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11.1 Introduction

Interesterification, as defined in a lipid glossary (Gunstone and Herslof,
1992), is a general term for alkali-catalyzed reaction of, for example,
triacylglycerols producing a random distribution of ester groups within the
molecules. This definition has been widely accepted as a term for chemical
randomization, typically between liquid oils and solid fats, in the oil and fat
modification industry, in particular for the manufacture of margarine or
shortening fat products. A number of papers relating to this concept have
recently been presented and its use in industry has expanded because it
provides a better alternative to hydrogenation in the coming trans-free era
(Rozendaal and Macrae, 1997; Rousseau and Marangoni, 2002).

The primary motivation for the modification of naturally occurring oils
and fats by interesterification during the production of margarine and shortening
fats stems from the increasing demand for lipids with specific melting behaviour
and crystallization characteristics. This is because the supply of natural products
capable of meeting these particular requirements is insufficient (Macrae,
1981; Gunstone, 1999; Baljit et al., 2002). It is not surprising that the
triacylglycerol structure of natural oils and fats is the result of either a
regular distribution of fatty acids on the glycerol backbone or a limited
statistical distribution, because these distributions are the intrinsic response
of living organisms in adjusting their triacylglycerol structure to biological
functions and to the environment (Ucciani and Debal, 1996). The functional
properties of oils and fats are closely related to both their fatty acid profiles
and the distribution of different fatty acid species on individual triacylglycerol
molecules. Interesterification allows the rearranging of existing acyl groups
or the incorporation of other fatty acids to create novel properties.
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Chemical and enzymatic interesterification of lipids for use in food 235

Interesterification in a chemical sense, as defined by Sonntag (1982),
often refers to the reaction of triacylglycerols within or between the molecules
or with other acyl donors or alcohol moieties, yielding new esters by an
interchange of fatty acid groups. It can be classified into ester—ester interchange,
acidolysis and alcoholysis, depending on the nature of the substrates. This
definition covers more applications in terms of product development and
process development, in particular with the boom in research on enzymes as
catalysts. The subject is easily divided into chemical and enzymatic
interesterification depending on the catalysts employed.

Therefore, in this chapter, the concept of interesterification for lipid
modification will be expanded to include acidolysis and alcoholysis
(glycerolysis) in addition to the ester—ester interchange, to which it usually
refers. Several good papers have been presented on chemical interesterification,
and since this technology is now mature the emphasis in this chapter will be
on enzymatic interesterification, which is currently close to industrial
development. With this wider definition in mind, the chapter will present a
few typical and important applications in the area of lipid modification and
discuss development of new products or technologies. The writing is primarily
focused on our own research.

11.2 Interesterification in general practice: an introduction
of potential reactions and applications

11.2.1 Chemical interesterification

Chemical interesterification has long been used to modify oils and fats into
functional products (Marangoni and Rousseau, 1995). It modifies the physical
properties of lipids by rearranging the distribution of fatty acids on the
glycerol backbone without changing fatty acid profiles. During inter-
esterification, fatty acids are exchanged within (intra) and among (inter)
triacylglycerols until a thermodynamic equilibrium is reached. This equilibrium
is based on the composition of the starting material and can be predicted
from the laws of probability. The degree of difference depends upon the
temperature, time and other conditions of the reaction (Marangoni and
Rousseau, 1998; Rousseau et al., 1998; Gunstone, 1999).

Early patents concerning chemical interesterification were filed by W.
Normann between 1920 and 1930, and these contributed to the production of
margarine with defined physical properties. The process was used in industrial
applications from the 1940s. Typically, chemical interesterification can be
carried out using sodium methoxide (0.2-0.3 %) or an alkali metal (0.1—
9.2 %) as a catalyst (Anderson, 1996). Oil blends need to be dried under
vacuum at a temperature higher than 90 °C for 0.5-1 hour. The reaction can
be initiated by the addition of catalyst after the blend is cooled to 60-70 °C.
At the beginning of the reaction, the reaction mixture becomes brown, which
indicates the start of the reaction. Once such colour change occurs, the
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236 Modifying lipids for use in food

reaction can be completed within 30 minutes. The reaction is stopped by the
introduction of water, and subsequent processing usually includes washing,
bleaching and deodorization to obtain the final randomized product.

Figure 11.1 illustrates the difference between chemical and specific lipase-
catalyzed interesterification in two triacylglycerols. For the chemical
randomization of ACA and BBB governed by thermodynamics and statistics,
theoretically all 18 isomers (27 if stereoisomers are included) might be
detected in the end reaction mixture. For comparison, with 1,3-specific lipase-
catalyzed reaction governed mainly by enzyme specificity and dynamics,
only four new isomers (six if stereoisomers are included) are expected,
apart from the original ACA and BBB. The formation of isomers with acyl
group C at the 1- or 3-positions and A at the 2-position of the glycerol
backbone is theoretically impossible if acyl migration can be ruled out. The
randomization of triacylglycerols can also be driven by non-specific lipases,
yielding similar results to chemical interesterification. In practice, only a
very few lipases are strictly non-specific. Most lipases are specific to a
certain extent (Matori et al., 1991). That is to say, the result of the reaction
catalyzed even by a non-specific lipase will not be exactly the same as that
with a chemical catalyst.

The widely used chemical catalysts are Na-K alloy or sodium alcoholate
(e.g. CH3ONa). However, they are believed not to be the real catalysts due to
their ease of consumption during reaction. Glycerate is the real catalyst of
interesterification. This mechanism explains the formation of both monoalcohol
ester and diacylglycerol, the latter being formed by glycerate hydrolysis (Ucciani
and Debal, 1996). Dijkstra et al. (2005) proposed a new mechanism in order
to explain the experimental observations. This mechanism assumes that the
reaction of a base (such as sodium methanolate) with the oil will eventually
lead to the abstraction of an a-hydrogen from a fatty acid moiety and that the
enolate anion thus formed acts as the catalytic intermediate. This enolate can
re-abstract a proton from the hydroxyl group of a partial glyceride, whereupon
the resulting alcoholate attacks the carbonyl group. This leads to a new ester
and a glycerolate anion which then regenerates a new enolate anion.

AAA ABC AAB BBC CCA
BBB*+ ACB*+ AAC | BBA*, CCB
ccc BAC A B A* BAB CAC

A B ACA* BCB* CBC
C + B

A B

1,3-specific lipase A B A A B B
C + B + C + B + B + C
A B B A A B

Fig. 11.1 Schematic illustration of the difference between randomization and 1,3-

specific interesterification, exemplified by the reaction between ACA- and BBB-type

triacylglycerols. Underlined molecules are starting materials and those with star are
possible products for 1,3-specific lipase-catalyzed reaction.

chemical catalyst

or nonspecific lipase
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Chemical and enzymatic interesterification of lipids for use in food 237

The reaction between oils and fats could yield the required plastic property
and crystal forms (Rousseau et al., 1998; Gunstone, 1999; Baljit et al.,
2002). For example, the shortening property of lard can be improved by
randomization, which changes its crystalline form from S to B’ by reducing
the content of palmitic acid at the 2-position. Trans-fatty acid free margarine
can be manufactured by interesterification from palm stearin and sunflower
oil in appropriate ratios. Chemical interesterification can also take place
between triacylglycerols and glycerol, and this method is currently used for
the industrial production of partial acylglycerols (see Section 11.3.4)
(Bornscheuer, 1995).

The reaction of triacylglycerols and methanol is now widely used for the
preparation of methyl esters for gas chromatographic analysis of fatty acid
composition. However, due to the predicted shortage of petroleum, this reaction
has been utilized on a much larger scale to produce biodiesel (Korbitz, 1999;
Ma and Hanna, 1999). Primary and secondary monohydric aliphatic alcohols
having from one up to eight carbons can be used in the interesterification
process. Among these, methanol and ethanol are used most frequently,
especially methanol due to its low cost and its physical and chemical advantages.
The reaction can be catalyzed by alkalis, acids or enzymes. Alkali-catalyzed
interesterification is much faster than the acid-catalyzed reaction and is most
often used commercially so long as the oil does not have a high acid value.

11.2.2 Enzymatic ester—ester exchange

Ester—ester exchange can occur between two triacylglycerols (TAGs), or
between triacylglycerol and methyl or ethyl esters employing either a chemical
or an enzymatic catalyst. Enzymatic TAG-TAG interchange, in principle,
gives different triacylglycerol composition in the end product compared
with the chemical process, depending on the regiospecificity of the lipase
(Fig. 11.1). This reaction has been applied to margarine or shortening fat
production and the manufacture of other structured lipids with specific functions
(Negishi et al., 2003; Zhang et al., 2004a,b). Recently, an enzymatic scale-
up formulation of butter incorporating polyunsaturated fatty acids (PUFA) in
varied proportions has been studied. Nutritional concerns and sensory
evaluation were also examined (Rgnne er al., 2005).

