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ABSTRACT: Beu4use uf the complexity of marine lipids, 
polyunsaturated fatty acid (PUFA} derivatives in highly purified 
form are not easily prepared by any single fractionation tech- 
nique. 1-he products are usually prepared as the ethyl esters by 
esterification of the body oil of fal fish species anti subsequent 
physicochemical purification processes, including short-path 
disli l lationz urea fractionation, and l)reparalive chromatogra- 
phy. Lipase-catalyzed transesterifical[on has been shown to be 
an excellent alternative, to traditional eslerificalion and short- 
palh distillation lor concentrating the combined PUFA-content 
in fish oils. At room temperature in the presence of Pseudo- 
monas sp. lipase and a stoichiometric amounl of ethanol wid> 
out any solvent, efficient transesterifieation of (ish o[I ,,,,,as ob- 
tained. At 52% conversion, a concenlrale of 46% eicosapen- 
taenoic acid I.EPA) plus docosahexaenoic acid IF)HA:, was 
obtained in excellent recovery as a mixture of mono-, di-, and 
triacy[glycerols. The latter can be easily separated from lhe sat- 
urated and monounsaturated ethyl esters and converted into 
ethyl esters either by conventional chemical means or enzymat- 
icaJly by immobilized Candida antarctica lipase. Urea-fraction- 
ation of such an intermediary product can give an EPA + DHA 
content of approximately 85%. 
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Utilization and production of  marine oils have long traditions 
in the Nordic countries, as evidenced by 800-year-old formal 
regulations (I). During this time, it was observed thai persons 
eating flesh from marine animals displayed special physio- 
togical characteristics (2). and in the medieval ages, cod-liver 
oil in some districts was regarded as obligatory for pregnant 
wolnen (3). One hundred years ago. Heyerdahl (41 proposed 
that. a polyunsaturated fatty acid was responsible for the ther- 
apeutic action of  cod liver oil, and he proposed lo give it the 
name "therapic acid." After World War [I, Notevarp {5,6) pio- 
neered the connection between polyunsaturated fatty acids 
(PUFA) and the incidence of cardiovascular diseases. Mod- 
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cl-n interest was initiated by r studies carlicd 
out by Bang and Dyerberg (7), who found a decreased inci- 
dence of  coronary heart diseases in the Greenland Eskimo 
population compared to Danes. This benelicial effect has been 
attributed to rite intake of  n-3 PUFA, especially eicosapenta- 
enoic acid (EPA) and docosahexaenoic acid (DHA). 

The growth of  new markets for n-3 PUFA has resulted in 
the demand For contmercial production of  high-purity con- 
centrates of EPA and DI-|A. Because of  the conlplexity of ma- 
rine raw materials, PUFA in highly purified form are not eas- 
ity prepared by a single fractionation technique. Usual]y. a 
combination of  techniques is used, the combination of  which 
depends upon the fatty acid composition of  the starting oil 
and the desired concentration and purity of PUFA in the linal 
product. 

Cod-liver oil and {~ther llsh oils are winterized (cooled and 
filtered) before sale to avoid precipitation when refrigerated. 
This practice, to a degree, increases the content of  PUFA in 
these oils. Fish body oils produced in this way typically are 
declared to contain "~ EPA plus DHA. However, these 
values often reflect area percentages as analyzed by gas chl-o- 
matography (GC), and normally the weight percentages arc 
signiticantly lower (8). To ftmher increase the PUFA concen- 
tration, it is necessary to resort to chellliSll"y. 

The lability of PUEA esters to heat precludes the distilla- 
tion through traditional columns. However. PUFA ethyl es- 
ters may be separated by shol-t-palh distillation will,out any 
apparent decomposition. Because the degree of I'ractkntation 
that can be achieved with this method is limited, significant 
concentration effects can only be obtained at low yields. 

