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SUMMARY OF | NVENTI ON

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
rencwable source, be more amenable to biodegradation, and may allow for
combustion with lower quantities of pollutants. However, the costs of producing
biodiesel 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.
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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.
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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, suitable for use in powering or assisting in

powering or providing internal combustion to a diesel engine.
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and frame module with an input reaction mixture stream and output permeate
25  stream. In preferred embodiments, a porous membrane may comprise one or more
of sintered carbon, carbon graphite, ceramic‘, titanium 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 selected 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 a batch process. In most preferred embodiments, a module may take the



of sintered carbon, carbon graphite, ceramc, titanium
oxide, alumnium Teflon(tm, and stainless steel.

wObealoge429 ef ers to any conponent of an appar at BGT/0A2G06/600286
i nvention that includes a porous nenbrane, and

fgnf{)gn Bfa %fbs ﬁﬁﬁ&%ﬁl&dﬁcﬁl%ﬂepﬁﬁ ﬂﬁ&(ct,dﬂﬁﬁur@éaugﬁ R4t G krdaction
ereo ad] ac e

ent por ous menb rane, such t hat
permixatre s:treamrfané elpexeaty streane far gpe lpla@qntwguqmp@agh t he

r@ gc gefgp Xo aﬁér uTcg%f fnﬁ&‘ yi ﬁlggfgerfcfg a‘?@%ﬁf@uﬁabl@fom&l'ih Gn

or r Iving ar eact1 on
mi xdppmmsbfmamesam thvedt®o. anprgfsttrp@ltmqumeelft@ il gapy[Fapiisey

t
be bt ot AbFSHBoid RebfEfaG TR MRS LA IRINS M
Pr efopsiEam cEringh veatble oﬂs weghtdb@ aiByaniradlefashedlor ail, ofn-a

subst an aII alellndrlcal menber in fluid
conFfille el gyt ™mE 98act i on ni xture stream and a

per R@adtiéh ﬁtxmﬁarfbifeﬁsrto u@aniMraoWMysnMuSacmnmstme for the
refers to any, source of [ i

r.trigl eri.de .
ot e S el e puditis St fon s KGRI GReins o
100" ER&R Yo AUBE 6B refeft t§ Eﬁ%f $sttiofl of Blxogdesiatperoud inleniBane, or
conprise one or nore oil fromlipid feedst OCkT%i el ected

f r o¥RSteREn AFHRITPYH rflqrﬁkgarﬁ:l, %tpm%lgﬁlf*g Iagechﬁﬁn RIuTg gpression

vegehaph @mseﬂu{ess,lde\&@ #RtcAhE tritQidbSio RARnIRAkSa fidd 6a foadud
oil, nonedible oils and waste frying oils. Reaction

m xlngmbranfp tpidneludes agpaption wixiyre syh ag Fyr g{(&};‘gﬁle Yhhptch processes.
r eaﬁtaﬂg%ﬁ Sn.SH é)@»l?és§01f1 RhctidignidRRes @t 1h(9{1‘de‘§ pdsitRIn a@facéht or

tlve ultable for use in a |ese engi ne.
IRe aupsiroam of xparpes wérdlaane ip R apastioromixfiye Fesam thﬁﬁn%weéh e

SI de g On%lgﬁ;eo&%og?g%&gq ed’ upstream of a porous

rane a reaction mxture. The
ex pResmou;rnref@atotanm meanstp gpwaig] addolds voheredione of HeEnded

;o r gog%gc@oon nts of a Eegét%‘fai n%f(tl\jl% R FQa%’f‘pl%Woﬂﬁ\?m{lgﬂBp bf‘ﬁl udes
pr oggBses.of tha: iachaiion. Buch ln@emqg nmasg $a,kg puy ecandigingphon or form.
ure, si es._an 03|
St e R e
str Bﬁmnttmtplpe@ ok taﬁles(perhaman the@ndenbideueral tbmusmiﬂpms)a nts
t her eof ervoir:; fers t ans to contain, or
ol Beaisst B BPEe Srithpe teaete

corrponent s of a reaction
M X {uhees présatire pasipph & dtxﬁo@hézren Hithtenlsis lopaptoafmasphere
then a condenser may be fitted over the outlet to prevent vaporized alcohol from

25  escaping.



apparatus of the invention. Such a reservoir may take
any configuration or form In preferred enbodinents a

WO e®e/8l2yY nay conprise a pipe or tank havi ng BCT/@Ag®6/000286
| umen than pipes or tanks (perhaps in the order of

SeVBEBAIL D BIRCRIPTIOROF SHEMOSTERR DD ENTBOPAMENTS . A

tank nmay be cl osed (under pressure) or open to
at nosphere. If the tank is open to atnosphere then a

condens : ' :
vapori z quu a ?:{glgﬁlﬁ%ﬁrt grﬁng%tg)é gﬁpgleﬁg%b%'lléﬁvﬁgﬁh%ég%%@% ON

OF knprleppariRRED 1ENBOBI\ENTSionHednighessp divi troduigtien of

VNt L ver Lagen : S od,

AneT At VEDTH koo SR AT ECRLR 9Pl gy v
t o afracients dudpriodwrin vhishdulinestekeférr emboflimeptsdingirer exilude

e ' 0ds .4 Ve Lnous flo
T IR g R R R R
entspetiifienfgenice ta faty adihalkyldster @dyAA)iand) favfy asid nesthyé ester
terials. t hough.the in t.i w |l be descrjbed
i (EPAEL Brotd e A b b ) e eGP ot e
10( FA#Entiamtlaf Bt 4ppliatiodinpetitaple selstretes {ridAdT angy to detdévieon,

it.wll be reciated that the apparatuses and
neﬁ%%%?d&?mﬁﬁgmfnvention may be applied to any

suitabl e substrates and reactants to achi eve bi odi ese
pr oduct ilroprefeimad pmbddimegs] ae il detidstedkt, Basedon eitHer plant-derived

f eedst ock ed on eithe lant.-derived oil r

AP Flpa B3 SR . B 2 PRt F ok hmpmine

oneesmialéogefheawite abilaste] srelaciaiyst ©Gehdigt a wéabtoramixture. The
st to.generate a [

al c |, and a cat al . ction m xture.
15 PR bR ¢ S R et ey Rl e

r eq;@eltsbm o\ﬂkﬂehaﬁag@t talpfodned faﬁﬁg%&lﬁlkjélfelet‘éﬁms?i@di@iel)talih& glycerol.

cat st.t produce tty Cl a esters

( bi bindisps! pasge %F%ﬁ s mempanepopa e pthetadeef thehr ough

t hendiirea MptipRIIR Saltdhot Ay ALEImE416lthe Hentthfhe MBIHE BRRE

Opti onal |y, may al so perneate the nmenbrane.

| cohol
Si ey be AN ‘f%?iﬁﬁ:sg@?sgibksifl alsphoky at {pastivadsr thegeacHon Fengfisms

208t inBERY, daNRBhedtiBR of BRAE afDaI6HRM kY BOSpbBPE8Ime
co- perneation of FAAE and al cohol may be expected in

sorfEbedipsaisndhe Blemirige prabara piscdie rlew tediagdioselpredyct,
al |.@néingd MeQiisES &l gIPERE Y& bass through, but prevent the oil feedstock,
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.
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20 titanium silicates, anion exchange resins and guanadines heterogemzed on organic

polymers.

