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1. Tsai and Chiang voorspellen het concentratieverloop als functie van de tijd van de
hydrolyse van olijfolie met behulp van een model waarbij oliezuur optreedt als
competitieve remmer. Zij verwaarlozen hierbij echter onterecht de teruggaande
reactie.
Tsai, S.W., Chiang, C L . 1991.Kinetics, mechanism, and time course analysis of lipase-catalyzed hydrolysis of high
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2. De lageproductie van ethylbutyraat in oplosmiddelen met een lage logPwaarde,is
niet te wijten aan verstoring van de essentiële waterlaag rond het enzym, maar aan
een lagere evenwichtsconcentratie van het product.
Manjón, A., Iborra, J.L., Arocas, A. 1991. Short-chain flavour ester synthesis by immobilized lipase in organic
media. Biotechnol. Lett. 13:339-344.

3. Hoewel de enzymatische activiteit en stabiliteit bij de hydrolyse van olijfolie in
omgekeerde micellenhoger isdan in een emulsiesysteem, zal het hiermee behaalde
voordeel niet opwegen tegen de gevolgen diedit heeft voor de opwerking.
Prazeres, D.M.F., Garcia, F.A.P., Cabrai, J.M.S. 1992.Kinetics and stability of a Chromobacterium viscosum lipase
in reversed micellar and aqueous media. J. Chem. Tech. Biotechnol. 53: 159-164.
Prazeres, D.M.F., Garcia, F.A.P., Cabrai, J.M.S. 1993.An ultrafiltration membrane bioreactor for the lipolysis of
olive oil in reversed micellar media. Biotechnol. Bioeng. 41:761-770.

Het patenteren van een enzymatische suikerestersynthese in een waterig systeem
door Seino et al.,is tot nu toe als zodanig overbodig gebleken doordat het systeem
niet reproduceerbaar is.
Seino, H., Uchibori, T., Inamasu, S., Nishitani, T. 1983. Verfahren zur herstellung von zucker- order
zuckeralkohol-fettsäureestem. Duits patent DE 3430944 A l .

5. De opschudding die het ontdekken van wetenschappelijke fraude meestal
veroorzaakt, toont aan dat het boek "Betrayers of the truth" niet genoeg gelezen
wordt.
Broad, W., Wade,N. 1982.Betrayersof the truth,fraud anddeceit inthe halls of science. Simon and Schuster, New
York.
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automodellen van toepassing.
8. De grote problemen die studenten hebben met het toepassen van massabalansen
doen het ergste vrezen voor de plannen om ter voorkoming van overbemesting een
mineraalhuishouding verplicht te stellen.
9. Het taalgebruik injuridische documenten iseenwaarborgvoor de werkgelegenheid
in dejuridische sector.
10. Een PC inhuiselijke omgeving isideaal om eenvoudige taken op complexewijze uit
te voeren.
11. Inveleproefschriften wordtinhetnawoord meldinggemaaktvanhetfeit datje nooit
inje ééntje kunt promoveren; ditwordt echter zelden inpraktijk gebracht.
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chapter 1
INTRODUCTION

Lipase-catalyzed reactions are receiving increasingly attention in several fields of
industry, such as food, chemical and pharmaceutical. Several reasons can be given.
Generally, enzymatic synthesis is more selective than chemical synthesis. Selectivity is
useful if one of the substrates contains, for example, more than one hydroxyl group.In a
chemicalprocessnodistinction canbemadebetweenthedifferent hydroxylgroups,which
resultsin a mixture of reactionproducts,while enzymes can distinguish between primary
and secundary hydroxyl groups. Furthermore, enzymes are active under mild reaction
conditions.Thisisofspecialinterest ifhightemperatures shouldbe avoided,for example,
at reactions with carbohydrates or unsaturated fatty acids, which will discolor at high
temperatures.In addition, foods canbe considered tobe natural, ifthe additives that are
used are synthesized with an enzyme as catalyst.
In this chapter, an overview is given of recent developments in lipase-catalyzed
esterification. The esterification of carbohydrates and fatty acids and the use of organic
solvents in enzymatic synthesis are discussed inmore detail.

LIPASE-CATALYZED ESTERIFICATION
Lipasesbelongtotheenzymaticclassofhydrolasesand catalyseboth hydrolysis and
synthesisofesters.Thisthesisisfocussed onlipase-catalyzed esterification. Esterification
isthereactionbetween analcoholwithoneormorehydroxylgroupsand acarboxylicacid,
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such as fatty acids.Although the possibility to catalyse the esterification of glycerol and
fatty acidwithlipase isalreadyknownfor averylongtime,24onlyfor thelast two decades
this topic is more extensively studied. In 1977, Tsujisaka et al.60 described the
esterification ofglyceroland fatty acidbyfour typesoflipases.They showedthat notonly
fatty acids,but alsodicarboxylicand aromaticacidswererecognized assubstratebysome
lipases. Nowadays, a broad variety of esters can be synthesized enzymatically. Besides
esterification, also examples of inter- and transesterification are discussed.
Interesterification is the reaction between two esters with exchange of fatty acids.
Transesterification isthereactionbetweenanester andafatty acid(alsocalled acidolysis)
or between an ester and an alcohol (also called alcoholysis).Lipase-catalyzed hydrolysis
isnotdiscussedhere.Forthissubject, thereaderisreferred toreviewsofJohnetal.26and
Mukherjee,46 that are dealingwith applications of lipase catalysis in general.
Synthesisoffattyacid-based surfactants
Interest is growing in lipase-catalyzed synthesis of emulsifying agents such as
monoacylglycerol, carbohydrate estersand aminoacidesters.Theseestershavegained in
importance since they are food grade and biodegradable.32 Fatty acid derivatives are
applied inseveral fields of industry for example thefood, cosmetic,detergent, and textile
auxiliary industry.
Monoacylglycerols can be obtained by alcoholysis of glycerol and triacylglycerols,23.39'40orbyesterification ofglycerol and fatty acid.62.66.68 Monoacylglycerol has
better emulsifying properties than a mixture of acylglycerols and for this reason it is
desirable toobtainmonoacylglycerol athighpurity.The mostuseful method isto prevent
thereaction from reachingequilibriumbyremovingtheproduct (monoacylglycerol) from
the reaction medium. This canbe done bycrystallization39.40 or adsorption on silica62.
An efficient process for the enzymatic carbohydrate ester synthesis is described by
Björkling et al.6 They developed a solvent-free process in which alkyl-glucoside and
long-chain fatty acids were mixed with a heat-stable, immobilized lipase derived from a
strainof Candidaantarctica. High monoester yieldswere obtained when the reactionwas
performed at 70°Cunder reduced pressure. Carbohydrate ester synthesis isdiscussed in
more detail in the next section of this chapter.
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Lipase-catalyzed esterification of the amino acid L-homoserine and fatty acid has
been observed in an aqueous-organic two-phase system47.The emulsifying activityof the
product isfound tobe higher than for nonionic surfactants. The same type of surfactants
issynthesized bythe transesterification of soybean oiland lysine.42In this case an amine
instead of an alcohol isused as substrate.
Synthesis of flavors
Lipase-catalyzed esterification is described for the synthesis of short-chain flavor
esters, such as isoamyl acetate31 and ethyl butyrate,18'67which are found in the aroma of
banana and strawberry, respectively. The ability of lipase to distinguish between
enantiomers is often used for the synthesis of flavor esters.For example, the production
of chiral hydroxyacid esters, which are constituents of various tropical fruits, is
described.12 Besidesproduction of an enantiomeric ester, stereoselective esterification is
alsoused for the resolution of racemicalcohols,for exampled,/-menthol.30.56
Usually alcohol and acid are twoseparate molecules, however, if both alcohol and
acid are present in one molecule, intramolecular esterification can take place. An
example is the lipase-catalyzed lactonization reaction of hydroxy acids to macrocyclic
mono-and oligolactones.3 Macrocycliclactones are aromatic substances that are used in
perfumes.
Synthesis ofedible oil equivalents
The synthesis of triacylglycerols with characteristic properties, such as a specified
melting range,isuseful for the food industry.Awell-known example isthe production of
cocoabutter equivalents,which isprepared byacidolysis of palm oil and stearic acidwith
a 1,3-specificlipase.33The composition ofthe esterified product isalmostthe sameas the
composition of cocoabutter. The interesterification of butterfat is catalyzed by a
non-specific lipase.26 Fatty acids are randomly distributed among the triacylglycerols of
the reaction product, which results in aproduct with a lower melting range as compared
to the untreated butterfat. To prevent hydrolysis of triacylglycerols during
interesterification or acidolysis,thewater content of the reaction mixture has tobe low.
It is also possible to produce triacylglycerols by esterifcation of glycerol and fatty
acid.Itisimportant toremove theby-productwater thuskeepingthewater activityof the
systemlow,in order to obtain pure triacylglycerol instead of a mixture of mono-, di-,and
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triacylglycerols.This canbe done byspontaneous evaporation, molecular sieves,vacuum
or dryair bubbling.13 Byusing apervaporation systemit isevenpossible to integrate the
reaction surface and thewater removal surface.63
Monomerandpolymer synthesis
The synthesisofmost of the abovementioned esters isuseful inthefood, flavor and
detergents industry. However, interest for enzymatic synthesis is growing also in the
chemicalindustry.Lipase-catalyzed esterification ofdiolsandacrylicormethacrylic acids
to produce monomers for the plastic industry has been shown to be technically
feasible.20.69 Alsotheenzymaticsynthesis ofpolymersisdescribed.10 Alkyds (unsaturated
polyesters) were prepared by lipase-catalyzed polytransesterifications of diesters of
fumaric acid and 1,4-butanediol.16.17 Polycarbonate, which is of commercial importance
as high performance plastic, has been synthesized through the condensation reaction
between diphenyl carbonate and a number ofbifunctional alcohols.1
Synthesisof amides
As already mentioned for the synthesis of N-e-oleyllysine,42 except of an alcohol,
also an amine can be a substrate for lipase. Margolin and Klibanov35 showed the
feasibility ofpeptide synthesis.Thelipase-catalyzed synthesisofN-lauryloleylamide41and
several other fatty amides4 has been reported. Fatty amides,which have a high melting
point and which are physically and chemically quite stable,find many applications in the
textile, paper, wood, metal, rubber, plastic and coating industry. Fatty hydroxamic acids
were synthesized by the reaction of hydroxyl amine with fatty acid.54 These chelating
agents are used inanalytical chemistry, therapeutics and agronomy.

ENZYMATICSYNTHESIS OFCARBOHYDRATEESTERS
In the previous section, an overview was given of possible lipase-catalyzed
esterification reactions. The synthesis of a broad variety of esters and their applications
wasdescribed.However,parameters that affect theproduct concentration, suchaschoice
of enzyme, activity and stability of the enzyme, substrate concentration and choice of
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solvent were not considered. In this section, these aspects are discussed for the
esterification of carbohydrates and fatty acids.The choice of solvent isdiscussed in more
detail in the next section.
For the enzymatic esterification of fatty acids and carbohydrates, an appropriate
reaction medium has to be chosen. Carbohydrates are solid substances at the reaction
temperature and onlypolar solvents canbe used to dissolve reasonable amounts of these
carbohydrates. Pyridine,7.67dimethylformamide,2.6.50 and 2-methyl-2-butanol27 are found
to be suitable solvents.In these solvents, the carbohydrate and the fatty acid do dissolve,
however, enzymes do not.This means that the reaction mixture consists of a suspension
of enzyme particles inthe solvent.Thistype ofreaction systemisused for the alcoholysis
ofvariousplant and animal oilswith sugar alcohols.7 Other examples are the alcoholysis
of activated fatty acids with monosaccharides57 and disaccharides,6.50 and the
esterification of oleic acid with glucose2 and fructose.27 Besides lipases, the proteases
subtilisin6.50 and alkylated trypsin2 are used for carbohydrate ester synthesis.
Another approach in enzymatic esterification of carbohydrates is to modify the
carbohydrate in order to increase the solubility in organic solvents. Examples are
described in literature of mono- and disaccharides with one blocked hydroxyl group that
are soluble in solvents such as acetone, tetrahydrofuran, and methylene chloride.6.68
Furthermore, acetylated sugars are found to be soluble in less polar solvents such as
chloroform and diethyl ether.9
Specificity is often mentioned as an advantage of using an enzyme instead of a
chemical catalyst. In the studies mentioned before,6.7.60.67 both lipase and subtilisin,
exhibit a strong preference towards the primary hydroxyl groups of the carbohydrate. In
case of monosaccharides with a blocked primairy hydroxyl group, a preference towards
C-2 or C-3 hydroxyl groups exists, depending on the source of lipase and the
monosaccharide used.58 An overview of the selectivity of enzymatic acylation of
carbohydrates isgivenbyRiva and Secundo.51
Selective esterification of carbohydrates is shown in the studies mentioned
before,6.7.50.57.58 however, yields and/or reaction rates are very low. In addition, the
solvents that are used in these studies are not accepted for food applications. For
large-scaleprocessing, ahigheryield and reaction rate isdesired. Furthermore, the reuse
and stability of the enzyme has to be taken into account and the use of toxic solvents
shouldbe avoided.Part ofthese conditions are fulfilled intheprocess ofBjörkling et al.5
and Fregapane et al.15 Björkling et al.5 studied the esterification of alkyl-glucosideswith
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long-chain fatty acid. This process was already described in the previous section.
Fregapane et al.15 showed the lipase-catalyzed esterification of sugar acetals and fatty
acids at 75 °C. In this process, catalyzed by immobilized lipase of Mucor miehei
(Lipozyme), mono- and diesters are formed and yields of 50-90% were obtained. The
product of the reaction had to be subjected to a mild acid-hydrolysis in order to remove
the acetal group. In both papers the stability of the lipase was not discussed. This might
be important, because of the high reaction temperatures thatwere used.
The use of lipase as catalyst for the carbohydrate ester synthesis is an attractive
option,becauseofthemildreactionconditionsandselectivecatalysis.Untilnowreported
reactionratesare lowand modification ofthe carbohydrate isnecessary for the processes
that seem tobe the most suitable ones for large-scale processing.6.15

ORGANIC SOLVENTS
In the previous section, the use of organic solvents in enzymatic esterification is
already mentioned. Many years ago, the idea that enzymes are only active in aqueous
solutions was found to be wrong. Many enzymes have been shown to be active in the
presence oforganicsolvents.Thisgreatly enhanced thepossibilities for enzyme-catalyzed
synthesis.Nonpolar substrates canbeused,whichareimmisciblewithwater and synthesis
reactions (reverse hydrolysis) are possible.In the first part of this section, an overview is
given of some aspects of the use of enzymes in aqueous-organic solvent mixtures,
aqueous-organic two-phase systems,and anhydrous organic solvents.In the second part,
the effect of organic solvents on the equilibrium position in aqueous-organic two-phase
systems isdiscussed inmore detail.

Organic solvents inenzymatic synthesis
Aqueous-organicsolventmixtures
In aqueous-organic solvent mixtures, a water-miscible solvent, called cosolvent, is
added toanaqueous solutioninorder toincrease thesolubilityofnonpolar substrates and
to reduce the water activity. These reaction systems are found to be useful for synthesis
reactions such as the synthesis of peptides,8.49 D-mandelonitrile,66 and the antibiotic
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penicillin G.14 Small amounts of cosolvents, such as acetonitrile, tetrahydrofurane,
acetone, and methanol can be added without affecting the activity and stability of the
enzyme.Insomecasesevenanincreaseintheenzymeactivityisreported atlowcosolvent
concentrations.19 Ahigh cosolvent concentration willcertainlylead to a lossof activityof
the enzyme. The dependence of enzyme activity, expressed in terms of the maximal
reaction rate velocity (vm), on the cosolvent concentration is found to have a threshold
character.43 The threshold concentration is the concentration of the cosolvent at which
the enzyme has lost half of its activity.The threshold concentration can be predicted by
the denaturation capacity.28 The latter isanew criterion for selection of organic solvents
as reaction media in biocatalysis. Methods to stabilize enzymes against the denaturing
effects of cosolvents,suchasmulti-point interactionwithasupport material and selective
chemical modification are recently reviewed.44.45
Aqueous-organictwo-phasesystems
Bio-organic synthesis is often performed in a reaction system, consisting of two
phases; an aqueous phase and an organic phase. The organic phase is composed of the
organicsolventand servesasareservoirfor thenonpolarreactants.Theenzymeislocated
in the aqueous phase, except for lipase which usually prefers the interface between the
aqueous and organic phase. Two types of two-phase system can be distinguised, the
emulsion-type system and the trapped aqueous phase system.21 In an emulsion-type
system the volumes of the organic and the aqueous phase are of the same order of
magnitude, resulting in a water-in-oil or an oil-in-water emulsion. In a trapped aqueous
phase system, the aqueous phase isvery small and can be restricted to the pores of the
catalyst particle. Although the water content of trapped aqueous phase systems can be
very low,thewater activity isstill close to 1.The possibility to solubilize the enzyme in a
microemulsion,36whichconsistsofsmallwater dropletsstabilized bysurfactants, inabulk
organic solvent isleft out of consideration in this chapter.
The choice of the organic solventwill affect the activity and stability ofthe enzyme.
Attempts are made to elucidate the solvent properties which are important for their use
in enzymatic synthesis. Several solvent parameters, such as the Hildebrand solubility
parameter, dielectric constant and log P, have been used to describe the activity of
immobilized bacterial cells in different solvents.29 LogP, which is the logarithm of the
partition coefficient in the octanol-water two-phase system, is found to give the best
correlation. Itwas shown that nonpolar solvents, having a logPvalue of 4or more, were
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suitable for microbial synthesis.29 LogP can also be used to correlate enzymatic activity
with the polarity of the medium.48 Recently, log P in combination with the electron
acceptance index or the polarizability of the solvent showed a good correlation with the
initial esterification activity of lipase.61 Schneider53 introduced the three-dimensional
solubility parameter approach to predict enzyme activity in all kind of nonaqueous
systems. He expected this approach to be more universal because polar, dispersive and
hydrogenbondinginteractions aretakeninto account.However,more data are necessary
to approve theusefulness of this approach.
In addition to correlation of logP with enzyme activity, logP also correlates with
enzymestability.48Nonpolar solventsgavebetter operational stabilitythanpolar solvents.
Furthermore, the denaturation capacity,28 which is already discussed for the aqueous
organic solvent mixtures, can be applied to immiscible organic solvents in two-phase
systems.
Anhydrous organicsolvents
Anhydrous organic solvent systems can be compared with the trapped aqueous
phase systems. The difference is that the water content is reduced until no discrete
aqueous phase is present anymore. This results in a water activity far below 1. The
enzyme,whichisusuallyfreeze driedbefore addition to the anhydrous organicsolvent,is
not soluble in this system and is present as suspended catalyst particles. The amount of
water required for enzyme activity is found to be much less than that needed to form a
monolayer on the surface of the enzyme.70.71The enzyme has a very rigid conformation
at these conditions. Due to this rigidity, the enzyme activity can be enhanced by the use
of ligands, for example competitive inhibitors.52 If a ligand is added to the enzyme
solution before freeze drying, the enzyme is much more active in an anhydrous reaction
medium than the enzyme freeze dried without such a ligand.In the presence of a ligand,
the enzyme is locked in a conformation resembling the enzyme-substrate complex.
However, addition of small amounts of water to the reaction medium loosens up the
protein molecules and irreversibly destroys the 'enzyme memory'.
Another phenomenon that isdue tothe rigidityof the enzymeinanhydrous organic
solvents isthe increased thermostability.69 The reduced mobility of theprotein molecule
hinderspartial unfolding which isthe first step of the inactivation process. Furthermore,
processeswhichlead totheirreversible inactivation ofthe enzyme requirewater and will
be prevented in anhydrous organic solvents.
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Solvent effects on equilibrium
Dilutesystems
The equilibrium position of areaction isdescribed bythe equilibrium constant. For
a reaction
A
+ B
^ ^
C +
H20
the equilibrium constantK isgivenby

K =

ac-aH,o

C1)

wherea ;isthethermodynamic activityofcomponenti.The activityisrelated tothe molal
concentration (mole.kg-1) or to the mole fraction (mole.mole-1) of a component by the
activity coefficient. If activity coefficients are normalized according to Henry's law, the
activity coefficients indilute solutionswillbe nearly one for the solutes aswell asfor the
solvent.For diluteaqueous solutions,themolal concentration inmole.kg-1isequal to the
molar concentration in kmole.m-3.Thismeans that the equilibrium constant for an ideal
dilute aqueous solution (Ky,) becomes
_ [C].-[tf2Q],

where [i]w isthe molar concentration of component iinthe aqueous phase.
In two-phase systems, the reactants are distributed between the aqueous and the
organic phase (figure 1). This partitioning is dependent on the characteristics of the
component, and the aqueous and the organic phase and is quantified by partition
coefficients. The partitioning of the reactants will affect the reactant concentrations at
equilibrium. In this section, models for the prediction of the equilibrium position in
two-phase systems are reviewed.

(2)
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Figure 1: Enzyme catalysis in an aqueous-organic two-phase system (adapted from Eggers et
al.").

More than a decade ago, Martinek et al.37.38 developed a model, where the
equilibriumposition inatwo-phasesystemiscomparedwiththeequilibriumpositionin
a one-phase system, with water as the reaction medium. In this model the biphasic
productconcentration,whichisthetotal amount ofproduct dividedbythetotalvolume
ofthebiphasicsystem,isrelated to thepartition coefficients ofsubstrates and products
and to the volume ratio of both phases.Arequirement isthat both phases are dilute,
which means that the substrate and product concentrations are low. In that case the
equilibrium constant can be expressed as concentrations rather than as activities
(equation(2)).
InthemodelofMartinekanapparent equilibriumconstant (Kbi) isdefined

10
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[C]bi-[H20]bi

(3)

lA]bi-[B]bi

where [f]bi is the biphasic concentration of component i. Based on a mass balance, the
biphasicconcentration canbe expressed by
[^•(l^i'«)
[llw

=

(4)

1 + a

Piisthepartition coefficient, givenby
p

=

Ijlçrç
CO»

(5)

where [Z]org and [i]w are the concentration of component i in the organic and aqueous
phase,respectively.The volume ratioa isdefined as
Vorg

(6)

whereVOIgisthevolumeofthe organicphase and Fw isthevolume of the aqueousphase.
Combining equations (3) and (4)gives
(l+q-PcXl+q-P^o)
Kbi

~

Kw

'

( l +a - P . X l + c x ' P * )

where Kw is the equilibrium constant for an ideal dilute aqueous solution as defined in
equation (2).
Forenzymaticreactionsitisoften preferred toexpresstheamount ofwater inmole
fractions and the amount oftheother reactants inconcentrations.55The advantage isthat
in dilute aqueous solutions, the water activity is close to one, since both the activity
coefficient and themole fraction ofwater approximate one.With the assumptionthat the
water activity isone, equation (1) becomes

11
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,
K

"

[C]w-aH2o

_

~ [A]W-[B]W

~

=

(8)

[C]„
[A]W-[B]W

Theequilibrium constants,where theamount ofwater isexpressed asmole fraction
andthe amounts of other reactants areexpressed asconcentrations, are marked with the
superscript *.The dimension of these equilibrium constants is ms.kmole-1 and its value
willbe different from that of the equilibrium constants,where thewater concentration is
used.
Eggers et al.11followed thisapproach andproposed to use an apparent equilibrium
constant that isonly a function of the concentrations ofA, B, and C
[C]w
• bi

(9)

[A]bi-[B]bi

Analog to the model of Martinek, mass balances are used to express the equilibrium
constant asa function of the partition coefficients and thevolume ratio

=

„.

( l +a - P c X i +q )
\l+a-PA)(l
+ a-PB)

(10)

w

Khi/Kw andKhi"/Kv* are related by

Kbi/Kw

-

l*a-P„,0

Kbi/Ku

1+ a

The esterification of 1-propanol and butanoic acid in a two-phase system of water
and hexane is usedtoshowthedifferences between themodel ofMartinek (equation (7))
andthemodelofEggers (equation (10)).Thepartitioncoefficients areestimatedbyusing
the UNIFAC group contribution method and the UNIFAC parameter table of
Magnussen et al.34 Thisreaction ischosen as an example,since the partition coefficients
of the substrates are low and the partition coefficient of the ester is high.This indicates
that the substrate concentrations willbe relatively high in the aqueous phase, while the
product (ester) willbe extracted to the organicphase.The ratios ofK^/K,, and Kh{/KJ1
are used as a measure of the equilibrium position in a two-phase system as compared to
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that inan aqueous solution.Infigure 2thelogarithms ofKbi/Kv andKb*/Kw* are plotted
asafunction ofthelogarithm ofthevolumeratioa . The equationof Martinek (figure 2a)
predicts anoptimum inKbi/Kw at avolumeratioof 1.The equation of Eggers (figure 2b)
predicts an increase inKhf/Kv* by increasing the volume ratio, indicating that a higher
degree of esterification is obtained at higher values of a . If PHï0 « 1, one can derive
from equation (11)that atlowvaluesofa ( a « 1),Khi/Kv a.ndKb'/K1K* areequal,which
also can be seen in figures 2a and 2b. Furthermore, at high values of a ( a » 1 and
^ H 2 O « 1 ) , l / ( l + a ) decreases, which results in a decrease olKbJKv with regard to
KhC/Kv*. Thistrend alsocanbe seen infigures 2a and 2b.

Log /r b */<w

Log /r b ,//r w

a
,- -^

2/

\
/

V

/

\

1•'

\

.'

\

V

u
1-3

\
1

-2-1

0

1

1

1

2

3

-1

4

-3

-2-1

0

1

Log o(

Log o(

Figure 2: Prediction of equilibrium data as a function of log a for the esterification of
1-propanol and butanoic acid in a water-hexane two-phase system. Partition coefficients are
0.35 (propanol), 2.2 (butanoic acid), 460 (propyl butanoate) and 1.2x10-* (water). Part a is
calculated from equation (7) and part b is calculated from equation (10).
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Incontrastwiththeapparentequilibriumconstant,theequilibriumconstantsforan
ideal dilute aqueous solutionKv andKw* are independent ofa. IfKworKv\ and the
initialbiphasicsubstratesconcentrations areknown,thebiphasicproduct concentration
as a function of a can be calculated from mass balances and either equation (7) or
equation(10).AswasdiscussedbyEggersetal.,11thebiphasicproductconcentrationisa
moreusefulparameterthanKbi/Kv orKb*/Kv*forthecomparisonoftwo-phasereaction
systems.The biphasic product concentrations as a function of a, calculated with the
equationsofMartineketal.,38andEggersetal.,11respectively,areshowninfigure3 and
thecurvesarefound tobeexactlythesame.Figure3showsthatthemaximumintheplot

[C].. inkmole.m"3

0.02

0.01

Log o(
Figure 3: Prediction of the biphasic product concentration in hexane as a function of log a
with the equations of Martinek et al. 38 or Eggers et al. 11
Initial concentrations: 0.1 kmole.m-3 butanoic acid and 0.1 kmole.m-3 1-propanol; biphasic
volume = 2.10-s m3; Kv = 0.278, and Kv* =0.005 mS.kmole"1; PK = 0.35, PB = 2.2, Pc =460
and P„ 2 o= 1.2x10-1
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of logKbi/Kv versusloga (figure 2a)isnot anindication of amaximumbiphasic product
concentration. However, the course offigure 2b,where logKb*/Kv* isplotted versus log
a , is the same as the course of figure 3,where [C]bi isplotted versus loga.. Due to this
correlation, itismore convenient touse the equations of Eggers et al.11
Eggers et al.11 argued that it was incorrect to include the partition coefficient of
water as Martinek et al.38 did. They showed a figure in which they compared an
experimentallyKbi, determined by Martinek et al.,withKb* that is calculated according
to equation (3).However,Kbi andKbi* aswell asK„andKv*are essentially different

Kbi
[H20]bi

.
.
and K,w

Kw

(12)

[H20]w

This means that Eggers et al.11 incorrectly comparedKbi withK b *. Furthermore, in the
calculation ofKb', Eggers et al.11 have usedK?,, obtained from Martinek et al.38 instead
ofK„*. The correctKb* andKw* can be obtained by division of the experimentalKbi and
Kv of Martinek et al.38by[H20]bi and [// 2 0] w , respectively, asproposed inequation (12).
This results in an experimentalKb*,which isingood agreement with the calculated Kbi\
according to equation (10) asisshowninfigure 4.
Ifpartitioncoefficients areknowninseveralsolvents,equation (10)canalsobe used
to predict the effect of solvents on the apparent equilibrium constant Kb*. Partition
coefficients of 1-propanol,butanoic acid, propyl butanoate and water in several solvents
are estimated by using the UNIFAC group contribution method. These partition
coefficients, andK^/KJ1, calculated with equation (10) are shown in table I. It can be
expected that for the dilute two-phase systems of table I, KJ" has a constant value.
Therefore, an increase inKb*/Kw* indicates an increase inJ^*. Equation (9) shows that
anincreaseinKb* resultsinanincrease in[C]bi atconstant initialbiphasic concentrations
of A and B. Then it can be concluded from the data in table I that esterification is
favorable in solvents with low partition coefficients for the substrates, 1-propanol and
butanoicacidand ahighpartition coefficient for the ester.The latter condition isnotvery
clear from table I, sincethevalues of allpartition coefficients for the ester are high.

15

chapter 1

LogKu
4

Log /rb,
4

a

b

2-

> * * * - . . .
/

n
u

-2

-4

-2

0

2

- 4 - 2

Log o(

0

2

Log a

Figure 4: Reproduction of equilibrium data for the synthesis of N-benzoyl-L-phenylalanine
ethyl ester in a water-chloroform reaction system.
Part a is taken from Eggers et al.11: The symbols are the experimental values of K^i from
Martinek et al., 38 the dotted and the solid lines were calculated with equation (7) and (10),
respectively, using PA = 0.11, PB =0.01, Pc = 4100, P„2o = 0.0012 and Kv = 0.002 (obtained
from Martinek et al. 38 ).
Part b is a recalculation: The symbols are the experimental values of K^ from Martinek et al., 38
divided by [H20]u- For the calculation of the curve, equation (10) was used with Kv* = 3.6•
10-5 ms.kmole-1 (= Kw/[#20]w).

Hailing22followedanotherapproachforthepredictionofsolventeffects onreaction
equilibriaindilutesystems.Heproposedtodefine separateequilibriumconstantsforthe
aqueousphase(Kv)andtheorganicphase (Korg).Thusforthereactionoffigure 1
[C]w-[HzO]w
K ,„

-

[C]org-[//2O]0

K.