Urea forms solid complexes with straight-chain organic 
compounds. When fatty acids or lheir esters are added to a so- 
]ution of urea. a crystalline complex is formed with the more 
saturated fraction of the acids or esters. The crystals can bc 
removed, leaving a raffinate that is highly concentrated in 
PUF:A or PUFA esters. The principle of urea fractionauon wa~ 
discovered by Bengen in 1940 (9,10}. Alt early and extensive 
review of  urea comple• as a tool in separation processes 
was given by Swern and Marklin t l I). Urea comp]exation as 
a fr:lctionation tool, however, invoh, es large amoulltS of so]- 
vents, chemicals, and by-products. The w)ltlmes involved are 
illustrated by the following scale-up experiment: 29.800 kg 
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of ethyl esters t~,l" fish oiL, containing appruximately 28~,:]+ �9 EPA 
Plus DHA. was dist i l led By a two-step molecular dist i l la l ion 
tO give 9.575 k~ prodtlct that contail led approxim~ttely 50r 
EPA p~us D H A '  precipitat ion with 16.150 kg urea gave 
18,g90 kg of  urea cornp]cx atld 3.140 kg P[It:A concentrate 
{84r EPA plus D H A ) t h a t  was l urther peril ' ted { 12), The 
combined recovery o1 EPA and DHA was approximately 57+~ 
after n]olecular disti[]ation, and approximately 31"/~ after Lire;.'~ 
fraclionation, 

Ol+J :1 co1111tlercial set_tie there {.,; a ileed to reduce the btllki- 
hess of  the PUFA concentr:tliOlt process.  In thin paper, we 
shty~, tit:It a. faci[c COl+JceTlll'atioit of PUFA c:.n he obtained hy 
il+tt'oducitlg an enzymatic step to the m'cr;fll prouess, 

E X P E R I M E N T A L  P R O C E D U R E S  

The expel-imental procedures with P,se,domrma,s >,p. lipase 
(PSL} :tnd ]2'5(',+I,~[(IIIt(),aI,~I,~,'.~IHIIY/.~,'('('I,P,"," [i|)ahe (AIl1:1[lO Enzymes 
Europe t,td., Mi]ton Keynes, Untied Kh+tgdom). including an- 
alytical i)rocedures, are ~s given in Haraldsson el of. (13;. hn- 
rnM'filized Condi&t antarctica l ipase (CAl . )  (SP435. I-2C/~ 
water COllleflt) was obluined hy Novo-Nordisk  (Bagsvaerd,  
1)enmark). The lish oil trigIyceride.,,, originating fronl sardine 
oil. were provided hy Pronova Biocare a.s. {Bergen. Norw;ly), 
and contained 14.9e:); EPA arid 0,8% I)HA, They were used 
withotnt further n'ef'inentent. The shorl-path dist i l lat ion was 
carried out inq a L.eybold KDL 4 still (l.,eybtHd AG. Han;.lU, 
Germany)  An:l]yses of  Cllvhotln+[leltla] Ix>l] LnDJ.nts (preconcen- 
lralJon alld ;.tl]alysis by OC" with electron capture deteci i tm! 
were perl'ornled ~tt Halndels- ulld L_lrnweltschutzlab{~rat(n'iunl 
Dr. Wiertz - Dipl. Cllem, Eggcrt l)r. ,l('h'issen GmbH, Ham- 
burg, Germany, 

CeIL ethr Immobilized CAl.  was added to an :lcyl- 
glycerol  mixlure (2.5 g: approxim:l te ly 8.5 mmol of  ester 
cquiwderJ, ts: h+,itial cornF~sitim~ 25.(Y7+ EPA and 15. I% DI-IA: 
produced by PSL-catalyzed transesleriiicalion of Jish oilt and 
absolute ethanoi (0.80 g, 14.4 ntmol,+, The resulting enzyme 
suspension was get]fly stirred at room tempel'atttre uilder ni- 
trogen. Samples were collected at appropriate limes ;rod ;ma- 
lyzed as described heft)re (I31. The reaction was discontin- 
ued by separ:lting the enzyme by liltr;ltJon after 22 h. 