Triacylglycerols of UPU type (U = unsaturated fatty acids, P = palmitic
acid) are believed to be readily absorbed by infants. Loders-Croklaan in the
Netherlands manufactures such a product as a constituent of infant formula
from tripalmitin and a vegetable oil with high oleic acid content confining
the acyl exchange to the sn-1 and sn-3 positions by 1,3-specific lipases
(Kavanagh, 1997).

1,3-specific

PPP + UUU PPU + UPU

lipase
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238 Modifying lipids for use in food

The reaction between triacylglycerols and fatty acid ethyl esters can be
treated as an alternative to acidolysis of triacylglycerols for the production
of, for example, fats or similar products with particular locations of specific
fatty acids (see below). Therefore, the reaction will start from PPP and U-EE
(ethyl esters of U) for the above product. After reaction, the remaining U-EE
and released PEE have to be distilled to obtain the product (UPU + PPU).

11.2.3 Enzymatic acidolysis

The acyl exchange reaction between triacylglycerols and fatty acids is called
acidolysis. A particular interest in this area is that 1,3-specific lipases can
selectively catalyze the acyl exchange at the sn-1 and sn-3 positions whilst
leaving the sn-2 acyl group unchanged. This provides an opportunity to
tailor some functional lipids with special requirements for the fatty acid
types located in 1,3- or 2-positions. With this technology, a series of functional
lipids, such as cocoa butter equivalents, human milkfat mimics or structured
lipids containing medium- or short-chain fatty acids have been developed
(Macrae, 1985; Balcao and Malcata, 1998; Gunstone, 1999; Xu, 2000c;
Baljit et al., 2002).

An important application of 1,3-specific lipase-catalyzed acidolysis is the
enzymatic production of cocoa butter equivalents (Bloomer er al., 1990;
Undurraga et al., 2001). For example, cocoa butter equivalents could be
produced from palm mid-fraction (rich in POP) (O = oleic acid) or OOO-
type oil by enzymatic incorporation of stearic acid (St) to the 1,3-positions:

1,3-specific

POP + St POSt + StOSt + P

lipase

1,3-specific

000 + St StOSt + St

lipase

An anti-blooming agent for chocolate, 1,3-dibehenoyl-2-oleoyl glycerol (BOB),
has been prepared from triolein and behenic acid or its EE employing Lipozyme
RM IM (Yoon et al., 1996):

1,3-specific

000 +B BOB + O

lipase

Structured lipids (MUM) with medium-chain fatty acids at 1,3-positions
and unsaturated fatty acids at the 2-position are supposed to be an ideal
energy and nutrition supplier, especially for patients suffering from
malabsorption (Ikeda et al., 1991; Ingle et al., 1999). MUM are absorbed
and digested more rapidly and the essential fatty acids at the sn-2 position
meet the nutritional requirements. A substantial amount of work has been
carried out in this area using oils with unsaturated fatty acids at the sn-2
position and medium-chain acyl donors (Xu, 2000c):

1,3-specific
(R ——

UulU +M MUM + U

lipase
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Chemical and enzymatic interesterification of lipids for use in food 239

Lipase-catalyzed modification of vegetable oils by introducing certain
polyunsaturated fatty acids, such as y-linolenic acid, eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), etc. from micro-organism oils,
unusual plant oils and fish oils, in order to increase nutritional values constitutes
another important aspect for lipase applications in lipid processing (Macrae,
1985; Huang and Akoh, 1994; Gunstone, 1999; Baljit et al., 2002).

11.2.4 Enzymatic alcoholysis

Alcoholysis is the reaction between an ester and an alcohol, resulting in an
alcohol exchange. The alcoholysis of triacylglycerols with glycerol is called
glycerolysis and is widely used for production of mono- and diacylglycerols:

1,3-specific lipase 1,3-specific lipase

TAG+Gly 1,2-DAG+1-MAG 2-MAG+21-MAG

Glycerol

The reaction of triacylglycerols with monohydric alcohols generates the
simple alcohol esters of fatty acids, which have found applications in the
production of biodiesel, as well as alternative acyl donors of fatty acids, e.g.
fatty acid ethyl esters. The intermediate product of 1,3-specific lipase-catalyzed
alcoholysis, 2-monoglycerides, can also be used as starting materials for the
synthesis of ABA-typed structured lipids:

nonspecific lipase DHA 1,3-specific lipase DH
3DHA-EE+Gly =<————— -DHA +EtOH 2DHA-EE+[-DHA
DHA DH

More attention has been devoted to the enzymatic production of partial
glycerol esters. Recently, we demonstrated a novel and efficient reaction
system for enzymatic glycerolysis of oils and fats to produce a good yield of
monoacylglycerols in a tetra-ammonium-based ionic liquid (Guo and Xu,
2005, 2006).

In general, many products and manifold process possibilities have been
created with feasible reactions not only in theory but also in practice. Intensive
demonstrations concerning important application areas are given in the
following sections.

11.3 Typical interesterification in lipid modification

11.3.1 Enzymatic TAG-TAG interchange for plastic fat production

Since the 1990s, there has been a strong debate regarding trans-fatty acids
(TFA) consumption and their relationship with high total blood cholesterol
and low-density lipoprotein cholesterol levels, and the increase in death
through coronary heart disease (Kris-Etherton and Nicolosi, 1995). The content
of TFA in oils and fats has become a global issue. Legislation to limit the
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240 Modifying lipids for use in food

TFA content of lipid and food products and to label the amount of TFA in fat-
containing products has been issued in several countries in recent years. On
July 11, 2003, the FDA announced final regulations for TFA labelling of
foods in the USA from January 1, 2006. Demark issued such a requirement
as early as 2004. To avoid trans fats produced by partial hydrogenation,
interesterification of fully hydrogenated fats and liquid oils (List et al., 1995)
or some tropical oils (Lai et al., 1998; Zhang et al., 2004a, 2005) is frequently
used for producing zero-trans plastic fats for industrial applications.

Enzymatic interesterification is now much studied for plastic fat production,
although it is not a new technology. Unilever obtained a patent in 1977 on
‘catalytic rearrangement of fatty acid groups in glycerol fats or oils — by
contacting with an enzyme transesterification catalyst activated with water’
(Unilever, 1977). However, the industrial breakthrough of lipase-catalyzed
interesterification for plastic fat production has been delayed, mainly because
the major commercially available immobilized lipases have hitherto been
too expensive (Christensen et al., 2001). Only high value-added oil and fat
products have so far been processed in industry, such as cocoa butter substitutes
(Chang et al., 1990), human milk fat substitutes (Betapol™ from Loders
Crokelaan), polyunsaturated fatty acid (PUFA)-enriched marine oils (Shimada
et al., 1997; Haraldsson and Kristinsson, 1998), functional 1,3-diglycerides
and structured lipids (Soumanou et al., 1998; Xu et al., 1999a, 2000). However,
in more recent years, the development of new cost-effective immobilized
lipases is clearly providing more opportunities for the plastic fat industry to
produce an economy-balanced product with better properties (Pedersen and
Christensen, 2000). Lipozyme TL IM (Thermomyces lanuginosus lipase
immobilized on silica granulates) is now successfully applied to bulk fat
modifications (Novozymes A/S, 2005).

Reactions for enzymatic TAG-TAG interchange

Lipase-catalyzed interesterification involves water participation during the
reactions and is accompanied by the formation of new triacylglycerol products
as well as some diacylglycerol (DAG) and free fatty acid (FFA) by-products
in the system (Wong, 1995). A simplified form, in which E stands for enzyme,
instead of a detailed molecular structure is used to describe the process of
lipase-catalyzed interesterification between triacylglycerols based on the
formation of acyl enzyme complex (Zhang et al., 2001):

TAG! + E=TAG! - E = DAG' + FFA!' E [11.1]
TAG? + E = TAG?- E = DAG? + FFA>. E [11.2]
DAG' + FFAZ E=TAG’ - E = TAG*+ E [11.3]
DAG?+FFA! E = TAG*- E = TAG*+ E [11.4]
TAG? -E= - .. [11.5]
TAG* E= - .. [11.6]
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Chemical and enzymatic interesterification of lipids for use in food 241

FFA!-E + H,O0 = FFA' + E [11.7]

FFA%.E + H,0 = FFA? + E [11.8]

The reaction will continue to reach equilibrium in the system involving
production of new intermediates and formation of new TAG products (Eq.
11.1-6). If the water content increases in the system, the FFA content will
increase (Eq. 11.7-8), whereas FFA |-E or FFA,-E decreases. As a consequence,
the content of DAG will also increase (Eq. 11.3-4). The total yield of
interesterified new TAG products will decrease. The free water is the main
reason for the rise in the level of FFA in the system. One mole of free water
in the reaction system generates one mole of FFA (Zhang et al., 2000).
Hence it is very important to control water content in the system to reduce
the contents of FFA and DAG in the final products.