Basic catalysts are the most commonly 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 to remove excess FFAs

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

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
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As illustrated previously in reaction scheme 1, the reaction consists of
transforming TG into FAAE, such as fatty acid methyl esters (FAME), 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
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alcohol side of the membrane, 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
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which may be circulated or mixed to help create a homogeneous mixture. The
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contents of

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.
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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,

etc.

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
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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 Based 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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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 illustrates another exemplary apparatus of the invention shown
generally 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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are used to feed al cohol, (together with. a SU|t§Bg
pm in
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al cohol an individual basis. For exanp
souside 19fhmilmffesfeveay forpsancamuleen §f osldi,rmietﬁ%% &ql%ﬂhola%5

roon L RIPEL 8 H{o‘f)letsaa[ﬂ(gtog &tge to pass through pores 91. Also present on the

reaction mixture side of the porous membrane are catalyst molecules 93. At the

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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heating of the TG source may inprove its flowability
for the continuous process. Additionally, the TG
waoweosdamy be filtered as desired. Figure 3 PCT/CA2006/000286

illustrates another exenplary apparatus of the
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out put 32. As previously discussed, the heatexchanger
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and opt i gnaddrYo ﬁ&pb’dﬁ@(ﬁbr&\zidcﬁoracdﬁﬁ ah@&mako “thekdselt’ hempetitive

i nput oil stream 42 as wn.in Figure 3. 1n an o
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25  the oil.

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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m xture in the continuous | oop (not shown) prior to
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such, the glycerol-rlch and FAME—nch 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. If 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 to

remove FFA may be required if the formation of soap in the reaction mixture can
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carried out efficiently using suitable separation
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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
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soap aggregates in the perneate nmay be substantially
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w@edogak4goap i n the perneate but the fornmati onPOf/CARE®G/000286

aggregates is mninzed. A though aggregate formation
May vastiod” A lﬂgﬁe@ﬁ o644 AR HIXIHhGeass WabtidOgtQd@fifther
preferably pass through the porous nenbrane so
th hélptt ioeirls(e pjarequﬂlblnumbf thp @ramspa@ﬁ%@ TSRAISB teashT O

| -9 yger ﬁH@%Fﬂl‘é% MG BAy further
van’H’ %‘%‘f eas%ﬁ&/%g lli)égvrl@ at | é}g’lay si np As far as
POBBo fat emghememion tavspesatwecuitiont msquzlag th|e éa@pmwaﬁ §f the

and ul.tra- i on
an aea{:“(alsmmi}g? agioy ous re%suxie%ﬁ?eggﬁlaﬁggrﬁgsﬁtﬁ%g&b% elﬁge[?lllglg%etelﬁe\l/ye
f ome ﬁsddtdepdnﬂglgmtthq]hrctmasmrait sEsngtlBeﬁﬂAemIO‘@F membgaee. SThicker

th e sore be r
al t\"ﬁgﬁé @@?Vnm & BFsireE 1%mats{7§(r)d f;ilo&laé\;:égy'l“g%%ﬁe sure of
parid htk@tcas bemyhiglasabbinr70 00 kildpesoatsfbr sprafic pplingioas

T I AR o G e e eSS

10825hd ¥aGQTHGY 18 dedolpled) G omaRCH dneMeiibxdne Ipmssum limktativgy of the
contain fine partlculates (less than 5 m crons) and
colmetanef r om soaps and gl ycerol. These nay act as
nucl eating sites for soaps which pronote the fornmation
of stable emul sions and inhibit dephasing. This is a
known problemin conventional batch reactors since the
FAME may not be easily separated fromthe reaction
m xture. In the case of a preferred apparatus of the
i nvention that involves a continuous process, the
sub-m cron particles be retained in the reaction
m xture | oop, and therefore nmay not act as nucl eati ng
sites in the perneate stream As such, the
gl ycerol -rich and FAME-rich phases in the perneate
stream may nore easily be separated. It follows that
in selected enbodi nents the oil feedstock may require
mnimal pre-treatnment. If required, the oil feedstock
may optionally be subjected to very coarse filtering
and water renoval, if required. In apparatuses and
nmet hods enpl oying acid catal ysts, pre-treatnment of the
oil feedstock to renbve FFA nay be unnecessary since
the acid catal yst may
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esterify (as opposed to transesterify) FFA to FAME,
and the remaining TG may be transesterifed. Exenplary
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R C RN SRR
60 Dfzt@Bdwak %Hetpat%g iP5 mi%ﬁxss 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, U.S.A.) was used to feed methanol to the system while
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reacti on proceeds with high yields with a high purity
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was again allowed to settle for 24 h, after which the sample was placed ina 30 mL

N

vial until analysis. High performance liquid chromatography (HPLC) analysis
showed the purification method to be effective and no residual acid was found in
the sample. The oil left in the membrane reactor was then placed in a container and

25  analyzed.

Experimental Miscibility of Oil/Methanol Mixtures

The volumetric ratio of canola oil to methanol was calculated according to:

Height of oil phase in vial

2
Total height of mixture in vial @

Volumetric ratio of canola to mixture =
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Jersey, U S A ). Experinental Design Relative
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constructed. A carbon nmenmbrane (Koch Membrane Systens,
Inc., WImngton, DE, U S A ) was used in the reactor.
The pore size of the nmenbrane was 0.05 nm The inside
andEquetisientel Misaivditeof HMEMethraohYitiaesier e 6 nm and 8

mm - The L engt i 9foL ALRORIR TREANG, LUBS RS bR BRMIT e
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igg(\?l\ff f IFDg%Cl ﬁ‘é&md olﬁﬁﬁgg/ %;‘cﬁgt g?%g‘\?E 1d1t1%Pally

