C and about 70 °C, the
reaction proceeds with high yields with a high purity of FAME in the permeate.

Pressure Differential
Pressure differential between the permeate side and the retention side of the

30 membrane reactor is preferred for passage of transesterification products through
the porous membrane to form the permeate. A minimal pressure differential of

about 7 kilopascals is preferred for efficient operation of the apparatus of the

18



used to drive the reaction. Basic catalysts may be nore cost effective as
the 10 process is faster and the reaction conditions | ess corrosive.

Tenper at uwe 20bwosospgent ors have determ ned that a w de vRCTEAZIGO0G286Ct i on
tenperatures may be suitabl e to produce FAAE from TG As previously

di scussed, the T | h& rbddtiontgirodsd finiter menbr ane
react or and S5 ?Jn %nggl %ﬂ%ﬁt%&%@iﬁ%{éb le in the al % of the
reaction mxtmnp@toEﬂﬂ&QOuﬂmummfﬂheé@F@Sﬁeéﬁ??@P%f%F%WF g\g&y dependi ng on
the TG source. JG.so fb&pky afithen require
slightly el evidP h?‘éﬁ%%r%steg\hrggsupe\?@%{?@ga&a%gc,f%?eggg?t ocks with a | ower FFA
content. At rORMfbekpes autia tehbaviatss withgut geporiging S EmRorEE ek | s
observed. Substantial m CI bi | |t cmbS8e mhyportant to
the oper at ontegftiop H‘é"tﬁﬁp PRS0 r? {%fefgfﬁt\%énétafdgél&gﬁgkﬁ ﬁelsence QfmlgAl\/E in

t he per neat e. pdAMEddpendindsd mathuambs,s and giengthef fhe patoss REMbERe-a TRk et y of
concentrations and at.a vatiety of te &k b Figure 7
which shows Yrpllsdinpdu ef‘?“@ﬂﬁm KAI\/}EQ ase™ awr{l)ggﬂ Sﬁldaqglg??ﬁ reaction in
met hanol . At aa@sy%&nemrﬁalaamghraemmmmmﬁpmsmlmoesmlf@@m@éwnabout 60 C and
about 70 C, the reactlon rqceeds urity of
FAME i n the pedwmsing 2 mosby Esnﬁﬁoégq .',dr111[9 ?gl‘é]g%ro r&&hﬁr%ﬁ?lﬂgl bet ween
the pennegfe §id8.RPhob RedebaipRiaticanths irties-mémbrhe préGuisdintiiations of &ct or i s
preferred for passage of transesterification products through the porous
menbrane to foemPaRe pernmeate. A nminimal pressure differential of about 7
kil opascals is preferred for efficient operation of the apparatus of the 18
WO 2006/ 089429 PCT/ CA2006/ 000286 invention. A higher perneation rate tends
to increase reaction rate and further helps to drive the equilibriumof the
transesterification reaction toward FAME production. |Increased pressure
within the apparatus of the invention may further allow for higher
reaction tenperatures w thout vaporizing the conponents of the 5 reaction
m xture. Various pressure differentials across the porous nenbrane may be
used dependi ng on the thickness and strength of the porous nmenbrane.

Thi cker wal |l ed nodul es may have a pressure as high as 7000 kil opascal s.
The pressure of

—

$r
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the system can be as high as about 70 000 kil opascals for specific
applications conprising a nenbrane housing of a suitable strength as the
oper at i Ngwiey fe@egegoi N 10 the reactor |l oop is decoupl ed PEDOARIIS/000286

trans- nenbrane pressure limtations of the nenbrane. 19 WO 2006/ 089429
PCT/ CA2006/ 00 AMPLES: The foll ow ng exanples are presented for
illustrative *only, and are in no way intended to limt the

meani ng or scope of the invention as described 5 and clainmed herein.
EXAMPLE 1: Anal ysi flnm scibili i Al 1w ; @by, kdd Met hanol
(95% Tech. G ade) 7\?9520%03% ?Xé’*laj%}?%/5%&%%%0@2#“&%3%@% nc. o Br ampton, ON)
and the canol geifo Wy ibdaddiamifnit)the Meaningtop scopiof ta ipvpriioaradesditad  the | ocal
f oodstore). FANE. or (g odi esel was produced froma batch process and

contai ns >d508ndHape fv}ﬁi“("jn'rret hyl ester (Zheng, 2003). Sulfuric acid

(95% 98% Reagent Grade) and tetrahydrofuran (99.95% Chromat ogr aphy
Grade) were 15 supplied by (EMD Chem cals Inc., G bbstown, New Jersey,

US A). apﬁg'égﬁiﬂ gDef ESi %alﬁng% ﬁéfmﬁsc“ﬂﬂiﬁ_t?ﬁﬂséiﬁﬁiﬁﬁ of canola oil in

met hanol and i everal tenperatures and

conpositions was determ ned. Nine volume 20 ratios of canola oil to

nmet hanol and FAME to nethanol were investigated: 10, 20, 30, 40, 50, 60,

70, 80 and 90M&fialSenperatures of 25, 30, 40, 50, 60 and 70 C.. Mxtures

were prepaged in 3Qefibndy (5596 Tathalimde)shraleapplian by (TomresiciahAlgolalsiser at ur e-

control |l ed water bat The_rel ative v l.gul ated b
P)N) a (ﬁg—le ﬁﬁl?ﬂtlas%l @eo;%?ne%i Tgl%% W%?d a6 o€ y

nmeasuri ng t he BFERYM at’’ng thé two phases. 25 After
t he nmeasur enepfeSodaPloottsi6). HANE yr biadiemhivaspreducedfrtwra bakh presengtd uct ed. A

car bon menbrane (Koch Menbrane tens,,.|lnc /4 n obBgo, U S. A ) was
used in the ré@é%lé??%?“h@“béﬁ"an?%’zesg‘?r @h?gn%%y\génug}u \r/\l/gtsagg(%% 7 The i nsi de
and outside dh@ﬁ%@ﬁﬁ'}raﬁé) hb eraRyssana (99958, ChromacglaBy fmedeTvere | engt h of

carbon nenbrane tube was 1200, nm_The whol e area of menbr ane
15 supplied by (EMD Chemicals Inc., (%bbstown, N%W%ersey, Utg}.'g)

Experimental Design
Relative miscibility of canola oil in methanol and that of FAME in

methanol at several temperatures and compositions was determined. Nine volume
70 ratios of canola oil to methanol and FAME to methanol were investigated: 10, 20,
30, 40, 50, 60, 70, 80 and 90% at temperatures of 25, 30, 40, 50, 60 and 70 °C.
Mixtures were prepared in 30 mL glass vials, shaken and placed in a temperature-
controlled water bath, The relative volume of each phase was calculated by

measuring the height of the meniscus separating the two phases.

25 After the measurements for miscibility, a membrane reactor was
constructed. A carbon membrane (Koch Membrane Systems, Inc., Wilmington,
DE, U.S.A.) was used in the reactor. The pore size of the membrane was 0.05 pm.
The inside and outside diameter of the membrane were 6 mm and 8 mm. The
length of carbon membrane tube was 1200 mm. The whole area of the membrane

30 was 0.022 m%. A schematic diagram of the membrane reactor system is showed in
Figure 1, as previously described. A controller volume pump (Milton Roy

Company, Ivyland, PA, US.A.) was used to feed methanol to the system while

20




30 was 0.022 nR2. A schematic diagram of the nmenbrane reactor systemis

showed in Figure 1, as previously described. A controller volunme punp

(M1ton Ray 20600808ny, |vyland, PA U S A ) was used to PEELAIBAWHANPES to t he

system while 20 WD 2006/ 089429 PCT/ CA2006/ 000286 seal -1 ess centri fugal

canned notor pu (LA AE [(Bnblsy@ OWTPwere ufedud at e t he
B B GR! cpl mpaNA

m xture. A he exchang truments, Inc.,_ Portsnouth, NH,
U S.A) was usedidotheanitinel A et exchesgerdNedbipermacencERFEMNENt s wer e

carried out a&g%ﬁs‘éﬁSC and . { ol fe foactfh thperau@ENDr ane separative reactor

for 6 h. 0.5, dB "W Y6'concentrations of sulfuric acid catal yst
were investigated. 100 g of canola oil was used ”doﬁaCh Pressure was
a

n
controlled at 138 EReriiventwevsre cafried o8t aERIG 67 Cidd d“f‘ég(g?‘g“on side of the
menbrane. A sche r%%@%{aﬁwﬁg&&%ﬁféhﬁ 85, 0 28l b vanrdnéddratinsatsepar at i ve

'R B gu . ex

menbr ane ig sHE re _ eriments and sanpl e. anal yses were 10
carried out i sulfaidcihcamiysrwaroinvestieapd:el08mef seolarall wes usshBATRHPal errors.

Met hanol and acid cat al HHeH RS IEE drdkéhctifitsideeact or
system pri or Besﬁﬁ%ﬁasrceoéﬁ]il%%%%l a ol w&s char %ed into the nembrane

reactor, the of@BifeaibeanceActimmatiaof the atnetktion ploiland EDAE by A STEE " has
started. The reaction .te at ur.e ' ' $ heenocoupl e
R s i Ay

placed in the CAP 4§ rcirculating the reactor contents
for 10 m Nyt esanie® bikan emdan drdeciodninihiad arytpotewts] expesimenlet®sy charged into
t he nenbrane reactor during the transesterification and the heat exchanger

ber mmat e pr oduct vaE RS RR it B S e O e Tosul 11 ng
m xture was alshsumegribrdo Bmﬂltr!azatiﬁmr(?@lamil W@hymﬁéﬁtqﬂa?@gm‘gqanq W@ct% i Xt ur e
Bgai 1 al | oned BnSEVERTerg s i, FEYR R ARIRp o MERRL T e 4 T A 30
m vial untilieppadieives rdaibrepesifipn frmusoirlepihetd ihie raedHoaMRP- ( HPLC)
a0 d ves funduioreHEns e o TR oy oS, FReER MRS R e
then placed i Ryde GRMMhANBEchagel inRBthanahpmedreadupbiringettansesesE¢a5Pni ty of
O 1/ Nkt hanol '\gn)é Ethlérh%.eslt exchanger was switched on. The permeate product was taken from

each experiment. The permeate product was mixed with the same volume of water

and the resulting mixture was allowed to seftle for 24 h. The upper layer of the

20  mixture was retained, then washed with 1 L reverse osmosis water. The mixture

was again allowed to settle for 24 b, after which the sample was placed in a2 30 mL

vial until analysis. High performance liquid chromato graphy (EIPLC) analysis

showed the purification method to be effective and no residual acid was found in

the sample. The oil left in the memibrane reactor was then placed in a container and

25  analyzed.

