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Bij de beschrijving van omesteringsreacties met behulp van de zogenaamde
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waardoor het rendement van de reactie wordt overschat.

S.W, Cho, I.5. Rhee, Biotechnol. Bioeng. 41 (1993) 204-210

Het probleem bij omesteringsreacties is niet het vinden van de geschikte
biocatalysator maar de reactiecondities dusdanig te kiezen dat nauwelijks mono-
en diesters zullen ontstaan,
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Hoofdstuk 7, dit proefschrift

Het meten van de substraatconcentratie op tijdstip ¢ van een enzymatisch
gecatalyseerde reactie als functie van de hoeveelheid enzym levert in veel
gevallen minder informatie op dan het meten van de concentratie in het verloop
van de tijd bij cen bepaalde hoeveelheid enzym.

S. Yamaguchi, T. Mase, J. Fermentation Bioeng. 72 (1991) 162-167
Bij het ontwerp van het micel-membraanreaktorsysteem voor de hydrolyse van
olijffolie zoals beschreven door Prazeres en coauteurs wordt ten onrechte

voorbijgegaan aan de noodzaak van continne glycerolverwijdering uit de
micelfase.

D.M.F. Prazeres, F.AP. Garcia, J.M.S. Cabral, Biotechnol. Bioeng. 41 (1993)
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Het verschil tussen een samenlevingscontract en huwelijksvoorwaarden is 150
gulden.

De overheidsmededeling dat het licht is overdag en dus veiliger, is een variatie
op de volkswijsheid dat het ’s nachts onveilig is op straat.

Verkeersafleidingsbord: Licht overdag, veiliger overdag,

Te hard rijden spaart weliswaar tijd op de weg, maar geen tijd aan de pormnp.

Voor het bestaan van moleculen bestaat geen harder bewijs dan voor het bestaan
van God.

Padtstelling:
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In vele proefschriften wordt in het voorwoord melding gemaakt van het feit dat
je nooit in je é&éntje kunt promoveren, dit wordt echter zelden in praktijk
gebracht.
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1 Biomodification of fats and oils

Introduction

Back in 1973, at the American Qil Chemists’ Society spring meeting, the potentials
and applications of agricultural oils for novel uses were discussed (Tallent ef al. 1974).
Atthat time only chemical modifications were presented for production of, for instance,
fatty amides and glycolipids. Nowadays, besides the chemical route, these compounds
are alsosynthesized onlab scale using enzymes or microorganisms as a catalyst (Schmid
1987). From 1974 onwards it has become clear that the production of basic chemicals
from agricultural oils can be achieved by the biomodification and biotransformation
of fats and oils. Biomodification can also be applied for food applications. However,
both the biocatalysts and the bioreactors involved in these, mainly enzymatic,
conversjons are expensive and not yet optimized (Yamane 1988).

There are three levels of fat and oil biomodification. Firstly, the genetic engineering
and/or cloning of the oil producing crops that may result in oils possessing required
properties. Secondly, the selection and fermentation of microorganisms which produce
oils or fatty acids, the so-called single cell oil. Finally, the enzymatically catalyzed
modification of animal or vegetable fats and oils. This thesis deals about oil and fat
modifications using enzymes.

Applications of fats and oils in the chemical industry

Approximately 20% of the world production of oils and fats is utilized in non-food
applications, such as detergents, lubricants, paints and plastics (Kaufman and
Ruebusch 1990). When applied as a surface active compound, this surface activity of
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a compound is nsually expressed in a hydrophilic lipophilic balance value (HLB), the
higher this value, the beiter the surface stabilizing capacity is (Cahn and Lynn 1983,
Griffin 1979, Young et af 1986).

Emulsifying properties depend on the tail length of a fatty acid, a shorter tail will lead
to an increased HLB value (Cahn and Lynn 1983). In order to obtain different fatty
acid tail lengths, different il sources can be used. Not only the tail length of the fatty
acidis of influence, but the head group also determines the surface stabilising capacity.
Some examples are saponified fatty acids, monoglycerides, fatty amines and amides.
The latter ones can be used as a lubricant also (Magne et al. 1974).

Free fatty acids have alow HLB value of approximately 1 and can be used as antifoamer,
Sometimes, an oil can be used directly as antifoamer. For example, rice bran oil
contains over 60% w/w free fatty acid and can therefore be used directly (El-Zanati
et al. 1990). In other cases, the fatty acids have to be liberated prior to use.

Fatty acids or fatty amides can be used with polymer production as an additive to alter
the physical characteristics of the polymer (Molnar 1974, Ong ef al 1989). Fatty acids
can also be utilized as a starter material for the production of polymers. Unsaturated
fatty acids can be polymerized directly by radical initiated double bond polymerization.
Fatty acids can be dimerized chemically and be used for the production of polyamides.
Another route to alter the polymer characteristics is coupling of fatty acids or its
derivatives to active side groups of a polymer by an addition reaction (Oberkobusch
1990). Some examples of these derivatives are fatty alcohols and fatty amines.

Oils or fatty acids can also be used as the starter material to produce the monomeric
esters, to be used for the synthesis of polymers (Kine and Novak 1979).

In the past, paints and varnishes have been based on animal or plant oils (Young et al
1986). Nowadays, oil is incorporated chemically as a component of polymer resins.
These resins on their turn are dissolved in a petrochemical solvent. For environmental
reasons, the use of petrochemicals in paints and varnishes becomes restricted. Again,
natural cils come into account as environmentally more friendly solvents. Those oils
should be highly unsaturated for fast drying paints, conjugated for high water resistant
paints and non-drying for plasticising paint (Young et af 1986).
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Applications of fats and oils in the food and cosmetic industry

The bulk application of fats and oils is the preparation of edible oil, mayonnaise,
chocolate and so on. In these cases the oils or fats are used directly after the
conventional oils and fats processing. Sometimes, however, triglycerides are modified
in order to improve the quality. This can be done to obtain a change in melting range
and taste, an improved shelf life or a more healthful product (Young et af 1986).
The melting range of a triglyceride can be manipulated by changing the fatty acid
composition of the glyceride (Trommelen 1990). This can be realized either by
transesterification of the oil or by the search for another oil source. Not only the melting
range changes upon a change in the fatty acid composition, also the health effect of
the incorporated fatty acids has to be taken into account (Katan 1990).