PA, midciBleAn Inetasioll T8 irtventhe @t seed iz ﬁAME)artdhEethqwt were

whi | eseal - | ess ngrif canned . not
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Po ! ?xﬁ&tw@ XehhangeiticAtNa statiodssd ﬁrHﬁ&ﬁny&,arrieﬂ@ut above 60 °C.
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15 onbeTmaTE e oS o fEses eeP G bRl vagous

6 Q0 ConcEdGodtt FAQD G361 FAMID Bhdtheth@itbira Adsciigpartaiki ve
reactor for 6 h. 0.5, 2, 4 and 6 w _% concentratiopns .
of truipbihice B TicERPRPYBEMREARISAYEEE FYEPEHD Si%at&ﬁ’(%f"ﬂ
can g}og][ don’f‘ﬁl% el gk Borftdifing PAREES lyBerdbdnd the catalyst
contr at 138 |1 cPa between t% per.meation side ahnl
r eads rentagts des rofoveddronhp reaier. the %W@ﬁ‘é‘flloé thgfreacHgn wi
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2 oA Uk e Lin SEE OB B <BoRERAE Mgk ana?‘ﬁses
were carried out in randomorder tQ m{w m ze :
pot ent i ajrragggpf@pﬁ@pélﬁp aecugsat ghesurface of canola oil roplets guspended n

methanol. After the reaction, the FAME can form a layer near the canola oil

U’l

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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Met hanol and acid catal yst were pre-m xed and charged
into the reactor systemprior to each reaction. Canol a
woRlocmes2char ged i nto the nenbrane reactor, thRCT/CA2006/000286
msnbrane reactor was seal ed, the circulation punp was
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vial until analysis. H gh performance |iquid

chromat ogr aphy (HPLC) aI ysis showed the purification
met hod to be gifeeiiVe i no residual aci d3pas found
in the sanple. The ¥,}..4eft in the nenbrane reactor
was t hen placed in a container and anal yzed.

Experi nent al ibility of Ql/Methanol M.xt.ures The

0yol unet ¥rge %féi ‘%@ QEBISA O FSIod Helpriain 1 leﬁiéll ks S
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phase in Vol umetric ratlo of nolghor\ﬁrl]éém
vi Ah of roagfionof gPnyREsiQRRe 8?/"% PERRETYGH- e
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|nthegrah|IIu ated in Figure 6. It is clear from
t héhat YU Pis! pt‘ﬂ'é(tFAtS]\gﬁ'b"é‘F BEOSP@dﬁgglwo%va‘afyslP?‘a%{' ef f ect
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1sFrom al | indications, it appears that nmethanol is
slight] . n0). .SlFor all practical

PUFD ffat the two phases
are | mmsm bhtvn ﬁm&ﬁﬁdlﬂ&m ﬁr&i liﬁ’@l fe bn]ly)shgi’ftly miscible in the

Zgg{?awmgt@%ga%lge {'}Aa )g({)‘%i E‘ﬁ? &1 r&fﬁ %er a ﬁ}z] S{SW Ved n 916 canoFI‘a 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
(Commercial Alcohols Inc., Brampton, ON, Canada) and the canola oil by (No
Name®, Toronto, ON, Canada, purchased at a local foodstore). FAME or
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graph illustrated in Figure 7. In this case,
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fromthe reaction zone. The molecule of canola oil is
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they are larger than the pore size of the carbon
merimegdureResul t s showed that during the reaction,
canol aoil did not appear in the perneate side. HPLC

aonas  usedxhQmdnevsetaFiod aki a0) 69hndCOMI0H RGO infl. BehBrane
the perneate and retentate. A Waters Corp. HPLC system

nadeassadonied. dhaly 4 and hut% sarcsnirations Hep it i gagplyst were

r etl%@éa@eds(gefe%% 2 Ub RGBS E%Ia?@p%gre 28BN BRAPYE Pressure was
colums of 3mm particles with a | OOA pore size. A
controlled at 138 kPa between the permeation side and reaction side of the
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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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calibration curve was first generated from5
standards, as shown in Figure 8. A typical HPLC

wa@ boootstdegr am of the retentate is illustrated POT/EAYI6000286
9. It is observed fromthe figure that the retentate
IS conposeq AarmoST CORIETeTy ot TG T7e canol a

oil). The cgnversion off TG to FAME vvas directly
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TG equi val e3ts) in the reactor. is the mass of TG | eft
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99% was obtai ned after, 6 h of operati on. Fi gure 10
shows a typical chromdtogram of the ‘perneate. is
observed tWat very high purity FAME gtas produced by
t he exenpl aly net hod. 4Experi nental 2
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m scible in_.the ten‘per6ature range 25: 70Q0C. The

met hanol i i i il from
1.1 vol.%to a maxi mumof 7.4 vol.%at 70 0OC. At |ow
concentrations (<30 vol.% FAME was al nost conpletely
m scible in nmethanol at 70 0OC. These miscibility
characteristics indicate that the use of a two-phase
menbrane reactor for the production of biodiesel
(FAI\/E) from canol a 0|I |s feasible. Exanple 2 :

graplax JorfResaed X PO egeedilre Cpt i m zati on
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g %%g " re)q{gtlillpe&%@etﬁg X 76 %DAq?wrmocoupﬁe 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 controlled 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 mL/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



Exenpl ary apparatus design and experinental design A
300 mL nenbrane reactor systemwas constructed and is

wa@ bavoseehematically in Figure 1. A carbon nenbCEOA2006/000286
(Koch Menmbrane Systens, Inc., Wlnington, DE US A)
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reactor for 6 h. 0.5, 2, 4 and 6 wt % concentrati ons of
10s ulHigli Pefamantedaduad @htommﬁmmnhn@t@gaa&hdﬁ (see Table

1). 100 g of canola oil were used in each run.

s RO AT R e oy
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resppg?ré%a? tgl?[atlc gg alns, %Va%ergl\/ﬁl%n?lnﬁﬂ QTMEWJI% gy%g was

i Cate Tuns al so were per
( S Gﬁllﬁﬁbﬂoﬁarih)ysmAdﬁe tolomad used pereitwe A0 Aieme Rienchst cawnns

13 et etn eheloradd S i B AR Tl B PP

C orué)hﬁéctmslq JeipeTiad totdleGatselweas teh@bythﬁhtanaTHEhat# flo®Ghte of
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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 filtered through a 0.5 pm polytetrafluoroethylene (PTFE) syringe filter.

