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CHAPTER5
Concentrates

HARALD BREIVIK

Neperdo Biomarine, Porsgrunn, Norway

A. Introduction

During the 19th century it was gradually realized that specific chemical entities
incod liver oil wereresponsiblefor itspositive health effects. In 1895 Heyerdahl
inferred from bromine absorption experimentsthat this chemical substancewas
an unsaturated fatty acid of the supposed formula C_H., O, (i.e. 17:4), and he
proposed to name this unsaturated fatty acid ‘therapic acid’, to reflect the
therapeutic action of cod liver oil (Heyerdahl, 1895). However, Heyerdahl
lacked the meanstoisolate or concentratethe‘ therapic acid’ beyondtheoriginal
concentrationintheoil, aconcentration which he estimated to be about 20%. He
also failed to realize the very complex composition of marine oils.

While most vegetable oils contain only a limited number of fatty acids,
marine oils contain a large number of different acids. As an example, the 24
largest fatty acidsin cod liver oil should be analysedin order to account for 90%
of the areaunder a gas chromatogram (European Pharmacopoeia, Monographs
1192 and 1193).

Because of the complex fatty acid composition of marine oils, long-chain
omega-3 fatty acids in highly purified form are not easily prepared by any
singlefractionation technique. Usually acombination of techniquesisused, the
combination of which depends upon the fatty acid composition of the starting
oil and the desired concentration and purity of the omega-3 fatty acids in the
final product. If theaim isto obtain avery high concentration of omega-3 fatty
acids in the end product, it is important to choose techniques which work
together in a complementary fashion. This may typically be a combination of
techniques which are selective on the basis of molecular size and other
techniques which are selective on the basis of the degree of unsaturation. An
example of such complementary techniques is urea fractionation combined
with molecular distillation.

Traditionally, cod liver oil and fish body oils are winterized (cooled and
filtered) before sale in order to avoid precipitation during refrigeration and in
order to sell the ‘stearin’ that is formed by this process. Winterization also
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112 LONG-CHAIN OMEGA-3 SPECIALTY OILS

dlightly increases the content of polyunsaturated fatty acids in the oils. Fish
body oils produced in this way have typically been declared to contain 30%
eicosapentaenoic acid (EPA) plus docosahexaenoic acid (DHA). However,
these values often reflect area percentages as analysed by gas chromatography;
measured weight percentages are somewhat lower (Ackman et al., 1989).
Fractional crystallization of commercial oilsat low temperatures may bring the
content of EPA plus DHA up to around 40%, but at the cost of very low yields
(Norsk Hydro, unpublished results). Phospholipids from Antarctic krill oil are
another potential source of oil with a combined EPA plus DHA content of
around 40% (Ellingsen, 1982), when sufficient commercial volumes can be
made available.

The upper limit of EPA plus DHA inwinterized fish oilsis partly due to the
omega-3 fatty acids being evenly distributed among the triacylglycerol mol-
ecules, and predominantly located in the sn-2 position of the glycerol backbone
in fish oils (Brockerhoff et al., 1963). This distribution can be studied by *C
NMR (Gunstone & Seth, 1994), and the predominant location in sn-2 positions
seems to be more pronounced for DHA than for EPA (Gunstone & Seth, 1994,
European Pharmacopoeia, Monograph 1910; Pharmeuropa, 2006). One ap-
proach to improve the concentration of omega-3 fatty acids by winterization
would be to obtain a continuous rearrangement of the triacylglycerol moieties
at low temperatures, and remove the crystalline triacylglycerols as they are
formed. These latter triacylglycerols would contain the fatty acids with the
lowest degree of unsaturation, while the remaining liquid oil would experience
an increase in the content of polyunsaturated fatty acids.

In most practical approaches the oils are transesterified with ethanol, or
hydrolysed to free fatty acids or their salts, and the fractionation scheme is
designed from this point. Procedures using methyl esters were common some
yearsago, but now seem to have been abandoned, probably in order to avoid the
small amounts of methanol that are formed during intestinal hydrolysis.

The concentration of polyunsaturated fatty acids or fatty acid esters in the
triacylglycerols can be increased by fractional crystallization (Haraldsson,
1984). Crystallization is a mild procedure especialy suitable for the polyun-
saturated fatty acids, but unfortunately the separation of polyunsaturated fatty
acidsfrom one another worksless satisfactorily than the separation of saturated
fatty acids from monoene acids (Gunstone et al., 1994). Purification of poly-
unsaturated fatty acids by crystallization is best performed using organic
solvents and very low temperatures, making the process less attractive for
industrial utilization.

Table 1 showsdifferent fractionation techniquesfor separating fatty acids or
fatty acid monoesters, categorized according to whether they mainly depend on
molecular size or the degree of unsaturation. Some techniques depend on both
principles. A more detailed discussion of each of the fractionation techniques
follows below.
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Table1l. Fractionation techniques categorized according to working principle

Influenced by:

Fractionation technique Molecular size Degr ee of
unsaturation

Counter-current extraction of fatty acid salts +2 ++
Molecular distillation ++ -

Urea fractionation +b ++
Supercritical fluid fractionation ++ +¢

Preparative chromatography ++ ++
Enzyme reactions + ++
Silver nitrate extraction - ++
|odolactones - ++d

+, Influences the degree of fractionation. ++, Strongly influences the degree of fractionation. —, Not
involved in the fractionation process. #The salts of short fatty acids are extracted first. ®See details in
Section B.3. ‘Characteristic for ‘ extrography’ ; see further detailsin Section B.5. “Depends primarily on
the size of the iodolactone ring, which in turn depends on the position of the double bond closest to the
fatty acid group; see further detailsin Section B.8.

There are severa rationales for producing concentrates of omega-3 fatty
acids. For the individual taking a pharmaceutical preparation or an omega-3
supplement, it is beneficial both to reduce the volume of the capsules to be
swallowed and the calories ingested from unwanted fatty acids. Achieving a
high omega-3 concentration can therefore be critical for devel oping convenient
and practical therapeutic formulations. Another very important advantage is
that, even when the same quantities of omega-3 fatty acids areingested, greater
biological effects are observed in patients taking more concentrated formula-
tions (Bryhn et al., 2006). For functional food applications, concentrates of
omega-3 fatty acids will be more suitable for ‘low-fat’ applications than the
starting fish ails.

When comparing published results based on different concentration tech-
niques, it is important that the comparisons are based on results originating
from documented analytical procedures. Only procedures based on weight
percentages should be used to determine the composition of omega-3 fatty
acidsinasample. Very often, however, published fatty acid compositionshave
been based on normalized area percentages from gas chromatograms. It is
especially important to keep thisin mind when comparing data given in older
publications. For those working in the field, a significant change in teaching
was experienced when Einig and Ackman (1987) proposed a method using
tricosanoic acid (23:0) as an internal standard, and experimentally determined
response factors for EPA and DHA. This method, and aring-test published by
Joseph and Ackman (1992), can be seen as starting points for the devel opment
of several national and international analytical procedures. A detailed discus-
sion of analytical issuesis given by Curtisin Chapter 9 of this book.
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B. Fractionation techniques

1. Counter-current extraction of fatty acid salts

Counter-current extraction of solid soap formed from fish oil isan old process
(Notevarp et al., 1951), originally primarily intended for the production of
good drying oils for painting purposes.

