Lipase-Catalyzed Alcoholysis with Supercritical
Carbon Dioxide Extraction 2: Phase Behavior
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ABSTRACT: The phase behavior of systems containing etha-
nol plus lipid samples with different lipid compositions plus car-
hon dioxide was siudied visually at 40°C and pressures of 0.01,
9, 15, and 23 MPa by means of a high-pressure sapphire cell.
The systems studied represent the prain components present in
a lipase-catalyzed alcoholysis reaction of cod liver oil in super-
critical carbon dioxide. Two phases, a vapor and a liquid phase,
woere observed in all systems studied at supercritical conditions,
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Enzyme catalysis in nonaqueous media (NAM) is currenty
an active research area t1-3). A common leature for enzyme
calalysis in NAM is the presence ol at least two phases (3),
wliere one phase. normally the bulk, is the nonagueous
medium and the other contains the biccatalyst. Hence, en-
zyme catilyses in NAM are always helerogencous. For
biocatalysis, supercritical fhnds (SCF) are an especially
promising class of NAM., Enzyme catalyses in SCF have been
investigated by several rescarch groups., and the status of this
ticld recently has been reviewed (4-7). 1n the published titer-
ature. the phase behavior of the reaction system in SCF nor-
mally has not been investipaed in detail. Information on the
phase beluvior of the components is important, as many sub-
strates and products may either not dissolve entirely or pre-
cipitate oul of solution at the pressures and temperatures used:
such behavior may resuit in several phases and affect the effi-
cieney ol the process.

The goal of many rescarchers has been to carry out the reac-
tion in two-phase systems consisting of an enzyme (solid) and
a supercritieal or near-critical fluid phase conlaining the solu-
hilized substrates and products, here termed vapor—solid reac-
tion system. The reason for this trend is that systems ol this
kind minimize diffusion limitations of substrates, which in urn
could enhance the rates of ocatalytic processes. Kamat and
coworkers (8) have shown that for a lyophilized enzyme, SCF
can be expecled W enhance the rate of a diffusion-fimited reac-
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tien, In order to guarantee that seleiy a vapor-solid system is
present. the concentrations of the substrates and products in the
reaction system have to be carefully controlled. as multiphases
will oceur if such concentrations are above solubility. The most
commonly applicd methods Lo ensure this are either to place a
saturation vessel, in which substrates in the liguid state or im-
pregnated on. e.g., gluss wool are stored. upstream of the en-
zyme reactor {9-14) or 1o carry out a continuous process in
which the substrates are injected into the SCF flow by means
of high-pressure punmps ¢ 15-18).

Using a vapor—solid reaction systent may not always be
advantageous, In certain cases. such as in processes where the
products or by-products are selectively extracted Irom the re-
action mixture using the SCF, a three-phase system will be
preferred. These three phases are the supercritical or near-crit-
ical fluid phuse containing the selubilized product; a hiquid
phase containing the substrates and side products; and. finally,
the enzyme (often immobilized). here ealled vapor-higuid-
solid reaction system. In this case. a three-phise system will
fuvor the selective extraction of the product, given that it is
maore soluble than the other reaction components. In our ear-
lier work. we have studied this kind of extractive reaction
{19.20). The cnzyme reaction that we have investigated is the
lipase (E.C. 3.1.1.3)-catalyzed cthanolysis of cod liver o1l
This reaction results in a complex mixture of lipid compo-
nents consisting of triglyeerides (TG, diglyveerides (DG).
monoglycerides (MG). and ethyl esters (EE). Qur goal has
been o extract preferentinlly the product (EE) from the reac-
tion mixture with supercritical carbon dioxide (SC-CO,). In
that work we investigated the effect of pressure on the scleg-
tive extraction of the EE (19) and the effect of changing the
ffow rate ot the extraction fluid on the extraction rate and pu-
rity of the product obtained (20).