The HPLC analysis was conducted according to the method shown by
Dubé et al. (2004) and Darnoko et 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 are shown in Table 2. Figure 8 shows a typical chromatogram of a
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 pL).
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60 2 36523702260426542704260614656
4 70 6 4 Exenpl ary Menbrane reactor experinents
w@e@woosksee The net hanol
pre-m xed and charged into the nenbrane reaction
systemprior to each reaction. 100 g of canola oil was
charged into the nenbrane reactor, the nenbrane
reactor was seal ed and the circul ation punp was
started. After a 10 min circulation tine, nethanol and
acid catalyst were charged continuously into the
menbrane reactor with the feed punp at a flowate of
6.1 nL/mn. The heat exchanger was switched on to

achi eve the reacti t erature (60, 65 and 70 0C). A
théﬁahlﬁ@ogﬁt?gl%’énﬁé)fgangaggﬁmni tor the reaction

tenperatrare. A Sstable action te ture (+/- .0 1
00) wedali eved wit nPeROBTRe P ctstite St Ao,
65 OCﬁr&ieirffgr@ n for 7Q HC of starting the heat
exchanger. Préssure was controlled at 138 kPa. The

per meabigleRy @dB)ct was sldsect ed in a R0 nL fl ask.
AUexperinents were conducted for 6 h. Additional
exper i Merolimd€) cond?dt!led to observklqhe effect of

met hangl [ aci d, cat st,fged flowate t he conversion
f or bgﬁﬁtﬁglcql‘?ffe @ﬁgh aszegcégt al yzed traln'ggst erif cations.
Lr_};es_e et es were Boxpsnl/min, 3.21p8/mn and 6.1

o :

entire experiment time was mxed with an equival ent
vol ume  afye HEVEIa . ASEFRGH 5 MEth STAMIBHasHd@Adhd Anstint affvil

remaining in the reactor, was taken to represent the actual conversion. The oil to

FAME conversion at time ¢ was calculated from

X = M oil(1=0) M oil (t=t) (3)
Moil(t:O)
10 where X was the fractional conversion, My=g) 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
15  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 because
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
20  for the determination of compounds in both the permeate and retentate. A typical
HPIC 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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wat er) and shaken by hand for about 5 mn. This step
served to stop any further reaction in the sanples by
w@e@ansdry a phase separation of the glycerol PEOEEA2006/000286
contai ning nost of the catalyst fromthe FAME phase.
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HPLC punp, a controller a differential refractoneter
o ik fifect of "ﬂLr'O anal yze the contents of
t he perneate and retentate streans. Waters M| enni um
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m_/ thirde ffer® ré}z@noﬁnelmpm@ms@m andyHICEs wergelegiedy s 11
Cerid Gk tﬁ!a{%t SPbtoion was
7y et e PRGSO E R e R B0
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pol ytetraf] uoro | ene FE) syringe filter. The
HPL@”E F?‘?F’é’eﬁ&e ol 18%8{58% according to the method
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A cakmhmmmumEﬂEMKﬁéhmbgjgﬁﬂﬂﬁﬂiﬂﬁ from5 standards:
triolein (TG, diolein (DG, nonoolein (M3, nethyl
oleate ( %ﬁg“@al¥sg L% @ﬁt&ltlon Theroud RGiHehdBRS@SioMBT Enola oil
e

pl otted agai ns peak area. Each
20 toFAME., Itis evident from Figure 11 that an 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 temperatures, but the
conversions of 2, 4 and 6 wt.% were not very different (< 10 % conversion). Thus,
75 concentrations of acid beyond 2 wt. % are less necessary at 70 °C. In addition, the

reaction was more sensitive to temperature at high acid concentration.

Experimental 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 wt. % acid concentrations (see Table
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standard was injected 3 tines at 5 different
concentrations. The calibration curves of the standard
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15

20

25

was und th §§UA) conversmn Was o%sgrved 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
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).

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
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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during the reaction, canola oil did not appear in the

perneate side. HPLC was used for the determ nation of
w@ormposmds in both the perneate and retentat e. PEI/CA2006/000286

typi cal HPLC chronmatogram of the retentate is

illustrated in Figure 9. It may be seen that the main

conponent in the retentate is TG (retention tine 25

mn) or canola oil.Trace anobunts of DG (retention tine
R 1 tention time = -29 mn) also are

evident. Figure 10 illustrates a typical chromatogram
of the pebleBalGtrattHithe effeq efiintentharfrtiofh amd freakizain adbmi-
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oféldnt r at i on,

5#132 ncr ease

i N Mdwnak yeonver sildm3was evi denk#lds t enper af HHES was
i ncreased. Experimental Effect of Catalyst

Concentration The catal yst concentrati on was found to

af fect the cpnver.sion of i F . i
Byt dont T gt pe T e B e Rk ok fusaRiop et o

conbemeseat moentvar dtigire 184 phasasepatatien byallcevisg ha painediGto
to FAME, Based on t i nf or.mat i on ovi ded i.n_ Fi qur.e

12 5o S R e B i 0 B R sepa o o
Cc oreghiwoatistmnt phases C Gnaoatradt, Migurd) t3teshs el the wiae pertuieatt kwythout

at sgllz)a a?’cl%rn irtxtg %Egsre? I‘olIIlE)vevIc’n’g hgelilt}ngtirrl] ‘%p water at 40°C. Analysis of the the

15  phases shown in Figure 13a is shown in Table 6.
Table 5
Phase Mass % FAME Mass % Glycerol | Mass % Methanol
Upper 21.4 6.2 72.4
Lower 82.2 0.0 16.7
The high level of methanol in the upper phase illustrates its suitability to be
20  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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conversions of 2, 4 and 6 w.% were not very different
(< 10 % conversion). Thus, concentrations of acid
whegonsk429 wt . % are | ess necessary at 70 OC. | PCT/CA2006/000286
addition, the reaction was nore sensitive to
tenpera t4 SRfordER i ri@itrale
Ef f ect Igéﬁﬁ%%dﬁ%@% T%{&%?ﬂgﬁgﬁr??{cl%wcat al yst feed
f | awuctontvithwad0 58t valeme , Biglgendemnd nenpelypqride iy ergRot Prrsed
separat e ex TN ' C | RRStalvst
(sélé{h?gﬁﬁnée@epr drg%ﬁvl ﬁ |E éﬁﬂlglgg%gé%eﬁﬁacggggﬁl on Was
obsad wlechal sretalve pidsenin tie @enwesteipredueiathe diglyrahdeintgrmediate
Effect of flow rate n
i o Fap @i e ARREs o tompern EPW ORI
. (FAMELS ftlerpora s)ze(lﬁ)ﬁélc)w ACimidrons, dtrther tactiongf the/permee)is b
a se-cataly J st 1 2.5 65 35952 3.2 6548 96 36.1
65 1468 ¥x peri nental Effect of Base Catal yst The use
of a 1 wt.% NaOH catal yst concentration was tested at
di ffaleanSefdntwan Eapeeisnepibnnabl e 3). Conparison to the
aci d- cat al yzed case shows that the base catal yst