A,afvse.~ q f ' i i p i d  c/as.~'e.~'. Ana]ysis o1 l ipid classes alter 
short-path distil]a, liOlt was pcrfln'med by high-I~erforn~ance 
size-exclusion chrolttatography. Ten mE o1 the stlbst,:u~ce tO 
be examined was weighed into a [O-mL, volumetric flask, dis- 
s{flved in te[rahydroluran (THI-:} ,uld diluted to I().0 ml,  with 
"['HF'. The chromatographic scpal'atiol"~ was carried out with 
Waters UIlrastyrage] columns (0.3 nl by 7.g mm Ld.). packed 
with styrene-div inylbcnzene copo]ymer, one coltlr~lll wifft 
pore size 1()0 ,':k :rod two colunlns with pore si/.e 50(,} ,g, (Wa- 
ters. Mi l ford,  MA:  Cal. +to. 1(,)57(I and 10571) connected irt 
series. TI IF  was tlsed ;.Ix a mobile phase tit a flow rate of 0.g 
111L/mil":. A Waters Model 410 Differential  Refrac tometer  
(Waters) was used as a detector,  and a VG Mult ichrom 2 
Chromatography Data Systelr, (VG Data Systems. A l t l ' i l t -  

chain. United K ingdom)for  quarttitati,,m. 

R E S U L T S  A N D  D I S C U S S I O N  

Biocotaly;ed tra,~x.~,,~'teri/icatirm. To reduce tile large reaction 
volumes in the concentration of EPA and DHA. the possibil- 
ity o[" linding an r  procedure for selectively transes- 
ter i lying fatty acids  other than EPA and DHA wax investi- 
gated. [n Schenle I ix d isp layed the outline of  principle for 
concentrati{m of EPA ethyl ester (EPA-EE)  and DHA ethyl 
ester ( D H A - E E )  via lipase-cal~,]yzed l ransester i f icat ion 
[P,veudom~m,s sp. lipase (PSL): R. any fatty acid[. Detailed 
inl~.rmation regarding the enzymat ic  work ix given hv Har- 
aMssr ct uf. (I  3). The work thai fol]owed showed th;.tl It- 
pase-c;l(a] yzed trarEsesterilication was an excellent alternative 
to trad[tiom, I cstcrifica.ti(+n and short-path disti[taticm in con- 
cetltratiil[z the combined  EPA and DHA content ill fist1 oils+ 
end that it can lake place as part of  at1 integrated process for 
the production of  highly purified concentrates  of  these Fatty 
;lcids (]4).  At room lemper;~ture, in the presence or PSI, and 
a stoichionlelr ic ;-_llllOtllll O f  c f f t a n o l ,  w i { h o / l l  ;_tlly solvent, it 
high]y eff icient Ir,tmsesleri l ication re;tction of  the fish oil 
( 14.9~..~ I.(PA and 9.g5'; DHA)  was oht:finecl. At 52~;4 conver- 
skin (TabLe ]L a COtleentrale of 46g; I:J'A ulld D I I A  (-ia~bte 2; 
was ohtained in excellent recovery as :t mixture o1' FflOllO-. di- 
�9 and t r iacylglyccmls.  

5"r162 bY .~horf.l~r distifh~tio,. The EPA- and DHA- 
ctmtahling acylglycerois  can bc easity separatcd Front the sat- 
t;ra[ed atld monOtlllSaturated ethyl esters hy shortq:+at}) dislil- 
]ation. Short-path distil lation ix IlOl usually regarded as bcing 
st, it{hie For difficult separations, However, in this l~rocess it 
proved to hc surpr is ingly  advant:lgeous. The effect was 
demonstra ted in an experimcul  in which the total EPA and 
1)HA ill the acylglycerol l rautions analyzed was 40. I r]~ by GC 
area percentages  ( ' l 'abtes 3}. "]'he prodtlc! w,ts fornled by 
adding PSI, (100 [z, 25,200 activity uni(s/gi to fish oil ( 1000 g, 
approx imate ly  [.13 nnoi) and absolute  ethanol (] 70 g, 3.70 
mot). The reselLing enzyme suspension "|,'as stirred gently 
with a magnetic st irrer at i-oo]tt tempen-atttn-e tJnclen" rlitro#en 
for 50 h. A centr i fuge ,,',';is m, cd For sep:u'ating the reaction 
mixture from tile lipase (5.()00 rpm for 10 ntirtl. The n-eaclion 
mtxmn-e (902 g) was degassed by passin'tg Ihn'ough the short- 
p;~tl~ disLillation still Lmder v'acuun] ut gO~ to remove volatile 
components  to give till acy]glyeerof/eLl+tyt ester mixnlre (844 
g}, The mixture (756 g) was distilled in the short-path distil- 
lation sti]] tit 125~'C, 0,()(`)5 mbar. This gave a distillate (359 g. 