The lipase-catalyzed reaction investigated results i a con-
stantly changing reaction mixture. In the beginning of the ex-
periment, the oil is present in the form of TG. During the re-
action. the lipasc splits (he individual fatty acids from the
glycerol backbone w form EE, a nonpolar lipid component.
as well as DG, MG, and glycerol which are more polar. Polar
liptds, such as DG and MG, are amphiphilic; i.e.. they have a
hydrophilic part {a polar headgroup) and a hydrophobic part
(a nonpolar lipid tail). Amphiphilic components arc usualiy
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surface-active and, hence, good emulsifiers. It was thus con-
sidered possible that the presence of these lipid classes might
affect the phase behavior of the reaction system., ¢.g.., result in
an isotropic microemulsion composed of carbon dioxide. TG.
MG, and glycerol. 1t has, for example, been reported that a
stable microemulsion is farmed when fish oil/MG/water or
glycerol are mixed in the proportions of 77:20:3 (21). In an
extractive reaction process. the formation of 4 microemulsion
during the alcoholysis reaction would result not only in quite
different conditions for the enzyme reaction but 4lso in the
entrainment of the reactants with the outgoing CO, flow and.
consequently. much less selective extraction of products. The
objective of this work was to investigate the phase behavior
of the reaction system by simulating the conditions used in
our earlier work on extraciive reaction {19,200.

MATERIALS AND METHODS

The cod liver oil used was of commercial quality and obtained
from Lysi h.f. (Reykjavik, Teeland). Lipid residues were ob-
lained after lipase-catalyzed ethanolysis of cod liver oil in SC-
CO, 120). Dimodan LS. a commercial MG containing mainly
moneoleoyl and monelinoleoy] glycerols. was obtained lrom
Grindsted (Aarhus, Benmark). CO, {purity 99.99%) was sup-
plied by Air Liquide Gas AB (Malmd, Sweden). High-perfor-
mance liquid chromatography (HPLC)-grade hexane, 1-
propanol. and water were from Fisher Scientific (Lough-
barough. United Kingdom). and acetic acid was p.a. grade
from Prolabo (Paris, France).

Analvsis of products. The overall content of TG, DG. and
MG. as well as free futty acids and fatty acid cthyl esters of
the lipid samples. was determined by liquid chromatography.
Separations were performed at ambient temperature by usc of
a column (250 x 3 mm) packed in the laboratory with diol-
modified silica {5 pm, LiChrospher 100 DI0L.) from Meick
{Darmstadt, Germany). The mobile phase consisted of
{1) hexanefacelic acid (99:0.5. vol/voly and (i} hexane/
[-propanolfacetic acid/water (85:15:0.5:0.7, by vol). The lin-
ear gradient timetable was: at 0 min, 100:0: at 6 min. 50:30:
at 18 min, 50:50; at 24 min, 100:0; at 45 min. [0,
(%A B, respectively) at a solvent flow rate of 0.4 mL/min
between (O o 24 min, 0.8 mL/min between 24 1o 35 min, and
0.4 mL/min between 35 to 45 min. A Waters (Milford. MA)
model 600E IPLC instrument with a Rheodyne 7125 injec-
tor (20 pl. loop) was used. Detection was accomplished with
an evaporative light-scallering detector (SEDEX 53: Sedere,
Alfortville, France) set al an air inlet pressure of 2.0 bar and a
temperature of 45°C.

Calibrarion. A stock solution ol a five-component com-
posite standard. representing the lipid classes detected in the
lipid samples. was made up in hexane. All standards were
irom Sigma {St. Louis, MO), The lipid classes and standards
were as follows: EE, palmitic actd EE: TG, tripalmitin: free
fatty acid. palmitic acid: DG. dipalmitin tmixed isomers): and
MG, I-monopalmitoyl-rac-glycerol. Several different dilu-
tions of the stock solution were made. and a dose—response
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curve of the standards (light-scattering delection) was con-
structed by injecting 20 L of the compaosite standard (0.002
to 0.5 pg/pl). The correlation between dose and response of
each standard was then fitted to an equation.