pr6; | ucu bbjﬁ,ll i H‘{l A (,U[lgi%g on, 1 n% T hat OTMGth TG 1n
;: ﬁte ty ran%i Mag, ré(? 2iof| ; Juotaz eg%t I‘c’g%ﬂéélﬁﬁh{%gg e%egﬁg'ite of  permeate
t hat 98%p8 e si on., s observed at E,n}{\gsa % sodi um
hy droxi-de-"Hey—a S] Fotnt—that—o ccu et I.Ildll 9096;0f ]
th Ocoﬁnver* Wi o msbo‘.‘“l estersyat—tw—%—
sulphurid 90 1o Bl base2RAtal yzed—experinents /
smal P _anm@IA0950f sobl were ddfectodinlthe—wash— /
watefts. Th@8e were Hg)f f ound%$n t he acpd catal yz'Qd 0
runs5 One B8&sible t¥son waG2t hat theVcanola oild ey 0
haveécont aPf&d si gni?i cant é%unts of 0 0 0
7 0.2 100 0 0 0
8 0.2 150 26.2 0.265 0 0
9 0.2 175 19.4 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 0.05 175 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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FFA that were converted to soaps rather than FAME by
the base catalyst. This may have inplications for the
wag@ensv4an aci d catal yst which, despite the slP@ECA2006/000286
reaction rate, may provide both a technol ogi cal and
econonm ¢ advantage for the use of |ower cost waste

f eedst ock, which contain higher |evels of FFA (Zhang
et al., 2003a, 2003b). Menbrane Material Resistance to
Degradati on An inportant considerati on when dealing
with high acid or base catal yst concentration is the
life of the carbon nmenbrane used in the reactor. The
carbon nenbrane was able to resist the high acid and
base environnents in the experinments. FAMVE al so
presents very strong solvent qualities. After ten
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recycled for exanple to the reaction mxture streamin

a continuous process. Further phase separation may
w@bdoomsdsey t he separation of glycerol from thePCT/CA2006/000286

met hanol . Table 6 illustrates a summary of experinents

per f opnegge {d3uies &Edmg@ﬁﬁxé@&@ttmeswsna@ 13 xMvility OF thee.
Triglyceride and nonoglyceride were not present in the

perappaiptases pedmebads ol reessaiiaveatig- ﬁf’éﬂ@d@’ ap e

HOVEY Bfrane r@ﬁie@l ¥sttioR Fé%p@}aﬁﬁ’a%lnd BfeSsudsHavdbRR BRMlyskd
the perneate pro uct, the diglyceride internediate may

coreetlnbryingyaryercdesyses @frsu@qss%\éﬂmrgg@é & Emegge progugtion
5 e?&ﬁ#ﬂgﬁf%?&?m olg%qgvef%nsjegt?ﬁ' DR EmRazees] S bel ow

cro er reaction of the perneate Is not
required. Table 6 : Seventeen Experinental runs, Run
Car bon [Ihpie e¥pmplapst seayi-beich Masqsh aFesse Relpentlr g eatio was

| Nj hidyRB. mwlsda@sﬁsewsmﬁ ant Mmlaua%m@m nﬁ’ﬁkrﬁ@ﬂ{e@te
pore si‘’ze mass of In permeate %g&ﬁE@mHss

A dv$.n06cong@ntEe iy reaction prpgieksgd- 011’@5111’15@3 perpegte was
a9 eyt edondaeging Ry REhlinge oo 3%
10 OcoBecdir@tich5BeREsed. T P@BtiGuoBs Progess, oilzed 1@thyngl casge Bdgo
él.)O 5t9ﬁ_r5f§gt%gat5 %ed]%tlg rﬁuljfln% mothé cc;h%gu(%g ‘p?odgct?’o% of Q Bucktrated
permeate. The experiments outlined above illustrate that oil and methanol can
readily co-exist in the reactor at a volume ratio 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 separated in order to produce a
TG-free FAME.

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

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

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 limits the
presence of TG and non-reacting 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 petroleum

processing industries.
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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 Od 0.05 100 50.3 / [/ [ 17
WQ@2@5/0894% 19. 4 / |/ Table 7 illustrates a seri eBCDICA2006/000286

experinmental runs nonitoring anong others, reaction
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ratio resulting in the continuous production of a
con Q“ﬁ@pfé@heﬂv@mbﬁﬁa’cher en'Ebmprqzsehd wse f the epparitvrsel oftbove

| e BF piusion 8f (RE0 AR sHERR VSl Fiiesd
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1 oo o et iondor RromisD? R SR AR e Silabie for
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es, as e reaction the f
vt JafiiymEBAS TS TR a L b ol aRTe POFOEH R o
and sakgQhghe RRARGRod Nawprgsldi ni and Zhu (1997) have
di scussed t he benefits of the formation of a

hormgene@g%epaq()@é’ﬁﬁ’llcﬁm PRI TROTRRIRICas FAME is formed in
ZBh e reacy b Zﬁ%lacing 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 substantially impermeable to oil droplets
25  in said emulsion, and substantially permeable to said alcohol and said fuel or fuel
additive; and
in step 202 causing 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.
Tn selected embodiments, the permeate may comprise glycerol, and the

method may further comprise the step of:
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di scussed above, nmmintaining a two-phase systemin the
menbrane reactor inhibits the transfer of TG and

woomvegsEet i ng |ipids to the product stream OnBCDCARGN6/000286

10

benefits of producing a TG free FAME is a
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polluted cities. The present invention further
enconpasses the use of the apparatuses of the
invention for the production of fuel or fuel additives
suitable for use in a diesel engine. The invention
further enconpasses all nethods involving for exanple
t he apparatuses of the invention for the production of
fuel or fuel additives suitable for use in a diese
engi ne. One exenplary nmethod of the invention is
illustrated in
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Figure 12. In this nmethod for generating a fuel or
fuel additive suitable for use in a diesel engine, the

woredoaosp4eonpri ses: in step 200 providing a porPCECA2006/000286

menbrane; in step 201 placing a reaction mxture on a
re‘ggﬁew&e@ xture side of the porous nenbrane, the
re I'on m xture conprising an oil-in-alcohol enulsion
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recycle loop. Wiilst the invention has been descri bed

wth reference to specific enbodi nents and exanpl es of
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fuel additive suitabl®e for esel
10 app@ﬂbtqms ansbsnbrianiially peampahle atleat tbsadd fuet or fusbphlititd, and
jion, m, 1from a perneate, the reaction
? X&T‘Eﬁl@(gﬁﬂ P'an oil-in-al cohol enulsion and a
cat al yst for converting oil in said oil-in-alcohol
enul sion to products including said fuel or fuel
ad di t i véhe apparaipnobapion tueherein spidehtalistiista Wse&i‘enﬁcatlon