When an sn-1,3-specific lipase is used as a catalyst, the pathway for
interesterification starts with the reaction of the TAG and an enzyme molecule
(E), giving a 1,2(2,3)-DAG and FFA:-E intermediate. A problem often
encountered for a selective lipid modification is acyl migration, which leads
to the non-specific distribution of fatty acids. Acyl migration is a non-enzymatic
reaction catalyzed by acids, bases, ion exchange resin (carrier) and increased
by heat and reaction time (Bloomer et al., 1991; Xu et al., 1998b). The
mechanism of acyl migration has been studied (Fischer, 1920; Serdarevich,
1968) under the acidic condition. For enzymatic interesterification (ester—
ester exchange), the acyl donors could be free fatty acids, which relate to the
water content in the reaction system. Reaction temperature and reaction time
are crucial for the control of acyl migration for enzymatic interesterification.

The suggested pathway of acyl migration is shown in Fig. 11.2. Acyl
migration is initiated by the nucleophilic attack of a lone pair of electrons of
the free hydroxyl oxygen on the ester carbonyl carbon (sn-2 position), resulting
in a five-membered ring intermediate called an orthoester. The ring is unstable
and opened by the cleavage of the original ester carbon single bond resulting
in the formation of the 1,3-DAG. The initial driving force for the acyl migration
is the efficiency of the nucleophilic attack and the formation of the orthoester
intermediate. The primary hydroxyl oxygen is a better nucleophile than the
secondary hydroxyl and, therefore, the acyl shift from the secondary hydroxyl
to the primary is favoured (Kodali ez al., 1990). An equilibrium ratio between
sn-1,3-DAG and sn-1,2(2,3)-DAG was reported to be between 3/2 and 2/1
(Jensen and Pitas, 1976; Zhang et al., 2000).

OH(”) OQ:\I?H* o\ng o— c R,
+ +
Eo C—R, -1 E—C—R Ao o{/\Rz ?E
O_C_R3 _C_R3 R3 O R3

| |
0

Fig. 11.2 Mechanism of acid-catalyzed acyl-migration (adapted from Serdarevich,
1968).
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242  Modifying lipids for use in food

Bioreactors for enzymatic TAG-TAG interchange
Enzymatic interesterification can be carried out in a batch or a packed-bed
reactor (PBR). Most reactions in the laboratory are carried out in a batch
reactor. It requires less enzyme dosage and it is easy to apply vacuum or add
molecule sieves to reduce the water content in the system. However, it also
has some drawbacks. Longer reaction times are normally required due to the
low enzyme dosage. It also gives rise to a high degree of acyl migration (Xu
et al., 1998c), which leads to non-specificity of the interesterified products.
In a PBR, the ratio between enzyme and substrate is much higher and the
reaction time much shorter than in a batch reactor. Therefore, the specificity
of the enzyme can be better maintained since less acyl migration can occur.
At the same time, it is suitable for continuous operation on an industrial scale.
For a batch reactor (Levenspiel, 1999), the relationship between enzyme
load, flow rate, reaction rate and conversion degree is

Xa
Wo , = j dX, [11.9]

Vb 0 it

where wy, is the enzyme dosage, V}, is the amount of oil and ¢ is the reaction
time, X, is the substance conversion degree and r, is the reaction rate. For a
PBR (Levenspiel, 1999), a similar relationship exists, which can be expressed
as:

Wp Xa an
i [11.10]

V

p o Th

where wy, is the amount of enzyme in the PBR, F, is the flow rate through the
PBR.

Assuming the reaction rate and conversion degree are the same because
the same enzyme is used, the right sides of Eqs 11.9 and 11.10 are the same.
Therefore, the following equation is obtained:

Wp  wy
— = —-t 11.11
A [11.11]
If no deactivation occurs in the PBR, Eq. 11.11 can be written as:
Vo
Fy, =w, T [11.12]

On the basis of experimental data in the batch reaction, Eq. 11.12 can be
used to calculate the amount of enzyme and the flow rate in a PBR.
Interesterified products with a desired conversion degree can be easily obtained
by adjusting the flow rate for the PBR.

Monitoring of enzymatic TAG-TAG interchange process
During interesterification, the changes of chemical (sn-2 position, TAG
composition) and physical properties [dropping point (DP), solid fat content
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Chemical and enzymatic interesterification of lipids for use in food 243

(SFC), differential scanning calorimeter (DSC) etc.] can be used to monitor
the reaction. For industrial applications, SFC is mostly used for control of
feedstock quality for plastic fat production. Therefore, SFC is chosen to
monitor the interesterification process. For a batch reactor (Levenspiel, 1999),
the mass balance for the reaction is shown as:

input = output + accumulated + disappearance [11.13]

where input and output are zero. Therefore, based on the variation in SFC
during the reaction, Eq. 11.13 can be written as:

0=0+V-dSFC-W - r(SFC) - dt [11.14]

where ris the reaction rate, V is the volume of reactor, W is the amount of
lipase and ¢ is the reaction time. Eq. 11.14 then becomes:

dSFC _ w

—g = "SFO) [11.15]

Introducing a weight based reaction time, 7= (W/V) ¢, gives the following
equation:

dr=" - di [11.16]
combining Eqs 11.15 and 11.16, gives the following relationship:

dSFC

—g7 ="(SFC) [11.17]

Enzymatically catalyzed interesterification is assumed to be a first-order
reversible reaction (Rozendaal and Macrae, 1997). Thus, Eq. 11.17 can be
written as:

r(SFC) = -k*SFC, [11.18]

where SFC, is the reduced SFC content at reaction time T and k is a constant.
It is equal to:

SFC, = SFC - SFC., [11.19]

where SFC., is the SFC value when reaction reaches equilibrium. Combining
Eqgs 11.17-19 gives the following relationship:

SFC T

dSFC J‘
——=—-| k-dr [11.20]

LFC SFC - SFC., 0

After integration, Eq. 11.20 becomes:

SFC = SFC.. _ i
SFC, — SFC..

[11.21]

where SFC is the SFC value of the product at time 7 and SFCjis the initial
SFC value. ASFC is introduced to represent the maximum changes in SFC as
follows:
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244 Modifying lipids for use in food

ASFC = SFC, — SFC., [11.22]
Therefore SFC can be written as:
SFC = SFCy — ASFC(1 — ¢77) [11.23]

This model (Eq. 11.23) has three parameters which have physical and
chemical meanings. The k value is related to the reaction rate of the enzyme
on the given blend. SFCyand ASFC are related only to the types of blends
and the blend ratios. The weight base reaction time (7), adjusted for the
volume of oil samples removed from the batch reactor, is expressed as follows:

Pe o (t, — 1) —Wen_l [11.24]
Vroil — ;1 Si

Ty =1y
" i VToiln

where t is the reaction time (min), n is the sampling times, w, is the enzyme
dosage in grams, Vp,; 1s the initial blend weight and S; is the amount of
sample withdrawn in grams at a given sampling time. The advantage of
using weight-based reaction time is the ease with which these data can be
applied in different reaction systems or enzyme dosages to obtain the same
products. If the sampling amount is sufficiently small compared to the total
volume during the reaction process, this means that T = z. Then the equation
can be simplified:

SFC = SFCy — ASFC (1 — &™) [11.25]

The model has been evaluated (Zhang et al., 2004a) using different oil
blends and different analytical methods (Fig. 11.3) for monitoring the enzymatic
interesterification process.

16 1.0
4
14
1 0.8
< 107 0.6 2
S 8 ¢ SFC 0.6 o
e i A Peak ratio s
B g- 10.4 O
4 -
r0.2
2_
4
0 T T T T T 0.0
0 1 2 3 4 5 6

Reaction time (hr)

Fig. 11.3 Model fitting of experimental data (different signs) with exponential model
(solid line) for an enzymatical interesterification process. (Reaction conditions: 70/30
blend of palm stearin and coconut oil; 4 wt % Lipozyme TL IM; 70 °C; three volumes
of rapeseed oil were interesterified for 30 minutes at 70 °C to reduce the water content
of Lipozyme TL IM, then Lipozyme TL IM was quickly washed by the blend. Finally,
the blend was poured into the reactor and interesterified for three hours.) The peak
ratio is the peak area between equivalent carbon number (ECN)44 and ECN48
analyzed by high-performance liquid chromatography (HPLC).
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Chemical and enzymatic interesterification of lipids for use in food 245

During enzymatic interesterification, degree of conversion can be controlled
by different reaction times.The conversion degree (X) is defined as follows
(left side); it can also be derived from Eq. 11.21 and redefined by the relationship
between reaction time ¢ and reaction rate k (right side):

SFC, — SFC

X(%) = Spe, —SFC.

x 100 = (1 —e %) * 100 [11.26]

where SFC is the SFC at time 0, SFC is the SFC at reaction time f and SFC.,
is the SFC at the equilibrium stage.

