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We developed an efficient, integrated reaction-extraction process for the production
of short-chain fatty acid ethyl esters (FAEE) from milk fat, using carbon dioxide as
the only processing solvent. FAEE were synthesized using a short-chain fatty acid
selective lipase. The expansion of the liquid mixture of reactants by dense carbon
dioxide enhanced the apparent lipase selectivity. In situ extraction of FAEE by a con-
tinuous flow of supercritical carbon dioxide proved to increase the lipase production
rate. When the integrated process was operated with alternated periods of synthesis
and product removal, the overall selectivity for short-chain FAEE increased as well,
as a result of the combination of the selectivities of lipase and extraction solvent. A
two-fold increase of the lipase productivity was achieved at these conditions, compared
to a single batch reaction. The developed process enables the synthesis and isolation
of high-value fatty acid derivatives from a natural source such as milk fat. © 2009
American Institute of Chemical Engineers AIChE J, 56: 1080-1089, 2010
Keywords: supercritical carbon dioxide, process integration, fatty acid esters, gas-

expanded liquid, lipase

Introduction

Milk fat contains a particularly high amount of short and
medium chain fatty acids compared to other natural fats and
oils." Fatty acids with a chain length of 4-12 carbon atoms
represent about 25% of the total fatty acids in milk fat tri-
glycerides, on a molar basis.> Short-chain fatty acids and
their esters find many industrial applications as flavoring
agents, emollients, or emulsifiers. Currently, these com-
pounds are mostly obtained via chemical synthesis, fermen-
tation, or extraction from plants.>* Disadvantages of these
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processes are that synthesis products cannot be labeled as
natural,> while the low concentrations of the desired com-
pounds make fermentation and extraction processes costly.*
An alternative, cost-effective biotechnological process for
the production of short-chain fatty acid esters is therefore
interesting from an industrial perspective.

Fatty acids can be released from triglycerides by lipase-
catalyzed transesterification reactions, for example alcoholy-
sis.>® By using ethanol as the alcoholysis acyl acceptor, fatty
acid ethyl esters (FAEE) are formed in this reaction. The se-
lectivity of lipases can be used to enrich one of the reaction
products in a certain type of fatty acids. In the case of milk
fat ethanolysis, lipase selectivity for short-chain fatty acids
can be used to produce a FAEE product mixture that is
enriched in the valuable short-chain fatty acid fraction.’
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Lipase-catalyzed reactions can be carried out in supercriti-
cal fluids (SCF).® Supercritical carbon dioxide (scCO,) is one
of the favorite SCF due to its lack of toxicity, mild critical
point, and wide awailability.8 SCF are interesting reaction sol-
vents featuring a solvent power tunable by pressure and tem-
perature and excellent transport properties.g’ll The main
drawback of SCF is that, due to their relatively low solvent
power, high amounts of fluid at elevated pressure are neces-
sary to dissolve the reactants. A novel approach in the field of
supercritical catalysis involves the dissolution of a gas in the
liquid mixture of reactants at pressures on the order of tenths
of bars, for creating a gas-expanded liquid phase (GXL)
where the dissolved gas acts as a co-solvent.'? The GXL has
lower viscosity than the original mixture, resulting in higher
diffusion coefficients. The increase in diffusivity can in turn
enhance the equilibrium conversion, reaction rate, and/or se-
lectivity in GXL as compared to solvent-free or conventional
organic media.”'*'? For systems consisting of edible fats and
carbon dioxide, several researchers have shown that consider-
able amounts of the gas are dissolved in the molten fat at
moderate pressures,m‘15 which is accompanied by a decrease
of the mixture Viscosity.15

The advantages of CO, as reaction solvent or co-solvent
can be maximized by making additional use of it for the sep-
aration of reaction products. Separation of products after a
supercritical reaction is often accomplished in a succession
of separators operated at decreasing pressures. The less solu-
ble compounds condense in the first separator, at the highest
pressure, and the most soluble in the last one, at the lowest
pressure.'®!” Marty et al.'® reported good separations of
product (ethyl oleate) and reactants (oleic acid and ethanol)
using a cascade of four separators. Weber et al.'” separated
FAEE from partial glycerides using a similar configuration,
taking advantage of the high solubility of FAEE in carbon
dioxide as compared to that of glycerides.