[ A]org ' [B] org

16

(13)
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Table I: Partition coefficients and equilibrium data for the esterification of 1-propanol and
butanoic acid at a phase volume ratio (a) of 1.
Partition coefficients* for
Solvent

Propanol

17
17
6.6
15
8.4
0.3
0.35
0.28

2-Methyl-2-butanoI
Octanol
Tetrachloromethane
Chloroform
Diethyl ether
Isooctane
Hexane
Benzene

Butanoic
acid

Ester

6.9
5.1
1.5
3.5
4.7
1.9
2.2
1.8

1200
1500
600
5000
4500
360
460
1700

Water
eq. (10)
0.14
0.043
0.00017
0.0014
0.012
0.00012
0.00012
0.00065

17
27
63
139
168
192
213
949

Note:
Partition coefficients areestimated byusingtheUNIFACgroupcontribution method and
the UNIFAC parameter table of Magnussen et al.34

To compare the equilibrium position in a two-phase system with that of an aqueous
solution, the ratio of the twoequilibrium constants canbe used
[C]org-[H20]0
Korg/ Kv

[C]w-[H20]w

[A]W-[B]V
[A]org-[B]0

P C ' f H70

(14)

The change of Kort/Kv on changing the organic solvent can now be calculated if the
partition coefficients are known for every reactant. It is convenient to rewrite equation
(14) as
log * „ „ / * „

logPc + logPH

0-\ogPA-logPB

For the determination of the logarithm of the partition coefficients group
contribution relations are available. These relations assume that molecules are divided

17
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intofunctional groups.Everygrouphasacertainvalue,and thesumof thesevaluesisthe
logarithm of the partition coefficient. Many groups in reactant A and B will not be
changed by the reaction and these groups will also be present in the product C. This
means that logKOIg/Kv isonly dependent on thevalues of the groups that change during
thereaction.For example,for anesterification reaction, logKorg/Kw isdetermined bythe
hydroxyl, carbonyl,water and ester groups
LogKorg/Kw = " - COO - " g r o u p + "H20" group "-COOH" group - "-OH" group

(16)

Hailing22 concludesthat ifonlythereacting groupswillhave aneffect onlogKorJKv, the
equilibrium position in different solvents isequal for all reactions of the same type.
Valivety et al.61 studied the effect of solvents on an esterification reaction in a
reaction system that consists predominantly of organic solvent. However, the water
activity of this system is still close to 1. They proposed to use a practically useful
equilibrium constant(K0*)
= K

Yc

[A]org-[B]0

wheretheequilibriumconstantK* isaquotient ofactivitiesasdefined inequation (1)and
Yi istheactivity coefficient ofcomponent /.Thesuperscript * inIC and.Ko* indicates that
the amount ofwater is expressed as mole fraction, while the amounts ofA, B, and C are
expressed as concentrations.
The different methods to predict the effect of solvents on the equilibrium position
are compared in table II. Data of the esterification of 1-propanol and butanoic acid
calculated according toequation (10)of Eggers et al.11 (data from table I),are compared
withdatafor aliphaticesterification reactionsand dataoftheesterification ofethanol and
acetic acid (obtained from Hailing22). Furthermore, experimental data for the
esterification of dodecanol and decanoic acid, obtained from Valivety et al.61,are shown.
No experimental data are available in the solvent octanol, because this solvent is also a
substrate for the lipase-catalyzed esterification. Although K^'/K^* is not the same as
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KOIg/Kwand is certainly different from KQ",the logarithms of these variables are an
indication of the degree of esterification in a certain solvent. Therefore, the relative
valuesofthelogarithmoîKbi*/Kw*,KOIjKv, andÄo*,respectively,arecompared.
Table II: Equilibrium data for some esterification reactions in several solvents.
Logarithm of
Solvent

Octanol
Tetrachloromethane
Chloroform
Diethyl ether
Isooctane
Hexane
Benzene

Kbi*/-Kw* a

^org/^w

b

KOTg/Kv

eq. (10)

eq. (16)

eq. (15)

1.43
1.80
2.14
2.23
2.28
2.33
2.98

1.16
5.05

1.21
4.87
4.25
1.84

1.56

4.52

5.45
4.68

c

Ko* d
eq.(17)

_
2.86
2.18
1.26
3.20
2.85
2.52

Notes:
Kbi/Kj" for esterification of 1-propanol and butanoic acid. Data are from table I.
^org/^w for aliphatic esterification reactions. Data are from Hailing.22
^org/Kw for esterification of ethanol and acetic acid. Data are from Hailing.22
K0" for esterification of dodecanol and decanoic acid. Data are from Valivety et al. 61

Table II shows that octanol is in all cases the least favorable solvent for
esterification. The nonpolar solvents, isooctane, hexane and benzene, are clearly good
solventsforesterification.Inallpredictionmethods,thesesolventsshowedrelativelyhigh
values. In tetrachloromethane high values are obtained for KOIg/Kv andK0*, however,
Kbi*/Kv* isrelatively low.Theopposite isfound for diethylether,arelativelyhighvalue
forK^/KJ1 andlowvaluesforKorg/KwandK0*.Thevaluesofchloroformareinallcases
somewhere in the middle, which means that this is an intermediate solvent for
esterification.
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The values that are presented in table II are obtained from experiments and
different calculation methods,but alsofrom different esterification reactions.The results
in this table show that in different solvents, the relative equilibrium positions for these
esterification reactions are inmost cases the same.This isinagreement withthe findings
ofHalling.22
Nondilutesystems
For nonideal systems,activitiesinstead ofconcentrations mustbeused.The activity
of component i(«j) isrelated to the concentration through the activity coefficient (Y•)
(18>

at - Y . - m
Thewater activity(aw)isoften related tothemolefraction (JCW)andtheactivity coefficient
a

w

=

(19)

Y«,-**

In two-phase systems at equilibrium, the activity of component i in the aqueous
phase is equal to the activity of that component in the organic phase. If activities and
activitycoefficients instead ofconcentrations areused inthemassbalance,the expression
for thebiphasic concentration becomes

[libi

(l+o)A(Yi)„

+

(Y<)J

Straathof et al.65 showed that for nondilute reaction systems, equation (10) for the
apparent equilibrium constant canbe described as
a

( '

- [C]M-a„ao

[ïwm
(V,,)
n

+

n

20

(21)
+

^üJ-(i
(Y„)

w

\

org J

I I (Y S )
\

«)
(V„)„ r „

w

org
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where the equilibrium constant AT* is a quotient of activities as defined in equation (1).
The supercript *inK* indicates that the amount of water is expressed as mole fraction,
while the amounts ofA, B, and C are expressed as concentrations. Equation (21) can be
used for two-phase systemswitha non-ideal aqueous phase,for example,esterification of
glycerol and fatty acid.64 To calculate Kb', the water activity, equilibrium constant, and
severalactivitycoefficients havetobe known.Especiallythe determination ofthe activity
coefficients may lead to problems, since these values are dependent on the composition
of the reaction medium. Subsequently, activity coefficients may change when the
composition of the reaction medium changes. This has to be taken into account when
using equation (21).

AIMSOFTHISWORK
The use of lipase as a catalyst for the synthesis of carbohydrate esters is attractive.
For large-scale processing, high reaction rates and high monoester yields are desired. In
addition, direct use of substrates without any modification is preferred. As described in
the section 'Enzymatic synthesis of carbohydrate esters', until now, modification of the
carbohydrates is necessary for the processes that until now are the most suitable for
large-scale processing.
Especiallyfor esterification reactionswithmorethanoneproduct,knowledge ofthe
equilibrium position of the reaction is of importance. Dilute reaction systems are not of
practical importance. For industrial applications, high product concentrations are
desired, which implicate the use of nondilute reaction systems. In literature only one
model isdescribed for the prediction of the equilibriumposition innon-dilute two-phase
systems. However, to use this model, activity coefficients have to be determined as a
function of the composition of the reaction medium.
The aim of this thesis is to develop a reaction system for the lipase-catalyzed
esterification of carbohydrates and fatty acidswithout modification of the substrates and
in which high reaction rates can be obtained. Furthermore, it is the aim to predict the
product concentrations at the reaction equilibrium in non-dilute two-phase systems and
togain abetter insight into the factors that affect the equilibrium concentrations.
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OUTLINEOFTHETHESIS
Inthisthesisthelipase-catalyzed esterification ofpolyolsandfatty acidsisdiscussed.
Special attention isfocussed on the equilibrium position intwo-phase reaction systems.
In chapter 2 and 3, two different two-phase reaction systems for the synthesis of
carbohydrate ester are presented. In one system, the solvent 2-pyrrolidone is used
(chapter 2).Several aspects,suchastheinfluence ofwater, thespecificity and stabilityof
the enzyme and partitioning of the solvent are discussed. Also the application of a
two-phase membrane reactor is discussed. In the other system, the carbohydrate is
dissolved in water (chapter 3). The reaction system consists of an organic phase,
containing the fatty acid, and an aqueous phase, which is a saturated carbohydrate
solution. The importance of the water activity is discussed. Furthermore, a membrane
reactor is presented in which it is possible to keep the water activity low during the
reaction.
Addition of hexadecane to the reaction system of chapter 3was found to have an
enormous effect on the ester concentration at equilibrium. Solvent effects are described
in chapter 4 for the model reaction between glycerol and decanoic acid. Experimental
data are compared with calculations of a computer program called TREP (Two-phase
Reaction Equilibrium Prediction). This program is based on the UNIFAC group
contribution method and massbalances, and isdeveloped for nondilute reaction systems
with awater activitybelow 1.
In chapter 5 the esterification of glycerol and several fatty acids is studied.
Experimental results are compared with calculations with TREP. Besides equilibrium
concentrations, also the effect of the solvent on initial reaction rates is discussed. In
chapter 6theusefulness of theprogram TREP isshown for theesterification of decanoic
acid and several alcohols. The reaction systems with 1,3-propanediol and sorbitol are
emulsion-type systems, while the systems with 1-dodecanol and 1-butanol are
trapped-aqueous phase systems.
In the general discussion (chapter 7), calculations with the program TREP are
comparedwith data asreviewed inchapter 1.Furthermore, thepossibility toincrease the
reaction rate of sorbitol ester synthesis by increasing the temperature is discussed.
Temperature effects on the equilibrium ester concentation are also presented.
Furthermore, attempts to synthesize sucrose esters enzymatically and the elucidation of
the structure of sorbitol di-,tri-,and tetraesters are described.
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NOMENCLATURE
a

activity

(-) or (kmole.nr 3 )

[i]

concentration ofcomponent i

(kmole.m-3)

K

equilibrium constant

(-)

Abi

biphasic equilibrium constant

(-)

Äorg

equilibrium constant for dilute organic phase

(-)

Kv

equilibrium constant for dilute aqueous solution

Kbi*

biphasic equilibrium constant

(-)
(m^kmole-1)

K„*

equilibrium constant for dilute aqueous solution

(ms.kmole-1)

KQ*

practically useful equilibrium constant

(ms.kmole-1)

P

partition coefficient

(M o r g .M w -i)

V

volume

(m»)

x

mole fraction

(-)

a

volume ratio

(-)

Y

activity coefficient

(-)

Subscripts:
bi

biphasic

i,A,B,C

components

org

organic phase

w

aqueous phase

Superscripts:
usingwater mole fraction instead ofwater concentration
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ENZYMATIC SYNTHESIS OF CARBOHYDRATE
ESTERS IN2-PYRROLIDONE

SUMMARY
The lipase-mediated esterification of sorbitol and fatty acid was investigated in a
two-phase system with 2-pyrrolidone as cosolvent for sorbitol. The lipase from Chromobacteriumviscosum showed an initial esterification rate of 1.4 mmole.g^.h"1, and after
74h, 80%of the initial sorbitol content was converted into sorbitol esters.With fructose
or glucose as a substrate, initial esterification rates were 0.2 and 0.04 mmole.g-i.h-1,
respectively; disaccharides were not reactive at all.The effects of the sorbitol, fatty acid,
water, and 2-pyrrolidone concentrations onesterification activitywerestudied.Anexcess
of fatty acid and a water concentration around 1 M were found to be necessary for
optimum ester production. The polar organic cosolvent 2-pyrrolidone can inactivate the
lipase.It isa suitable cosolvent for carbohydrates, provided that its concentration islow.
Esterification was also studied in a two-phase membrane reactor. The value of the
enzyme-based initialreactionratewashalfofthereactionrateinanemulsionsystem.The
water activityin the membrane systemwas relatively high,which resulted in low product
yields.

This chapter is published by the authors A.E.M. Janssen, C. Klabbers, M.C.R. Franssen* and
K. Van 't Riet in Enzyme Microbial Technology, 1991, 13: 565-572.
Department of Organic Chemistry, Wageningen Agricultural University, Wageningen, The
Netherlands.
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INTRODUCTION
Esters of carbohydrates and fatty acids can be used as surfactants in the food,
detergent,and cosmeticindustries.Theyareincreasinglyused,duetothefact theyarenot
harmful to the environment since they have a good biological degradability and a low
toxicity.12Untilnow,carbohydrate estershavebeensynthesized chemically.However, the
chemical synthesis hassome disadvantages, since,for example,coloration of the product
mayoccurduringheating.Theseproblemsmightbecircumvented bytheuseof enzymatic
esterification in awell-defined reaction medium.
Usually, enzymatic ester synthesis requires an organic solvent; however,
carbohydrates are poorly soluble in the common organic solvents, such as octane or
chloroform. Appropriate solvents for carbohydrates are, among others, pyridine and
dimethylformamide. Chopineau et al.4 have studied the transesterification reaction
betweenanumber ofsugaralcoholsandvariousplantand animaloilsindrypyridine.The
reactioniscatalysed byporcine pancreatic and Chromobacterium viscosumlipases.These
enzymes are insoluble inpyridine,which means that the reaction mixture isa suspension
of enzyme particles in a solution of substrates in organic solvent. Hence the reaction is
catalysed at a solid-liquid interface. Dry pyridine is also used as solvent for the porcine
pancreatic lipase-mediated transesterification reaction between trichloroethyl esters and
monosaccharides.16 Riva et al.15 have studied the subtilisin-catalysed regioselective
esterification between an activated fatty acidand carbohydrateswith dimethylformamide
as solvent.
Another approach in enzymatic esterification of carbohydrates is to modify the
carbohydrates to increase the solubility in organic solvents. Monosaccharides with
blocked C-6-hydroxyl groups are soluble in organic solvents such as acetone,
tetrahydrofuran, and methylene chloride.17 The transesterification reaction between
trichloroethyl butyrate and these modified monosaccharides is catalysed by lipases from
Chromobacterium viscosum, porcine pancreas, Candida rugosa, and Aspergillusniger.
Carrea et al.3 have studied the lipase-catalysed transesterification between activated
lauricacid and amodified disaccharide,the 1-O-hexylderivative ofsucrose.This reaction
isperformed indryacetone.Another possibilitytomake carbohydrates more lipophilicis
acetylation.6 Acetylated carbohydrates are soluble in benzene, toluene, chloroform,
acetone, dioxane, diethylether, and carbon tetrachloride. The esterification of the
acetylated sugar and a fatty acid iscatalysed byimmobilized lipase.Björkling et al.1 have
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studied the esterification of modified glucose and long-chain fatty acids in a solvent-free
process. The reaction is performed at elevated temperature under reduced pressure. A
heat-stable lipase of Candidaantarctica isused.
For high reaction rates, it is necessary that the carbohydrate be dissolved, and
therefore a polar organic medium is preferred. Laane et al.11 have shown a correlation
betweenthestabilityofanenzymeinanorganicsolventandthelogPvalueofthissolvent.
The log P value is defined as the logarithm of the partition coefficient of a given
compound in the octanol-water two-phase system. Apolar solvents with logP>4 give a
highenzymestability,andthemorepolarsolvents,havingalogP<2,exhibitalowenzyme
stability. Solvents for carbohydrates are essentially polar, with logP values below 2, and
should therefore be unsuited for enzymatic reactions. However, there are exceptions to
these rules, aswas shownbythe work of Klibanov,4'15'16'17which was mentioned before.
Furthermore, Guagliardi et al.7 have studied the stability and activity of a thermostable
malicenzyme inmonophasic systemsofwater andpolar organicsolvents.They report an
increase in enzyme stability with an increase in polarity of the incubation mixture. This
indicates that the enzyme stability/solvent polarity relationship is reversed when using
water/polar organicsolvent solutions.An explanation for thisphenomenon wasgivenby
Gekko and Timasheff6 in their studies on the stability of proteins in glycerol-water
mixtures. They reported a stabilization effect of glycerol in water, due to preferential
hydration of the protein. They assume that a thermodynamically unfavorable interaction
tends to minimize the surface of contact between proteins and glycerol, thus stabilizing
the native structure of the proteins.
Not all polar solvents are suited ascosolvents for esterification reactions. Glycerol
and other alcohols contain hydroxyl groups and maycompete with the substrate. Others,
like pyridine and dimethylformamide, are very toxic and therefore not suitable. A new
polar cosolvent for carbohydrates inenzymaticsynthesisis2-pyrrolidone.ThelogPvalue
of 2-pyrrolidone is -0.9, calculated according to Rekker.14 In industry, 2-pyrrolidone is
used as a solvent for polymers, sorbitol, glycerol, and sugars. It is known to be
noncorrosive, to have good chemical stability, and to be miscible with a number of
solvents, for example water, ethanol, chloroform and benzene.19 In this paper, the
suitability of 2-pyrrolidone for carbohydrate esterification will be investigated. Special
attention willbe paid to enzyme stability inthe reaction medium.
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It is well known that the use of a two-phase membrane reactor in enzymatic
reactions can have advantages, when compared with the reaction performed in an
emulsion system. The membrane serves as the separation interface between the two
phases,thusavoidingan energy-demandingphaseseparation.The membrane alsocanbe
used asan immobilization carrier of the enzyme.
Immobilization of lipase is performed on hydrophobic8'9 as well as hydrophilic
membranes.13.18 Both membrane systems can be used both for hydrolysis of oils and for
esterification of glycerol and fatty acids. However, at high glycerol concentrations, a
hydrophilicmembrane deviceispreferred for esterification.18 Inthispaper the suitability
of thismembrane reactor for the reaction under studywillbe investigated.

MATERIALSANDMETHODS
Materials
Lipaseswere obtained as follows: Chromobacterium viscosum,Aspergillusniger, and
porcine pancreatic lipase from Biocatalysts Ltd. (UK);Pseudomonas fluorescens (lipase
P) from Amano; Candida rugosa (type OF-360) from Meito Sangyo (Japan), and Mucor
miehei from Novo (Denmark).
The carbohydrates used in this work, D-sorbitol, D-fructose, D-glucose
monohydrate, andsucrose (allp.a.quality),were obtained from Merck (Germany).Oleic
acidwas also obtained from Merck (Germany) and consisted of a mixture of fatty acids:
l%-2% C14,5% C16,5%-6%C16:l, 1%C18,72%C18:l,9%-ll% C18:2,1% C18:3,2%
C20.The mixture of sucrose esters (DK-F110)wasobtained from Suiker Unie Research
(Holland).Allother chemicalswere ofp.a.quality and obtained from Merck (Germany).
The hollow fiber membrane module waspurchased from Organon (Holland). The
fibers made ofcellulose (Cuprophan™, Enka, Germany) had an internal diameter of 0.2
mm and awall thickness of 8/im;the total membrane area was 0.77 m2.
Reaction
The carbohydrate was dissolved in 2-pyrrolidone. In a typical experiment, 0.13g
sorbitol,0.5g2-pyrrolidone, 1.3gfatty acid,25mglipasefrom Chromobacteriumviscosum
and 10n\ 0.1 M sodium phosphate buffer, pH 7.0,were mixed in 10-ml stoppered glass
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bottles.The bottleswere shakenbyan end-over-end incubation (100rpm) at40°C.Prior
to HPLC analysis, the mixture was centrifuged and a 100-^1sample was taken from the
fatty acid phase.
Initial esterification rate
The reaction mixture consisted of 1.3 gcarbohydrate, 10g2-pyrrolidone,27g fatty
acid, 0.5 g lipase from Chromobacteriumviscosum, and 0.2 ml 0.1 M sodium phosphate
buffer, pH 7.0.This solutionwasmixed thoroughly at40°C,and atregular time intervals,
samples were taken out from the fatty acid phase and analyzed by HPLC. The initial
esterification is defined as the amount of fatty acid (millimoles) bound to carbohydrate
per gram crude lipase per hour.
HPLC analysis
The determination ofthefatty acidphase,containingfatty acid,carbohydrate esters,
andapartofthe2-pyrrolidone,wasperformed byHPLCusingtwosizeexclusion columns
(PLgel 30 cm, Polymer Laboratories), placed in serial order. The columns were eluted
withtetrahydrofuran at aflow rate of 1.0 ml.min 1 and the effluent was monitored with a
refractive index detector. Chromatograms were processed on a Spectra-Physics SP4290
integrator. In this analysis,oleic acid,which consisted of a mixture of fatty acids, showed
onepeakwith aretention time of 13.5min.The ester concentration isexpressed asmoles
of ester per mole of fatty acid at t=0, unless stated otherwise.
Measurement ofwater
The water content of 2-pyrrolidone, sorbitol, fatty acid, and lipasewas determined
with a Mettler DL18 Karl Fischer Titrator (Mettler, Switzerland).22 The initial water
concentration of the reaction mixturewascalculated withthesevalues.To determine the
water activity of the reaction mixtures,the relative humidity at 40°Cwas measured with
a Rotronic Hygroskop DT (Rotronic AG, Switzerland).
Purification oftheproduct
The esterification reaction between sorbitol and fatty acid was carried out as
described. After 64 h, the enzyme was removed by centrifugation. The reaction product
(2.0g)was applied to a silica column (Merck: Kieselgel 60,0.040-0.063 mm) and eluted
with chloroform/methanol (93/7,v/v).The effluent was fractionated and monitored by
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HPLC. Fractions containing product were pooled and the solvent was evaporated in
vacuo.Theyield ofthispurification was24mgmonoester (circa 1%). The structure of the
purified productwasconfirmed byspectrometricmethods.Theinfrared spectrum (Philips
PU 9700;CHC13)showed astrongband at 1730cm-1,indicativeof acarboxylicester. The
!H-NMRspectrum (BrakerAC200E;CD s OD,TMSasinternal reference) showed peaks
offatty acid (s0.851[CH3], 1.28br s[CH2],s 1.61brs[CH2CH2CO],2.351[£H 2 CO]) and
ofsorbitol [S3.6-4.2,m].The 13C-chemicalshiftsofthecarbohydratepartofthe Cl-ester
were (Braker AC 200E operating at 50.3270 MHz; CD 3 OD, internal reference TMS;
differences with corresponding signals of sorbitol are givenin parentheses): 67.1[CI,AS
= +3.0ppm],70.9[C2,AS = -2.7ppm],71.3[C3],73.3[C4],75.4 [C5],and 65.1[C6].The
chemical shifts oftheC6-esterwere:64.5[CI],73.7[C2],71.3[C3],73.3[C4],72.9[C5, AS
= -2.1 ppm],and 27.8[C6,AS = +3.0ppm].
Stabilityoflipasein2-pyrroIidone
Twenty-five milligrams of lipase from Chromobacteriumviscosum was added to a
solutionof0.1Mphosphatebuffer inwater (pH7)and2-pyrrolidone(totalvolume25ml)
in stoppered glass bottles. The bottles were shaken on a reciprocal shaker (150 rpm) at
40°C and samples were taken out at regular time intervals. The lipase activity was
determined byaddingthe sampleto50mlof an emulsioncontaining 2%(v/v) tributyrin,
0.1% (w/v) arabic gum, and 2mM maleic acid, pH 6.The pH was kept at 6by addition
of0.01 MNaOH.Oneunitoflipaseactivitywasdefined astheamount oflipase requiring
the addition of 1 /imole of NaOH per minute.
Partition coefficient of2-pyrrolidone
To determine the partition coefficient of 2-pyrrolidone, several solutions of 0.1 M
sodiumphosphate buffer (pH 7)and 2-pyrrolidone wereprepared. Sorbitolwasadded to
these 2-pyrrolidone/buffer solutions at a concentration of 0, 1.0 and 1.5 M, respectively.
One mlofthe buffer/2-pyrrolidone solutionand 1 mlfatty acidwere added toeach other
and the mixture was shaken vigorously for 15 min. The phases were separated by
centrifugation. Concentrations offatty acidand 2-pyrrolidone weredetermined byHPLC
analysis.
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Membrane bioreactor
The internal circuit of the hollow fiber membrane wasfilled with fatty acid and the
externalcircuitwasfilled withwater.The initialvolume ofthefatty acid phasewas 100 ±
10 ml, circulating at 1.2 l.h 1 ; the initial volume of the water phase was 150 ± 10ml,
circulating at 3.9 l.h 1 . The immobilization of 1 glipase from Chromobacteriumviscosum
at the inner fiber side was carried out as follows: Lipase was dissolved in water and
centrifuged toremove celldebris.Theclearsolutionwasdispersed inthefatty acidphase,
and for 16 h ultrafiltrated from the inner fiber side towards the external circuit, thus
immobilizing the lipase on the inner fiber side.13.18 After immobilization, the fatty acid
phase was replaced.The reaction was started bychanging the water phase for a solution
containing 640g. I 1 2-pyrrolidone, 200g.H sorbitol, and 300g.H buffer (0.1 M sodium
phosphate in water, pH 7). The water content of both circuits was determined by
Karl-Fischer titration. The concentrations of fatty acid, esters, and 2-pyrrolidone were
determinedbyHPLCanalysis.Theinitialesterification rateinthemembrane reactorwas
measured at 30°C.

RESULTSAND DISCUSSION
Emulsion system
The reaction system contains carbohydrate, dissolved in2-pyrrolidone, fatty acid, a
small amount of water, and lipase. This system separates into two phases. One phase
containsthe carbohydrate,water, and 2-pyrrolidone,from nowoncalled thewaterphase.
The other phase contains the fatty acid,2-pyrrolidone, and atrace amount ofwater, from
nowoncalled thefatty acidphase.Thepartition of2-pyrrolidone overbothphaseswillbe
discussedunder 'Solvent'.Inthisemulsionsystem,thevolumeratioofthefatty acidphase
and water phase is 10 up to 15.The lipase is present as suspended particles; thus, the
reaction isassumed to takeplace at the solid-liquid interface.
Enzyme
Lipases were screened for esterification activity in the above-described two-phase
system. No reaction was detected with the lipases from the porcine pancreas, Candida
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rugosa,Mucor miehei, and Aspergillus niger. Only the lipases from Chromobacterium
viscosumandPseudomonasfluoresceinwere activein2-pyrrolidone,and sincethe former
lipase showed 8-10 times the activityof the latter, itwas selected for further studies.
Analysis
When the products from the reaction between sorbitol and fatty acid, catalyzed by
Chromobacterium viscosum lipase, were analyzed, the HPLC chromatogram of the
reactionmixture showed thepeaksoffatty acid and 2-pyrrolidone withretention timesof
13.5 and 16.9 minutes, respectively. Peaks with retention times of 11.5, 11.9, and 12.5
minutesarealsopresent.Thesearepresumed tobethepeaksoftri-,di-,and monoesters.
The chromatogram is compared with a chromatogram of DKF110, a commercially
availablemixture of sucrosefatty acidesters,10and inthischromatogram thepeaksof the
mono-,di-,and triesters have the sameretention times.To confirm thestructure of these
compounds, the monoester of sorbitol and fatty acid is purified by silica gel column
chromatography. The HPLC chromatogram of the purified product showsone peak with
a retention time of 12.5minutes.
The structure isestablished bythe IR- and NMR-spectra. The infrared absorption
spectrum shows strong absorption at 1730 cm 1 , indicative of an ester bond. In the
iH-NMRspectrum,signalsofboththefatty acidpart andthesorbitolpart ofthe molecule
are clearly visible. 13C-NMR proved to be the best technique for the elucidation of the
structure of the product, which appeared to be a mixture of two isomers. Using the
characteristicdownfield shift ofCaandupfield shift ofCßuponesterification ofsugarsand
sugar alcohols,2'20 it was established that the mixture consisted of 1-monoacyl- and
6-monoacylsorbitol. The 1-ester was the major product. In the 13C-NMR spectrum, no
signalsarevisiblederived from C-Cdoublebonds,whichindicates that thefatty acid part
consists of saturated fatty acids. It is known that Chromobacterium viscosum lipase
exhibits a preference towards primary hydroxyl groups of the alcohol.4'16 However, no
literature data are available about a fatty acid specificity of this lipase. Whether or not
lipasefrom Chromobacteriumviscosumismorereactive towards saturated fatty acidswill
be a subject for further investigation.
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Kinetics and specificity
Figure 1 shows the time course of esterification of fatty acid with sorbitol in
2-pyrrolidone using lipase from Chromobacterium viscosum. The initial enzyme-based
esterification rate is 1.4 mmole g^.h 1 . After 74 h, the esterification has proceeded to
values,expressed asmolesof ester per molefatty acid at t=0, of0.060for the monoester,
0.047 for the diester, and 0.006 for the triester. Eighty percent of the initial sorbitol
content is converted and the reaction still proceeds. No reaction isfound in the absence
of lipase.Thewater activity of this system is0.20.

Concentration (mole/molefattyacid)
0.06

0.04-

0.02

Figure 1: Time course for the esterification of fatty acid and D-sorbitol.
The reaction mixture contained 2.5 g sorbitol, 10 g 2-pyrrolidone, 27 g fatty acid, 0.5 g lipase
(Chromobacterium viscosum), and 0.2 ml 0.1 M sodium phosphate buffer at pH 7.0. Sorbitol
mono- (D), sorbitol di- (A), and sorbitol triester (0).
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Table I: Comparison of enzyme activity in esterification reactions.

Reaction

Enzyme

Esterification
rate
(mmole.g-i.h"1)

References

Sugar alcohols and triolein in
pyridine

Porcine pancreatic lipase

0.0007 - 0.0026

Chopineau
et al.4

Monosaccharides and
trichloroethylester in pyridine

Porcine pancreatic lipase

0.014 - 0.044

Therisod et
al. «

6-O-butyrylglucose and
trichloroethylester in
tetrahydrofuran

Lipase from
Chromobacterium
viscosum

0.07

Therisod et
al.17

Monosaccharides and
trichloroethylbutyrate in
dimethylformamide

Subtilisin

0.09

Riva et
al. 15

Disaccharides and
trichloroethylbutyrate in
dimethylformamide

Subtilisin

0.03 - 0.19

Riva et

Sucrose and
trifluoroethylbutyrate in
dimethylformamide

Protease N

0.03

Carrea et
al.s

Hexanoylsucrose and
trifluoroethyl laurate in acetone

Lipase from
Chromobacterium
viscosum

0.002

Carrea et
al.s

Alkyl-D-glucopyranoside and
dodecanoic acid (solvent-free)

Lipase from Candida
antarctica

0.8 - 15.6

Björkling
et al. 1

Sorbitol/monosaccharides and
fatty acid
in 2-pyrrolidone

Lipase from
Chromobacterium
viscosum

0.04 - 1.4

Present
report

al.15
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The initial esterification rate is also determined with mono- and disaccharides as
substrate.For fructose andglucoseassubstrate,theratesare0.20and 0.04mmole.g-1.h-1,
respectively. With fructose, mono- as well as diesters are formed, whereas with glucose
only monoesters are formed. Together with the results obtained with sorbitol, this is a
strong indication that the enzyme has a preference for primary hydroxyl groups. With
disaccharides assubstrates,noesterification canbe detected after 2weeksof incubation.
Esterification ratesasmeasured inthisinvestigation and from literature data aregivenin
table I. Quantitative conclusions cannot be drawn, because of different reaction
conditions and different purities of lipase.Qualitatively,thedata showthat the enzymatic
esterification ofcarbohydrates andfattyacidsisveryslow.Whencomparedwiththe other
solvents,with2-pyrrolidonetheesterification rates arerelatively high,upto oneorder of
magnitude.
Substrate concentration
Since the reaction rate is relatively high with sorbitol, this is chosen as the model
compound to study the esterification reaction with 2-pyrrolidone as cosolvent. The
correlation between the substrate concentration and the amount of mono-, di-, and
triester formed in70hisshowninfigures 2a and 2b.In figure 2a, the ester concentration
isexpressed asmoles of ester per mole of fatty acid att=0,whereas infigure 2bthe ester
concentration isexpressed asmoles of ester per mole of sorbitol at t=0.
The concentrations ofmono-,di-,and triester increase atincreasing overall sorbitol
concentrations (figure 2a). In these experiments, sorbitol concentrations higher than
0.38 Mare not possible, since this is the maximum solubility of sorbitol in 2-pyrrolidone.
The ratio of mono-, di-,and triester isnot very dependent on the sorbitol concentration.
Figure 2b shows a dependence of the ratio of mono-, di-,and triesters on the fatty acid
concentration. The monoester concentration shows a maximum between 2.3 and 2.7 M
fatty acid, while the maximum of the diester concentration issituated at higher fatty acid
concentrations (2.6-2.8M).Thetriester concentration increasesslowlyaboveafatty acid
concentration of 2 M. Figure 2b also shows that there is hardly any product formation
belowanoverallfatty acidconcentration of 1.5 M.Compared tosorbitol,arelatively high
fatty acid concentration is necessary for ester production. This is probably due to
inactivationoftheenzymeby2-pyrrolidone,sincetheoverall2-pyrrolidone concentration
increaseswithdecreasingfatty acid concentration.Thiswillbe discussedunder 'Stability'.
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Concentration (mole/molefattyacid)
0.04

0.03

0.02-

0.01

0.1

0.2

0.3

Overall sorbitol concentration (M)
Figure 2a: Ester concentration as a function of the overall sorbitol concentration.
The reaction was carried out with 1.3 g fatty acid, a varying amount of sorbitol, 0.5 g
2-pyrrolidone, 10 /xl sodium phosphate buffer at pH 7.0, and 25 mg lipase {Chromobacterium
viscosum). The samples were incubated for 70 h at 40 °C. The ester concentration is calculated
as moles of ester per mole of fatty acid (at t=0). Sorbitol mono- (ü), sorbitol di- (A), and
sorbitol triester (o).