Another group of fatty acid esters can be added as flavors. Often this is the ester of a
fatty acid and a linear alcohol, such as methyl esters up to myristic esters or terpenes
{Heath 1978, Rogers and Fischetti 1980). Terpenes have one or more chiral centres
and often only one of the enantiomers has the desired taste or odour (Heath 1978).
Therefore, these compounds are preferred to be optically pure.

Fatty acids, monoacylglycerols and sugar esters are used as emulsifiers in food and
cosmetics (Tsen 1974, Young ef al 1986). Emulsifying properties have been discussed
in the previous paragraph.

Enzymatic modifications of fats and oils

Possible reactions

When an oil is hydrolyzed, fatty acids are liberated and the triglycerides change into
diglycerides, then into monoglycerides and they will end up in glycerol (figure 1). The
reverse reaction is the esterification of a fatty acid and glycerol, in this case mono- and
diglycerides or even triglycerides can be produced. Both reactions can be catalyzed by
the enzyme lipase (Mukherjee 1990). Not only water can act as the nucleophile during
the hydrolysis, also an alcohol can act as nucleophile (Yamane 1988). In that case the
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reaction is called transesterification (figure 2). A special case of the transesterification
is the glycerolysis, now glycerol acts as the nucleophile and a mixture of partial
glycerides will be obtained (McNeill et al 1990).

non-polar phase

fatty acid fatty acid fatty acid
monoglyceride  diglyceride triglyceride
lipase lipase lipase
interface
glycerol water water water
polar phase

Figure I:  The hydrolysis versus esterification reaction.

Also for esterification, other alcohols can be used. An example is the production of
flavor esters, for example an ethyl or butyl ester (Gillies ef al. 1987, Leitgeb and Knez
1990). Another type of alcohol is the group of carbohydrates. The mono- and diester
of carbohydrates and fatty acid can be used as surfactant. These sugar esters can be
produced enzymatically in dimethylformamide as solvent (Ampon ef al. 1991, Riva et
al. 1988), or in a water fatty acid emulsion (Janssen ef al. 1990, Seino 1984). In case of
application as emulsifier in food, the non-solvent route has to be preferred.
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non-polar phase

acylester acylester acylester
triglyceride diglyceride monoglyceride
lipase lipase lipase lipase
interface
alcohol alcohol alcohol glycerol
polar phase

Figure 2:  The transesterification reaction. The alcohol involved is glycerol in case of the
glycerolysis reaction.

The fatty acid composition of an il or fat can be changed following two different
routes (Macrae 1989). One is called the interesterification process, this occurs when
two esters are mixed in the presence of a catalyst (Chang ez al. 1990). The fatty acids
will be exchanged and a random fatty acid composition will be obtained. Another way
to change the fatty acid composition is the addition of fatty acids. The esterified fatty
acids will be partly liberated while the added fatty acids will be partly incorporated
(Luck 1989). This is calied the acidolyses.

The reactions as described above can be classified as the traditional lipase catalyzed
reactions. Recently, the search for alternative production routes has started for the
synthesis of lubricants, monomers for plastic production and even for the polymer
itself. Examples are acylamides (Montet er al. 1989), hydroxamic acids (Servat et al.
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1990) and acyllycines (Montet ef zl. 1990) to be used as surface active compounds. All
these reactions are catalyzed by an immobilized lipase in a solvent. A relation is found
between the yield and type of solvent. The production of monomers such as acrylate
monoester has been described (Hajjar ef al. 1990, Tor ef a!. 1990). Even more, also
the production of alkyds and the production of optically active polymers is reported
(Geresh and Gilboa 1990, Wallace and Morrow 1989). The degree of polymerization
is solvent dependent.

Biocatalyst

When enzymes are involved in the biomodification, a lipase (triacylglycerol hydrolase)
is usually chosen (Yamane 1988). Not only lipase can be used in order to catalyze the
hydrolysis and esterification reaction, also the use of other enzymes such as
phospholipase, subtilisin, trypsin and chymotripsin has been reported in literature
(Ampon et al. 1991, Riva ef al. 1988, Yamane 1988, Zaks and Klibanov 1988). This
work is restricted to the use of lipase of Candida rugosa as catalyst.

Selectivity is an important aspect of lipases. Roughly, four classes of selectivity can be
distinguished (Jensen ef al. 1990). Firstly, the lipid class selectivity. An enzyme can be
specific to the type of ester, for example, a difference in selectivity for tri-, di- or
monoglycerides, cholesterol esters, methyl esters etcetera. Secondly, regio- or
nonregioselectivity, which concerns selectivity for the position of the ester bond in a
molecule. Mucor miehei lipase only reacts with the 1,3 acylgroups of an oil or fat
(regioselective), while Candida rugosa lipase can hydrolyse al! ester bonds of a
triglyceride. Thirdly, fatty acid selectivity, which concerns the selectivity for fatty acid
chain length or for the presence of a double bond (Geotrichum candidum lipase).
Finally, stereo selectivity, some lipases only catalyze the hydrolysis or esterification of
one of the two stereo isomers. Of course, often a combination of these selectivities is
found (Jensen et al. 1990).

Lipase activity

A proposed mechanism of the lipase catalyzed hydrolysis is that the ester, or a fatty
acid in the case of esterification, forms a non-covalent enzyme/ester complex with the
enzyme. For esterification, this complex transforms into an acyl enzyme complex and
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water is released. This is followed by an attack of a nucleophile, an alcohol, to form
another covalent complex, which then yields a new ester and the free enzyme
(Brockerhoff 1973).

Commonly, lipases are only active at interfaces, which can either be the oil-water
interface or the surface of an immobilization carrier. The fact that lipase needs an
interface to be active has already been recognized by Sarda and Desnuelle (1958).
This implies that Michaelis-Menten kinetics alone cannot describe lipase activity (Ekiz
et al. 1988, Kierkels ef al. 1990, Mukataka ef al. 1985). It can be concluded that the
reaction rate in a two phase system is determined by the specific area, the enzyme
load, the maximum activity per reaction area and the activity of the enzyme per gram
of enzyme.