According to this process, fish ail istreated with sodium hydroxide to form
solid soap. The soap is cut up into thin flakes and extracted using continuous
counter-current extraction, typically with methanol as a solvent. An extract is
formed which is enriched with the sodium soaps of the polyunsaturated fatty
acids, whereas the undissolved material primarily consists of the sodium soaps
of the saturated and monounsaturated fatty acids. The concentrated soap
solution is acidified, and after isolation of the free fatty acids the fatty acid
concentrate may be converted to ethyl esters or acylglycerols. Such a process
was from around 1986 used by Jahres Fabrikker in Norway for the commercial
production of concentrates of up to around 50% EPA plus DHA (P. Sletnes,
personal communication).

It should be pointed out that, for soaps of fatty acids with the same number
of double bonds, methanol has a solvent power that decreases with increasing
chain length. As aresult a concentrate made by counter-current extraction of
soap has a somewhat different fatty acid composition than a concentrate
produced by molecular distillation. Provided the same raw material is used for
both processes, the product from counter-current extraction can be expected to
contain |ess saturated and monounsaturated C,, and C, acids, but moreC_—C
fatty acids, and also more 18:4, than the product from molecular distillation.

A reasonable estimate of the relative increase in the concentration of long-
chain omega-3 fatty acids obtained by this extraction techniqueis:

DHA > EPA > 21:5n-3 > 22:5n-3 > 20:4n-3

2. Fractionation by molecular distillation/short-path distillation

Separation by distillation depends on the relative volatility of the different
components in a mixture. For a mixture of fatty acids or fatty acid esters the
separation will depend on the relative chain lengths of the fatty acids.
Distillation of saturated fatty acids and fatty acid esters is a common
fractionation technique. However, the lability of polyunsaturated faity acid
derivativesto heat prevents the use of distillation through traditional columns,
unless oneiswilling to accept appreciable amounts of decomposition products
(Ratnayake et al., 1988; Wijesundera et al., 1989; Mjgs & Solvang, 2006).
Due to the much lower temperatures and very short heating intervals
involved, polyunsaturated fatty acid esters may be distilled by short-path
distillation (molecular distillation) without any apparent decomposition taking
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Figure 1. Schematic vertical section of a short-path distillation still. 1, Residue nozzle. 2, Heating
jacket. 3, Wiper system. 4, Vacuum chamber. 5, Condenser. 6, Feed nozzle. 7, Motor. 8, Shaft with
distribution plate for feed oil. 9, Heating oil (out). 10, Heating oil (in). 11, Vacuum connection. 12,
Cooling liquid (out). 13, Digtillate nozzle. 14, Cooling liquid (in). Figure reproduced by permission of
UIC GmbH, Alzenau-Horstein, Germany.

place. Figure 1 schematically shows a cross-section of a short-path distillation
apparatus. Thisconsistsin principle of avertical cylinder with aheating jacket
and containing arotor and condenser. The rotor is equipped with wiper blades
or rollers, which are used to create athin film of theoil that isbeing fed into the
inside of the cylinder. By means of gravity and the force of the wipers, thisthin
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film flows downwards in a spiral path. The volatile portion of the product
evaporates and then condenses at the surface of the internal condenser. The
distillation takes place at pressuresaslow as0.001 mbar, and in order to reduce
the pressure drop there is very short distance from the heating surface to the
surface of the condenser.

However, the degree of fractionation that can be obtained with thismethod is
limited, andinorder to obtain sufficient concentration effectstheyieldsare often
prohibitively low. Short-path distillation alone is probably only economically
acceptable in cases where the total concentration of omega-3 acid esters is
increased up to around 65% (the sum of EPA plusDHA being greater than 50%).

Generally, the product oils are distilled as ethyl esters. Because of the
absence of hydrogen bonding, fatty acid ethyl esterswill distil at slightly lower
temperatures than the corresponding free fatty acids.

As the molecular weight is lowered by 2 units for each introduction of a
doublebond to afatty acid with agiven chain length, in principle one should be
able to use distillation to separate long-chain polyunsaturated fatty acids
according to their degree of unsaturation. In theory the long-chain polyunsatu-
rated fatty acids would be distilled in the following order, with the most easily
distilled fatty acid listed first:

EPA (20:5n-3) > 20:4n-3 = 20:4n-6 > 21:5n-3 >
DHA (22:6n-3) > 22:5n-3 = 22:5n-6

However, short-path distillation represents such alimited degreeof fractionation
that the differentiation between polyunsaturated fatty acids of the same chain
length remains close to negligible. According to Perry and Chilton (1973), the
maximum degree of separation available in a single pass through a short-path
(i.e. molecular distillation) still is one ‘theoretical plate’. This obviously gives
very poor separations. Perry and Chilton (1973) found that if fractions are
withdrawn at equal time intervals and uniform increments of temperature, the
variation of yield of a component A in the distillates follows a smooth
probability curve, and this applies also to components B, C, ...N, so that the
concentrations of each component overlap. Thismeansthat for estersfrom fish
oil, which contain numerous fatty acids with similar volatility, molecular
distillation can only give limited concentration effects.

For the preparation of very high concentrates of omega-3 acids, molecular
distillation may be used as afirst concentration step. Molecular distillation is
also an important tool in ensuring a constant ratio of EPA to DHA in thefina
product, thus compensating for variations in the fatty acid distribution of the
starting fish ail.

Distillation has the beneficial effect that it separates the fatty acids or fatty
acid esters from oligomeric or polymeric material that might have been
generated from oxidation of the original fish oil or during preceding separation
steps. Thisfact isrecognized by the European Pharmacopoeia (Ph.Eur.), which
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specifiesmolecular distillation as a mandatory production step for the prepara-
tion of concentratesof omega-3fatty acid ethyl esters(European Pharmacopoeia,
Monographs 1250, 2062).

If the starting fish oils have been stored for long periods of time, ethylation
or hydrolysis followed by molecular distillation will represent a quality assur-
ance by removing heavy oxidation by-products that may have been formed
during storage. As the ethyl esters distil at a lower temperature than the
corresponding freefatty acids, thedistillation of ethyl estersmay be considered
preferable. From a chemical point of view, the distilled ethyl esters can be
considered to have improved purity compared to the starting fish oil. Concen-
trates prepared via other fractionation techniqueslike ureafractionation should
normally be subjected to molecular distillation in order to remove impurities,
see also Section B.3 below.

Purification by molecular distillation is normally performed as a two-step
process. In the first distillation step, the light (short-chain) impurities are
removed asthedistillate. Theresiduefrom thisdistillationisthen transferred to
asecond distillation still, where the bulk of the oil isdistilled; the residue from
this step, which contains heavy by-products, is discarded.

Molecular distillation in combination with selective enzymatic transesteri-
fication of fish oilsis discussed in Section B.7.

Molecular distillation of fish oil to which a small fraction of a volatile
‘working fluid’ hasbeen added (see Section C.1) givesavery efficient removal
of organic environmental pollutants (Breivik & Thorstad, 2005).

3. Fractionation by urea complexation

Urea has the very useful property of forming solid complexes with straight-
chain organic compounds. Under normal conditions urea crystallizes in
tetragonal form, while in the presence of straight-chain aliphatic compounds it
forms hexagonal prisms containing a channel in which the aliphatic com-
poundsaretrapped. Thisprincipleworkswithall aliphatic compounds, including
hydrocarbons, acohols, fatty acids and esters.

When fatty acids or fatty acid esters are added to a solution of urea, a
crystalline complex isformed with the more saturated fraction of theacids. Due
to alack of steric irregularities, the saturated fatty acids will easily be trapped
into the channels of the urea complex, and thus form more stable adducts than
the monounsaturated fatty acids, which again form more stable complexesthan
the polyunsaturated fatty acids (see more detailed discussion below). The
crystals can then be removed, leaving araffinate of polyunsaturated fatty acids
or fatty acid esters.