In situ removal of reaction products provides supplemen-
tary benefits to the reaction: it prevents the products from
reacting back or undergoing side-reactions; may enhance
reaction selectivity and, in the case of equilibrium reactions,
increases the production rate due to the equilibrium shift
imposed by the removal of products, as demonstrated by
Adschiri et al."® and Shishikura et al.'” in lipase-catalyzed
transesterification reactions.

Our objective is developing a simple and efficient process
for the synthesis and separation of short-chain fatty acid esters
from milk fat, a natural source of these components. To this
end, we explore the advantages of using carbon dioxide as
reaction co-solvent and the adequate process conditions for the
selective extraction of short-chain FAEE from the reaction
mixture. Finally, we investigate the additional advantages of
integrating synthesis and extraction by the use of carbon diox-
ide, which allows taking advantage of the synergic selectivities
for short-chain FAEE of the lipase and the extraction solvent.

Materials and Methods
Materials

A low melting fraction (O-fraction) of concentrated milk
fat was obtained from Friesland-Campina (Lochem, Nether-
lands) and stored below 4°C before use. The fatty acid com-
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Table 1. Fatty Acid Composition of Milk Fat Fraction Used
in the Experiments

Fatty Acid (Type/Name) mol %
Short-chain Butyric acid (C4) 9.7 £ 0.1
Caproic acid (C6) 48 + 0.1
Caprylic acid (C8) 2.0+ 0.1
Capric acid (C10) 4.1 + 0.1
Lauric acid (C12) 4.5+ 0.1
Long-chain Myristic acid (C14) 119 £ 0.1
Palmitic acid (C16) 28.1 £ 0.2
Stearic acid (C18) 92 +0.2
Oleic acid (C18:1) 25.7 £ 0.1

position of this milk fat, normalized to the nine major fatty
acids, was experimentally determined by gas chromatogra-
phy, and is shown in Table 1. In this work, butyric, hexa-
noic, octanoic, decanoic, and lauric acids are considered
short-chain fatty acids (s-FA). The rest are considered long-
chain fatty acids (I-FA). Carbon dioxide was obtained from
Linde Gas Benelux (Schiedam, Netherlands). The immobi-
lized enzyme Novozym 435 was kindly donated by Novo-
zymes A/S (Bagsvaerd, Denmark). Absolute ethanol (99.9%)
was purchased from Sigma-Aldrich (Zwijndrecht, Nether-
lands). Ethyl butyrate (99.5%), hexanoate (99.8%), octanoate
(99.8%), decanoate (99.5%), myristate (98.5%), laurate
(99.8%), palmitate (99.8%), oleate (99.5%), and stearate
(99.5%), used as analytical standards, were also purchased
from Sigma-Aldrich.

Analytical methods

Analyses of the FAEE and partial glyceride mixtures were
carried out in a gas chromatograph Chrompack CP9002 (Var-
ian, Middelburg, Netherlands) equipped with flame ionization
detector, using a VF5-ht GC-column (Varian, Middelburg,
Netherlands). Injection and detection temperatures were
350°C. N, was the carrier gas. Oven temperature was kept at
50°C for 2 min, then raised at 20°C/min to 350°C and kept
for 2 min at the final temperature. This temperature profile
allowed elution of all components and quantification of FAEE.

GXL reaction and reaction-extraction experiments

The experimental set-up is depicted in Figure 1. A jack-
eted stirred autoclave (Autoclave Engineers) was used for
ethanolysis under CO, pressure. The autoclave has a vol-
ume of 385 mL and is equipped with two sapphire win-
dows, a bottom mesh filter and several inlet/outlet ports.
In regular reaction-extraction experiments, 120 g of molten
fat and corresponding amounts of ethanol and immobilized
lipase were introduced in the autoclave, which was then
closed and pressurized by the addition of carbon dioxide.
In our previous work, we studied the ethanolysis reaction
of milk fat in diverse reaction media at 315 K,7 conse-
quently this temperature was fixed and used in the present
study for reaction, extraction, and integrated reaction-
extraction experiments. Temperature was kept at the set
point by a thermostatic bath and the mixture was stirred
using a 6-blade Rushton turbine impeller at 150 rpm. Sam-
ples from the reaction mixture, free of enzyme particles,
were taken regularly by opening the bottom valve of the
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Figure 1. Reaction-extraction set-up.