Lipase stability

In a non-polar environment, the enzyme stability is, besides temperature, also related
to the properties of the organic solvent present in the system (Laane et al. 1987, Zaks
and Klibanov 1988). Also an effect of the concentration can be expected in case of a
water miscible solvent (Mozhaev et al. 1989). For instance, esterification of fatty acid
and glycerol as performed by Candida rugosa lipase only occurs at moderate glycerol
concentrations (Touraine and Drapron 1988, Tsujisaka et al. 1977). At high glycerol
contents, the enzyme is inactivated almost instantaneously. This might explain that
some authors have concluded that this type of lipase is not capable synthesizing
glycerides at all (Hoq ef al. 1984, McNeill ef al. 1990). Inactivation is also found by
Mozhaev and coworkers (1989). They found that only 50% of the initial
a - chymotrypsin activity remained in a 73% by volume glycerol solution.

To improve the stability of the biocatalyst in organic solvents, the biocatalyst can be
immobilized (Eigtved et al. 1988, Inada et al. 1986 and 1990, Mozhaev et al 1990). It
has been shown that not only the stability is improved, but also a change in selectivity
can be induced by immobilization (Jensen 1990). Another advantage of immobilization
is the possibility for reuse of the catalyst.
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Equitibrium

In a system which contains an oil or fat and excess of water, the reaction will be in
favour of the fatty acid production. Almost 100% fatty acid liberation can be obtained
when the glycerol concentration of the water phase remains below 109 (w/w) (Biihler
and Wandrey 1988, Pronk et al. 1988). Upon an increase of the glycerol concentration,
partial glycerides will remain (Pronk 1992).

The water content is a very important parameter for the final equilibrium situation.
In case of esterification, water produced during the process will encourage the
hydrolysis reaction. Another water source during continuous synthesis is the substrate
itself, as the oil at the inlet contains water. This affects the esterification and
transesterification. The water accumulates and will enhance the hydrolysis resulting
in an oil which contains partial glycerides (Goldberg et af 1988, Luck 1989).

Esterification can be achieved when glycerol is brought into contact with a fatty acid
in the presence of lipase (Hoq et al. 1984, Mukerjee 1990, Touraine and Drapron 1988,
Tsujisaka et al. 1977). A mixture of mono-, di- and triacylglycerols is found. The higher
the glycerol concentration the higher the esterified fatty acid fraction is (Ergan and
Trani 1991, Touraine and Drapron 1988). The production can be forced to complete
substrate conversion if either the acylglycerol or water is removed (Semenov 1989).
An example is found (McNeill et al. 1990) where oil is dispersed in a 96.4% glycerol
solution as polar phase and all incorporated fatty acids of the starter oil were converted
in monoacylglycerols. This occurred because the monoesters did precipitate. Ergan
and Trani (1991) showed a procedure to incorporate over 90% of the fatty acids into
triacylglycerols, with initial stoichiometric amounts of fatty acid and glycerol. After
complete esterification of the glycerol to mono-, di- and triacylglycerols a one-phase
system was attained, then the water produced was removed, thus enhancing the
esterification of mono- and diglycerides into triglycerides.

As stated, an increase inthe water concentration leads to a reduced ester concentration,
The ester concentration can be enhanced by using an organic solvent. With
esterification, the equilibrium constant can be calculated using thermodynamic
activities, The equilibrium constant is not dependent on the presence or type of solvent,
however, the activity coefficients do change. This can significantly influence the
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equilibrium mole fraction of ester (Halling 1990). The activity coefficients can be
calculated and the influence of the solvent upon the productivity can thus be estimated
(Janssen er al. 1993). Concentrations cannot be used because this is valid for diluted
systems, often esterification occurs in non-diluted systems.

Bioreactors

Bioreactors can be divided into one-liquid-phase systems and two-liquid-phase
systems. For one-liquid-phase systems all the substrates and products are soluble in a
single phase. Examples are esterification, transesterification, interesterification and
acidolysis (Chang et al. 1990, Leitgeb and Knez 1990, Luck 1989, McNeill et &, 1990).
Maostly, this single phase is a non-polar one.

In a one-liquid-phase system the lipase must be immobilized on a carrier material to
create an interface. As mentioned above, during continuous synthesis, the biocatalyst
carrier can adsorb water from the feed stock. This results in a reduced productivity,
because the equilibrinm will tend toward the hydrolysis reaction (Luck 1989, Macrae
1989). An immobilisation carrier is needed that does not adsorb water. A suitable
material will be a hydrophobic matrix. However, enzymes will usually spread on these
materials and will thus be inactivated. Therefore, the development of hydrophobic
carriers on which the immobilized enzyme stays active is of great importance (Macrae
1989). An example is the development of poly(propyle) or poly(amide) resins
(Goldberg et af 1988). Another method to dissolve the enzyme in an organic phase is
to modify the lipase with poly(ethylene) glycol (Inada et al. 1990).

A two-liquid-phase system is required for the hydrolysis of oils and fats and the
esterification of various water soluble alcohols (for instance glycerol) and long chain
fatty acids (Mukerjee 1990, Pronk et ol 1988, Tsujisaka et al 1977). The reaction
medium consists of two phases if the fatty acids involved have a minimum tail length
of 4 carbon groups. This reaction can be carried out in an emulsion system or a
membrane system (Mukerjee 1990). In both systems the oil and water phase are
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brought into contact, either by mixing or by a membrane (figure 3). The reaction rate
in such a two phase system is determined by the specific area, the enzyme load, the
maximum activity per reaction area and the activity of the enzyme per gram of enzyme.

emulsion system membrane system

turbine stirrer / ;- lipase

% <—'§ membrane

........ non-polar phase

reaction vessel polar phase

polar droplets
covered with lipase '

Figure 3:  An emulsion system and a membrane system.

As discussed, the production of an excess of free fatty acids, monoglycerides or
triglycerides needs continuous product removal. In case of hydrolysis, the water phase
has to be controlled in such way that the glycerol concentration remains lower than
10 %. This can easily be done in a membrane system in which the glycerol-water phase
and the oil phase are separated (Pronk ef al. 1988).