Influence ofwater
Figure 3 shows the effect of the water content on the amount of ester produced in
70h.Astrongdependence ofenzyme activityonwater concentration canbe seen.Atvery
low water concentrations (i.e. below 0.2 M), no activity is detected, indicating that a
certain amount of water is essential to maintain conformation and activity of the
enzyme.21 The maximum ester production is obtained at an overall initial water
concentration of 0.4-1.0 M. At water concentrations above 1.0 M, ester production
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decreases, since the equilibrium favors hydrolysis and low ester concentrations. The
overall water concentration increases during the synthesis reaction, but the maximum
increase inthese experiments isonly0.14 M. The ratio of mono-, di-,and triestersisnot
verydependent onthewater content (data not shown).

Concentration (mole/mole sorbitol)
0.4'

1

2

Overallfattyacid concentration (M)
Figure 2b: Ester concentration as a function of the overall fatty acid concentration.
The reaction was carried out with 0.13 g sorbitol, a varying amount of fatty acid, 0.5 g
2-pyrrolidone, 10 /JI sodium phosphate buffer at pH 7.0, and 25 mg lipase (Chromobacterium
viscosum). The samples were incubated for 70 h at 40 °C. The ester concentration is calculated
as moles of ester per mole of sorbitol (at t=0). Sorbitol mono- (o), sorbitol di- (A), and sorbitol
triester (0).

Stability
The effect of 2-pyrrolidone on the conversion of sorbitol is investigated (figure 4).
To dissolve sorbitol, a minimum amount of 2-pyrrolidone (2 M) is necessary. Above a
2-pyrrolidone concentration of 3 M, ester production rapidly decreases, probably due to
inactivation of lipase. At low 2-pyrrolidone concentrations, the enzyme is preferentially
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hydrated6; however, at higher concentrations the enzyme losesthe essential water layer.
The water activity is reduced from a^ = 0.3 at 2 M 2-pyrrolidone to a„ = 0.2 at 4 M
2-pyrrolidone. Increasing the water activity of a reaction mixture with a 2-pyrrolidone
concentration of 3 M by addition of water results in an ester concentration of 0.060
mole.mole-1, formed within70h.This implies that the inactivation isreversible.

Concentration (mole/molefatty acid)
0.05'

0.04

0.03-

0.02-

0.01

04^
0

5

10

Initialoverallwater concentration (M)
Figure 3: Effect of water on the esterification of fatty acid and D-sorbitol.
The reaction was carried out with 0.13 g sorbitol, 0.5 g 2-pyrrolidone, 1.3 g fatty acid, 50 mg
lipase (Chromobacterium viscosum), and 0.1 M sodium phosphate buffer at pH 7.0. The initial
water concentration was determined by Karl-Fischer titration. The samples were incubated for
70 h at 40 °C. The ester concentration is calculated as moles of ester (mono-, di-, and triester)
per mole of fatty acid (at t=0).
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Concentration (mole/molefattyacid)
0.06

0.04-

0.02-

2

4

Overall2-pyrrolidoneconcentration (M)

Figure 4: Effect of increasing concentration of 2-pyrrolidone on the esterification.
The reaction was carried out with 0.8 g sorbitol, 1.3 g fatty acid, 25 mg lipase
{Chromobacterium viscosum), and 10 ^1sodium phosphate buffer at pH 7.0. The samples were
incubated for 70 h at 40 °C. The ester concentration is calculated as moles of ester (mono-,
di-, and triester) per mole of fatty acid (at t=0).

The results on the stability of lipase in monophasic solutions of water and
2-pyrrolidone areshowninfigure 5.Whenlipaseisincubated inwater (0M2-pyrrolidone,
a^,= 1), an initial increase in activity is observed, followed by a slight decrease. After
300h,the activityisabout 70%.Thisincrease inactivityisevenhigherwithincubation of
lipase in 2.6 M2-pyrrolidone (a,, = 0.9).The activating effect of small amounts of polar
solvents was also observed by Guagliardi et al.,7when incubating Sulfolobussolfataricus
malicenzymeinsolutionsofwater and alcohols.In5.3M2-pyrrolidone (a« = 0.8),lipase
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activity decreases down to about 50%.When incubating lipase in 7.9, 10.5,and 13.2 M
2-pyrrolidone,no activityisdetected after 95,3, and 1 h,respectively (the latter two data
are not shown).The a»values are 0.7,0.5,and 0.1, respectively.

%residual lipaseactivity
100

50-

100

200

300

Time(h)

Figure 5: Effect of 2-pyrrolidone on the stability of Chromobacterium viscosum lipase.
Lipase was incubated at 40 °C in mixtures of 0.1 M sodium phosphate at pH 7 in water and
2-pyrrolidone. At the times indicated, the residual lipase activity was measured by tributyrin
assay. Concentrations of 2-pyrrolidone were: 0 M (o); 2.6 M (v); 5.3 M (o); 7.9 M (A).

Inthereactionmixture,containingfatty acid,sorbitol,2-pyrrolidone,andbuffer, the
product concentration rapidly decreases above an overall2-pyrrolidone concentration of
3M.Whenthe overall2-pyrrolidone concentration is3M,the concentration inthewater
phase is about 9 M. For inactivation, the concentration of 2-pyrrolidone in the water
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phase rather than itsoverallconcentration shouldbeconsidered.Thus,inactivation takes
place at 2-pyrrolidone concentrations in the water phase above 9 M, and this is in
agreement with the data obtained in the monophasic water/2-pyrrolidone solutions, as
discussed infigure 5.Acorrelation betweenwater activityand enzyme inactivation is not
found. In the reaction mixture, an overall concentration of 3 M corresponds with
a» ~ 0.20,whereas in the monophasicwater/2-pyrrolidone solutions,a concentration of
9 Mcorresponds to a?, ~ 0.6.
Solvent
To develop a reactor for the production of carbohydrate esters in 2-pyrrolidone, it
is important to study the behavior of 2-pyrrolidone in the two-phase reaction system.
Therefore, the partition coefficient is determined. The partition coefficient of
2-pyrrolidone is defined as the concentration in the fatty acid phase divided by the
concentration in the water phase. This partition coefficient is dependent on the
composition of the phases, since we are dealing with nonideal solutions.The results are
given in figure 6.Without sorbitol inthe system,the partition coefficient decreases from
0.40 to 0.17 when the water concentration in the water phase is increased. Addition of
sorbitoltothesystemenhancesthepartition coefficient slightly.Anexplanationwould be
that thepolarityofthewaterphasedecreaseswithaddition ofsorbitol;thismeans alower
difference inpolaritybetween the twophases,resulting in a partition of 2-pyrrolidone in
favor of the fatty acid phase.
Membrane reactor
Since the reaction system consists of two phases, a two-phase membrane reactor
might be a suitable reactor configuration. In this investigation, we used a hydrophilic
hollow-fiber membrane reactor containinglipaseimmobilized attheinner fiber side.The
experiment is started by circulating fatty acid in the internal circuit and a solution of
sorbitol, 2-pyrrolidone, and buffer in the external circuit. There is a rapid diffusion of
2-pyrrolidone from the external to the internal circuit until equilibrium is reached.
Equilibrium values are in agreement with the results obtained with the partition
experiments (figure 6).
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[py]o

[water]
w
Figure 6: Partition coefficient of 2-pyrrolidone plotted versus water concentration in the water
phase (expressed in M). The water phase has index w and the fatty acid phase has index o. It
should be noted that the volume ratio of fatty acid and water phase is not constant in these
experiments. Overall sorbitol concentrations were: 0 M (o); 0.5 M (0); 0.75 M (A).

The resultsof atypicalmembrane bioreactor experiment areshowninfigure 7.The
concentrations of mono- and diester increase with time; accumulation of triester is not
detected. After 400 h, the concentrations of mono- and diesters are 0.008 and 0.002
mole.mole-1 fatty acid (at t=0), respectively. These ester concentrations are low
compared to the concentrations obtained with the emulsion systeminfigure 1.However,
they cannot be compared directly, because the composition of the two phases in the
membrane reactor experiment isdifferent from that inthebatch experiment, as reported
in figure 1. Therefore the water activity in the membrane experiment ( ^ = 0.7) is
different from that in the emulsion experiment (a„ = 0.2), shifting the equilibrium from
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esterification to hydrolysis. The compositions for the membrane reactor had to be
different, because of operating problems due to the high viscosity of the water phase
undertheconditionsoftheemulsionreactor.

Concentration (mole/molefatty acid)
0.008'

0.006 -

0.004

0.002
A—V

100

200

300

400

Time(h)
Figure 7: Esterification of sorbitol and fatty acid in a membrane reactor.
The experiment was performed with the following overall concentrations: 1.3 M fatty acid,
4.5 M 2-pyrrolidone, 0.7 M sorbitol and 10.0 M water. The concentrations in the fatty acid
phase were 2.5 M fatty acid, 2.3 M 2-pyrrolidone, and 1.9 M water; the concentrations in the
water phase were 6.7 M 2-pyrrolidone, 18 M water, and 1.3 M sorbitol. The concentrations of
sorbitol monoester (D)and sorbitol diester (A) in the fatty acid phase are shown. Sorbitol triester
was not detected.

The enzyme-based initial esterification rate of the membrane experiment is
0.7mmole.g-i.h"1,based onacrudelipaseloadof75mg.rrr2.18Thisinitialreaction rate
ishalf thereactionrateinabatch experiment (figure 1),indicatingthattheenzymeina
membrane reactor has an activity of the same order of magnitude as in an emulsion
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reactor. The sameresults are reported byVan der Padt.18Thus,a membrane reactor can
besuitable for thistypeofconversion,but sincethe reaction conditions are not optimum,
further studies are needed to improve the yield.
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ENZYMATIC SYNTHESIS OF CARBOHYDRATE
ESTERSINAQUEOUS MEDIA

SUMMARY
In a two-phase system of D-sorbitol inwater and decanoic acid the esterification is
catalyzedbylipasefrom Candidarugosa.Theinitialesterification rateis3.0mmolcg^.h- 1
and a mixture of mono-, di-, tri-, and tetraesters is formed. The water activity of the
reaction system is dependent on the sorbitol mole fraction in the aqueous phase. An
increase in the ester concentrations is obtained by a decrease of the water activity. By
addition of solid sorbitol, the water activity is kept low during the reaction. The ester
concentrations at equilibrium are a factor of 5 higher with decanoic acid as a substrate
than with oleic acid as a substrate. In a two-phase membrane reactor the initial
esterification rate is 6.8mmole.g^.h 1 . After 570hours this reaction rate isonly reduced
by 15%,which indicates agood stability of lipase inthismembrane system.

Part of this chapter is published by the authors A.E.M. Janssen, A.G. Lefferts and K. van 't
Riet in Biotechnology Letters, 1990, 12: 711-716.
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INTRODUCTION
Interest isgrowing inthe enzymatic esterification of carbohydrates and fatty acids.
Carbohydrate esters canbeused assurfactants infood, detergent and cosmetic industry.2
Several papers have reported the esterification of carbohydrates and fatty acids or
modified fatty acids, catalyzed bylipase or protease with polar solvents such as pyridine
anddimethylformamide asreactionmedium.1.6.7Alternatively,2-pyrrolidoneisa suitable
solvent for carbohydrates as is discussed in chapter 2. However, such solvents are not
accepted for food applications.
In this chapter the enzymatic esterification of carbohydrates and fatty acids in a
two-phase systemwithwater asthepolar solvent isdiscussed.Thewater phase consistsof
a fully saturated carbohydrate solution and the organic phase consists of fatty acid. Also
applications of a two-phase membrane reactor are investigated. This type of reactor can
have advantages compared to a stirred tank reactor, since the membrane serves as
separator of the twophases aswell asimmobilization carrier of the enzyme.4.8

MATERIALSAND METHODS
Materials
Lipases were obtained from Biocatalysts Ltd. (UK). All chemicals were of p.a.
quality and obtained from Merck (FRG). The hollow fiber membrane module was
purchased from Organon (Holland).The fibers made of cellulose (Cuprophan™, Enka,
FRG) had an internal diameter of 0.2 mm and a wall thickness of 8 *«m, the total
membrane area was0.77 m2.
Emulsion system
For the determination of the time course of the reaction, 35g decanoic acid, 12g
sorbitol,0.1Msodiumphosphate buffer ofpH=7.0and 0.2glipasefrom Candidarugosa
weremixed ina 0.31vessel.Theemulsionwasmixedbyasixbladed turbineimpeller (500
rpm) at 35 °C. At regular time intervals, samples were taken out and phases were
separated by centrifugation. The organic phase was analyzed by HPLC. Other
experiments were performed in 10ml stoppered glass bottles,which were shaken by an
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end-over-end incubator (100 rpm) at 35 °C. For the screening of lipases the reaction
mixture consisted of 1.8 gdecanoic acid, 0.3 gsorbitol, 0.15 ml 0.1Msodium phosphate
buffer (pH=7) and 25mglipase.
Membrane reactor
The immobilization of 1 glipase from Candidarugosa at the inner fiber side of the
membrane reactorwascarried out asdescribed byVan der Padt et al.8.Inthis procedure
lipase was dissolved in water and subsequently dispersed in the organic phase of the
internal circuit of the hollow fiber membrane. The organic phase consisted of a mixture
ofdecanoic acid and hexadecane (5:1w/w).Thewater wasultrafiltrated during 16hours
from the internal towardsthe external circuit,thus immobilizinglipaseon theinner fiber
side.After immobilization of lipase the organic phasewas replaced by 120 ± 10ml of a
mixture of decanoic acid and hexadecane (5:1w/w).The reaction was started by filling
the external circuit with 120 ± 10 ml of a fully saturated sorbitol solution. This water
phase contained an excess of sorbitol and was filtered before it was pumped in the
membrane reactor. The organic and water phases were circulated with 1.2 l.h-1 and
1.8 l.h-1, respectively. The experimental set-up is schematically shown in figure 1. The
reaction was performed at 30 °C. Samples were taken from the organic phase and
analyzed byHPLC.

Organic phase

Membrane unit
Lipase
—

^

Aqueous phase

Figure 1 : The experimental set-up of the membrane reactor.
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Analysis
The carbohydrate ester concentration was determined by HPLC, using two serial
size exclusion columns (PLgel 30 cm, Polymer Laboratories). The columns were eluted
withtetrahydrofuran and arefractive indexdetectorwasused.The systemwas calibrated
using decanoic acid and the retention times of mono-, di-, tri- and tetraesters
corresponded with the retention times expected on the basis of the molecular weights.
The ester concentrations were expressed asmole fractions. In the organicphase the sum
of the mole fractions of fatty acid, mono-,di-,tri-,and tetraesters is 1.

RESULTSAND DISCUSSION
Several lipases were screened with respect to their ability to catalyze the
esterification between decanoic acid and sorbitol (table I).After 48hours of incubation,
theester concentrationpergramofcrudeenzymewashighestfor thelipasefrom Candida
rugosa. This lipasewasused for further investigation.

Table I: Esterification of decanoic acid and D-sorbitol, catalyzed by lipase.

Lipase source
Candida rugosa
Chromobacterium viscosum
Porcine pancreatic
Aspergillus niger
Pseudomonas fluoresens
Rhizopus delemar
:

)

2

)

Lipase
activity1)
(U.mg-i)
85.7
53.0
unknown
1.6
8.5
7.2

Ester concentration2)
(after 48 hours of incubation)
(mole.mole"1 organic phase)
0.027
0.011

0.014

0.012

One unit of lipase activity is defined as the release of 1/tmole of free fatty acids from
olive oil per minute at 37 °C and pH=7.8. Values as given by the manufacturer.
The ester concentration is the sum of the mono-, di- and triester concentrations.
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Figure 2 shows that mono-, di- as well as triesters are formed. In this emulsion
system the equilibrium isreached after circa 300hours,when 34%of the initial sorbitol
content is converted. At equilibrium the concentrations of mono-, di- and triester are
0.037, 0.050 and 0.034 mole.mole-1 organic phase, respectively. The initial esterification
rate,which isdefined as the amount of fatty acid bound to carbohydrate per gram crude
lipase per hour, is3.0mmole.g-1.h-1.

Concentration (mole/mole)
0.06

0.04

0.02-

100

200

300

400

Time(h)
Figure 2: The synthesis of sorbitol mono- (o), sorbitol di- (o) and sorbitol triester (A).
The reaction mixture contained 35 g decanoic acid, 12g sorbitol, 4 ml 0.1 M sodium phosphate
buffer of pH=7.0 and 0.2 g lipase (Candida rugosa).

The equilibrium value of the esterification reaction can be expected to be strongly
dependent on the water content, sincewater is a product of the reaction. In figure 3 the
time course of the ester concentration is shown for several mole fractions sorbitol in the

55

chapter 3

aqueous phase. The ester concentration is the sum of the mono-, di- and triester
concentrations.Attheexperimentwiththelowmolefraction sorbitolandsubsequentlya
highwateractivity,theequilibriumisreachedwithin50hoursandtheesterconcentration

Concentration (mole/mole)

0.10-

0.05

100

200

300

Time(h)
Figure 3: The effect of water on the esterification of decanoic acid and sorbitol.
The reaction was carried out with 35 g decanoic acid, 12 g sorbitol, 200 mg lipase (Candida
rugosa) and 2, 4, 8, and 16 ml 0.1 M sodium phosphate buffer. The initial sorbitol mole
fractions in the aqueous phase were 0.37 (D), 0.23 (o), 0.13 (A), and 0.07 (v). The water activity
of these experiments is presented in table II.

islow.Atamolefraction sorbitolof0.13,theesterconcentrationatequilibriumisslightly
higher.Atamolefraction of0.23,300hoursareneededtoreachtheequilibriumandthe
esterconcentrationsare3timeshighercomparedtotheexperimentwithasorbitolmole
fraction of0.13.Whenthesorbitolconcentration israised evenmore,after 450hoursof
incubation, the equilibrium is not yet reached. In table II, more results of these
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experiments are shown, such as water activities and mono-, di- and triester
concentrations. During the experiments the water activity increased, which is caused by
consumption of sorbitol and production of water. Water activities below 0.71 cannot be
reached at the applied reaction temperature of 35 °C, since 0.71 represents the water
activity of a fully saturated sorbitol solution. In the experiment with a mole fraction
sorbitol of 0.23, the water phase is fully saturated with sorbitol and an excess of sorbitol
ispresent at the start of the experiment. Due to consumption of sorbitol and production
ofwaterduringthereaction,thesolidsorbitolisdisappeared and atequilibriumthewater
activity of the water phase is increased to 0.83.In the experiment with a mole fraction
sorbitol of0.37,evenafter 450hoursofincubation solid sorbitolispresent inthe aqueous
phase.Subsequently thewater activityisstill0.71.

Table II: The effect of the mole fraction sorbitol and the water activity in the water phase on
the esterification of decanoic acid and sorbitol.1)
Mole fraction
sorbitol

1
2

Water activity 2)

Concentration at t=450 h
(mole.mole-1 organic phase)

(t=0 h)

(t=0 h)

(t=450 h)

Monoester

Diester

Triester

0.37
0.23
0.13
0.07

0.71
0.71
0.84
0.92

0.71
0.83
0.87
0.93

0.031
0.037
0.010
0.006

0.047
0.050
0.016
0.007

0.040
0.034
0.013
0.004

) The time courses of these experiments are plotted in figure 3.

) The water activity is calculated according the method of Norrish. 3

In figure 4, results are shown from experiments with a large aqueous phase as
compared tothe experiments oftableIIand figure 3.Inthisfigure, themaximum increase
in water activity during the experiment is 0.03. From figure 4, it is clear that the ester
concentrations increase upon decreasing the water activity.Furthermore, small amounts
of tetraester are formed in these experiments.
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Concentration (mole/mole)
0.04

0.03

0.02-

0.01

0.8

0.9

Initialwater activity (-)
Figure 4: The ester concentration at equilibrium as a function of the initial water activity.
The reaction was carried out with 20 mmole decanoic acid, 91 mmole sorbitol/water solution
and 25 mg lipase (Candida rugosa). The samples were incubated for 600 hours. Sorbitol mono(D), sorbitol di- (0) sorbitol tri- (A) and sorbitol tetraester (v).

Tetraesters were not detected in the experiments of figures 2-3 and table I-II, and
thisisprobably due to the HPLC analysismethod that isused.The experiments of figure
4and 5are analyzed with anewHPLC column.Although the column isof the same type
as the old column that was used for the previous experiments of this chapter, the new
column seems to give a better resolution. By using the old column, a shoulder was
observed in the chromatogram at the triester peak. However, in the chromatogram that
isobtainedwiththenewcolumn,asmallpeakwithalowerretention timethanthe triester
peak is clearly visible. This is assumed to be the tetraester peak. In the experiments of
figure 4 and 5, the tetraester concentration is shown. It can be assumed, that small
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amounts of tetraester were also present in all other experiments. This means that the
presented triester concentrations infigure 2and table II,infact, arecomposed of triester
and asmall amount of tetraester. Inchapter 7,thepurification ofsorbitol tetraester from
a reaction mixture and the elucidation of itsstructure are described.
In the studies of Seino et al.5, the lipase catalyzed esterification of oleic acid and
variouscarbohydratesisreported.Theyhavefound conversionsof60-70%after 72hours
of incubation in a system consisting predominantly of water, for which reason the water
activityof their system canbe assumed tobe closeto 1.These results are in contradiction
with our results of figure 4,where almost no esters are formed atwater activities close to
one.

Concentration (mole/mole)
0.05

0.04

0.03

0.02

0.01 -

2

4

Decanoic acidtosorbitol ratio (-)
Figure 5a: The ester concentration as a function of the sorbitol to decanoic acid ratio.
The reaction was carried out with 10 mmole sorbitol, 36 mmole water, decanoic acid and 25
mg lipase (Candida rugosa). The samples were incubated for 500 hours. Sorbitol mono- (o),
sorbitol di- (0) sorbitol tri- (A) and sorbitol tetraester (v).
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In the emulsion experiments of figures 5a and 5b, the effect of the fatty acid
concentration on the ester concentrations at equilibrium is shown for two different fatty
acids.Here,theinitialwateractivityiskeptconstantandtheamountoffatty acidisvaried.
Theseexperiments are carried outwithdecanoicacidandoleicacid.Itisremarkable that
the oleic acid ester concentrations in figure 5b, are about a factor 5 lower than the

Concentration (mole/mole)
0.05-

0.04-

0.03-

0.02a

0.01 -

\
•—»—
7

0^

0

7

n

7

U

D

•

O

a

«

7

1

1

7
I

1

2

4

Oleic acidtosorbitol ratio (-)
Figure 5b: The ester concentration as a function of the sorbitol to oleic acid ratio.
The reaction was carried out with 10 mmole sorbitol, 36 mmole water, decanoic acid or oleic
acid and 25 mg lipase (Candida rugosa). The samples were incubated for 500 hours. Sorbitol
mono- (a), sorbitol di- (o) sorbitol tri- (A) and sorbitol tetraester (V).

decanoic acid ester concentrations in figure 5a.Lower oleic acid ester concentrations in
comparison with the esters of decanoic acid are also observed in the esterification of
glycerol (see chapter 5). However, the oleic acid ester concentrations are less than a
factor 2lower than the decanoic acid ester concentrations for these reactions. Oleic acid
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is a very nonpolar solvent (log P = 7.7), which is probable not suitable to dissolve the
polar sorbitol esters.This isin agreement with the results of chapter 6,where itis shown
that addition ofnonpolar solvents suchasdecane resulted inextremely lowsorbitol ester
concentrations.
Furthermore, figures 5a and 5b shows that the mono-, di-, tri- and tetraester
concentrations are not very dependent on the sorbitol to fatty acid ratio. This is a
difference with esterification of glycerol and decanoic acid (chapter 4),where the mole
fraction ofmono-,di-,and triesters atequilibriumisclearly affected bytheinitialglycerol
to fatty acid ratio. For the esterification of glycerol and decanoic acid, higher ester
concentrations at equilibrium were obtained than for the esterification of sorbitol and
decanoic acid.Due tothelowsorbitol ester concentrations,the thermodynamic activities
ofwater, sorbitol and fatty acid will onlychange slightly during the reaction. This means
that at equilibrium these activities will be more or less the same for experiments with
different initial sorbitol tofatty acid ratios.As aconsequence,the ester concentrations at
equilibriumwillbe alsothe same.
Theenzymaticesterification of carbohydrates and fatty acidsoractivated fatty acids
isgenerallyvery slow.As isdiscussed inchapter 2,the esterification of sorbitol and fatty
acid in 2-pyrrolidone, catalyzed by lipase from Chromobacterium vbcosum (specific
acitivity: 53olive oil units.mg-1 crude lipase) resulted in an esterification rate of 1.4
mmole.g-i.h-1.Therisod etal.7havefound esterification ratesintherange of0.014-0.044
mmole.g-i.h-1 for the transesterification of monosaccharides and trichloroethylester in
pyridine, catalyzed byporcine pancreatic lipase (specific activity: 11olive oil units.mg-1
crude lipase).
In this study the esterifications with D-fructose, D-glucose and sucrose as substrate
instead of sorbitol were also investigated. The esterification rates with the
monosaccharides fructose and glucose as substrate were found to be 0.3 and 0.02
mmole.g^.h-1, respectively. The reaction conditions were equal to the conditions
described in figure 2. It can be seen that the esterification rates of the monosaccharides
and sorbitol in the two phase system are good, when compared to literature data.
However, noesterification hasbeen detected inthissystemwith the disaccharide sucrose
as substrate.
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Figure 6:Two batches of the esterification of sorbitol and decanoic acid in a membrane reactor.
The concentration is the sum of the mono-, di- and triester concentrations.

The esterification of decanoic acid and sorbitol inatwo-phase membrane reactor
was studied. Lipase from Candida rugosa was immobilized at the inner fiber side of a
hydrophilic hollow fiber membrane. The organic phase, containing decanoic acid and
hexadecane,wascirculated attheinnerfiber side.Hexadecanewasaddedtotheorganic
phasetopreventtheprecipitationofdecanoicacid.Thewaterphase,whichwascirculated
attheshell side,wasfully saturatedwith sorbitoland anexcessofsorbitolwasadded to
preventanincreaseinwateractivityduringthereaction,duetosorbitolconsumptionand
waterproduction.
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The ester concentration inthe organicphase,plottedversustime,isshownin figure
6.The concentrations ofmono-,di-and triester at equilibrium (300-570hours)are0.006,
0.009 and 0.008 mole.mole-1 organic phase, respectively (data not shown). The ester
concentrations are about 5timeslower compared tothe emulsion systemoffigure 2.This
willbeduetothesolventhexadecane intheorganicphase.Inanemulsionsystemwith the
same concentration ofhexadecane inthe organicphase,the same ester concentrations at
equilibrium were detected. In chapter 6, it is shown that nonpolar solvents, such as
hexadecane, are very poor solvents for the synthesis of sorbitol ester. Higher ester
concentrations would be obtained when apolar solventwas used.
The initial esterification rate in the membrane system is calculated to be 6.8
mmole.gi.h" 1 , based on a crude lipase load of 75 mg.nr 2 . 8 In an emulsion system with
hexadecane in the organic phase, the initial esterification rate is 0.9 mmole.g^.h-1.
Besidesanexpression oftheinitialreactionratepergramcrudeenzyme,itisalsopossible
to express the initial reaction rate per m3 organic phase.For the membrane system, this
volumetric initial reaction rate is 3.3 mole per m3 organic phase per hour and for the
emulsion system this reaction rate is 7.2 mole.m^.h-1. A higher enzyme based initial
reaction rate and a lower volumetric initial reaction rate in a membrane reactor
compared toanemulsion systemarereported before for theesterification ofglycerol and
decanoic acid.8
To study the stability of lipase inthismembrane systemboth the organic and water
phasewere replaced after 570hours.The initial esterification rate was determined again
(figure 6) and found tobe reduced from 6.8 to 5.8 mmole.g-i.h-1.This indicates that the
stability of lipase isfairly good.