The jacketed high-pressure reactor (A) is initially charged
with lipase and reactants, and has a feed inlet for CO, and
ethanol make-up. The outlet valve connects the reactor with
the separator (B), where the extracted material is
condensed.

autoclave. The size of the samples was ~2 g. In the reac-
tion-extraction experiments, extraction of the reaction prod-
ucts was started by initiating a continuous flow of scCO, of
~100 g/min, after allowing a certain initial time for reac-
tion. The stirring speed was then reduced to 120 rpm for
reducing the chance of liquid droplet entrainment by the
gas flow. The extracted material was condensed from the
gas stream at 2.8 MPa and 281 K and was collected in the
separation vessel, maintained at low temperature by a ther-
mostatic bath. During the extraction period, ethanol was fed
to the reactor using an ISCO pump, to compensate its loss
due to extraction in the carbon dioxide stream.

Results and Discussion

Our objective was synthesizing and extracting short-chain
FAEE from milk fat using carbon dioxide as the only pro-
cess solvent. The effect of carbon dioxide was first investi-
gated separately on reaction and extraction, to elucidate the
impact of the dissolved gas on the reaction medium; and to
determine the optimal pressure for selective extraction of
short-chain FAEE at 315 K. The integration of both tasks
was then carried out in two different ways: simultaneous and
cyclic reaction-extraction.

Effect of carbon dioxide on the enzymatic reaction

Lipase-catalyzed ethanolysis of milk fat was carried out in
CO,-expanded milk fat (GXL) at 11 MPa and 315 K. Etha-
nolysis of fat is an equilibrium reaction, in which up to three
FAEE are formed from each triglyceride (TAG):

TAG + E <~ DAG + FAEE
DAG + E < MAG + FAEE
MAG + E < G + FAEE

Mono- and di- acylglycerols (MAG, DAG) and glycerol
(G) are also produced. The presence of glycerol in reactions
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catalyzed by immobilized lipases is sometimes problematic,
because glycerol may adsorb onto the lipase carrier and inac-
tivate the enzyme. However, only small concentrations of
glycerol were expected to be produced in our reaction sys-
tem, as we did not intend to attain full conversion. It has
been shown that the lipase used (Novozym 435) produces
glycerol from MAG only when the concentration of TAG is
very low.”® In addition, the hydrophobic support of Novo-
zym 435 is most likely surrounded by a layer of apolar
substrates and products that prevent it from glycerol adsorp-
tion. Several authors have reported very good stability of
Novozym 435 in alcoholysis reactions.

Milk fat triglycerides typically contain both short and long
fatty acids (FA) in the same molecule. Novozym 435 is
selective for substrates of small volume (i.e., glycerides con-
taining short-chain FA) due to the limited space of its active
site.?? In our previous study on lipase-catalyzed milk fat eth-
anolysis, Novozym 435 produced FAEE mixtures richer in
short-chain FA than the original milk fat, particularly during
the first hours of reaction. As the reaction proceeded in time,
the percentage of short chains in the FAEE product
decreased, approaching that of the original milk fat. We con-
cluded that the lipase catalyzes the transesterification of all
fatty acid chain lengths, but that of long-chain FA is cata-
lyzed at a lower rate. In addition, we observed that lipase
activity reached its maximum for equimolar concentration of
reactants (ethanol to fatty acid ratio E/FA = I

For milk fat ethanolysis experiments catalyzed by Novo-
zym 435, Figure 2 shows the evolution of the lipase selectiv-
ity for short-chain fatty acids (Sy) with conversion (c¢). The
graph includes one solvent-free experiment and two experi-
ments in GXL at different E/FA ratios (0.5 and 1.0). Reac-
tion conversion (c¢) is defined as moles of FAEE produced
(mpagg) over total moles of FA in the original fat (mpa o):
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Figure 2. Lipase selectivity (S;) vs. conversion (c), in

ethanolysis experiments catalyzed by Novo-
zym 435.