The principle of urea fractionation was discovered by Bengen (1940)
through a combination of coincidence followed by skilful work. After World
War |11 the German patent application and subsequent findingswere transferred
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to the Allies, and the research work was followed up by the Standard Oil
Company and Shell (Schlenk, 1954). For the reader who enjoys historical
notes, an exciting account of this story is given by Marschner (1955), in
addition to the thorough review by Schlenk (1954). An early and extensive
review of ureacomplexation asatool in separation processeswas also given by
Swern (1963), and this still makes useful reading.

Urea fractionation has been used with both free fatty acids and methyl or
ethyl esters of the fatty acids. Sometimes the free fatty acids are used because
their solubility in the urea/alcohol solution is higher than that of the corre-
sponding alkyl esters (Ratnayake et al., 1988). However, when using free fatty
acids, partial esterification may occur with the alcohol that is used as the
solvent (Haagsma et al., 1982). This could be considered as a disadvantage,
especially if methanol is used as the solvent for the urea fractionation step.
From a health and safety aspect, it should also be pointed out that the common
procedure of converting the concentrate of free fatty acidsto ethyl estersusing
a mixture of absolute ethanol and concentrated sulphuric acid involves an in
situ generation of the toxic and probably carcinogenic reagent diethyl sulphate
(Anon., 2000). Urea fractionation cannot be applied to triacylglycerols.

When fractionating esters, it is common first to transesterify the triacyl-
glycerolswith acohol and isolate the esters before the urea complexation step.
However, combined in situ esterification and urea fractionation may also be
performed (Breivik et al., 1985).

If the starting material for urea fractionation contains residual amounts of
phospholipids, the formation of urea complexes is greatly reduced, and the
formation of complexes will also be reduced by the presence of partial
acylglycerols (Hayes et al., 2000).

Not only completely straight-chain aliphatic compounds will form urea
complexes, but also unsaturated, branched-chain and cyclic compounds, pro-
vided that there is a sufficiently long straight chain in the molecule, and the
branch or cycleis not too large. Almost all naturally occurring fatty acids and
their corresponding n-alkyl esters are able to form crystalline urea complexes
(Schlenk, 1954; Swern, 1963).

As aconsequence of this, ureafractionation does not concentrate all omega-
3 fatty acids to the same degree. There will remain residua amounts of all
polyunsaturated fatty acids in the urea complexes, the relative amounts differ-
ing among the different acids. This means that small proportions of EPA and
DHA are also lost in the complexes. And while small amounts of the omega-3
fatty acid 20:3n-3 can befound infish oil (see, for example, the chromatogram
in European Pharmacopoeia, Monograph 1192), this acid is not found in
appreciable amounts in concentrates based on urea.

Based on experiments with herring oil, Linko and Karinkanta (1970) con-
cluded that the degree of formation of ureacomplexes of polyunsaturated fatty
acids will:
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(i) increase with the length of the carbon chain;

(if) decrease with the number of double bonds;

(iii) increase with the distance from the first double bond to the carbonyl
group of the fatty acid ester (commonly known as the A value).

From thistheory of the tendency of incorporation it should be possible to rank
the long-chain omega-3 fatty acids in the following order according to their
tendency to form urea complexes:

20:3n-3 (A11-20:3) > 20:4n-3 (A8-20:4) > 22:5n-3 (A7-22:5) >
21:5n-3 (A6-21.5) > EPA (A5-20:5) > DHA (A4-22:6)

In an optimization study on the free fatty acids of seal blubber oil, Wana-
sundara and Shahidi (1999) have shown that, in addition to the urea-to-fatty
acid ratio, the crystallization time and the crystallization temperature also
affect the concentration of EPA, DHA and total omega-3 acids. Similar
optimizations could be recommended for al starting materials used for urea
fractionation. As the free fatty acids are more soluble in alcohol than the
corresponding ethyl esters, al optimization studies should be carried out with
the same chemical derivative as intended for the starting material.

Asmight be expected, ureafractionations will act differently for the various
oxidation and isomerization products that can be formed from polyunsaturated
fatty acids. Peroxides of fatty acids form urea complexes to a very limited
degree (Schlenk, 1954). However, trans fatty acids form urea complexesto a
greater degree than the original cis fatty acids (Hayes, 2002a,b). Polymeric
oxidation products will not be expected to form complexes with urea, and will
thus be concentrated by this fractionation step.

Urea fractionation of fish oils, without the addition of other fractionation
techniques, is assumed to give atotal of up to 70% omega-3 faity acidsin the
final product, and this degree of concentration is estimated to be relatively
constant independent of the starting fish species (Ackman et al., 1988).

By adding an initial molecular distillation procedure in order to increase the
omega-3 content above that of the ethyl esters of thefish ail, higher concentra-
tions of omega-3 fatty acids can be formed by urea fractionation than if the
precipitation is performed directly on the ethyl esters from the starting fish ail.
The removal of short-chain fatty acids by distillation also reduces the amounts
of urea that are required as reagent. Still, urea fractionation as a tool for
obtaining omega-3 concentrates involves large amounts of reagents and by-
products. The volumesinvolved areillustrated by the following early scale-up
experimentsfrom Norsk Hydro: 29 800 kg of ethyl estersof fish oil, containing
approximately 28% EPA plus DHA, was distilled by a two-step molecular
distillation to give 9575 kg of product that contained approximately 50% EPA
plus DHA. Precipitation with 16 150 kg ureain ethanol gave 18 890 kg of urea
complex and 3140 kg of omega-3 concentrate (84% EPA plus DHA) that was
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further purified (Breivik, 1992). The combined recovery of EPA and DHA was
approximately 57% after molecular distillation and approximately 31% after
urea fractionation. The Norwegian company Pronova Biocare AS annually
utilizes several hundred tons of urea for the fractionation of ethyl esters.

Several approaches may be used in order to regenerate urea and fatty acids
from the ureaadducts. One approach isto extract thefatty acids/fatty acid esters
from the adducts using an organic solvent such as isooctane under reflux
conditions, but such a procedure does not lend itself easily to industrial
utilization. Another approach is simply to heat the urea adduct above the
melting point of urea (133°C), when thefatty acid components and the ureawill
separate into two liquid layers. A disadvantage with the latter approach is that
high temperatures favour the formation of biuret, a condensation product of
urea. This may limit the use of the regenerated urea as fertilizer.

It has been shown that carbon dioxide in the supercritical stateiswell suited
for the separation of fatty acid ethyl estersfrom ureaadducts (Kulds & Breivik,
1999). It has been demonstrated that supercritical fluid extraction can be
designed in such away asto selectively extract EPA and DHA ethyl estersfrom
the ureaadducts, primarily by performing the extraction under mild conditions,
typically at temperatures of 40-50°C. By repeating the extraction at atempera-
ture above 70°C, the less unsaturated fatty acid esters could also be separated
from the urea, leaving the regenerated urea well suited for use in new
fractionation reactions. Ureafractionation can be performed in several steps. In
such a multi-step procedure, the urea adducts from the later steps will contain
increasing amounts of omega-3 acids. The above extraction procedure is
especially suited for extracting the omega-3 acids from the urea adducts from
theselater steps, whereby extracts containing the ethyl estersof EPA plusDHA
in concentrations above 60% can be obtained (Kulas & Breivik, 1999). These
results, showing a selective extraction of the long-chain omega-3 fatty acids,
arein contrast to the results from supercritical fluid CO, extraction of mixtures
of ethyl estersof fatty acids, wherethe short-chain fatty acidsare extracted first,
due to their higher solubility in the supercritical solvent (Nilsson, 1996). The
results can be explained by EPA and DHA forming weaker complexes with
urea than the more saturated fatty acids.