Recent progress for enzymatic TAG-TAG interchange

Current research work shows that Lipozyme TL IM-catalyzed interesterification
presents no problem for the production of plastic fats. In general, the technology
can easily be moved to the industrial sector for commercial exploitation.
Both stirred tank reactors (Zhang et al., 2001) and PBR (Rgnne et al., 2005)
can be used for the production of plastic fats, and the system is generally
straightforward. The control of water activity in the system presents no
particular difficulty, as is often the case in other lipase-application systems,
in which the lipase activity was not affected by the reduction of water content
in the system (Zhang et al., 2001). The process indeed shows tremendous
advantage for plastic fat production compared to the chemical process with
its additional washing and bleaching procedure or other lipase processes in
which water content has to be adjusted during reuse (Zhang et al., 2000).
The exponential model (Eq. 11.23) is very useful for monitoring the enzymatic
interesterification process. It has the potential to be implemented in routine
industrial operations for practical control purposes.

The degree of conversion of enzymatic interesterification has significant
effects on triacylglycerol composition (Zhang et al., 2001, 2004a; Rgnne et
al.,2005), crystallization behaviour (Zhang et al., 2004b) and storage stability
of the products (Zhang et al., 2005, 2006). Based on the enzymatically-
interesterified blend of palm stearin and coconut oil (70/30, w/w), it was
observed that the increased conversion reduced the crystal size and,
consequently, the crystal surface was changed from a coarse and condensed
leaf-like crystal (B crystal) to a fine needle ball-like crystal (B’ crystal, confirmed
by X-ray analysis) (Fig. 11.4). At the same time, margarines made from
enzymatically-interesterified fats became more physically stable with the
increase in conversion degree. During a 12 week storage stability study at
both 5 and 25 °C, the margarine made from enzymatically fully converted fat
had the same physical properties as the margarine made from chemically
interesterified fat. The margarines produced from enzymatically interesterified
fats generally had much lower peroxide values compared to the margarine
produced from chemically randomized fats stored at 25 °C (Zhang et al.,
2006). A similar observation was also apparent in a pure oil system (Tautorus
and McCurdy, 1990). This confirms that enzymatic interesterification has
advantages for the oxidative stability of the products.
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L 1 S _i L £ ) ALY
31 % 58 %
conversion conversion

71 % 100 %
conversion conversion

Fig. 11.4 Morphology of the blend (palm stearin/coconut oil, 70/30) an
enzymatically interesterified products at different degrees of conversion (measured by
HPLC). (Samples with 50 % added rapeseed oil were melted at 70 °C, and one drop
was put on a slide. They were then cooled to room temperature. The morphology was
observed after one hour at room temperature by polar light microscopy)
(adapted from Zhang et al., 2004b).

11.3.2 Enzymatic acidolysis for the production of structured lipids

Structured lipids (SL), in this text, means fats that are modified or restructured
from natural oils and fats, or the fatty acids therefrom, with regio-positional
preference of each fatty acid or each group of fatty acids in the glycerol
backbone. Structured lipids are designed for a particular functionality or
nutritional property for edible or pharmaceutical purposes. This definition
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covers fats, particularly those produced by enzymatic methods using sn-1,3-
specific lipases, including cocoa butter equivalents (SOS; S = saturated fatty
acids, O = oleic acid), anti-bloom agent (BOB; B = behenic acid), breast
milk fat substitutes (UPU; U = unsaturated fatty acids, P = palmitic acid),
MLM-type oils containing long-chain (L, usually polyunsaturated or essential)
and medium-chain (M) fatty acids. The chain length of fatty acids is normally
defined as long-chain (more than 12), medium-chain (8—12) and short-chain
(less than 8). The nutritional, physical or chemical properties of SL have
been widely discussed in countless publications (Akoh, 1998; Mu and
Porsgaard, 2005).

Acidolysis using enzyme technology has been more widely explored for
the production of SL than other products. Chemical acidolysis has fewer
practical applications due to its having no positional specificity. The reaction
is between a triacylglycerol and a free fatty acid (FFA) with an sn-1,3-
specific lipase. The acid will be exchanged with the acid in the ester. In fact,
the production of SL can only be carried out by enzymatic interesterification,
especially in large quantities. The reaction is normally conducted between a
substrate oil and acyl donors (fatty acids or their ethyl esters) with sn-1,3-
specific lipases as the biocatalysts, as demonstrated in industry for commercially
available SL products (Quinlan and Moore, 1993).

Our research group has been studying structured lipids since 1996. A
national framework program has been run for about seven years with the
name LipoTech (www.biocentrum.dtu.dk/lipotech/). Process technology was
widely studied in the early stages. Most of the progress made has been
reviewed in a few early papers or chapters (Xu, 2000a,b,c; Hgy and Xu,
2001). Concerning the enzymatic production of structured lipids in general,
a few recent review publications from different groups have further addressed
the issue (Kim and Yoon, 2003; Xu, 2003, 2004; Iwasaki and Yamane, 2004).

Acidolysis reaction with sn-1,3-specific lipases for production of
structured lipids

Enzymatic acidolysis reaction is commonly considered as a two-step reaction:
hydrolysis and esterification with diacylglycerols as reaction intermediates
(Xu et al., 1999b). Through these two steps, the new fatty acids are incorporated
into triacylglycerols, and the reaction will finally reach equilibrium. This
procedure for the reaction between a TAG (LLL) and a fatty acid (M) is
depicted in Fig. 11.5.

Enzymatic acidolysis is a reversible reaction, and equilibrium will eventually
be reached. The product yield under reaction equilibrium is decided by the
ratio between fatty acids and esters (Xu et al., 1998a). For the reaction
between TAG and FFA, the incorporated fatty acids in the product can be
calculated (Fig. 11.6). The higher the FFA to TAG substrate ratio, the higher
the maximum incorporation of the FFA to TAG which can be expected.
However, the time to reach equilibrium is related to many parameters, such
as reaction temperature, enzyme dosage, water content and reaction system.
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Fig. 11.5 Reaction principle of the lipase-catalyzed interesterification between LLL
and M and the dynamic balance between LLL, sn-MLL/LLM and sn-MLM. L = long-
chain fatty acid, M = medium-chain fatty acid.
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Fig. 11.6 The relationship between the substrate molar ratios (M/LLL) and the
contents of substrate oil left (LLL), mono-incorporated SL (sn-MLL/LLM) and di-
incorporated SL (sn-MLM), and the incorporation of the acyl donor (Inc) in the sn-1,3
regiospecific lipase-catalyzed interesterification (L = long-chain fatty acid, M =
medium-chain fatty acid, SL = structured lipids).

In particular, when substrate molar ratios increase, the effect of substrate
inhibition on the reaction activity will also increase and lead to prolongation
of the equilibrating time of the reaction. This often reduces the productivity
of the process. It is very important to choose a suitable substrate molar ratio
in terms of reaction efficiency (incorporation level of acyl donors per unit
time) and productivity (product quantity per unit time) with a specific reaction
system. The choice of substrate molar ratio is also related to the downstream
processing cost and associated difficulties of separating free fatty acids or
acyl donors by evaporation and/or distillation. A high substrate molar ratio
may reduce the number of reaction stages needed to obtain a suitable product,
but the purification of the product may also be more difficult.
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Depending on the products required, careful consideration should be given
to the reaction system before embarking on the process design. There are
many natural or synthetic oils and fats available for selection as substrate
oils. In addition to the requirement of specific fatty acids at a specified
position (usually at sn-2 position), purity and other characteristics should
also be considered. Normally, free fatty acids are chosen because of their
ready availability in large quantities, low price and high reactivity compared
to the EE. Lipases differ in selectivity for various fatty acids (Halling, 1987).
A screening of different lipases is necessary to find one appropriate for the
specific reaction system. Commercially available lipases have been extensively
documented in laboratory experiments (Xu, 2000c). A careful survey is
necessary for the synthesis and production of the required products.

Recent progress in enzymatic production of structured lipids

Positional distribution in SL products is of particular concern, being one of
the aspects in which enzyme process is important. However, during the
reaction acyl migration occurs leading to non-specificity of the products.
This issue has been widely discussed with respect to the effects of parameters
and reactor designs (Xu et al., 1998a,b,c). The mechanism of acyl migration
has been illustrated in Fig. 11.1. The possible acyl migration steps during the
enzyme acidolysis are illustrated in Fig. 11.7. In one recent study we have
evaluated the possibility of using temperature programming for the suppression
of acyl migration in batch reactions (Yang et al., 2005a). Acyl migration is
a thermodynamic process and one which is very difficult to fully stop in
actual reactions. It seems likely that suppressing acyl migration by a
programmed change of reaction temperature without loss of reaction yield is
feasible. The model reactions were the acidolysis of tripalmitin (PPP) with
conjugated linoleic acid (CLA) or with caprylic acid (CA, 8:0) intended for
human milk fat substitutes. Acyl migration was considerably inhibited in the
temperature-programmed acidolysis with only slight reduction of acyl
incorporation. Temperature programming was more significant in solvent-
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M
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OH L L L OH
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Fig. 11.7 Schematic diagram of acyl migration and formation mechanism of non-
specific by-products during enzymatic production of specific structured lipids
(L = long-chain fatty acids, M = medium-chain fatty acids).
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free systems for the reduction of acyl migration. The study suggests that it is
feasible to reduce acyl migration by means of programmed change of acidolysis
temperature without significant loss of reaction yield.