Apparatns and ester synthesis. The experimental device
used to study the phase behavior of the fipids in SC-CO, has
been described in detail by Hammam and Sivik (22). The ex-
periments were carried out at 40°C and pressures of 0.01. 9.
15, and 23 MPa. In this work, the sapphire cell (1.62 mL} was
charged with 0.22 g Hpid sample and 0.14 g cthanol (99.5%).
and the phase behavior of this mixture was observed visually.
The amounts of ethanol and lipid samples used were chosen
s0 that they would correspond to the proportions of ethanol.
lipids, and SC-CO, preseni at the heginning of an actual en-
zyme reaction experiment. The experimental apparatus and
the reaction conditions used for the lipase-catalyzed alecehol-
ysis of cod liver oll have been described (20).

RESULTS AND DISCUSSION

In this work. the system consists of three main componenls,
.e.. lipids. ethanol, and CO,. [n the lipase-catalyzed reac-
tions, the immobilized cnzym_e is also present. The phase be-
havior of mixtures containing ethanol + pid samples + CO,
at different pressures was studied visually using a high-pres-
sure view cell. The results from these investigations are com-
piled in Table 1. The main differences between the lipid
samples under investigation are their lipid class compositions.
The unreacted cod liver oil contains nearly exclusively TG
whereas the main difference between Residues A and B was
the amount of TG and EE present in the sample. As there was
no significant difference in the amounts of amphiphilic com-
ponents (12G and MG) present in the two residues studied. ad-
ditional MG (Dimodan LS} was added to one of the residues
o investigate the effect of such vaniation in component radio.
Two phases. o vapor phase and a yellow liguid phase. were
observed in all systems and at all pressures studied except at
the 0.01 MPa pressure for the unreacted cod liver oil. Atthe
23 MPa pressure., the phase border tended to become siightly
more diffuse. possibly because the densities of the two phases
become very similar at this pressure and temperature (40%C).
ALD.G1 MPay, three phases were ohserved for the unrcacied
cod liver oil sample: liquid, (ethanol)-ligquid, (cod liver
oily—vapor (CO, gas). This occurred because the amount of
cthano! used did not dissolve in the unreacted cod hiver oil,
and thus two liguid phases were present. When these two lig-
uids were mixed. they formed an unstable emulsion thag dis-
appeared as soon as the sapphire cell was charged with the
CQO,. Consequently, only two phases (vapor—iiguid) were
noted at higher pressures. For all other lipid samples under
investigation, the ethanol used dissolved in the samples at
0,01 MPa. and hence only two phases (vapor=liguid) were ob-
served. In addition, we studied whelber intensive mixing
wonld affect the phase behavior of the systems studied. This
was done by turning the sapphire cell up and down a couple
of times. At supercritical pressures, this resulted inoa huzy
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TABLE 1
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Phase Behavior of the Ethanol + Lipid + Carbon Dioxide Mixtures® at 40°C and Different Pressures

Phases olnserved without mixing

Lipidc! Lipid class
sample composition 0.01 MPa 9 MPa 15 MPa 23 MPa
Unreacted cod TG 98 Wapor Vapuor Vapor WVapor
fiver il Liguid, Litjuid }iquid Licuid
iequied, Zifluse phase border
Residue A TG, EE 78%. Vapar Vapor Vapor Vagpor
G T2%, MO 0.5% Liguiel Ligpuidd Ligquid Ligguidd
Diffuse phase border
Residue B TG 7%, BF 84'% WVapor Vapor Vapor Vapur
DG 9%, MG 1% Ligjuiid Licpsdl Liguid Ligguid
Diftuse: phase border
Residue A/Dimodan LS TG 6%, FF 300 WVapor Vapor Wapar Vapor
190500 wet'i; 1305 6%, MG DT Liquid Ligjuicl Liguid Liquid

[

0,22 g lipid sample and .14 g ethanol 199.5%: charged 1o cell 11,62 ml Abbreviations: EE, othyl esters, TG wiglye-

criddes; 20, diglveerides; MG, monnghycendoes.