Black diamonds: solvent-free, E/FA = 0.5; gray circles:
GXL, E/FA = 0.5; empty diamonds: GXL, E/FA = 1.0.
Reaction temperature was 315 K. Sy decreased with conver-
sion in all experiments, indicating that short-chain fatty
acids were transesterified at a faster rate. S; was in overall
higher in the experiments carried out in GXL than in the
solvent-free, reference experiment.
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The lipase selectivity (Sy) is defined as the ratio of short-
chain fatty acid conversion (c¢;) to long-chain fatty acid
conversion (cj):

G ms—FAEE/ms—FA,O

SL=—"=
C] ml—FAEE/mlfFAA,O

The lipase selectivities Sy were, at low conversions, well
above 1 in all experiments, meaning that the percentage of
s-FA converted to s-FAEE was larger than the percentage of
converted 1-FA. This reflects the lipase preference for short-
over long-chain fatty acids. An enhancement of Sp was
observed in the carbon-dioxide expanded liquid (GXL), in
relation to the solvent-free reactions. In the GXL, a maxi-
mum S;, of ~2.5 was reached, vs. a maximum of 1.9 in the
absence of solvent.

This apparent selectivity increase can be attributed to the
enhanced internal diffusion in the GXL medium, as the me-
dium viscosity is considerably reduced by dissolution of car-
bon dioxide. Venter et al.,'> for example, reported at 313 K
a viscosity of ~43 mPa s for cocoa butter and only 6 mPa s
for CO,-saturated cocoa butter at 9 MPa. Given that the
lipase is immobilized onto a porous support, diffusion is the
prevalent mechanism for the transport of substrates towards
the catalytic sites. By enhancing diffusion and thus reducing
mass transfer limitations, the reaction becomes more kineti-
cally controlled. As a consequence, the difference in the
intrinsic reaction rates of short-chain and long-chain FA
appears more evident.

In addition, the lipase selectivity Sy vs. conversion ¢ pro-
file differed in each reaction medium: in GXL, S} decreased
steadily with ¢, while it passed through a maximum in sol-
vent-free medium. This maximum in the S curve could be
related to the time required for the substrates to diffuse into
the support pores and reach a stationary concentration at
which the lipase selectivity was maximal.

In our previous work, we noticed that the lipase selectivity
in GXL decreased at high E/FA ratios (E/FA > 1.5).7 This
effect was explained by a possible change in the lipase struc-
ture induced by the interactions between ethanol and carbon
dioxide at high ethanol concentrations. Therefore, both
considering activity and selectivity, the equimolar ratio of
reactants (E/FA = 1.0) was chosen for further use.

Extraction of s-FAEE from partially converted milk fat

FAEE are fairly soluble in carbon dioxide at pressures and
temperatures above the critical point.”>>> For a homologous
series of a component type (e.g., FAEE of varying chain
length), the solubility in carbon dioxide decreases with
increasing molecular weight.?* Lipid molecules other than
FAEE (MAG, DAG, TAG) are present in the reaction mix-
ture. In general, these compounds are less soluble in CO,
than FAEE, due to their higher polarity and molecular
weight.?* The solubility of glycerol, which could be present
in the reactor in small concentrations, is very low.%®

Generally, the solubility of all compounds increases with
carbon dioxide density. Therefore, the separation selectivity
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Figure 3. FAEE recovery (Rj) vs. amount of CO, used
(Mco2), for an extraction experiment at 9.1
MPa and 315 K.

The rate of recovery R; was highest at the start of the
extraction and decreased later as FAEE were depleted in
the liquid phase. The rate of recovery was higher the lighter
the FAEE.

decreases at increasing pressures. As our components of in-
terest are the short-chain FAEE (s-FAEE), it is desirable to
operate the extraction at the minimum possible pressure that
allows their extraction in considerable amount, while
minimizing the extraction of other components—primarily
long-chain FAEE (I-FAEE).

Extraction of FAEE was applied batch-wise to milk fat
partially converted to FAEE and glycerides in ethanolysis
experiments at E/FA = 1.0, the optimal reactants ratio. All
extraction experiments were done at 315 K and used an
average carbon dioxide flow rate of 100 g/min.

Figure 3 shows the evolution of a typical extraction
experiment, carried out at 315 K and 9.1 MPa. The recovery
R; of each individual FAEE is plotted vs. amount of CO,
passed through the vessel (Mcpo). The recovery (R;), a mea-
sure of the extraction degree, is defined as the amount of
compound i extracted divided by the initial amount of
compound 7 in the feed (mol/mol):

R = MEx i
mo,i

The first part of the recovery curves were nearly straight
lines for all FAEE, indicating a constant extraction rate. The
slope of the recovery curves is proportional to the gas-phase
loading (VPL,;), which is the amount of FAEE extracted over
the amount of CO, used:

A X,i
VPL; = b

Al’nco2

The vapor phase loadings (VPL,;) were constant at the start
of the extraction. Comparison of VPLs to FAEE solubility
data from literature®® indicates that gas-liquid equilibrium
was not achieved during extraction. Therefore, constant
VPLs were probably caused by constant mass transfer resist-
ance from the liquid to the gas phase.”’