Experimental Miscibility of Qil/Methanol Mixtures
The volumetric ratio of canola oil to methanol was calculated according to:

Height of oil phase in vial @)

: i ixture = - T
Vohmetric ratio of canola fo mix Total height of mixture in vial
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The volunetric ratio of canola oil to nmethanol was cal cul ated according to:
Hei ght of oil phase in vial Volunetric ratio of canola to m xture =Tot al
hei ght of wi 20bese439n vi al (2) 21 WO 2006/ 089429 PCT/ CA2@06/(RQ0®88028Fhe
volune ratio of the |lower phase (i.e. the canola oil phase) was plotted
agai nst the actual cop ‘?ﬁ‘efmﬁé of Ol Pl 18, b @unaflhide) usé patead i n Fi gur e
6. It is clear fromt ure, that tenperature had anly slight effect
on the m sci bagamsytlﬁfacmalmenfcmm@bﬁméﬁ qil in e Frebrbygpted Ff‘r%ﬁ’frapi %% di cati ons,

it appears th I tleffodt 3R Beanigdibilityfdr  al |
practical purf atﬁgrg% \%ﬁm Eh?tg%%bég%h{eﬁua%?? ah},h% the two ph setsy are

i mm sci bl e. E&&eﬂ’andmaiﬂ aid ivktsaiobi FromynilGadirARES, Neppearedhat Meﬂlaﬁ? é%5 The
tenperatures we |.ot.t ed agai nst ey, fERYBultiBayt he 10

gr aph illuétré}l‘@ﬁy SRS 2 ‘?‘ ﬁ'n {’hl cag%bu@g%%g@gvtﬁ{e had a r?tore

signi ficant effa@eie twophdsteareringmistibki ty of FAME and net hanol. It appears
that FAME is conditionally mscible in nmethanol. The inventors observed

t hat FAME and net hanol were inmm scible between 20 % and 70 % over a broad
range of tenperatures. In practlce transesterlflcatlon reactions are
preferably capBxh@tmai Mikohibtya( Nlethangl REe, m scibility was observed
at roomtenperaturg, and bel ow fo Sk fbdbE. Bot h
FAVE and net hanol EP%%}HPS%‘ ?SWﬂr{plﬁﬁgda%@gnt%ée)ér}gtﬁm%%trhe nm_cropor ous

menbr ane uged gr@htlmtrmeammgure anIishisanse emphratuy had agnesp pighificant et he

met hanol sol ution con r LyationalAS reactants
are removed fo8iheRE %%Mﬁﬁgdglq&%{]ﬁbl?gp @J&Q pﬁe régctl glr?n%mﬁisl lie 20
towards the prﬂ@&ﬂ%hﬂﬂetﬂh&f%ﬁ%ﬁgk yierved tlgiKAME} ahd gieBend §t¢ier si ons.

Transesterificati on occur t rfac ndeonhets suspended
in methanol . mmIEIE PREWE t|6?1‘f7(f% 8{ilzdal‘ﬂn oorf%ngde*aayer near the canol a

oil droplet %;lilécfn@&%:aﬁs%ﬁ@nfdaﬁw&a&)onsmpﬁfﬂmh@ carriéd guirkove 60t°e canol a oi |

and net hanol "are inm scible at t actio ot her
hand, at t¥e rEvahemere, susciipyarage gab’ﬁ’8m peéx“%%%&]{)‘ﬁo %t}ﬁrtgg ,&I\/E woul d

be sol ubl e in &H&n&?ﬁdﬁ@BPFAMET%tmEﬂpmHnﬁaidﬁmnokate ﬁA&iElemnﬂnme met hanol may

be controlled by the addition of nethanol to the reacto
teglperature The microporous membrane used i1 the réactor can separate the oil

droplets from the methano] solution containing FAME, glycerol and the catalyst.
As reactants are removed from the reactor, the equilibrium of the reaction will lie

20  towards the production of FAME and glycerol giving higher conversions.

Transesterification occurs at the surface of canola oil droplets suspended m
methanol. After the reaction, the FAME can form a layer near the canola oil
droplet surface (see Figure 5). As shown in Figure 7, the canola oil and methanol
are immiscible at the reaction temperature. On the other hand, at the reaction

25  temperatures, one may expect that the FAME would be soluble in the methanol.
The concentration of FAME in the methanol may be controlled by the addition of

methanol to the reactor.

A microporous carbon membrane reactor can selectively permeate FAME,
methanol and glycerol during the transesterification from the reaction zone. The
30  molecule of canola oil is trapped in droplets forming an emulsion. The droplets
cannot pass through the pores of the membrane because they are larger than the

pore size of the carbon membrane. Results showed that during the reaction, canola
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A m croporous carbon nenbrane reactor can selectively perneate FAME,
nmet hanol and gl ycerol during the transesterification fromthe reaction
zone. Theyo3dogiebaeul e of canola oil is trapped in dropkersAbesHdI2g6 an
enul sion. The droplets cannot pass through the pores of the nenbrane

because they are |arger t he sl i Be nedicReRiniEyrane. Results
Showed t hat ARt pitee e 8 R Ea o 15 R0

PCT/ CA2006/ OQeﬁﬁ@ninnl bothi tle pmneappmhxetm‘mq ke WatarnSenp cHEBLCl eystepPY& was used
ot e et Bl A R G gl o B R BB RA N Tt ent e, A

Waters Corp. Y &ag 8 aha e conte t of perneate and
retentate st @@@,BzSSm@?hé}ﬁ:gémmn&@GX?mﬁ@mﬁ@l&ewagello pomenize.0b 3m particles

with a 100, pore size. A5 calibratj % i rst ene ated from5
standar ds a§alébﬁmﬂcpﬁ’eﬁa@@%g@°r%dlt§%’i‘gé{a %S% of the

retentate is illustrated in Figure 9. It is observed fromthe figure that
the retentate is gappesePLd dshatcgamboéthe rsterodte BGlugthated in Figem8l & oi | ). The

(3 “Woagt =oys S S he L L S B PRI )i Che

initial nmass pf, @hdla oflRThd Eoreersion af TGS FAME winaditeethctabrulatddby(, =0 is the
mass of TG left in the reactor after 6 h of reaction. A conversion of 99%

was obtai ned after 6 h of g/Eeratl . Figure 10 shows a typical chronatogram
of the perneate. It is ghs Meﬂ“f%ﬂgdp very high purityFAVE was produced by
the exenplary nethod. 15 Expepggptal Immiscibility/Mscibility Conclusions

It was shown that canola oil and nethanol are only slightly mscible in the
tenperature range 25-70C. The nethanol was slightly, di ssi)l ved |n t he canol a

oi I romoL. 1 vol Whstek & theetcHErA BRSSEOBVRRP: ool FNEInIA] g of of

concentrati O%r’fé%%n?ﬁeﬂé}'m%rf%%ﬁ- » & 1ADShss @O T 1ef &1 e fladiGi dffee i N

nmet hanol at hese "'mscibility characteris s .indicate that the use
of a two- phageh plreiine A wavergien of $1% PReOHF H{ﬁﬁef ﬁ‘%f’paﬁ?‘t{?&l esel (FAME)
fromcanola oil is feasible. Exanple 2: Apparatus and Reacti on Experi nent al

Optim zation Figure 10 shows a typical chromatogram of the permeate. It is observed
that very high purity FAME was produced by the exemplary method.

13
Experimental Immiscibility/Miscibility Conclusions

It was shown that canola oil and methanol are only slightly miscible in the
temperature range 25-70°C. The methanol was slightly dissolved in the canola oil
from 1.1 vol.% to a maximum of 7.4 vol.% at 70 °C. At low concentrations (<30

20 vol%) FAME was almost completely miscible in methanol at 70 °C. These
miscibility characteristics indicate that the use of a two-phase membrane reactor

for the production of biodiesel (FAME) from canola oil is feasible.

Example 2: Apparatus and Reaction Experimental Optimization

25
Materials
Methanol (99.85 % Reag. Grade containing <0.1% water) was supplied by

(Commetcial Alcohols Inc., Brampton, ON, Canada) and the canola oil by (No
Name®, Toronto, ON, Canada, purchased at a local foodstore). FAME or

23



25 Materials Methanol (99.85 % Reag. Grade containing <0.1 % water) was
supplied by (Commercial Al cohols Inc., Branpton, ON, Canada) and the
canol a oiywolyodid¥es2eNane(b, Toronto, QON, Canada, purchasedT/ga2@6ci0ead
foodstore). FAME or 23 WD 2006/ 089429 PCT/ CA2006/ 000286 bi odi esel produced
from a bat ch g censoAnds AORLANR pFAOKuhLnACdy BRI Aty - |1 s

the I d- cat ze lp of

produced from cataly ransesterification waste oils from a
previ ous st udsstef.Zhemprod0eBirom Siel aoidrdatatired tarsesterificaiomef vRats glhftory ade) and
t et rahydrof uran (.99, 0 r : 293 WER S osMRPLAS Y (EMD 5
Chenical s I nc®P™® Olﬁ)sbsgq%g\ﬁ%l}e EU % %&ﬁﬁ?@)ﬁﬁ%ﬁ%ﬁ%r y’ apggr at usﬁdesi gn and
experi ment al westiygrfiaB9.901%, Bndnaemaphy Loeds) wesesupphoddy BM¥Rst ructed and i's
shown schematically in_.Eigure rbon nenbrane (Koch Menmbrane Systens,
Inc., 10 $\i’I%‘?’?B?%%IPC'DE}%%P@’L{%U\?%g%sed in the reactor. The pore size of
t he menbrane was 0.05 m The inside and outside dianeters of the nmenbrane
were 6 mfmmand 8 mm respectively. The | ength of carbon nenbrane tube was