Fats for infant formula are one group of typical SL, where the second
position is mostly occupied by palmitic acid. In two recent studies (Yang et
al., 2003b; Nielsen et al., 2006) concerning the production of such fats, the
source of the materials has been taken into consideration in a comparison
with current commercial products, Betapol™ (Loders-Croklaan, Netherlands).
Taking into account the high quantity of palmitic acid in lard (much of it
already present in the sn-2 position), this fat has been evaluated for the
production of infant fat using enzyme technology. Lard and soybean fatty
acids were subject to acidolysis in a solvent-free system in a batch reaction
(Yang et al., 2003b). The reaction substrates for the production were specially
chosen to mimic human milk fats. The characteristics of the product, produced
in the scale-up acidolysis under selected conditions, were similar to the fat
in mothers’ milk. In another study, reactions were conducted in a PBR (Nielsen
et al., 2006). Residence time and production operational stability were
investigated on the kg-scale with lard and soybean oil fatty acids as substrates.
There was no significant effect of residence time and operation time on 18:2
and 18:3 incorporation or on acyl migration in the sn-2 position.

Adding antioxidants to the enzyme processes has been evaluated for the
production of SL (Xu et al., 2005) since, for various reasons, the products
from enzymatic processes are generally less stable (Jacobsen et al., 2003;
Timm-Heinrich et al., 2003a,b, 2004; Nielsen et al., 2004). In the production
process for structured lipids, the influence of addition of antioxidants before
enzymatic acidolysis was investigated. Eight different antioxidants were
screened: butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT),
propyl gallate (PG) ascorbyl palmitate, citric acid, ethylene diamine tetra-
acetic acid (EDTA), a tocopherol blend and lecithin. As substrates, oils with
different degree of unsaturation were used. Enzyme activity was not
significantly influenced by the addition of antioxidants in either a batch
process or a PBR operation. o-Tocopherol concentrations remained stable
for those mixtures where tocopherols were added. Primary oxidation products
were reduced after acidolysis in the PBR, possibly due to the adsorption in
the enzyme bed. The study by Xu et al. (2005) shows that the addition of
antioxidants before enzymatic reactions has no negative effects on the reaction
process, but none of the antioxidants chosen had a significant positive effect
on either the reaction process or the oxidative status of the structured lipid
produced.

11.3.3 Enzymatic acidolysis for the modification of phospholipids

Phospholipids (PL) are used for different applications in food, pharmaceutical
and cosmetic products, where they function as emulsifiers, stabilizers and
antioxidants. Most applications of PL are based on natural products having
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complex composition, such as lecithin, which is a by-product of vegetable
oil refining. Chemical and enzymatic modifications of PL to alter emulsifying
and dispersing properties are common practice in industry, as the range of
application of PL is widely extended (Schneider, 1997). The aim of these
modifications is to adapt PL for specific application requirements by providing
technical or physiological properties that the natural substance does not
posses. Chemical modification includes hydrolysis, hydroxylation, acylation
and hydrogenation (Bueschelberger, 2004). Commercial use of enzymes for
PL modification is significant only for partial hydrolysis to produce lyso-PL
with improved emulsifying properties compared to natural PL (Schneider,
1997). However, since the 1980s interest in enzymatic acyl modification has
increased continuously as enzymes are able to tailor PL with defined fatty
acid composition at the sn-1 and sn-2 positions. Replacement of the existing
fatty acids in original PL with desired fatty acids might also improve physical
and chemical properties, or even nutritional, pharmaceutical and medical
functions. Enzymatic synthesis of PL has some advantages compared to
chemical synthesis, such as selectivity and specificity. Furthermore, the use
of toxic and deleterious solvents is greatly reduced, which simplifies subsequent
purification and reduces solvent residue in the final product.

For those interested in this area, published data concerning the use of
lipases and PLA, for PL acyl modification with acidolysis reactions have
recently been reviewed by Adlercreutz et al. (2003) and Guo et al. (2005).

Enzymes for acidolysis of phospholipids

Enzymes that utilize PL as their natural substrate are called phospholipases
and are named according to hydrolytic action on the PL molecule. The
general formula for glycerophospholipids, together with the enzymes which
hydrolyze the different ester bonds in the molecules, is shown in Fig. 11.8.
In principle, these enzymes can also catalyze the reverse reaction, i.e. the
ester bond formation. Phospholipase A and A, are acyl hydrolases acting on
fatty acids at sn-1 and sn-2 positions, respectively. Phospholipase C and D
are enzymes that cleave the phosphorus—oxygen bond between glycerol and

Phospholipase A,

|
. o
Phospholipase A, I 0] I
Phospholipase C Phospholipase D

Fig. 11.8 1,2-Diacyl-sn-glycerophosphorylcholine molecule and phospholipases
which can be used to hydrolyze or form different ester bonds.
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phosphate, or phosphate and head group, respectively. Head group exchange
of PLs will also change the chemical and physical properties; however, it is
beyond the scope of this text to describe all reactions and products possible
for these enzymes. The focus will be on the enzymatic acyl modification.

Besides phospholipases, there are many other enzymes that can be used
for PL acyl modification, such as sn-1, 3-specific lipases, which work for the
modification of acyl group in the sn-1 position of PL. Lipases are at a more
mature stage of development than phospholipases in terms of theoretical and
practical understanding, and have in practice been the most common enzymes
used for PL acyl modification at the sn-1 position. Lipases are able to catalyze
both esterification and interesterification reactions. Phospholipase A, (PLA,)
from porcine pancreas has been the most commonly used enzyme for the
exchange of fatty acids on PL at the sn-2 position. Pancreatic PLA, functions
reasonably well for esterification, but cannot catalyze interesterification since
no acyl-enzyme intermediate is formed (Adlercreutz et al., 2003). However,
it is possible to use this enzyme to exchange the fatty acid in the sn-2
position in a one-step reaction. Hydrolysis and re-esterification then occur in
parallel. For industrial applications, enzymes are preferred in an immobilized
form because it is possible to reuse them. Only lipases can currently be
obtained commercially in immobilized form for PL modification;
phospholipases in immobilized forms are not yet available.

The majority of lipases sold commercially come from different microbial
sources. Screening of different lipases showed that Thermomyces lanuginosa
lipase (TLL) had higher activity compared to Rhizomucor miehei lipase
(RML) and Candida antarctica lipases (CAL) during lipase-catalyzed
acidolysis between soybean lecithin and caprylic acid (Peng et al., 2002).
CAL has in certain cases been claimed to be non-specific; however, in a
recent study it has been shown that during PL. modification it is specific for
the sn-1 position (Lyberg et al., 2005). Although lipases show good
performance, the stability of the enzyme carrier is important. Commercial
silica granulated TLL can easily be removed from the reaction medium in
the presence of solvent during batch operation; however, in solvent-free
systems, the immobilized lipase is not easily removed. During reaction,
silica granulates are crushed and do not easily precipitate in the solvent-free
system due to the highly viscous reaction medium. RML on resin carrier is
more mechanically stable and can more easily be removed after solvent-free
acidolysis reaction. However, during continuous operation in the PBR, the
stability of silica granulated TLL can be maintained. Lipase from Rhizopus
oryzae has also been reported to work well for PL modification at the sn-1
position (Adlercreutz et al., 2002); however, this lipase cannot be obtained
commercially in the immobilized form.

Reaction elucidation for enzymatic acidolysis of phospholipids
Product yield under reaction equilibrium during acidolysis of PLs is determined
by the substrate ratio. Maximum incorporation of acyl donors to a phospholipid
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(Incyay) can be calculated at certain substrate ratios assuming no by-product
formation. An equation is given below:

50 - S,

T 11 [11.27]

Inc , (Mol%) =

where S, is the molar ratio between fatty acids and PL. Theoretical maximum
of new fatty acids to be incorporated into PC is expected to reach 50 % for
an sn-1,3-specific lipase or a PLA,. In practice, lipases are not equally
specific towards different fatty acids and side reactions are difficult to avoid.
A diagram of reaction and principle of the lipase-catalyzed interesterification
and side reactions for the production of specific structured PL is given in
Fig. 11.9. Lipase-catalyzed acidolysis of PLs is considered to be a two-step
reaction involving hydrolysis and esterification. Lysophosphatidylcholine
(LPC) produced in the first step is reactant in the second step. This intermediate
is not thermodynamically stable, and intermolecular transfer of the fatty acid
moiety from the sn-2 to the sn-1 position may occur. This non-enzymatic
acyl migration is the reason for decreased yield and purity of the final product
(Haraldsson and Thorarensen, 1999). LPC with fatty acids at the sn-1 position
can be further hydrolyzed by the lipase to form glycerophosphorylcholine
(GPC) which can be reacylated with novel fatty acids in the sn-1 position. If
the acyl group migrates from the sn-1 position to the sn-2 position, the lipase
has the potential to incorporate yet another new fatty acid into the sn-1
position, which would give rise to PC with novel fatty acid at both positions.
Very little consideration has been given to the distribution of by-products
formed during the reaction. The formation of GPC and LPC containing the
novel fatty acids is a direct consequence of acyl migration and should be
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Fig. 11.9 Reaction process and mechanism for the production of specific structured

phospholipids by enzymatic interesterification with sn-1,3 specific lipase (L = long-
chain fatty acids, M = medium-chain fatty acids).

