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Abstract

Derivatization of fatty acids to produce volatile methyl or ethyl esters
(FAME or FAEE) prior to GC analysis is an indispensable procedure in lipid
analysis. A lipase immobilized porous polymer monolith microrea@&MM)
was developed and showmo achieve online and quantitative conversion of
triglycerides to FAEE. When in use, a low flow of oil in ethanol is passed through
the 15cm long microreactorull conversionof oil into FAEE is achievedduring
the passage of the solution through theyeratic microreactor, so that the
products can be collected for direct GC analysis. Heescribethe optimization
and avalidation of the first generation microreactor for red¢gfeze derivatization
of vegetableoil samples witha range offatty acid dstributions. Results
demonstrate (i) artifactfree quantitative FAEE formation giving equivalent
overall accuracy compared to AOCS mett@el 1k09 for FAME for fatty acid
determination (ii) the microreactorintermediateprecisionand reusability (iii)
improved times foconversiorof TAG to FAEE These attributes are required for

a future automated system.
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Chapter 1 Introduction

1.1 Lipid Derivatization: General Concern

Lipids, including fatty acids and their derivatives (waxeBplesteryl
esters, acylglycerols, lipopolysaccharides, sphingolipids, lipoproteins,
glycerophospholipids and glycoglycerolipids), are widely distributed in nature
(Nakashima and Wada, 2005). In fepdhe analysis of lipids has been of
importance to botkthe research chemist and industrial chemmstinly to evaluate
the effect of dietary supplementatiand the physical properties of fats and oll
products(Lucci et al, 2009;Abeysecarat al, 2013; Eschet al, 2013; Kroll and
Auell, 2013; Layet al, 2013. For examplesaturated fatty acids are desirable for
stability andshelf life, but are reported to raise health risks such as heart attacks
and strokedy increasing the level of bad cholesterol (l-BL short for low
density lipoproteircholesterol) On thecontrary unsaturated fatty acids that are
considered alealthy components increasing the level of good cholesterol {HDL
C, short for high density lipoproteicholesterol) by breaking down the LBL,
are chemically unstablend may go rancibecaise of the easily oxidized double
bonds. Thus,helevel of saturatedand unsaturatefhtty acidsin fats and oilgs a
concern among consumers, and analysisatfirated and unsaturatidty acids
has beendeveloped on spectrometry, chromatography, nspestrometry and
electrophoresis to determirteeir content in labeling food produci{®itts and

Thomson, 2003Blin et al, 2013;Muelleret al.,2013 Barraet al, 2013



Generally, the analysis of lipids has been carried out by Gas
Chromatography (GC)mal High Performance Liquid Chromatography (HPLC).
Both GC and HPLC require a chemical modification of the analytes to make the
analytes more suitable for the analytipepcedureSucha modification process is
known asderivatization.An exampleis in HPLC/fluorescence (FL) analysis
where analytesare required to have favorable functional grougpslled
fluorophores to enable their direct monitoriog theFL detector (Nakashima and
Wada, 2005). Derivatization reagents with specific functional grougsthen
required, suclas 2nitrophenylhydrazine thatacts with fatty acids to give highly
fluorescent derivatives (Miwat al, 1996; Miwa, 2002).In GC analysis, lipid
analytes are normally derivatized orderto increase their volatility, decrease
adsorption tothe stationary phaseor increase sensitivity byncreasing the

molecular weighof shortchain fatty acid¢Christie, 1989).

1.1.1 Transesterificationof Triglycerides for GC

Esterification of free fatty acids (FFA) or transesterificationOsfcyl
lipids, particularly methylation producing fatty acid methyl esters (FAME), is by
far themostcommon derivatization technique performfed lipid analysts. The
procedure can be carried out on all lipid classes for fatty acid determination,
including bothsimple lipids (triglycerides), and complex lipidshplesterokesters,
phospholipids and sphingomyelin) (Lepage and Roy, 1986). In some cases when
short chain fatty acids are involved, higher alkyl esters are prepared, since short

chain FAMEs are too volide for manipulation. Examples include preparation of



isopropyl, n-butyl and decyl esters of fatty acids using isopropanpl/BF
butanol/BR and decyl alcohol/HCI respectively (Biondi and Cagnasso, 1975;
Lambert and Moss, 1972; Choudhary and Moss, 1G@réiget al, 1963). In this
study, we are focusing on transesterification of vegetable oils consisting of mainly

medium to long chain triglycerides.

Triglycerides, present in vegetable oil or animal fat, can be transesterified
into methyl/ethylesters wih the addition bmethanol/ethanchnd catalyst under
heat. he ransesterification reaction takes three consecutive reversible steps:
triglyceride (TAG) into diglyceride (DAG), DAG into monoglyceride (MAG),
and MAG into fatty ester and glycerol (Ma andnrida, 1999). Theoverall

reaction is depicted in Figurell

O 0

H;C—U’—é— Ry F:C—O—&—H| HaZ = 0OH
O
] Catalyst 1
HC—-0-C—-R: + 3H.C—-0OH HiC—-O0—-C—Rz +« HC-0OH
) 9
HC—0—-C—Ra HiC—0—-GCG—Ra Hz2G=0H
Trigliceride Methanol Methyl ester Glyoerol

Figure X1 Chemistryof the Triglyceride Transesterification Reaction

Transesterification processes amially catalytic reaction@merican Oil
Chem st sé6 Society, 2fficidl 2Analytibad €heroistsa 1965 N o f
International Organization for Standardization, 1978; International Union of Pure
and Applied Chemistry, 1979fhe catalysts can be either acid (e.g. HG5@,,
BF; and BC}) or basic catalysts (e.g. NaOH, NaO{knhd KOH) for lipid

transesterification.



1.1.2 Acid-catalyzedTlransesterification

For the purpose of GC analysigitb FFA esterification an@®-acyl lipids
transesterificaion can be catalyzed by mcahtalystsDuring the reaction, heat is
also applied to speed up the reactions. {Emeperature often rangé®m 6090
°C (Liu, 1994).As shown in Figure -2, in transesterification reaction, the ester is
firstly protonated, and then added with the exchanging alcohol to give the
intermediate. The intermediate can be dissociatetiforma new este(Christie,

1993)

0 +
Lo H y R"OH I H
R—C. R—C R—C—OR

S |

OR +C‘)*R OR"
b H

o =HF 0

R—C/ R—C
OR +0—R

Figure 12 General Mechanism of Aci@atalyzed Transesterification of
Esters
A solution of 5% (v/v) HCI in methanol was used to transesterify fatty
acids prior to GC analysis in 1959 (Stofé&tlal, 1959). It has been reported ® b
the most common and mildest esterifying reagent (Christie, 1989). The HCI
catalyzed reaction can be completed either under reflux for about 2h or in
stoppered tube at higher temperature &ishorter period (Christie, 1989).

Alternatively, a solution o1-2% (v/v) HLSOJ/MeOH was also used, and it should



be noted that the preparation 0$30,/MeOH is very easy (AOAC, 1965). In

1961, the use oboron fluoride alcoholate, which is a strong Lewis acid, was

reported to be effective in FAME preparation from Fetcalfe and Schmitz,

1961). Later on, Metcalfet al. (1966)described an improved BMeOH method

combined with alkaline hydrolysis at the beginning to shortern the reaction time

to 10min, because&a | kal i ne hydrol ysis frfeermont he MnAbou
which BR/MeOH performs higher catalyzing efficiency. Since then, the

BFs/MeOH method has become the most commonly used FAME derivatization

catalyst, and it is also adopted by the Am

an official methodCe 266in 1969 (AOCS, 1969).

In acidcatalyzed transesterification or esterification, the concentration of
catalyst must be well controlled within the documented range. Otherwise
undesirable side reactions may occur, such as loss of unsaturated esters (Morrison
and Smith, 1964). Additionally, the formed esters could react with water and
undergo hydrolysis reaction, which is the reverse reaction of esterification and
transesterification (Liu, 1994). Thus, the preseofewater may prevent the

reaction from goingd completion (Eqn.-1).

R&OOH+ROH Ré&OOR+HOH (Egn-1)

It also needs to be taken into consideration that the most commonly used
BFs/MeOH reagent is toxic and has very limited shelf life. Furthermore, the use

of old or too concentrated reagent could result in undessiddproductsand



affect the FA profiling results (Christie, 1989For example, the use of
BFs/methanolhas beerreported to have several undesirable side reactions: 1)
artefact peakareobserved lateh GC chromatogramsesultingfrom the addition

of methanol across the double bonds of unsaturated FAs, thus decrease the
measurement of unsaturatéds (Lough, 1964) 2) cis-trans isomerization of
double bonds can occur in gogated FAYChristie, 1989); 3) Bfis reportedo

react with the antioxidant butylated hydroxytoluene (BHT) commonly
recommended in the heated transesterification reaction, producing interfering

peaks on GC chromatograi@hristie, 1993)

1.1.3 Alkaline-catalyzedTransesterification

Comparedo acid catalysts, alkali catalysts transesterify lipids at a much
faster speed. Howevernlike eidic catalysts thatatalyze esterification and
transesterification, alkaline catalysts are only effective on transesterification of

acyl lipids (Christie, 1989)

The general mechanism of alkalinatalyzed transesterification is shown
in Equation 1-2. The ester will form such as an anionic intermediatethe
presence of an alcoholate ani@he intermediate can dissociate back to the initial
ester as a reverse reaction, or form a new ester. When the alcohol is in excessive
amount, meaning the alcoholatdamnis in excess as well, the intermediate will
have the tendency to forennew ester. In this way, complete transesterification

can be achieved usiregarge excess of alcohol (Christie, 1993).