1200 nm gi vi 19,022, [, the entire menbrane. A
control | ed voFtmre punp 7 '-. e f}%s(?]vyl and, PA, U S A) was used
to feed the oi | amd3dEmbeidndnuie eatonbystm wisdonstasted gnd shawst em whil e a
seal -l ess centrif canned. potor ¢ Cﬁ@@%q ON) was used
to circul ate ?Ch%r“%gglbyulpgq% °k As‘zﬁ@g%%g@%%g?%ﬁ/bﬁn%aﬁ eat "exchanger

(Nesl ab | n@t r whikfitigon, DEC U,S.RQtas mzdtidnthe rédefor. UTS: prg sicconfjiheerderpiirett LabVi ewTM
software was used to control the reactio r Lments were
carried out a‘t"asb(b(?st 5B iﬁ%m%’ée @‘f%tsé&d 08 eﬁ?_rs E&gﬁgﬁgﬁ%ﬁ%gg%% 0156181 §§E6 h. 0.5,
2, 4 and 6 W G eRgRAvdIAITHe gt of sarbbnimembanct tibe wbal AOtmmeiving a nvest i gat ed

(see Table 1). 100 g of noj il were used in _each.run. Pressure was
control | ed atsviee %ﬁaofgéfzaé%ﬁ{ﬁge%?wggﬁagﬁ Jéfﬂ‘i“"g@ VPEag }Hg si de of the
menbrane. Al | (g¥BeRbIEBMParB) ryRaa]Hs RSAl e aisatied deeddlier diemhdout i n random

order 25 to mnim ze an otential experjment errors. Several replicate
runs al solfer @ethanoﬂcatalyg/t n?ixtures to l%e system while a seal-less centn%ugalscanned P

motor pump (Labeor Inc. Concord, ON) was used to circulate the mixture at a
speed of 15.2 mL/min. A heat exchanger (Neslab Instruments, Inc., Portsmouth,
NH, U.S.A.) coupled with LabView ™ software was used to control the reaction

temperature.

20 Experiments were carried out at 60, 65 and 70 °C in a 300 mL membrane
reactor for 6 h. 0.5, 2, 4 and 6 wt% concentrations of sulfuric acid catalyst were
investigated (sec Table 1). 100 g of canola oil were used in each run. Pressure was
controlled at 138 kPa between the permeation side and reaction side of the
membrane. All experiments and sample analyses were carried out in random order

25  to minimize any potential experimental errors. Several replicate runs also were
performed (see Table 1). Additional experiments were conducted to verify the

effect of methanol feed flow rate and the use of a base catalyst.

Table 1: Experimental conditions

Temperature  Catalyst concentration #
°C) {(wt.%) of replicates

60 0.5 2
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perfornmed (see Table 1). Additional experinents were conducted to verify
the effect of methanol feed flow rate and the use of a base catalyst.

Tabl e 1: Jpopeodesembal conditions Tenperature Catal yst c®OTEABONERG# (C)
(WM.% of replicates 60 0.5 2 24 WD 2006/ 089429 PCT/ CA2006/ 000286 65 0.5
270 0.52 60 2 3 6528702260 4"2"065,4 27042 606 4 656 4
70 6 4 5 Exenplary Melrorane reaa‘gr experinents procedure The net hanol and
sul furic acid were pré i xed and”¢harged into £he nenbrane reaction system
prior to each reactiofd 100 g of2 canola oil wa8 charged into the nenbrane
reactor, the menbraneggeactor was seal ed and the circulation punp was
started. After a 10 myn circulatjon time, nethanol and acid catalyst 10
were charged conti nuoggly into ti’ue menbr ane regctor with the feed punp at a
flowate of 6.1 ni/mn. The heat” exchanger was_switched on to achieve the
reaction tenperature $50, 65 and*70 C). A ther %Dcoupl e was used to nonitor
the -reaction tenperat@re. A stable reaction t dnperature (+/- 0.1 O was
achieved within 30 nmgm for 60 G 40 min for 63 C and 45 min for 70 C of
starting the heat 15 3<changer. Fressure was cgntrolled at 138 kPa. The

per neat e product was _coll ected jna 2000 nL fl,ask. Al experinents were
conducted for 6 h. 70 4

5  Exemplary Membrane reactor experiments procedure

The methanol and sulfuric acid were pre-mixed and charged into the
membrane reaction system prior to each reaction. 100 g of canola oil was charged
into the membrane reactor, the membrane reactor was sealed and the circulation
pump was staried. After a 10 min circulation time, methanol and acid catalyst

10  were charged continuously into the membrane reactor with the feed pump at a
flowrate of 6.1 mL/min. The heat exchanger was switched on to achieve the
reaction temperature (60, 65 and 70 °C). A thermocouple was used to monitor the
reaction temperature. A stable reaction temperature (+/- 0.1 °C) was achieved
within 30 min for 60 °C, 40 min for 65 °C and 45 min for 70 °C of starting the heat

15  exchanger. Pressure was conirolled at 138 kPa. The permeate product was

collected in a 2000 mL flask. All experiments were conducted for 6 h.

Additional experiments were conducted to observe the effect of
methanol/acid catalyst feed flowrate on the conversion for both acid- and base-
catalyzed transesterifications. These flowrates were 2.5 mL/min, 3.2 mlL/min and

20 6.1 mL/min. The permeate product collected during the entire experiment time
was mixed with an equivalent volume of reverse osmosis water (produced from tap
water) and shaken by hand for about 5 min. This step served to stop any further
reaction in the samples by promoting a phase separation of the glycerol phase

containing most of the catalyst from the FAME phase. The mixture was allowed to

25




Addi ti onal experinents were conducted to observe the effect of

nmet hanol /acid catal yst feed flowate on the conversion for both acid- and
base cat a{;v}(y_@dﬁ,rgggaiysesteri fications. These fl ow ates wereTZAR00B00MSH, 3. 2
m./mnand 20 6.1 nL/mn. The perneate product collected during the entire

experinent ti m L kB4R SRwOSNDSI S
wat er (producg‘%lq‘ﬁlf%ﬁ%%dusﬁng g)qﬂh\lr%gﬁp%f/ﬁﬁaﬂrﬁ%fggr og@oﬁ{ 5wm n. This
step served tgosd Ny, a}r&ADuﬂ?h&mperIamo’fﬂnmeannsh@ BEspMEUBapr oot i ng a

phase separation_of .the er h i at al yst
fromthe FAVEN@REE] t%?%#ﬁfyuﬁl gné? @é‘gﬁh llﬂ Oggev\g\%é g%}g%s/l %@%%9

PCT/ CA2006/ 00928Rsultn@ thix€uré aas Albwied m“ﬂ&ttfmszt%ﬂrlfedﬂ@gﬂn@l the @St Wyerenbr ane

filter (Nal ge Company Yor t he

resul ti ﬁlg ﬁaowﬁﬁ%‘?é’zﬁqﬁllﬁvifg éh?%ﬁ&ﬁ%&?eﬁ’)"?tgygshge%ar EP%%?J%nEeI and
washed }NI tp 1tﬂ§ iﬁgthdda%ﬁ SEDGLEED sl (szoma)t émy u?%ech:c’e@lﬂlﬁtthmteniat@tsm%n vas alh! O\r/]ved
to settle for , after ayer : usi ng hi

per f or mance IiWGEuﬁléo %PY&%‘?}%%}F’;% 5’ %{%or“c’fm%e‘“?aolzapﬂjes\éan@t od uged gy
Dub6 et al . chﬂﬂuhd ﬁm&oﬁr&eﬁ@&&ﬁ@s@w HPRCL Me H@L@nmdyﬂ's steabaithatitees al so
anal yzed by H e retentate sol ution S utr fﬁ% rﬁﬁ’lgé um

hydr oxi de sol u@ﬁlféﬂﬂﬁ%%ﬁhédé’ﬁ%?f&scfl‘ée ¢ npEpsEialag L?fl analysi s reéveal ed that
the purification nmethod was effective and no reS|duaI aC|d was found in

the sanpl 5. iHutbgdnReich DigNCEohb@piaghydBPALGbedysihy (HPLCI anal ysis A
Waters Corp. HPLC syst em consi sting of an HPLC purrp, a controller, a

differential refract L 9sanp %ﬁﬁb e Qe contents
of the perneate a g‘{?f%?%l‘ ggrfrls %f%@ls %.m%%?é%ﬁrﬂ ioftvvare
(Waters) was dﬁdréﬂhéﬁéﬁﬁ@dmamhgsuwsamﬂae weehssdisanalyad thaseatentosf BO0x7. 5 nm
Phenogel colums 15 of 3 artic menex,
Torrance, CA, Pessajg apd 1ql BHS hﬁieésfﬂﬂgmﬁw % ie!E asgst‘%:léb\?\v’zga]ésg

t et rahydr of ur %ﬁll&éﬁ'ﬁﬁ anffysia. '[l“hd)whfrﬂﬁsms@f werﬁtxﬁo 3ﬂ0/><ﬁi15rmraﬂ’h@8>g€1 colppEswas used
to make a Or;g sol ution_of é nﬂ, ancefCAE’ﬂJeS §olut|on was
injected ilAto ﬂémlamﬁﬁféeéﬁﬁﬁéﬁm |P8Tesme 1?68?“1%3}{ Y€ s the gol uti ons 20
vere filtered o1 @rs. STHRYIY bRist ab mealqﬂtdﬁgmﬁ&m)raﬁﬁ))wsgtp phge

filter. The HPLC anal ysis was conducted according to the nmethod shown by
0.5 mL/min at 23 °C.

THF was used to make a 20 mg/g solution of the sample. Two grams of the
solution was injected into the autosampler vials. Prior to analysis, the solutions

20  were filiered through a 0.5 pm polytetrafluorosthylene (PT FE) syringe filter.