After the constant VPL period, the slope of the recovery
curves started to decrease for the lighter (shorter chain)
FAEE. This was caused by the decline of gas-liquid mass
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Figure 4. s-FAEE recovery (Rs) vs. amount of CO, used
(Mco2)-

White rhombus: 8.1 MPa; gray squares: 9.1 MPa; white
circles: 9.6 MPa; black triangles: 10.1 MPa. At a given
pressure, the increase of Rg with Mco, was highest at the
start of the extraction and leveled off as the concentration
of s-FAEE in the liquid phase decreased. The rate of recov-
ery increased with the extraction pressure.

transfer rates (J;) due to the concentration decrease of s-
FAEE in the liquid phase (x;). The liquid phase concentra-
tion x; determines the equilibrium concentration in the gas,
y;*, as described by the following equations:

YT:Ki'Xi

Ji = koL ca(yi — yi) = kavica(Kixi — ;)

Short- and long-chain FAEE recoveries were lumped into
s-FAEE recovery (Rs) and 1-FAEE recovery (R), respec-
tively, as described by the equations below. Short-chain
FAEE recovery Rg and extraction selectivity Sg, defined
as the ratio of Ry to Ry, were the parameters used for
comparing the effect of the extraction pressure.

i=C4— MEx i
Rs = Yiscaci2
> i—ca—c1a Mo

R = 2 i=cia-cig MExi
> icla—cig Mo,
Rs

Sk =
E RL

Figure 4 shows the evolution of the short-chain FAEE recov-
ery (Rs) with the amount of carbon dioxide used for extraction
(Mcop). For a given extraction pressure, the recovery Rg
increased rapidly at the start of the extraction and leveled off as
the concentration of s-FAEE in the raffinate decreased, as
observed in Figure 3 for the individual components.

The rate of recovery increased with pressure, due to the
increased solvent power of CO,. At the highest pressure
(10.1 MPa), practically complete recovery of s-FAEE was
achieved in relatively short time, using 5 kg CO,. The
amount of carbon dioxide needed for complete recovery
increased at lower pressures, due to the lower solubility of
the components in those conditions. At the lowest pressure,
8.1 MPa, a relatively low rate of recovery was observed.
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The extraction was stopped at a s-FAEE recovery Rg of
53%, after using 9 kg CO,.

In Figure 5, the extraction selectivity (Sg) is plotted vs. s-
FAEE recovery (Rs), for the same set of experimental data.
The selectivity Sg decreased with pressure, due to the
enhancement of the solvent power of CO, for both short-
and long-chain FAEE. For example, for a Rg = 0.7, the
extraction selectivity Sg was 8.7 at 9.1 MPa, 4.8 at 9.6 MPa,
and 3.0 at 10.1 MPa.

For a given extraction pressure, the extraction selectivity
Sg generally decreased with the recovery of s-FAEE, Rg,
and thus with the amount of CO, used. As observed in
Figure 3, the period of constant VPL was shorter the
lighter the FAEE, and increased with molecular weight
regardless of the initial concentration of each individual
FAEE in the liquid mixture. As a consequence, the mass
fraction of 1-FAEE in the extract increased with the amount
of CO, used, resulting in the observed decrease of the
extraction selectivity Sg with the extraction degree Rg
observed in Figure 5.

In the extraction done at 8.1 MPa, the selectivity seems
to pass through a maximum value during the extraction
process, instead of decreasing with the amount of carbon
dioxide used (Mcoz). A possible explanation could be the
difficulty of accurately measuring the very small amount
of I-FAEE present in the first extracts obtained in
this extraction, as small errors in the measured amounts of
I-FAEE lead to relatively large errors in the calculated
values of Sg.

Regarding the separation of individual FAEE, the selectiv-
ity was higher the larger the difference in chain length of
the FAEE pair under consideration. This is illustrated in Fig-
ure 6, where the extraction selectivity S;; of the pairs C12/
Cl14 and C4/C18:0 is plotted vs. the recovery R; of the
lighter component of each pair, together with the Sg vs. Rg
curve of the lumped s-FAEE and 1-FAEE. The data shown
corresponds to the extraction done at 9.1 MPa. The selectiv-
ity S;; ranged from 63 to 13 for the pair formed by the light-
est and the heaviest FAEE (C4 and C18:0), with complete

100 ¢
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0.0 0.2 0.4 0.6 0.8 1.0
Rs[-]

Figure 5. Extraction selectivity (Sg) vs.
s-FAEE (Rs).