Thelargevolumesthat areinvolved in ureafractionationillustratethat, in the
commercial production of omega-3 concentrates, it is a clear advantage to be
able to integrate the production into an existing system which can recirculate
the solvents and make use of the by-products. On the other hand, when
introducing the production of medicinal productsto equipment that isnormally
used for traditional aspects of the fatty acid industry, it inevitably becomes
necessary to invest significant resources into establishing adequate systems to
ensure adherence to good manufacturing practice (GMP).

Concentrates produced by urea fractionation do not have a purity suited for
direct use in supplements or pharmaceutical preparations. Often such concen-
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trates will be further purified using molecular distillation. The European
Pharmacopoeia specifiesthat ‘ omega-3 acids ethyl esters 90’ is produced from
fish oil by physicochemical purification processes, including ureafractionation
followed by molecular distillation (European Pharmacopoeia, Monograph
1250).

4. Extraction with aqueous silver nitrate

Complexation with a concentrated agueous solution of silver ions represents
another method for increasing the concentration of polyunsaturated fatty acids.
This method works according to a different principle than fractionation by
urea. If an ethyl ester mixture containing polyunsaturated fatty acidsis stirred
with a concentrated agueous solution of silver nitrate, the most unsaturated
fraction of the fatty acid esters (including EPA and DHA) will be brought into
the agueous sol ution by complexation with the silver ions. Componentswith no
polyunsaturated moiety will remain in the organic phase.

After removal of the organic phase, the ethyl esters of the polyunsaturated
fatty acids are easily separated by the addition of water to the aqueous solution.
The added water breaks the strong bonding between the polyunsaturated fatty
acidsand the silver, and the ethyl esters of the polyunsaturated fatty acidsform
a separate organic phase.

While the concentration of omega-3 fatty acids by urea fractionation is a
passive process in the sense that the urea reacts with the less unsaturated fatty
acids, complexation with silver ions is a concentration process that interacts
directly with the polyunsaturated fatty acids. This means that the pattern of
minor components will be very different in concentrates prepared by silver
compl exation than in those prepared using the more common ureacomplexation
process. As an example, like the starting fish oils, concentrates from urea
fractionation will contain traces of branched fatty acids and furan fatty acids
(Odden, 2006), while such acids will be virtually absent from concentrates
prepared by silver complexation (H Breivik & E Odden, unpublished results).

As the agueous silver nitrate reagent is easily regenerated, this fast and
efficient concentration method lends itself to preparative separation purposes.
It should be documented that the complexation with silver ions does not lead to
partial isomerization of the polyunsaturated fatty acids, or to possibly toxic
traces of silver in the product. However, for full-scale production the large
amounts of silver required may very well represent a prohibitively high initial
investment, and it is not known whether this technology has been taken into
practical use.

5. Supercritical fluid fractionation

Supercritical fluid technology can be used to fractionate derivatives of fatty
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acids, including omega-3 fatty acids. The most commonly used solvent is
carbon dioxide. For carbon dioxide the critical point occurs at 73.8 bar and a
temperatureof 31.1°C, sothat the supercritical state can be obtained under mild
conditions, without causing stability problems related to polyunsaturated fatty
acids. The solvent power of a supercritical fluid increases with increased
density. The density can be varied by varying the temperature and/or the
pressure, and pressure modulation can be used to facilitate fractionation of a
mixture of homologous compounds. If the top of the extraction column is
heated to a higher temperature than the lower part of the column, the density of
the supercritical phase in the upper part of the column decreases. Asaresult of
this, a fraction of the less soluble material (i.e. higher molecular weight
compounds within a homologue group) precipitates. The precipitated fraction
creates a descending flow in the column, and this flow interacts with the
ascending supercritical phase in a manner analogous to the interactions of the
condensed phase in an ascending stream of evaporated material in atraditional
distillation column. Eisenbach (1984) used this concept of an extraction unit
witha‘hot finger’ to separatefractionsof C, and C_, fatty acid ethyl estersfrom
cod liver ail. This was further developed by Nilsson et al. (1989) using an
extraction column with four zones with individually controlled temperatures.
By increasing the temperature of the column, the density (and thus the solvent
power) of the supercritical fluid is decreased. This generates a ‘reflux’ which
aidsinimproving the separation of thefatty acid esters, and can also be used for
the purification of concentrated omega-3 triacylglycerols (Perrut et al., 1997).

As the separation is dependent on molecular size, and not on the degree of
unsaturation, it is recommended to perform a concentration step prior to the
extraction in order to remove more saturated fatty acids. In this way, the
technique is well suited for further purification of a product which has been
fractionated by urea complexation.

A further development of supercritical fluid technology, coined‘ extrography’
by French researchers, combine features of extraction and chromatography
(Zetzl etal., 1994) and could improvethe economy of supercritical fractionation
of omega-3 fatty acids. This technique can be considered as three-phase
chromatography, consisting of the adsorbent (the chromatographic stationary
phase where interactions with the fatty acid double bonds can take place) and
abiphase fluid. This technique can give better separation than extraction, and
higher productivity than chromatography, and should have good potential for
the manufacture of purified fractions of omega-3 fatty acids.

A detailed review of supercritical fluid extraction and fractionation of fish
oils has been given by Nilsson (1996).

6. Production-scale chromatography

As the recirculation of eluent represents a major part of the total cost of a
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preparative chromatographic process, the economy of such a process can be
significantly improved if the organic eluent is substituted with a fluid in the
supercritical state, preferably with carbon dioxide asthe main component. CO,
has low manufacturing costs, is non-toxic and has good physicochemical
properties with a critical temperature close to ambient. At the same time the
task of producing a product with no remaining trace of possible harmful
solvents will be much ssimplified.

The first pilot plant for supercritical fluid chromatography was built by
Perrut and hisgroup in Nancy, France (Perrut & Jusforgues, 1986, 1989). Early
during thisdevel opment it was shown that separation based on chain length can
be combined with separation according to the degree of unsaturation, making
supercritical fluid chromatography suitable for the production of purified ethyl
esters of each of the two main omega-3 fatty acids, EPA and DHA (Breivik &
Perrut, 1988; Berger & Perrut, 1990).

The concentration of specific fatty acids may be facilitated by choosing a
suitable raw material. Alkio et al. (2000) used esters from tuna oil to obtain
ethyl esters of DHA at a purity above 95%. However, in the commercial
production of large volumes of highly purified EPA and DHA it will be
necessary to use pre-concentrated feeds for the chromatographic separationsin
order to avoid overly high costs.

Simulated moving bed (SMB) chromatography is a continuous purification
technique based on aflow of eluent moving counter-current to a constant flow
of solid stationary phase, and thistechniqueissuited for the purification of EPA
and DHA from pre-concentrated feeds (Nicoud et al., 1993). As opposed to
traditional batch chromatography, with single injections of feed separated by a
time sufficiently long to avoid overlap in the chromatographic column, SMB
allows continuously injected feed material to be separated, and this improves
the throughput of the equipment. Inanindustrial processitishardly possibleto
provide a continuous flow of stationary phase. In SMB the counter-current of
eluent and stationary phase is ssimulated by a system of columns which is
organized in a ring formation consisting of four sections with one or more
chromatographic columns per section (Figure 2). The positions of thetwo inlet
streams (feed and eluent) and the two outlet streams (extract and raffinate) are
switched at regular time intervals in the direction of the liquid flow, thus
simulating counter-current movement of the columns. For SMB with a
supercritical fluid as the eluent, the system can be further developed by
including a system for modulating the solvent power by varying the solvent
density (compare Section B.5). In a continuous counter-current system, this
effect can be obtained by pressure modulation, rather than by variation of
temperature.