The HPLC analysis was conducted according to the method shown by
Dubé et al. (2004) and Darnoko st al. (2000). A calibration curve was generated
from 5 standards: triolein (TG), diolein (DG), monoolein (MG), methyl oleate
(FAME), glycerol. The injection masses were plotted against the peak area. Each
25  standard was injected 3 times at 5 different concentrations. The calibration curves
of the standard solutions showed good linearity. The retention times of the
standards arc shown in Table 2. Figure 8 shows a typical chromatogram ofa
mixture of standards (note: sample concentrations were 0.548 mg/mL TG, 0.654
mg/mL DG, 0.602 mg/ml. MG, 0.642 mg/mL FAME and 0.584 mg/ml glycerol

30  (injection volume was 2 uL).
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Dub6 et al. (2004) and Darnoko et al. (2000). A calibration curve was
generated from5 standards: triolein (TG, diolein (DG, nonoolein (M3,
met hyl ol eat ®oe/(de4dvE) , gl ycerol. The injecti on masses WPCEqN2006f08028agai nst
the peak area. Each 25 standard was injected 3 tinmes at 5 different
concentrations. The calibration curves of the standard sol uti ons showed
good linearity. The retention tines of the standards are shown in Table 2.
Figure 8 shows a typical chromatogramof a m xture of standards (note:
sanpl e concentrations were 0.548 ng/nL TO 0.654 ng/nL DG 0.602 ng/ m

M5 0.642 ng/ mL FAME and 0.584 ng/ M. glycerol 30 (injection volune was 2
M.). 26 WD 2006/ 089429 PCT/ CA2006/ 000286 Table 2: Retention tine of
standards Standard Retention time (mn) Relative retention time Triolein
(TG 24.57 1 Diaglein (DG .25. gS 12]5-3ﬁ 04 Monoolein (M3 27.12 1.10 Methyl

ol eate (FAVE) Toge cRefeniion timepfsipihrdso 95 1 26 5 The fractional conversion -
of oil to FAVE, bascd_ on tne anoynt of .oil. .r.emsjnl I ae. reactor, was
taken to represefini#d actual co#ﬁ@W§P3W3”¥W@ g?kﬂk%%mhﬁ £ version at
time t was cal culated mx = =0) -Mon(t=r) (3) Mda(t_0) 10 where X
was the fractiongéoggHﬁé si on, R%???t:o) was the original of mass of oi

(or TG equi val entsolkin (pGYler to aesasint for thelfgdesence of any DG or M3 in
the reactor. Mirl1l(1=t) was the mass of TG left in the reactor after the 6 h
reaction tine. Moneakint(¥&Hef or e2hé2n det er ni nédY hat a ni cropor ous

menbr ane reactorégﬁgpoég%zﬁégﬁﬁiggkg perneate RAME, nethanol and gl ycerol
[

during the trans romthe reaction zone. The nol ecul e of
canola oil is trgﬁﬁﬁgﬂin dr opl et gghber m ng 1.26

5

The fractional conversion of oil to FAME, based on the amount of oil
remaining in the reactor, was taken to represent the actual conversion. The oil to

FAME conversion at time ¢ was calculated from

X = M oil{t=0) M oil{t=t) (3)
M all(1=0)
10 where X was the fractional conversion, M=o was the original of mass of

oil (or TG equivalents in order to account for the presence of any DG or MG) in

the reactor. M=y was the mass of TG left in the reactor after the 6 h reaction

time.

It has therefore been determined that a microporous membrane reactor can
i5  selectively permeate FAME, methanol and glycerol during the transesterification
from the reaction zone. The molecule of canola oil is trapped in droplets forming
an emulsion. The droplets cannot pass through the pores of the membrane becanse
they are larger than the pore size of the carbon membrane. Results showed that
during the reaction, canola oil did not appear in the permeate side. HPLC was used
50  for the determination of compounds in both the permeate and retentate. A typical
HPLC chromatogram of the retentate is illustrated in Figure 9. It may be seen that

the main component in the retentate is TG (retention time = 25 min) or canola oil.
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an emnul sion. The dropl ets cannot pass through the pores of the nenbrane
because they are larger than the pore size of the carbon nenbrane. Results
showed t hgt 206li/sbs2g t he reaction, canola oil did not appearcazoosion@sper meat e
side. HPLC was used 20 for the determ nation of conpounds in both the
perneate and retentate. ical .. HPL OUEaB@tiot hee ebgnt ate is
illustrated iﬁaﬁﬁﬂﬁ”@t@fﬁ(‘%éﬁﬁ %g%ee;%%‘ﬁl;?ﬁ he ﬁai n conponent in the

retentate is J&eissbendvidem. time = 25 min) or canola oil. 27 WO 2006/ 089429
PCT/ CA2006/ 0002%6 Trace anmounts of DG (retention tinme = 26 mn) and FAVE

(retention time = -29 m l.s0 .Qar: j i Pate IThe sbhpiees a

typi cal chromat Ogr‘%gﬁrsgbﬂ#@&‘%ﬁgﬁ}é@?@%ﬁ%@%ﬂ?ﬁ&%ﬁ& absence ‘ffﬂ eak at 25
m n i ndi cat es bk of @ byakhit ghnuimiticyteFANEendycinpw iy EY Fyas 150 “ﬁ%‘{ l??gnbr ane
reactor. At the reaction conditions in this study, as nmentioned previously,
met hanol  §s BRMEPOGAEAY i scible in canola oil. At the sanme time, FAVE
and net hanol are mscible. These physical characteristics ar V\qi]at perm t
t he menbrane react Aftht eactiepanditionstih &irnds, F%@?ﬁ@ﬁ@ﬂff"f@“@@rﬂﬁ%ﬁ% i ment al

Ef fect of Tenperature Liu 99 of:edx fihat, Regtd RAVEmITeManslede f or faster
reaction and ‘Esrf’é‘ysﬂ’gﬁ@‘inbsﬁl ielﬂr%égnr?ayélga%t; roma few mnutes to several

hours for a tgRenatThes: pliyaigehabctadsiogarewharpeseit degamprapegpotor ©
transesterification, Er %heﬂflex fri ments, three different reaction

t enper at ur es, SgEAiEEe ﬁg{% g, ‘?/é e selected. Fig. 11 15 illustrates the
conversion versus tenperature data as a function of acid concentration. At

each aci d jgongepédnadnitad Effectrof L) in final conversion was evident as
tenperature was increased. Experinental Effect of Catal yst Concentration

The catal yst concentratd f LAl §.9s _RidiRatiol AgerGedyet idahe of canol a oi |
20 to FAME. It is g%@éeén@%?%rgg%%? u?ge 11 {lhat an increase in acid

concent rat i on resdovtde ey vayrfoaselenaingispipsessraiionss 1968 PEPEME. Based on
the information proyi ?e(g i N _Hi dhansbdierBRARE FEQE Metehpdrinkatsyeen 0.5 and
2 w.% acid 66‘?%883&{‘2 i ﬁor{zﬁié:i ('g%ﬁ version increased substant i all'y at higher
t enper at ur es, thdt diffaent reaction temperatuzes, 60, 65 and 70 °C, were selected. Fig.
15 iltustrates the conversion versus temperature data as a function of acid
concentration. At each acid conceniration, an increase in final conversion was

evident as temperature was increased.

Experimental Effect of Catalyst Concentration

The catalyst concentration was found to affect the conversion of canola oil
20 to FAME. Iiis evident from Figure 11 thatan increase in acid concentration
served to increase the conversion of TG to FAME. Based on the information
provided in Figure 11, it can be seen that between 0.5 and 2 wt.% acid
concentration the conversion increased substantially at higher temperaturcs, but the
con;/ersions of 2, 4 and 6 wt.% were not very different (<10 % conversion). Thus,
75  concentrations of acid beyond 2 wit. % are less necessary at 70 °C. In addition, the

reaction was more sensitive to temperature at high acid concentration.

Bxperimental Effect of Flow rate

The methanol/acid catalyst feed flow rate was set to 2.5, 3.2 and 6.1

mL/min for three separate experiments at 2 wit. % acid concentrations (see Table
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conversions of 2, 4 and 6 wt.%were not very different (< 10 % conversion).
Thus, 25 concentrations of acid beyond 2 w. % are | ess necessary at 70 C

I n addi ti g 0bddsesdoeaction was nore sensitive to tenperatwiazedsobozgh aci d
?ongepltratl on. Experinmental Effect of Flow rate The methanol/acid catal yst
eed flow rat S, set 1. i nverdish whs db ] separate
experinments a@‘ gas\}ﬁniﬁq%%gfléasg%cen%rggi o%s S?Iglét{eéthg%lhg%r%g%V\% 2086/ 089429
PCT/ CA2006/ 00i@84ed.3) . A significant increase in conversion was observed as
the flow rate was increased. Table 3: Effect of flow rate on conversion

Conver si on viﬁa E r ; :
! bl 'Etffet Ifﬁ% L 6n s6iBRIat ure Conversion via base-catal yst
(m/mn) (O acF?’-(cat%lovst (’g}a % ([0) 1 2.5 65 35 95 2 3.2 65 48 96y 3 P

6.1 65 64 96 5 Experinental, Ef B .ystCoersigaaiaof a 1 wt. %
NaCH cat al yst cormgntr%&ﬁﬁa%ﬁﬁg&g&&eagg}f Véﬁe%t bak¢-ealplysit es (see Tabl e
-cat al yzed case shows t glt(%)he base catal yst

3). Conparison to the

provi ded a nmuch hi gher co rsion, an t hat acid cat st. Freednan et
al . (1984) studied tlhe ef %‘gt of thé?htypp of giml yst nn%t Kn reaction. It
10 was found that 98% convessi on wag observed4at | w. %g@odi um hydroxi de.
They al so found_that greater than-90%ef—the—eoiH—was—converted to net hyl
esters at 1 wt. % gul phuré.c acid. éin our basé4catal yzedexperinents, snall
anounts of soap f : not found in
the aci d-catal yzed runs. One possible reason was that the canola oil may

have cont aj neﬁx%ﬁ:ﬂi&htﬁil@@é&omunh&@f 15 FFA that were converted to soaps
r at he][ t han o ylthe base catalyst. This may have inplications for the
use of an acid catal yst j ch ite the i e, na
rovi e both o ¢ oottt R el RS ONEh wal RREH bRTrbB . TR

flow rates (see Table 3). Comparison to the acid-catalyzed case shows that the

base catalyst provided a much higher conversion, than that of acid catalyst.
Freedman et al. (1984) studied the effect of the type of catalyst on the reaction. It
10 was found that 98% conversion was observed at 1 wt. % sodium hydroxide. They
also found that greater than 90% of the oil was converted to methyl esters at 1 wt.
% sulphuric acid. In our base-catalyzed experiments, small amounts of soap were
detected in the wash waters. These were not found in the acid-catalyzed runs. One
possible reason was that the canola oil may have contained significant amounts of
15 FFA that were converted to soaps rather than FAME by the base catalyst. This
may have implications for the use of an acid catalyst which, despite the slower
reaction rate, may provide both a technological and economic advantage for the
use of lower cost waste feedstock, which contain higher levels of FFA (Zhang et

al., 2003a, 2003b).