CONCLUSIONS
Esterification ofsorbitol and decanoicacidinatwo-phase systemispossibleand the
reaction rates arehigh,compared toliterature data.Inthisreaction system, esterification
is also detected with fructose and glucose as a substrate, but not with the disaccharide
sucrose as a substrate. The water activity of the reaction system,which is dependent on
the carbohydrate mole fraction in the aqueous phase, is found to be an important
parameter for the sorbitol ester concentrations at equilibrium. The sorbitol ester
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concentrations are also dependent on the polarity of the fatty acid that is used as a
substrate.Withthe nonpolar oleic acidasasubstrate,ester concentrations at equilibrium
are a factor of 5 lower than with the more polar decanoic acid as a substrate. The
two-phase membrane reactor seems tobe a suitable type of reactor for this esterification
reaction. In this type of reactor, the water activity of the aqueous phase can be kept
constantduringtheexperiment andthestabilityoflipaseisgood.After 3weeks,thelipase
activity isonly reduced with15%.
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THEEFFECT OF ORGANIC SOLVENTS ON THE
EQUILIBRIUM POSITION OF ENZYMATIC
ACYLGLYCEROL SYNTHESIS

SUMMARY
The effect of organic solvents on the equilibrium position of lipase-catalyzed
esterification ofglycerol and decanoic acid hasbeen investigated.The reaction iscarried
out in an aqueous-organic two-phase system. In polar solvents, high mole fractions of
monoacylglycerol and low mole fractions of triacylglycerol are measured, while in
nonpolar solvents, the measured differences in the mole fractions of mono-, di-, and
triacylglycerols are less.There is a good correlation between the ester mole fractions at
equilibrium and the log P of the solvent (partition coefficient in n-octanol-water),
however, only if the group of tertiary alcohols is excluded. In the plot of the ester mole
fractions asafunction ofthelogarithm ofthesolubilityofwater inthe organicsolvent, the
tertiary alcohols canbe included; however, inthis caseother deviations appear.
For the prediction of the effect of organic solvents on the ester mole fractions at
reaction equilibrium in nondilute reaction systems with a water activity below 1, the
program TREP (Two-phase Reaction Equilibrium Prediction) is developed, which is
based ontheUNIFAC group contribution method.Withthismodel the equilibrium data

This chapter is published by the authors A.E.M. Janssen, A. Van der Padt, H.M. Van Sonsbeek
and K. Van 't Riet in Biotechnology and Bioengineering, 1993, 41:95-103.
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are essentially predicted from basic thermodynamic data. The required equilibrium
constants are estimated from experiments without an organic solvent in the reaction
medium. The mole fractions calculated by TREP show the same trends as the
experimentally measured mole fractions; however, some variation is observed in the
absolute values. These deviations may be due to inaccuracies in the UNIFAC group
contributionmethod.TREP isfound tobe a correct method topredictwithinsome limits
the ester mole fractions at equilibrium for all mixtures of solvents, substrates, and
products.
Theproduction ofmonoesters canbe enhanced inreaction systemswitha sufficient
high concentration of a polar solvent. In experiments with a triglyme-to-decanoic acid
ratio of 5,almost no di-and triesters canbe detected at equilibrium.

INTRODUCTION
The use of organic solvents in enzymatic synthesis is now generally accepted.
Because of the great variety of organic solvents, attempts are made to establish rules for
the choice of organic solvents. Important parameters are the activity and stability of the
enzyme in organic solvents. In general, hydrophobic solvents are preferred, since it is
knownthatretention ofenzymeactivityisfavorable inthesesolvents.Brinkand Tramper 1
used the Hildebrand solubility parameter to relate biocatalytic activity and solvent
hydrophobicity. However, a better correlation was found by Laane et al.9,who used the
logP value, which is the partition coefficient of a given compound in the octanol-water
two-phase system.Recently, twonewparameterswereintroduced. Schneider15 suggested
using a three-dimensional solubility parameter approach to predict enzyme activity in
nonaqueous systems.In this approach, polar and dispersive aswell ashydrogen bonding
interactions are taken into account. It is possible that the three-dimensional solubility
parameter approach ismore universal for theprediction of enzyme activityinallkindsof
nonaqueous systems, however, more data are necessary to prove the usefulness of this
approach.Khmelnitsky et al.8have introduced thedenaturation capacity.This parameter
can be used to predict the threshold concentration, i.e., the concentration of the organic
solvent at which half inactivation of the enzyme is observed. For predictions using the
denaturation capacityscale,thethreshold concentrationsoftworeference solventsfor the
enzyme concerned have tobe known from literature or experiments.
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Besidestheeffect ofsolventsontheactivityand stabilityoftheenzyme,thereisalso
a solvent effect on the equilibrium position of reactions. Substrates and products will
partition between both phases in aqueous-organic two-phase systems. The partition
coefficient of a compound is usually defined as the concentration in the organic phase
divided by the concentration in the aqueous phase. Martinek et al.11 have shown
quantitatively that the overall product concentration in aqueous-organic two-phase
systemscanbe related tothepartitioncoefficients ofsubstrates aswellasproducts and to
the volume ratio of both phases. To obtain high overall product concentrations, it is
essential to use an organic solvent for which the partition coefficient of the product is
high. This results in an efficient extraction of the product to the organic phase and a
higher conversion willbe obtained. Eggers et al.3further developed this theory.
Hailing6 suggests a method to predict the effect of solvents on the equilibrium
position in dilute systemsbyusing a relation between the reaction equilibrium constants
and thepartition coefficients ofallreactants.Group contribution correlations areused to
predict the partition coefficients, and a correlation of the ratio of partition coefficients
with the solubility of water in the organic solvent is shown. Valivety et al.16 studied the
esterification of dodecanol and decanoic acid in a predominantly organic system,with a
water activitycloseto 1.Theydefined a concentration-based equilibrium constant, which
consists of the equilibrium constant multiplied bythe activity coefficients of alcohol and
acid and divided bythat of the ester. Thispractical equilibrium constant depends on the
type of solvent, and agood correlation isfound with the solubilityofwater inthe solvent.
They showed that esterification is favored in nonpolar solvents. This approach is only
validfor reaction systemswherethewater activityiscloseto 1 and theactivity coefficients
are approximately constant. However, in many esterification reactions polar substrates,
suchasglycerol,areused.Thesesystemsusually consist of twophases,and to obtain high
product concentrations at equilibrium, high glycerol and low water concentrations are
necessary.Thisresults ina lowwater activity.For theprediction ofsolvent effects on the
equilibrium position in these systems,the approaches mentioned in the literature 3.6.".16
cannot be used since they are only valid for dilute systems and/or systems with a water
activity close to 1.
The aim of this chapter is to develop a thermodynamically based theory for
prediction of the effect of solvents on esterification in aqueous-organic two-phase
reaction systems with a lowwater activity. The prediction of the ester concentrations at
equilibrium isbased oncalculation of the activitycoefficients inbothphases byusing the
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UNIFACgroupcontributionmethod andwillbe comparedwiththeexperimentalresults.
The esterification of glycerol and decanoic acid is used as a model reaction. The
measured ester concentrationswillalsobe discussed inviewof the empirical correlations
oflogP andthesolubilityofwaterinthesolvent.Furthermore,theresultswillbeused to
gain a better understanding of the conditions favorable for production of an excess of
monoacylglycerols.

THEORY
For a reaction,wherewater isoneof theproducts,
A + B

= =

C +

H20

the reaction equilibrium canbe described by
ac-a„
K =

0

(1)

-

whereOj isthe thermodynamic activityof component iandK isthe equilibrium constant.
The latter isconstant for agiven temperature.The activity isexpressed astheproduct of
themolefraction fo) andtheactivitycoefficient (yt) . Fornondilutesolutions,theactivity
coefficient is a function of the mole fractions of all components in the system. Equation
(1)canbewritten as

Xc-Xn2o

K —

x

A'

x

YC-YH2O

*
B

y A' y B

Equation (1) shows that high product activities can be obtained when substrate
activities are high,which means large excesses of the substratesA and B inthe reaction
mixture. Also, lowering of the water activity will result in an increase of the product
activity and subsequently an increase of the product mole fraction at equilibrium. The
water activity can be lowered, for example,byaddition of awater-miscible solvent or by
a highmolefraction ofhydrophilic components,such assalts and sugars.
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Furthermore,the addition of anorganicsolventwillaffect the concentrations of the
other components at equilibrium.The overall concentrationswillbe reduced by dilution,
which is an unwanted effect. Besides dilution, the solvent will change the activity
coefficients ofthe reaction components.From equation (2)itisclear that a change in the
activitycoefficients willcauseachangeintheequilibriummolefractions.Thischange can
be both positive aswell asnegative, dependent onthe characteristics of the solvent.
For reactions intwo-phase systems,thepartition ofthe components overthe phases
has to be taken into account. At equilibrium, the activity of component i in phase 1is
equal to the activity of component iinphase 2:
a\ = a!1

(3)

In this article the esterification of glycerol and decanoic acid is studied. This
reaction consists of three consecutive reaction steps. These reaction steps and the
equilibrium constants concerned are defined as follows:
a

Glycerol + fatty acid

;=^

monoester + H 2 0

KM =

Monoester + fatty acid

.

diester + H 2 0

KD =

Diester + fatty acid

^=^

triester + H 2 0

KT =

M'

a

H O

2

(5)

a

a

DaH20

a

a

a

(6)

,a

(7)

where G isglycerol,F isfatty acid,M ismonoester,D isdiester, and Tis triester.
For the calculation of the effect of organic solvents on the equilibrium
concentrations,itisimportant todetermine the activitycoefficients. For multicomponent
mixtures, activity coefficients can be estimated byusing binary data. These data can be
extrapolated to multicomponent activity coefficients using, e.g., the UNIQUAC
approach. However, the number of components of interest isvery large and binary data
are often not available. Therefore, it is convenient that computational estimates are
available for liquid-liquid systemssuchasthe UNIFACgroup contribution method.4
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Furthermore,theequilibriumconstantshavetobeknown.Inthisstudy,thesevalues
are determined experimentally in a reaction system without a solvent: The reactant
concentrations at equilibrium are measured and the activity coefficients are calculated
usingUNIFAC.The equilibrium constantsthencanbe calculatedwithequation (2).With
these equilibrium constants and the initial amounts, ester concentrations at equilibrium
can be predicted for any reaction system with a solvent. For this purpose a computer
program is developed.

MATERIALSANDMETHODS
Materials
Lipase from Chromobacterium viscosum was obtained from Biocatalysts Ltd.
(United Kingdom).The enzyme had a specific activity of 53U/mg solid (determined by
Biocatalysts with olive oil as a substrate). 1-Monodecanoylglycerol, 1,3-didecanoylglycerol, and tridecanoylglycerol were obtained from Sigma Chemical Company (USA).
Glycerol,toluene, chloroform, 1-nonene,and 2-methyl-2-pentanol were allof99% purity
from Janssen Chimica (Belgium). 3-Ethyl-3-pentanol (97%),2-methyl-2-hexanol (97%),
2,6-dimethyl-4-heptanol (90%), and 3-methyl-3-pentanol (99%) were obtained from
Aldrich Chemie (Belgium). Hexane was high-performance liquid chromatography
(HPLC) grade from Rathburn. Decanoic acid (98%),isopropyl ether (98%),pentyl ether
(95%), isoamyl ether (95%), and 2,4-dimethyl-3-pentanol (98%) were from Merck
(Germany). Triglyme (triethylene glycol dimethyl ether), diglyme (diethylene glycol
dimethyl ether), monoglyme (ethylene glycol dimethyl ether), and all other solvents had
a purity of at least 99%and were also obtained from Merck.
Reaction
Ten mmoles decanoic acid, 20mmoleglycerol,20mmolewater, 10mmole solvent,
and 25mg lipase were mixed in 10-mLstoppered glass bottles.The bottles were shaken
by an end-over-end incubator (150 rpm) at 35°C.After 200 -300 h samples were taken
from the organicphase and analyzed byHPLC.
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Analysis
The fatty acid and ester concentrations were determined by HPLC using two size
exclusion columns (PLgel 30 cm, Polymer Laboratories) placed in serial order. The
columnswere elutedwithtetrahydrofuran at aflowrate of 1.0 mL-min-1,and the effluent
was monitored with a refractive index detector. The fatty acid and ester concentrations
were calculated using the internal normalization method. The response factors were
determined using a standard solution of decanoic acid, 1-monodecanoylglycerol,
1,3-didecanoylglycerol, and tridecanoylglycerol. Concentrations were expressed as mole
fractions. Intheorganicphase,thesumofmolefractions ofsolvent,fatty acid,mono-,di-,
and triacylglycerol is 1.
Equilibrium
Whether the equilibrium isreached or thereaction isstopped duetoinactivation of
the enzyme isinvestigated by:
1.Addition ofextralipaseafter200hofincubation.Nosignificant changeofthe mole
fractions was measured, which means that the reaction equilibrium is achieved within
200hofincubation.Someexperimentswithnonpolar solventsandmostexperimentswith
polar solventswere controlled inthisway.
2.Startingthereactionwithhalftheamount ofdecanoicacid(5mmole), theotherhalf
isadded after200h of incubation. The mole fractions at equilibrium are supposed to be
independent of the wayit isreached, and for this reason, the equilibrium mole fractions
have to be the same as in the experiment where 10mmole of decanoic acid is added at
the start of the experiment. Indeed, these experiments resulted in equilibrium mole
fractions which usually deviate less than 5%,but in no case more than 10%.This control
wasused for the experimentswith triglyme, ethyl ether, isopropyl ether, and toluene.
3. Hydrolysis instead of esterification. The reaction was performed with 3.3 mmole
tridecanoylglycerol, 16.7mmole glycerol, 30mmolewater, 10mmole solvent, and 25mg
lipase.Reaction conditions were the same as described under Reaction. Both hydrolysis
experimentsled tomolefractions atequilibrium,whichdeviatelessthan 10%ofthe mole
fractions of the esterification experiments. The equilibrium positions in triglyme and
toluene were confirmed inthisway.
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Calculations
Activitycoefficients
For the estimation of activity coefficients the UNIFAC group contribution method
wasused.4 Molecules are divided intofunctional groups and theproperties of each group
are considered as well as the interactions between all possible pairs of groups. In this
article,theUNIFACparameter tableofMagnussenetal.10isused.Thistableisespecially
developed for the prediction of liquid-liquid equilibria, including the prediction in
aqueous-organic two-phase systems at temperatures between 10and 40 CC.The activity
coefficients arecalculatedwithreference toanidealsolutioninthesenseofRaoult's law.
Phase equilibrium
Acomputer programwasdeveloped that calculated the activitiesof all components
and the composition of the two phases in equilibrium. Input variables include the
temperature, the required UNIFAC parameters, the measured amounts of esters and
decanoic acid in the organic phase, and the total amounts of water and glycerol at
equilibrium. The program started with calculation of the activities of all components in
bothphases.Thenextstepwastransfer ofasmallamountofeachcomponent tothephase
with thelowest activity.Thiswasfollowed byrecalculation of all activities in each phase.
Thisprocedure wasrepeated until the activity for each component inphase 1equals the
activity inphase 2within the given accuracy [equation (3)].The output of this computer
program consisted of the mole fractions, activity coefficients, and activities of all
components in both phases at the phase equilibrium. The equilibrium constants were
calculated according to equations (5)-(7).
Reactionequilibrium
Another computer program was developed to calculate the mole fractions of
reactants in a two-phase system in case both the reaction equilibrium and the phase
equilibrium were achieved. This program is called TREP, Two-phase Reaction
Equilibrium Prediction. Input variables were the equilibrium constants, temperature,
initial amounts of all components, and the required UNIFAC parameters. The program
started with the calculation of the phase equilibrium. This was followed by a small
reaction step,according to the reaction scheme of equations (5)-(7).After each reaction
step, the phase equilibrium is recalculated. This was repeated until the reaction
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equilibriumisreached,whichmeansthatthecalculatedratioofactivitiesequalsthe input
equilibrium constantswithin agivenaccuracy.The output ofTREP consisted ofthe mole
fractions, activity coefficients, and activities of all components inboth phases at reaction
and phase equilibrium.
To compare the calculated molefractions withtheexperimental molefractions, the
calculated mole fractions are corrected in such a way that the sum of mole fractions of
solvent, fatty acid, mono-, di-,and triacylglycerol is1.

RESULTSAND DISCUSSION
Empirical correlationswithlogPandlogSw/a
The esterification of glycerol and decanoic acid is carried out in several solvents,
including aliphatic and aromatic hydrocarbons, ethers, ketones, aldehydes, tertiary
alcohols,nitriles,andhalogenated hydrocarbons.Thesolventsusedinthisstudyand some
of their characteristics are given in table I.This table includes alsopolar solvents, and it
isknownthatthestabilityofenzymesinthesesolventsisnotalwaysgood.9Forthis reason
lipase from Chromobacterium viscosumis used, since it is known from previous studies7
that thestabilityofthislipaseinpolar organicsolventsisgood.Experiments revealed that
the reaction equilibrium is really achieved (see Materials and Methods, Equilibrium).
Furthermore, experiments showed that the tertiary alcohols do not participate in the
esterification reaction.
The ester mole fractions in the organic phase at equilibrium are plotted versus the
logPvalueofthe solvent (figure la,b).Tertiary alcohols aregivenseparately infigure lb,
sincethey showaclearly different correlationwith logP.Figure la clearlyshowsthat the
product mole fraction is influenced by logP. In a polar solvent, polar products such as
monoesters are relatively better solvated; while nonpolar products such as triesters are
better solvatedbynonpolar solvents.Thisresults inhigh mole fractions ofmonoester and
low mole fractions of triester in polar solvents (log P < 1). Addition of solvents with
decreasing polarity results in decreasing mole fractions of the monoester and increasing
mole fractions of triester. The diester mole fraction isnot very dependent on the solvent
polarity. The addition of solvents to the reaction mixture gives the possibility of
influencing the product distribution. However, log P is not the only parameter which
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controlsproduct distribution.Fromfigure lb,itisobserved that themonoesters are more
efficiently solvated by tertiary alcohols than is described by their logP values when
compared withtheother solvents.
Recently Valivety et al.16 reported that the solubility ofwater inthe solvent isa
useful parameter fortheselection ofasolvent. Sincethesolubilityofwater isnotknown
for all solvents used, the water solubility is calculated by using the UNIFAC group
contribution method. The calculated solubility of water (Scw/0) is compared with the
tabulated values ofS'Ul/gin tableIanditisfound that thevalues differ inmost cases less
than 10%of the average. Furthermore, it can be seen from table I that there is a
reasonable correlationbetween logP andScw/0. However, there aresome exceptions,for
example, dichloromethane and 1,2-dichloroethane. Also, a consistency with the whole
group of tertiary alcohols isabsent. Toinvestigate whether ornotthelogarithm ofthe
calculated solubility ofwater isabetter parameter topredict theester mole fractions at
equilibrium, thedatafrom figure 1 areplotted asafunction ofScw/„(figure 2).Inthisplot
the tertiary alcohols cannot be recognized as a separate group, as with the logP
correlation. Generally the same trends canbe seen asin figure 1.Addition of a polar
solvent, asolvent withahigh solubilityofwater, results inarelatively high mole fraction
ofmonoester,whilethenonpolarsolvents,havingalowsolubilityofwater,showrelatively
highermolefractions ofdi-andtriesters.However,dataaremorescattered inthe relation
with Scw/0 than in the relation with logP. In addition, Scw/0 cannot be used for the
interesting group ofpolar solvents,which arecompletely miscible with water. Forthese
two reasonsweprefer touse logPinthis study.

Figure 1: Measured ester mole fraction in the organic phase asa function of logP.
The reaction was carried out with 10 mmole decanoic acid, 10 mmole solvent, 20 mmole
glycerol, 20 mmole water, and 25 mg lipase (Chromobacterium viscosum). The samples were
incubated for 300h at 35°C.Part (a) shows all solvents except of the tertiary alcohols; these
are shown in part (b). The solvents are numbered as in table I. Monoacylglycerol (D),
diacylglycerol (o),and triacylglycerol (A). The lines represent the best fit of the experiments
in part (a).
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Table I: Characteristics of the organic solvents used in this study.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

Solvent

logP

logScm/0

Triglyme
Diglyme
N.iV-Dimethylformamide
Monoglyme
4-Hydroxy-4-methyl-2-pentanone
Acetonitrile
Acetone
1-Methyl-2-pyrrolidone
2-Butanone
Dichloromethane
2-Methyl-2-propanol
2-Pentanone
3-Pentanone
Ethyl ether
1,2-Dichloroethane
2-Methyl-2-butanol
4-Methyl-2-pentanone
terf-butylmethyl ether
2-Methyl-2-pentanol
3-Methyl-3-pentanol
Isopropyl ether
Chloroform
2,4-Dimethyl-3-pentanol
3-Ethyl-3-pentanol
2-Methyl-2-hexanol
Toluene
Trifluorotrichloroethane
Butyl ether
2,6-Dimethyl-4-heptanol
Hexane
Pentyl ether
Isoamyl ether
1-Octene
Phenyl ether
Isooctane

-1.9
-1.3
-1.0
-0.75
-0.34
-0.33
-0.23
-0.20
0.28
0.60
0.79
0.80
0.80
0.85
1.2
1.3
1.3
1.4
1.8
1.8
1.9
2.0
2.3
2.3
2.3
2.5
2.8
2.9
3.4
3.5
3.9
4.0
4.2
4.3
4.5

-0.44
-0.47
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logS'w/0

a

-0.47
a
a
a
b

-0.44
-2.15

-0.51
-2.03

a

-0.93
-1.28
-1.19
-2.14
-0.36
-1.18
-1.02
-0.44
-0.44
-1.75
-2.27
-0.52
-0.51
-0.51
-2.66

-0.85
-0.95
-1.24=
-2.09
-0.22
-1.02
-0.41
-1.50
-2.21

-2.78<=

b

-1.50
-0.63
-3.17
-1.58
-1.92
-2.70

-1.87
-3.27'

b

-3.07

-3.46<=
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36.
37.
38.
39.
40.
41.

1-Nonene
Hexyl ether
Nonane
Decane
1-Dodecene
Dodecane

4.7
5.0
5.1
5.6
6.2
6.6

-2.7
-1.64
-3.06
-3.03
-2.69
-2.98

-3.24«=
-3.21=

Note: Log P is the logarithm of the partition coefficient of a given compound in the
octanol-water two-phase system, calculated according to Rekker. 13 Log S„ / 0 is the logarithm
of the saturated solubility of water in the solvent on a mole fraction basis. Log St,/0 are values
calculated by using the UNIFAC group contribution method (T = 25 °C). Log S'u/0 are values
taken from Riddick et al.14 or from Valivety et al. 16
a
The solvent is miscible with water.
b
The required UNIFAC parameters are not available.
c
Solubility of water is taken from Valivety et al. 16
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Figure 2: Ester mole fraction in the organic phase as a function of the solubility of water in
the solvent. Data from experiments of figures la and lb. Solvents are numbered as in table I.
Monoacylglycerol (o), diacylglycerol (0), and triacylglycerol (A).
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The molefraction offatty acidintheorganicphaseisplotted versuslogP (figure 3),
and it can be seen that the fatty acid mole fraction has, within limits, a constant value,
independent of the log P value. This means that the degree of esterification is not
dependent on the choice of solvent. Valivety et al.16 conclude that esterification is
preferred in nonpolar solvents. They have studied the enzymatic synthesis of dodecyl
decanoate,a reactionwith a single,nonpolar product. In agreement with our results,this
product is better solvated by nonpolar solvents and for this reason they report a higher
degree of esterification in the nonpolar solvents.Figure 3 and 1,however, show that for
esterification the polarity of the product determines which solvent is preferred, and
multiproduct reactions can lead even to an independence of the total degree of
esterification on the type of solvent.

Figure 3: Fatty acid mole fraction in the organic phase as a function of log P.
Data from experiments of figures la and lb. Solvents are numbered as in table I.
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Figure 4: Equilibrium constants of mono- (o), di- (o) and triacylglycerol (A) synthesis as a
function of the glycerol-to-fatty acid ratio.
The reaction was carried out with 20 mmole decanoic acid, equal molar amounts of glycerol
and water, and 25 mg lipase (Chromobacterium viscosum). The samples were incubated for
200 h at 35 °C. The lines represent the average values for the equilibrium constants.

Determination ofequilibrium constants
The equilibrium constants aredetermined inexperimentswithawater/glyceroland
afatty acidphasebutwithout the addition of anorganicsolvent.Intheseexperiments the
molar ratio of glycerol to fatty acid is varied, while the glycerol-to-water ratio is kept
constant.The equilibrium mole fractions of the esters and fatty acid are measured in the
organicphase.The molefractions, activitycoefficients, and activitiesinbothphasesat the
phase equilibrium are calculated as described in Materials and Methods. From the
activities,theequilibrium constantsforthethree consecutivereactionstepsare calculated
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and plotted versus the molar ratio of glycerol to fatty acid (figure 4).The equilibrium
constantsareexpected tobe constant for thermodynamicreasons.However,adecrease
ofKDandKTatlowratioscanbeseeninfigure4.Infigure5theaveragelvaluesareused
todescribethemeasuredmolefractions atequilibriumfromthesameexperiments.Itcan
beseenthatthecalculationofthemolefractions isfairlygood,indicatingthattheresults
arenotextremelysensitivefortheRvalues.Inthisstudy,theequilibriumconstantsof1.1,
0.5,and0.4areusedforthemonoester,diester,andtriester synthesis,respectively.

*{-)

0.3-

0.2-

0.1 -

Initial glycerol tofattyacid ratio (-)
Figure 5: Measured and calculated ester mole fractions as a function of the glycerol-to-fatty
acid ratio.
Experimental data are from figure 4. Input variables TREP: ATM=1.1, KD=0.5 and KT=0A;
r=308 K; Initial amounts are the same as in the experiments. Measured mono- (D),di- (0), and
triacylglycerol (A)mole fractions and calculated mono (
), di- ( — ) , and triacylglycerol
(-•-•) mole fractions.
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CalculationswithTREP
TheaveragevaluesfortheequilibriumconstantsareintroducedintoTREP,andthe
estermolefractionsfortheexperimentsinfigure 1canbecalculated.Thecalculationsfor
the solvents dimethylformamide, acetonitrile, l-methyl-2-pyrrolidone, 1,2-dichloroethane,trifluorotrichloroethane, andphenyletheraremissing,sincenotalltherequired
groupinteractionparametersareknown.Thecalculatedestermolefractions areplotted
versuslogPinfigure6,andthesametrendscanbeseenasinfigure 1.Thehighmonoester
molefractionsintertiaryalcoholsarepredictedfromthecalculations.Furthermore,itcan
beseenfrom figure 6thatinthealkenes,1-octene,1-nonene,and 1-dodecene,relatively
high mole fractions of di- and triesters are calculated and in dichloromethane, a low
monoester andahighdi-andtriestermolefraction iscalculated.
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The correlation between calculated and experimental mole fractions is shown in
figure 7.The predicted values of the monoester mole fractions deviate less than a factor
of 2 with the measured values. This deviation is generally in the upward direction for
solventswith logP below 4and in the downward direction for solventswith logP values
above 4.The predictions of the diester mole fractions are fairly good; they deviate less
than a factor of 1.5.The predictions of the triester mole fractions are generally too low.
Deviations rise up to a factor of 4.However, this is atvery lowabsolute concentrations,
where relative deviation can easily be large. From figure 7 it can be seen that in
hydrocarbons, for example decane and dodecane, the experimentally measured mole
fractions are higher than the calculated mole fractions. This deviation is probably
responsible for the higher K values, as presented by Van der Padt et al.17 They have
investigated the same reactionwithhexadecane assolvent, and thelvalues are found to
be 1.6, 0.8,and 0.6.

calc

Figure 7: Calculated divided by measured ester mole fractions as a function of log P.
Data are from figures 1and 6. Monoacylglycerol (D),diacylglycerol (0), and triacylglycerol (A).
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The UNIFAC method was originally developed to predict vapor-liquid equilibria.
For the prediction of liquid-liquid equilibria, the UNIFAC method is less accurate.
Therefore, it is necessary to use a parameter table which is suitable for prediction of
liquid-liquid equilibria for the appropriate temperature range. The water and glycerol
activities of water/glycerol mixtures are calculated by using the UNIFAC group
contribution method as well as by using the formulas of Norrish.12 The absolute
differences between both calculation methods are less than 0.012, indicating that the
prediction of simple mixtureswith polar components issufficient. For complex mixtures
asusedinourexperiments,trendscanbecalculated;however, somevariationisobserved
in prediction of the absolute values. Not only the substrate/product mixture has to be
considered.Another aspectwhichhastobetakenintoaccountistheeffect ofthe enzyme
onthe activitycoefficient. Thisisleft out of consideration to avoid complexicity.
The UNIFAC group contribution method isalsoused byBruce and Daugulis,2 who
studied the selection of appropriate organic solvents for an ethanol extractive
fermentation process.Theyused UNIFACtopredict thepartition coefficients of ethanol
for several pure solvents and solvent mixtures. They concluded that experimental and
predicted values are not exactlythe same but the trends are ingood agreement.
TREP is essentially a correct method for calculation of activity coefficients. For
complex mixtures,itsaccuracy inpredicting the exact quantitativevalues isacceptable at
present. A more accurate group contribution method may yield a better agreement
between experimental and calculated ester mole fractions. Yet with TREP and the
measured K value(s) for any reaction, it is possible to predict the mole fractions in any
solvent within some margins. This means that a method is now available based on
thermodynamic principles. Thisis clearly different from the correlations based on logP:
For everyreaction it is necessary to measure the mole fractions at equilibrium in5or 10
solvents to obtain the empirical correlationwith logP.
Consequences for monoester production
Because TREP isbased on thermodynamic principles, it is also possible to predict
theinfluence ofthesolventconcentration ontheequilibriumpositionofthe esterification
ofglyceroland decanoic acid.Thiseffect isstudiedbychangingthe molar ratio of solvent
to decanoic acid. In figure 8experimental and predicted ester mole fractions are shown
for triglyme, a polar solvent with a logP value of -1.9 as well as for decane, a nonpolar
solvent with a log P of 5.6. These figures show again a remarkable difference in the
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equilibrium ester mole fractions in solvents with different polarity. In both solvents the
ester mole fractions are reduced by an increasing solvent-to-fatty acid ratio. This
reduction is not a linear dilution. In the nonpolar solvent decane, the decrease of the
monoester mole fraction is faster than the decrease of the diester mole fraction. The
triester mole fraction decreases onlyslowly,but inthe experimentswiththepolar solvent
triglyme, the relative decrease of the di- and triester mole fractions is faster than the
decrease ofthe monoester molefraction. Thesephenomena alsocanbe explainedby the
solvation of theproducts bythe solvents.
The calculations with TREP are represented bythe lines infigure 8, and it can be
seenthatthepredicted distribution oftheestermolefractions areingoodagreementwith
the experimental results.There issome deviation in the absolute values of the predicted
mole fractions. This deviation is again the highest for the monoester mole fractions and
canbe up to a factor of 2inboth solvents.Correlations based onthe logP of the solvent
or the logP of the decanoic acid/solvent mixtures cannot be used for prediction of the
ester mole fractions at equilibrium.These examples showclearly the difference between
empirical methods such as that of logP and TREP, which is based on thermodynamic
principles.
The results of figure 8a also show the conditions for the production of an excessof
monoesters. At a triglyme-to-decanoic acid ratio of 5, at equilibrium the organic phase
consists of three major components, monoester, decanoic acid, and solvent. No triester
and only a very small amount of diester can be detected. Due to the high triglyme-todecanoic acid ratio,the polarity of the organicphase isveryhigh,which means that the

Figure 8: Measured and calculated ester mole fractions as a function of the molar ratio of
triglyme (a) and decane (b) to decanoic acid.
The reaction was carried out with 10mmole decanoic acid, 20 mmole glycerol, 20 mmole water,
solvent, and 25 mg lipase (Chromobacterium viscosum). The samples were incubated for 200 h
at 35 °C. Input variables TREP: K M =1.1, KD=0-5, and KT=0.4; 3"=308 K; initial amounts are the
same as in the experiments. Measured mono- (D),di- (0), and triacylglycerol (A) mole fractions
and calculated mono (
), di- ( — ) , and triacylglycerol (-•-•) mole fractions.
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solvation of the monoester isvery high. Addition of a certain concentration of a polar
solvent is an efficient way to obtain monoesters as the only product in the reaction
mixture. The concept of using polar organic solvents for the production of
monoacylglycerol isalsoused by Graille.5

CONCLUSIONS
It is shown that addition of an organic solvent to the reaction mixture is extremely
importantfor equilibriumproductdistribution.For theproductionofmonoesters,apolar
solventwith a logP value below 1isfavorable, while for the production of triesters it is
better to choose a nonpolar solventwith a high logP value.There is a clear correlation
between the ester mole fractions at equilibrium and logP of the added solvent. Only the
group of tertiary alcohols behaves differently.
Topredict the effect of organic solvents on the ester mole fractions at equilibrium,
the program TREP is developed. TREP is based on the UNIFAC group contribution
model. With TREP it is possible to calculate the ester mole fractions at the reaction
equilibrium under all conditions for all mixtures of solventswithin some margins.It can
be expected that this method also will work for the calculation of the product mole
fractions of anyother reaction inany solvent.The absolute accuracy isnot yet 100%,but
all trends are predicted. The differences may be due to deficiencies in the UNIFAC
calculation method. Itcanbe expected that improved group contribution methodswillbe
developed in the future.
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NOMENCLATURE
activity
equilibrium constant
partition coefficient in«-octanol-water

a
K
P

Morg.Mw-i)

calculated solubility ofwater inorganic solvent
0

tabulated solubility ofwater in organic solvent

w/o

X

mole fraction

Y

activity coefficient

Subscripts:
calc
D
exp
F
G
M
T
i,A,B,C

calculation
diester
experimental
fatty acid
glycerol
monoester
triester
components

Superscripts:
I

phase 1
phase 2
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SOLVENTEFFECTS ON LIPASE-CATALYSED
ESTERIFICATION OFGLYCEROLANDFATTYACIDS

SUMMARY
The lipase-catalyzed acylglycerol synthesis withfatty acids of different chain length
is studied. Measured ester mole fractions at equilibrium are compared with calculated
molefractions. Forthesecalculations thecomputerprogramTREP (Two-phase Reaction
Equilibrium Prediction) is used. This program is based on the UNIFAC group
contribution method and isdeveloped for nondilute two-phase reaction systems.
Withonesetofequilibrium constants,namely1.3,0.8and0.6for monoester, diester,
and triester synthesis, respectively, the equilibrium position of the reaction between
glycerol and all saturated fatty acids with a chain length from 6 to 18 and oleic acid
(cis-9-octadecenoic acid) can be calculated within some margins.Without addition of a
solvent, the ester mole fractions at equilibrium are dependent on the fatty acid chain
length. With the short-chain hexanoic acid, the monoester mole fraction is the highest
ester mole fraction, while for the long-chain oleic acid, the diester mole fraction is the
highestone.The estermolefractions becomeindependent onthechainlength ofthe fatty
acidwithasolventaddedinasufficient highconcentration.Bothreactions,with saturated
and unsaturated C lg fatty acids,lead tothe same equilibrium position.