Comparisons of the use of liquid versus supercritical eluent in preparative
chromatography, and of the use of a single column versus SMB, have been
published (Nicoud et al., 1997). In both cases the aim wasto produce 95% pure
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Figure2. Schematic representation of the concept of simulated moving bed (SMB) chromatography at
timet and (t + AT). The simulated counter-current movement of the colums is created by at regular
interval s switching the positions of theinlet streamsfor feed and eluent and the outlet streamsfor extract
and raffinate in the direction of the liquid flow. Figure reproduced by permission of NovaSep SA,
Pompey, France.

Table2. Comparison of preparative high-performance liquid chromatography and
preparative supercritical fluid chromatography for the production of 95% EPA and 90%
DHA from an ethyl ester feed containing 50% EPA and 35% DHA&P

Eluent®
Parameter Liquid Supercritical fluid
Productivity (per day) 10 kg feed 11 kg feed

4.5 kg EPA 5kg EPA
2.5 kg DHA 2.7 kg DHA
Eluent consumption (I/kg product) 700 2200 (measured as liquid CO,)

aAdapted from Nicoud et al. (1997). "Column size: 30 cm internal diameter; 25 cm length (axia
compression). Stationary phase: RP18 Lichrospher (Merck KGaA) with particle size 15 um. Eluent:
Water:acetone (20:80), 25°C, for liquid chromatography; CO, at 130 bar, 50°C, for supercritical fluid
chromatography.

EPA ethyl ester and 90% pure DHA ethyl ester from a feed containing
approximately 50% EPA and 35% DHA.

As can be seen from Table 2, the productivities were similar for the liquid
and supercritical eluents, but the supercritical CO, had the advantage of much-
reduced down-processing needs.

The use of continuous versus batch chromatography did not change the
productivity very much when using theliquid eluent. When comparing systems
with identical total column volumes, the same amounts of feed per time unit
could be processed. However, therecovery of EPA and DHA wasimproved for
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Table3. Comparison of supercritical fluid single column (batch) and simulated moving
bed (SMB) chromatography?®

Supercritical fluid system

Parameter Batch® SM B¢

Productivity (per day) 11 kg feed 12 kg feed
5 kg EPA 5.5 kg EPA
2.7kgDHA 3 kg DHA

Eluent consumption (I/kg product, measured as liquid CO,) 2200 250

aA dapted from Nicoud et al. (1997). PFeed and product compositions, €l uent, stationary phase, and single
column (batch) conditions asin Table 2. °SMB conditions: 8 columns of 19 cm internal diameter and
8 cm length (axial compression), pressure modulation around 130 bar, 50°C.

the continuous system, such that the amounts of purified EPA and DHA were
increased by approximately 10%, while the solvent consumption was reduced
by approximately 15%.

However, for supercritical fluid chromatography, continuous conditions
gave by far the best results. With pressure modulation around 130 bar for the
SMB system, the amounts of purified EPA and DHA wereincreased by around
10%, while the eluent consumption was reduced by more than 85% compared
to the single column system (Table 3).

If the continuous system was operated at 130 bar isocratic (i.e. no pressure
modulation), the eluent consumption wasincreased from 250 to 600 I/kg, while
the productivity was reduced so that only 7 kg feed could be processed per day,
resulting in a production of approximately 3 kg EPA and 1.5 kg DHA.

The overal conclusion from the above work is that, for the purification of
EPA and DHA from pre-concentrated feeds, ssmulated moving bed chromatog-
raphy, using apressure gradient with supercritical carbon dioxide asthe eluent,
gives higher productivity and uses less solvent than traditional production-
scale chromatography.

In the exampl e above, the stationary phase was not optimized with regard to
separation performance. However, it should still represent a good comparison
between liquid and supercritical fluid chromatography, as well as continuous
versus batch chromatography.

Increased separation performance can be obtained by using other packing
materials. Aminopropyl-bonded silica is one example of a packing material
that looks promising for separations of omega-3 fatty acids (Sakaki, 1993),
even though this currently still seemsto be commercially available for analyti-
cal purposes only.

7. Enzymatic reactions
The enzymatic modification of marine lipids, including details regarding
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Figure3. Outlineof principlefor theconcentration of EPA/DHA vialipase-catal ysed transesterification.
PSL, Pseudomonassp. lipase. R, any fatty acid. EPA and DHA areconcentrated inthemonoacylglycerol
fraction (adapted from Breivik et al. 1997). When this scheme is combined with the removal of ethyl
esters and short-chain monoacylglycerolsby short-path distillation, the concentration of EPA plusDHA
is further increased (see numerical valuesin Table 4).

enzymesfor the concentration of omega-3fatty acids, iscoveredindetail by Xu
et al. in Chapter 6 of this book.

Concentrates based on enzymatic processing can give products with a
different fatty acid profile than those produced by the physicochemical separa-
tion processes described above. To illustrate this point, an example is given
below of how enzymatic processing can be combined with more traditional
separation techniquesin order to improve overall productivity and yields. This
example demonstrates that lipase-catalysed transesterification is an excellent
alternative to traditional esterification and short-path distillation for concen-
trating the combined omega-3 content of fish oils. If the am is to produce
highly concentrated omega-3 products, the product from lipase-catalysed
transesterification will bewell suited asastarting material for other fractionation
techniques, such as urea fractionation.

As discussed above in Section B.2, short-path distillation is not usually
regarded as being suitable for difficult separations. However, short-path distil-
lation has proved to be surprisingly advantageous for separating the EPA- and
DHA-containing acylglycerols from the saturated and monounsaturated ethyl
esters formed from lipase-catalysed transesterification (Breivik et al., 1997).
An outline of the preceding enzymatic process is shown in Figure 3. Details
regarding the enzymatic process conditions are given by Haraldsson et al.
(1997).

A product containing atotal of 40.1% (as determined by gas chromatogram
area percentages) EPA plus DHA in the combined acylglycerol fractions was

74



CONCENTRATES 127

Table4. Composition of fractions after separation by short-path distillation of the
reaction mixture from a PSL-catalysed ethanolysis of fish oil?

Composition of fraction

Processing stage TAG DAG MAG EE EPA DHA EPA+DHA
%) (%) (%) (%) (%) (%) (%)

After degassing 11.2 35.5 19.7 336 164 11.0 27.4
Distillate - 0.9 10.6 88.5 3.6 34 7.0
Residue 185 54.0 25.2 23 291 18.2 47.3

aAdapted from Breivik et al. (1997). PAreapercentage asdetermined by high-performancesize-exclusion
chromatography. °Areapercentage asdetermined by gaschromatography. PSL, Pseudomonassp. lipase.
TAG, triacylglycerols. DAG, diacylglycerols. MAG, monoacylglycerols. EE, ethyl esters. —, Not
detected.

formed by adding the Pseudomonas sp. lipase (PSL) to fish oil containing a
stoichiometric amount of ethanol, and without any solvent. After removal of the
lipase, the reaction mixture was passed through a short-path distillation still at
80°C and under vacuum to removevolatile components, followed by distillation
in the short-path digtillation still at 125°C, 0.005 mbar. This gave a distillate
(47.4%) and aresidue (51.3%). Asshownin Table 4, theresidue after short-path
distillation contained 47.3% EPA plus DHA, compared to 40.1% in the
combined acylglyceral fractions of the starting reaction mixture. Thereason for
thisincrease isthat part of the monoacylglycerols of fatty acidswith low chain
length (below C, ) will bedistilled, whilepart of theethyl ester fractionwithlong
chainlength (C,, and above) will remainwith the residual acylglycerol mixture.
Thismeansthat part of the EPA and DHA that had been transesterified will still
remain in the residue fraction after distillation, while part of the non-esterified
fatty acids with lower chain lengths will have been distilled off.