70 Membrane Material Resistance to Degradation

An important consideration when dealing with high acid or base catalyst
concentration is the life of the carbon membrane used in the reactor. The carbon
membrane was able to resist the high acid and base environments in the
experiments. FAME also presents very strong solvent qualities. After ten months

25  of operation and contact with methanol/acid or methanol/base solution, no tangible

evidence of degradation of the membrane was observed.
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Figure 13 provides photographs of a sample permeate from an apparatus of

the present invention. In Figure 13a, phase separation by allowing the permeate to

settle at room temperature for several hours allows the permeate to separate into at

least two distinct phases. In contrast, Figure 13b shows the same permeate without

separation into phases following heating in tap water at 40°C. Analysis of the the

phases shown in Figure 13a is shown in Table 6.

Table 5

Phase

Mass % FAME

Mass % Glycerol

Mass % Methanol

Upper

214

6.2

72.4

82.2

Lower

0.0

16.7

The high level of methanol in the upper phase illustrates its suitability to be

recycled for example to the reaction mixture stream in a continuous process.

Further phase separation may allow for the separation of glycerol from the

methanol.
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Tabl e 5 Phase Mass % FAME Mass % d ycerol Mass % Met hanol  Upper 21.4 6.2
72.4 Lower 82.2 0.0 16.7 The high level of nmethanol in the upper phase

il lustratas idbsoduist ability to be 20 recycled for exanplPETi@A2006000286Ct | Oon

m xture streamin a continuous process. Further phase separation may allow
for the separatio I orm3d iVOn200eh$ 89429

PCT/ CA2006/ 000286nra’%jfb%g}/l%%’l&i%Ia&wgy%ds}%}ép%r%ﬂfof .experinents tperfor med
in a nenbr anerdagaeki 2 95 MLaoBBE. Ariklyceurisiegndmonglyrerideysig aoigien

nonogl yceri de, were not, present ..in . per D dusRder, WdatByssone

di gl yceri de app %\P%H‘?atﬁgwg i Igisesggﬁggf%te a&gegg{%‘%ohoj are ala_gyo present in
the perneate progleutbl art hito pieginyinghé prempate produsti the Eglgcandy igHIEfiAle t o react
prior to being cooled to roomtepperat f the pore
size is bePowmdy SORHIEP B’rfg?"??ﬂ?rttﬁ tig Goatdd 8%1&3?{ 1 g%%gertﬁég;ﬁ 306: s. not

requi red. Tablpans. 158y ot cee istelper 0. 2reridrats, fupther reaRtin ChOBFIEHES al I niti al
DG Msin TGin Menbrane injection nolar ratio concentration perneate
permeate por @5F¢¥eAnss of in permeate (m) oil (g) (%mass) | Od 0.05 100
50.3 2 AOd 0.05 150 26.2/ / / 3 Ad 0.05 175 19.4/ / / 4 0.05 100 50.3
0 00 5 0.05TL5Q 626evantBerExderifiealddnsl75 19.4 0 0 0 7 0.2 100 50.3 0 0 O

8 0.2 150 26.2 0.265 0 0 9 0.2 175 19.4 0.458 0 0O

Run Carbon Initial Initial DG MG in TG in
Membrane  injection  molar ratio concentration permeate permeate
pore size mass of in pereate
() oil (g) (Yomass)
1 01d 0.05 100 50.3 / / /
2 01d 0.05 150 26.2 / / /
3 0Old 0.05 175 19.4 / / /
4 0.05 100 50.3 0 0 0
5 0.05 150 26.2 0 0 0
6 0.05 175 19.4 0 0 0
7 0.2 100 50.3 0 0 0
8 0.2 150 26.2 0.265 0 0
9 0.2 175 194 0.458 0 0
10 0.5 100 50.3 0 0 0
11 0.5 150 26.2 0.320 0 0
12 0.5 175 19.4 0.74 0 0
13 1.4 100 50.3 0.157 0 0
14 1.4 150 26.2 0.821 0 0
15 1.4 175 19.4 1.10 0 0
16 01d 0.05 100 50.3 / / /
17 - 005 175 19.4 / /
10 Table 7 illustrates a series of experimental runs monitoring among others,

reaction temperature, reactor pressure and the types of alcohol, oil and catalyst.
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10 concentration decreased. In a continuous process, oil and methanol can be fed to

a

the reactor at a fixed ratio resulting in the continuous production of a concentrated
permeate. The experiments outlined above illustrate that oi! and methanol can
readily co-exist in the reactor at a volume yatio of about 1:2 without plugging the
membrane pores. This allows for the reaction to be carried out in an emulsion

15  where oil and reacted products can be continuously separaied in order to produce a

TG-free FAME.

Tn most commercial processes, as the reaction progresses, the formed

FAME will eventually behave as 2 mutual solvent for the TG and alcohol phases.
Noureddini and Zhu (1997) have discussed the benefits of the formation ofa

20 homogeneous alcohol/TG/FAME phase as FAME is formed in the reaction. As
discussed above, maintaining a two-phase system in the membrane reactor inhibits
the transfer of TG and non-reacting lipids to the product stream. One of the
benefits of producing a TG-free FAME is a simplification of the often onerous
downstream purification of FAME. This, of course, leads to the production of high

25  quality FAME. The membrane reactor allows a phase barrier which timits the
presence of TG and non-teacting lipids in the product. This is highly desirable in
maintaining quality assurance in the production of biodiesel. Maintaining a phase
barrier prohibits the transfer of highly hydrophobic molecules to the product. This
provides a limiting barrier in the production of biodiesel. This parallels the

30  advantages of using distillation in maintaining product quality in the petrolewm

processing industries.
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10 concentration decreased. In a continuous process, oil and nethanol can
be fed to the reactor at a fixed ratio resulting in the continuous
product i oweodeogosoppcent rated perneate. The experi nent s poutdaomhoeseVe
|I:ustrate that oil and nmethanol can readily co-exist in the reactor at a
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One of the benefits of . pr.odugci TG fr i i Ltication o
of ten onerous feﬁ%ﬁ%@?@%‘%éﬁqcp%ﬁﬁ%rncogpgl?—%% ﬁsﬁlsf,gr%%éggéghlgse, I eadsftz)he
}) erpre ?d\l/J\A?\'ti ﬁqf\gis;c{yogl{a?] a@l.gnlﬁiubmyﬁﬁlﬁaf Tetﬁh&ﬂ%hbﬂwd@heeﬁ@b@pinhﬂ ows a phase
[ ichlimts e, presence o an Nekeact | o]l [
product. Thi s hiedistplgpiys Hégi‘fg’éﬁaewiu??’ hﬂ@e Igisﬁ?ehylgﬁgglr{ﬂtg g"ell slgtv(erncg itget he
product i 0n1f00f DiiQstings6kle, iMaiaf eér Grchfop hsesie seriviive bwsiropmets,siitheast he
transfer of highly hydrophobic nol %cul es to the pr egucﬂt This provides a
limting bar rimestiveaieenaimgHerels 45A Ipsth FRHAL P ﬁl $'Parallels the 30
advant ages of using distillation in maintaining product quality in the
petrol eum pr opRedsBE ihveetia luttba en@inpdBe2 o 64 0FIA2PPRTTSEAL6B6/ 000286  Li ke

petrol eum di esel , biodiesel such F r at i .Qn ignition
engi nes such a@vﬂnﬁ%@r%é@qﬁu?%ﬁﬂamﬁve%%ﬁ?%gFogggééhgzizésgormer ci al
\rlrgrlnfgfﬁ . Etsﬁ :é}%gl;e/.: EM% PAQerfidg !ﬁi&ﬁleﬂaﬁblfnp&a@au;mﬂmdemvehrmgrfmd:xamnld thsi odi esel
ad capacity and range. o i esel . ause. hi.odi esel is
oxygenat ed}5 i tappaagiss obdetatentiemior rﬁ’f"%gﬂ oés’éaggrl ﬁ?@?&ﬁv?snsg}t%é%ﬁ%g t he
life of engineg, E)I?‘J‘%eée%e@%@@k%ﬂemﬁ&&%&lﬁﬂ%ﬁh&ﬂénﬁﬂ\ﬁéﬁﬂ&atﬂ@hy countries
10

are introducing Iesel” blends to replace th?aécﬁbri cat,l ng ef f.ect of

sul fur conpounkigui A2/ Byibismathad fay geagpting goiuel or fue rise ind

diesel engine, the method comprises:

tive suitable

in step 200 providing a porous membrane;
20 in step 201 placing a reaction mixtire on a reaction mixture side of the
porous membrane, the reaction mixture comprising an oil-in-alcohol emulsion and
a catalyst for converting oil in said oil-in-alcohol emulsion to products including
caid fuel or fuel additive, said fuel or fuel additive being substantially miscible in
said alcohol, said porous membrane being substantially impermeable to o1l droplets
95  in said emulsion, and substantially permeable to said alcohol and said fuel or fuel
additive; and
in step 202 cauéing at least said fuel or fuel additive to permeate said
porous membrane to form a permeate on a permeate side of said porous membrane
opposite said reaction mixture side.
30 All aspects of the apparatuses of the invention as previously described and
as outline in the claims apply to the methods of the invention as described herein.