McNeill and coworkers {1990) have shown an emulsion reactor for the production of
monoesters. In this reactor, the monoesters produced precipitate and a solid monoester
enzyme phase is leftover. However, the enzyme is also present in the precipitate and
no efficient methods are available to separate the enzyme and monoglyceride, with
maintained enzyme activity.

Ergan and Trani (1991) have shown that an excess of triacylglycerols can be produced
only when water is removed continuously. In that case all the glycerol is incorporated
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and finally a one-phase system is obtained. When starting with a mixture of mono-, di-
and triesters and fatty acids, esterification of those partial glycerides and fatty acid can
be done in a one-phase reactor such as a packed bed (Goldberg et al. 1988).

One of the advantages of the membrane system is that the synthesis can be performed
continuously (Hoq et @i. 1984). The membrane bioreactor can be performed with
containment of the enzyme and in-line phase separation. Biihler and Wandrey (1988)
presented an emulsion reactor where the phases are separated by centrifugation. The
water and oil phase are partly removed, while the interfacial middle layer, which
contains the enzyme is returned to the reaction vessel. Due to the high shear rates in
the centrifuge, the enzyme stability is not sufficient to make this system commercially
attractive. Pronk and coworkers (1991), have shown that the two phases from an
emulsion reactor can be separated witha sequence of a hydrophilic and a hydrophobic
membrane. In this process, again the stability of the enzyme is the limiting factor.

Aim of this work

As described above, a few questions do arise when a reactor has to be designed for
the synthesis of acylglycerols. First of all, the enzyme kinetics in a two-phase system
should be known. Secondly, an optimum glycerol concentration can be expected at
which a stable enzyme is obtained while esterification proceeds. In other words, does
a relation between glycerol concentration and enzyme stability exist? Thirdly, a
predictive model for the equilibrium ester concentrations should be available. When
these three questions are answered by mechanistic models, these models can lead to
an optimal reactor concept for triacylglycerol synthesis or monoester production. The
aim of this thesis is twofold: to gain more fundamental knowledge about kinetics and
equilibrivm of lipase catalyzed esterification and to determine the engineering
phenomena that are relevant for the operation of acylglycerol production systems.
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QOutline of this thesis

This thesis discusses the enzymatic esterification of glycerol and decanoic acid. Reactor
concepts are presented for monoacylglycerol and triacylglycerol synthesis.

The reaction rate in a two phase system is determined by the specific area, the enzyme
load, its maximum activity per reaction area and the activity of the enzyme per gram
of enzyme, The activity of lipase of Candida rugosa in a two phase system is discussed
for an emulsion system and a membrane system in chapter 2 of this thesis.

The activity and stability of Candida rugosa lipase in a glycerol-water mixture is
described in chapter 3.

The acylglycerol equilibrium data are discussed in chapter 4, This chapter shows that
neither an excess of monoacylglycerols nor an excess of triacylglycerols can be obtained
in a two phase system.

An excess triglycerides can be produced only when water is removed continuonsly and
conditions for which all the glycerol is incorporatedin the end. In that case, a one-phase
systemis obtained. This can be done by starting with the creation of a mixture of mono-,
di- and triacylglycerols in a two-phase membrane reactor. Afterwards, further
esterification of those partial glycerides and fatty acid can be carried out in a one-phase
reactor with continuous water removal. One way to avoid water accumulation in a
one-phase reactor is the immobilisation of the enzyme onto a membrane which is used
for the continuous drying of the oil phase. A more detailed description is given in
chapter 5 of this thesis.

Chapter 6 shows a membrane reactor with an in-line adsorption column. This three
phase system is developed for the synthesis of a surplus of monoesters. The
monoglycerides adsorb preferentially onto the silica column. The reaction proceeds
since the monoesters are removed continuously from the reaction medium, The column
can be desorbed off-line and the enzyme can be reused.

A general discussion of the potentials and the limitations of the systems presented in
this thesis is given in chapter 7. Furthermore, the choices made during this study are
discussed reviewing the results.
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2 Membrane bioreactor.

Abstract

Lipases can catalyse the esterification reaction in a two phase system, The Candida
rugosa lipase catalysed esterification of decanoic acid with glycerol is described in this
work for an emulsion system and for a hydrophilic membrane bioreactor. The
enzymatic activity is studied in relation to the interface area between the two phases,
the enzyme load and the reactor volume. The initial rate per unit interface area, the
interfacial activity, is roughly equal for both systems indicating that the cellulose
membrane does not hinder the esterification. Because the interfacial activities are
equal, the volumetric activity of a membrane system is only specific area related, so a
hollow fibre membrane device is preferable. The activity is also a function of the
enzyme load. The optimum load in a hydrophilic membrane reactor is one to three
times the amount of a monolayer, while in an emulsion system several times this
amount. This could indicate that in the emulsion system the adsorption is in a dynamic
state while at the membrane surface the adsorption reached its equilibrium state.

This chapter has been published by A. Van der Padt, M.J. Edema, J.J.W. Sewalt and K. Van 't Riet,
*Enzymatic acylglycerol synthesis in a membrane biorcactor’ J. Am. Oif Chem. Soc. 67 (1990) 347-352
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Introduction

This paper deals with lipase catalysed esterification. The general esterification
reaction is that of an acid group (often a fatty acid) with an alcohol group with the
formation of the ester and a molecule water. Lipases are able to catalyse
esterification reactions of fatty acids with alcohols, producing fats and oils and even
fine chemicals (chiral compounds, epoxy esters). Sometimes the alcohol and the fatty
acid are mutually soluble; usually, however, a two phase system is obtained. This
article will be restricted to the two phase system, In case of a two phase system the
reaction occurs at the interface in the presence of the enzyme (figure 1). The
industrial interest in esterification and hydrolysis is growing very fast. Therefore,
research on the process engineering of esterifying systems should point out whether
or not these systems are economically viable.