~UbaBt L B30 0, 89 LR, 9 R on o

15 dr e:ptl &Gsini saidsrebetionmitxaire Benetates HitihatianiitydlektvrsHEAREDRE Qaid
f%eg f al d fuel or fuel additive, and optionally

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.
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2. The apparatus of claim1, wherein said catalyst is
a transesterification catalyst, and said oil includes

wWao eooglogaes i des (TG, such that transesterifi capCDOAR06/000286
said TGin said reaction m xture generates fatty acid

al k§l esThe spraFddd)f dainsG,i whekeinkaidpefmeste Bdidawh ¥@ay Fom a

The appa f.claiml, wherein said reaction

i XPRPEAI S AId-pOIS Ty Rraps B Srana St o sai d

perneate, thereby to facilitate passage said fuel or

fuel additive through pores in said porous nenbrane.

4. %he aﬁ‘baapnau&uméf adhiai 6n vihersiheaidionl andiatcohel are atpratsly
nder ressure relative to said reaction
xf‘ﬁﬂpiied%ﬁ % tﬁ) g{f‘prels{rgqrg passage said fuel or

fuel additive through pores in said porous menbrane.

5. The apparatus of claim 1, wherein said apparatus

al | d0s f%fi)le bmaaﬂlttumﬁ@mm 6.onheséinsaideilf andlalahof arelpre-mixed prior

addj tive, a f claiml1, wherein said

appgor%%tls’s %ﬁab‘g?a%g g‘sn-‘ilreé ﬁqni‘nous or conti nuous
production of said fuel or fuel additive. 7. The

apparatus_of claim6, wherein said reaction mxture is
1&uppli ed The apparaing of Gaonputther compeisiig asgheioponiztige pump to

TS R SO b A SR S LB opons

awawdmt@anea per nmeate side of said porous nenbrane by a

perneate stream 9. The apparatus of claim6, wherein

said oil and al cohol are separately supplied to said

reagbi on ik Sbf s Qf -

wher el n sai éb andaa coﬁthegélg Sgifa ﬁlﬁ)xeg ‘%rt}l%h@tn%ﬁjsald
1&nt rrgactmm mlzstaiedsmeelacthembyrgemm:@ dtendagfordek.to afwist in oil droplet

app us of, cl aim er conprising a reaction

m x g WD AR &6861‘6 %b%sé’f(g ‘?érhﬁllciﬂﬁn);ﬂ emtbﬁli%?'e streamto

sai d reaction m xture side of said porous nenbrane.

12. The apparatus of claim 11, wherein said punp
caudds t Uis@pparetes pficlsim 6, fusher sopmprising apemsttegamp to pump

ther 19%695&%%5?%&@1 r| n egs%é?es to assist in oil
20

14.  The apparatus of claim 6, wherein alcohol in said permeate 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 catalyst or an alkali catalyst.
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break-up and generation of said oil-in-al cohol
emul sion. 13. The apparatus of claim®6, further

W@ oImpH08E2Ng a perneate punp to punp sai d per neERCECANNG/000286
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for further processing. 14. The apparatus of claim®6,

whig.ei nThe eppupdtus of daitd] T)eviredh thel sk dlie@ydy# ek LgledPom the
sai d reacti on m xture stream 15. The apparat us of

c| &P EONSiFEEA ﬁO@amdhs@awﬁwwm@ m%tb%lri@ancbn@tassmn

sah?dl{)?ﬂgtl on m xture stream 16. The apparat us of
wherein said catalyst is miscible with said

al cohol . 17. The apparatus of claim 16, wherein said

catal ys a soligd catal yst, enzyme cat al an
ﬁ@ IFBF %RM%IPS aclmhhwf@ml%ﬂgﬁsac %’@ta srtﬁés %ﬁﬁmdaﬁr@@ the
| %vm l.eqt ed
from r?gh%gt%) 5 P%%.Eﬁg 3#8 so I 'um L&/ Foxid ﬁfc sg%l ium
rret hOXI de and pot assi um hydr oxi de. 19 The appar at us
t h 18 qu%\qﬁ Jgagl{n? ﬁb%g@% ! ;:Eatlglzzgéxeals %Cctoggentratlon of

hyﬂét@&%@h%élﬁoalcﬂo%baﬁ%%% onic acid. 20. The apparatus
of claim 17, wherein the base catal yst has a

concentration of between about 0.1 to about 6 vt % 2

cathiys iR aetittie Bt ol i e o G alon 160 § capgpotmation

abbstiwesn Wbho00.2zhd abloat @ppas.at us of claim 1, wherein
the al cohol is selected fromthe group consisting of:
met hanol , et hanol, propanol, and 1-butanol. 23. The

appar at rﬁif %%ggné}%)t% gt allaie e&/ﬁérgmttﬁf alg%ljéoé % O@%c'tefc’iﬁ%ma nlgeugrroup

nore ol Ipld stoc rom

c onsnsittinggfohethunol géthanod,gebeddbk a6d ! Shutareyet abl e oi I s,
animals fats, palmoil, non-edible oils and waste
frying oils. 24. The apparatus of claim®6, further:

coppris "[‘1‘19 aBpdr8RS bf ORI XN HEEINREBE géﬁtngﬁges g4k ﬁ'fo?é oil from
for regul atlng a tenperature of sal action
lipid feedstock selected from the group consisting of: virgin vegetable o1ls

vegetable oils, animals fats, palm oil, non-edible oils and waste frying oils.

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
is at least 15°C.