In selected embodiments, the permeate may comprise glycerol, and the

method may further comprise the step of!
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(Anastopoul os et al., 2001; Dnytryshyn et al., 2004). The higher flash
point of biodiesel makes it a safer fuel to use, handle and store. Wth
its rel at {welode/bsyeel0 em ssion profile, it is an excel | @0T/GA2006/000286 use i n
sensitive environnments, such as marine areas, national parks and forests,
and heavily polluted cities. The pre LIVERFBR diweioffio #nconpasses t he
use of the appar at9ees BPGW%tet?%a@ée |£(;%1se?or the prgg}’aéucti on of fuel or fuel
addi tives sukdpahtephher Metanolrn the FirdSRtich Bved mey bemeoveRRd 8Kt i on furt her
enconpasses all nethods, i Vi f £ b8 appated uses of the

i nventi on foPVEtPH’@nB‘F%}WJE‘EP%&AEOWQ%U“&%@? tel addi P?@gs sultable for wuse in
a di esel engififhansMRh QAT RIag 4t leartih pefeied embodimensnibe sryeled 1 thest rated in
Figure 12. In this nmethaod for nerat i . f gdititMe suitable
for use if afeaﬁioé@fe@ﬁB’Pgaégfc?rﬁgmﬁ%ﬁ%%%%gg%@%egg@ %ﬁ%g{ggp 200 providing a
porous menbr angi: RBp adng WaR uARdctibleanbaoes indmdtedsiacki xt ure on a reaction

m xture side of the porqus nepbrang, the reacti 1 HAPrising an

oi | -i n-al cohol enﬂpﬁréﬁ%ﬁﬁper%m&&?‘?ﬁW’ ﬁ%’ﬁngans\}%% {’Er?é[tvgtliﬁ) in said

oi I -in-al COh%ircﬁrrfgh%ihg&o{ﬂzi@mwciﬁ theirgueton ehidigy fusladr etdives]. prenfayell  addi ti ve,
said fuel or fuél “additive being subsf ntdi al | %#261 s?é @%?Zif&igl? i al cohol,
sai d porous membyenhendsd by tpkingseYaRier &9 PR PVESBI S 60l roplets 25 in
sai d emulsio addadl deroPrAmEadif: 4 o/chab dr edrestwep isthel sai d fuel or
fuel adoh%ti\%;o%ggo In step 202 causing at |east said fuel or fuel additive
t o perneat e seaiydielggr ous nenbrane to forma perneate on a perneate side of
sai d porous nenbrane opposite said reaction m xture side. 30 Al aspects
of the apparatuses of the invention as previgusly descri bgd and as outline

in the clains appWhitsoihe iyertionthesigeesretcried WHHHRTFGKC LSPEEECr i bed herei n.

I n sel ected enhodi nent | BusBPIh dGRIIE 58 tlgH predicdbn ofdnels t he net hod

may further ceﬁﬁgﬁl%egstaﬁﬁe’gﬁ?‘g’é&?%%‘%4 WO 2006/ 089429 PCT/ CA2006/ 000286

cool i ng t{e pemmtadditites foassm gfiesckengmpaa Rerson A Sl M8 §Ylerol into a

separate phase. M al, in_t I, G mRR8SSrERYo REhin GO eFad by
S T S

evapor ati on &8 to renmove traces. of gl yeer ol . The
the invention, and it is the intention to encompass all such alternatives within the

scope of the appended claims.
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met hanol rich phase may, at least in preferred enbodi nents, be recycled to
the 5 reactor. On recycling, glycerol nmay be retained in the reactor and
pur ged fowo tloeesormact or | oop al ong with unreacti bl e suPSTERNSE/ G038 he
feedst ock. Under certain operating conditions, glycerol has been observed

to forma ”}rfg nQieghly hydrophilic, phase in the reactor and be further
retained. Its ¥ 'Fﬁ)va can be enhanced by taking advantage of the density

Ot ence (o0 b ot bt e 10,0, 5, o, Gl AR5, o1 FAVD
T e e g L el PaSE, 4 R fq BIDE 30 i ox ! o= o
that ‘ot her i m | afbppaPRPiBesCael I a e el BB e e o O °
W Thi 1 The Scope Asmor et adReraepre SRHisrm e hes Bonar et o nattves
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reaction mxture coiftp @ngdeaﬁle@pxan? &7%%36%11 enul sion and a catal yst for
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fuel or fuel adfiZanve; I flekernAs Y- Fgenis Memprme ReaOP e MG HiBst anti al | y

m scible in said al cohol, said porous nmenbrane being substantially
i nper neablie to oi ISuiir%?plle’&Ss in said
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10 emul sion, and substantially perneable at |east to said fuel or fuel
additive, and optionally to said alcohol. 2. The apparatus of claim1,
wherei n s@ighos@bsdlwst is a transesterification catalysecrandesaoesei |
includes triglycerides (TG, such that transesterification of 15 said TG
in said react(i:]g‘gw{gixture generates fatty acid al kyl esters (FAAE) as said
fuel or fuel additive. 3. The apparatus of claim1, wherein said reaction
m xture is under a positive pressure relative to said perneate, thereby to
facilitate pakssageAsapmrdtuefor producel aXleladdud iadditivhsuitagle foongsinian sai d
porous nenbrape..4. .The a [I))ar tus of, claim 1, wherein said perneate is
under a negat leeﬁﬁl%&ﬁﬁg’ ?"@&ﬁt"f’g’é’“ﬁ@gsai d reaction mixture, thereby to

facilitate passage, sabsk hibibradb forlsdBira@etod fda¥ont Hi@HE FroR0A B&midate; #ed POT OUS
menbrane. 25. 5. The apparatus of claim1l, wherein said apparatus allows

for batch5 prreguioniniptusé cémpusiftgien oibin-plgehol gemilsion/and scatatyss fappar at us of
laim1, wh i .ai d. t | f 1 - i i
b oduct | on orocearite AR B8 PlR-ofieh s B e SATiAcRON sl ofRE' MO

wherein sai d g#agdel on m xture is supplied to a reaction mxture side of
said porous nenbrane via a reaction m xture stream _ 40 SUBSTI TUTE SHEET

(RULE 26) WD.2006/Weagipsaidyeiostodaddiive gosubgantiphly raispibledn saidgfcodphi m 6,

wherein said i . Si - satd porous
ronbrane by d Gob o mbEpHE HRg e Al B BRLIRRI SR IR RBIE, POLT

oi | and alpcohghulsios, sepabsthetially porsenbid dteehst o saidi fdelrededliadditive xdndr e stream
10. The apparatus of cl aj rP , ;wWherein said oil and al cohol are pre-m xed
prior to ent9BHiom btosgé}‘i)ai; tion mxture stream 10 11. The apparatus of
claim6, further conprising a reaction mxture punp to . punp said reaction
m xture streamto said reaction mxture side of said porous nenbrane.

2. The apparatus of claim 1, wherein said catalyst is a transesterification

catalyst, and said oil includes triglycerides (TG), such that transesterification of
15 said TG in said reaction mixture generates fatty acid alkyl esters (FAAE) as said
fuel or fuel additive.

3. The apparatus of claim 1, wherein said reaction mixture is under a positive
pressure relative to said permeate, thereby to facilitate passage said fuel or fuel

20  additive through pores in said porous membrane.

4, The apparatus of claim 1, wherein said permeate is under a negative
pressure relative to said reaction mixture, thereby to facilitate passage said fuel or
fuel additive through pores in said porous membrane.

25.
5. The apparatus of claim 1, wherein said apparatus allows for batch

production of said fuel or fuel additive.

6. The apparatus of claim 1, wherein said apparatus allows for semi-continous

30 or continuous production of said fuel or fuel additive.

7. The apparatus of claim 6,. wherein said reaction mixture is supplied to a

reaction mixture side of said porous membrane via a reaction mixture stream.

40
SUBSTITUTE SHEET (RULE 26)



12. The apparatus of claim1l, wherein said punp causes turbulence in said
15 reaction mxture stream thereby generating shearing forces to assist in
oi | dropl @ig 200¢/68k20up and generation of said oil-in-al cebhwlcamswizss. 13.

The apparatus of claim®6, further conprising a perneate punp to punp said

perneate away g,or fmd%@ﬁraafsweﬁﬁhrﬁgwhaﬁnﬂwd pameaippadatvasiwal fidraem 6,
wherei n al cohol in saij erneate is recycled back to said reaction m xture
stream 15. Tk@@ﬁ@i&ﬁ@@%sﬂﬁpéﬂoﬁﬁmeﬁlbf%%’éweﬁl?\ef%’ﬁﬁtﬁSE%I yst is recyecled
back to said 25 reaction mxture stream 16. The, apparatus of claim1,
wherein said catalyst is mscible wwth said alcohol. 30 17. The appar at us

of claim 16, wher ei The@paratatodlclasih 6, s/harefotdidioit atdblyshiol asrsepamteyyre
catalyst, an acid catalyst or an alkali catalyst. 41 SUBSTI TUTE SHEET
(RULE 26) VD 2Bliehe o teestonAse? 0W9B6  18. The apparatus of claim 17,
wherein the alkali catalyst is selected fromthe group consisting of

sodi um hydr oxi de, sodi um net hoxi de and pot assi um hydroxide. 5 19. The
appar at us of cl@i m The appheitsiaf cldia 6 oihdretmsad y8 end sleglsll et pe-rhikedrptibe
group consi sting of ,sul %Quri aci, d t%jpglr ochloric acid and sul fonic acid.
20. The appar aPFebgantgs on FHERES 3P base catal yst has a
concentration of between about 0.1 to about 6 wt % 10 21. The apparatus
of claim 20, wherein the acid catal yst has a concentration between about
0.5 and abidut &l.wt The @mamf@m%ﬁmﬂl%fsompamm 3 reaghiet Biixiure g ohol s

T butanol | 23, PR R pAre TR R R S BRhOR ARl e BR O o

nore oil from mehpishef eedst ock sel ected fromthe group consisting of.
virgin vegetable oils,
12,  The apparatus of claim 11, wherein said pump causes turbulence in said
15  reaction mixture stream, thereby generating shearing forces fo assist in oil droplet

break-up and generation of said oil-in-alcohol emulsion.

13, The apparatus of claim 6, further comprising a permeate pump to pump
said permeate away for further processing.
20
14.  The apparatus of claim 6, wherein alcohol in said perineate is recycled back

to said reaction mixture stream.

15,  The apparatus of claim 6, wherein said catalyst is recycled back to said
25  reaction mixture stream.
16.  The apparatus of claim 1, wherein said catalyst is miscible with said

alcohol.