4 R-C/ +TOR
OR' OR OR"

(Egn. 12)

Among the alkaline catalysts, 0.5M soni methoxide(or potassium
methoxide)in anhydrous methanol has been used most frequently (Koohikamali
et al, 2012; Seiceirat al, 2005; Xu et al., 2012; Velasquéxtaet al, 2013).
The NaOCH/ MeOH or KOCHs/ MeOH reagent is prepared by simply dissolving
sodiumor potassiunmetal in anhydrous methanol. Besides the ncostmonly
used NaOCH MeOH and KOCH/ MeOH catalyst, NaOH and KOH in MeOH
also have some applicatiors (VelasquezOrta et al, 2013 Christie, 198%
However, NaOH and KOH are not as recomaed as the methoxide reagents.
This is because NaOH and KOH tend to catalyzeliheé hydrolysisreaction
when there is little amount of water present, resultinigeea fatty acid salté the
final product thatannot be esterified by alkaline cataly&ass, 1971; Hubscher

et al, 1960)

Nonetheless,ni some classical methods, particularly those using BE
hydrolysis catalyzing ability of NaOH and KOH catalysts can play a role in lipid
derivatization (AOCS official metho@e 1k09, 2012. The alkaline catalysts are
used in combination with acid catalysts these casesThe alkalinecatalysts
hydrolyze the fatty acid ester bonds @l lipid forms, including triglycerides and
phospholipidsyesulting in free fatty acid saltSince acid catalysts exhibit more

efficiency on esterification rather than transesterification, the following- acid



catalyzed estdrcation of the fatty acid saltss going to be faster than without

performing the alkaline hydrolysis (Matcak¢al, 1966).

The limitations of using alkaline catalysts in lipid derivatization include its
inability to catalyze FFA. Additionallythe pesence of water in the reactant
solution will exhibit a larger effect on the alkaltoatalyzed reaction (Liu, 1994).
As shown in equation -3, the formed ester will react with water and form
carboxylate anion under alkaline condition. The carboxylatenaisiin resonance
stabilized state and shows tendency to react with &faK" in the reaction
solution to form a stable salt, rather than react with alcohol (Ed. Ih this
way, the presence of water will result in an irreversible side reaction pngduc
salt. Therefore, the alkalinsatalyzed transesterification should be strictly

controlled under anhydrous conditions.

R&COORO + HBEOO +HORH -3)

R 6CO-O + N&© R 6 G@Na (EqnaL

1.1.4 EnzymaticTransesterification

The limitations of acid and alkaline catalysts mentioned glasevell as
the hazard in using acidic or alkaline reagemsd to the development of
biocatalysts (ezymes).Enzymes are favored for the moderagaation coditions
they require. For example, an alkalio&talyzed traneseterifcation often operates
at high temperatures around TP@) while enzymatic transesterification can be

conducted at 4 (Cerveo et al, 2014).In transesterification reactions, enzymes



arereported to have thability to work witha broad range of free fatty acid and
water contergt (Pratt and Cornely, 2004Enzymes provide a reaction pathway
from reactants to productsvhich requireslower activation energy tharhe
uncatalyzed reactionThus, reacting molecules more easilgachthe transition

state per unit time, and more products are formed per unit time (Pratt and Cornely,
2004). Biocatalysts in this case are lipases isolated from a variety of hacteria
yeast or funguspecies, with té ability of catalyzing transesterification reactions.
The common lipase sourcesclude Pseudomonas fluorescens, Pseudomonas
cepacia, Rhizopus oryzae, Candida rugoS€andida antarctica, Thermomyces

lanuginosusandRhizomucor miehgVasudevan and Brigg2008).

Many enzymatic transesterification systems were reported as alternative to
acid or alkaline catalyzed systems (Nelsginal, 1996; Breiviket al, 1997,
Shimadaet al, 1998 Maruyamaet al, 2000;Park et al, 2000) Nelsonet al
(1996)used Rmieheilipase for transesterifying several oils and fats. They found
that >95% TAGs werdransesterified into fatty acid methyl esters (FAME) or
fatty acid ethyl esters (FAEH) reactions using either MeOH or EtOH. In their
study, the transesteigition catalyzing efficiency o€andica antarctica lipase
was tested as well, which was also claimed by them to be suitable for MeOH and
EtOH transesterification of TAG@elsonet al, 1996) The Candica Antarctica
lipase wadurtherapplied for norselective ethanolysis of TAGs by Breivigt al.
(1997. The lipase was reported to hasenilar catalyzing efficiency on poly
unsaturated fatty acids (PUFA) as on other constituent fatty,a@@dslting in
fully conversion ofPUFA-rich oil (e.g. fish oil sunflower oi) into FAEEs

9



(Breivik et al, 1997) These efficient conversions indicate that enzymatic
transesterification is comparable with classical acid or alkaltalyzed

reactionsavoidng the use of hazardous acidic or alkali reagents at thetgame

Nonetheless, enzymes still face constraing for application in
transesterification process because of the high cost tfe enzyme andhe
enzyme deactivatiorthat occurs inorganic solvents(Bajaj et al, 2010).
Specifically, methanol as themost common lipid GC derivatization reagent
producing FAME, has been reported to deactivate lip&Berres and Otero,
1996) Loss of enzyme activity happens when the molar ratio of methanol to oil
exceeds 1.5: 1 (Shimaas al, 1999).0One solution to this obstacle is methanol
stepaddition strategy suggested by Shimatial (2002. This approach kept the
concentration of methanak a lowerpercentagehelpingto preservehe function
of lipase. For immobilized lipase, a pretreatmeptocedure using Cagland
MgCl, salt solution was introduced (Lu et al., 201®y immersing the
immobilized lipase in the salt solution at@ for 24 h, the salts can incorporate
into thelipase and prevent its conformatadichange due to organic solten the
environment resultingin 50-60% improvement on transesterification yield in a
batch systemBesides the solutions to enzyme deactivation, there are two
approaches for lowering the enzyme cost as well: improving the lipase production
process, suclas using cheap agrendustrial byproductsto produce lipaseand
optimizing the reaction condition to extend the life of lipasech as step addition

of organic solvents

10



1.2 NewLipid Derivatization Technique: Flow-through Microreactor with

Immobilized Lipase

1.2.1 Flow-through TransesterificationReactors

The conventional acid and alkalieatalyzedtransesterificatiormethods
mentioned above require largguantities of sample for product recovery.
However inan analytical study, the sample is usually analyzed in microscale
(Mugo and Ayton, 2010)The use ofa microreactor is an approach to achieve
laboratoryscale conversiorA microreactor ismormallya flow-throughplatform,
and is originally designed for integging analytical or chemical processes
including sample preparatiorgerivatization separationand detectioninto a

single platform(Watts and Wiles, 2007).

An automatic flowthrough reactor producing FAME derivatives from
different oils for GC determation was developed as early as 1993 (Ballestros
al., 1993).A sample solution containing 4T20mg oil in 100mL n-hexane, and a
stream of 5% acetyl chloride in methanol (v/v) was continuously introduced into a
500cm long reaction coil (0.5hm ID) through a segmenter. The coil was heated
to 80 °C to allow the derivatization reaction to predeComplete conversion was
seen within 15min inside the reaction coil. After that, a stream of water was
insertedinto the product solution coming out of theaction coil, in order to
remove theexcessive acetyl chloride methanol from FAME product®\ 5uL
fraction of FAME was then introduced into GC port for fatty acid determination.

The proportios of the fatty acids in different types of oil, includinggim olive
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oil, sunflowerseed oil, and codfishiver oil, were consistent when using
conventional AOAC saponification and BFesterification method and the
automatic flowthrough method (Ballesteros et al., 1993pwever, this method

usa a large amount oil solution (L0O0 mL), thus requiring large quantities of
methanol and acid catalysiEhe reactor was also equipped with segmenter, coil
water bath and injection valve to separate water/ methanol phase and ester phase,
which made it complicated to asdalm or move. The introduction of water into

the system could beepotential hazard to GC equipment as well.

Another flow-through transesterification microreactor (much smaller
sample sizeof 1 mL) showing simpler operation and milder reaction condition
was developedin 2009 The microreactor was packed with alkaline metal
hydroxide (NaOH and KOH)as catalyst, andvas claimed tocomplete the
transesterification of plant seed oil for GC analysis in less thmmXKaewkool
et al, 2009. However, due to thdydrolysis catalyzing capability of alkaline
metal peroxides, the FAME products were likely to be hyaed into FFA A
similar problem wasalso observed on a high FAME vyield KQkehatalyzed
transesterification microreactor for unrefined rapeseed andneetd oil GC
analysis resulting in decreased FAME yie(@unet al, 2009).In addition the

reusability of these microreactors was not reported.
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1.2.2 EnzymaticEsterification/ TransesterificationMicroreactors

Enzymatic transesterification microreactors apgected to avoid side
reactions including hydrolysis and saponificatiblowever, as ethanol has shown
a weaker inhibitory effect over enzymes than methanol, it could be more suitable
for the engmatic reaction to produce FAHEjerbaeket al, 2009; Cherand Wu,
2003; Cervad et al, 2014) Several studies on enzymatic transesterification
microreactors have reportedagbconversion from oils to FAE#&sing ethanolln
2011, aflow-through lipasecatalyst microreactorconsisting of silica micro
structured fiber (MSF) for use in canola oil transesterification regsrtedto
achieve 90% conversion into monoacylglycerols, showing comparable lipase
activity to that obtained under conventional conditions (Amtaal, 2011).More
remakably, another lipase immobilized silica monolith microreactor (Svgs
developed by Anuaet al, using the same lipageom Candida antarctica but
giving quantitative conversion of vegetable oils into FAEE derivatives. It was also

proved to be reusabfer up to 8 runs (Anuaet al, 2013).