In the experiment described above, the recovery of EPA and DHA from the
starting fish oil was approximately 88%, a significant increase from the 57%
recovery documented when using a traditional two-step short-path distillation
from fish ail ethyl esters.

The supply of high-quality fish oils with high concentrations of omega-3
fatty acids is limited. On a commercial scale there is a need to increase the
recovery of the omega-3 fatty acids, and to reduce the bulkiness of the overall
concentration process. Both these objectives can be attained by introducing an
enzymatic step to the process.

While aprocedure as described above will giveaninitial concentrate of EPA
and DHA, in subsequent steps an enzyme like Mucor miehei lipase, which
selectively favours the esterification of EPA rather than DHA might be used,
thereby permitting the separation of these two omega-3 acids (Breivik et al.,
1997). In this way, enzymatic processes could also be investigated as alterna-
tives to chromatographic separations.
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Figure 4. Reversible iodolactone formation of EPA and DHA. Because five-ring iodolactones are
more stable than six-ring iodolactones, DHA forms iodolactone at a higher rate than EPA, while EPA
reacts faster than DHA during the reverse reaction.

8. lodolactones

Unsaturated fatty acidsreact with potassium bicarbonate, iodine and potassium
iodide to form iodolactonesif thereisadouble bond in the 4-position (asin the
case of DHA) or 5-position (asin the case of EPA). The unsaturated fatty acids
can then be regenerated from the iodolactone by reaction with iodotrimethyl-
silane (Gunstone, 1994).

This chemical modification process is especially suited for the isolation of
DHA fromfish oil or concentrates of omega-3 fatty acids (Wright et al., 1987).
After saponification of cod liver oil, unsaponifiable compounds such as waxes
and sterols are removed by extraction. After removal of most of the saturated
and monounsaturated fatty acids by precipitation of their lithium salts, a
mixture concentrated in polyunsaturated fatty acidsis obtained. By adding 1.2
equivalents of iodine and potassium iodide, calculated from the amount of
DHA that is present in the mixture, and using agueous tetrahydrofuran as a
solvent, the more stablefive-ring iodo-y-lactone of DHA is selectively formed,
rather than the morelabile six-ring iodo-d-lactone of EPA. DHA isregenerated
by treating the iodolactone with iodotrimethylsilane, generated in situ from
chlorotrimethylsilane and sodium iodide (Figure 4).

After workup of the solution containing the unreacted fatty acids from the
first iodolactonization reaction, purified EPA can be obtai ned through a second
lodolactonization reaction using an excess of iodine and potassium iodide
(Corey & Wright, 1988). Following extractive workup, a mixture of the
iodolactones derived from EPA and the residual amounts of DHA is obtained.
When thismixtureistreated with iodotrimethylsilane, sel ective cleavage of the
iodo-0-lactone of EPA occurs as aresult of the greater stability of the iodo-y-
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lactone of DHA. When most of the iodo-6-lactone of EPA has reacted, the
reaction mixture is worked up to yield purified EPA.

The effects of varying the solvent, temperature and ratio of components upon
therate of synthesis of several iodolactones have been studied by Gaiday et al.
(1991), who also point out that this reaction is useful for the synthesis of the
natural biostimulators 4-hydroxy DHA and 5-hydroxy EPA.

The iodolactone pathway has aso been used for the production of several
derivatives of DHA and EPA, including the introduction of hydrophilic
substituents in the 4-position of DHA (Itoh et al., 2006), for the conversion of
EPA and DHA to related sulphur- and oxygen-containing fatty acids (Flock et
al., 1999), for the production of unsaturated marine lipid hydrocarbons
(Holmeideet al., 2001) and biologically active polyunsaturated trifluoromethyl
ketones (Holmeide & Skattebal, 2000), as well as for synthesis of the omega-
3 fatty acid octadecapentaenoic acid (18:5n-3) (Kuklev et al., 1992).

Although theiodol actone pathway representsanon-chromatographic method
to prepare pure DHA and EPA, it is unclear whether this method is currently
being used for industrial-scale production of these two acids.

Arachidonic acid (20:4n-6), whichispresent in small amountsinfishoil, has
a double bond in the 5-position, and therefore can be expected to form
iodolactone at approximately the samerate as EPA, while the omega-6 form of
docosapentaenoic acid (22:5n-6) has a double bond in the 4-position, and thus
may be expected to form iodolactone at a similar rate as DHA.

9. Re-edterification to acylglycerols

For marketing purposes, triacylglycerols are sometimes viewed as being more
‘natural’ than other fatty acid derivatives, for example ethyl esters. Omega-3
concentrates in the form of triacylglycerols are normally produced from the
reaction of freefatty acidsor ethyl esterswith glycerol, and accordingly cannot
easily have a higher chemical purity than the starting materials. Chemical
reaction of glycerol with either free fatty acids or monoesters may result in
partial decomposition or isomerization of the chemically unstable omega-3
fatty acids. A continuoustwo-step supercritical fluid extraction process may be
used to remove both volatile and heavy by-products from re-esterified
triacylglycerol concentrates (Perrut et al., 1997), thus purifying products based
on chemical re-esterification.

In contrast to re-esterification by traditional chemical catalysts, lipase-
catalysed interesterification can yield high-quality triacylglycerol products
that are highly enriched with omega-3 fatty acids (Haraldsson et al., 1989).
Enzymatic reactions under supercritical fluid conditions aso represent possi-
ble routes for the production of pure triacylglycerols (Dummont et al., 1991;
Borg et al., 2002).

By-product formation will be more pronounced the morethere-esterification
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reaction is forced to completion. This fact is recognized by the European
Pharmacopoei a, which statesthat omega-3 acid triacylglycerol sare mixtures of
mono-, di- and triesters of omega-3 acids with glycerol containing mainly
triesters, with an allowed maximum of partial acylglycerols of 50% (European
Pharmacopoeia, Monograph 1352). However, while this maximum will be
appropriate for a product that is intended to be encapsulated, the relative
content of partial acylglycerols might haveto be significantly lowered for other
applications, such as non-encapsulated oils for functional foods. For such
applications, enzymatic re-esterification is deemed essential.

In Chapter 6, Xu and co-workers give a more detailed discussion of the
enzymatic synthesis of omega-3 triacylglycerols.

C. By-productsand contaminants

All processing of polyunsaturated fatty acids may lead to unwanted side
reactions and by-products. When concentratesfirst started entering the market,
there were few standards for the quality of such products, and concentrates
were observed to contain significant amounts of oxidation products, including
polymers(Shukla& Perkins, 1991; Burkow & Henderson, 1991). Thedevelop-
ment of omega-3 concentrates as pharmaceutical products changed this.
Validated assay and test methods have been developed (Tande et al., 1992). In
Europe, the introduction of monographs related to omega-3 products in the
European Pharmacopoeia may be looked upon as pioneering work in defining
the quality of omega-3 containing products. Since 1993 the European Pharma-
copoeia has introduced eight monographs related to such products (see
references at the end of thischapter). Similar devel opmentsare now reported to
taking place in North America. It is recommended that all omega-3 concen-
trates are characterized according to the European Pharmacopoeia or similar
standards.

For omega-3 concentrates there are three main categories of unwanted
components which should be focused on during the development of a separa-
tion scheme:

e compounds naturally occurring in fish oils;

* by-products which are formed during production, including isomers and
oxidation and decomposition products from the polyunsaturated fatty acids;

* contamination during transport and storage, as well as solvent residues and
contamination from reagents.