Vantage Exhibit 1017
Page 20 of 39



254 Modifying lipids for use in food

minimized in order to achieve a high product yield and high product purity.
We have conducted reactions with different lipases in solvent and solvent-
free systems. As is the case with the other enzymatic reactions mentioned in
this chapter, the performance of enzymatic synthesis of structured PL depends
on many factors involving type of reaction, enzyme, temperature, water
content, composition of substrates, reaction time, mode of operation, etc.
Incorporation and final yield are highly affected by the selected parameters.

Process technology for enzymatic acidolysis of phospholipids

The type of the acyl donors plays an important role in the reaction rate of
lipase-catalyzed reactions. High incorporation can usually be obtained with
saturated fatty acids; however, fatty acids with a high degree of unsaturation
are usually more difficult to incorporate (Peng et al., 2002; Hossen and
Hernandez, 2005; Reddy et al., 2005). Different lipases show discrimination
of long-chain PUFAs. For example, RML, TLL and CAL give higher
incorporation of EPA compared to DHA (Peng et al., 2002). Reactivity also
depends on the phospholipid head groups. During interesterification with
EPA in hexane with RML the following order of reactivity was observed: PC
> PI > PE > PS (PC is phosphatidylcholine, PI phosphatidylinositol, PE
phosphatidylethanolamine, PS is phosphatidyserine) (Mutua and Akoh, 1993).
The nature of PL also affects the incorporation rates of caprylic acid by TLL
in hexane in the following order PC > PE > PA > PI (Peng et al., 2002). PL
can be obtained commercially at different purities. PC is the most abundant
phospholipid in nature and has usually been the substrate selected for enzymatic
modification. Incorporation of novel fatty acids has been made with both
pure phospholipid compounds and de-oiled lecithin (Peng et al., 2002; Vikbjerg
et al., 2005a). Purified compounds have considerably higher price compared
to the de-oiled lecithin. Selection will depend on the purity requirements.

In most cases, lipase-catalyzed acidolysis reactions have been conducted
with the assistance of organic solvents such as hexane or toluene (Mutua and
Akoh, 1993; Adlercreutz et al., 2002; Hossen and Hernandez, 2005). The
use of solvents increases the capital investment when the process is scaled
up. Furthermore, it has been reported that increasing the amount of solvent
reduces the recovery of PL more strongly than it increases the incorporation
during TLL-catalyzed acidolysis (Vikbjerg et al., 2005a). If possible, it is
recommended that the reaction should be conducted under solvent-free
conditions. A clear elucidation of side reactions is important for practical
operation in order to minimize by-products during reactions.

Recently we produced caprylic acid-containing PC in a batch reactor by
RML-catalyzed acidolysis between PC and caprylic acid in a solvent-free
system (Vikbjerg et al., 2005b). A typical time course of the acidolysis
reaction can be seen in Fig. 11.10. By-products were formed due to parallel
hydrolysis reactions and acyl migration in the reaction system. Usually there
was a tendency for a decrease in yields along with an increase in acyl
incorporation. Response surface design was used to evaluate the influence of
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Fig. 11.10 Time course for immobilized Rhizomucor miehei lipase-catalyzed
acidolysis reaction between phosphatidylcholine (PC) and caprylic acid. Reaction
conditions: substrate ratio, 6 mol/mol caprylic acid/PC; enzyme dosage, 30 % (wt. %
based on substrate); reaction temperature, 50 °C; water addition, 2 % (wt. % based on
substrate).

major factors (enzyme dosage, reaction time, reaction temperature, substrate
ratio and water addition) and their relationships on a number of responses
reflecting the turnover of main reactions as well as side reactions. Several
parameters important for the main reaction also affect by-product formation
resulting in lower recoveries. All parameters besides water addition had an
effect on the incorporation of caprylic acid into PC and LPC. Increased
reaction time and enzyme dosage showed increased effect on incorporation
into PC, while increased substrate ratio and reaction temperature showed
opposite effects. The PC content decreased with increase of all parameters
except for substrate ratio. In the solvent system using immobilized TLL, the
incorporation of the desired acid was seen to increase with increase in
temperature and substrate ratio (Vikbjerg et al., 2005a). Clearly optimization
must be individually performed in each case.

The exchange of fatty acids in PL has mainly been performed batch-wise
in small screw cap vessels or glass bottles with either orbital or magnetic
stirring. For larger scale production, it would be more convenient to operate
in PBR as this allows continuous operation. Furthermore, due to the high
enzyme dosages usually applied for lipase-catalyzed PL modification (> 40
% based on substrate), the final product is not easily removed from the
reaction mixture after batch operation. To obtain the same conversion degree
with the same enzyme load in the PBR, a very long residence time is required.
Trials have been made for the continuous operation of the acidolysis reaction
(Vikbjerg et al., 2005c). If no water was added to the substrate during reaction
in the solvent-free system, very low incorporation of novel fatty acids was
observed. Operative stability was tested for several days. Incorporation was
highest at the beginning and decreased in the first 30 hours, where it stabilized
afterwards. Incorporation of novel fatty acids was slightly higher when the
water content was increased. In the presence of hexane, incorporations into
PL were considerably higher and increased continuously in the first two

Vantage Exhibit 1017
Page 22 of 39



256 Modifying lipids for use in food

days, and thereafter were stable with only a slight decline in incorporation
over several days. Using PBR with solvent-free systems, it seems that small
amounts of water are beneficial for the incorporation of desired fatty acids.
Due to the high PL concentration, the substrates probably remove bound
water from the enzymes, thus reducing the catalytic activity. Increasing water
content will at the same time decrease the yield. Therefore, some kind of
compromise needs to be made.

11.3.4 Glycerolysis for partial glyceride production

Partial glycerides, more commonly known as mono- and diglycerides, have
been produced commercially for many years. Today, they are widely used in
the food, cosmetic and pharmaceutical industries as well as in the textile,
fibre and plastic industries (Bornscheuer, 1995; Coteron et al., 1998; Elfman-
Borjesson and Harrod, 1999; Bellot et al., 2001; Ferreira-Dias et al., 2001;
Kaewthong and H-Kittikun, 2004). Mono- and diacylglycerols of edible
fatty acids are approved by the EU as food grade additives. They have been
given ‘Generally Recognized As Safe’ (GRAS) status by the US Food and
Drug Administration (FDA), and can be used quantis satis (no permitted
maximum level is specified) according to the European Parliament and Council
Directive (European Parliament Council, 2004). According to World Health
Organization (WHO) and the EU directive, mono- and diglycerides of fatty
acids are required to contain at least 70 wt % MAG + DAG (mono- +
diacylglycerols), at least 30 wt % MAG and maximum 7 wt % glycerol
(European Food Emulsifier Manufacturers’ Association, 2004; European
Parliament Council, 2004).

Pure monoacylglycerols have excellent emulsifying properties, superior
to diacylglycerols and mixtures of partial glycerol esters (Bornscheuer, 1995;
Peng et al., 2000; Kaewthong and H-Kittikun, 2004). This is due to the
MAG molecular structure with a favourable distribution between one
hydrophobic fatty acid moiety esterified to a hydrophilic glycerol moiety.
This combination, as well as the dietary safety profile, makes
monoacylglycerols and mono/diacylglycerol mixtures very popular additives
for facilitating uniform quality of food products among other applications
(Krog, 1997). Accordingly, mixtures of mono- and diacylglycerols and distilled
monoacylglycerols contribute to a market estimated at around 75 % of the
worldwide emulsifier production. This corresponds to approximately 200 000—
250000 tonnes produced per year (Moonen and Bas, 2004).

The main applications of mono-diacylglycerols in foods are typically in
fat-based products such as margarine, spreads, bakery products, cake mixtures,
confectionery and the like (Krog, 1997; Kaewthong and H-Kittikun, 2004).
Mono/diacylglycerols are often added to industrial food formulations in
combination with other more hydrophilic emulsifiers, for instance in
combination with hydrocolloids in dairy emulsions such as ice cream (Krog,
1997).
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Recent studies on DAG nutritional properties and dietary effects suggest
that oils with high DAG content play an important role in reducing levels of
serum TAG (Flickinger and Matsou, 2003; Watanabe et al., 2005). Thus, to
fight obesity and other lifestyle-related diseases, substitution of TAG oils
with DAG oils has attracted much attention recently. The first DAG cooking
oil entered the Japanese market after its introduction in February 1999. With
more than 70 million bottles sold (year 2003) and launched in the USA in
20035, the interest in a global DAG-market has indeed begun (Flickinger and
Matsou, 2003; Kristensen et al., 2005).