More recently a lipasecatalyzed flowthrough microreactomade of
poly(GMA-co-EDMA) monolith was dveloped for esterification giure lauric
acid (C12:0 FA)with lauryl alcohol(Mugo and Ayton, 2013). The reusability of
the enzymatigolymer microreator was also studied, being 15 timesdigath
lauryl laurateyield remaining more than 97%he transesterification of castor oil
into FAEEs was also testesingthe enzymatic microreactdout the conversion

was observed to be incompletélugo et al (2014) then improved this
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microreactor on its transesterification function by optimizing the enzyme
immobilization condition, as well as the reaction flow ralde improved
enzymatic microreaction system can complete the transestgdficof camelina

oil into FAEEwithin the continuous flow, and could be reused up to 4 times.

Benign operation conddns and mild reaction requirements are the most
notable advantages of enzymatdcroreactorsFurthermore,mmobilizedlipases
in a microreactocan alsamproveenzymaticactivity in comparison to free lipase
because itsactive sites become more effeeti (Isoet al, 2003 Mateoet al,
2007 Liu et al, 2019. An active site is a part of an enzyme that directly binds
with the substrate molecule, and it contains amino abialispromoteformation
and degradation of chemical bon@anjalikhanyet al, 2012) Lipaseshave two
conformations with very different activitynactive closed form and active open
form (Figure 14). The closed form isolated the active sitedipfsefrom the
reaction medium, while the open form fully exposes the active siths t@action
medium (Brady et al, 1990 Brozozowskiet al, 1992. For example Candica
antarcticalipase B (CALB) has an active site containing catalytic serine that can
bind with fatty acids, and the lipase has to be in open form for the fatty acid
subgrates to be accessible to the active sites inside (shown in green in Fgure 1

a).
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CALB Closed Form CALB Open Form

or simplified as

v @

Closed Form Opet Form

b)

Figure 23 Two Conformations of Lipas&) closed and open form Gfandina
antarcticalipase B, green part is the serine active site (Picture from
Ganjalikhanyet al, 2012with Public Library of Sciencepen
permissiol; b) simplified enzyme closed and open fdiicture from
Rodrigueset al, 2013with permission oRoyal Society of
Chemistry
The immobilization process can be a tool to fix lipasein its open form,
by a means ofdsorbingthe enzyme onto hydrophobic suppant a low ionic
strength environmenfFerrdndezLafuenteet al, 1998) or by crosslinkingthe
lipase ontathe supportin the presence o detergentFerréndezLorenteet al,
2006) For example, the immobilization of lipase oragoly(GMA-co-EDMA)
support increases the enzyme activity via the prosessvnin Figure 4.
Lipases in open form have a tendency to form bimolecular aggregéiiesheir
active sites interfacing each other and therefore show decreased enzyme activity

(Palomoet al, 2003) A large surface argaoly(GMA-co-EDMA) support, which
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is highly hydrophbic (Zhou et al, 2007) tends to adsorb the lipase onto the
surface, thus cleaving the enzyme dimegsulting in theopen formof lipase

(Palomoet al, 2003). As a result, the lipase activitgincreased.

E, Hydrophobic Ez*
Poly{GMA-co-EDMA] Support

©

T A, >A,

e D
‘ E= Enzyme A=Enzyme properties

Figure 24 Increased Lipase Activity on HydropholSapport(Picture from
Rodrigueset al, 2013with permission oRoyal Society of
Chemistry

A*>A

1.2.3 Fabrication of EnzymaticMicroreactors

Fabrication techniques for microreactors are mostly photolithography, wet
etching, powder blasting, hot embossing, inatti molding and laser
micromachining (McCreedy, 2000)Compared to these microfabrication
techniques,the use ofpolymer solgel transformationin existing capillary
microreactors mentioned abowgee favored foproducingmicroreactos because

of thesimple preparation work.

For enzyme immobilization onto microreactorschoosing the

immobilization support is crucial, as it affects tlobhemical, biochemical
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mechanical and kinetic properties of the interacbhetween supponnediumand

the enzyme(Sheldon,2007) Porous nonoliths have been applied in protein,
peptide and nucleic acideaction microreactoysand are being developed for
applicatiors in lipid studiesas well (Verpoorte 2003; Krenkéxand Foret 2004,
Girelli and Mattei 2005; Kawakanat al, 20(0). These applications are possible
due tothe low backpressurevhile passing reactants through and controllable
porosity that can be achieved in porous monolithdanet al, 2006; Peterson,
2005). @mmonly usednonolithsupportsdor enzyme bondinghclude Corderite
monoliths, silicon alkoxides monolithepoxy resins, silica monolithssilica
microstructured optical fibergnd porous polymer monolitfiMugo and Ayton,
2013). A porous polymer monolith that hgsreviously been applied in lipid
transesterificatiomrmicroreactorsvas adopted aghe lipase support in thighesis
research Many materials can be used to generate polymer mogo8tich as
styrenes, methacrylates, acrylates, vinylpyridinesyinylpyrrolidones,
polyurethanes, acrylamides and norbornd@@bsonet al, 2008) Poly(glycidyl
methacrylateco-ethylene dimethacrylate) [poly(GM&o-EDMA)] monolith is
one of the polymer monolith materiglBig. 1-5). It exhibits good reproducibility
and stability, as well as eagynctionalized catalyst attachment (Wen and Feng,
2007). Most commonly, the monolith is attached to a silica capillary with an

internal diameter of 300500 um.
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Figure 15 Scanning Electron Microscopy Imag&EM) of a Porous
Poly(GMA-Co-EDMA) Monolith Support

1.3 Hypothesis andObjectives

1.3.1 Hypothesis of the thesis

It is hypothesized thdipase immobilizedporouspoly(GMA-co-EDMA)
microreactos can be made, and retairs full catalyzing efficiency for
transesterification of oils by ethanwith reducedreactionand collectiontimes.
Additionally, the microreactor is hypothesized to &#e equivalent method as
standardized official methods for fatty acid determination of vegetable oils, and

alsoreproducible and reusable.

To verify this hypothesis, two main ared study were carried ot as

described in Chapte® and 3.
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1.3.2 Objectives of Chapter 2

a) To demonstrate the successful manufacture of lipase immobilized porous
poly(GMA-co-EDMA) microreactos by scanning electron microscopy

imaging,in addition to tests dfpase immobilization angorosity.

b) To reduce the transesterification reactiomand collection time of the

microreactotto give rapidfull conversionof atriolein TAG standard

1.3.3 Objectives of ChapteB

After confirming that polymer monolith microreactowgsfull conversion
from triolein to ethyl oleatethe secondtudydescribed in Chapter fdcused on
validating the performance of the microreaatorvegetableoils. This validation

includesthe followingobjectives:

a) To demonstrate thgood agreement othe fatty acid profile ofthree
vegetable oilsbetweenthe lipase immobilized poroupoly(GMA-co-
EDMA) microreactof GG-FID method andhe AOCS official methodCe

1k-009.

b) To determinethe reproducibilityand reusability of the microreactor using

a standard AG mixture solution.
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Chapter 2 The Performanceof the Enzyme Immobilized Polymer Monolith
Microreactor on Pure Triacylglycerol Transformation Using Ethanol

2.1 Introduction

Microreactos were initially designed for integrating several chemical or
analyticalprocesses into one platfortm simplify the operation(Watt and Wiles,
2007).A continuoudlow-throughmicroreactomffers many advantages including:
shorter reaction time due to large surface aveatume ratio of the microreactor
material (Mason et al., 2007pntrollablereaction pocess (Mason et al., 2007);
lower sample usage (Lu et al., 20@&)d simple product separatidn the past
decade, necroreaction technologyhas becomeincreasingly popular among
clinical diagnosticsfor immunoassayanalytical and synthetic chemistfWatt

and Wiles, 2007; Mason et al., 2007).

The microreaction technique has been now appliedto lipid
transformationaising immobilized lipaseCompard to the conventional acid or
alkali catalyzed transesterificati®in batch systes) the use of an enzymatic
flow-through microreactoron lipid derivatizationhas many advantagesimple
sample preparation, no peasgtaction workup, no use of hazardous acid o
alkaline, mild reaction condition at room temperatuignd fewer byproducts

(glycerire).
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Previously, Mugo and Ayton2011) developed aflow-through bie
catalyst poly(GMA-co-EDMA) monolith (PPMM) microreactor, and tested its
performancdor esterifying lauryl alcohol andauric acid to lauryl laurate, as well
asin the transesterificatioaf triolein and crude canola ofC. antarcticalipase B
was used for a 7@0n ID, 28cm long silica capillarylt gave up to 97%
conversion for synthesis of laurfdurate via estéication, at a flow rate of
10eL/min of a mixture of 0.1M in both lauric acid and lauryl alcohithey also
reported hat the microreactor can be reused at least 15 times over a 1 month time
period, stored at room temperature, with midineano reduction in the enzyme
activity. Newer research by Mugo et al. (2014) further tested the perforroéace
smaller ID (320em) poly(GMA-co-EDMA) column with immobilizedCandida
antarcticalipase B The microreactor converted pure triolein and giglcerols
in camelina oil completely to ethyl ester derivativest a flow rate ofoil/ ethanol
solutionof 0.3eL/min. The monolith microreactor was reusable up to 5 times with

minimal orno lipase activity loss.