non-polar phase fatty acid acylglycerol
lipase lipase

interface —_—

polar phase glycerol water

Figure 1:  The fatty acid mriacylglycerol equilibrivm.
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In the literature, enzymatic hydrolysis, interesterification and esterification are
described. Several publications describe the hydrolyses of oils and fats for the
production of bulk fatty acids or special fatty acids (e.g. ricinoleic acid) in an emulsion
system (O’Connor ef al. 1988) or in 2 membrane system (Pronk ef al. 1988, Hoq et al.
1985a). The fat and oil interesterification experiments are mostly concerned with an
immobilised lipase on lab scale (Macrae et al. 1983) or on pilot plant scale (Posorske
et al. 1988). Work is also done on the synthesis of oils and fats by esterification starting
with the basic compounds using an enzyme as catalyst (Bell er al 1978, Miller et al
1988, Tsujisaka ef al. 1977, Okumnura ef gl. 1979, Linfield ef al. 1984, Hoq e al. 1984,
1985b). These lipase catalysed reactions at moderate temperature and low water
activity are different from the method as presented by Zaks and Klibanov (1985);
their experiments showed, that enzymes can also be active in organic media with an
extremely low water content {approximately 0.02%), and sometimes also at high
temperatures (up to 100 °C).

The literature (table 1) describes three lab scale esterifying systems for two phase
reaction media:

1) The use of a solvent to change the two phase system in a one phase system: A
solvent is chosen in which both the fatty acid and the alcohol are dissolved e.g.
acetone, hexane or methyl isobutyl ketone (MIBK). The obtained enzyme activity
is not only solvent dependent, but also a function of the nature of the substrate and
its concentration as well as of the enzyme source. For example Bell er al. (1978)
showed acylglycerol synthesis in acetone catalysed by Rhizopus arrhizus lipase,
while Miller and coworkers (1988) found almost no activity for the synthesis of
propyl myristate in acetone catalysed by Mucor miehei lipase. Since most lipases
are known to be active at an interface only, the enzyme must be immobilised,
creating a solvent / immobilisation carrier interface. Bell er al. (1978) used the
mycelium of the lipase producing Rhizopus arrhizus itself, while Miller ef al. (1988)
used a commercially available immobilised lipase.
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Table I: The esterifying systems in literature.
System Fatty acid Alcohol Lipase Solvent Reference
One phase palmitic- octanol Rhizopus arrhizus  diisopropyl  Bell et al.
ether (1978)
Cq-Cyg octanol Mucor miehei hexane Miller et al
MIBK (1988)
acetone
among others
oleic - glycerol Rhizopus arrhizus  acctone Bell et al.
(1978)
Emulsion oleic - glycerol Aspergillus niger Tsujisaka ef
among among Rhizopus delamar al. (1977)
others others  Geotrichum and
candidum Okumura et
Penicillium al (1979)
cyclopium
oleic - glycerol Aspergilius niger Linfield et
Pseudomonas sp. al. (1984)
Mucor pusiilus
Geotrichem
candidum
Rhizopus delamar
Membrane oleic - glycerol Candida rugosa Hoqet al
Mucor miehei (1984)
among others (1985b)
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2) Two phase emulsion system: The alcohol phase, the fatty acid phase and the lipase,
either on small particles or ’free’, are mixed and thus an emulsion is obtained. The
emulsion interface is created by energy input and the emulsifying qualities of the
lipase itself. Sometimes an emulsifier is added (Tsujisaka et al. 1977). The lipase
adsorbs o the interface,

3) The two phase membrane system: The two phases are kept separated by a
membrane, this membrane is used as the immobilisation surface. One of the
substrates diffuses through the membrane towards the interface between the two
phases where the enzyme is immobilised.

The lipases are too costly to be used for a single batch conversion only. Therefore,
reuse of the enzyme determines the success of an enzymatic synthesis in case of an
industrial process. Two methods for reuse of the enzyme in two phase emulsion
systems are published. Firstly, for the hydrolysis of an oil, it was shown that after
centrifugation of the emulsion, the recovered interfacial layer contained about 80%
of the initial activity (Biihler and Wandrey 1988). Secondly, by immobilisation of the
biocatalyst by entrapment in a gel as immobilisation carrier or adsorption or covalent
binding on grains the lipase could be recovered and used for several batches (Omar
et al. 1988). Another method for reuse of the enzyme is immobilisation at the
interface between the oil and alcohol phase in a membrane bioreactor. An additional
advantage of the membrane reactor is the in situ separation of the fatty acid phase
and the alcohol phase.

Hoq et al. (1984, 1985b) presented a hydrophobic membrane system for hydrolysis as
well as for ester synthesis. The lipase is immobilised at the water-glycerol side of the
membrane. A complication appeared to be that lipase does only partly adsorb at the
membrane surface at high glycerol contents. In that case an enzyme-glycerol-water
solution is circulated at one side of the membrane and high quantities of enzyme are
required. Pronk and coworkers (1988) developed an enzymatic membrane system for
the hydrolysis of soybean oil catalysed by lipase of Candida nigosa. Here the lipase is
immobilised at the oil side of the membrane and because the membrane is
impermeable for the enzyme, the enzyme cannot dissolve in the glycerol-water phase.
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The hydrophilic membrane that is used can withstand transmembrane pressures
larger then 105 N.m-2, without leakage of the oil phase into the glycerol-water phase,
which has distinct operation advantages.

It is not yet possible to determine which membrane system should be preferred for
use in a large scale process. More data are needed, particularly about the activity of
an esterifying hydrophilic membrane system. The objective of this study is to show the
relationship between the enzymatic activity of a membrane bioreactor and a similar
emulsion system.

Theory

Immobilisation of a biocatalyst can lead to an activity change not only caused by the
immaobilisation itself, but also caused by diffusional limitations in the immobilised
biocatalyst system. The measured apparent activity of the immobilised system should
be compared with the activity of the free enzyme system (the working party on
immobilized biocatalysts within the European federation of biotechnology 1983). For
a batch reactor the activity equals to the initial substrate removal rate r;

(mole.m-3.5-1):
r, = dc, 1
f ) M

Where Cg is the substrate concentration (mole.m-3) and ¢ is the time (s). Dealing with
an enzymatic heterogeneous equilibrinm reaction, three standard activities can be
calculated: the volumetric initial rate, the interfacial initial rate and the enzymatic
initial rate.