This chapter is submitted for publication by the authors A.E.M. Janssen, A. Van der Padt and
K. Van 't Riet.
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TheprogramTREP isfound to makegoodpredictions ofthe equilibrium amounts
of ester and fatty acid. However, systematic deviations arise between measured and
calculated amounts ofwater and glycerol in the organicphase.The calculated water and
glycerolamounts are alwayslower thanthe measured ones.These deviations seemto be
highest in nonpolar media and are probably due to deficiencies in the UNIFAC
calculation method.
Some preliminary experiments show the effect of the choice of solvent on the
reaction rates.In polar solvents, the monoester production rate is enhanced by a factor
1.5 as compared to the reaction rate in a systemwithout solvent.

INTRODUCTION
Lipase-catalyzed esterification of glycerol and fatty acid was already described in
1911.6 However, this research topic is more extensively studied only for the last two
decades. Several aspects of lipase-catalyzed acylglycerol synthesis are studied, such as
source and specificity of the lipase, addition of an organic solvent, the role of water,
immobilization, and the type of reactor. This and other aspects of lipase catalysis have
recentlybeen reviewed byJohn and Abraham,7 and Mukherjee.10
This chapter isfocussed on acylglycerol synthesis with fatty acids of different chain
length. Only a few papers are known that describe acylglycerol synthesis with different
chainlengthfatty acids.Tsujisaka et al.14studied theesterification ofglyceroland C2-C18
fatty acids, catalyzed by four lipases from moulds. With lipases from Geotrichum
candidum and Pénicillium cyclopium, acylglycerol synthesis was only detected with
long-chain fatty acids. The lipases from Aspergillus niger and Rhizopus delemar also
catalyzed the reaction with short and medium chain fatty acids. For Aspergillus niger
lipase,the degree of synthesis after 16h of reaction at 30°C,was more or less the same
for all fatty acids,except for acetic,tetradecanoic, hexadecanoic, and octadecanoic acid.
The latter three fatty acids were in the solid state at the reaction temperature. The
esterification ofglycerolandC2-C20fatty acids,catalyzedbyHumicola lanuginosalipase,
wasstudied byIbrahim et al.4 After 18hof reaction at 45°C,the degree of synthesiswas
more or less the same for the fatty acidswith carbon numbers between C12 and C18.No
acylglycerolswere detectedwithC2-C8and C20fatty acids.Tahoun etal.13compared the
degreeofesterification for acidsbetween C4and C lg ,varyingthenumber ofdouble bonds
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for C18 from 0 to 2. The reaction was catalyzed by an intracellular lipase ofAspergillus
nigerat 30 °C. After 16h of reaction, the degree of synthesis decreased with increasing
chain length. Furthermore, higher degrees of synthesis were obtained with unsaturated
fatty acids as compared with saturated fatty acid. In these three papers,4.1*.14 the degree
of synthesis was measured after a certain reaction time and it can be expected that the
reaction equilibriumwasnot alwaysreached.Ifso,inthesepapers thedegree of synthesis
isan indication mainly of the specificity of the enzyme. No literature is available on the
effect of the fatty acid chain length on the ester concentrations at the reaction
equilibrium.
Predictions on the equilibrium position of a reaction in an aqueous-organic
two-phasesystemweremadebyMartineketal.9Theyshowedadependenceofthe overall
product concentration on the partition coefficients of all reactants and the volume ratio
of both phases. Hailing3 also used partition coefficients to make predictions about the
shift of the equilibrium concentrations indifferent solvents.He argued that the effect of
different solvents on the equilibrium position should be the same for all reactions of a
given type, for example all esterification reactions. Furthermore, Hailing3 showed a
correlation between the predicted equilibrium position and the solubility ofwater in the
solvent. This correlation was confirmed by the experimental results of the esterification
of dodecanol and decanoic acid.15
Prediction of the equilibrium position, by the methods as mentioned in
literature,3.9.15 is only valid for dilute reaction systems with a water activity close to 1.
These requirements are certainly not fulfilled for the esterification of glycerol and fatty
acid in a two-phase system,where the water activity is far below 1.For these nondilute
reaction systemswith awater activitybelow 1,the computer program TREP (Two-phase
ReactionEquilibriumPrediction)wasdeveloped.5 Measured andcalculated resultsofthe
esterification of glycerol and decanoic acid in several organic solvents,were found to be
ingood agreement. It isthe objective of this chapter to reveal the influence of fatty acid
chain length on the equilibrium position of the esterification with glycerol.
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THEORY
In two-phase systems, all components partition between both phases.At the phase
equilibrium, the thermodynamic activity of component i in phase 1 (a,!), equals the
thermodynamic activity of that component inthe other phase (afi)
a\ = a!1

(!)

Theactivitycanbeexpressed astheproductofthemolefraction (x{) and the activity
coefficient (yt). Then equation (1) becomes
(2)

* 1 - Y ! - xl'-v!'
For nondilute solutions, the activity coefficient is dependent on the mole fractions
of all components in the system. The UNIFAC group contribution method can be used
for calculation of activity coefficients.2
The esterification of glycerol and fatty acid consists of three consecutive reaction steps:
Glycerol + Fatty acid

s=^

Monoester + H 2 0

Monoester + Fatty acid

i=^

Diester + H 2 0

Diester + Fatty acid

i=^

Triester + H 2 0

Three equilibrium constants canbedefined, an equilibrium constant for monoester
synthesis (KM), onefor diester synthesis (KD) and one for triester synthesis (KT):
aM • a,

aG- aF
'•D-CLH^O

(4)

aT-a.H2o

(5)

KD
KT
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where G isglycerol,F isfatty acid,M ismonoester,D isdiester and Tis triester.
The program TREP, 5 Two-phase Reaction Equilibrium Prediction, isdeveloped to
calculate the mole fractions of all reactants at phase and reaction equilibrium. In this
program, activity coefficients are calculated by using the UNIFAC group contribution
method. TREP can be used for every reaction for which the equilibrium constant(s),
temperature, initial number of moles of all components, and the required UNIFAC
parameters are known.

MATERIALSAND METHODS
Materials
Lipasefrom Chromobacterium viscosumwas obtained from Biocatalysts Ltd. (UK).
The enzyme had a specific activity of 29 U/mg solid (determined by Biocatalysts with
olive oil as a substrate). The fatty acids, hexanoic acid (99%), octanoic acid (99%),
dodecanoic acid (95%), and tetradecanoic acid (95%) were obtained from Janssen
Chimica (Belgium). Decanoic acid (98%), hexadecanoic acid (96%), octadecanoic acid
(97%), and cis-9-octadecenoic acid (oleic acid, 72%) were from Merck (Germany).
Monoacylglycerols, diacylglycerols and triacylglycerols of the fatty acids mentioned
before, were obtained from Sigma Chemical Company (USA), with the exception of
monohexanoylglycerol,whichwas not available.
Glycerol, toluene and chloroform were of 99% purity from Janssen Chimica.
Isopropyl ether (98%), isoamyl ether (95%) and hexyl ether (97%) were from Merck.
Triglyme (triethylene glycol dimethyl ether), diglyme (diethylene glycoldimethyl ether),
monoglyme (ethylene glycoldimethyl ether),and allother solventshad apurity ofatleast
99%andwereobtained from Merck.Before use,theorganicsolventsand substrateswere
dried over molecular sieve 0.3nm (beads 2mm) from Merck.
Reactions
Equilibrium
Fatty acid, glycerol, water, solvent (if present) and lipase from Chromobacterium
viscosum were added in 10 ml stoppered glass bottles. The bottles were shaken by an
end-over-end incubator (150 rpm) at 35 °C.At a certain incubation time, samples were
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taken from the emulsion, and the aqueous and organic phase were separated by
centrifugation. The organicphasewas analyzed byHPLCand Karl Fischer titration.
The reactions with hexadecanoic acid (with solvent) and dodecanoic acid (without
solvent),were incubated at50°C,because thesefatty acidsdid not dissolve at a reaction
temperature of35°C.
Experiments were carried out until equilibrium was achieved. To confirm the
equilibrium, extra lipase was added. If this did not result in an increase of the product
concentrations, the equilibrium was stated to be reached. Another way to obtain the
equilibrium position is to carry out hydrolysis experiments, instead of esterification
experiments.5 In hydrolysis experiments, triacylglycerol was added instead of fatty acid.
The initial number of moles were chosen in such a way that theoretically the same
equilibrium position had tobe reached asfor the esterification experiments.
Timecourses
The experiments to measure the time course of the reaction were done in a
thermostated reaction vessel of 250 ml. The reaction mixture consisted of 200 mmole
oleic acid, 400 mmole glycerol, 400 mmole water, and 250 mg lipase from
Chromobacteriumviscoswn. In a number of experiments 200mmole solvent was added.
The emulsionwasmixed thoroughly at35°C,and at regular time intervals,samples were
taken out and after separation the organic phase was analyzed by HPLC. The initial
reaction ratewasdetermined bylinear regression on thefirst 4to 10measurements, and
expressed asmmole ester per gcrude enzyme per hour.
Analysis
HPLC
The fatty acid, glycerol and ester concentrations were determined by HPLC, using
two size exclusion columns (PLgel 30cm, Polymer Laboratories), placed in serial order.
The columns were eluted with tetrahydrofuran at a flow rate of 1.0 ml.min-1, and the
effluent was monitored with a refractive index detector. For the determination of
calibration curves, solutions of pure fatty acids,glycerol, mono-, di-, and triacylglycerols
were used. For monohexanoylglycerol, the slope of the calibration curve was estimated.
It was assumed that this slope was proportional to the acyl group chain length.
Concentrations were expressed as mole fractions, and the sum of mole fractions of fatty
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acid,mono-,di-,andtriacylglycerol,and solvent(ifpresent) intheorganicphaseis1.The
solventscannotbe analyzed bythisHPLCmethod and areassumed tobe entirely present
in the organicphase. Small errors will appear for the polar solvents,which are expected
to be partlypresent inthe aqueous phase.
KarlFischertitration
Water concentrations were determined with a Mettler DL18 Karl Fischer Titrator
(Mettler, Switzerland).
Calculations
For the estimation of activity coefficients the UNIFAC group contribution method
wasused.2Inthisstudy,theUNIFACparameter tableof Magnussenetal.8wasused.This
table is developed especially for the prediction of liquid-liquid equilibria, including the
prediction in aqueous-organic two-phase systems at temperatures between 10and 40°C.
The activitycoefficients are calculated with reference to an ideal solution in the senseof
Raoult's law.
TheprogramTREP,Two-phaseReaction Equilibrium Prediction,8.16calculates the
mole fractions of reactants in a two-phase system, in case both the phase equilibrium as
well as the reaction equilibrium are achieved. At the phase equilibrium, the activity for
each component in phase 1 equals the activity in phase 2 within a given accuracy
(equation 1-2). The reaction equilibrium is assumed if the calculated ratio of activities
equals the input equilibrium constants within a given accuracy (equations 3-5). The
outputofTREPconsisted ofthenumberofmoles,themolefractions, activity coefficients,
and activities. In order to compare the measured and calculated mole fractions, the
calculated mole fractions are corrected in the same wayas the measured mole fractions.
This means that glycerol and water are left out and the solvent isentirely present in the
organic phase.
For the determination of the equilibrium constants,only that part of TREP isused
where the phase equilibrium is calculated.
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RESULTSAND DISCUSSION
Subsequently theesterification ofglyceroland severalfatty acidsisdiscussed.Then,
the measured and calculated water and glycerolmolefractions are discussed.Finally, the
time course of the esterification of oleicacid and glycerol in some solvents is discussed.
Oleicacid
For the esterification of glycerol and oleic acid, the equilibrium constants for
monoester, diester and triester synthesis are determined in a reaction systemwithout an

1

2

3

Initial glycerol to oleicacid ratio (-)
Figure 1:The measured and calculated ester mole fractions asafunction of the initial glycerol
to oleic acid ratio.
Experiments:20mmoleoleic acid,equalmolar amountsof glycerol and water,and 25mglipase
were mixed and incubated for 215 hat 35°C.Monooleyl- (o), dioleyl- (o),and trioleylglycerol
(A).

Calculations with TREP: KM=11, #D=0.8, and KT=0.6; T=308 K; initial amounts are thesame
as in the experiments. Monooleyl- (
), dioleyl- (—), and trioleylglycerol (-• - •).
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organic solvent. Analogous to the esterification of decanoic acid,6 experiments were
carried outwhere the molar ratio of glycerol to oleicacid isvaried,while the glycerol to
water ratio is kept constant. The ester mole fractions at equilibrium are determined
experimentally and the equilibrium constants are calculated according to equation
(3)-(5).The average equilibrium constants arefound tobe 1.1,0.8and 0.6for monoester,
diester and triester synthesis, respectively. These constants are introduced into TREP to
calculate the ester mole fractions at equilibrium. Measured and calculated ester mole
fractions are shownin figure 1and are found tobe ingood agreement.
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Figure 2: The measured monooleyl- (D), dioleyl- (o), and trioleylglycerol (A) mole fraction in
the organic phase as a function of log P of the solvent.
The reaction was carried out with 10 mmole oleic acid, 10 mmole solvent, 20 mmole glycerol,
20 mmole water, and 25 mg lipase. The samples were incubated for 185 h at 35 °C.
Solvents: Triglyme (1), diglyme (2), monoglyme (3), 4-hydroxy-4-methyl-2-pentanone (4),
2-butanone (5), 2-methyl-2-propanol (6), 2-pentanone (7), 2-methyl-2-butanol (8), ten.
butylmethyl ether (9), isopropyl ether (10), chloroform (11), toluene (12), butyl ether (13),
isoamyl ether (14), isooctane (15), hexyl ether (16), decane (17), dodecane (18).
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The effect of solvents on the experimentally determined ester mole fractions, is
showninfigure 2.LogP isthelogarithm of thepartition coefficient of agiven compound
inthe octanol-water two-phase system12 and isused asparameter toindicate the polarity
of the solvent. In polar solvents, with a low logP value, the polar monoester is better
solvated than the nonpolar triester.At equilibrium, thisresults ina highmonoester mole
fraction and a low triester mole fraction. In nonpolar solvents, which have a high log P
value,the mono-and triester mole fractions are more or lessthe same.The diester mole
fractions are not very dependent on the polarity of the solvent. The relatively high
monoester and the low triester mole fraction in tertiary alcohols, 2-methyl-2-propanol

calc

Figure 3: The calculated ester mole fractions divided by the measured ones as a function of
log P of the solvent.
Experiments: from figure 2.
Calculations with TREP: tfM=ll, KD=0.&,and KT=0.6; T=308 K; initial amounts are the same
as in the experiments. Monooleyl- (•), dioleyl- (o), and trioleylglycerol (A). The solvents are
numbered as in figure 2.
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(number 6) and 2-methyl-2-butanol (number 8),are in agreement withprevious results.6
The oleicacidmolefractions, which are not showninfigure 2,are notverydependent on
the polarity of the solvent. This was also found for the esterification of glycerol and
decanoic acid.5
For the calculation of the ester mole fractions at equilibrium with solvents added,
theaveragevaluesfor theequilibrium constantsareintroduced intoTREP.Furthermore,
theinitial numbers ofmoles,the temperature and the required UNIFACparameters are
introduced. In the calculations the initial numbers of moles are the same as for the
experiments offigure 2.The quotient ofcalculated and measured molefractions isshown
in figure 3. Systematic deviations appear to be present. The predicted values for the
monoester mole fractions are generally to high, the maximum deviation is a factor 2.2.
The predictions of the diester mole fractions are fairly good, deviations are less then a
factor 1.3. The predicted values for the triester mole fractions are generally too low,
deviations rise up till a factor 3.In case of 4-hydroxy-4-methyl-2-pentanone (number 4),
the predicted monoester mole fraction istoolow.Inthe calculations for thissolvent, the
solvent concentration in the aqueous phase is calculated to be very high and almost no
solvent remains inthe calculated organicphase.Thismeans that the ester mole fractions
are more or less the same as in a systemwithout solvent. In all other polar solvents, the
solvent iscalculated tobe mainlypresent inthe organicphase.
The systematicdeviationsinmono-,di-,and triester molefractions, werealso found
for esterification of decanoic acid,5 and can be attributed to the parameter values used
with UNIFAC.It canbe concluded that the trends arewell predicted.
Octanoic acid
The average equilibrium constants are also determined for the esterification of
glycerol and octanoic acid. From experiments without an organic solvent, the average
valuesfor theequilibrium constants arefound tobe 1.4,1.1 and 0.6for monoester, diester
and triester synthesis, respectively. These values are introduced into TREP to calculate
the ester mole fractions at equilibrium without solvent. In figure 4, the measured and
calculated ester mole fractions are shown.
Experimental and calculated data of the esterification ofglycerol and octanoic acid
in several solvents are not shown here. However, for the experimental results as well as
for the calculations, the same trends are present as for the esterification with decanoic
acid5 and oleicacid (figures 2and 3).
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Initial glycerolto octanoic acid ratio (-)

Figure 4: The measured and calculated ester mole fractions as a function of the glycerol to
octanoic acid ratio.
Experiments: 20 mmole octanoic acid, equal molar amounts of glycerol and water, and 25 mg
lipase were mixed and incubated for 215 h at 35 °C. Monooctyl- (D),dioctyl- (o), and
trioctylglycerol (A).
Calculations with TREP: KM=IA, KD=l.\, and ATT=0.6; T=308 K; initial amounts are the same
as in the experiments. Monooctyl- (
), dioctyl- ( — ) , and trioctylglycerol (-• - •).

Chainlength offatty acids
Table I shows the equilibrium constants of the reactions with several fatty acids. It
canbe seen that equilibrium constants for mono-, di-and triester synthesis, respectively,
dovary although in a limited range.These three sets of equilibrium constants were used
to calculate the ester mole fractions for the reaction between glycerol and saturated fatty
acidswithachainlengthfrom 6to 18withoutuseofsolvent.Theresultsaregivenin figure
5.The linesrepresent the smooth curvesthrough the ester molefractions, calculated with
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Table I: The equilibrium constants for the esterification of glycerol and fatty acids.

Fatty acid

^M

*D

/C«p

Octanoic acid
Decanoic acid
Oleic acid

1.4
1.1
1.1

1.1
0.5
0.8

0.6
0.4
0.6

Average

1.3

0.8

0.6

thesetofaverageequilibriumconstants(seetableI).Fromthecalculationswiththe other
sets of equilibrium constants, the highest and the lowest ester mole fractions are shown.
The trends are inall casesthe same and the ester mole fraction doesnot seem to change
considerablywith the changes of the equilibrium constants asgiven in table I.The setof
average equilibrium constants is used to predict the equilibrium position of the
esterification of glycerol and fatty acid with a different chain length, which will be
discussed below.
Infigure 6the experimental results aregiven,represented bythe symbols.The fatty
acids used for the experiments in order of increasing chain length are hexanoic acid,
octanoic acid, decanoic acid, dodecanoic acid and oleic acid.The open symbols are the
results of experiments with saturated fatty acids,and the black symbolsare the resultsof
the experimentwitholeicacid,whichisunsaturated. Figure 6clearly showsthat the ester
mole fractions at equilibrium are affected bythe chain length of the fatty acid. With the
short-chain fatty acids as organicphase, the solvability of the polar products is relatively
good,resultinginhighmonoester molefractions. However,withthe long-chain oleicacid
asorganicphase,thenonpolarproducts arebetter solvated,resultinginrelativelyhighdiand triester mole fractions. These trends are predicted well by the calculations with the
setofaverageequilibrium constants.Highestdeviationsappearforthemono-,and diester
of hexanoic acid (C6). These deviations, expressed as the calculated mole fractions
divided by the measured ones, are 1.22 for the monoester, and 0.46 for the diester. For
thereactionwithC18fatty acid,theestermolefractions arecalculated for asaturated fatty
acid. However, the measured ester mole fractions are from experiments with oleic acid,
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whichisunsaturated. For calculations withunsaturated fatty acids as compared to the
calculationswithsaturated fatty acid,themonoestermolefraction isdecreasedby0.018,
the diester mole fraction isequal, and the triester mole fraction isdecreased by0.025.
Thesedifferences arelow andforthisreasononlythecalculationsforsaturatedfattyacids
areshowninfigure6.
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12

14

16

Fattyacid chain length

Figure 5: The calculated ester mole fractions as a function of the fatty acid chain length at
different sets of equilibrium constants.
Calculations with TREP: Equilibrium constants:see table I; 7*=308K; 20 mmole fatty acid (only
saturated fatty acids), 20 mmole glycerol and 20 mmole water. Monoacyl- (
), diacyl- ( — ) ,
and triacylglycerol (- • - •). The curves represent smooth lines through the calculations with
ATM=1-3, KD=0.8, and KT=0.6. Only the highest and lowest ester mole fractions from calculations
with the other sets of equilibrium constants are shown.
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Fattyacid chain length
Figure 6:The measured and calculated ester mole fractions as a function of the fatty acid chain
length.
Experiments: 20 mmole fatty acid, 20 mmole glycerol, 20 mmole water, and 25 mg lipase were
mixed and incubated for 280 h at 35 °C. The experiment with dodecanoic acid (C12) is carried
out at 50 °C. Monoacyl- (o), diacyl- (0), and triacylglycerol (A). Black symbols: reaction with
unsaturated fatty acid.
Calculations with TREP: KM=1.3, AD=0.8, and KT=0.6; T=30& K; initial amounts are the same
as in the experiments (only saturated fatty acids). The smooth curves represent monoacyl(
), diacyl- ( — ) , and triacylglycerol (- • - •).

Because the reaction temperature had to be above the melting point of the fatty
acid,theexperimentwithdodecanoicacid (C12)iscarried outat 50°Cinstead of35 °C.
The ester mole fractions at equilibrium are not expected to be very dependent on
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temperature. This was shown by Blanco et al.,1 who studied the esterification of
N-acetyl-tryptophan and phenylethanol. They found no significant effect on the
equilibriumposition inthe temperature rangeof 18to35°C.Saturated fatty acidswith a
longerchainlengththandodecanoicacidarenotused.Becauseofthehighmeltingpoints,
temperatures above55°Carenecessaryfor thesereactions.Although oleicacid (C18) has
a longer chain length than dodecanoic acid, it could be used at 35 °C because it is
unsaturated, which implicates alower melting point.
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Figure 7: The measured and calculated ester mole fractions as a function of the fatty acid chain
length in tert. butylmethyl ether.
Experiments: 10 mmole fatty acid, 20 mmole tert. butylmethyl ether, 20 mmole glycerol, 20
mmole water, and 25 mg lipase were mixed and incubated for 228 h at 35 °C. The experiment
with octadecanoic acid (Ci8) is carried out at 50 °C. Monoacyl- (o), diacyl- (o), and
triacylglycerol (A). Black symbols: reaction with unsaturated fatty acid.
Calculations with TREP: /CM=1.3, /CD=0.8, and KT=0.6; T=308 K; initial amounts are the same
as in the experiments (only saturated fatty acids). The smooth curves represent monoacyl(
), diacyl- ( — ) , and triacylglycerol (-• - •).
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In order to obtain experimental data for saturated long-chain fatty acids,
experiments and calculations are performed in reaction systems with the solvents
monoglyme,tert. butylmethyl ether, toluene and isooctane.The results ofa typicalone of
this set of experiments (in tert. butylmethyl ether) are shown in figure 7.The measured
results of figure 7 show that the fatty acid chain length has only little effect on the ester
molefractions atequilibriumwithanorganicsolventadded.Thisisacompletely different
behaviour than for the case without solvent, as shown in figure 6. The lines in figure 7
represent the smooth curves through the calculated ester mole fractions for saturated
fatty acids.The calculations predict also small changes onlyinthe ester mole fraction on
changing the fatty acid chain length. The calculated monoester mole fractions are
systematically too high and deviations,expressed asthe calculated molefractions divided
by the measured ones, are between 2 and 3.These deviations for the monoester mole
fractions are in the same order of magnitude as the deviations that are found for the
esterification of glycerol and oleic acid inseveral solvents (see figure 3).The fact that in
solvents the ester mole fractions at equilibrium are not that dependent on the fatty acid
chain length, is in agreement with the conclusions of Hailing.3 He argued that in dilute
reaction systems, the effect of solvents on the equilibrium position is the same for all
reactions of the same type. In figure 7, the initial solvent mole fraction in the organic
phase is 0.67,which is found to be sufficient high to obtain the described effect on the
equilibrium position.
In order to compare the equilibrium position of saturated and unsaturated fatty
acid, experiments were carried outwith saturated and unsaturated C18fatty acids.Intert.
butylmethyl ether (see figure 7), monoglyme, toluene, and isooctane, the difference
between saturated and unsaturated ester mole fractions was not more than 0.004 mole
fraction. This indicates that one double bond in a fatty acid not significantly affects the
equilibrium ester mole fractions. In literature,13.14 a lower degree of esterification with
saturated fatty acids isreported. However, it was already mentioned by the authors that
it is most likely that the equilibrium was not achieved because the saturated fatty acids
were in a solid state at the reaction temperature. In the calculations with TREP,
differences between stearic acid and oleic acid ester mole fractions were higher as
compared to the measurements. Calculations with Q to C18 saturated and unsaturated
fatty acids show that the differences between saturated and unsaturated ester mole
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fractions did not exceed 0.010 for tert.butylmethyl ether, monoglyme, and isooctane.
However, inthe calculations for toluene these differences roseup to 0.023mole fraction.
Thisisprobably due to deviations inthe UNIFACparameter table.
As shown in this section, one set of equilibrium constants can be used for the
prediction ofthe equilibrium position ofthe esterification of glycerol and fatty acidswith
a chain length from 6to 18.Good predictions are obtained in systemswithout aswell as
with solvents.The different behaviour between the reaction with and without solvent is
confirmed bythe calculations.
Waterandglycerol
Throughout thispaper, the sum of mole fractions of solvent, fatty acid, mono-,di-,
and triester inthe organicphase is 1. Thismeansthatwater andglycerolare not included
in the mole fraction. This is done because of the deviations that are found between the
measured and calculated amounts ofwater and glycerol.The data are shownin figure 8.
The mole fractions of the esterification of glycerol and oleic acid from figure 1,
correspondwiththeamounts inmmole(figure 8a).Asinfigure 1,thedeviations between
calculated andmeasured amountsof ester aresmall.However, the calculated amountsof
bothwater and glycerol are systematically toolow.If these components were included in
the mole fraction, thiswould lead to systematic deviations of all components.
In figure 8b, a comparison is made for the experiments and calculations for the
esterification of glycerol and several fatty acids.For the calculations, the set of average
equilibrium constants from table I is used. The deviations between calculated and
measured amounts of ester show the same trends as those in figure 8a,while water and
glycerolaredifferent. The experimentallydetermined amountsofwater andglycerolboth
decrease with increasing fatty acid chain length.The calculated amounts of glycerol and
water showthe same trends,but are systematically lower than the measured values. Only
for the reaction with hexanoic acid (highest glycerol and water content), the calculated

Figure 8: Comparison between calculated and measured amounts of all reactants.
Data were obtained from experiments of figure 1 (part a, esterification with oleic acid) and
figure 6 (part b, esterification with several fatty acids). In part b the chain length of the fatty
acids is indicated for the amounts water.
Water (•), glycerol (•), fatty acid (v), monoacyl- (D), diacyl- (o), and triacylglycerol (A).
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and measured amounts of glycerol and water are in good agreement. The deviations
between calculated and measured water and glycerol amounts, increase with increasing
chain length of the fatty acid.Byusing fatty acidswith alonger chain length, the polarity
of the organic phase decreases. This could be an indication for a relation between the
polarity of the medium and deviations in the calculated amounts of water and glycerol.
However,theresultsoffigure 3werealsoplotted ascalculated amountsversus measured
amounts (data not shown). With these results no clear relation was found between the
polarityofthemediumandthedeviationsinthecalculatedamountsofwaterandglycerol.
It is clear that the calculated glycerol and water content of the organic phase is
systematicallylowerthanthemeasuredvalues.Insomecases,thereseemstobea relation
between the polarity of medium and the deviations. However, this correlation is not
confirmed by the results from other experiments. A critical evaluation of the UNIFAC
parameter table that isused in this studywould be necessary toimprove the glycerol and
water predictions inthe organic phase.
Timecourses
In order to show the effect of solvents on the reaction rate, time courses for the
esterification of glycerol and oleic acid are determined with and without addition of a
solvent.The results for the experiment without solvent are shownin figure 9a.In figures
9b-9d,resultsareshownfor theexperiments indiglyme,toluene,anddecane,respectively.
In addition to an effect of the solvent on the equilibrium position, there is also a clear
effect onthe rate of mono-,di-,and triester production. Initial reaction rates are given in
table II. In the experiments without solvent, the initial reaction rates for production of
mono- and diester are almost equal. In the polar solvent diglyme, the monoester
production rate is2.5times higher than the diester production rate,while inthe solvents
toluene and decane the diester rates arehigher, 1.5 and 1.8 times themonoester reaction
rate, respectively. The triester reaction rates are alwaysmuch lower. In a previous study
it was shown that high concentrations of a polar solvent are favorable for a high
monoester concentration atequilibrium.5Therefore, reactionrateswerealso determined
in a system with a high diglyme concentration. These are also given in table II and the
monoester reaction rateisfound tobe7.7timeshigherthan thediester reaction rate.The
triester reaction rate isalmost 0.
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Table II: Initial reaction rates for the esterification of glycerol and oleic acid.