White rhombus: 8.1 MPa; gray squares: 9.1 MPa; white
circles: 9.6 MPa; black triangles: 10.1 MPa. At a given
pressure, the selectivity Sg generally decreased with the
recovery Rs. The selectivity Sg decreased at increasing
pressures.

recovery of
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Figure 6. Extraction selectivity (Sj;) for selected FAEE
pairs, vs. recovery R; of the lighter FAEE of
each pair.

White circles: C4/C18:0; gray squares: lumped s-FAEE/I-
FAEE; white triangles: C12/C14. Extraction was performed
at 9.1 MPa and 315 K. The extraction selectivity was higher
the larger the difference in chain length of the FAEE pairs
under consideration.

end recovery of C4. For the pair C12/C14, however, S;; var-
ied between 2.0 and 1.8 with a final C12 recovery Ry, =
0.63. For achieving sharp separations between FAEE of sim-
ilar chain length, multistage countercurrent fractionation
would be required. Nevertheless, the semi-batch, single stage
scCO, extraction operation proved to be a good method for
the separation of short-chain FAEE from long-chain FAEE.

Effect of in situ product removal on reaction rate
and selectivity

The hypothesis under investigation was that the integration
of reaction and extraction could lead to positive effects on
the reaction rate and short-chain fatty acid selectivity,
derived from the in situ removal of reaction products and
the combination of reaction and extraction selectivity. The
reactants ratio was set to E/FA = 1 and the temperature at
315 K. We chose 9.1 MPa for the operation pressure as a
trade-off between the recovery Rs and the extraction selec-
tivity Sg. At this pressure, considerably high recoveries were
obtained with an acceptable extraction selectivity (Sg = 5.9
for a s-FAEE recovery Rs = 0.91). Two possible process
configurations were tested: simultaneous reaction-extraction
and cyclic reaction-extraction.

Simultaneous Reaction-Extraction. In a typical simultane-
ous reaction-extraction experiment, the reaction was first let
to proceed in the gas-expanded mixture (without CO, circu-
lation) until a significant amount of FAEE was produced.
Thereafter, the extraction process was initiated.

Figure 7 shows the cumulative productivity of the lipase P
vs. time for two integrated reaction-extraction experiments.
The cumulative lipase productivity P is defined as total mol
of FAEE produced per gram of lipase.

The productivity curve of a regular ethanolysis experiment
with no simultaneous extraction is plotted in Figure 7 as ref-
erence (solid curve). For the simultaneous extraction-reaction
experiments, the moment in which the carbon dioxide flow
was started is indicated by the dashed vertical line. In the
first reaction-extraction tests, the conversion was observed to
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stop as soon as the carbon dioxide flow was started. This is
represented by the gray circles series. The dotted horizontal
line indicates the final productivity attained. The fact that
the reaction stopped was due to the complete extraction of
the reactant ethanol from the liquid mixture.

To overcome the extraction of ethanol, a continuous etha-
nol make-up stream was incorporated with the objective of
maintaining a constant ethanol concentration in the liquid
mixture during the reaction-extraction experiments. As the
partition coefficient of ethanol between the liquid fat mixture
and the gas phase was unknown, a range of ethanol/CO,
feed ratios between 0.015 and 0.050 g ethanol/g CO, were
tested. Using 0.024 g ethanol/g CO,, the concentration of
ethanol in the liquid phase during the reaction-extraction pe-
riod was ~15 wt %, corresponding to the desired E/FA =
1.0 (considering the amount of milk fat-bonded FA present
at the start of the experiment). This feed ratio of ethanol to
CO, was subsequently used in the reaction-extraction experi-
ments.

As shown by the white triangles series in Figure 7, FAEE
productivity (P) increased from the moment that simultane-
ous FAEE extraction and ethanol make-up were started (t =
3.3 h). The cumulative productivity P increased by 45% af-
ter 3 h of simultaneous reaction-extraction, compared to the
reference single reaction. This increase in productivity was
presumably a consequence of the disappearance of one of
the reaction products (FAEE) from the reaction mixture,
shifting the reaction equilibrium towards the products side
according to le Chatelier principle. A similar effect was
observed by Adschiri et al.'® for the transesterification of
methyl oleate and tricaprylin with simultaneous extraction of
the product methyl caprylate. They reported an increase of
45% in the conversion after 14 h of extractive reaction.