The volumetric initial rate r; ;- (mole.m-3.5-1} is based on the total reactor volume, and
is a measure given for the batch system volumetric efficiency. By nature of its
definition, it is given by:
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2

The enzymatic initial rate 7; g (mole.s-1.kg1) is based on the enzyme present and
indicates the enzyme activity:

T
et ©)
where Ck : is the enzyme concentration (kg.m3)

The interfacial initial rate r; 4 (mole.s-L.m-2) is based on the interfacial area, and is a
measure for the activity on the interface:

)

where A : is the specific area (m2.m-3)

These three activities should point out whether or not the membrane reactor can
compete with an emulsion system. The activity shows the initial rate of the reaction
indicating that the higher the activity the sooner the equilibrium state is reached. The
equilibrium value is thermodynamically determined so an emulsion experiment ends
up with the same concentration as the membrane system.

Experimental

Materials

The 97% pure fatty acid, decanoic acid, was produced by Unichema Chemie (FRG)
for this project. Glycerol 99+ % was obtained from Janssen (Belgium), hexane from
Rathburg (UK), all other chemicals were gained from Merck (FRG). The Candida
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rugosa lipase (formerly named Candida cylindracea) was the enzyme Lipase-OF 360
(Meito Sangyo, Japan). The commercial available Andante membrane (Organon,
The Netherlands) was a hollow fibre device containing cellulose (Cuprophane, Enka,
FRG) fibres with a diameter of 0.2 mm and a wall thickness of § zm, the tota! area
was 0.77 m2, the reactor volume was 150 mL.

Methods

The emulsion system was run in a thermostated (25 °C) reactor of standard geometry
(inner diameter = 0.1 m) with four baffles and a four-bladed turbine {diameter =
0.04 m). The reactor was filled with 500 mL decanoic acid in hexadecane (1:1 w/w)
and 220 mL glycerol-water with a known water content. The two phases were mixed
(960 rpm) for 30 mins. After that the crude enzyme (2 grams) diluted in 30 mL
glycerol-water was added. The initial rate was measured after 20 mins to allow the
emulsion to stabilise.

The oil and alcohol circuits of the membrane system were filled. The membrane
system had an oil phase volume of 140 + 10 mL decanoic acid in hexadecane
(1:1 w/w) circulating through the inner fibre side (2 L/h). At the shell side, 100 mL
glycerol-water phase was recycled (3 L/h). To immobilise the crude lipase, 1 gram
was diluted in water, followed by centrifugation (300 s, 30,000 rpm) to remove the cell
debris. During the centrifugation step no activity loss oceurred. The clear liquid was
dispersed in the oil phase, and over a three hours period, ultrafiltrated from the inner
fibre side towards the shell side, thus immobilising the lipase on the inner fibre side
(Pronk et al 1988). When the system reached equilibrium, the oil phase was
refreshed, thereby removing the surplus of free enzyme. Then the initial rate could be
measured. The initial rate was measured for a number of glycerol concentrations at
25 °C. The glycerol concentration was determined using a Pleuger refractometer.

Fat phase analysis was done using a Carlo Erba gas chromatograph with a 5 metre
CP-sil-5CB (Chrompack, Holland) capillary column and a cold on-column injection
system,
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Conditions: injection 80 °C, cooling 10 sec.
oven temperature: 80 °C, 1 min isotherm
2°C.min-1 up to 320°C
carrier: He flow: 2.6 mL.min-1,
detection: Fl1D.. 370°C

H; flow: 19 mL.min-1,
air flow: 107 mL.min-1,

The droplet size was measured under the microscope. For each emulsion four
samples were taken and placed in a Hemacytometer (improved Neubauer). The
Sauter mean diameter d3 (m) was calculated for four emulsions with:

d _ Z(n,df’) 5)
> Z(ni'diz)

where »; is the number of droplets with diameter d; (m). The specific area 4 (m2.m-3)
is given by:

6 ¢
A = 6
du (6)

where ¢ is the volume fraction of disperse phase (m3 of disperse phase/m3 of

reactor volume).
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Results and discussion:

The esterification was measured in the emulsion system as well as in the membrane
system. The initial rate and the equilibrium values were determined at different
glycerol concentrations.

An example of a typical run in both systems is shown in figure 2. In the membrane
system the fat phase is replaced when equilibrium is reached. The enzyme stays
active, even after three batches. Each subsequent batch ends up with a higher free
fatty acid equilibrinm concentration, due to the reduced glycerol concentration
caused by the water produced,

x ()
a
0.50
X
025{ T -y

Figure 2:  The ester synthesis in an emulsion system (a) and four batches of ester
synthesis in a membrane system (b); capric acid (&), mono- (0), di- (0} and
tricaprinate (a).



membrane reactor 27

Esterification (%)

100

75

50 1

25

I =1
0 0.25 0.50 0.75 1

Glycerol mole fraction (-}

Figure 3:  Measured fatty acid equilibrium concentrations at various glycerol
concentrations for the emulsion system {0), the membrane system (00) and
literature values (2; Tsujisaka et al. 1977).

The equilibrium concentrations for a number of emulsion and membrane batches are
shown in figure 3, as well as the values given by Tsujisaka et al. (1977) for a glycerol /
oleic acid emulsion system. The equilibrium values of Tsujisaka for oleic acid are
nearly the same as our values for capric acid. Apparently the equilibrium
concentration is mainly dependent on the water concentration for these two cases. At
a glycerol concentration higher than 0.65 mole.mole-! the measured equilibrium
values decrease with increasing glycerol concentrations. Most probably this is an
apparent decrease because the thermodynamical equilibrinm might not be reached
because of the inactivation of lipase by glycerol. During the reaction the enzyme is
inactivated and the inactivation is complete before the equilibrium value can be
reached. The inactivation of enzymes in low water activity solvents is correlated with
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the log P value (Laane et al. 1987). Log P is defined as the logarithm of the partition
coefficient in a standard octanol water two- phase system. For glycerol, the calculated
log P is negative, resulting in complete inactivation in pure glycerol. The glycerol
influence can be reduced by using a solvent, such as THF or 2-pentanone (Bell et al.
1978, Zaks and Klibanov 1985) but in that case an one-phase system is obtained.