Experiment

Without solvent
Diglyme1)
Toluene1)
Decane1)
Diglyme2)

Initial reaction rate in mmole.g- i.h-i

Tr in h

monoester

diester

triester

oleic acid

48.5
74.4
31.6
23.2
35.2

50.6
29.7
48.3
42.3
4.6

2.0
0.7
2.0
1.9
0.2

-151
-136
-133
-113
-42

1.9
2.0
2.4
2.9
2.7

!) The initial solvent to fatty acid ratio is 1.
) The initial solvent to fatty acid ratio is 5.

2

It isinteresting that the monoester reaction rate in diglyme isenhanced bya factor
1.5 ascompared tothereaction systemwithout solvent.The diester reactionrate isfound
to be highest in the reaction system without solvent. The triester reaction rates do vary
unsystematically for the reaction system without solvent and the reaction systems with
toluene and decane. It is most likely that for formation of mono-, and diesters,
esterification takes place at the two primary hydroxyl groups of glycerol. For triester
production asecondaryhydroxylgrouphastobe esterified andthiscanbe expected tobe
relativelyslow.Theinitialfatty acidremoval rate ishighestinthereaction systemwithout
solventand isnotvaryingmuch inthesystemscontaining asolvent.Inthereaction system
with a high diglyme concentration, the fatty acid removal rate islowerthan inthe system
with a lowdiglyme concentration.
Table II also shows the characteristic times of reaction (rr).Thisvalue isdefined as
thetime that isnecessary toreach the average ofthe initial and the equilibrium fatty acid
concentration. Table II shows that the characteristic times are more or less the same,
indicatingthat differences inthe initialreactionratesarenot duetosolvent effects on the
enzyme.Itismore likelythatthereactionratesareproportional tothedifference between
the actual product concentration and the product concentration at equilibrium. This
explains,for example, the high monoester reaction rate in diglyme,where the difference
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Figure 9: Time course of the esterification of glycerol and oleic acid, without solvent (a), in
diglyme (b, log P =-1.3), toluene (c, log P = 2.5) and decane (d, log P = 5.6).
Experiments: see 'Materials and Methods'
Monooleyl- (D), dioleyl- (o), and trioleylglycerol (A).
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between initial and equilibrium monoester mole fractions is0.12,and the low monoester
reactionrate indecane,where thisdifference isonly0.04.For aproper description of the
kinetics ofthe esterification ofglycerol and fatty acid, further studies are necessary.
For the esterification of dodecanol and decanoic acid,15 and for the esterification of
N-acetyl-tryptophan and phenylethanol,1 an increase of the initial reaction rate by
decreasing the polarity of the solvent was reported. In agreement with our findings, the
equilibrium position of these reactions is highest in nonpolar solvents, resulting in a
difference between the actual and equilibrium product concentrations being the highest
for the nonpolar solvents.

CONCLUSIONS
Theusefulness oftheprogramTREP,whichisdeveloped for theprediction of ester
mole fractions at the reaction equilibrium in nondilute reaction systems, was already
shownfor thelipase-catalyzed esterification ofglyceroland decanoicacid.Now,thiswork
isextended for the esterification of glycerol and fatty acids of different chain length. The
fatty acids octanoic acid and oleic acid (cis-9-octadecenoic acid) are extensively studied.
The equilibrium constants arefound tobe more orlessthesame asfor esterification with
decanoic acid. Also the effect of solvents on the measured ester mole fractions is in
agreement with esterification with decanoic acid; for the production of monoesters, a
polar solvent is favorable and for production of triesters a nonpolar solvent has to be
chosen.With the program TREP, these effects were predicted within margins.
The equilibrium position of the esterification of glycerol and other fatty acids, such
as hexanoic acid, dodecanoic acid, tetradecanoic acid, hexadecanoic acid and
octadecanoic acid can be predicted with an average set of equilibrium constants.
Determination of all separate equilibrium constants was not necessary. The ester mole
fractions at equilibrium are found to be dependent on the fatty acid chain length if no
solvent ispresent in the reaction system. However, the equilibrium ester mole fractions
are about independent on the chain length of the fatty acid, with a solvent added at a
sufficient high concentration.
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The calculated amounts ofester andfattyacidareinreasonable agreementwiththe
measured values.The trendsarepredicted, however,systematicdeviations arise between
measured and calculated amounts of water and glycerol. Especially in nonpolar media,
deviations inwater and glycerol amounts are high.Thisisprobably due to deficiencies in
the UNIFAC calculation method or parameter table.
Besides the equilibrium position, also the reaction rates are affected bythe solvent
that is added. Some preliminary experiments show that it is possible to enhance the
monoester reaction rate bya factor 1.5,if apolar solvent isadded to the reaction system.
This isa result of the shift inequilibrium position.

NOMENCLATURE
a
K
P

y

activity
equilibrium constant
partition coefficient inn -octanol-water
characteristic time of reaction
mole fraction
activity coefficient

Subscripts:
calc
D
exp
F
G
i
M
T

calculated
diester
experimental
fatty acid
glycerol
component
monoester
triester

*r

X

Superscripts:
1
II

phase 1
phase 2
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SOLVENT EFFECTS ONTHE EQUILIBRIUM
POSITION OF LIPASE-CATALYZED
ESTERIFICATION OFDECANOICACIDAND
VARIOUS ALCOHOLS

SUMMARY
The lipase-catalyzed esterification of decanoic acid and several alcohols
(1-dodecanol, 1-butanol, 1,3-propanediol, and sorbitol) has been studied in
aqueous-organic two-phase systems. The ester mole fractions at equilibrium are
dependent onthepolarityoftheorganicsolventthatisadded.Forthesynthesisofdodecyl
decanoate andbutyldecanoate,theester molefractions increasewithdecreasing polarity
ofthe solvent.The mole fraction of propanediol monoester isnotverydependent on the
solvent polarity, and the diester mole fraction increases with decreasing polarity of the
solvent. The mole fractions of sorbitol esters are very dependent on solvent polarity.
Almost no esters were present at equilibrium in systems with nonpolar solvents, while
reasonable high ester mole fractions canbe obtained in systemswithpolar solvents.
For the prediction of the mole fractions of all reaction components, the computer
program TREP (Two-phase Reaction Equilibrium Prediction) is used. This program is
based on mass balances and the UNIFACgroup contribution method and is developed

This chapter is submitted for publication by the authors A.E.M. Janssen, N. Wessels Boer and
K. Van 't Riet.
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for nondilute reaction systems. Equilibrium constants are estimated from experiments
without anorganicsolvent and are clearly affected bythe typeofalcohol that ischosen as
a substrate. The mole fractions at equilibrium are calculated for the reactions with
dodecanol, butanol and propanediol. The calculated ester mole fractions were in some
cases too high and in other cases too low,but did not deviate more than a factor of 1.5
from themeasured ones.Forthewatermolefraction, thetrendsarecalculated. However,
it appears that the calculated water mole fractions deviate systematically in the
downwards direction.This could be expected, since the UNIFACparameter table that is
used, is known to give deviations in the prediction of the solubility of water. No
calculationsarepresented for thereactionwithsorbitol,because theUNIFAC parameter
table thatwehaveusedwasnotsuitable for carbohydrate solutions.

INTRODUCTION
Numerous examples areknownnowof esterification ofalcohols andfatty acids that
are catalyzed enzymatically. In many cases an organic solvent was added to the reaction
system to increase the solubility of substrates and/or products. Usually these reaction
systemsconsistoftwophases,anorganicphasewhichcontainstheorganicsolventand the
nonpolar substrate(s) and product(s), and an aqueous phase, which contains water and
thepolar substrate(s) andproduct(s).Two-phase reaction systemscan roughlybe divided
in emulsion-type systems and trapped aqueous phase systems.2 In an emulsion-type
system the volume of the organic and the aqueous phase is in the same order of
magnitude.This results in awater-in-oil or an oil-in-water emulsion. In trapped aqueous
phase systems, the aqueous phase is very small and not always clearly visible, since this
phase can be restricted to the pores of the suspended enzyme particles. Although the
amount ofwater canbe verylow,thewater activity isstill close to 1.Usually if the water
activity of trapped aqueous phase systems drops below 1, the system converts to a
one-liquid-phase system.
The importance of thewater activityin esterification reactions,where water is one
of the products, isfrequently emphasized. Many attempts are made to control the water
activity during the reaction. Recently, progress ismade byaddition of solid salt hydrates
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to the reaction mixtures.4 Another possibility is to control the water activity of the air
abovethereaction mixture.Thiscouldberealizedbyrecyclingtheairthrough a saturated
salt solution or byrecycling the air through a condensor.13
Besides the water activity, also the thermodynamic activities of other reaction
components are ofimportance.These activities areaffected bythe organicsolvent thatis
added to the reaction system. Recently Valivety et al.11 studied the equilibrium position
of the reaction between dodecanol and decanoic acid.They showed a great difference in
thedegree ofesterification indifferent solvents,whilethewater activitywaskept close to
1inall experiments.Furthermore theyargued, inagreement withthe studies of Hailing,3
that for prediction ofsolvent effects onthe equilibrium position, onlythe reacting groups
are of importance.This means that for an esterification reaction, the hydroxyl,carbonyl,
water, and ester group shouldbe takeninto account.Asaresult,the equilibrium position
in a certain solvent isequal for all esterification reactions.
In our previous work,7we studied the effect of organic solvents on the equilibrium
position of lipase-catalyzed esterification of glycerol and decanoic acid in
aqueous-organic two-phase systems. Here, the mono-, di-, and triester concentrations
were found to be very dependent on the type of solvent used. The production of
monoesters was favorable with addition of polar organic solvents,while the addition of
nonpolar organic solvents resulted in relatively high triester concentrations. These
phenomena were predicted with the program TREP (Two-phase Reaction Equilibrium
Prediction), which is based on mass balances and the UNIFAC group contribution
method.Fortheesterification ofglyceroland decanoicacidTREPwasfound to calculate
the ester mole fraction at the reaction equilibrium under all conditions within some
margins.7'12
In this chapter, the esterification of decanoic acid and several alcohols, namely
1-dodecanol, 1-butanol, 1,3-propanediol, and sorbitol is studied. The reaction systems
with 1-dodecanol and 1-butanolare trapped aqueousphase systemswith awater activity
close to 1. The reaction systems with 1,3-propanediol and sorbitol are emulsion type
systemswith a water activity below 1.The latter reaction systems are comparable to the
reaction systemfor the esterification of glycerol and decanoic acid.7
The aim of thisstudy isto investigate whether the program TREP also canbe used
for prediction of the equilibrium ester mole fractions for esterification reactions using
another alcohol than glycerol in different types of reaction systems. Experimentally
determined ester concentrations are compared with calculated concentrations. Attention
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is paid to the experimental and calculated water concentration in the organic phase in
addition to the ester concentrations. The possibilities and limitations of the program
TREP for theprediction of equilibrium concentrations are discussed.

THEORY
In two-phase systems, all components partition between both phases. At phase
equilibrium, the thermodynamic activitiesofcomponent i(a^ inphase 1 and 2are equal.
a\ = a!1

(1)

The activity can be expressed asa; = xt • yt, whereX; isthe mole fraction and v, is the
activity coefficient of component i. For nondilute solutions, the activity coefficient is
dependent on the mole fractions of all components in the system. The UNIFAC group
contribution method canbe used for calculation of activity coefficients.1
For an esterification reaction according to the following scheme:
A + B

= î

C +

H20

The reaction equilibrium canbe described by
a

K =

C ' a H,0

aA- aB

whereK isthe equilibrium constant.
The program TREP, Two-phase Reaction Equilibrium Prediction, is developed to
calculate the mole fractions of all reactants at phase and reaction equilibrium. In this
program, activity coefficients are calculated by using the UNIFAC group contribution
method. TREP can be used for every reaction for which the equilibrium constant,
temperature, initial amounts of all components, and the required UNIFAC parameters
are known.
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In previous work,7 calculations were made for the prediction of the equilibrium
position of the esterification ofglyceroland decanoicacid.Here,weextend thiswork for
esterification of decanoic acid and several alcohols. For reactions with 1-dodecanol or
1-butanol, monoester and water are the products and a singly equilibrium constant,
analog to equation (3), can be defined. For reaction with 1,3-propanediol, besides
monoester and water, diester is formed. Subsequently two equilibrium constants are
defined, a^ M for monoester synthesisandaKD for diester synthesis.Forthereactionwith
the polyol sorbitol, where water, and only mono-, di-, and triester are formed, three
equilibrium constants canbe defined:KM,KD,andKT for monoester, diester and triester
synthesis, respectively.
The reaction system consists of two-phases, however, there is a clear difference
between the reaction system of the monoalcohols and those ofpropanediol and sorbitol.
In the systemswith the monoalcohols,both substrates, the fatty acid and the alcohol, are
present inthe organicphase.The aqueousphase isrelatively smalland consists mainlyof
water,whichresultsinawater activityofthesystemcloseto 1.Inthereactionsystemswith
propanediol and sorbitol, the fatty acid is mainly present in the organic phase and the
alcohol is mainly present in the aqueous phase. The water activity of these systems is
mainlydependent onthealcohol concentration intheaqueousphase andwillbebelow 1.

MATERIALSANDMETHODS
Materials
Lipase from Chromobacterium viscosumwas obtained from Biocatalysts Ltd. (UK).
The enzyme had a specific activity of 29 U/mg solid (determined by Biocatalysts with
olive oil as a substrate). The substrates 1-butanol (99.5%), 1-dodecanol (98%),
1,3-propanediol (98%), sorbitol and decanoic acid (98%) were obtained from Merck
(Germany). Hexane was HPLC grade from Rathburn. Toluene and chloroform were of
99%purity from Janssen Chimica (Belgium).Isopropyl ether (98%),pentyl ether (95%),
isoamyl ether (95%),and hexylether (97%) were from Merck).All other solvents had a
purity of at least 99% and were also obtained from Merck. The organic solvents and
substrates were dried over a molecular sieve of 0.3nm (beads 2mm) from Merck.
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Reactions
Decanoic acid, alcohol, water, solvent (if present), and lipase from
Chromobacteriumviscoswnweremixedin 10mlstoppered glassbottles.Thebottleswere
shakenbyan end-over-end incubator (150rpm)at35°C.After acertain incubation time,
samples were taken from the emulsion, and the aqueous and organic phase were
separated bycentrifugation. The organicphase isused for analysis.
Samplesofthereactionswith 1-dodecanoland 1-butanolwereanalyzedbyfatty acid
and Karl Fischer titration. Analysis by HPLC was not possible, since the peaks of
dodecanol and decanoic acid and thepeaksof decanoic acid and butyl decanoate can not
be separated by the HPLC method used (see Analysis). Samples of the reactions with
1,3-propanediol were analyzed by HPLC and by Karl Fischer titration. Samples of the
reactionswith sorbitol were analyzed byHPLC.
Experiments were carried out until equilibrium was achieved. To confirm the
equilibrium, extra lipase was added. If this did not result in an increase of the product
concentration, the equilibrium was stated.
Analysis
HPLC
The organic phase was determined by HPLC, using two size exclusion columns
(PLgel 30 cm, Polymer Laboratories), placed in serial order. The columns were eluted
withtetrahydrofuran at aflow rate of 1.0ml.min-1,and the effluent wasmonitored with a
refractive indexdetector.Withthismethod,decanoicacid, 1,3-propanediol andthe esters
formed can be detected. The mole fractions were calculated by using the slope of the
calibration curves of the pure components. The esters of 1,3-propanediol and sorbitol
were not commercially available. Therefore, calibration of these components was
estimated from experiments. For this purpose mass balances were used and the
assumption wasmade that the slope of the calibration curves of the involved esters were
equal.Concentrations were expressed asmole fractions, and thesumofmolefractions of
fatty acid, alcohol, ester(s),water and solvent (if present) in the organicphase is 1.This
isincontrastwithchapter 4and 5.The solvents cannotbe analyzed bythe HPLC method
and are assumed tobe entirelypresent inthe organic phase.
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KarlFischertitration
Thewater concentrationwasdetermined withaMettlerDL18KarlFischer Titrator
(Mettler, Switzerland).
Fattyacidtitration
The fatty acid concentration wasdetermined bytitration of the organicphase in 25
ml ethanol, containing 0.05% Phenolphthalein, with 0.1 N NaOH. The ester
concentration wascalculated from the difference between theinitial and the equilibrium
fatty acid concentration.
Calculations
For the estimation of activity coefficients the UNIFACgroup contribution method
wasused.1 In this study,the UNIFAC parameter table of Magnussen et al.8 isused.This
tableisespecially developed for theprediction ofliquid-liquid equilibria at temperatures
between 10and 40°C.However, this parameter table isknown to give deviations in the
prediction of the solubility ofwater in alkanes.Activity coefficients were calculated with
reference to an ideal solution inthe sense of Raoult'slaw.
For the determination of the equilibrium constants, a computer program was used
that calculated the activities of all components at phase equilibrium.7 Besides
temperature andtherequired UNIFACparameters,theinputvariablesarethe measured
amounts of esters, decanoic acid in the organic phase, and the total amount of water,
dodecanol, butanol, and/or propanediol at equilibrium. The output of this computer
program consisted of the mole fractions, activity coefficients, and activities of all
components in both phases at the phase equilibrium. The activities were used for the
calculation oftheequilibrium constant(s) according toequation (2).Ifthe concentrations
of all components are known inthe organicphase,the belonging activity coefficients and
activities also can be calculated directly for this phase. However, if this method is
followed, thewater activityiscalculated to exceed 1.Therefore, it ispreferred touse the
computer program where the organicaswell asthe aqueous phase istaken into account.
The program TREP, Two-phase Reaction Equilibrium Prediction, calculates the
mole fractions of reactants in a two-phase system, in case both the phase equilibrium as
well as the reaction equilibrium are achieved.7 The input consists of the equilibrium
constant(s), temperature, initial amounts of the substrates, water and solvent, and the
required UNIFAC parameters. In the calculations, the phase equilibrium is assumed
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when the activityfor each component inphase 1equals the activity of that component in
phase2withinagivenaccuracy(usually0.001).Thereactionequilibriumisassumedwhen
the calculated ratio of activities equals the input equilibrium constants within a given
accuracy.This accuracy isusually 1%of thevalue of the equilibrium constant.
Inorder to compare the experimental and calculated molefractions, the calculated
mole fractions are corrected in such a way that the solvent is entirely present in the
organicphase.

RESULTSAND DISCUSSION
Experimental Data
The solventsused inthisstudyandthe corresponding logPvaluesare listed in table
I. Log P, which is the partition coefficient of a given compound in the octanol-water
two-phase system,isused asparameter toindicatethepolarityofthe solvent.Itisnot our
aim to find the best solvent parameter to correlate ester concentrations at equilibrium.
LogP isjust chosen because it is a well-known parameter, that is tabulated or can be
calculated for every solvent. Recently, good results were obtained with the solubility of
water in the solvent asparameter.3.11 However, this parameter cannot be used for polar
solvents,which are misciblewith water.
1-Dodecanoland1-butanol
The results of the experiments for the esterification of monoalcohols and decanoic
acid are shown in figure 1.Water miscible solvents were not used in these experiments.
Figure 1 showsthat atlogPvalues above2,the ester concentration isnotvery dependent
on the polarity of the solvent.At logP values below 2,the ester concentration decreases
byincreasingthepolarityofthereactionmedium.Thisincreasecanbeexplained interms
ofsolvability,thenonpolarproduct ofthe reactionisbetter solvated innonpolar solvents.
Incase ofthetertiary alcohol,2-methyl-2-butanol (number 13),theester concentration is
clearlylower than inthe other solvents.Thebehaviour withtertiary alcohols alsoshowed
deviation in previous work on the esterification of glycerol and decanoic acid.7 In that
study, the monoester mole fraction in tertiary alcohols was higher as compared to the
other solvents,while the diester and triester mole fractions were lower than inthe other
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solvents. In agreement with these findings, the mole fractions of dodecyl and butyl
decanoate, which are nonpolar products, are also lower in the tertiary alcohol when
compared toothersolvents.

Table I: Log P of the organic solvents used in this study.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
a

)

b

)

Solvent

logP*)

Triglymeb)
Diglymeb)
N,N-Dimethylformamide
Monoglymeb)
4-Hydroxy-4-methyl-2-pentanone
Acetonitrile
Acetone
2-Butanone
Dichloromethane
2-Methyl-2-propanol
2-Pentanone
Ethyl ether
2-Methyl-2-butanol
ten. Butylmethyl ether
Isopropyl ether
Chloroform
Toluene
Butyl ether
Hexane
Isoamyl ether
Isooctane
Hexyl ether
Decane
Dodecane

-1.9
-1.3
-1.0
-0.75
-0.34
-0.33
-0.23
0.28
0.60
0.79
0.80
0.85
1.3
1.4
1.9
2.0
2.5
2.9
3.5
4.0
4.5
5.0
5.6
6.6

Log P is the logarithm of the partition coefficient of a given compound in the
octanol-water two-phase system, calculated according to Rekker. 10
Triglyme is triethylene glycol dimethyl ether, diglyme is diethylene glycol dimethyl ether
an monoglyme is ethylene glycol dimethyl ether.
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Furthermore,thewatermolefraction intheorganicphaseisshown.Inboth figures
thewatermolefractionintheorganicphasedecreasesbyincreasingthelogPvalueofthe
addedsolvent.Incaseofthetertiaryalcohol,2-methyl-2-butanol (number 13),thewater
molefraction istwiceashighasintert. butylmethylether (number 14),whichhasalmost
the same logP value. The water mole fractions in the experiments with butanol are
slightlyhigherthanintheexperimentswithdodecanol.Butanolisamorepolar substrate
thandodecanol.Ifhighsubstrate concentrations areused,thewatermolefraction isnot
onlydeterminedbythetypeofsolvent,butalsobythepolarityofsubstratesandproducts.
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Figure 1: Experimental results of the equilibrium mole fraction in the organic phase of
monoester (D), and water (•) for esterification of decanoic acid with 1-dodecanol (a) and
1-butanol (b).
The reaction was carried out with 10 mmole decanoic acid, 10mmole alcohol, 10mmole water,
20 mmole solvent, and 25 mg lipase. The samples were incubated for 210 h at 35 °C. The
solvents are numbered as in table I.
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Valivetyet al.11studied thesynthesis ofdodecyldodecanoate andreported also that
nonpolar solventsarepreferred for esterification. Theyhaveused a'practical equilibrium
constant',whichisthe ester concentration divided bytheproduct ofthe alcohol and fatty
acid concentration. Intheir study,the 'practical equilibrium constant' increased from 1.8
in diethylketone till 1600in isooctane. The 'practical equilibrium constant' is calculated
from our data converted to mole.kg 1 as units.The value is found to increase only from
1.3 in 2-methyl-2-butanol to 43 in isooctane. The fact that our 'practical equilibrium
constant' in isooctane ismuch lower than the one of Valivety et al.,11isprobably due to
the high substrate concentrations that we have used. In our system, substrate
concentrations are in the order of 1.1 - 1.7 M, while Valivety et al.11 have used lower
substrateconcentrations (0.25M).Atlowsubstrate concentrations and subsequentlyhigh
solvent concentrations,the effect ofthe solvent onthe solvability oftheproduct seems to
be more pronounced. In accordance, Valivety et al.11 argued that the 'practical
equilibrium constant' only canbe used for reasonably dilute solutions where the activity
coefficients are approximately constant. In our reaction system, with high substrate
concentrations, thisrequirement isnot fulfilled.
1,3-Propanediol
Infigure 2,theresults of theesterification of decanoic acid and 1,3-propanediolare
shown.The monoester mole fraction isnotvery dependent onthepolarity ofthe solvent,
while the diester mole fraction increases by increasing the log P value of the solvent.
These phenomena also canbe explained in terms of the solvability of the products.
The water mole fraction in the organic phase (figure 2) is about 0.05 in nonpolar
solvents and raisesup to0.45inthe polar solvents.Thepropanediol molefraction, which
is not shown if figure 2, increases from 0.02 in nonpolar solvents to 0.15 in the polar
solvents.Themolefractions ofwater andpropanediol increasewithincreasingpolarityof
the organicphase. Deviations arise for the tertiary alcohols (numbers 10and 13)and for
4-hydroxy-4-methyl-2-pentanone (number 5). These solvents are miscible with water
(numbers 5 and 10) or the solubility of water is high (number 13).7 In figure 1, also a
higher water mole fraction was measured inthe tertiary alcohol 2-methyl-2-butanol.
Figure2isdifferent from previous results of the esterification of decanoic acid and
propanediol.6 In that paper, the monoester mole fraction clearly decreases with
increasing logP. However, in those experiments, water and propanediol concentrations
werenot determined. That means that inthe organicphase, the sumof mole fractions of

127

chapter 6

*<-)
10
T

13

0.4

•

0.3-

11

0.2-

O

T
D
T

•
a

0.1

o

*
•

a

8

*
18
16
» 17• •

«

o

D

D

20 ° 22
21 T

D

a

23

24
Y

-

2

0

2

4

6

Log P
Figure 2: Experimental results of the equilibrium mole fraction in the organic phase of
monoester (D), diester (0), and water (•) for esterification of 1,3-propanediol and decanoic
acid.
The reaction was carried out with 10 mmole decanoic acid, 20 mmole 1,3-propanediol, 20
mmole water, 10 mmole solvent, and 25 mg lipase. The samples were incubated for 192 h at
35 °C. The solvents are numbered as in table I.

solvent, fatty acid, mono- and diester was 1.In this study,we also measured propanediol
and water concentrations in the organic phase and in the results of figure 2,the sum of
molefraction of solvent,fatty acid, monoester, diester,propanediol and water is 1.In the
experiments of figure 2with the numbers 1,5, 10,and 13,the water mole fraction in the
organicphase exceeds0.4.Consequently, themono-and diester mole fractions arelowas
compared to the experiments with other solvents. If the number of moles of mono- and
diesterwereplotted versuslogP,a decrease of monoester and an increase ofdiester was
observed bydecreasing the polarity of the solvent.
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Sorbitol
The results ofthe esterification ofsorbitol anddecanoicacid areplottedinfigure3.
Intheseexperiments,thewater and sorbitol concentrationsintheorganicphasewere not
determined and therefore, thesumof molefractions ofsolvent,fatty acid,mono-,di-and
triester is 1.It was observed before that sorbitol ester concentrations at equilibrium are
low.6 From figure 3 it is clear that nonpolar solvents with a log P value above 2, are
unfavorable for the production of polar sorbitol esters.The low solvability of the polar
sorbitolestersresultsinestermolefractions below0.002.Inpolar solvents,the solvability
ofthe sorbitol estersismuchbetter andestermolefractions upto0.04aremeasured. The
relative monoester mole fraction is highest in solvents with log P < 0 and in tertiary
alcohols.
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Figure 3: Experimental results of the equilibrium mole fraction in the organic phase of
monoester (•), diester (0), and triester (A) for esterification of sorbitol and decanoic acid.
The reaction was carried out with 10mmole decanoic acid, 20 mmole sorbitol, 71 mmole water,
10 mmole solvent, and 50 mg lipase. The samples were incubated for 1000 h at 35 °C. The
solvents are numbered as in table I. In this graph, the sum of the mole fractions of solvent,
fatty acid, mono-, di-, and triester is 1.
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Determination ofequilibrium constants
In order to calculate the ester mole fraction at equilibrium with the computer
program TREP, the equilibrium constant(s) (equation (2)) had to be known.Analog to
the esterification of glycerol and decanoic acid,7 the mole fractions or total amounts at
equilibrium were determined experimentally in a reaction system without an organic
solvent.The activitycoefficients andactivitieswerecalculatedbythatpartofthe program
TREP that calculates thephase equilibrium.
1-Dodecanoland1-butanol
Experiments were performed, where the molar ratio of alcohol to fatty acid is
varied, and the initial amounts of water and fatty acid were the same in all experiments.
The average equilibrium constants for dodecyl decanoate and butyl decanoate synthesis
are50and 35,respectively.Infigure 4the experimental and calculated results are shown.
Infigures 4aand4b,thesametrendsarefound forbothreactions.The experimental
results show that the maximum ester mole fraction is obtained at an initial alcohol to
decanoic acid ratio near to 1. At ratios below one, there is an excess of fatty acid at
equilibrium and the alcohol mole fraction is low as compared to the fatty acid mole
fraction. Byincreasing the initial alcohol tofatty acid ratio, the equilibrium alcohol mole
fraction increases and the equilibriumfatty acid mole fraction decreases.Thewater mole
fraction in the organic phase increases with increasing the medium polarity, i.e. with
increasing the alcohol mole fraction. As can be expected the polarity of the reaction
system with butanol is higher than with dodecanol and subsequently the water mole
fraction ishigher inthe former one.
The calculated mole fractions, represented bythe lines of figures 4a and 4b, are in
good agreement with the experimental mole fractions. At alcohol to fatty acid ratios
below 1,deviations appear between experimental and calculated water molefractions. A
higher water mole fraction in the system with butanol as compared to the system with
dodecanol, aswas shown for the experiments, isalsofound in the calculations.
1,3-Propanediol
The equilibrium constants for propanediol mono- and diester synthesis are
determined in experiments where the molar ratio of propanediol to decanoic acid is
varied, and the initial propanediol to water ratio is the same in all experiments. The
experimental results are shown in figure 5a, and an increase in the monoester mole
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and 1-butanol (b) to decanoic acid ratio.
Experiments: 20 mmole decanoic acid, 5mmole water, a variable number of mmoles of alcohol,
and 25 mg lipase were mixed and incubated for 140 h at 35 °C.
Calculations with TREP: Ä: M =50 (1-dodecanol) and KM=35 (1-butanol); T=308 K; initial
numbers of mmoles are the same as in the experiments.
Measured and calculated mole fractions of monoester (D,
), alcohol (0, — ) , decanoic acid
(A, - • - •), and water (•,
).

fraction can be seen with increasing the initial propanediol to decanoic acid ratio. The
diester mole fraction shows an optimum, while the water mole fraction is more or less
constant.
Figure 5a also shows the calculated results for which the average equilibrium
constants for monoester and diester synthesis are 10and 9,respectively.The calculations
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Experiments: 20 mmole decanoic acid, variable numbers of mmoles of propanediol and water,
with equal molar amounts, respectively, and 25 mg lipase were mixed and incubated for 168
h at 35 °C.
Calculations with TREP: KM=10 and KD=9; T=308 K; initial amounts are the same as in the
experiments.
Measured and calculated mole fractions of monoester (D,
), diester (o, — ) , and water (•,
) •

for themonoester molefraction showsmalldeviationsfrom theexperimental results.The
ratio of calculated and experimental monoester mole fraction did not exceed 1.15. The
data of the fatty acid and propanediol mole fraction in the organic phase are not shown
in figure 5a. For the fatty acid, the ratio between calculated and experimental mole
fractions isbetween 1.05 and 1.16, which indicate that calculations and experiments are
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ingood agreement. For propanediol this ratio isbetween 0.63 and 1.02, especially at low
propanediol todecanoicacidratios,theexperimental propanediol molefraction ishigher
than the calculated mole fraction. Highest deviations appear for the diester and water
mole fractions. The calculations for the diester mole fraction show a more pronounced
optimum than found inthe experiments.The calculated water mole fraction increasesby
increasing the propanediol to decanoic acid ratio, while the experimental water mole
fraction is constant with only a random scatter. Furthermore, the calculated water mole
fraction islower than the experimental values.
Instead of the mole fraction in mole/mole, the amounts of all components can be
plotted, as is shown in figure 5b. The deviations, expressed as the calculated amounts
divided by the experimental amount, for decanoic acid, mono- and diester are between
0.84 and 1.14, indicating a good prediction of these amounts. Highest deviations appear
for the amount ofwater and values are between 0.25 and 0.85.These high deviations for
waterwillaffect the mole fractions ofthe other components,sincethe mole fraction here
is expressed as the amount of moles of a component divided by the sum of the amounts
of moles of all components in one phase.
Abetter agreementbetween calculated andexperimental resultsisobtained ifthese
are expressed in number of moles.However, itispreferred to expressthe results as mole
fractions (in mole/mole), because the mole fractions can be related to activities by the
activitycoefficients. Ifdeviationsbetweencalculated and experimental molefractions are
mainly due to deviation of one component, thiswillbe mentioned.
Sorbitol
Thewater activities ofsorbitol/water solutions,calculated withthe UNIFAC group
contribution method and byusingthe formulas of Norrish,11were compared. Deviations
increased with increasing sorbitol mole fraction. At a sorbitol mole fraction of 0.22, the
differences of the activitybetween both calculation methods was 0.1. For glycerol/water
mixtures these differences are lessthan 0.012.7
Experiments were carried out where the sorbitol to decanoic acid ratio was varied
and the initial sorbitol to water ratio was the same in all experiments. Byapplication of
the UNIFAC method, the average equilibrium constants for monoester, diester and
triester synthesis were found to be 1.5, 0.05 and 0.07, respectively. These average
equilibrium constants were used to calculate the ester mole fractions at equilibrium for
the above mentioned experiments without solvent and deviations appeared to be fairly
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high.Forexample,deviationsinthemonoestermolefraction, expressedasthecalculated
dividedbytheexperimentalmolefraction, increasedfrom0.4atlowsorbitoltofattyacid
ratiosto1.4atsorbitoltofatty acidratioof2.5.Preliminarycalculationsfor experiments
withsolventsshowedthatinsomecasesthecalculatedestermolefractionswereafactor
of20toohigh.
TheseresultsshowthattheUNIFACparametertablethatisusedinthisstudyisnot
suitable for prediction of activity coefficients in the presence of high carbohydrate
concentrations. Group-interaction parameters should be determined for the
carbohydratesespecially.
Equilibriumconstants
Thecalculatedequilibriumconstantsfor esterification ofdecanoicacidandseveral
alcohols are listed in table II.Also the activity and mole fraction of decanoic acid are
showninthis table, for experiments that were carried out with an alcohol to fatty acid
ratio of 1.It appears that for these alcohols, ahigher equilibrium constant, results ina

Table II: Equilibrium constants and fatty acid mole fraction at equilibrium for esterification
of decanoic acid and several alcohols.