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

27.  The apparatus of claim 26, wherein the temperature of the reaction mixture
is less than 150°C.
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25. The apparatus of claim 24, wherein the tenperature
of the reaction mxture is at |east 150C. 26. The

wappansd4es of claim?25, wherein the tenperaturkCDCARINE/000286
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m xture i s at |east 600C._ 27. The apparatus

reacti
o?z cl a?ﬁwpa%@ & Flaim Ke wheisethaoilishested ¢ither befotd arafter

T S R S L T

erreduceihatteexchangeegiiiramertts ki aifecopldoppr ove flowability
thereof, and optionally reduce heat-exchanger
requi renents in a reactor |oop. 29. The apparatus of

201 ot o P RieASE of G 1 RS oE R, BRE Ahe fenihuy sotate

conddhemrfuefaddiive fiper otbat @m@BRenttlo€ @ pafmadaus of
claiml1l, wherein the perneate conprises glycerol, the
apparatus further conprising washing nmeans to wash the

paoNEatEheldpBi@RY of ElafRG] {Nggxggrgthg ??‘ﬁ?ﬁ@% rsigl? glgg%rf)f, e

gl ycerol into a glycerol e appa
clagpsratys finthar epmptisiog poslesg meahh®e washdhs paarhicahachpie

1 SRSt Rl oo dnb s WERERBES rom &

menbrane conprising: sintered carbon, carbon graphite,
ceram ¢, titanium oxide, alumnium Teflon(tm, and
s34t nl s appwatus ofglaimy ewhenshr the peresfin thegionous meshienes have a

a.spzre%sf%ﬁr?érg%éé 91?1# eaction mxture on a reaction

m Xt uré si e porous negbrane is at |east 3 kPa

hi gher than a pressure of the perneate on a perneate
side of the porous nmenbrane. 34. The apparatus of

ci3% m e appear of slapn d swhersinothe phous erntlirare inkolteted from a

0 [.on. A ' of t.he porous nenbrane is |
" endnbERC bR Mo S kAo Dicalpis SRR SiBiun oxide,
pelureiaien, ofeflonP&rand atainlsssdeepf the porous nmenbrane.

35. The apparatus of claim 33, wherein a pressure of
the reaction nmixture on a reaction m xture side of the

PB3OUS THRHEPp AR 3P Elafin B! GRS PlesduPEoPRE TR SH h¥xture on a
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

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 mixture side of the porous membrane and a pressure of the permeate is

less than 70,000 kPa higher than ambient pressure.

36.  The apparatus of claim 6, wherein further comprising 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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| ess than 70,000 kPa higher than ambient pressure. 36.

The apparatus of claim6, wherein further conprising
W@eraestes separati on means, for separating theP@BCAB@G/000286

intg_a fuel-rich fraction, an al cohol-rich fraction,

and3dpt i dhalPYaratug b eleins B6 rltein rﬂm:alizcﬂ‘mrl]-&l%h ﬁﬁhﬁon is recycled to

. . ai.m.36. wherein the al cohol-ric

?ng%@g%?cygﬂ@%@é@e%apo sai d reaction mxture stream

38. The apparatus of claim1, further conprising a

reservoir for containing or tenporarily holding a

vol dfe oflhgaBPaspiupef elaise hplrtber comyfrisirige reearedir &7 containing or

' ] ' enote fromthe porous nmenbrane, .
Tor ity bl 862 Mhde IR0 o R ominE e s i meciogghiure
Us eimé leatiapearad fismahe Fb@hﬂhﬂambfrﬁfe, AR RLARI a Rodtitflous loop
or fuel additive suitable for use in a diesel engine.

40. 9 R¥@%or generating a fuel or fuel additive
suitable for use in a diesel engine, the nethod
conprising the steps of: providi'ng a porous nenbrane;
pl adPng &seefiet bpparatisofuldnol) for s@REAINGR B W@ agiitiGe
@f the.porous e raPe,,the reaction mxture .
lconﬁlruf@%ﬁi?rgﬂa 0i3 UP35: 8R&¥hol enul sion and a catal yst
for converting oil in said oil-in-alcohol enulsion to

products including said fuel or fuel additive, said
. fuefOor Auskthad dirtgenerating adued obftehndditild suitbRILPER ihR diesel

id g ol ...sai d par.ou nbr gne being substantially
isﬁ'lpg?‘(f ‘%gﬁ%“‘{e%‘Ogi"PmﬁPBlB@%%%?m aid emul'sion, and
subst ant paividingehoRab htritRaai d fuel or fuel additi vea

nd optionally said al cohol; and causing at |east sai

IFuel or Pliemgadanstionenisbirpen recactios aiistuposiduist the pbioane
t : erneate side, of. sai r.ous
ey ot Bl FE 6 Aty L B e fion aces
et baalysif for taivertiy, oiVinatid dil-mad] SoloR blsidn tb_spr@duc;cjs igcluding said

trapsesterification catalyst, and said oil includes =
tri g‘f@ eléﬁ‘\eid 1viegpaid gl jor Mﬁdqlh‘éﬁbﬁég sulistangally owsciifle in said
alcohol, said porous membrane being substantially 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 membrane

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.
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said TGin said reaction m xture generates fatty acid
al kyl esters (FAAE) as said fuel or fuel additive. 42.

wab@ecioetsbod of claim40, wherein said reacti onP@T/KALN0E/000286
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is under a positive pressure relative to said
petddreat ‘Ehe mhthodiof claon #HAcwhértiatseidyrssage indndenh dedatiob

or_fuel additive.through res.in.sai Qor ous .
e e AR e o e R B earnrens To faclus passapqseid foctor
PefuRBALdRtVehENGR hofes RESAY b¥RuPLRitAR, el ative to said

reaction mxture, thereby to facilitate passage said
fuel or fuel additive through pores in said porous

. 44. Th t hod, of . cl aj , \Wh ' id
method The BaGeA BAoPE 1o upBRITRELETPOR ek i or
f ugbdadibntdfegid f4&.or T 20@tiHed of claim 1, wherein said

nmet hod i s adapted . for sem continuous or continuous,
production of said fuel or fuel additive. 46. The

mejhod Laj .Wherein.said reactio ixture.is
cumsl 1 oae Befelof B Toh Rt GiEmeRaa s Mo orisfine
megdntianeusviraoftifeas brdchidxéiakl ikl @afk] MAditivehe et hod
of claim45, wherein said perneate is drawn away from

a perneate side of said porous nenbrane by a perneate
stheam [ [ ai i

e al coforelisd s bRl M s Thie FalkBpfig fo e
m seaciian mixteaside4d said iperovs nivatbrade vk airsachion nvikRESitfeam.
said oil and al cohol are pre-m xed prior to entry into
said reaction mxture stream 50. The nethod of claim

4547 WheTgd Mefhoti R elatR s f@vﬁéﬂéfnesgﬁpﬁ@mgmssdﬁ%%vay from

reaction mxture streamto sald reaction mxture-si

of ey gicatepistefsaidmobrmmesmBine Ghe pembdatestehme| ai m 50,
wherei n said punp causes turbulence in said reaction
m xture stream thereby generating shearing forces to

as4d.st The fiethodroflagth 48] RBkeiiafN6l] SENAESH] 3R Rpargly
| cohol erul sion. 52. The nethod of cl aim 45,

oil-in- _ i
\/\h@’rp@ilﬁgg’ 15¢4 TeRein pUke SiPAM. sai d permeate away for
further processing.53. The nethod of claim45, further
conprising the step of:

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

to eniry into said reaction mixture stream.