Although the study on lipase immobilized PPMM microreactor
demonstrategbromising results, the total operation time, including infusion and
collection,was quite long (5 h). As described in Chapter 1, this is much longer
than most of the standardized official acid or alkatatlyzed transesiécation,
which canlast from aminimum several minutes to 2 h. Therefore, the PPMM

microreactor will be more advantageous if the operation time can be improved.
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The djectives of this study werel) to characterizea 32@m ID, 15cm
long lipase immobilizé porous poly(GMA-co-EDMA) monolith (PPMM)
microreactorto demonstrate successful manufacturiagd 2) to achievethe
transesterificationreaction with a reducel total flow-through time. The
transesterificatiorwas performed on a TAG standarttiolein, using ethanoto
produce ethyl oleate (EO) at room temperatur&he reaction productsvere
analyzed byNormal Phase (NPHPLC-ELSD to detect if therewere any
triacylglycerol residuesNP/HPLC can separate lipid classes, such as TAG,
diglyceride (DAG), monoglyceride (MAG) and fatty acid ethyl esters (FAEE),
thus this method allosvone to detectionany TAG residues, or any DAG and
MAG as intermediate products indicating incomplete transestdrdic. GC-FID
was usedto identify and quantify thandividual FAEE products which can be
resolved in GC according to the different carbon chain lengtid different
degree of unsaturatiolVith the assurance dd@ll transesterification efficiencgf
the PPMM microreactor in an optimizegerationtime, it canthenbe validated

for wider usewith oils, as explained in Chapter 3

2.2 Experimental Procedures

2.2.1 Materials

Fusal silica capillary (ID: 326m, 15cm) was obtained from Polymicro
Technologies (Pheonix, AZ, USA). A Harvard Modil Plus syringe pump was

from Harvard Apparatus (HollistoMA, USA). Lipase fromCandidaantarctica
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was obtained from Sigmaldrich Ltd (St. Louis, MO, USA. Pure Tiolein
(>99%) ethyl oleate (EO) standards were purchased from-Qheck Elysian,
MN, USA). All organic solvents were HPLC amttal grade from Sigm@ldrich

(St. Louis, MO, USA.

2.2.2 Preparation of Poly (GMAco-EDMA) Monolith Capillary

The polymer monoliti{PM) was made following the procedure described
in detail earlier (Mugoet al, 2013) and adjusted during the experiment. The
procedure was also outlined in Figurd..2A 15 cm fused silica capillary was cut
by a ceramic cutter, and then connected to d plastic syringe by a rorotight
The capillary was flushed with ImL 1.0M NaOH solution, cappedaioded to
standovernight. Twenty perceng-methacryloxyproplymethoxysilane-MAPS),
30% glacial acetic acid and 50% D.I. water (v/v/v) were mixed and votexed as
anchoring site solutionThe mixture(1 mL) was injected into the silica capillary
at a flowrate of5-10 eL/min, and was left irnthe capped capillary overnigtdt
room temperatre To get rid of the excess anchoring site solution, 1mL
acetonitrile wasmanually pushedhrough the capillaryfrom a syringe The
capillary was then drietly passing atream of airthrough itfor 2min. The pre
polymer sol was prepared by mixitlge maomersglycidyl methacrylate (GMA
24%) and ethylene dimethacrylate (EDMA8%) with two long chain alcohols
cyclohexanol (40%) and ZXdodecanol(18%), which act as pa generating
solvents(v/v) (Mozo et al., 2009)The mixture was added with 1% &dzobis

(4-cyanovaleric acid)w/v). After the preparation of pigolymer sol, the mixture
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wasinjectedslowly inside the silica capillary ate®/min without tilting, avoiding
any air bubbles. The filled capillary was thegaledat both endswrapped with
alumirum film and cured in@80 °C oven overnight. GMAco-EDMA polymer

monolith was then formed inside the silica capillary.

2.2.3 Lipase Immobilization ontahe Polymer Monolith Support

The polymer monolith capillary was first flushed with 1mL 50%
acetonitrile at £L/min before immobilization, followed with inL 0.1M sodium
phosphate buffer (pH 7.2) atflow rateof 1 eL/min. Another 1mL of thebuffer
solution was filtered before dissolving 8mg lipase enzyme. The 8mg/mL lipase
solution was filled into the monolith capillary at GR/min (four times lower
than the reported manufacturing procedure). After the injection, the enzyme
loaded polymer mnolith capillary was left at room temperatur@mobilization
efficiency. The monolithds morphol ogy, att
enzyme loading were measured, in order to confirm that the microreactors
produced in this study are physicallgneparable to those reportbgt Mugoet al.

(Mugoet al, 2014)
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2.2.3.1Scanning Electron Microscopy

A scanning electron microscopy (SEMjth LaB6 crystal sourcéZeiss
EVO MA 15; Carl Zeiss Microscopy2-17 Earth ScienceBuilding, University of
Alberta) was used for imaging the polymer monalithe SEMwas equipped
with a Bruker Silicon Drift Detectorfor Energy Dispersive »Ray
analysis/mapping with a peak resolution of 125 &We enzyme immobilized
polymer monolith microreactowas first cut into a 1cm pieceusinga ceramic
cutter. The cleaved piece was thetachedio a SEM plate for vacuum drying
The specimens were gold coated with a Nanotech SEM Prep 2 DC sputter coater.

Images were taken at botd25 andx5000 magnification.
2.2.3.2Porosity Determination

The porosity of the polymer monolith wastimated based on the
difference of PPM microreactor vght before and aftedilling it with water The

calculation (EqQ. 2-1) was also used by other researchersgt-sd, 2010).

T —J — (Eqn. 2-1)

In the equationMy, is the mass of watethat fill s the 15cm polymer
monolith microreactor, measured by the difference betwdsm weight of
microreactor with and without water;Ms the mass of watehatfill s a 15cm

empty silica capillarythe sameasthe one used for microreactor manufacturing;
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stands for the density @fater at room temperatur€hree porosityneasurements
were performed on three separate microreactors, and the average of the three

measurementserecalculated as the porosity of the PPMM microreactor.

2.2.3.3Biuret Protein Assay

The amount of lipase loaded ohe polymer monolith was determined by
the Biuret protein assay, based on the concentration difference between the lipase
solution introduced into the column and that eluted from the coldime.Biuret
reagent was freshlynade before the testand preparedwith 0.60g sodium
potassiumtartrateand 0.15g copper (ll) sulfatepentahydrate (CuSEH,0) in
50mL water together with30mL 10% (w/v) sodium hydroxidé'he volume of
the mixture was made up to 100mL with water, and the final solution was used as
the Biuret reagent.The calibration curve was established with serial diluted
bovineserum albumin (BSA) solutions, covering concentrations from 0.1mg/mL
to 2mg/mL.Biuret reagen{2mL) was added t®.5mL lipase eluent an@d.5mL
initial lipase solutiorrespedvely, in 4mL quartz cuvettes he blank was made
by 0.5mL sodium phosphate buffer and 2mL Biuret reagent. The absorbance of
blank and the lipase solutiongere read at 540nnusing a V-530 UV/Vis

Spectrophotometgdasco. Ing Japan).

2.2.4 Catalyzing Efficiercy of the PolymeMicroreactor

The performance of the enzyme immobilized polymer monolith

microreactor was evaluated ltlge transesterification otriolein with ethanol
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Before the reaction, the microreactor was flushed with ethanol for 1 h in order to
remove theaqueousbuffer as well asany unbound lipaseTriolein (TO, 0.50
mg/mL) was prepared in ethandiexane (4:1, v/v)The mixture was vortexed

until complete disseition and then transferred to a 1mL glass syrifi¢gemilton
Company, Reno, USA The reaction solution was injected into tR€MM
microreactorcontinuouslyat 03 eL/minusi ng a Harvard Model 011
pump (Harvard Apparatus, Holliston MA) at rodemperature. Afted .5h, the
productsolution was collected into a@glass vialand was further diluted 80

eL 0.10 mg/mL C19:1FAME in ethanolfor HPLC/ELSD and GGFID analysis.

The transesterification for triolein was performed for three times on different
microreactors using prepared triolein solution, and the average of the
transesterification rate in each run calculated by GC/FID was measured. The

microreaction dewefor this offline reaction is shown inigure 22.

Triolein - EtOH 0. 3mg/mL

QPSR | T M

I I EO products tor LC
T2 D 2 |_| and GC analysis

Svringe Drive, rate 0.3ul/min

Figure 22 MicroreactionDeviceof Triolein Transesterification Reaction
Usingthe PPMM Microreactor

2.2.5 Reversed Phase Liquid Chromatography / Evaporative Light Scattering
Detection (HPLC/ELSD)

The lipid classes present the product solution weranalyzed bynon

agueous reversed phased high performance liquid chromatography (H&h@)
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Agilent 1200 HPLC systencoupled with evaporative light scattering detector
(ELSD) model 1260 HPLC Infinity Agilent Technologies, Santa Clar€A,
USA). The column was an Agilent Zorbax HT C18 column (450mm, 1.8um,
Agilent Technologies The separation condition was the same as previously
reported (Anuret al, 2011).The mobile phase consisted of A, 100%thanol

and B, isopropanol: hexane (5:4), with initial gead 25% B, then increased to
95% B at5 min, before retrning to 25% B at 5.1min and ldefor 2.9 min (t= 8

min) to equilibrate the columitvaporative light scattering detectorl@&D) drift

tube temperaturavas set to 3°C, with computeicontrolled N gas flow of 3

L/min at pressure of @.bars.

2.2.6 Gas Chromatography/ Flame lonization Detector (GC/FID)

An 7890 GC system (Agilent Technologiescoupled with a flame
ionization detector (FID)autosampler and spilt/ splitless injector was used for
guantification. The column was a €860 column 100 nx 0.25 mmx 0.2 um
GC column (Agilent Technologigs The external caliation curvefor ethyl
oleate (C18:1 FAEE)was constructed at concentrat®rf 0.0007, 0.00175,
0.0035, 0.007, 0.0175, 0.035, 0.07, 0.175 and 0.35 mg/mL, with 0.03 mg/mL
C19:1 FAME internal standard preparedBtOH. All data were collected using
Agilent Chemstation software (version G1701EA). The GC system was set at: 2
ML injection volume, split ratio 20:1, Has FID carrier gas at &iL/min, inlet
temperature 250C, detector temperature 28@, He as makep gas. The

temperature program was previously reporte@nur et al, 2013): 14C0C (hold
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for 5 min), 8°C/min to 180°C (0 min), 4°C/min to 210°C (0 min), 20°C/min to
270 °C (hold for 7 min). All reaction products were diluted with g0 0.1
mg/mL C19:1 FAME in EtOHprior to GC/FIDanalysiswhich partlyhelpsmake

up toanadequateolumefor analysisusing an autosapther.