These results confirm the hypothesis that in situ product
removal increases the production rate of FAEE by the lipase.

0.03

0.02

0.01

P [mol FAEE/g lipase]

0.00

t[h]

Figure 7. Cumulative lipase productivity (P) of FAEE vs.
time ().

All experiments were carried out at 315 K, with E/FA =
1.0 and 4 wt % of Novozym 435. Solid line: reference reac-
tion experiment without extraction. Gray circles: experiment
without ethanol make-up. The start of extraction is indicated
by the dashed vertical line. White triangles: experiment
with ethanol make-up. In the experiment without ethanol
make-up, the reaction stopped upon start of extraction due
to the removal of ethanol from the liquid mixture. When an
ethanol make-up stream was added, the lipase productivity
increased in relation to the reference synthesis experiment,
due to the in situ removal of reaction products.
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Figure 8. Cumulative productivity of FAEE (P) vs. time,
for a cyclic reaction-extraction of three
cycles (black rhombus).

Reaction conditions were 315 K, E/FA = 1.0 and 10 wt %
of Novozym 435. The start and the end of the extraction
periods are indicated by the dashed and solid vertical lines,
respectively. The cumulative productivity P increased by
62% after 7.25 h, in relation to the reference single reaction
(empty rhombus and solid line).

Extraction of FAEE from the reaction mixture pulls the reac-
tion towards synthesis of FAEE by lowering the concentra-
tion of FAEE available for reverse reaction. Since larger
amounts of s-FAEE than 1-FAEE were extracted, the produc-
tion rate of s-FAEE could be expected to increase more in
comparison to the production rate of I-FAEE. However, this
was not the case: the relative amounts of s-FAEE and I-
FAEE produced were approximately the same as in the ref-
erence, reaction-only experiment. This effect can be
explained based on the supposition that the ratio of short- to
long-chain FAEE produced by the lipase depends directly on
the concentration of short- and long-chain FA still bonded to
glycerides, rather than on the concentration of short- and
long-chain FAEE present in the reactants mixture.

Cyclic Reaction-Extraction Operation. In situ extraction
of reaction products resulted in an advantageous increase of
lipase productivity. To avoid the continuous addition of etha-
nol required in the simultaneous reaction-extraction mode,
the integrated reaction-extraction was operated in a cyclic
manner. On the basis of the previous results on reaction and
extraction rates, the duration of the reaction periods was set
to 2-2.5 h and followed by 15 min of extraction. The experi-
ments consisted of 3 or 4 cycles. After each extraction pe-
riod, the amount of extracted ethanol was added to the reac-
tor for restoring the E/FA ratio to 1.

Figures 8 and 9 show the cumulative FAEE productivity
curves (P) vs. time for a three-cycle and a four-cycle
reaction-extraction experiment, respectively. The reference,
reaction-only productivity is also shown in both graphs. The
productivity P was considerably higher in the cyclic opera-
tion as compared to the reaction-only experiment, similar to
the increase in the simultaneous synthesis and extraction. Af-
ter 7.25 h of operation, the cumulative productivity P
reached 0.020 mol/g lipase in the three-cycle experiment
(Figure 8) and 0.024 mol/g lipase after in the four-cycle
experiment (Figure 9). This is respectively an increase of
62% and 94% in relation to productivity P obtained in the
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reference ethanolysis reaction (solid curve) after the same
operation time.

The increase in productivity was due to the fact that
the intermediate extraction periods lowered substantially the
concentration of FAEE in the liquid mixture, minimizing
the reverse reaction (synthesis of glycerides from FAEE).
The cyclic removal of reaction products had thus a compara-
ble effect on the lipase productivity to that of simultaneous
product removal.

The percentage of short chains in the FAEE product at the
end of the cyclic reaction-extraction (adding up the FAEE
recovered in the extract and in the raffinate) was between 32
and 35%, similar to that obtained in the reaction-only experi-
ments. This observation confirms that no clear increase on
the apparent lipase selectivity for short-chain fatty acids, Sy,
derived from in situ product removal.