TABI.F 1 
Composition of" Acylglycerol/Ethy[ Ester Mixture After Partial 
Ethanolysls of Fish Oil with P,~eudomol~as sp. Lipase (PSL} at 2tPC a 

I h 2 h 4 h f',h 1.~h 24 h 

,%l(] q ,[1 ~J'.4 [.LO [ 73; lfl.H 1~ ,~) 
I)(] 7.% I ~ :~.(~ 31.6 23. ~. 2,I,q 2.q.~t 
Iq A :.~.~ 2/.J 2'.:~ 2.7 2.7 2.7 
] ( ;  42 .~ r 7.q [-i.2 ~t. I 7,-~ ~. 7 
1.!1! 2[}..) 14.2 r 47.O 4~. r ~ I.t~ 

'~e.'~,LJhh ill we i?h t  [. 'a~.( 'nld~e dl[(~l dirfl:,r{,nt Ft'r.Ll [1()[1 rime~. ,',.'.(;, IqClC~l'~[)~L( ~, I- 
,e,l~,ce,ols: [.)G, di,u.,~l!~lyce,~;Is; r f .A. m,e rauv a~.ids; T(;. [ei.l, vls EEl:. 
c lhv l  t~I('r~. 
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47.49;.) and a residue (38g g. 51.3q.).  The fl-:lcti(ms had the 

composi t ions  shown in Table 4. The residue al'tcr short-path 
distill;~tion c{';.ntained as rfluch as 47.39~ EPA plus DHA. c()nl- 
pared to 40. I q in ,lae acylglycerol  fractions. The disti l lat ion 
step results in a f(} 6qi m{moacyiglycerol  fraction in tlar dis- 
lilt:tic, whicl~ is p r edominan t l y  n tonoacylg lyuero ls  of  fatty 

acids wi th  chahdengih b e l o w  C20, Ill II~is way,  l i t t le  or  I1,{) EPA 

~u' DHA is lost into the distillate. Simiku-ly. a sin:It  pint of  the 
ester fraction will remain wilh tl~e residual acylg]ycerol mix- 

ture. This wi]l be pucdmninant ly Cel ~ and C:2 fauy acids, such 
as EPA and DHA. Accordingly.  parl of  lhe EPA and DHA tha~ 
has been traitsestcriried will still remain  m the residue t'rac- 

don at'let disli l]ation. The ,ecovery from the s(arling fish oil 

TABLE 2 
Concentration of EPA and D H A  in Differenl Lipid Classes After Partial 
Fthanolysis of Eish Oil  with PSI_ at 2tl~ '~ 

Area % (FPA 4- DIqA~ 

I h 2 h 4 h ~'~,h I3 b 24 h 

MG 27.5 2q.O 32 .~ ~6.5 409 .I ~.8 
[7)(.-, {2.0 :',4 .~, 3q.7 42.2 474 472 
FFA 5.5 ~, .4 9,9 12.6 12 4 1 ~1.9 
T(; 2('L(I ~,~.3 ,I 1.9 .J,4 i.) 45.6 44 3 
] [  2.b 2.6 3,5 4.4 5.(} 6.4 
MGiDG/I  (; ",0.0 3 ~ ,6 ~8,7 ,ltL 3 44,9 45.8 

~Are.,.,t p{'r~ ~'~I,~g{' 4it('r diffI'runl r{',lrlhm limr.,~, i'~ based <]nl the int~.~:,~r,LIitm ~l 
the s r.~r,q'sp<mding t h~orl~,,,h)gram', oE)lamed by gas dlrrmlalct.~raphy (GC), 
I:PA. ei(:(~saf~en~aen(]i( acid: I11 IA. dotosat',exaenom ,it ]d. See I able I f,r;r 
~llh.m a] Jbr('v ial i~"m~. 

was a p p r o x i m a t e l y  8 8 % .  a s i gn i l i ca ] t l  increase f r o m  the two -  

step shor t -pa lh  d i s t i l l : l i o n  t 'rom e thy l  esters. 