Reaction

1-Dodecanol
1-Butanol
1,3-Propanediol
Glycerol')
Sorbitol«1)
a

)

b

c

)

)
)

d

KM

50
35
10
1.1

KD

KT

9
0.5

0.4

«decanoicacida'

0.07
0.09
0.13
0.48

-«decanoicacidb'

0.11
0.14
0.18
0.34
0.90

The decanoic acid activity at equilibrium from calculations without solvent at an alcohol
to decanoic acid ratio of 1.
The decanoic acid mole fraction at equilibrium from experiments without solvent at an
alcohol to decanoic acid ratio of 1.
Data from Janssen et al.7
The equilibrium constants are not shown in this table, since the reliability of these values
is low (see text).
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lower decanoic acid activity. This also leads to a lower decanoic acid mole fraction and
thus to a higher degree of esterification.
Frompreviouswork onthe esterification ofglycerol andfatty acids,the equilibrium
constantsfor monoester, diester, and triester synthesiswere found to be more or less the
same for reactionswith different types offatty acids(chapter 5).However, inthe present
studyitisshownthat the equilibrium constants are clearly affected bythe type of alcohol
that is chosen as a substrate.Although there are only four alcohols studied, there seems
tobe a relationship between the polarity of the alcohol and the value of the equilibrium
constant. The equilibrium constant for monoester synthesis (KM) increases with
decreasing polarity of the alcohol. However, the lower values of the KB and KT as
compared tothevalue oiKM cannotbe explainedbytherelationshipbetweenpolarityof
the substrate and the value of the equilibrium constant. Further investigations are
necessary to gain a better understanding of factors that affect the values of equilibrium
constants.
There is another aspect that could be of importance for the equilibrium position.
Forglycerolorpropanediol monoester synthesis,oneofthesubstrates (alcohol)ispresent
intheaqueousphase,whiletheother substrate (fatty acid)ispresent intheorganicphase.
Theproduced estersarepresent intheorganicphase andtheglycerolorpropanediol part
of the ester will change the properties of the organicphase. For the synthesis of dodecyl
decanoate, butyl decanoate, propanediol diester, and glycerol di-, and triester, both
substrates as well as the produced esters are present in the organic phase. These
reasonings throw another light on the argument of Hailing,3 that the effect of changing
solvent on the equilibrium position should be the same for all esterification reactions.
These arguments areindeedvalid ifboth substrates aswellasthe ester,arepresent in the
same phase. However, for esterification of glycerol and fatty acid, the produced
monoester will change the properties of the organic phase. This indicates that the
arguments of Hailingwillnot bevalid for these type of esterification reactions.
Calculations ofsolvent effects withTREP
The average values of the equilibrium constants are introduced into TREP.
Furthermore the initial amounts, aswere used in the experiments, the temperature and
the required UNIFAC parameters are introduced. Now, the mole fractions of all
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Figure 6: Calculated and measured ester mole fractions as a function of log P of the added
solvent, for butyl decanoate (a) and propanediol monoester (b) synthesis.
Experiments: from figure lb and 2. The solvents are numbered as in table I.
Calculations with TREP: KM=35 (1-butanol); KM=10 and KD=9 (1,3-propanediol); T=308 K;
initial amounts are the same as in the experiments.
Calculated (o) and experimental (o) ester mole fraction.

components at equilibrium canbe calculated.Belowthe correlations between calculated
and experimental mole fractions are discussed.Thisisdone separately for the esters and
for water.
Esters
In figure 6a, the calculated and experimental ester mole fractions are shown for
esterification of 1-butanoland decanoicacid.The calculated estermolefractions, showed
the same trends asthe experimental ester mole fractions. The calculated mole fractions
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Figure 7: Calculated as a function of measured amounts of dodecyl decanoate (o), butyl
decanoate (A), propanediol monoester (D), and propanediol diester (v).
Data are obtained from figures 1,2 and 6.

are too lowas compared tothe experimental molefractions, insolventwith a logP value
below 3and too high in solvent with a logPvalue above 3.The deviations, expressed as
thecalculateddividedbytheexperimentalestermolefractions arebetween0.86and 1.28.
The lower measured ester mole fraction in the tertiary alcohol 2-methyl-2-butanol as
compared to the other solvents is also found in the calculations. The same trends as in
figure 6a, are observed for the esterification of 1-dodecanol and decanoic acid (data not
shown).The deviationsbetween thecalculated and experimental ester molefractions are
between 0.86 and 1.44.
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For the esterification of propanediol and decanoic acid, the calculated and
experimental results for the monoester are shown in figure 6b. The calculated mole
fraction deviates always in the upwards direction, which is in agreement with the
calculationsfor theesterification ofglycerolanddecanoicacid.7Thedeviationislessthan
a factor of 1.5 of the measured mole fraction. For the diesters, the calculated mole
fractions are much too high insolvents with a logP valuebelow 0and deviations rise up
to a factor of 5 (data not shown). In solvents having a logP value between 0and 2, the
calculated diester mole fractions are in good agreement with the measurements. For
solventswitha logPvalue above2,the calculated diester mole fractions are toolowwith
maximum deviations of 0.70.
Infigure 7,thecalculated amountsofesterareplottedversusthemeasured amounts
of ester for reaction systemswhere a solvent is added. In this graph dodecyl decanoate,
butyl decanoate, and 1,3-propanediol mono-, and diester are shown. Figure 7shows that
the calculated amounts of ester are sometimes higher and sometimes lower than the
measured amounts.Although there aresome deviationsintheabsolutevalues,the trends
in the amounts of ester are predicted with the program TREP.
Water
Infigure 8a,the calculated and experimentalwater molefractions are shownfor the
esterification of 1-butanol and decanoic acid. The calculated trends are in good
agreement withthe experimental results.However, inmost cases the experimental water
molefraction ishigher thanthe calculated mole fraction and deviations arebetween 0.30
and 1.33.The same results are obtained with 1-dodecanol as a substrate. For dodecanol,
the deviations between calculated and experimental water mole fractions are between
0.30and 1.50.
For the esterification of 1,3-propanediol and decanoic acid, the calculated and
measured water mole fractions are shown in figure 8b. For solvents with a logP value
above 2, the trends are calculated and deviations, which are in most cases in the
downwards direction, are between 0.53 and 1.10. Higher deviations are observed in the
polar solvents with a logP value below 2.In these solvents, the ratio of calculated and
experimental mole fractions isbetween 0.25 and 1.10.
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In figure 9, the calculated amounts of water are plotted versus the measured
amounts.It appears that,the calculated amounts ofwater arein almost all caseslower
than the measured amounts.Thissystematicdeviation isprobably due to theUNIFAC
parameter table that is used in this study. In their paper, Magnussen et al.8 already
mentionedthatdeviationscouldarisebetweenthecalculatedandexperimentalsolubility
ofwaterinalkanes.Especiallyfor thepolarsolvents,theparametersinthistableshould
be improved to obtain a better agreement between calculated and experimental water
molefractions.

*(-)

*(-)

Figure 8: Calculated and measured water mole fractions as a function of log P of the added
solvent, for esterification with butanol (a) and propanediol (b).
Experiments: from figure lb and 2. The solvents are numbered as in table I.
Calculations with TREP: A:M=35 (1-butanol); A:M=10 and KD=9 (1,3-propanediol); 7=308 K;
initial amounts are the same as in the experiments.
Calculated (o) and experimental (•) water mole fraction.
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Figure 9: Calculated as a function of measured amounts of water for dodecyl decanoate (0),
butyl decanoate (A), and propanediol ester (o) synthesis.
Data are obtained from figures 1,2and 8.

CONCLUSIONS
The program TREP, which is based on mass balances the UNIFAC group
contributionmethod,isdeveloped for thecalculation ofthe equilibriummolefractions of
all components of a reaction ina non-dilute two-phase system.The usefulness of TREP
wasalready shownfor the esterification of glyceroland decanoic acid.Here, thiswork is
extended by the esterification of decanoic acid and various alcohols. The equilibrium
constantsarefound tobe affected bythealcohol thatischosenasthesubstrate.For polar
substrates,suchasglyceroland 1,3propanediol, the equilibrium constants arelower than
for nonpolar substrates, such as 1-dodecanoland 1-butanol.
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For the reactions with 1-dodecanol, 1-butanol and 1,3-propanediol in organic
solvents,good agreement isobtained between calculated and experimental ester, alcohol
and fatty acid mole fractions. Systematicdeviations appear for the calculated water mole
fractions, which are in most cases lower than the experimentally determined water mole
fractions.
For the prediction of the sorbitol ester mole fractions, deviations between
calculated and experimental mole fractions rise up till a factor 20.This could be caused
by the UNIFAC parameter table that was used in this study, which is not suitable for
reaction systems containing carbohydrates.

NOMENCLATURE
a
K
P
x
Y

Subscipts:
calc
exp
i,A,B,C

activity
equilibrium constant
partition coefficient inn-octanol-water
mole fraction
activity coefficient

(-)
(-)
(Morg.Mw-i)
(-)
(-)

calculation
experimental
components

Superscripts:
I

phase 1
phase 2
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GENERAL DISCUSSION

Chapter 1of this thesis gives an overview models inliterature for the prediction of
the equilibrium position in dilute two-phase reaction systems. In contrast to chapter 1,
chapters 4, 5, and 6 are focussed on the equilibrium position in nondilute two-phase
systems.In this chapter, the models from chapter 1are compared with the model that is
described inchapters 4,5,and 6of this thesis.
Lipase catalyzed esterification of carbohydrates and fatty acids is discussed in
chapters2and 3.Especiallythereactionsystemthat isdescribedinchapter3isinteresting
for commercial applications, since it onlyconsists of the substrates, water and lipase and
modification of the substrates is not necessary. However, the reaction rate and
equilibrium concentration are low. The possibility to increase the reaction rate and the
equilibrium concentration byincreasing the temperature isdiscussed in this chapter.
Sucrose esters are of commercial interest, sincethese esters have good emulsifying
properties and sucrose isa cheap substrate.Chapters 2and 3indicate that sucrose esters
are difficult to obtain enzymatically. Experimental results and theoretical considerations
aregiveninthischapter oftheenzymaticsynthesisofsucroseestersinan aqueous-organic
two-phase system.

Part of this chapter and part of chapter 1 will be submitted for publication by the authors
A.E.M. Janssen, A Van der Padt and K. Van 't Riet.
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In chapter 2, the molecular structure of the sorbitol monoester is described. The
structure of sorbitol di-, tri-, and tetraesters are determined and a short description is
given of the purification from the reaction mixture and elucidation of the structure of
these compounds.

SOLVENTEFFECTS ONEQUILIBRIUM
In chapter 1, the equilibrium position in an aqueous-organic two-phase system is
described byusing the partition coefficients of substrates and products and the volume
ratio of organicand aqueousphase.For a reaction
A

+

B

= =

C

+

H20

Martinek et al.9 proposed to use an apparent equilibrium constant (KbX which can be
described as
(l+q-Pc)(l+of/>»20)
K- hi

~~

(1)

K ...

" (l+a-/»„)(l+a-/»s)
where the partition coefficient PYis defined as the concentration in the organic phase,
divided by the concentration in the aqueous phase when the distribution has achieved
equilibrium.Thevolumeratioa isthevolumeoftheorganicphase dividedbythevolume
of the aqueous phase. The apparent equilibrium constant Kbi and the equilibrium
constant for an ideal dilute aqueous solutionKw,are defined as

Ak, =

[C]br[H20]bi

[A]öf[Bhi

K ,„ =

and

[C]w-[H20]w

[A]W-[B]W

where [i]v is the concentration of component i in the aqueous phase and [z]bi is the
biphasic concentration of component i.
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Eggers et al.5 argued that for a dilute system,which alsowas a requirement for the
equations of Martinek et al.,9thewater activityofthe two-phase systemisconstant.They
have used an equilibrium constant in which the amount of water is expressed as mole
fraction, while the amounts of components>!,B, and C are expressed as concentrations.
This leads to a definition of the equilibrium constant in which neither the water
concentration nor the partition coefficient of water play any role. The apparent
equilibrium constant for the biphasicsystemcanbe rewritten to the following expression
.

=

.

( l +a - . P c ) ( l + a )
" , (l + a - / > „ ) ( l +a - / > , )

(3)

whereKhi* andK* are defined as
[C]bi
[A]bl-[B]bi

^
and

.
K,w

[C]w

(4)

[A]W-[B]W

As defined in chapter 1, the superscript * is used to mark the equilibrium constants
according to Eggers et al.5 BothKhi andKhi* aswell asKv andKv* have different values
and are related by

Khi =

and K,„ =
w

[H20]bi

[HzO]w

The differences between equation (1) and (3) are discussed in chapter 1. Now these
modelsfor dilutesystemswillbe compared withthemodelfor nondilute reaction systems
asisdescribed in chapter 4,5,and 6of this thesis.Inthismodel the reaction equilibrium
isdescribed by

K

CLr- a ,

XC-XH2O

YC'YH.O

aA-aB

xA-xB

Y/i'Ys

whereiHs the equilibrium constant and a^x^and yt are the thermodynamic activity, the
molefraction and theactivitycoefficient ofcomponenti, respectively.The mole fractions
at equilibrium are calculated using the computer program TREP (Two-phase Reaction
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EquilibriumPrediction)whichisbased onthe UNIFACgroup contribution method. The
program TREP is developed for calculation of the equilibrium position in nondilute
two-phase systems.
In order to compare the program TREP to the models of Martinek et al.9 and
Eggers et al.,5 the mole fractions at equilibrium are calculated with TREP asfunction of
the volume ratio a in a dilute reaction system. As in chapter 1, the esterification of
1-propanol and butanoic acid in a two-phase system of water and hexane is used as
example. In each calculation with TREP, the biphasic volume and the initial biphasic
concentrations of the substrates,4 andB are the same.The output of TREP contains the
molefractions of all components and for comparison with the models of Martinek et al.9
andEggersetal.,5themolefractions havetobe converted to biphasicand aqueousphase
concentrations. These concentrations are used to calculate Kbi, Kv, Kb', and KJ"
according to equation (2) and (4).The results of these calculations are showninfigure 1
(solid lines). The dotted lines in figure 1are taken from chapter 1 and are shown for
comparison. Figure 1 shows that for dilute systems equations (1) and (3) and TREP
predictaboutthe samedata.Onlyinteractionsbetweenwater and solventare considered
for determination of the partition coefficients that are used in equations (1) and (3).
Interactions between all components in the reaction systemare taken into account in the
programTREP.However, indilute systems,the interaction betweenthe reactants canbe
neglected. This means that for a dilute system such as shown in figure 1,it islogical that
the results obtained with TREP are similar to the results of Martinek et al.9 (figure la)
and Eggers et al.5 (figure lb).
AswasdiscussedbyEggersetal.,5for comparisonoftwo-phasereactionsystems,the
biphasicproduct concentration isa more useful parameter thanKbi/Kw oiKb{"/KJ".The
biphasic product concentration [C]bi can be calculated from mass balances if the initial
biphasic substrates concentrations and either Kbi and Kw or Kb* and ^ w * are known.
Figure 2 shows the biphasic product concentrations, calculated with the program TREP
and with the equations of Martinek et al.,9 and Eggers et al.5 It should be noted that for
the calculation of [C]bi according to Martinek et al.9 and Eggers et al.,5values ofKv and
Kv* are used that are estimated from calculations with TREP. Figure 2 shows that the
equations of Martinek et al.,9 and Eggers et al.5 are the same. These values of [C]bi are
slightly higher than the values of [C]bi calculated with TREP. This is caused by the
partition coefficient ofC,whichisfound tobeverydependent on the concentration of C.
Thispartition coefficient iscalculated tobe 460ina hexane-water two-phase system at a
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biphasic concentration of0.1kmole.nr3. However, atabiphasic concentration of0.02
kmole.m-3,thepartition coefficient isdecreased to350.IfthislowervalueofP c isused
intheequationsofMartineketal.9andEggersetal.,5thevaluesof[C]biareagainsimilar
tothevaluesof[C]bicalculatedwithTREP.TheequationsofMartineketal.,9Eggerset
al.,5 andtheprogram TREP areallbased onmass balances. This means that ifthe
partitioncoefficients areexactlyknown,theequationsofMartineketal.,9Eggersetal.,5
andtheprogramTREPleadtothesamebiphasicproductconcentrationatequilibrium.

Log Kb*/K*

Log /r bi //r w
3

Figure 1: Prediction of equilibrium data in hexane as a function of loga with the equations
for dilute systems (
)andwith the program TREP (
).
The dotted lines arethesame asin figure 2of chapter 1,part aiscalculated with equation (1)
and part b is calculated with equation(3).
The solid lines represent thecalculations with TREP: K=10; T=298K; initial amounts: 0.2mole
butanoic acid, 0.2 mole 1-propanol and variable amounts of water and hexane (Vorg +Vw =
2.10 -3 m 3 ). Part a is calculated with equation (2)andpart b is calculated with equation(4).
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Figure 2: Prediction of the biphasic product concentration in hexane as a function of log a
with the equations of Martinek et al.9 or Eggers et al.5 (
), and with the program TREP
(
)•
Calculations of [C]bi with equations of Martinek et al.9 and Eggers et al.5: see figure 3 of
chapter 1.
Calculations of [C]bi with TREP: see figure 1of this chapter.

For the calculations with TREP infigure 1(solid lines),novalues are shown below
a volume ratio of 0.005,because at these lowvolume ratios, hexanewas calculated to be
completely dissolved intheaqueousphase.Asaresultthesystemconsisted ofone instead
oftwophases,which means thatKhi andKv are identical.For anonpolar solvent, such as
hexane,thisonlyhappens at extremevolume ratios,however, for more polar solventsthe
system can be converted to a one-phase system at less extreme volume ratios. This is
showninfigure 3.Here,thelogarithm otK^'/Ky,* isplotted versusthe logarithm ofa for
several solvents.The lines in figure 3a, are calculated with equation (3) and the lines of
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figure 3barecalculated byusing TREP and equation (4).Thecalculations with TREP
show that a chloroform-water two-phase system is altered in a one-phase system at
volume ratios below 0.005 and above 500. A reaction system of the polar solvent
2-methyl-2-butanol, andwater only consistsoftwophases atvolume ratios between0.05
and 5.With equations (1)and (3)no distinction ismade between one-and two-phase
systems.Therefore, care hastobetaken that thereaction system always consists of two
phases,whenusing these equations.
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Figure 3:Prediction of equilibrium data in several solvents asafunction of loga with equation
(3) for dilute systems (part a) and with the program TREP (part b).
Partition coefficients are from table I of chapter 1:
Benzene: PK = 0.28;PB = 1.8; Pc = 1700.Hexane: PA =0.35;PB =2.2;Pc = 460.
Chloroform: PA = 15;PB =3.5;Pc =5000. 2-Methyl-2-butanol: PA = 17; PB =6.9;Pc = 1200.
Calculations with TREP: K=10; 7*=298 K; initial amounts: 0.2 mole butanoic acid, 0.2 mole
1-propanol and variable amounts of water and solvent (VOTg +Vw = 2.10"3m 3 ).
Solvents: Benzene (••••),hexane (
), chloroform (
), and 2-methyl-2-butanol (
).
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Furthermore, figure 3shows the different effects of several solvents as a function of the
volumeratio.Atlowvolumeratios,thehighestKb*/Kw* isobtained inchloroform, due to
the high partition coefficient of the product. At high volume ratios,Kbi*/Kv* is found to
behighestfor benzene.Athighvolumeratios,lowpartition coefficients for the substrates
A and B, and a high partition coefficient for the product C is favorable. Figure 3 also
showsthat for somesolvents an optimum for a exists that givesamaximumfor Kb*/Kv*.
This optimum a alsoresults in a maximum in theplot of [C]bi/[C]W as function of log a .
Analogous to Martinek et al.,9 a maximum in the plot of Kh{/Kv* or [C]bi/[C]W as a
function ofa arisesif
^c+l

> PA + PB

and

l/Pc+l

> l/PA+l/PB

(7)

These prerequisites for a maximum are fulfilled for chloroform and 2-methyl-2-butanol.
Application of equation (3) is based on the prerequisite that the partition
coefficients and the equilibrium constant in the aqueous phase (Kv*) have a constant
valueateveryvolumeratio.ThecalculationswithTREPareusedtocheckwhether or not
the partition coefficients and K^,* are the same at every value of a . Therefore, the
equilibrium concentrations ofA, B,and CobtainedwithTREP,areused to calculate the
partition coefficients andK^".The partition coefficients andKv\ that are obtained from
the calculations with TREP of figure 1are presented by the solid lines of figure 4. The
partition coefficients ofA andBvarylessthan 3% of the averagevalue,however, that of
C does decrease with increasing values of a . Accordingly, the ^ w *value is not constant
anymore at highvalues of a .
The equilibrium position is also calculated with TREP at initial amounts of
substratesthat are 10and20timeshigherthanfor thecalculations offigure 1.Thevolume
ratio is affected by the high amounts of substrates and products and therefore volumes
and concentrations are corrected for this.The results are showninfigure 4and it isclear
that the partition coefficients andKw* are dependent on the composition of the reaction
system at high reactant concentrations. Figure 4 wrongly suggests that the partition
coefficients are a direct function of a . Partition coefficients are only a function of the
composition of the reaction medium, which changes with a . A plot of the partition
coefficient versus a isjust chosen, because it shows clearly the effect of increasing the
substrate and product concentrations.
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Figure 4: Partition coefficients of components A, B, and C and Kv* in a hexane-water
two-phase reaction system plotted versus log a .
Calculations with TREP: K=10; 7=298 K; initial amounts: 0.2 (
), 2 (
), and 10 (
)
mole butanoic acid and 1-propanol, and variable amounts of water and hexane (Korg +Vv =
2.10 -3 m 3 ). Corrections are made for changes in the total volume and the volume ratios because
of high substrate and product concentrations.
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The partition coefficient of water is also dependent on the composition of the
reaction medium at high initial substrate concentrations. The partition coefficient of
water isnot included inthe equationsfor the calculation ofKb*.However, a requirement
for thisprocedure isthat thewater activityofthereactionsystemisone.Calculationswith
TREP showed that thewater activitywasreduced slightlyifhighsubstrate concentrations
were used.
Inprinciple,theequations of Martinek et al.,9and Eggers et al.5canbeused athigh
reactant concentrations, if the partition coefficients are known at every volume ratio.
However, experimental determination of each partition coefficient as a function of the
concentrations of all reactants isa time-consumingjob.For thisreason, the equations of
Martinek et al.,9 and Eggers et al.6 are notveryuseful for nondilute reaction systems.
In this section,Kbi/Ky, orKhC/KJ" and [C]bi are used as a measure of the product
yield. However, often only one of the two phases will be processed down-stream. This
meansthat besides thebiphasicproduct concentration, alsotheproduct concentration in
the aqueous and organic phase, respectively, is of importance. Analogous to [C]bi these
concentrations canbecalculatedwiththeequationsofMartineket al.,9Eggersetal.,5and
with TREP. The results with TREP are shown in figure 5. The plot of the biphasic
concentration shows the increase in [C]bi, and onlya slightdecrease in [A]hi and [B]u. In
theaqueousphase,onlytheconcentrations ofA andB areshown,sincethe concentration
of C is very low and therefore not visible in this plot. At values of a below 0.01, the
aqueous phase is relatively large and the organic phase is only small. Here, the
concentrations in the aqueous phase are almost equal to the biphasic concentrations. At
values of a above 100, the volume of the aqueous phase can be neglected, and the
concentrations inthe organicphase are almost equal to the biphasic concentrations. It is
remarkable that the product concentration in the organicphase isalmost independent of
a . As opposed to the product concentration in the organic phase, the concentration of
residual substrates inthe organicphase isdependent ona . If substrates! ismost easy to
remove during down-stream processing, a high volume ratio is preferred. Whereas, in
case substrate B is easy to remove, a lowvolume ratio is preferred. From figure 5 it can
be concluded that besides theproduct yield [B]bi, also other aspects, such as the product
and substrate concentrations inthe organicphase,should be taken into account.
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From the calculations that are made in this section it can be concluded that the
equations as derived by Martinek et al.,9 and Eggers et al.6 are only useful for dilute
two-phase reaction systems.It isimportant that the reaction systemreally consists oftwo
phases. At extreme high or extreme lowvolume ratios, a one-phase system could arise.
Furthermore it isconvenient if the partition coefficients andKv are constant at different
volume ratios. If these values are not constant, the equations still can be used if the
partition coefficients are known at every volume ratio. This means that for nondilute
reaction systems each partition coefficient has to be determined as a function of the
concentrations of the reactants. Experimentally this is hardly feasible. However,
calculation methods, such as the UNIFAC group contribution method, are available,
where interactions between all components of a reaction mixture are taken into account.
The program TREP, which is developed in this thesis, is based on the UNIFAC group
contribution method and mass balances.TREP isshown to be very useful for prediction
oftheequilibriumpositionintwo-phasereaction systems.TREPcanbeused for dilute as
wellasnondilute two-phase reaction systems.It isshownthat modelsthat are developed
for dilute reaction systems,fail if the partition coefficients are not constant anymore.

EFFECTOFTEMPERATURE ONESTERIFICATION OFPOLYOLSANDFATTY
ACIDS
For the esterification of carbohydrates and fatty acid in an aqueous-organic
two-phase system as presented in chapter 3, the carbohydrate concentration in the
aqueous phase is limited by its solubility. A method to increase the carbohydrate
concentration in the aqueous phase, is to increase the temperature of the reaction
medium.
The solubility of carbohydrates in water is dependent on the temperature. The
increase insolubility of four carbohydrates isshowninfigure 6.The solubility of sorbitol
increases from a mole fraction of 0.22 at 35°Cup to 0.53 at 90°C.The relative increase
in the glucose and fructose mole fractions versus temperature are more or less the same
as for sorbitol. However, it is worth to be noticed that the sucrose mole fraction only
increases from a mole fraction of 0.11at 35°Cto 0.18 at 90°C.
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Figure 6: The solubility of sorbitol (D), fructose (A), glucose (o), and sucrose (v) as a function
of temperature.
Data of fructose and sucrose are obtained from reference 13, data of glucose are obtained from
reference 11 and data of sorbitol are determined experimentally.

In this section, some preliminary results on the effect of temperature on the
equilibrium position and the reaction rate of lipase-catalyzed ester synthesis are
presented.