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

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

51. " The method of claim 50, wherein said pump 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.

52.  The method of claim 45, wherein a permeate pump pumps said permeate

away for further processing.
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recycling any al cohol in said perneate back to said
reaction mxture stream 54. The nethod of claim45,

wo eooblogrs2conpri sing the step of: recycling cat BCEA2G06/000286
said perneate stream back to said reaction m xture

- stresgn  SPhe ol R blatn @b, fikthbmeckhisinr e Bepaird
catal yst is mscible with said al cohol, or is a solid

cat al yst . Tespelinpray wiaohekinspiddiesneate back in spidireacign anixture
cata#ﬁ hlls an acid catalyst or an alkali catalyst.

57. e et hod of claim56, wherein the al kal i

catal yst is selected fromthe group consisting of

sodi um hydr oxi de,. sodi um_net hoxi de and ‘%gt assi um

Ry dr ki deThepetipdof glaimdd, Brther %9%1?1’%13 Rk t he
acid cat al‘e?égé dlgsch #ogli] %érﬂma{e ?re Slffoomdx%ta&tﬂgx tﬂfxture

sul phuric C acl c acl

59. dikeamret hod of clain156, mhereln the base cat al yst
has a concentrati on of between about 0.1 to about 6 w
% 60. The nethod of claimb56, wherein the acid

cat akyst hggs ni%tlfd&rkﬁ%ﬂaﬁﬁ‘ﬁfo' e de% é’%@cféhtﬁ?&% vxﬁ c'i_’c)l@%lth sa1d alcohol,

aboui 6 Wi % 6 1. The nefho arnil erein
B cohois dsslidehiabytsed from the group consisting of:
nmet hanol , et hanol, propanol, and 1-butanol. 62. The
nmet hod of claim 1, wherein the oil conprises one or

noresgl | fMhemMethdd ¢ dthimefy shefdtn S#8d eabISE: it bR amtifé@talyst or an

group _consi sting of: virgin vegetable oils, vegetable
oi | salkahicatalyst.f ats, palmoil, non-edible oils and
waste frying oils.63. The nethod of claimd45, further
conprising the step of: regulating a tenperature of

the seact iMbhe nethddisRe]aifdse, Wirrdie tHeetkaif cacdl @it 8 @Bcted from the
wherein the tenperature of the reaction mixture is at
| eas EroMpronsisting 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. Themethod 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
consisting 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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65. The nethod of claim64, wherein the reaction
m xture tenperature is at |east 600C. 66. The nethod

wW@R006/089429 65, wherein the reaction tenperatur ePCEHCAZ®S/000286

10

15

20

25

30

thagn 1500C. 67. The nethod of claim45, further
céﬁpr i sYhfgnethed of elpiny 3, fhaherioomprisimgdhd step bher bef or e

or aft : ' e reaction mxture to inprove
fl omb?%%‘?jg/ﬁ‘ﬁ%aé#eg&% .rathgrgofﬁ-ﬁ e?‘é’toﬂd]ﬂlxwe'cl ai m 40,

further conprising a step of: tenporarily holding a

v%%uneéﬂ{ onﬁ gr nmore _conponents of the reaction

mioxt ur e einethe@ekelaia 63, voengin the tempemtire ofithehreadpion eaiSture is
mapRnaneecf or exanple in a continuous | oop of the
apparatus. 69. The nethod of claim40, further

conprising the step of: containing or tenporarily

hol.di ng..a vol u f, one or nore conponents of the

r §3t:t i %&eméﬁhﬁf ﬁﬁﬁa@h ddersinile ne@mngmenﬁxmm@etmmis at

t heispsgegus nmenbrane, for exanple in a continuous | oop

of the apparatus. 70. The nmethod of claim40, further
conprising the step of: isolating or substantially

I s@l at i saj d, fuel, or_fuyel additive from other
c §§p on gﬁg &g O%%ycgalﬁ’eé%@gle@m the reagiion femprsatuod is désaithan
4050%herei n the pernmeate conprises glycerol, the

nmet hod further conprising the step of: cooling the
perneate to facilitate phase separation of the

| : | |. phase; 72.. Th thod of cl ai
7 e o SRS RS Gr s femate have o

Si ze ohedtinprthé biheltBer3dBre zzgaﬂ&réﬁtrp?ﬁtg ok %tact‘fdngljnmuﬁ‘g to

wherei n the porous menbrane is selected from
nbfﬂ%ﬁoaﬁéowahﬁwﬁierﬁ@ﬁ sintered carbon, carbon graphite,
ceram c, titanium oxide, alumnium Teflon(tm, and
st ai nl ess steel. .

68. The method of claim 40, further comprising a step of: temporarily 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
apparatus.

69.  The method of claim 40, further comprising the step of:

containing or temporarily holding a volume of one or more cdmponents of
the reaction mixture in a reservoir located remote from the porous membrane, for

example in a continuous loop of the apparatus.

70.  The method of claim 40, further éomprising the step of:

isolating or substantially isolating said fuel or fuel additive from other
components of said permeate.

71.  The method 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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74. The nethod of claim40, wherein a pressure of the

reaction mxture on a reaction mxture side of the
w@erensv4penbrane i s at | east 7 kPa hi gher thanP@r/CA2006/000286

pressure of the perneate on a perneate side of the

por Gds ndibmeatieod afxlaiffivd, mieteddthefposdsdn thergbromae@biana have a

pressur? of the reaction mxture on a reaction m xture

si d8Z50T fiem bﬁ?%gﬂrﬁenbrane is less than 7,000 kPa

hi gher than a pressure of the perneate on a perneate

side of the porous nenbrane. 76. The nethod of claim

75, 73her 8iha neetodesilaim 44, wheeid S@gbirar ménbrah€isaaledted from a
%eacti n mxture,side of the por%us nmenbrane and a

r e SETR BT CHHAISRG FRked faaDqre §arDPR SFAPRES.(RSCARIPgtitanium oxide,
hi gBRimihR@N TRABL BN NP LERDLE Steel’ /- The nmethod of claim

45, further conpri'sing: separating the perneate into a
fuel-rich fraction, an al cohol-rich fraction, and

ti [ erol.-rjch fraction. 78. . The nethod of
opLvAnel b S BNES L Liset bon, 10, The et of
I eCyedchen hidxtaed Hdé 6REE bOdusnehith et bERM: 74a s than a

i nventi on described herein. .
10 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.

15
76.  The method of claim 75, 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.

20 77.  Themethod of claim 45, further 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.
25

79.  Any invention described herein.
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