Activity (mmole/s.m 3) Activity ( 4 mole/s.m2)
100
501
0 0 "-._Q

1 1 T 1 1 1
0 025 050 075 1 0 025 050 0.75 1

Glycerol mole fraction (-) Glycerol mole fraction (-)

Figure 4:  The volumetric activity (a) and the interfacial activity (b) versus the glvcerol
concentration for both the emulsion system (0) and the membrane reactor

{0).

The initial rate is measured for several membrane and emulsion experiments at &
variety of the initial glycerol concentrations. The volumetric initial rate is presented
in figure 4a. The decrease of activity is indeed observed at high glycerol
concentrations. If this is due to inactivation of the enzyme instead of a kinetic effect
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of the glycerol, then the membrane system has lost its activity. This is tested for a high
glycerol membrane system without activity by diluting the glycerol phase at the start
of a following batch. Indeed no activity is measured.

To calculate the interfacial initial rate, the specific area A (m2.m3) of the emulsion
must be known. The Sauter mean diameter d3; for this alcohol in oil emulsion is
measured as 0.10 = 0.02 mm, resulting in a specific area 4 = 18.103 m2.m3. The
specific area of the membrane is calculated as the ratio of the membrane surface area
and the reactor volume resulting inA4 = 5.103 m2.m-3. The interfacial initial rates are
given in figure 4b. The rates of both systems are of the same order, pointing out that,
within the range of experimental accuracy of the specific area measurement, the
cellulose membrane does not affect the interfacial activity. Optimum esterification
takes place where both the equilibrium value as well as the initial rate are high. At
glycerol concentrations between 0.3 to 0.5 mole.mole-1 glycerol the interfacial initial
rate in the membrane system exceeds the emulsion system, while the emulsion system
is twice as active at higher glycerol cancentrations. The optimum in the membrane
activity could be due to the difference in enzyme load at the actual interface, as
further discussed below. The very low activity at high glycerol concentrations could be
caused by inactivation. As stated above, the inactivation is a function of the glycerol
concentration. Assuming that this inactivation is not instantaneous and taking into
account that the membrane system is measured after approximately 70 hours using
the second oil batch data (figure 2) instead of the 0.4 hours in the emulsion system,
the decrease of the activity in the membrane system is indeed likely to be due to the
inactivation.

Dealing with an interface reaction, the activity is not only a function of the enzyme
activity but also of the enzyme coverage of the interface. To determine the enzyme
activity, the enzyme load must be optimized to make sure all the enzyme participates
in the reaction, so that the enzymalic activity is not underestimated. Two regions are
expected, firstly an increasing activity with the enzyme load, in the case that there is
still unoccupied interface left, so the interfacial activity is proportional to the enzyme
load. Secondly, once the interface is fully occupied, with one or a number of active
enzyme layers, a constant activity is obtained, even when the enzyme load is
increased. Now the activity is proportional to the specific area. The change from
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enzyme limitation to interface limitation should mark the point where the optimum
number of enzyme layers is formed. Assuming that a monolayer is the optimum
enzyme occupancy the load could be calculated based on the Stokes radius. O’Connor
and coworkers (1988) estimate that in this case an interface can contain 1.6 mg pure
pancreatic lipase.m-2. This corresponds to 31 mg crude Candida rugosa (5 % pure
lipase).

Activity (f molefs.m? )

5.0 - Qunrrer cL

25- g

0 0.2 0.4 0.6

2
Crude lipase load (g/m )

Figure 5:  The interfacial activity versus the enzyme load in the emulsion system.

The occupation of the interface in the emulsion system is studied measuring the
interfacial initial rate at different enzyme loads (figure 5). Indeed two regions can be
distinguished, firstly up to 170 mg crude lipase.m-2, the rate is enzyme limited.
Secondly, for loads higher than 170 mg crude lipase.m-2, the rate is interface limited.
The slight increase in rate could be due to the increase in the interfacial area as a
result of the emulsifying qualities of the lipase, while the interfacial area was assumed
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constant for the calculations.

When assumed that only lipase adsorbs, the optimum load in the emulsion system of
170 mg crude lipase.m2, equals five times the value calculated above for a monolayer
coverage. This relative high load could indicate three different mechanisms. A
possibility is that an active multilayer is formed. This assumption is not very likely,
because the enzymatic activity in the membrane system is higher than in the emulsion
system, even though the optimum enzyme load is lower (see below). Another
possibility is, that the excess of lipase is necessary because lipase only partly adsorbs
at the fat / water-glycerol interface (Ekiz et al 1988). Then a certain bulk
concentration is needed to obtain an optimum enzyme layer at the emulsion interface.
Moreover, due to the continuous dispersion and coalescence process that takes place
in the emulsion, the surface is continuously created and destroyed. In this case the
adsorption is still in a dynamic state, and takes place at the continuous created and
thus unoccupied interface. Now both the dispersion rate and the adsorption rate are
of great importance. The adsorption rate is enhanced when a surplus of lipase is
present in the bulk. Because the enzyme load is calculated as the quotient of the
enzyme added and the calculated specific area, the actual enzyme load should be
corrected for the enzyme present in the bulk, which results in a higher enzymatic
activity than the calcolated apparent enzymatic activity. Unfortunately the enzyme
concentration in the bulk cannot be measured, and moreover this surplus is necessary
to obtain the optimum enzymatic activity, therefore, the optimum load is defined as
the quotient of the crude lipase added and the interfacial area. Up to the optimum
load, the enzymatic activity is constant, and in this region the enzymatic activity
rig = 25 mmole.s-1kg-1 is characteristic for this system.