Chemical glycerolysis

Today, commercial mono-diacylglycerol mixtures are widely manufactured
using a glycerolysis reaction between glycerol and fats or oils, as illustrated
in Fig. 11.11. The currently used glycerolysis reaction is performed at high
temperatures (220-260 °C) with inorganic alkaline catalysts, such as NaOH
or Ca(OH),. Approximately 30 to 60 minutes of processing leads to an
equilibrium mixture with partial glycerol esters and excess glycerol. To remove
impurities and achieve high-purity products, subsequent removal of excess
glycerol by distillation followed by molecular/short path distillation (SPD)
processing is often performed (Bornscheuer, 1995; Krog, 1997; Rosu et al.,
1997; Elfman-Borjesson and Harrod, 1999; Xu et al., 2000, 2002; Xu, 2000b;
Bellot et al., 2001; Kaewthong and H-Kittikun, 2004; Lee et al., 2004).
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Fig. 11.11 Reaction scheme for production of mono-diacylglycerols by glycerolysis.
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The reaction can, to a certain extent, favour the formation of certain
glycerol esters depending on the reaction conditions such as glycerol to oil
ratio, reaction time and pressure (Peng ef al., 2000). The effect on the product
distribution of MAG, DAG, TAG and glycerol at equilibrium conditions
after glycerolysis of different blended glycerol to oil ratios is illustrated in
Fig. 11.12. Current chemical glycerolysis processing is usually conducted
with a relatively low molar ratio of glycerol to oil of about two (Rendon er
al., 2001). This provides an amount of non-reacted glycerol of about 8 wt%
(Fig. 11.12b) and a distribution between MAG, DAG and TAG of 45-55 %,
38-45 9% and 8-12 %, respectively (Krog, 1997).

Enzymatic glycerolysis
Today, it is well known that the Western diet is characterized by a general
low intake of essential n-3 polyunsaturated fatty acids (PUFAs) and an
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Fig. 11.12 Calculated product distribution at equilibrium conditions after
glycerolysis reaction with different molar ratios of glycerol to oil. (a): Distribution
between MAG, DAG and TAG (fat phase). (b): Distribution in the complete reaction
mixture (fat phase and glycerol). Calculations are based on binomial random
distribution with probability calculations of ester formation between mole fatty acids
(FA) and mole hydroxyl groups (OH) and expressed as weight percentages (adapted
from Damstrup et al., 2006).
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overabundance of n-6 fatty acids compared to international recommendations
(Volker and Garg, 2001). In Australia and the USA, the current intakes of
n-3 PUFAs are for instance less than 100-200 mg/day (Peters and Nurmikko,
2002). The intake is far from the recommendations of 1-2 g/day from
organizations such as WHO, FDA and American Health Association (AHA)
(Anselmino, 2004). This has led to a great deal of commercial interest in
producing health-promoting and functional lipids with specific fatty acid
profiles to overcome the gap between actual and recommended n-3 PUFA
intake.

Vegetable oils are considered as easily accessible, relatively cheap and
neutral flavoured triacylglycerol raw materials for carrying nutritionally
important PUFAs. However, the current chemical glycerolysis process makes
the use of raw materials based on PUFA-vegetable oils difficult due to their
sensitivity to oxidation at high temperatures (Peng ef al., 2000). In contrast,
enzymatic glycerolysis requires only a low temperature, below approximately
80 °C, which makes the use of heat-sensitive MAG and DAG with PUFA-
profile feasible. Furthermore, the gentle enzyme technology reduces some of
the heat-accelerated problems with development of bad flavour, dark colour
and unwanted side reactions (Bornscheuer, 1995; Elfman-Borjesson and
Harrod, 1999; Bellot et al., 2001; Kaewthong and H-Kittikun, 2004).
Accordingly, lipase-catalyzed glycerolysis of vegetable oils is believed to be
a potential alternative/supplementary industrial method for the production of
nutritional high-valued monoacylglycerols with important n-3 PUFAs. This
opportunity for product and process development has led to a great interest
in the enzymatic glycerolysis process, not only from academia but also from
industry since the mid-1980s.

Glycerolysis under enzymatic catalysis has similar reaction routes to
chemical glycerolysis, as shown in Fig. 11.11. Reaction equilibrium is still
a central determinant for the evaluation of the product yield as shown in Fig.
11.12. However, because of its use of low temperature and its possible use
of solvents, reaction equilibrium is not a target, which is imperative to achieve
through the enzymatic glycerolysis process. This is because the operating
conditions make it possible for a product ‘fishing’ strategy. All possible
effort is being made to speed up the procedure of reaching reaction equilibrium
on the other hand. This is illustrated in Fig. 11.13. Possible methods for such
‘fishing’ have been tested using crystallization, chromatographic separation,
extraction, etc. as a step to break the reaction equilibrium and force the
reaction to form more product (Peng et al., 2000). Recent progress has been
made with the idea of using solvent partitioning to push the reactions beyond
reaction equilibrium (Guo and Xu, 2005; Yang et al., 2005b, Damstrup et al.,
2005, 2006). In such systems with the selected media, the reaction efficiency
and effectiveness have been dramatically improved, and higher yields of
monoacylglycerols and diacylglycerols have been obtained. Figure 11.14
compares the reaction behaviour of glycerolysis of sunflower oil using ionic
liquid and tert-butanol as system media with a solvent-free system. The first
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Fig. 11.13 TIllustration of product ‘fishing’ for the enzymatic production of partial
glycerol ester glycerides.
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Fig. 11.14 Different reaction behaviours of glycerolysis of sunflower oil in ionic
liquid, tert-butanol and the solvent-free system (0.5 mmol sunflower oil and
5 x 0.5 mmol glycerol for reaction at 00, 40 °C; ¢, 50 °C; A, 60 °C; O, 70 °C
in 2.2 g ionic liquid; A, 50 °C in 2.5 g tert-butanol; e, 2 mmol sunflower oil and
5 x 2 mmol glycerol for reaction at 70 °C in solvent-free system)
(adapted from Guo and Xu, 2005).

two systems have been shown to have good potential for industrial
implementation.

Recent progress in enzymatic glycerolysis

In general, the major challenge in using enzymes in low-temperature
glycerolysis reactions is that the system comprises of three heterogeneous
phases: a hydrophobic oil phase, a hydrophilic glycerol phase and a solid
enzyme phase, as illustrated in Fig. 11.15. Since enzymes in their native
forms have hydrophilic characteristics, glycerol often binds to the enzyme
particles and makes the access of the hydrophobic oil molecules to the enzyme
difficult (Kristensen, ef al., 2005; Yang ef al., 2005b). Poor miscibility of the
glycerol and oil at low temperatures in combination with high reactant viscosity
results in a reaction system with high mass transfer limitations. As a result,
long reaction times and/or low conversion of reactants generally make the
reaction inefficient.
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Fig. 11.15 Illustration of the heterogeneous reactant mixture used for enzymatic
glycerolysis.

However the sustainability of an effective system has, to a certain extent,
relationships with the content of glycerol in the system. In the case of DAG
production, the theoretical stoichiometric amount of glycerol in the reaction
system is low. Although the reaction time remains long, it is possible to have
a sustainable system for DAG production without the usage of any medium
assistance (Kristensen et al., 2005). With a sufficiently low glycerol amount,
a conversion of TAG up to 60-70 % can be achieved (Fig. 11.16). However,
for MAG production, assistance of media or involvement of alternative
techniques is normally required to improve the formation of MAG in reasonable
time and amounts. Solid phase crystallization (McNeill et al., 1990;
Bornscheuer et al., 1994; Rosu et al., 1997), glycerol adsorbed to silica gel
(Aha et al., 1998; Elfman-Borjesson and Harrod, 1999; Rendon et al., 2001),
usage of protected glycerol (Akoh, 1993) and reactions performed in different
media such as supercritical CO, (Jackson and King, 1997) or organic solvents
(Bornscheuer et al., 1994; Kwon et al., 1995; Rendon et al., 2001) are
among the many interesting approaches to improve reaction efficiency and/
or product quality. Many of the approaches work successfully on a laboratory
scale, and a great deal of knowledge, revealed from 20 years of progressing
research, has been accessible.

However, due to practical difficulties, the big industrial breakthrough for
MAG production has still not taken place. For instance, solid phase
crystallization and glycerol adsorption are difficult to handle continuously,
and the reaction time required is still lengthy from an industrial point of
view. At present, the high cost of the enzyme also makes the use of lipases
in industrial applications uneconomic (Yang et al., 2003a; Kaewthong et al.,
2005). To overcome some of the problems with high enzyme costs, a widely
used strategy is to employ the lipase in an immobilized form. Immobilization
of the enzyme onto a solid support material allows easy separation and re-
utilization of the enzyme. Furthermore, the use of immobilized enzymes on
porous supports eliminates some of the problems arising with the use of
suspended enzyme powders, such as the tendency to aggregation and attachment
to the wall of the reactor, as the enzyme spreads on a large surface area
(Barros et al., 1998).
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Fig. 11.16 Time courses for enzymatic glycerolysis with different lipases in batch
reactors (A, TAG; O, 1,3-DAG; @, 1,2-DAG; O, MAG: I, total DAG (adapted from
Kristensen er al., 2005).