30 -17.  The apparatus of claim 16, wherein said catalyst is a solid catalyst, an
- enzyme catalyst, an acid caialyst or an alkali catalyst.

s 41
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vegetable oils, animals fats, palmoil, non-edible oils and waste flying
oils. 20 24. The apparatus of claim6, further conprising a reaction

m xture <{v@aeeéedokoe regul ator for regul ating a tenper argraaabocnadxds
reaction m xture. 25. The apparatus of claim 24, wherein the tenperature of

the reaction yg§ Xt UM applrahfs oftlal®aF! wh&Ein 86 alkdi CataRPEE 8é1bctePfrofml tBE M 25,
wherein the tenperature of the reaction mxture is at |east 60C. 30 27.

The appar at usgregp ednsisiing of sodisn dydroxide, soditme methoxidesmdpatassiamct i on mi xture
is less than,l OC"d42 SUBSTI TUTE SHEET (RULE 26) WD 2006/ 089429

PCT/ CA2006/ OC}B’ ©8. The apparatus of claim6, wherein the oil is heated
either before or after entry into the reaction mxture to inprove
flowability thereof, and optionall § reduce heat-exchanger requirenents in

a reactor 5 ook®- 5 Pl apppatugisleim |9, whereinghapad cpiglyshisse éﬁﬁ%ﬁ'ﬁ@q% nmeans to
bstantially_j . sai L ts of
St por ot L20Gbatsfng 8 Supilc B, bySodROL bl nd SO MEE, BOTROTET S, Oes

gl ycerol, the apparatus further conprising washing neans to wash the

perneate thereby to 10 facilitate phase separation of the glycerol .into a
gl ycerol phas®-31. Thappragsisfctigndy, ¥ %ﬁemtﬁ?%méiaalw Her poFETatignohe

porous nenbr afewbavéod: 0.5 iFSodtk i@ | M to 3m 1 15 32. The apparatus of
claim1l1, wherelin the porous mengrane is selected froma nenbrane

conprising sintered carbon, carbon graphite, ceramc, titanium oxide,
alum nium TeflonTM and stainless steel., 33. .The ratus of claim1,
Sherein a pr ctlur ol BT EIAOnp B Aol CeuBR Bl iiretiEEfr o o de
of the poroushdRedy Heat 0.5 adll abfRAstwitdskPa hi gher than a pressure of the
perneate on a perneate side of the porous nmenbrane. 34. The apparat us of

claim 33, wherein a pressure of the reaction m xture on a _
22,  The apparatas of claim 1, wherein the alcohol is selected from the group

15  consisting of: methanol, ethanol, propano}, and 1-butanol.

23, The apparatus of claim 1, wherein the oil comprises one or more oil from
lipid feedstock selected from the group consisting of: virgin vegetable oils, .
| vegetable oils, animals fats, palm oil, non-edible oils and waste frying oils.
20
24.  The apparatus of claim 6, further comprising a reaction mixture

temperature regulator for regulating a temperature of said reaction mixture.

25.  The apparatus of claim 24, wherein the temperature of the reaction mixture
25 isatleast 15°C. |

26.  The apparatus of claim 25, wherein the temperature of the reaction mixture
is at least 60°C.

30 - 27.  The apparatus of claim 26, wherein the temperature of the reaction mixture
is less than 150°C.
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reaction m xture side of the porous nenbrane is |ess than 7,000 kPa hi gher
than a 25 pressure of the perneate on a perneate side of the porous

menbr ane. wéooedd94mppar at us of cl aim 33, wherein a pressur&AaiosiohEss eact i on
m xture on a reaction mxture side of the porous nenbrane and a pressure
of the perned8e i $he pppagatehefivlaio §)Gthekeda el qjhis hesthd nitlrarbiefont opafessure. 30

36. The apparatus.of clai.m6,. wherein furfher.conprisin r te
separati on ﬁ@é’h@o *{h&reaggglépng?;%omgmagIﬁ@g&)gﬁy H{é{)eo p 4 é%%ﬁﬂq%& fraction,
an al cohol - 1 iedlice héapekdiRfgerabehiRReh@nak¥achrabyser ol -rich fraction. 43
SUBSTI TUTE SHEET (RULE 26) WO 2006/ 089429 PCT/ 006/ 000286 37. The

apparatus of claim 36, wherein the al cohol-rich fraction is recycled to

sai d reacdi oggm X 8., Fhe apparat.us of claim.1 .further

conpri si n§g anrJ'es e?i\;%:égp%% %tgsa‘g?ocrll%% Iﬁ}ﬁtghebrggmgnf]@ﬁﬁbﬁaﬁ? h V@ﬂ%%ﬁlﬁdsogat\%l ume of
one or nore sadfishenfiel addifiveirs adicr 0Mmpbidnts & saidhedmbQgati on remte from
t he porous nenbrane, for exanple in a continuous loop of the apparatus.

39. Use of an apparatus of claim1l, for generating a fuel or fuel additive

10 suitable ru j ' : ' : , . rating a fuel
or fuel addi %I@'Ve gﬁ? t%ﬁ?aggéf @fc'%dlsngﬂ%Hégel%?%spee@ng%%g?lﬂgl,tl&{sﬁg%%gotl’h d
conpri si ng t mepasdteplirther coprprising) waphinganeams o msfoﬁﬁ@ennéﬁemb&@%;mg a reaction
m xture ﬁg a rg%ctign m xt ur e Sfjge of the porous nenbrane, the reaction
m xt ure Ebnpfaclitfg PAgsesEparRtpnAT e gyes »Blvgerel Bhasg at al yst for
converting oil in said oil-in-alcohol emulsion to products including said
fuel or fuel additive, said fuel or fuel additive being substantially
mscible in 8hkid Th¢ appavitus efxiladmph vdwssciniirdraesciniis poyossnnsibrne abva/a
i nperneabl e t.0 o'h droplets in 20 said enul sion, and substantially
per meabl e tos@%f)fj ‘Flﬂellnﬁb'i" | additive, and optionally said al cohol; and
causing at |east said fuel or fuel additive to perneate said porous
menbr ane

15 32.  The apparatus of claim 1, wherein the porous membrane is selected from a

membrane comprising: sintered carbon, carbon graphite, ceramic, titanium oxide,

aluminium, Teflon™, and stainless steel.

33.  The apparatus of claim 1, wherein a pressure of the reaction mixture on a
20  reaction mixture side of the porous membrane is at least 3 kPa higher than a

pressure of the permeate on a permeate side of the porous membrane.

34,  The apparatus of claim 33, wherein a pressure of the reaction mixture on a
reaction mixture side of the porous membrane is less than 7,000 kPa higher than a

25  pressure of the permeate on a permeate side of the porous membrane.

35. ‘ The apparatus of claim 33, wherein a pressure of the reaction mixture on a
reaction mixturé side of the porous membrane and a pressure of the permeate is
less than 70,000 kPa higher than ambient pressure,

30
36.  The apparatus of claim 6, wherein further comptising permeate separation
means, for separating the permeate into a fuel-rich fraction, an alcohol-rich

fraction, and optionally a glycerol-rich fraction.
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to forma perneate on a perneate side of said porous nenbrane opposite said
reaction mxture side. 25 41. The nethod of claim40, wherein said catalyst
i s a tranggepsieecibdoyati on catalyst, and said oil includesrica2ieyoenss des
(TG, such that transesterification of said TGin said reaction mxture
generates fat t3'7 aci Thedppptahesifetsm( 6/ Epreasths alcdholfrici fravtioh defecpdet i ve. 30
42. The net hod claim40, wherein said reaction mxture is under a
positive pres ’éea?téqﬂdpmetsﬁea&%l d permeate, thereby to facilitate passage
of said fuel or fuel additive through pores in said porous nmenbrane. 44
SUBSTI TUTE SHEET (RULE 26) WO 2006/ 089429 PCT/ CA2006/ 000286 43. The met hod
of claim40, whkrei ﬁh%@mrwaf@@mll $urthed eomprisiegatrésesvoirfoesstigingelat i ve
to said re tlon t her facilitate passage, said fuel or fuel
additive t SWPBME&ﬂl%aﬁ \H’?‘ﬂiﬁ? gﬁ@lw,%qrgﬁ@npg gf'c}th%r% HorHRigere | al m
1, wherein salﬁd@éﬁ@dr&ﬁo@%ﬁﬁ%ﬂ&éug%&ﬁmm@w&m Ain0f coaghgonq

fuel additive. 45. The nethod of claim 1, wherein sald nethod 1's adaPpt ed
for sem- cont9fhearpagtusont i nuous production of said fuel or fuel

additive. 10 46. The nethod of claim45, wherein said reaction mxture is
supplied to the reaction mxture side of said porous nenbrane via a
reaction m xt W% stUssdfian apparafRfeRIMN Q0 fR zehidi@inB £uecl ¥BRELAJAIBR d perneate
is drawn g}/&?y frog]jga% 15 perrreate side of said porous nenmbrane by a

per neat e eafitalg 1oryse ina difsel 9Li€l ai m 45, wherein said oil- and al cohol
are separately supplied to said reaction m xture stream 20 49. The net hod
of claim45, wherein said oil and al cohol are pre-m xed prior to entry
into said.reactd.on Mnxetthméfosgemahn@)fuerrdsﬁualﬁdﬁﬁﬂre(sfntﬂdlafdﬁuéém Aliesedi N a

reaction m xtur engint. 1o Jgé{ggdscompnsmg the steps of:

providing a porous membrane;

15 placing a reaction mixture on a reaction mixture side of the porous
membrane, the reaction mixture comprising an oil-in-alcohol emulsion and a
catalyst for converting oil in said oil-in-alcohol emulsion to products including said
fuel or fuel additive, said fuel or fuel additive being substantially miscible in said
alcohol, said porous membrane being su‘g)stantially impermeable to oil droplets in

20  said emulsion, and substantially permeable to said fuel or fuel additive, and
optionally said alcohol; and _

causing at least said fuel or fuel additive to permeate said porous ﬁlembrane

to form a permeate on a permeate side of said porous membrane opposite said

reaction mixture side.

25
41.  The method of claim 40, wherein said catalyst is a transesterification
catalyst, and said oil includes triglycerides (TG), such that transesterification of
said TG in said reaction mixture generates fatty acid alkyl esters (FAAE) as said
fuel or fuel additive.

30

42.  The method of claim 40, wherein said reaction mixture is under a positive
pressure relative to said permeate, thereby to facilitate passage of said fuel or fuel

additive through pores in said porous membrane.