2.3 Results and Discussion

2.3.1 Evaluation of the Polymer Microreactor

The SEM was used to image the cresstions of the microreactdfrom
the image shown in Figure-2 a) and ¢) the poly(GMAco-EDMA) monolith
formed near the capillary watloesnot show any gapsrhis indicateghe strong
attachmentof monolith to the column capillary wall, which prevents any
detachment with use as a flalwough microreactgrandalsoensures the contact
of reactants with lipase on inside monolithannel This strong attachment is
benefited by the anchoring sites providedolMAPS (Gibson and Mugo, 2008).
The highly packed monolithalso explains the back pressumecountered while
trying to increase the reaction flow rafehe maphology of the monolitlappears
to beidentical to the ones reported by Mugpoal (2013).From Figure2-3 b, it is
clearly seen that the microreactor consists of a rporous and monolithic
network,which provide alarge surface areanda relatively lowback pressure
with applied flow. Figure 2-3 d) show thelipase immobilizedmicroreactor after
oneuse(with buffer wash afterward)lsThe microreactor stillretainsmuch of the

porosity and monolithic structure, as well r@snaining attachetb the capillary
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wall. Any loss of microreactor porosity after usgght isolate the lipase from
contact withsubstratesand could be one of the reasomBy microreactor has

decreasing efficiency over time.

polymes_01 5f

200KX  2000kv  BOmm  SE1 reaction_02 fif

Figure 23 SEM Image of theCrosssection of: ap polymer monolith
capillary at x425 magpnification, b) same capillary 2060
magnification, ¢) a polymer monolith capillary aftaolein

transesterification reaction at x425 magnification, d) same capillary afte

one useat xX2000 magnification

It hasbeen reported thahe surface area of thgorouspolymer monolith
can be represented g porosity (Heet al, 2010) Here, porosity measurements

were carried ouin triplicate (seeEq. 21) and the average waeterminedo be
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0.81 + 0.03 (TableA2-1), which is ingood agreemenwith the reportedporosity

of the PPMM microreactor0.80 + 0.02(Mugo et al., 2013)

The poly(GMA-co-EDMA) monolithhasepoxy groupst the endhatare
availableto directly react withthe amine group®n anenzyme(Liu et al., 2012)
Thus,an activation process, likthe APTES treatmentised withsilica monolith
microreactos (Anur et al, 2013)is not necessaryPrior to immobiization, a 50%
acetonitrile washwas used toremovethe excess polymer sol g&in 8 mg/mL
lipase dissolved in pH 7.2 buffer wdeen pumped through thelamn. This flow
through processimproves the mass transfer ratio, therefore gives better
immobilization yields than the static protocol, where the microreactor was filled
with lipase solubn to react (Monzo et al., 2007)he concentrationof lipase
solution before and after being pureg through the microreactor waseasured
using a spectrometer. The calibration curve was established using BSA protein
standardaccording to Biuret method. Biuret protein assay is among the most
common approads for protein concentration measurement. The absorption of
the violetcolor product at 540nm is mlinear relationship with the concentration
of total protein Thus,a sandard curve is created to calculate the concentration of
unknown sample. The resulting BSA standard curve obtained here exhibits a

linear relationship with a correlation coefficienfRf 0.9994 (Figur@-4).
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Figure 24 BSA Calibration Curve at 540nkivavelengh

Fromthe equation of UV absorbance to protein concentratiorarti@int
lipase immobilized onto th&5 cm polymermicroreactorwas calculatedto be
214 mg from 1 mL of 8 mg/mL lipase flow (Table A22). Hence, the
immobilization yield was thepalculated to b®.14mg/cm PPM/ microreactor
Comparing to the silica monolith microreactor also designed for
transesterification reaction (Aauet al, 2011), which has an immobilization
yield of 0.42 mg/cm microreactor, PPM microreactor has a much wer

enzymebonding efficiency.

To optimize the lipasenmobilization onto epoxy growgpthere aranany
approachesl) Increase theeaction timethe linking between lipase and epoxy
groups is a multipoint interaction. This interaction is a tcoasumingand time
dependent process, because it needs to align the groups on enzymes and on

supporting surface correctlfPoppeet al, 2013) 2) Optimize the polymer
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composition: the porogenic solveritsat generate poresd the monomer (GMA
and EDMA) ratio both affect thpore radius, pore distributicand thus the inside
surface area of the PRWImicroreactor (Monzet al, 2007) It has been reported
thatanenzyme can be immobilized well withipores 3 to 9 tims large thanthe

size of the enzyme itself, and the size of the pore influences the immobilization

substantially(Liu et al, 2013).

However, n previous batchCandida antarctica lipase B catalyzed
transesterification systems, 2@% lipase (based on oil weight) usage edmready
achieve highest conversion réte et al, 2006; Nieet al, 2006).This means that
for a0.50mg/mL triglyceridereaction solutiorusedin this studymore thar2 mg
immobilized lipase with 1U/mg activityvould be adequatefor catalyzing the

transesterification reaction.

Based on thesevaluationsthe microreactors manufactured in this project
were expected to have comparable catalyzing efficiency with those reported by

Mugo et al (2013)

2.3.2 CatalyzingEfficiency of the PMM Microreactor

The PPMM microreactor isable to achieve complete conversion from
0.50mg/mL triglyceridein ethanolto ethyl esterwith atotal collectiontime of 5
hours(includes infusion and collectiom} a flow rate of BeL/min (Mugo et al,

2013) However the reactiontime should be shorter than the reactant solution
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residence timénsidethe microreactor15 min), which is the time required for a
0.3eL/min flow to pass through a 15 cm long, 32th i nt er nal di amet
microreactor.The long collection time used in the previous study was only for
collecting sufficient product volume for analys&ince the reaction is completed
before coming out of the microreactor, the reaction time can be shortened till
adequate amouof product can be collected.shorter flowthrough time ofL.5h

was selectedh this project.Theoretically, with a flowrate of 0.8 L/ mi L. 2 7
product solution can be collected after h.8ow. However, considering theéead
volume of theconnector ® microreactorand syringe, the collected volume was
approximately 2& L o This way, ollectedproduct solutiorcould bediluted

with 30¢L 0.10 mg/mL C19:1 FAME solution to makeup to approximatelye L
solution forreliable GC/FID quantification and HPLC/ELSD analysremaining
sufficient signal to noise ratidf the GC autosamplewas able to inject from a

much smaller volume, the flothrough time of the triglyceride in ethanol

solution can be reduced even further.

Normal Phase HPLC (NHPIPLC) is a useful technique for lipidlass
separation. In this experiment, NPLC is used to separate TAmM FAEE as
well as frommonoacylglyceridgdMAG) or diacylglyceride(DAG), if they are
present as intermediate produédrmedduring transesterificationlt is observed
on the HPLC/ELSD chromatogram thaiblein (TO) was completelyconverted
into ethyl oleate (EO) according to the retention time (Figw®) 2vhich matches
that of an EO standaréfrom Figure 25 a) and c)the peak area of TO is much
greater than that of E@t the same concentrationyhich meanghat TO and EO
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have different response factors in HPLC/ELSDhis explainsthe muchlower
peak area othe EO productcompared tathe initial TO peak area. Alsdhe
relationship of the EO peak areao its concentration is not linean the
HPLC/ELSD chromatogramThus, to @&acly quantify the EO productsor

evaluatingthe conversion rate of the microreagtanother method needo be

applied.
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Figure 25 HPLC/ELSDTraces form) 0.9 mg/mL Triolein in EtOHHexane

4:1, vivstarting materialb) 0.0 mg/mL ethyl oleatén EtOH/Hexane

4:1, viv,reacted in microreactor fdr5 h with C19:1 FAME standar)
0.50 mg/mL ethyl oleate standard.

GC/FID wasused toquantify the concentration of EO in the collected
solution. It also gave more confidence on identification tfe product by
comparing the retention time witthat of EO standard Unlike NP-HPLC,

different FAEEs are well separated in G@¢ludingsome of their ismers.In the
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GC/FID chromatogram in Figure@ the product tracresembles that dhe EO

standardwhich confirms the presence of EO in the product.