Env i ro t ln ' te l l l a l  pol lUta l ] tS,  such ;is pes t i c ides ,  tend to c{m- 

cen t ra tc  in the e thy l  ester  r ] -acl ion a f te r  l ipase e t h a n o l y s i s .  A 

f ish o i l  m i x t u r e ,  h a v i n g  u n d e r g o n e  pa r t i a l  l i p a s c ~ c a t a l y z e d  

e thano l ys i s ,  was a n a l y z e d  be fo re  and  af ter  shor t -pa th  d is t i l l a -  

t ion.  T h e  s tar t ing  mate r ia l  con ta i ned  0.03 n tg / kg  o f  COlnb ined 

d i c h I o r o d i p h e n y l t r i c h l o r e t h a n e  ( D D T ~  and  D D T  mc tabo I i t es .  

t z - H e x a c h l o r o c y c l o h e x a n c  ( o . - H C H ) ,  h e x a c h l o r o b c n z e n e  

( H C B L  and  t o x a p h e n e  we re  not  de tec ted .  A f t e r  d i s t i l l a t i o n .  

]-ABLE 3 
Composition of  Acylglycerot/Elhyl Ester Mixture After Partial 
Ethanolysls of Fish Oi l  with PS[ at 20~ for 50 h a 

El'A 
[IPA DHA ~ I_-)H,\ 

l.ipid class wt'Yo 'r' ar,_~,-,".4,' r e t  '~4, d drc.!J~"h c re(.%, a a~e.X:;,' 

MG L7_l 17_(} 18.c, 17_8 2.8_9 34.8 
I)G 26_C, 28_9 SL1 14.-3 42.1 43.4 
FFA 2.8 5.7 1.2 ~~.() 1.'~ 11.7 
TG 8.9 28.,S 19. ~ 11.Y, 12.2 40.6 
FF 46.2 2.6 [~,.4 2.9 ] 4.6 ~,.5 
M (.;/I.)(;/T(_; -32 ,o 2 ~ ,{} r 15.1 8 :{ .2 4(L I 

"%~(, ]aries I and 2 i('~r ahhruvnations. 
J'Results m wei Rhl perr.entag,, as dc!termir]ed I)y prep:rally(' Ihin-law2r J. hro- 
maeogr aphy. 
'R~'sulIs in ,~rt,a [x,~ enta.~c a- d('t,:'rmin~,d by (.;(. 
'/Recovery i)ercentas as determined by (.(. based {}n the ~otal am~}unl or 
t:I"A ,~ [)I.IA in Ih~., initial nil IRe1. P {), 
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TABLE 4 
Composition of Fractions After Separation by Short-Path 
Distillation of the Reaction Mixture from the PSL-Catalyzed 
Ethanotysis of Fish OiP 

'FG D G  M G  EE EPA D H A  EPA , - D H A  
PZ,) b I%,.~ ~* ("/,,}J' ff'./,,)~' f%,l '  !%,]' I%,) ~ 

After degassh~g 11 .2  3.5.5 19,7  33,6 16,4 11,0 27.4 
Distillate - -  0.q 10.6  88.5 3.6 ::5.4 7.0 
Residue 18.5 54.0 25.2 2.3 29.1 18.2 47.] 

"See texl Ior experimental  delaik.  See Tables 1 and 2 Ior abbreviat ions, 
hResu]ts in area pert:enlage as detPrmined by high-[ntrh~rmanl.e size-exclu- 
sion r 
"Results in area percentage as determirted by GC. 

the ethyl ester fraction contained up to 0.03 mgtg combined 
DDT and DDT melabol i tes ,  and up to 0.005 mg/g r 
0.03 mg/g HCB, and 0.4 mg/g toxaphenc.  The target acyl-  
glycerol residue did not contain detectable amounts of pesti- 
cides. The results show that, for some pesticides, the levels in 
the start ing material  are just  below tile detect ion limit. For 
DDT. some of the pollutant can be removed by degassing of 
tile partially transesterified product mixture. The results show 
that enzymatic ethano]ysis of fish oil can be an efficient way 
of  removing environmental pollutants from n-3 concentrates. 