{slight opalescence} vapor phase, while the yvellow liquid
phase rentained ransparent. When the cell was merely
swirled around once or twice, however, exclusively the vapor
phase in the immediate vicmity of the phase border became
Razy. These resuits suggest that in the actual enzyme reaction
experiments the continuous mixing of ithe substrates in the
liguid phase may result inoa hazy vapor phase close to the
phase border. The opalescence of the vapor phase may indi-
cate that the mixture of components present in that phase is
¢lose (o its critical point, This Kind of critical opalescence has
been described by Stanley (23). However, iLis also possible
that the mixing of the two phases results in micellur changes
ol the components present in the vapor phase.

In conclusion, these resuits show that in the actual lipase-
catalyzed alcoholysis experiments (19,200 which were carried
oul at 9 o 24 MPa and 40°C, the reaction system comprises

TABLE 2

three phases. i.e.. vapor-liguid—solid: the solid phase is here
Lthe immobilization support containing the enzyme. Further-
more, this vapor-liguid—-solid system probably prevaiis dur-
ing the entire reaction. This information is of vital importance
for the extractive reaction process under investigation in our
carhier work (19.20) since it indicates that the possihility ol
vapor—solid systems that severely would diminish the selec-
Uvily, owing Lo coextraction of substrates and side-praducts,
does nol exist in this process.

Nowwithstanding the differences between vapor—solid and
vapor=liquid—solid reaction systems, it was considered inter-
esting to compare the conversion obtained in our carlier work
to some of the published work on lipid modification using
lipases carried out using vapor—solid sysiems in SC-CQ,. In-
formation on the reactions. lipases, ete. used by various re-
searchers is compiled in Table 2. Dumont and coworkers (16}

Various Reaclions, Lipases, and Reaction Conditions Used for Lipid Modification

in Supercritical Carbon Dioxide

Reaction Systom

Reaction lipase conditions stucliexl Relerence

Esterific ation of Mucor 12,5 MlMa Vaper—solid 16
myristic aciel michoi! gt
by ethanol

Transestertfication Rhisopus 3111 MPa Vapor-solid 12
of myristic acid arrizus” 35
hy trilaurin

Alcoholysis of cihy M, 10 MI%y Vapor-soliel 13
acetate by tsoamyl auched! 60
alcohol

Alcohalysis of cod Candidt 9 MPa Vapor—liquid 20
lrver oil by ethanol antarctica Ay solid

Aiporyme from Nove Nordisk ASS DBagsvaerd, Denmark),
I e .
Tlenmobilized on porows aminopropyl glass beads,

¢ Nowvosym from Novo Nordisk AS.
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reported that at constant reactant flow rate the optimal con-
version obtained was 60% when an SC-CO, flow rate of 340
g/h was used. Miller and coworkers (12} demonstrated that
the conversion of trilaurin was dependent on residence time.
It was at best approximately 86% when the residence 1hme
was |25 s. van Eijs ef ¢d. (15) found that the productivity of
the immobilized lipase was 120 g iscamylacelate/kg en-
zyme/h at optimal moisture content. [n our work on the effect
ol changing the flow rate of the extraction luid (20), & con-
version of 869, considering only EE extracted from the reac-
Jdion mixture, was observed for a flow rate of 0.3 NL CO/min
(Iter CQ, at atmospheric pressure and room tempera-
wre/min). This conversion corresponds 10 @ production rate
of approximately 440 g EE/kg immobilized enzyme/h. The
rather small amount (0.0007 kg) of immaobilized Jipase used
in this work gives rise to this fairly high production rate. The
perception {rom this comparison is that the production rate of
the vapoer—liguid—solid system studied scems 1o he of the
same order or possibly even higher than that observed for
vapor—solid systems. Further support for this conclusion is
the report of Jackson and King (24) that, when a glycerolysis
reaction of soybean oil and 1,2-propancdiol was cacried out
in SC-CQ,. the conversion rate to MG increased when the
concemtrations of the soybean oil and 1.2-propanedicl ex-
ceeded their solubilities in SC-CO,.

In summary. the conclusion from this work is that 2 mulu-
phase system is not inhibitory [or carrying out lipasc-cat-
alyzed lipid modifications in SC-CO,. Further. information
an the phase behavior of the system can be important for the
clficiency of the process as well as for the purity of the prod-
uct.
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