(A) 0.5mg/mL C18:1FAEE standard + 0.1mg/mL C19:1FAME standard 7:3 (v/v)

C18:1FAEE

C18:1FAME

(B) 0.5mg/mLTO 1.5hr Microreaction + 0.1mg/mL C19:1FAME standard

L

Figure 26 GC/FID Chromatogram for (A) 0emg/mL C18:1 FAEE

standard and 00ing/mL C19:1 FAME standard mixture37:v/v; (B)

0.50 mg/mL Triolein in ethanol reacted on PRMmicroreactor for

1.5h, with 3CeL 0.10mg/mL C19:1 FAME standard before analysis

A GC autoinjectorideally requires more than 40 sample siz¢o ensure

reliable injection volumes. Howevetl,5 h reaction onthe PPMM microreactor
only generate less than 3&L product, and the exact volume is unknowim
internal standardolution of 0.10 mg/mL C19:1 FAME solution in ethanelas
prepared both for diluting theollected product to meetthe minimum GC
injection volume requirementsand for calculating the dilution factorhe EO
concentrabn in the diluted solution wasbtained from an external calibration
curve. Thedilution factor was indicated by thgecrease of the internal standard
C19:1 FAME concentration after additiofEqn. 22). The two values then

revealed the real EO concentratimiowing PPMM microreaction This number

wasthencompared withlthe theoreticalEO concentration that should be obtained
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from quantitativetransesterificatiorof the starting solution 00.50mg/mL TO

(Eqgn. 23).

where:

where:

p —— (Egn. 2-2)

dis the dilution factor of the collected product from PPMM
microreactor

W, is the volume of collected product from PPMM microreactor

Visis the volume of internal standard added, which is 380

disis the dilution factor of the internal standard after added to the
collected microreactor product solution

¢ & O isthe concentration of C19:1 FAME internal standard in
the diluted solution, which is calculated by C19:1 FAME external
calibration curve;

©O¢é€ & @ s the initial concentration of C19:1 FAME before added
to the PPM microreaction produ which is 0.1mg/mL

N R3S ) .
0€ &0 QiliNAEE hé e P

% (Eqn. 2-3)

@ ¢ & as the concentration ofEQin the diluted solution,
which is calculated byEOexternal calibration curve;

dis thedilution factor of PPM microreaction product;

® € & as the initial concentration of TO as reactant, which is
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0.5mg/mL;

00O is the conversion factor from TO to EO based on
molar ratio 1: 3, which is1.0519 based on mass

The concentration of EO produced by PPM microreactor as well as its

conversion ratecomparedto the theoretical value are shown in Table 21.

Table 21 Conversion Rate of 00Gmg/mL Triolein to Ethyl Oleate on PR
Microreactor after 1.5 Reaction

Conc. EO (mg/mL)  Conversion rate

RUN 1 0.5156 98.04%
RUN 2 0.5135 97.65%
RUN 3 0.5091 96.80%

Average 051 97%
RSD% 0.65%

For this experiment, three individudPMM microreactors were usethe
conversionrate obtained usinghese 3microreactors were consistent, atick
average conversion was7% of the theoretical value (0.53mg/mL FAEE
production) Any impurities inthe initial TAG reactant andnymass transfer loss
inside the PPM microreactor could contribute to the loss of EO yield, thus
decrease the awersion rate. However, the decreasmild be consistent for each
component, so thatan be compensated for whesing a TAG internal standard
before reactiorio quantify the fatty acids inraeoil sample(see Chapter 3)The
closeness of the PR microreaction conversion to thibeoreticalvalue, the
absence of TAG pea@r intermediate MAG and DAG peaksn HPLC/ELSD
trace, and the sole EO peak on both HPLC and GC chromatogram together
indicate a complete conversion ofriolein to ethyl oleate by the PPMM
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microreactor On the basis ofhe quantitative transesterification capability of the
PPMM microreactg further validationon its conversionof oil sampleswill be

conducted

2.4 Conclusion

In conclusion, thePorous Polymer Monolith MicroreactofPPMM)
containing immobilizedC. antarctica lipasewas demonstrated to be fabricated
successfully according tthe reported procedur&dhe monolith morphology,
porosity, attachment to the wall, and lipase loading were measured and shown to

agree with the previously reported microreactors (Meigal., 2014).

In addition, the PPMM microreactor watemonstratedto complete
sample solution infusiontransesterification reactiowithin flow, and product
collection process within 1.5 hours, which was reduced from 5 hours (btudo
2014). With the shortened collection timehe PPM/A microreactor wasstill
observed toconsistently and completelgonvert the 0.6 mg/mL triolein in
ethanol into ethyloleate without producing any intermediate produdie.
diglyceride, monoglyceride)lhe reducedcollection time provides an additional
advantage of PPMM microreactor methover conventional acid or alkaline

catalyzed methods, besides its benign operation environment and simple operation.
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Chapter 3 Validation of the Enzyme Immobilized Polymer Monolith
Microreactor for Application on Vegetable Oil

3.1 Introduction

In lipid GC analysis]ipids are normally derivatized into fatty acid alkyl
esters (FAAE)jn order toincrease their volatility, decrease the adsorption to GC
stationary phaseor increase the sensitivif shortchain fatty acid$y adding
molecular weaght (Christie, 1989) An enzyme immobilized flowhrough
transesterification microreact@roducing fatty acid ethyl esters (FAEE) from
lipid samples containing goorous poly(GMAco-EDMA) monolith (PPMM for
short), was developed by Mugb al (2013), agn alternative to convention&C
derivatization processesIn chapter 2, it wasdemonstratecthat the PPMM
microreactors can achieve complete conversion of triolein in an ethanol/hexane
solution into ethyl oleate, without the use of other reagents. This chapter extends
the application of PPMM into reaborld lipid samples, as illustrated by a gernof
natural TAG vegetable oils. In order to demonstrate that methods employing the
lipase immobilized PPMM could realistically substitdte the widely adopted
derivatization methods currently used to prepare FAME or FAEE, a method

validation was perfiamed.

The analytical derivatization procesan beeither transesterification or

esterification of lipid samples by reaction with alconGbnventional methods
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derivatize lipids into fatty acid methyl esters (FAME$ing acid or alkaline
catalystan methanol such as HCI, B BCl;, NaOCH, NaOHandKOH (Stoffel

et al, 1959; AOAC, 1965; AOCSofficial methods 2006; Christi 1989;
Koohikamaliet al, 2012; Seiceirat al, 2005; Xu et al., 2012; Velasqu€xtaet

al., 2013).The reasosm why FAME is preferablanclude its lowermolecular
weight thus highevolatility comparedo other FAAEderivatives, andhe robust

and reproduciblehromatogaphic dataobtained(Christie, 1993;Ballesteroset

al,, 1993 Xu et al., 2012 However, hazamus acidic or alkali reagents are
required in these methods, separation of the FAAE products from catalysts needs
to be conductedand interfering sideeactions easily occur if caution is not taken

while using the catalys{slescribed in Chapter.1)

The enzyme immobilized PPMM microreactor can avoid the
disadvantages of conventionatlerivatization methods mentioned abpve
especially the multiple sample manipulation required by the conventional
methods This makes the microreactor ideal for automated I analysisTo
validate theuse of the polymer monolith microreactonethod for fatty acid
determination the method accuracy, intermediate precisionand PPMM
reusability were testk In the present context, accuracy is demonstrated by the
closeness between the fatty acid measurement for vegetable oils using 1) PPMM
microreactor and 2) AOCS official method using:BFeOH. The intermediate
precisionis defined here byhe consistency ofesultsobtained fromdifferent

microreactors under the same conditidine PPMMreusabilityis demonstrated
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by how many times a microreactor can be usedbtain quantitative conversion.

These ar@lescribed in detail in Section33.

Boron trifluoride, one ofthe mostcommonLewis acid catalysts for lipid
methylation is adopted in AOCS official methods following additional
alkaline hydrolysisprocessusing NaOH/MeOH(AOCS Ce 1k-09, 2012). This
BFs/MeOH derivatization methods used in this project as a referencettie
microreactr method The hydrolysis process cdnreleaseboundfatty acids into
the free fatty acid saltform to enable faster reaction rate of acatalyzed
esterificationin the following reaction(Metcalfe et al, 1966) involving in
conversion from fatty acid salts into FAME=d?2) transesterifsome lipidsinto
FAME during hydrolysis step because of the catalytic property of the alkaline

reagent (Liu, 1994).

Oils and fats consisting otriglyceride mixtura with chains of fatty acisl
with different degrees of unsaturation (Emmanuel and Mudiakeoghene, 2008),
play very important functional and sensory roles in food products (Daetcgln
2011).The triglyceride and fatty acid composititargely affect the physical and
chemical propergés of an oil or fat sample: short chain fatty acids have lower
melting point and are more soluble in water compared to long chain fatty acids;
unsaturated fatty acids have lower melting point than saturated ones with similar
chain length Chayanoott al. 2005) Furthermorethe fatty acidcomponents in
oil and fatscan have different effeon health. For examplemega3 fatty acids

havea beneficial role in brain and cardiovascular health (Perica and Dalas; 2011)
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monounsaturated fatty acids aeportedto reduce bloodlwlesterol levelgKris-
Etherton, et al.,, 1999)whereas erucic acil C2 1 : tarriesXheconcern of
lipidosis problemsin animals (Charlton et al, 1975) Thus the fatty acid
composition of TAG mixtures dictates the dietary benefits and physical properties

of oil and fats

The lipase immobilized PPMM can belrAG derivatization method prior
to GC analysi®f oils and fatsThe flowthrough microreactdnasthe potential to
be coupled with GC injection port, so that original TAG samples are infused into

the PPMM microreactor, and FAAE derivatives are injected into GC after the

sampl ebs passage t Iproppsedpbtomatddigid analysis t or .

systemwould be safe simple, and would require minimal sample handlirig
could beproposed aan alternative methoi conventionalipid analysismethods
that requirehazardous acidic and alkaligerivatizingreagentsand considerable
number of sample manipulatignenceit has been validated to show reliable

measurements.