Integrated productior~ proce,rs. The enzymatic alcoholysis 
reaction can serve as the initial step in an integrated produc- 
tion process for EPA and DI-IA concentrates,  The : lcylglyc- 
erol mixture from this step can be converted into ethyl esters, 
ei ther by conventional  chemical  means or enzyinat ical ly.  
Urea fractionation of  such an intermediary product,  based 
upon traditional procedures (I 5,16), gives an EPA and [)HA 
content of approximately 85~,~, 

CAL-carolv~ed ethonolvsis. Immobi l ized  CAL has been 
documented to have good activity toward both EPA and [)HA 
( I  7). "fhis is in agreement with the results shown in Table 5. 
The data show that CAt,  is suitable for the ethanolysis of  the 
acylglycerol  mixture from the PSL reaction. Complete  con- 
version was obtained after 22 h at room temperature.  Virtu- 
ally all EPA and DHA in the acylgl,vcerol mixture from the 

PSL reaction had been converted into the ethyl esters, This 
required less than a twofold stoichiometric anumnt of ethanol, 
as based (in the number of  ester equivalents left m the resid- 
ual acylglycerol  mixture, As with the PSL reaction, this 
means ,'t sL, nit]cant~, reduction of  r e a c t i o n  v o l u m e  compared t(~ 
chemical  e thanolysis ,  where ethanol also acts as a solvent.  
Despite its efficiency, CAL discr iminates  between 1;'PA and 

DHA ill favor of  the former fatty acid, in agreement with pub- 
l ished observat ions ( 17), After  the PSL trealment,  there arc 
small amounts of  EPA and DHA present as free acids as a re- 
stilt of  hydrolys is  side reactions.  In conventional  chemical  
e thanolysis  react ians  under basic condi t ions ,  the free fatty 
acids are lost as soaps,  On the other hand. the CAI,  reaction 
esterifies these free fatty acids and acylgtycerols  to ethyl es- 
ters, thus increasing the recovery of  both EPA and DHA. 

Sequemial  ,~se qft,a,'im~a lipase, If it is desirable Io pro- 
duce a substant ia l ly  pure EPA and DHA concentrate ,  a 
process :is schematically illustrated in Scheme 2 may be pro- 
posed, Here, PSL is used to achieve an initial concentrat ion 
of EPA and DI,,IA. hi subsequent steps, an enzyme like Mu('or 
miehei lipase (MMI,) ,  which selectively favors the esterifica- 
tkm of  EPA rather than DHA, might be used, lhereby permit- 
Ling a good separation of these two acids, Finally, an enzyme 
such as CAL can be used to effect the e thanolys is  of  the 
DHA-enriched acylglycerol  mixture, 

Chmmatogrcq~hy, For very pure products, tile fin;tl puril'h 
cation step will often include chromatography.  As the recii'- 
culation of  eluent represents a major  part of  the total c~st of  
the chromatographic  separation process, the economy of  the 
process may be significantly in]proved if tile organic eluent in 
preparative chromatography is substituted with a supercritical 
fluid (I 8.19). Recently,  preparat ive s imulated moving-bed  
chromatography ires shown good results h}r purif icat ion of  
EPA and DHA (20.21). This technique gives much higher 

TABLE 5 
Results from Elhanolysis of Acylglycerol Mixture 
with Caadlda antarctica Lipase at 20~ a 

l i m e  Conversmn Area % Area % Recovery  EPA Recovery I ) I t A  
ih:, ( ",..~a EPA D H A  (%., ,%:, 

l 4I].2 28.1 7.1 47 . t  2H.FI 
?, 68. [ 25.5 8.2 72.6 4t l .4 
(~ 7(), (~ 27,0 10,3 83.4 55,4 

22 100.0 25.], 1 .I .8 98.0 100.[] 

"Seep Tah]e 2 1or al)hfevialJrms. 
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productivity and uses less solvent  than traditional production- 
scale h igh-per fo rmance  l iquid chromatography,  The  produc- 
tivity of lhe process is further increased by us ing  a pressure 

gradient  with supercritical carbon dioxide as Ihe elucnL 
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