44
SUBSTITUTE SHEET (RULE 26)



reaction mxture streamto said reaction mxture side of said porous
menbrane. 25 51. The nethod of claimb50, wherein said punp causes

t ur bul encgrg Jwogedeshke reacti on m xture stream thereby geRET&A201G/08028Gr i ng
forces to assist in oil droplet break-up and generation of said

oi | -i n- al cohaf3. emTteimeihoBel Gdm 4h evherithsrdd pérmehatel isudder awlegatbien a per neat e

punp punps said perneate a) for further processjng. 45 SUBSTI. TUTE SHEET

( RULE 26) WO PRI ORe R oE Rcon AT B ER et Bao Tag it inastge 51 ?\J%h% 45,

furt her - conpre,l ity Sush APpcbs insEEkbRGnaMaAb.CoNOl [ n said permeate back
S

to said reaction mxture ream 5754, The nethod of claim45, further
conprising the step of: recycling catalyst in said perneate stream back to

sai d reaction, m xtyre tream. 55. .The net.ho f. cl.ai 0 erein said
oot ol ver  be Oy X HeSypttod ST ki Tha 5580 i el B8 oalel it o6 The
met hod of cl Eﬂrﬁaﬁﬁon%ﬁi@ﬁ{émﬁu@&ﬂhﬁ}eyﬂ is an acid catalyst or an alkali

catalyst. 157°57. The nethod of claim56, wherein the alkali catalyst is
selected fromthe group consisting of sodi um hydroxi de, sodi um et hoxi de

and potassiu hydr.oxi de. - 58,4 .Th t Qf aj .m_56 rein the acid
catalyst is rngI ec?fg}?%’flérj[ﬁ?g ?ﬁ%mng "%"S%lﬁ%%@ﬁ%eﬁi%‘idu 1353%?&%\%?5%3% c acid,
hydrochl ori ¢ gt dr seitinBbLprodidion? said ieel we il dddifive:| ai m 56, wherein

t he base catal yst has a concentration of between about 0.1 to about 6 w
% 25 60.10The nethod of claim56, wherein the acid catal yst has a
concentratio bet : . OQ . : of claim
1, wherein thrheé "al cigﬁgﬁetﬁg@gfe?lggfdé% regé%ﬂg %%‘é@%%ﬂ%%‘%%‘%esggﬁﬂr%ag‘f Qlemet hanol ,
et hanol , pr opamdion nanthrd sidd of seitbporous membrane via a reaction mixture stream.

C

47.  The method of claim 45, wherein said i)enneate is drawn away from a

15  permeate side of said porous membrane by a permeate stream.

48.  The method of claim 435, wherein said oil and alcohol are separately

supplied to said reaction mixture stream.

20 49.  Themethod of claim 45, wherein said oil and alcohol are pre-mixed prior

to entry into said reaction mixture stream.

50.  Themethod of claim 45, wherein a reaction mixture pump pumps said

reaction mixture stream to said reaction mixture side of said porous membrane.
25

51. ~ Themethod of claim 50, wherein said purnp causes turbulence in said

reaction mixture stream, thereby generating shearing forces to assist in oil droplet

break-up and generation of said oil-in-alcohol emulsion.

30 52. Themethod of claim 45, wherein a permeate pump pumps said permeate

away for further processing.
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30 62. The nethod of claim11, wherein the oil conprises one or nore oil
froma |ipid feedstock selected fromthe group consisting of: virgin
veget abl ewa tm@s/osouyeget abl e oils, animals fats, pal moil POT6CA20@/19DZ860i | S
and waste frying oils. 46 SUBSTI TUTE SHEET (RULE 26) WD 2006/ 089429

PCT/ CA2006/ 0002836  6fhe ili80dBE H1ich 95, fatiadrodrisihytideep 60npri sing the step
of: regulating a tenperature of the reaction m xture. 64. The, nethod of

cl ai m 63, wherein t hecydingennelgpleolon saifpeimengta hash torFaid rragtionsmixute: | east
15C. 65. The nethod of claim 64, wherein the reaction m'xture tenperature
is at |east 60C %Yo 66. The method of claim65, wherein the reaction
tenperature is less than 150C. 67. The nethod of claim45, further

conprising the step of. heating the oil either, before or after entry into
the reactiof m3& ur elheomethgd jofy 45 ringhensomprigoerls ¥82 o 68, The nethod of

claim40, further COﬂéB%gi?xig{E%%ﬂ/s?ﬁzesgi(%%ennE&?EQéﬁﬁiniléktg%lgir%ﬁan Pﬁgﬁﬂ@g of

one or nore conponent’s react m xture in a reservoir |ocate
renote from t hegtppafmous nmenbrane, for exanple in a continuous | oop of the 20
apparatus. 69. The nethod of claim40, further conprising the step of:
containing or tenporarily holding a volunme of one or nore conponents of

the reaction m g ur erhé‘]ln%ﬂlb%%l\éﬁh o) @ﬁé}éﬁf&afdedﬁ%]gfstﬁglﬁﬁbﬁokbewﬁ@waalcoho

1
menbr ane, for exanple 1n a contihuous | oop of  the apparatus. 70. The
met hod of cl(ai nord® a sblid tdtelysiconpri sing the step of. isolating or
substantially isolating said fuel or fuel additive fromother conponents
of said perneate. 30 71. The nethod of claim40, wherein the perneate

conprises glyces®l, Th&method of claim 40, wherein said catalyst is an acid catalyst or an

alkali catalyst.

15 57. Themethod of claim 56, wherein the alkali catalyst is selected from the
group consisting of sodium hydroxide, sodium methoxide and potassium

hydroxide.

58.  The method of claim 56, wherein the acid catalyst is selected from the

20  group consisting of sulphuric acid, hydrochloric acid and sulfonic acid.

59.  The method of claim 56, wherein the base catalyst has a concentration of

between about 0.1 to about 6 wt %.

25 60. The method of claim 56, wherein the acid catalyst has a concentration
between about 0.5 and about 6 wt %. '

61.  The method of claim 1, wherein the alcohol is selected from the group
congisting of: methanol, ethanol, propanol, and 1-butanol.

30
62.  The method of claim 1, wherein the oil comprises one or more oil from a
lipid feedstock selected from the group consisting of: virgin vegetable oils,

vegetable oils, animals fats, palm oil, non-edible oils and waste frying oils.
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met hod further conprising the step of: cooling the perneate to facilitate
phase separation of the glycerol into a glycerol phase: 47 SUBSTI TUTE
SHEET ( RUlyio 2069/089202006/ 089429 PCT/ CA2006/ 000286 72. TReTra2iwdoes cl ai m
40, wherein the pores in the porous nmenbrane have a size of fromlm to
3m 73. The A&t hodbemethadl afickim AfhEniencarerishor hestepexfbr ane is sel ect ed
froma 5 nenbrane conprising: sintered carbon, carbon graphite, ceranic,
titani um oxi de, gﬁggfﬁ%ﬁg& mgg]aiiuf)% © IR BiHWEss steel . 74. The met hod

of claim 40, wherein a pressure of the reaction mxture on a reaction

m xture side of the porous nenbrane is at |east 7 kPa higher than a 10
pressure of Phe péhemsthodnd cleiméBnwhereinsthe tenaferatine qfohoreacticanbixeneis 75. The
met hod ofg cl 'Igasszsoéymerei n a pressure of the reaction mxture on a
reaction m xture sidé of the porous nenbrane is |ess than 7,000 kPa higher
than a pressure of the perneate on a perneate side of the porous nenbrane.
15 76. The hod_of claim 75, wherein a pressure of the reaction mxture
on a reacti®h m Xeemethodaf chimthewherimube mastommixtaredeapgrssisae of t he
perneate is (chagpethan 70,000 kPa higher than anbient pressure. 20 77. The
met hod of claim45, further conprising: separating the perneate into a
fuel-rich fraction, an alcohol-rich fraction, and optionally a

glycerol:rich fr ion. 78. The_nethod of claim77, wherein the
al cohol -]rqchgq'r agﬁ%wefh@drogegﬁenéé» W%ererglafhgrqa@hm tegerate iy lessthaeam 25 79.
Any inventi opsgescri bed herein. 48 SUBSTI TUTE SHEET (RULE 26)

67.  The method of claim 45, further comprising the step of:
heating the oil either before or after entry into the reaction mixture to
15 improve flowability thereof,

68.  The method of claim 40, further comprising a step of: tempbrarily holding a
volume of one or more components of the reaction mixture in a reservoir located

remote from the porous membrane, for example in a continuous loop of the

20  apparatus.

69.  The method of claim 40, further comprising the step of:
containing or temporarily holding a volume of one or more coﬁzponents of
the reaction mixture in a reservoir located remote from the porous membrane, for

25  example in a continuous loop of the apparatus.

70.  The method of claim 40, further comprising the step of:
isolating or substantially isolating said fuel or fuel additive from other
components of said permeate.
30
71. Themethod of claim 40, wherein the permeate comprises glycerol, the

method further comprising the step of:

cooling the permeate to facilitate phase separation of the glycerol into a

. glycerol phase.
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72.  The method of claim 40, wherein the pores in the porous membrane have a

size of from Inm to 3pm.

73.  The method of claim 40, wherein the porous membrane is selected from a
membrane comprising: sintered carbon, carbon graphite, ceramic, titanium oxide,

aluminium, Teflon™, and stainless steel.
74.  The method of claim 40, wherein a pressure of the reaction mixture on a
reaction mixture side of the porous membrane is at least 7 kPa higher than a

pressure of the permeate on a permeate side of the porous membrane,

75.  The method of claim 74, wherein a pressure of the reaction mixture on a

' reaction mixture side of the porous membrane is less than 7,000 kPa higher than a

pressure of the permeate on a permeate side of the porous membrane.
76.  The method of claim 7 5, wherein a pressure of the reaction mixture on a
reaction mixture side of the porous membrane and a pressure of the permeate is

less than 70,000 kPa higher than ambient pressure.

77.  The method of claim 45, farther comprising: separating the permeate into a

fuel-rich fraction, an alcohol-rich fraction, and optionally a glycerol-rich fraction.

78.  The method of claim 77, wherein the alcohol-rich fraction is recycled to

said reaction mixture stream.

79.  Anyinvention describ ed herein.
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