In this study, the use of the PPMM microreactor on fatty acid
determination will be validated, including an accuracy assessment, precision
measurema, and reusability test according to a-psablished validation plan.
This is to demonstrated that the PPMM microreactor can be an equivalent
derivatization method compared to conventional methodsGC analysis of

lipids.
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3.2 Experimental Procedures

3.2.1 Materials

Fusal silica capillary (ID: 326m, 15cm) was obtained from Polymicro
Technologies (Pheonix, AZ, USA). A Harvard Modil Plus syringe pump was
from Harvard Apparatus (HollistonMA, USA). Sodium sulfate, sodium
hydrogen carbonate, sodiuahmloride and ipase fromCandidaantarctica were
obtained from Sigma@ldrich Ltd (St. Louis, MO, USA. Food grade canola oil,
camelinaoil and refined, bleached and deodorizeBBD) palm olein were
purchased from a local grocery stofel% BR/MeOH solution was purchased
from SigmaAldrich (St. Louis, MO, USA. Pure triolein (>99%)jand allC12:0,
C14:0,C16:0,C16:1,C18:0, C18:1, C18;2C18:3 C19:Q C20:0, C20:1, C22
ethyl ester (FAEE}tandardsC190, C19:1methyl ester (FAME) GLC FAME
standard mixturéNo.714, containing C8:0, C10:0, C12:0, C13:0, C14:0, C16:0,
C16:1, C17:0, C18:0, C18:2, C18:3, C20:0, C20:1, C21:0, C20:4, C20:3, C20:5,
C22:0, C22:1, C23:0, C22:5, C24:0, C22:6 and C24:1, distributed evenly by
weight; C19:0 TAG standard; GLC TAG standard mixtuk®.406, containing
4.0%C16:0 TAG, 2.0%C18:0 TAG, 61.0%C18:1 TAG, 21.0%C18:2 TAG,
9.0%C18:3 TAG, 1.0%C20:0 TAGQ,.0%C20:1 TAG and.0%C22:1 TAG (% by
weight), were purchased from NGheck (Elysian, MN, USA). All organic

solvents were HPLC angdical grade from Sigmaldrich (St. Louis, MO, USA.
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3.2.2 Direct transesterification usindk?PMM Microreactors

Separate solutions of the GLC 406 TAG standard mixture, canola oil,
camelina oil and refined, bleached and deodorized (RB&lin olein were
prepared, each at @%ng/mL in ethanol: hexane 4: 1 (v/v). To 1mL of each oill
solution was added 206€L of 0.50mg/mL C19:0 TAG in hexane as the internal
standard (IS). This gave final solutions containing Q@gmL TAG and 0.08
mg/mL C190 TAG IS in each case. The mixtures were vortexed vigorously until
oil and TAG standard were dissolved completely. The solution was then infused
through the enzymatic PPMM microreactor at room temperature at a flowrate of
0.3eL/min for 1.5 h using a Harvad Mo d e | 611 Plus syringe p
was collected in a GC vial, and diluted with 80 0.10 mg/mL C19:1 methyl

ester IS in EtOH prior to analysis by HPLC/ELSD, GC/FID and GC/MS.

3.2.3 AOCS dficial method for FAME preparation

AOCS official methodCe 1k09 fiDirect Methylation of Lipids in Food for
the Determination of Total Fat, Saturatedis-Monounsaturated, cis-
Polyunsaturated, artdans Fatty Acids by Gas Chromatogragihwas used athe

reference metho(AOCS, 2012.

To preparethe internal standard and test portiérgmg/mL C19:0 TAG
internal standard wadissolvedin chloroform The internal standard solutid@
mL) was transferred into a 58L round flatbottom reaction flask and was dried

with nitrogen to remove solverithe anount of the C19:0 TAG internal standard
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was recorded. 106ng sample was weighed into the reaction flask containing

internal standard. Boiling chips were then added before methylation reaction.

Alkali catalyzed methyl ester preparation was selected for the vegetable
oils. A 5 mL 0.5M NaOH/methanol was addedthe flask first, with a condenser
attachedThe reaatr was heatetb 70°C and was refluxed for 15min after boiling
begins.Another5 mL 14% BFR/MeOH was added to the boiling flask and the

mixture was refluxed for additionalrin.

After the reaction wasompleted thereaction flaskwas cooled to room
temperature. Cooled solution wasashedwith enough saturated sodium chloride
and driedover sodium sulfateA portion of the washed solution was transferred
into a 2mL autosampler vial and ready for GC analyBmss reaction was done
three times for eaclsample and therelative standard deviatiorRED) and

averageof each samplevas obtained.

3.2.4 Reversed Phase Liquid Chromatography / Evaporative Light Scattering
Detection (HPLC/ELSD)

The lipid classes present the product solution was analyzed by a non
aqueous reversed phased high performance liquid chromatography (HPLC) using
Agilent 1200 HPLC system coupled wiim evaporative light scattering detector
(ELSD) model 1260 HPLC Infinity (Agilent Technologies, Santa Cl&4A,

USA). The column was an Algnt Zorbax HT C18 column (4650mm, 1.&m,

Agilent Technologies). The mobkilphase consisted of A, 100% methanol and B,
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2-isopropanol: hexane (5:4), withgradent of 25% B, increasg to 996 B in 5
min, before returning to 25% B at 5xin and holehg for 2.9 min (t = 8 min) to
equilibrate the columnThe ELSD drift tube tempeaturewas set to 3%, with

computercontrolled N gas fow of 3L/min at pressure of 2.0ar.

3.2.5 GC/FID

For FAEE quantificationafter PPMM microreaction, the GC/FID method
was previouly optimized method (Anuaet al, 2011) An Agilent 7890 GC
system(Agilent Technologies) coupled with a flame ionization detekdD),
autssampler and spiltsplitless injector was used. The column was a2560
column 100m x 0.25mm x 0.2 um GC column (Agilent Technologies). All data
were collected by Agilent Chemsitan software (version G1701EA). The GC
system was set at:|f injection volume, split ratid0:1, H as FID carrier gas at
2 mL/min, inlet temperature 25TC, detector temperature 28GC, He as makep
gas. The temperature programas set as140°C (hold for 5 min), 8C/min to
180 °C (0 min), 4°C/min to 210°C (0 min), 20°C/min to 200 °C (hold for 15

min).

For FAME quantificationafter the official AOCS methylation methqd
AOCS methodCe 1h05 was adjusted and appliextcording to the procedure
described oripid derivatizationmethodCe 1k09. The ame SP2560 column

was used undemasothermal temperature program at Il Injection volume
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was 1pL. The $lit ratio was 10€1, H, was FID carrier gas and the flow rate was

ImL/min. Both injector and detector temperasuere250°C.

All GC/FID measurements dhe FAAE componentscontainedin both
PPMM microreaction products and AOCS official methylation produgese
corrected wih Theoretical Correction Fac®i(TCF), relative tothe internal
standard C19:0 FAEEC19:0 FAME for AOCS methodds described in AOCS
Ce 1h05. The GC/FID was also tested for its accuracy before each run, by
evaluating the differencleetweenthe Experimental Correction Factor (EC&hd

TCF, with arelativedifference within 10% was considered as an accurate GC run.

3.3 Validation Plan

3.3.1 Purpose of Validation

The purpose of this validation is to demonstrate the lipase
immobilized poly(GMA-co-EDMA) microreactor (PPMM) is an effective
platform for fast and simple triglyceride transesterificatibime validation should
demonstrate that fatty acid quantificatiosingFAEE produced via the PPMM is

equivalent to fatty acid quantification using officAME methods.

3.3.2 Scopeof Validation

The validation plan is limited to theise of PPMM microreactos

manuactured according to Cpter 2and theirfunctionin transesterifying natural
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plant oilsinto fatty acid ethyl estersunder the ptimized reactionconditiors

described in section 3.2.2

3.3.3 Validation Tests

In Chapter 2it was demonstrated that thgpase immobilizedPPMM
microreactor could quantitatively generateethyl oleatefrom triolein. In this
chapter,a validation of the PPMMwas conducted talemonstrate¢he accuracy
andintermediateprecisian of fatty acid analysis as well as treusabilityof the

microreactomunder the optimized conditions

3.3.3.1Accuracy

Association of OfficialAnalytical Chemists (AOAC) definesaccuracy
as the closeness of testedlue to true or accepted vajuand the difference
between the reported value and the accepted value is the bias of the method under
reported conditions (AOAC, 2002The true value can be obtained in several
ways, includingconducting an established reference methadthis work, he
accuracyof the PPMM microreacbr methodwas defined as the closenestthe
fatty acid (FA) determinationbetweenthe use of PPMM microreactorand a
reference methodrhe fatty acid determinatioimcludedboth thetotal amount of
fatty acids per mg of sampleWga) and the individual fatty acid weight
percentage§’FA). The accuracy measuremewasperformed by comparind)
results frommicroreactor ethylatioof the test oiland2) the same oilgjuantified

using AOCS methylation metho@e 1k09. Four samplesvere selectedor the
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accuracy assessment: GUO6 TAG standard mixture (containing C16:0, C18:0,
C18:1, C18:2, C18:3, C20:0, C22T1AGs), canola oil, camelina oil an&BD
palm olein. All the measurements using the two methods were performed in

triplicates.