This experiment is repeated using a membrane reactor, and the results are given in
figure 6. Again, two regions are found, but now the optimum load is reached for 75 mg
crude lipase.m-2, which is only two to three times the calculated value needed for a
monolayer of pure lipase. At this load the enzymatic activity is 35 mmole.s-1.kg1,
which is 1.4 times the activity measured in the emulsion system, This could indicate
two independent mechanisms. Firstly, the membrane may stabilise the enzyme so it
keeps its activity during the first batch, while the free lipase in the emulsion
inactivates rapidly in 0.57 mole.mole-1 glycerol. Secondly, during the immobilisation
the enzyme will adsorb preferentially at the membrane surface (Brent ef al. 1983).
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This can be explained by a mechanism by which at the start, all proteins near the
membrane surface adsorb, but all proteins with a lower adsorption energy are
replaced in time by lipase with a higher adsorption energy, so a relative high
interfacial activity is obtained after immobilisation. This is stressed by the non
linearity of the enzyme limited region (figure 6). The optimum enzymatic activities
are presented in table 2.

Activity (fi mole/s.m 2)

5.0 1

B E—

0 0.2 0.4

Crude lipase load (g/m 2 }

Figure 6:  The interfacial activity in a membrane system versus the enzyme load.

In the literature only a hydrophobic membrane device is described for the enzymatic
ester synthesis (Hoq et @l 1984, 1985b). The activities of this contimuous system are

represented in table 2. There are three differences between the systems which
influence the activity;
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Table 2. The activities for the emulsion system and membrane system as
well as Hoq's system (1985b) with the temperature corrected
activity between brackets
Emulsion system  Membrane system Membrane system
this work this work (Hoq 1985b)
Membrane: hydrophilic hydrophobic
Temperature: 25°C 25 °C batch 40 °C continuous
Fatty acid; capric acid capric acid cleic acid
Glycerol: 0.57 mole.mole-l  0.57 mole.mole-1 (.87 mole.mole-1
Enzyme: Candida rugosa Candida rugosa Mucor miehei
mmole.s-Lm-3 97. 19. 28. (11.)
pmole.s-1,m-2 4.1 35 1.3 (4.5
mmole.s-1kg1 25. 35. 08 (0.3)

1) A higher temperature gives a higher activity (Q19 = 2, Lehninger, 22d edition). The

corrected values are placed in brackets.

2) Different lipase type. It is shown in literature (Okumura et al. 1979, Hoq et al.
1985b) that other kinds of lipase give other activities. Hoq and coworkers (1985b)
found no activity at all using Candida rugosa in the hydrophobic membrane reactor
(Hoq et al. 1985b). This could be due to the high glycerol concentration of
0.87 mole.mole-1 resulting in a rapid inactivation so no esterification is measured

(see figure 4).

3) Membrane material. The advantage of an asymmetric hydrophobic membrane,
which has a rough surface, is the high surface area on microscopical scale per
square metre visible membrane, so apparently a high interfacial activity is gained.
Therefore, it is not surprising that the interfacial activity of Hoq’s system is higher.
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However, a disadvantage is the fact that the fat / alcohol interface is at the alcohol
phase side of the membrane. The enzyme is therefore immobilised on the alcohol
side and so there will be a distribution of enzyme adsorbed and enzyme solubilised
in the alcohol phase so a surplus of the enzyme should be added (Hoq et al. 1985b).
Using a hydrophilic membrane, with the enzyme in the oil phase, the enzyme
cannot dissolve in the alcohol phase, because it cannot pass the membrane. This
phenomenon explains the forty times higher enzymatic activity for the hydrophilic
system.

Both membrane systems have advantages. The hydrophilic system has a higher
enzymatic activity, so this system could be used dealing with expensive enzymes taking
the low interfacial activity for granted. On the other hand, a hydrophobic unit could
be used for bulk processes, using cheap lipases and high production flows. For
industrial processing, the hydrophilic membrane system has the advantage that the
membrane can withstand transmembrane pressures without leakage of the oil phase.
For the development of an industrial process, the three activitics have to be studied
related to the operational costs.

Conclusions

The Candida rugosa lipase catalysed esterification of decanoic acid with glycerol is
described for an emulsion system and for a hydrophilic membrane bioreactor. The
initial rate per unit interface area, the interfacial activity, is roughly equal for both
systems indicating that the cellulose membrane does not hinder the esterification.
Because the interfacial activities are equal, the volumetric activity of a membrane
system is only specific area related, so a hollow fibre membrane device is preferabie.
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The activity is also a function of the enzyme load, The optimum load in a hydrophilic
membrane reactor is one to three times the amount of a monolayer, while in an
emulsion system several times this amount. This could indicate that in the emulsion
system the adsorption is in a dynamic state while at the membrane surface the
adsorption reached its equilibrium state.
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Symbols

A specific area (m2.m-3)
Activity Activity {mole.s-1.m-3)
Cg enzyme concentration (kg.m"3)
Cs fatty acid concentration fat phase (mole.m-3)
dza Sauter mean diameter (m)
d; diameter i (m)
n; number of droplets with diameter d; (-)
ri initial rate (mole.s-1.m-3)
ria interfacial based initial rate (mole.s-l.m-2)
nE enzyme based initial rate (moles-1kg1)
ny volume based initial rate (mole.s-1.m-3)
t time (s)
x mole fraction )
P volume fraction dispersed phase (m3.m-3)
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3 Enzyme stability

Abstract

For the enzymatic synthesis of esters, the enzyme stability in alcohol-water mixtures
is of great importance. When the activity of an enzyme is monitored with time in such
a solution, often two inactivation regions can be distinguished. This paper presents a
model to describe both inactivation regions for Candida rugosa lipase. The inactivation
can be described with a two-step model, assuming the native enzyme reversibly altering
its conformation to a form having a lower activity. The reversibility is experimentally
verified. Both forms do inactivate at the same irreversible rate to a completely inactive
form. Inactivation rates are related to the glycerol concentration. During inactivation,
aggregate formation is found. The activity of immobilized enzyme is reduced to the
same level of activity as is found for free lipase. Based on the inactivation model the
initial activity of an esterifying system is calculated. It is shown that the esterification
rate approximates the hydrolysis rate.

This chapter has been published by A. Van der Padt, J.I.W. Sewalt, S M.I. Agoston, K. Van ’t Riet,
*Candida rugosa lipase stability during acylglycerol synthesis’ Enzyme Microb. Technol. 14 (1992)
805-812