1. Compounds naturally occurring in fish oils

All componentsin the starting fish oil may, to agreater or lesser degree, also be
present in the final concentrates. These compounds can be not only other fatty
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acid esters, sterols and vitamins, etc., but also persistent environmental pollut-
ants such as dioxins, polychlorinated biphenyls (PCBs) or brominated flame
retardants.

Depending on the degree of fractionation, and the nature of the fractionation
tools which have been utilized in the process, the fatty acid distribution of
omega-3 concentrateswill have changed significantly from that of their marine
origin.

Minor fatty acids which occur naturally in fish oils may show an increase or
decrease in concentration. The effects of urea complexation and silver
fractionation on branched fatty acids and furan fatty acids are discussed above
under Section B.4. Asureafractionation hasavery similar concentration effect
for branched fatty acids and furan fatty acids as for the omega-3 acids, the
amount of these acids per gram of omega-3 acids will be practically the same
before and after fractionation.

Furan acids havefor several decadesbeen known astrace componentsof fish
oil (Gunstone et al., 1978). The furan acids are generated in large amounts by
algae, and they are aso produced by plants and microorganisms (Spiteller,
2005). Fish and other marine organism consume furan acids in their food, and
incorporate them into their lipids (mainly phospholipids and cholesterol es-
ters). Furan fatty acids are also found in plant-derived ails, including olive oil
(Bosdlli et al., 2000) and butter (Guth & Grosch, 1992).

No negative health effects of furan fatty acids have been reported in the
literature. The recent review by Spiteller (2005) attributes several positive
effects to the furan acids due to their effects as antioxidants and radical
scavengers.

The structures of furan acids found in fish oils are shown in Figure 5 and
Table 5. Molecular distillation procedures are designed so as to optimize the
concentration of EPA and DHA. The molecular weights of the ethyl esters of
furan acid 7 and furan acid 8 (nomenclature from Wahl et al., 1993), both
350 g/moal, fall between the molecular weights of the ethyl esters of EPA
(330 g/mol) and DHA (356 g/moal), and thus these furan acids can be assumed
to be concentrated by distillation to asimilar extent as EPA and DHA.. In fish,
furan acid 10 isthe most abundant furan fatty acid (Spiteller, 2005; Wahl et al .,
1993). However, because of its higher molecular weight (378 g/mol), the ethyl
ester of thisfuran acid may haveareduced relative concentrationinthedistilled
concentrate as compared to furan acid 8.

R

/ A\

CH3(CHo)m ™ g~ ~(CHy),,COOH

Figure5. Thegeneral chemical structureof furanacidsfoundinfishoil. See Table 5for nomenclature.
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Table5. Structures of furan fatty acids

Name of acid Structural infor mation®
F-acid? (Fx)® m n R
1 4 4 H
2 4 6 H
3 2 8 H
4 (F1) 2 8 CH,
5 (F2) 4 8 H
6 2 10 H
7 (F3) 4 8 CH,
8 (F4) 2 10 CH,
9 (F5) 4 10 H
10 (F6) 4 10 H
11 2 12 CH,
12 (F7) 4 12 H
13 (F8) 4 12 CH,
14 2 14 CH,

aNomenclaturefromWahl et al. (1993). PAlternative nomenclature, including only 8 of
the most common furan acids, being used by some authors (e.g. see Spiteller, 2005).
°See Figure 5 for location of the substituents n, m and R in the furan ring.

Table6. The amount of furan fatty acids per gram of EPA plus DHA in
the omega-3 concentrate Omacor™ (Pronova Biocare AS, Norway),
relative to the amount in the starting fish oil2®

Furan acid® Relative amount
F-acid 3 0.12
F-acid 4 0.42
F-acid 5 0.77
F-acid 6 0.71
F-acid 7 0.92
F-acid 8 1.03
F-acid 9 0.88
F-acid 10 0.85
F-acid 11 0.71
F-acid 13 0.38

3From Odden (2006). "The composition of Omacor™ complies with European
Pharmacopoeia Monograph 1250. “Nomenclature from Wahl et al. (1993).

This means that for a concentration procedure involving both urea
fractionation and molecular distillation, for some furan fatty acids the amount
per gram of EPA plus DHA can be similar in the concentrate as in the starting
fish ail. For other furan fatty acids the amount relative to the EPA and DHA
content will be somewhat lower than in the starting fish oil. Thisisillustrated
by the analytical results given in Table 6.

80



CONCENTRATES 133

Asthe starting material for making concentrates may contain vitamins A and
D, it will be necessary to monitor the concentrations of these vitamins in the
final product. In contrast to cod liver oil, which hasalong history asavaluable
source of fat-soluble vitamins, the vitamin levels in omega-3 concentrates
should generally be so low as not to influence established routinesfor theintake
of vitamin supplements.

During the storage of the starting fish oils, and during the manufacturing
process, the content of a-tocopherol will normally be reduced. In order to
stabilize the intermediary products, the concentration of tocopherol may be
adjusted during the production process. Before encapsulation, the tocopherol
contentisnormally given afinal adjustment, often fromamixture of tocopherals,
and with the addition of synergistic antioxidants.

Persistent organic environmental pollutants (POP) should to be removed
from the starting oil before beginning the concentration procedures. Short-path
distillation using a ‘working fluid’ consisting of ethyl esters of fatty acids has
been shown to be a very efficient method for removing POP (Brelvik &
Thorstad, 2005); when the esters are distilled off, the pollutants are removed in
amuch more efficient matter than occurs without prior addition of the working
fluid. In Norway, the company Pronova Biocare has purified several thousand
tons of fish oil using this technology. The cost of this purification method is
linked to volumes. Large volumes can be treated at such abeneficial cost that
thetechnology now may beimplemented for theremoval of POPfromthelarge
volumes of oils that are being used to produce aquaculture feeds.

Other cleaning methods for the removal of POP are treatment with active
carbon and/or deodorization, the latter requiring increased temperatures and/or
time. However, these methods seem to beinferior to short-path distillation with
an added working fluid, especially for the removal of brominated flame
retardants (Oterhals, 2005).

In contrast to POP, heavy metals do not normally pose a problem in marine
oils. The reason is that these metals have a higher affinity to proteins than
lipids. Therefore, any traces of heavy metals will remain in the fishmeal, and
not be dissolved in the ail.

2. By-products formed during work-up

Polyunsaturated fatty acids are unstable towards oxygen, light, temperature
and akaline/acidic media. Details of the oxidation of polyunsaturated fatty
acids are reviewed by Jacobsen and Nielsen in Chapter 8.

All concentration procedures present arisk of oxidation. Thefinal quality of
the concentrate will depend on adequate protection against oxidation during
production and storage of the starting oil, and during all subsequent processing.
Here the wisdom from Heyerdahl (1895) survives. “ From the beginning of the
process of extraction till it is safely corked up in bottles, the oil should never,
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evenfor amoment, be permitted to comein contact with the atmosphere or with
free oxygen in any form”.

Oxidation is traditionally monitored by the peroxide value (PV), which
measures the hydroperoxide content by iodinetitration, and the anisidine value
(AV), which detects al dehydes by a colour reaction with para-anisidine. While
peroxides break down over time, and volatile products can be removed by
deodorization, aldehydes can remain part of triacylglycerols, or exist as heavy
condensation products, and thus are indicators of previous oxidative damage.
Based on this, it is common to state that the PV measures the degree to which
oxidation is taking place at the present moment, whereas the AV is used to
characterize the oxidative history of the oil (Beare-Rogers et al., 2001).

For concentratesthe situation may be different, asthe anisidine value may be
reduced during certain concentration steps. As can be seen from the chemical
reactions which are involved, the secondary and tertiary oxidation products of
polyunsaturated fatty acidswill be moleculesof relatively short chainlength, as
well asdimeric and oligomeric compounds. Accordingly, atwo-step molecular
distillation, whichisableto removevolatileaswell asnon-volatile components,
iIswell suited to reduce the total concentration of decomposition products.