Thedetermination ofotal FA weightper mg lipid sampléWga) for GLC
406 standaravas represented byotal FAEE productweight per mg lipid sample
Conversion ofthe GLC 406 staratd TAG mixtureinto FAEE results in a small
change in weight due to the replacement of a glycerol residug é&whanol

residuesindicated by the conversion factor from TAG to FAEE {£¢Fo FaeD):

# & —_— (Egn. 31)

The theoretical(reference)and experimentalveights of FAEE produced

from GLC 406 TAGare

n a "Q00 'Ord "Q00 6
# & (Egn. 32)
Where:#t & is the conversion factor from TAG to FAEE
B I Cis the theoretical weight of FAEE products from

|n|t|al GLC TAG standard
B I Cisthe initial GLC 406 standard weight in 1mL

0. 42mg/mL GLC/ethanol/hexane solution passing through the PPMM
microreactor
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f & "00d ‘N "QOD 6 (Eqn. 33)

Where:' , # I Cis the weight of FAEE produced from initial GLC
TAG stardardusing PPMM microreactor, the calculation was described
in Egn. 38

For the oil samplesWga was indicated bythe total weightof free fatty
acid (FFA)per mg oil sampleletermined Different fom the GLC 406 standard
with known TAG content, lte reference valuefor oils were determinedusing
AOCS official methodCe 1k09. Since the official method is a methylation
reaction producing FAME, both the FAEE and FAME quantificatiware
converted to thequivalentFFA amountin orderto comparehem The W, for

oil samplesvascalculated agheamount of FFA (mg) produced bynig oil:

A 4 "Q0°OBY "G Q& (Eqn. 34)

Where:# & is the conversion factor from FAME to FFA

I Bl ®©A1 1 Cisthe total weight of FAME produced from each
oil sampleusing AOCS reference methdte calculation is described in
Eqn.37

oil weightis the initial weight of oil (10@mg) added to the flask before
performing AOCS official methylation method
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n G Qo0 "¢ Qa (Eqgn. 35)

Where:# & is the conversion factor from 2 to FFA

I Il OAT [ Cis the total weight of FEE produced from each oil
sampleusingPPMM microreactqgrthe calculation is described in
EquatiorB8-7

oil weightis the initial weight of oil in 1mL 0.42mg/mL
oil/ethanol/hexane solution passing through the PPMM microreactor

Thereforeg the accuracyof the total fatty acid quantification measured

using thePPMM is:
%O $AOAOI ET Hor%eh_ pmmb  (Egn. 35)

The accuracyof the determination oindividual FA weight percentages
(%FA) was to beassessed fahe GLC 406 standard anche tiree vegetable oils.
For the standardhe closeness of thEAEE product distributioproduced by the
PPMM microreactorcan becompaed to the known reference distributiongiven
in the ma n u f a cprodut spedfiéation (Nuchek Prep Inc). For the test
vegetable oils, the closeness of teARveight percentages determined using the
PPMM method can be compared to those determined us@GS reference

methodCe 1k09:

Absolute Eror of %FA determinatior= P & ! P&! (Egn. 36)
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Where: %FA,, is thePPMM experimental value of each FAR&eight
percentagéased on total FAEE weight for GLC 406 standard, and is the
PPMM experimental value of each FFA weight percentage based on total
FFA weight for the three vegetable oils

%FAsis thecorresponding FAveight percentagifom the reference
method (product information for GLC 406 TAG standard mixtuaad
correspondindgrFA weight percentage determinagdingAOCS official
method

The target for the accuracy tesés that he totaltotal fatty acid weight
(Wga) determined should agree between methedthin +5.0%, and the
individual fatty acid weight percentag€%oFA) absolutedifferences should be

less thart3.0%. For accuracy, both of these conditions should be met.

3.3.3.2IntermediatePrecision

AOAC describeghe pregsion of an analytical methods the degree of
agreementbetweenthe repeated values determined in the same or different
laboratories(AOAC, 2002. Precisionis consideredby AOAC at three levels:
repeadbility precision reproducibility precision and intermediate precisionin
order to evaluate the consistency of PPMM microreadtom different batchs
made on separate daystermediate precisios tested, as AOCS has defined the
intermediate precision dke degree of agreement of repealeterminations in a
single laboratory but not simultaneously, i.e., on different days, eiffarent
batch of equipmentby different operators, etc(AOAC, 2003. For the
intermediate precision test, 5 sets of replicate reaxtiarthe same test matdsa

are the minimum (AOAC, 2002).
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GLC 406 TAGstandard mixtureavasused for evaluatinghe intermediate
precision Transesterification othe samplavas performedon 5 different PPMM
microreactos, andthe Relative Standar@eviation(RSD) of total FAEEproduct
weight (Wkagg) in each runwas calculated to represetite intermediate precision.
The calculation ofVga was the same as that described aocuracyassessment.

RSD less thar2.0% is considered to be precise.

3.3.3.3Reusability

Lipase in the PPMM microreactor candenatureor deactivatewith
repeateduse. Multiple reactions were performed usingthe GLC 406 TAG
standard mixture unde¢he same described conditison the same microreactor.
The poducs of each runwere analyzed by HPLC/ELSIN orderto examineany
TAG residues.The absence of TAG peaks HPLC/ELSD traces indicatesn
acceptablePPMM microreaction run. The number atceptableruns indicates

how many times a PPM microreactor can be reused.
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3.3.4 Summary ofValidation Criteria

The acuracy and precision assessment are considered to be acceptable

within the rangedescribedn table 31.

Table 31 Acceptance Criteria for PPM Microreactor Validation

Target

Parameters Calculation Acceptance
Criteria

Wea exp (Mg FAEE/mg GLQ) measured
by PPMM methodcompaedto the
Total FA theoreticaWea ref (Mg FAEE/mg GLO

amounimg (%Error)
sample Within £5.0%
determination  Wga exp (Mg FFA/Mg 0il) measuredy
(Wea) PPMM, compaedto Wea et (Mg FFA

per mgoil) measured bAOCSCe 1k
09 methylation metho@%6Error)

Accuracy
%FAEE.,, measured by PPMM
microreactorcompaedto
Individual FA known%FAEE.; given byGLC 406
weight TAG standardproduct information
percentage (%Error) Within +3%
determination
(%FA) %FFAe, measured by PPMM
microreactorcompaedto YoFF A
obtained by AOCS method @fror)
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3.4 Results and Discussion

3.4.1 Identification of the Transesterification Products

Four test samples, including GLC 406 TAG standard mixture, canola oll,
camelina oil and RBD palm olein, were converted into FAEEs using the lipase
immobilized PPMM microreactors undehe conditiors described in section

3.2.2.

The consumptionof TAGs wasmonitored byHPLC/ELSD in a wayto
showthe transesterification produclAEE. HPLC is one of the most common
toolsused toseparat and quantifynonvolatile lipids. Normal Phase HPLC (NP
HPLC) is normally used for lipid class separation based on thedsvabie
differences in their polarity (Firestone and Mossoba, 1997), which mehat
different lipid classesincluding TAG, monoglyceride MAG), diglyceride DAG)
and FAEEs can be well resolved from each other. Reverse Phase HPLC (RP
HPLC) based on pariin chromatographywhere analytesshow different
affinities to mobile and stationary phaseis useful in separating individual
components that belong to one lipid class (Firestone and Mossoba, E697).
example, fee fatty acids (FFA), geometrical andsfimnal FAME isomers of
octadecenoic acid (Svenssenal, 1982), and monosaturated TAGS in vegetable
oils (Dionisiet al, 1995)have beemetermined on RIPPLC. In the present case
the application of HPLC/ELS®Mas forthe examination of TAG residuer MAG

and DAG intermediatesSincethe separation of individudipid specieswithin
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each class is not necessary in tase NP-HPLC is a better optioand was used

here

It was foundthat inall four testsamples TAG were completely converted
into FAEE after passing through the PPMM microreagcteithout producing any
MAG or DAG byproductthat could be observed by ELSD detedfeigure 31,
A-H). This shows that the PPMM is an efficient method to quantitatively convert
TAG into FAEE.As described abay different molecular species within one lipid
class might have similar retentitimesin the NRHPLC system, resulting in €o
eluting peaks. Thereforéewer peaks in FAEE product NAPLC/ELSD traces
were observed than theumber ofactual FAEE constitugs seen on GC/FID

traceg(Figure 32).
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Figure 31 NP-HPLC/ELSD Traces for(A) & (B) GLC 406TAG Standard,;
(C) & (D) canola d; (E) & (F) canelina Oil; (G) & (H)RBD palm
olein before andfeer 1.5h PPMM microreaction
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The major FAAE producel from GLC 406 TAG standard mixture, canola
oil, camelina oil and RBD palm olewerethenidentified by GC/FID. GC ia
powerful separation techniqtieat cancompletdy separat common fatty acidas
FAME or FAEE Thisis normally realized on a highly polar Gédlumn (e.qg.
biscyanopropyl siloxane in this experimentherebothboiling pointand polarity
affects the retentioof the analytes(RodriguezEstradaet al., 2002).The highly
polar column isableto resolveFAAE with different chain length and degree of
saturation, as well as some of the isomers (Firestone and Mossaba, 1997).
According to AOCSGC/FID analyticalmethod for fatty acidlerivativesCe 1h
05, by direct comparison of the retention times with AEA standrds, a
preliminary identification can be mad&or example,Figure 32 shows the
GC/FID peaks ofFAEE derivatized using PPMM microreactor transesterification,
with correspondent retention times to FAEE commercial stand&ias.FAEE
product peaks in Figer3-2 (B), (C), (D), (E), obtained from reaction of GLC 406
TAG standard mixture, canola oil, camelina oil and RBD palm ptespectively
could be identified by directly comparing their retention times to those of

commercial standards, shown in Figur2 @\).
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Figure 32 GC/FID Traces of (A) standard mixture of FAEE with additidn o
C19:1 FAME as internal standarstandards with C19:0 TAG internal
standardransesterified by microreactafter 1.5h; (B) GLC 406 TAG
standard mixturg(C) canola oil; (D)amelinaoil; (E) RBD palm olein
From the chromatograms, it can be seen that C19:0 FAEE iseselled
from all other peaksand is also migdangein retentiontime among the FAE®f
interest These indicate C19:0 TAG a suitable internal standard for the
transesterification reaction. It is also observed in Figu?e(B) that RBDpalm
olein contains much more saturated fatty acid (mainly C16:0) than canola and
camelina oils. Saturated fatty acids usually have lower solubility in alcohol,
resulting in @& interfaceresistanto mass transfer. In this wagn organic solvent
might be required aso-solventin order toenhancehe oil solubility, inducing a

larger contact of substrates thus greater reaction Tdis wasdemonstratedby

RBD palm olein which did not dissolve completely in pure ethanol, but with the
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