Effectoftemperatureonequilibrium
Introduction
The equilibrium position of a reaction is dependent on the standard Gibbs free
energyofallreactants. ThechangeinstandardGibbsfree energybetweenproductsand
substrates (AG°(T)) andtheequilibriumconstant(K(T)) arerelatedby
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AG°(T) = -R-T-lnK(T)

(8)

where R is the gas constant and T is the temperature. The standard Gibbs free energy
change of reaction AG°(7) also canbewritten as
(9)

AG°(T) = A / / ° ( 7 ) - T-AS°
whereAH°(T) isthestandard enthalpychangeofreactionand AS°isthestandard entropy
change of reaction. Often AH°(T) is not very dependent on temperature. If AH°(T) can
be assumed to be constant over a certain temperature range, the dependence of the
equilibrium constant ontemperature (7) canbe described by

d\nK(T)
dT

1
R

i^r)

A*°

dT

R-T2

(10)

Theaimofthisstudyistodescribe theconsequences ofanincreaseintemperature on the
equilibriumpositionof anesterification reaction.From equation (10)itcanbe concluded
that K is temperature independent if AH° = 0. If AH0 has a constant value, a linear
relationshipwillexistbetweenInKand 1/T.Inthelatter case,determination ofa number
of equilibrium constants at different temperatures is a method to find a
temperature-average value of AH0.
Temperature effects were studied for the esterification of glycerol and decanoic
acid. In order to have temperature as the only variable, the initial mole fractions of all
componentswere the sameineach experiment.The same set of experimentswas carried
out for the esterification of sorbitol and decanoic acid. However, for the latter reaction,
also a set of experiments was carried out in which the sorbitol mole fraction in the
aqueous phase at each temperature was equal to the solubility of sorbitol. This set of
experiments shows the maximum ester mole fractions that can be achieved at a certain
temperature inthis reaction system.
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Experimental
LipaseoiChromobacterium viscosum(Biocatalysts,UK)isusedfor theexperiments.
Onlyfor theexperiments at90°C,thethermostablelipaseofCandidaantarcticawasused.
Thislipase (Novo SP.4.35L)wasa gift of NovoNordisk (Denmark).
Decanoic acid,glycerol or sorbitol,water and lipase weremixed in 10ml stoppered
glassbottles and shaken byan end-over-end incubater in a thermostated cupboard. This
type of cupboard cannot resist temperatures above 70°C.Therefore, the experiments at
80 and 90 °Cwere carried out in a water bath. The shaking was carried out byhand at
intervals of approximately 1hour (during day time). Samples of the organic phase were
analyzed byHPLC.Thismethod isdescribed inchapter3.
Experiments were carried out until equilibrium was achieved. The equilibrium was
confirmed byaddition of extra lipase.Ifaddition of lipase did not result inan increaseof
the ester concentration, the reaction equilibrium wasassumed to be achieved.
Results
The results of the effect of temperature on the esterification of glycerol and
decanoic acid,ata constant initialglycerol mole fraction, are showninfigure 7.The ester
mole fractions are almost the same at different temperatures.
The results of the effect of temperature on the esterification of sorbitol and
decanoicacid,at a constant initialsorbitol mole fraction, areshowninfigure 8a.Here, an
increaseintheester molefraction atincreasingtemperatures canbeseen.Theester mole
fractions at 80 °C deviate from the trend shown by the other ester mole fractions. The
reasonmightbethat the experimentsat80and90°Cwerecarried outwithout continuous
shaking.Fortheexperimentat90°Caheat-stablelipase{Candidaantarctic)isused,while
for the experiment at 80°Cthe same lipase asinthe experiments at lower temperatures
{Chromobacterium viscosum) is used. In the experiments without continuous shaking,
concentration gradients can exist due to limited diffusion velocity and for this reason
reactionratescanbelow.Itisalsopossiblethatinactivation oflipasedidoccurbefore the
reaction equilibriumwasreached.However, itisnot clearwhyadditionofextralipasedid
not result inan increase of the ester concentrations.
In figure 8b, the results of the esterification of sorbitol and decanoic acid at
increasing initial sorbitol mole fractions and increasing temperatures are shown. If the
temperature is increased from 35 °Cto 90°C,the total ester mole fraction, which is the
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sumofthemono-,di-,tri-,andtetraestermolefractions,increasesfrom0.07to0.32,which
ismorethan afactor 4.Theratiobetween mono-,di-,tri-,and tetraester mole fractions
ishardlyaffected bytemperature andinitialsorbitolmole fraction.
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Figure 7: Glycerol mono- (a), di- (o), and triester (A) mole fractions at equilibrium as a
function of the temperature.
Experimental: 20 mmole decanoic acid, 20 mmole glycerol, 20 mmole water, and 25 mg lipase
(Chromobacterium viscosum) were mixed and incubated until the reaction equilibrium is
reached. For the reaction at 90 °C lipase from Candida antarctica was used.

Figure 8: Sorbitol mono- (D), di- (o), tri- (A), and tetra (v) mole fractions at equilibrium as a
function of the temperature at constant initial mole fraction (a) and at increasing mole fraction
sorbitol (b).
Experimental: 20 mmole decanoic acid, 20 mmole sorbitol, 71 mmole water (a) or a variable
amount of water (b), and 25 mg lipase (Chromobacterium viscosum) were mixed and incubated
until the reaction equilibrium is reached. For the reaction at 90 °C lipase from Candida
antarctica was used.
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In chapter 4, the determination of equilibrium constants is described. The activity
coefficients can be calculated with the UNIFAC group contribution method and the
experimental mole fractions at equilibrium. With the equilibrium mole fractions and the
activitycoefficients, the equilibrium constants canbe calculated. However, the UNIFAC
parameter table that is used in this thesis,8 is only suitable at temperatures between 10
and 40 °C. Therefore, no equilibrium constants can be calculated at different
temperatures and consequently AH0 cannotbe determined.
The dependence of water activity on temperature can be obtained from sorption
isotherms. A sorption isotherm gives the relationship between water activity and water
content atconstant temperature.Sorption isotherms ofsorbitolat25,60and 80°C14show
that at higher water contents,where sorbitol is in solution, the water activity is not very
dependent on temperature. This means that in the reaction systems the water activities
areassumed tobe constantat different temperatures,for constantsorbitolmole fractions.
The ester mole fractions are also not very dependent on the temperature at a constant
initial sorbitol mole fraction. From these facts, it is expected that the ester activities as
wellasthesubstrate activitiesarenotverydependent onthetemperature.For thisreason
the equilibrium constant (equation (6)) is not expected to be dependent on the
temperature. In that case the value of AH0 is low for esterification of sorbitol and
decanoicacid.Alsofor the esterification ofglycerolanddecanoic acid alowvalueofAH0
is expected.

Effect oftemperatureonreaction rate
Introduction
The enzyme activity increases by increasing the temperature, resulting in a higher
reaction rate. However, enzyme stability is also influenced by temperature, high
temperatures causeadecreaseinstability.Inthissection,theeffect oftemperature on the
initial reaction rate of the esterification of sorbitol and decanoic acid is studied. It is
assumed that enzyme inactivation can be neglected for the time period needed for
measurement of the initial reaction rate. As for the equilibrium experiments, a set of
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experiments was carried out,where theinitial mole fractions of all componentswere the
same. In another set of experiments the sorbitol mole fraction in the aqueous phase at
each temperature was equal tothe solubility of sorbitol.
Experimental
Lipase of Chromobacterium viscosum (Biocatalysts, UK) and Candida antarctica
(Novo Nordisk, Denmark) were used for the experiments.
Experiments were carried out in a thermostated reaction vessel of 250 ml. The reaction
mixtureconsisted of0.2moledecanoicacid,0.71molewater,variableamountsof sorbitol
and 500 mg lipase. The emulsion was mixed thoroughly and at regular time intervals,
sampleswere taken out.After separation, the organicphasewasanalyzed byHPLC. The
initial reaction rate is determined from a plot of the amount of esterified fatty acid (in
mole)versustime.Linear regression iscarried out from t=0tillthe time that the amount
ofesterified fattyacidis20%oftheamountatequilibrium.Atatemperature of35°Cthis
time is about 50h,while at 90°Cthis time is only about 5 h. The initial reaction rate is
expressed asmmoleester per gcrude enzymeper hour.
Results
In figure 9,the initial reaction rates areplotted versus the temperature.This figure
showsatremendous increase inreactionratewithtemperature.Ifthe same sorbitol mole
fraction isused (x,, = 0.22),thereaction rate isincreased byafactor 27,byincreasing the
temperature from 35 °C to 70 °C. If, besides the temperature, also the sorbitol mole
fraction isincreased, thereaction rate increasesbyafactor 70overthesame temperature
range. At high temperatures, the heat-stable lipase of Candida antarctica is used. This
lipase shows a lower reaction rate per gram enzyme than lipase of Chromobacterium
viscosum at 70 °C. However, at 90 °Cthe reaction rate is increased to 13.6 mmole/g.h.
These reaction rates are inthe same order of magnitude aspresented byBjörklinget al.2
From their data of the reaction between alkylglucosides and dodecanoic acid, catalyzed
byCandidaantarcticalipaseat70°C,reactionratesof7-16mmole/g.h canbe calculated.
Until now, these were the highest reaction rates for esterification of carbohydrates
presented in literature.
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Figure 9: Initial reaction rates as a function of the temperature.
Open symbols:catalysis with lipase of Chromobacteriumviscosum;closed symbols:catalysis with
lipase of Candida antarctica. Experiments with saturated sorbitol solutions (D), and with a
sorbitol mole fraction of 0.22 (0).

The esterification of decanoic acid and other carbohydrates at 90°C,catalyzed by
Candida antarcticais also studied. At 90 °C and an initial fructose mole fraction in the
aqueous phase of 0.65, the initial reaction rate is 12.2 mmole/g.h. The reaction with
glucose, at an initial mole fraction of 0.32 is much lower, 0.4 mmole/g.h. At this high
temperature, browning took place after some time. Esterification of decanoic acid and
sucrose isdiscussed in the next section of this chapter.
The initial reaction rates at temperatures between 35 and 60 °C seem to be
independent of the sorbitol mole fraction, indicating zero-order kinetics with respect to
the sorbitol concentration.However, at70°Ctheinitialreactionrate isclearly dependent
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on the sorbitol mole fraction. Also the reaction rates with Candida antarcticalipase are
clearly dependent on the sorbitol mole fraction. Further studies are necessary to gain a
better understanding of the kinetics of this reaction.
The stability of lipase at high reaction temperatures isnot studied. However, from
literature itisknownthat enzymes arestabilized bywater-polyolmixtures.7'10Backet al.1
discussed theincreased thermal stabilityofproteins inthepresence ofsugarsandpolyols.
Theyhave studied 4proteins and the denaturation temperature increases by 11-18°Cin
a 50 % (w/w) sorbitol solution.For example,for lysozymethe denaturation temperature
increasesfrom 71°Cinan aqueous solutionto 88°Cina50% (w/w) sorbitol solution.In
ourstudy,sorbitol concentrations arebetween 74%(w/w) and 92% (w/w).Inchapter3,
lipase of Candidarugosa isfound tobe stable ina 74 % (w/w) sorbitol solution at35°C.
However, high concentrations of glycerol (> 88 % (w/w) are found to inactivate lipase
from Candida rugosavery rapidly.12 For long-term processes at high temperatures, the
stability of lipase is important. Further studies on lipase stability at high sorbitol
concentrations and high temperatures are necessary.
Blancoetal.3alsostudied theroleoftemperature and theirresults arein agreement
withourfindings.Theystudied theeffect oftemperature ontheo-chymotrypsin-catalyzed
esterification of AT-acetyl-tryptophan and phenylethanol, and reported that temperature
hasonlylittleeffect ontheequilibriumposition,butreallyaffects theinitialreaction rate.
For a temperature increase of 10°C,the reaction rate increased by a factor 2.It can be
concluded that increasing the temperature isattractive for enzymatic carbohydrate ester
synthesis in aqueous-organic two-phase systems. Because higher carbohydrates mole
fractions can be used, the ester mole fraction at equilibrium increases. Furthermore, by
an increase in the temperature, the reaction rate increases, however, also the rate of
inactivation increases. For long-term processes at high temperatures it isimportant that
heat-stable lipaseswillbe used.

ENZYMATIC SYNTHESIS OF SUCROSE ESTERS
Thereisageneralinterest insucroseesters,sincetheseestershavegood emulsifying
properties and sucrose is a cheap substrate. In the aqueous-organic two-phase system as
discussed in chapter 3, no esterification was detected with sucrose as a substrate. The
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reason for this could be the formation of a very tight enzyme-product complex,6 which
means that the product prefers the active site of the enzyme rather than the organic or
aqueous phase. Very tight enzyme-product complexes can be prevented by making the
organicphasemore attractivefor sucrose estersfor examplebyaddition ofpolarsolvents.
In this section attempts to prepare sucrose esters enzymatically by addition of polar
solvent are described. Also the results of experiments at elevated temperatures will be
discussed. It hasbeen reported that lipase from Chromobacterium viscosum catalyses the
transesterificationbetweenanactivatedfattyacidandanacylatedsucroseindryacetone.4
Thismeansthatsucrosecanbe recognized asasubstratebythislipaseandfor this reason,
thislipase isused to study the esterification of sucrose and decanoic acid.
Experimentswere carried out inwhichpolar solventswereadded, suchas triglyme,
dimethylformamide, acetone, acetonitrile, and 2-methyl-2-propanol. After 2 weeks of
incubation, a smallpeakwasobserved intheHPLC chromatogram,which isindicativeof
sucrose monoester. The mole fraction was about 0.003and only increased slightly after
longer incubation times and addition of more lipase.
Although the solubilityofsucroseisnotincreasingwith temperature asmuch asthe
carbohydrates that are mentioned before, also experiments were carried out at 80 °C.
After oneweekofincubation, theHPLCchromatogram showedthreesmallpeaks,which
could be sucrose mono-, di-, and triesters. The mole fractions were between 0.001 and
0.002and didnotincreasesignificantly after longerincubationtimesandadditionof more
lipase.An explanation for the low sucrose ester concentration is discussed in chapter 6:
Equilibrium ester mole fractions arefound todecreasewith increasingpolarity ofthe the
alcohol. If this trend is extrapolated to sucrose esters, these ester mole fractions will be
verylow.
It can be concluded that sucrose esters are probably synthesized in an
aqueous-organic two-phase system. The sucrose esters should be purified, in order to
confirm their structuresbyspectrometric techniques.However, concentrations of sucrose
esters areverylowand for thisreason the reaction systemiscommercially of no interest.
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STRUCTURE OF SORBITOL ESTERS
In chapter 2, the purification of the monoester of sorbitol and oleic acid was
described. The purified ester was found to be a mixture of 1-monoacyl- and
6-monoacylsorbitol. This was an indication that lipase of Chromobacterium viscosum
exhibited a preference towards primary hydroxylgroups. Furthermore, in the 13C-NMR
spectrum,nosignalswerevisiblederivedfrom C-Cdoublebonds,whichwasan indication
that the Chromobacterium viscosum lipase was more reactive towards saturated fatty
acids.Untilnow,thissubject isnot thoroughly studied, however,preliminary experiments
in a reaction system with 2-pyrrolidone (chapter 2), containing a mixture of oleic acid
(cis-9-octandecenoic acid) and palmitic acid (hexadecanoic acid), did not show higher
ester concentrations at high palmitic acid concentrations. Also in chapter 6, where the
esterification of glycerol and several fatty acids,catalyzed by Chromobacteriumviscosum
lipasewasstudied,noindicationswerefound that thislipasehasapreference to saturated
fatty acids.
Inthis section, the elucidation of the structure of di-,tri-,and tetraesters of sorbitol
and decanoic acid isdescribed.The esterswere synthesized ina reaction systemat70°C,
asdescribed inthesecond sectionofthischapter ('Effect oftemperature on esterification
of polyols and fatty acids'). The reaction was catalyzed by Chromobacterium viscosum
lipase.Thereactionproductswerepurified withasilicagelcolumn,whichwaselutedwith
a chloroform/methanol mixture.The methanol concentration ofthismixturewas initially
1 % (v/v) and wasgradually increased till 10% (v/v).The effluent wasfractionated and
monitored by thin layer chromatography. Fractions containing di-, tri-, and tetraesters
were separately pooled and analyzed by iH-NMR, infrared and mass spectroscopy. The
structures of the esters were elucidated by interpretation of the 13C-NMR spectra. The
structure of the diester wasfound to be 1,6-didecanoylsorbitol.This isin agreement with
previous results on the preference of Chromobacterium viscosum lipase for primary
hydroxyl groups. The triester formed appeared to be mainly 1,5,6-tridecanoylsorbitol,
whereas the the tetraester was found to be 1,2,5,6-tetradecanoylsorbitol. Computer
programs are available now, that calculate the most stable structure of a molecule. For
sorbitol triester, the 1,5,6-esterwasfound tobe the most stable isomer,which isthe same
structure asthatoftheenzymatically formed triester.Itisremarkable that themost stable
tetraester structure was calculated to be the 1,4,5,6-ester. This is different from the
structure of the purified tetraester. This could be an indication that lipase of
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Chromobacterium viscosum distinguishes between the four secondary hydroxyl groups
rather thanjust synthesize the most stable structure of a tetraester. It also indicates that
intramolecular acylgroup migration did not take place,because thiswould result in the
most stable structure of the tetraester.

CONCLUSIONS
In an aqueous-organic two-phase reaction system, lipase-catalyzed synthesis of
carbohydrate esters is possible. Modification of the carbohydrates or fatty acids is not
necessary in the process that is described, which is an advantage as compared to the
reaction systemsthataredescribed inliterature.Alowwater activityisrequired to obtain
highester concentrations at the reaction equilibrium.Therefore, a two-phase membrane
reactor is a suitable type of reactor for carbohydrate ester synthesis, since the water
activity can be kept low during the reaction. In general, the reaction rate and the
equilibrium concentrations ofenzymaticcarbohydrate esterification arelow.Both can be
increased considerably byan increase of the reaction temperature.
Organic solvents are often used in enzymatic synthesis and the effect of organic
solventsonthe activityand stabilityof theenzymeisfrequently studied.Inthisthesis, the
effect of organic solvents on the equilibrium position ofvarious reactions isstudied. The
choiceofsolvent and itsconcentration isfound tobe extremely important for the product
concentrations at equilibrium. For the prediction of these equilibrium data, a model is
developed. The models that were available in literature, were based on partition
coefficients and mass balances. These models were developed for dilute two-phase
systems. However, for industrial applications, high product concentrations are desired,
which implicate the use of nondilute reaction systems.Therefore, the program TREP is
developed,whichisbased ontheUNIFACgroup contribution method.The esterification
of glycerol and decanoic acid in several organic solvents is used to show that TREP
calculates the ester mole fractions at equilibrium under all conditions for all mixtures of
solventswithinsome margins.TREPisshowntobeuseful for equilibrium predictionsof
several other types of reactions. Most of these reactions are performed in an
emulsion-type two-phase system,where thevolume of both phases are inthe same order
of magnitude. However, some reactions are performed in a trapped aqueous phase
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system, where the aqueous phase is very small and the water activity is close to 1.
Although the type of reaction and the reaction system are clearly different, TREP is
useful for prediction of the equilibriumposition. With TREP abetter insight isgained in
factors that affect the equilibrium position of a reaction. For example, reactions
conditions couldbepredicted for theesterification ofglyceroland fatty acid acid atwhich
the monoester isthe only product.

NOMENCLATURE
a
AG°(T)
AH°(T)

(-) or (kmole.nr 3 )
(J.moH)
(J.moH)
(kmolcnr 3 )

X

activity
standard free energy change of reaction
standard enthalpy change of reaction
concentration of component i
equilibrium constant
biphasic equilibrium constant
equilibrium constant for dilute aqueous phase
biphasicequilibrium constant
equilibrium constant for dilute aqueous solution
partition coefficient
gas constant
standard entropy change of reaction
temperature
volume
mole fraction

a

volume ratio

(")

Y

activity coefficient

(-)

Subscripts:
bi
i,A,B,C
org
w

biphasic
components
organic phase
aqueous phase

PI
K
^bi

Kw
A

bi

Kv'
P
R
A5°
T
V
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(-)
(-)
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Superscripts:
*

usingwater mole fraction instead ofwater concentration
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SUMMARY

The last decade increasingly attention ispaid to lipases as catalysts for synthesisof
components, such as fatty acid-based surfactants, flavors, edible oil equivalents,
monomers and polymers, and amides.Inthis thesis,the lipase-catalyzed esterification of
polyolsandfatty acidsisdescribed.Theseestersconsist ofanonpolarpart (fatty acid) and
apolarpart (polyol).Therefore, polyolestershavesurface-active properties and are used
as emulsifier in food, pharmaceutics and cosmetics. One of the aims of this thesis is to
developareaction systemfor the esterification ofpolyols(carbohydrates) and fatty acids,
without anymodification ofthe substrates.Also,high reaction rates are desired.
Enzymatic esterification is often performed in the presence of organic solvents.
Besides activity and stability of the enzymes, the solvents will affect the equilibrium
position of reactions. In literature, models were described for the prediction of the
equilibrium position in dilute two-phase systems. However, for industrial applications,
high product concentrations are desired, which implicate the use of nondilute reaction
systems. Another aim of this thesis is to gain a better insight in factors that affect the
equilibrium position of a reaction and to predict the product concentrations at
equilibrium innon-dilute two-phase systems.
In chapter 2 and 3, the lipase-catalyzed esterification of sorbitol and fatty acid is
studied intwodifferent two-phase reaction systems.Inchapter 2,2-pyrrolidoneisused as
a cosolvent for sorbitol. In this study,the lipase from Chromobacteriumviscosumis used
and theinitial esterification rate ishighascompared toliterature data.Thewater activity
isfound tobe important for the ester concentrations at equilibrium. High concentrations
ofthecosolvent2-pyrrolidone shouldbe avoided,because thesewillinactivatethe lipase.
In the reaction system that is described in chapter 3,water is used to dissolve sorbitol.
Candidarugosalipaseisused inthisstudyandinitialesterification ratesareslightlyhigher
than in chapter 2. The water activity is dependent on the sorbitol mole fraction in the
aqueous phase and lowering of thewater activity islimited bythe solubility of sorbitol. A
two-phase membrane reactor is a suitable type of reactor, since the water activity of the
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aqueous phase can be kept constant during the experiment and lipase possesses a good
stability.Inboth reaction systems,besides sorbitol alsoglucose and fructose canbe used
asa substrate,while disaccharides, such as sucrose,are not reactive at all.
In chapter 4, the lipase-catalyzed esterification of glycerol and decanoic acid has
been studied inaqueous-organic two-phase systems.The addition ofan organicsolvent is
found to influence the ester mole fractions at equilibrium. For the synthesis of polar
products (monoesters), a polar solvent (lowlogP)isfavorable, while for the synthesis of
nonpolar products (triesters), it isbetter to choose a nonpolar solvent (high log P). The
computer program 'Two-phase Reaction Equilibrium Prediction' (TREP) has been
developed for the prediction of the ester concentrations innondilute two-phase systems,
incaseboth the reaction equilibrium aswell asthephase equilibrium are achieved. This
program is based on mass balances and the UNIFAC group contribution method.
Deviations in the predictionwith TREP are generally less then a factor of 2and are due
toinaccuracies of the UNIFAC group contribution method.
The lipase-catalyzed acylglycerol synthesiswith fatty acids of different chain length
is studied in chapter 5. For predictions with TREP, one set of equilibrium constants is
used for monoester, diester, and triester synthesis. It is shown that with this set the
equilibrium position of the reaction between glycerol and all saturated fatty acidswith a
chainlength from 6to 18and oleicacid canbe calculated within some margins.For fatty
acids with different chain length, the ester mole fractions at equilibrium are clearly
different. With the short-chain hexanoic acid, the monoester mole fraction is highest,
while for the long-chain oleic acid, the diester mole fraction isthe highest one. Besides
the equilibrium position, also the reaction rates are affected bythe solvent that is added.
In polar solvents, the monoester production rate isenhanced. This iscaused by the shift
inthe equilibrium mole fractions.
Inchapter 6,the effect of solvents onthe esterification of decanoic acid and several
alcohols, such as 1-dodecanol, 1-butanol, 1,3-propanediol, and sorbitol is studied. In
agreement with the previous results,the ester mole fractions at the reaction equilibrium
are dependent on the solvability of the ester in the organic phase. This effect is most
striking for the polar sorbitol esters. Almost no esters are present at equilibrium in
systems with nonpolar solvents, while reasonable high ester mole fractions can be
obtained in systems with polar solvents. In contrast with the results of chapter 5, the
equilibrium constants are clearly affected by the type of alcohol that is chosen as a
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substrate.CalculationswithTREPshowedthatthecalculatedestermolefractionsdidnot
deviatemore thanafactor of 1.5from themeasured ones.However,itappears thatthe
calculatedwatermolefractions deviatesystematicallyinthedownwardsdirection.
Chapter7showsacomparisonbetweenmodelsinliteratureforthepredictionofthe
equilibriumpositionindilutetwo-phasereactionsystemsandcalculationswithTREP.It
isshownthatthemodelsfromliteraturearelimitedtoreactionsystemsinwhichpartition
coefficients areconstant.TheprogramTREPcanbeusedfornondiluteaswellasdilute
reactionsystems.
Furthermore, this chapter shows that the ester mole fractions at equilibrium can be
increased with increasing temperature. This is due to the increase of the solubilityof
sorbitolwithincreasingtemperature.Mostpronouncedistheeffect oftemperatureonthe
reaction rate,which isincreased enormously.However,for long-term processes athigh
temperaturesitisimportantthatheat-stablelipaseswillbeused.
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De laatstejaren wordt in toenemende mate aandacht besteed aan het gebruik van
het enzym lipase als katalysator voor de synthesevan allerlei stoffen zoals emulgatoren,
geur- en smaakstoffen, eetbare oliën, mono-en polymeren enamiden.In dit proefschrift
wordtdedoor lipasegekatalyseerde veresteringvanpolyolenenvetzurenbeschreven. De
gevormde esters bestaan uit een apolair gedeelte (vetzuur) en een polair gedeelte
(polyol). Hierdoor zijn deze esters oppervlakte-actief, wat ze geschikt maakt voor het
gebruik als emulgator in de levensmiddelen-, farmaceutische en cosmetische industrie.
Het doel van het in dit proefschrift beschreven onderzoek is het ontwikkelen van een
reactiesysteem voor de verestering van polyolen (suikers) en vetzuren. Vereisten hierbij
zijn de toepasbaarheid voor ongemodificeerde substraten en de hoge reactiesnelheden.
Deenzymatischeveresteringwordtvaakuitgevoerdinaanwezigheidvan organische
oplosmiddelen. Het oplosmiddel beïnvloedt niet alleen de activiteit en stabiliteit van het
enzym,maar ookde thermodynamische evenwichtsliggingvan de reactie.In de literatuur
zijn modellen beschreven die de evenwichtsligging in ideale tweefasenreactiesystemen
voorspellen. Voor industriële toepassingen is het echter gewenst om met hoge product
concentraties tewerken.Dit houdt indat de reactiesystemen niet ideaal zijn. Het tweede
doel van dit onderzoek is daarom inzicht te verkrijgen in factoren die de
evenwichtsligging van een reactie beïnvloeden en te voorspellen wat de
productconcentraties zijn wanneer het thermodynamisch evenwicht is bereikt in een
niet-ideal tweefasensysteem.
In hoofdstuk 2 en 3van dit proefschrift is de lipase gekatalyseerde verestering van
sorbitol envetzuur beschrevenvoor tweeverschillende reactiesystemen.Inhoofdstuk 2is
2-pyrrolidongebruikt alsoplosmiddel voor sorbitol.De reactiewordt gekatalyseerd door
lipasevanChromobacteriumviscosumendeinitiëlereactiesnelheid ishoogin vergelijking
met literatuurwaarden. De esterconcentraties bij evenwicht zijn afhankelijk van de
wateractiviteit van het systeem. Hoge 2-pyrrolidonconcentraties moeten vermeden
worden, aangezien het lipase hierdoor geïnactiveerd wordt. In het reactiesysteem dat
beschreven is in hoofdstuk 3, is water gebruikt als oplosmiddel voor sorbitol. In dit
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reactiesysteem ishet lipasevan Candidarugosa gebruikt en de initiële reactiesnelheid is
hogerdaninhet reactiesysteemvanhoofdstuk 2.Ookhierisdewateractiviteitvanbelang
en deze isafhankelijk van de molfractie sorbitol in the waterfase. De wateractiviteit kan
slechtsverlaagd worden totdat de maximale oplosbaarheid van sorbitol inwater bereikt
is.De tweefasenmembraanreactor iseen geschikte reactor voor dit type reacties, omdat
de wateractiviteit in de waterfase laag gehouden kan worden tijdens de reactie.
Bovendien is de stabiliteit van het lipase goed in dit reactorsysteem. In beide
reactiesystemen kunnen naast sorbitol ook glucose en fructose gebruikt worden als
substraat. Met saccharose als substraat wordt geenverestering waargenomen.
Inhoofdstuk 4isdeveresteringvanglycerolendecaanzuur ineen tweefasensysteem
met water en een organisch oplosmiddel beschreven. De esterconcentraties bij het
thermodynamisch evenwicht, worden beïnvloed door de keuzevan het oplosmiddel. Het
blijkt dat polaire oplosmiddelen (lage logPwaarden) heel geschikt zijnwanneer polaire
producten (mono-esters) gewenst zijn, terwijl voor de synthese van apolaire producten
(tri-esters)juistbeter eenapolair oplosmiddel(hogelogPwaarden)gebruiktkanworden.
Het programma TREP (Two-phase Reaction Equilibrium Prediction) voorspelt de
concentratiesvan allecomponenten inniet-idealetweefasensystemen wanneer zowel het
reactie-alshet fasenevenwicht bereikt is.Ditprogramma isgebaseerd op massabalansen
en de UNIFAC-groepsbijdragen-methode. De voorspelde concentraties wijken in het
algemeenminder daneenfactor 2afvandegemetenconcentraties.Deze afwijkingen zijn
tewijten aan debeperkingen van de UNIFAC-groepsbijdragen-methode.
De verestering van glycerol en vetzuren met een verschillende ketenlengte is
beschreven in hoofdstuk 5. Voor berekeningen met TREP kunnen voor de
evenwichtsconstanten voor mono-, di- en tri-ester synthese, respectievelijk, gemiddelde
waarden gebruikt worden. Met deze gemiddelde waarden kunnen de concentraties
berekend worden voor de reacties tussen glycerol en oliezuur en elk verzadigd vetzuur
met eenketenlengte tussen6en 18.Bijveresteringmet hexaanzuur (C6),isde molfractie
monoester het hoogste, terwijl bij verestering met oliezuur (C18), de molfractie van de
diester het hoogste is. Naast de evenwichtsligging beïnvloedt het oplosmiddel ook de
reactiesnelheid.Inpolaire oplosmiddelen isdereactiesnelheid vandemonoester 1.5 keer
hoger dan in een reactiesysteem zonder oplosmiddel. Dit wordt veroorzaakt door het
verschilin de evenwichtsconcentraties.
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Inhoofdstuk 6ishet effect van oplosmiddelen opdeveresteringvan decaanzuur en
verschillende alcoholen, zoals 1-dodecanol, 1-butanol, 1,3-propaandiol en sorbitol,
bestudeerd. In overeenstemming met eerdere resultaten, zijn ook hier de
esterconcentraties bij evenwicht afhankelijk van de mate waarin de ester oplost in de
organische fase. Dit effect is het meest duidelijk voor de sorbitolesters. In apolaire
oplosmiddelen lossen dezepolaire esters nauwelijks op,terwijl inpolaire oplosmiddelen
redelijke esterconcentraties worden gemeten. In tegenstelling tot de resultaten in
hoofdstuk 5,worden deevenwichtsconstantenweldegelijk beïnvloed doorhet alcohol dat
gebruikt wordt als substraat. Berekeningen met TREP tonen aan dat de voorspelde
esterconcentraties niet meer dan een factor 1.5 afwijken van de gemeten concentraties.
De berekende water concentraties zijn echter bijna altijd te laag.
In hoofdstuk 7 zijn de modellen voor de voorspelling van de evenwichtsligging in
ideale tweefasensystemen, die in de literatuur beschreven zijn, vergeleken met de
berekeningen die gemaakt zijn met TREP. De modellen voor ideale reactiesystemen
blijken alleen bruikbaar te zijn, wanneer deverdelingscoëfficiënten constant zijn, terwijl
TREP voor zowel ideale als niet-ideale reactiesystemen gebruikt kan worden.
Bovendien isindit hoofdstuk beschreven dat de sorbitolesterconcentraties bij evenwicht
verhoogd kunnen worden door bij hogere temperatuur te werken. Dit komt doordat de
oplosbaarheid vansorbitol toeneemt bijtoenemende temperatuur. De temperatuur heeft
ookgrote invloed op de reactiesnelheid. Bij continue processenbij hoge temperaturen is
echter de stabiliteit van het lipase van groter belang en kunnen beter hitte-bestendige
lipasen gebruikt worden.
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