A processfor the removal of secondary oxidation products from fish oils by
the reaction of carbonyl compounds with urea has been developed (Breivik &
Sanna, 1998). This gives the possibility of reducing the content of reactive
aldehydes before processing of the oil, thereby also having the potentia of
reducing the content of impurities after subsequent processing and concentra-
tion steps. The same process can in principle be used for reducing the anisidine
value of omega-3 concentrates in the form of triacylglycerols.

Considerable care should be taken to verify that the concentration proce-
duresthat are utilized are sufficiently mild to give aproduct containing only the
natural all-cis omega-3 fatty acids, and not significant amounts of trans or
conjugated isomers.

Reaction conditionsinvolving high temperatures may result in the formation
of morestabletransisomers(Wijesunderaet al., 1989; Mjgs & Solvang, 2006).
Trans-isomerization might also occur in concentration steps involving metals
or other reagents that result in strong interactions with the nt-electrons of the
double bonds of the polyunsaturated fatty acids (extraction or chromatography
might be processes involving such reactions).

The conjugated fatty acid isomers are energetically more stable than the
natural isomers. Heating during the concentration processes, and especially
heating under akaline conditions, may lead to conjugation of double bonds.
The concentration of conjugated dienes can be easily monitored by observing
the ultraviolet (UV) absorption around 233 nm. Before modern analytical
methods were introduced, EPA and DHA were analysed by akali-isomerized
conjugation of the double bonds of the polyunsaturated fatty acids, followed by
interpretation of the UV spectra.

82



CONCENTRATES 135

Oligomeric and other oxidation products may especially pose a problem for
concentratesin triacylglycerol form, asat thisstageit will betoo lateto remove
heavy by-productsby molecular distillation. Asdiscussed abovein Section B.9,
itisthereforeimportant to perform esterification/re-esterification with glycerol
under reaction conditions that are as mild as possible.

Once a product is safely encapsulated, there remain limited problems with
oxidation, perhaps with the exception of possible reactions with gelatin in the
capsule shell (see Section D). For products which are stored in bulk or used in
emulsions, it will normally be necessary to add a combination of antioxidants,
the composition of which should be tailored for the specific product and
application.

3. Contamination during transport and storage; solvent residues and
contamination from reagents

Transportation of the starting fish oil is a potential source of contamination.
Contamination during transportation on ships and pumping to/from storage
tanks will very often leave an imprint on the unsaponifiable fraction of the ail.

Having atrained eye scrutinize the gas chromatogram of the unsaponifiables
can be very useful. Contamination from small amounts of mineral oil will be
easi|y detected from such achromatogram. Also, monitoring the concentration
of unsaponifiables gives agood indication of the quality; lower concentrations
are preferred. In my opinion, a test scheme should be implemented on the
unsaponifiable fraction of every incoming shipment of oil (total amount, gas
chromatogram, and UV spectrum). Further action should betaken if any results
deviate from the established norm.

If solvents have been used during production, the final concentrate has to
comply with maximum residue levels as defined by competent authorities.

Reagents such as urea and catalysts (traditional as well as enzymatic) and
stationary chromatographic phases have to be defined with respect to quality,
and should be evaluated with respect to compatibility with the omega-3
concentrates. As an example, chromatographic materials have to be evaluated
with respect to their solubility in fatty acid ethyl esters.

D. Stability of concentrates

If polyunsaturated fatty acids are adequately protected from oxygen, metals,
heat and light throughout production and storage, most stability problems are
solved. The protection has to begin with the starting oil, and continue al the
way through the process. The stability of concentrates can be influenced by a
suitable addition of antioxidants, but the stability will also be influenced by the
processing conditions that have been used to make the concentrate. Some
recommended tests are given in Table 7.
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Table7. Recommended tests to be performed during stability studies

Test Suitable analytical method?®
Appearance
Odour
Colour L ovibond/Gardner®
Assay of omega-3 acids Ph.Eur.
(or asaminimum, EPA+DHA)
Oligomers/polymers HPSEC, TLC-FID (latroscan)
Peroxide value (PV) Ph.Eur./USP
para-Anisidine number (AV) Ph.Eur./USP
Acid value Ph.Eur./USP
Conjugated double bonds UV absorbance at 233 nm
Assay of antioxidants, if added
Microbiology
Disintegration time (of capsules) Ph.Eur./USP

30Other methods may function equally well. See detailed discussion of analytical methods by Curtisin
Chapter 9. ®Colour measurmentsfor oilsand fatsaretypically expressed in units of red and yellow using
the Lovibond colour scale, or by the simplified one-dimensional Gardner colour scale (The Tintometer
Ltd, Amesbury, UK is one supplier of egiupment for such measurements). HPSEC, high-performance
size exclusion chromatography. TLC-FID, thin-layer chromatography coupled with flame ionization
detector (‘latroscan’, from Mitsubishi Kagaku latron Inc., Japan, is one example of such equipment).
Ph.Eur., European Pharmacopoeia. USP, US Pharmacopoeia.

If the product to be tested is an encapsulated product, analysis of the
disintegration time of the capsule (a procedure for such atest can be found in
the European Pharmacopoeia, Monograph 2.9.1) should be included in the
stability testing. One explanation why some omega-3 containing encapsul ated
products have not shown acceptable values for this test may be that aldehydes
from the encapsulated oil react with the gelatin in the capsule shell to form
cross-links. The AV gives a measure of the concentration of aldehydes, and a
high starting AV may result in problemswith complying with the disintegration
time during the shelf-life period that has previously been established based on
other stability results.

E. Production conforming to GMP regulations

Even though omega-3 fatty acids are normal and valuable components of the
diet, the intake of larger amounts in purified form will produce pharmacologi-
cal effectswhich classify them as medicinal products. In accordance with this,
the more concentrated products should be documented and registered as
pharmaceutical products.

The production of pharmaceuticals is carried out according to good manu-
facturing practice (GMP) rules. Inthe USA, Europe and nearly all other areas,
the relevant authorities have published rules that should be implemented for
such production. Even if a product is intended ‘only’ as a health supplement
product, GMP regulations should be followed.
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F. Labelling

Practice has varied regarding how the fatty acid composition of omega-3
concentrates should be labelled. For apharmaceutical product it isnecessary to
label the active ingredient according to the chemical derivative that is present
in thefinished product, i.e. as‘triacylglycerol’ for atriacylglycerol product, or
as ‘ethyl ester’ for an ethyl ester product. The European Pharmacopoeia
Monograph 2.4.29 (‘ Composition of fatty acidsin oilsrich in omega-3-acids’)
isillustrative in this respect.

In addition to labelling of the omega-3 fatty acids content, in some markets
governmental agencies will require labelling for total fat, saturated, cis
monounsaturated, cis polyunsaturated and trans fatty acids.

The label should also include adequate information regarding the composi-
tion and concentration of any added antioxidants.

If the quality of the product is in accordance with established norms (i.e.
monographs of the European Pharmacopoeia), this should be stated on the
label . Otherwise, the concentration of oxidation productsand impurities should
be included as additional information.
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Take an aliquot of the lipid solution into a reaction tube

\ 4

First-stage transesterification: heat with NaOH in methanol

\ 4

Second-stage transesterification: heat with Lewis acid catalyst
BCl; or BF3 in methanol

Liquid-liquid partition to extract the FAME (add isooctane and
shake with saturated aqueous NaCl solution)

l

Wash the isooctane extract with water; dry with anhydrous
N82804
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