Other benefits from immobilized enzymes compared to non-immobilized
enzymes are improved activity and long-time stability in various organic
media (Goto ef al., 2005; Nakaoki ef al., 2005). For instance, it has been
shown that when lipases are immobilized onto a hydrophobic matrix, their
activity increases 51-fold and exhibits superior heat resistance compared to
the native lipase in esterification reactions of lauric acid in isooctane system
(Goto et al., 2005). Since Zaks and Klibanov discovered that lipase enzymes
act well in organic solvents (Zaks and Klibanov, 1984, 1985), many
investigations of lipase-catalyzed interesterification reactions in solvents
confirm the benefits of using non-conventional media. Among the useful
solvents in interesterification reactions are dioxan, n-hexane, n-heptane,
acetonitrile, acetone, isooctane and ferf-butanol and ferf-pentanol (Goto et
al., 1995; Hess et al., 1995; Elfman-Borjesson and Harrod, 1999; Bellot ef
al., 2001; Rendon et al., 2001; Kaewthong and H-Kittikun, 2004; Yang et
al., 2005b).

In our experience, the usage of selected media is believed to provide
potential approaches for glycerolysis with industrial applications (Guo and
Xu, 2005; Damstrup et al., 2005). In such systems, commercially available
immobilized CALB is shown to be one of the most stable enzymes. In spite
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of lowered productivity due to the presence of solvent, glycerolysis reaction
in the tertiary alcohols, fert-pentanol (2-methyl-2-butanol) and fert-butanol
(2-methyl-2-propanol), is found to have great potential for efficient glycerolysis
(Damstrup, et al., 2005, 2006). These solvents offer benefits beyond the
drawbacks related to lowered productivity. Amongst these advantages are
high MAG yield/purity in the product mixture and very short reaction time
together with a well-preserved PUFA profile of the MAGs (Damstrup et al.,
2005, 2006; Yang et al., 2005b).

In addition, fluid solvent systems make continuous operation in PBR
feasible. The obvious benefits of using continuous PBR are: ease of separation
between reactant mixture and catalyst; reuse of the enzyme without the need
for a prior separation; a cost-effective reactor design; and long-term production
due to high density loading of the immobilized enzyme into the reactor
(Kaewthong et al., 2005; Gonzélez Moreno et al., 2005). These advantages
indeed promote the arguments for using solvents in enzymatic glycerolysis.
Finally, a process design including reusability of the solvent minimizes the
drawbacks from lowered space-time yield.

A good review of lipase-catalyzed production of high-quantity
monoacylglycerols by Peng et al. (2000) is recommended for further reading.
In addition, a recently published and excellent patent review on lipid technology
including patent literature involving monoglycerides by Lai and Lo (2005) is
also recommended.

11.4 Remarks and future trends

The concept of interesterification, as defined in this chapter, with catalysis
either by enzymes or chemicals, can be widely explored for unlimited product
or process development. The subject is becoming more interesting and attracting
more attention.

Chemical interesterification, to a large extent, is a mature technology that
offers the prospect of many new applications in industry. Chemical
randomization of oils and fats for plastic fat production, although in practice
for about a century, is gaining new momentum with the coming ‘trans-free’
ruling for the future market. The method has been widely used but the
‘share’ of industrial capacity using this method for plastic fat production is
expanding. Chemical glycerolysis is a common method for monoacylglycerol
production in the present food industry, and it is expected to dominate
monoacylglycerol production in the foreseeable future. Another case of
chemical interesterification, which is receiving more and more importance,
is chemical methanolysis for the production of biodiesel. Energy crises in
the past year have led to the expansion of biodiesel production capacity from
oils and fats.

Enzymes as catalysts for the interesterification of oils and fats, although
far from mature and a long way from achieving widespread implementation
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in industry, have been a focus for extensive studies for decades. Even though
nobody expects a fast increase in the applications of enzymatic
interesterification in industry, interest in using enzyme processes and realization
of their benefits have increased in the industrial sector. More and more
industrial think-tanks are including this area in their development strategy.

As an alternative to chemical randomization for plastic fat production,
enzyme processes, even with such a low-priced product, have made an entry
in the oils and fats industry in very recent years. Fats produced from the
enzyme process in general can be used for margarine production without
significant change of properties, though there are some unusual aspects
compared to either blended or chemically randomized fats (Zhang, 2005).
From the point of view of oxidation during storage, the enzymatically-produced
fats have advantages over the chemically randomized product; the latter
develops high peroxide values during storage. With regard to physical
properties, the former can form the required crystal type and textures along
with suitable solid fat profiles which are comparable to those of the chemically
randomized fats.

However, margarines produced from the enzymatically-interesterified fats
become more physically stable with a higher conversion degree of the
interesterification. The control of the conversion degree, therefore, becomes
highly critical to achieving good quality products. Furthermore, the optimization
of margarine formulation, such as the use of diacylglycerols to postpone
crystal transformation and the optimization of process conditions for margarine
production, needs more studies to cater for the new requirement of using the
partially interesterified fats from the enzymatic processes.

For the enzymatic production of structured lipids with structural specificity
concerning the locations of fatty acids, enzyme processes are the only potential
methods for large-scale production. Products of high value intended for
functional foods and pharmaceutical applications provide only a small market.
So far, a few products, such as fats for infant formula, fats for confectionery
products, etc. have been available in the market. The initial criteria are the
functional values of the products and their market demands. The economical
balance of the process is the crucial point for industrial consideration. So far,
technical issues for enzymatic interesterification concerning the production
of structured lipids are not, in general crucial. The benefits of such products
in human nutrition remain to be explored. Process optimization for a defined
product needs a lot more work to reduce the cost of the process at engineering
and management levels. Concept development for process engineering is a
high priority for future research. A package of knowledge for building up a
new plant is still far from available.

For enzymatic modification of PL, an understanding of the reaction systems
is just the beginning. Before these types of reactions can be implemented
industrially, a lot more work will need to be done to increase efficiency. For
these reactions to be applicable, their operative stability needs to be better
understood and a longer lifetime of the immobilized enzyme is desired.
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Although solvent-free systems may seem to work well during batch operation,
there is no information as to whether the lipase can actually be re-used. In
terms of stability during continuous operation, it may be beneficial to use
non-polar solvents as higher incorporation can be obtained for a prolonged
time compared to solvent-free systems. Even though major by-product
formation occurs during lipase-catalyzed acidolysis, it should be kept in
mind that these by-products (LPC and GPC) are themselves valuable products
having wide applications in the same area as the original material. These
compounds can be purchased in purified form from different companies, and
are usually sold at considerably higher price compared to natural PL.

Concerning the production of partial glycerol esters, it is well documented
that enzymatic glycerolysis has become a powerful method in terms of MAG/
DAG quality and functionality, which makes it possible to expand their
fields of applications into functional foods, pharmaceuticals, etc. Of particular
interest is the possibility of producing ‘new’ MAGs with PUFA profiles that
differ significantly from MAGs produced by traditional chemical glycerolysis
methods. With the introduction of efficient long-lasting commercially available
immobilized lipases and the benefits of large-scale PBR, the industrial
breakthrough for enzyme-catalyzed glycerolysis has moved closer. Accordingly,
in the future, it is most likely that the fat and oil industry will, to a certain
extent, adapt the enzyme-catalyzed glycerolysis into industrial plants, even
although the chemical process will still occupy the main position for many
years to come.

As discussed in the above section, a medium, usually an organic solvent,
has been an advantage in achieving a high degree of efficiency and effectiveness
in the process and good product yields. The use of solvents, however, is
contrary to the aim of an environmentally friendly and energy-reduced
enzymatic process due to the extra processing required for solvent removal.
From this point of view a solvent-free medium or the application of non-
evaporative solvents such as ionic liquids could be a better solution. This
certainly opens a new window for future visions.

11.5 Sources of further information and advice

Enzymatic interesterification has been attracting significant interest since
the 1980s and chemical interesterification for even longer. A large amount of
information has been collected and accumulated. A large number of recent
review papers and chapters concerning each topic have been cited in the
relevant sections.

A number of company homepages are worth visiting, including technology
providers (e.g. Desmet Ballestra, Alfa Laval), enzyme providers (e.g.
Novozymes, Amano) and product providers (e.g. ADM, Unilever, Danisco,
Degussa, Karlshmns, Aarhus United, Kao, Nisshin Olillio, Loders-Croklaan).
These companies provide a real picture of interesterification in industry.
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