Effect of in situ product removal on extraction
selectivity

Figure 10 shows the extraction selectivity Sg vs. the
extraction degree of s-FAEE (Rg) for the three operation
modes described. The extraction selectivity Sg was lower in
the integrated reaction-extraction operations (curves B and
C), than in a single reaction followed by extraction (sequen-
tial mode, curve A). Particularly low values of Sg were
obtained in the simultaneous reaction-extraction mode (B).
This decrease in the extraction selectivity can be explained
by two arguments. During simultaneous synthesis-extraction,
the concentration of FAEE in the liquid mixture was very
low due to their continuous removal by the carbon dioxide
flow. The rate of extraction of s-FAEE was probably higher
than its production rate, resulting in concentration-limited
VPL values. As this limitation was not critical in the case of
I-FAEE due to their lower inherent solubility in CO,, the
result was poor separation selectivity. For improving the sep-
aration selectivity, it would be necessary to decrease further
the flow rate of CO, so that the production rate of s-FAEE
does not exceed its extraction rate.

0.030 i i i i
L I | I 1
C I I I I
0.025 F | : | o)
F I I I I
@ 0.020 | [ I 14 I
o] r I I I
o r I I I I
> 0015 I I I I
= E | I pul
[} F t |
E o010 f I //‘.4 ,/I““"’T
o r I //r © I I
0.005 f & 1 ! :
r I I I I
0.000 L") s M| L L i 1 " M| 1 s | '
0.0 2.0 4.0 6.0 8.0
t[h]

Figure 9. Cumulative productivity of FAEE (P) vs. time,
for a cyclic reaction-extraction of four cycles
(black rhombus).

Reaction conditions were 315 K, E/FA = 1.0 and 10 wt %
of Novozym 435. The start and the end of the extraction
periods are indicated by the dashed and solid vertical lines,
respectively. The cumulative productivity P increased by
949 after 7.25 h, in relation to the reference single reaction
(empty rhombus and solid line).
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Figure 10. Extraction selectivity (Sg) vs. short-chain
recovery (Rs) for three operation modes.

A: sequential reaction and extraction, B: simultaneous
reaction-extraction, and C: four-cycle reaction and extrac-
tion. Extraction conditions were 9.1 MPa and 315 K.

Similarly, the decrease of extraction selectivity in the case
of cyclic operation seems to be a consequence of the overall
lower concentration of FAEE in the liquid mixture during
extraction. The concentration of ethanol during extraction
was considerably higher in the simultaneous (B) than in the
sequential (A) and the cyclic operation mode (C), as ethanol
was continuously fed to the reactor. Ethanol has a co-solvent
effect that increases the solubility of all FAEE in the gas
phase, and this solubility enhancement results in a decrease
of the CO, selectivity for different FAEE.?®

Towards an industrial process: comparison of
operation modes

We compared the overall performance of the three opera-
tion modes (sequential, simultaneous, and cyclic reaction-
extraction) to highlight the advantages of the integration and
assess its potential for industrial implementation.

The comparison was based on processes taking the same
total time (7.25 h) and using the same initial amount of reac-
tants and reactants ratio (E/FA = 1.0), temperature of 315 K
and pressure of 9.1 MPa. The results are summarized in
Table 2. The factors used for the comparison were: total
ethanol used, total CO, used, final conversion of milk fat,
total recovery of s-FAEE, and overall process selectivity for
s-FAEE. The total recovery of s-FAEE, Ry is defined as the
amount of s-FAEE extracted over the initial amount of s-FA
in milk fat. Analogously, Rg is the total recovery of I-
FAEE. The overall process selectivity S’, defined as Ry over
Ry, reflects the effect of combining the selectivity of the

lipase and the selectivity of the extraction for s-FAEE. The
percentage of s-FAEE in the FAEE extract, directly related
to ', is also shown in Table 2.

In the sequential reaction-extraction (A) no ethanol make-
up was required, resulting in the lowest overall ethanol
usage. The highest percentage of short-chains in the FAEE
extract was obtained: 79.7%, corresponding to an overall se-
lectivity S = 11.9. However, the conversion of milk fat was
the lowest, as there was no possibility of increasing the pro-
ductivity of FAEE by in situ product removal. Low conver-
sion resulted in a low overall recovery of short-chain FAEE
(Ry = 0.30). From an industrial prospective, the sequential
operation would be relatively easy to implement, either
batchwise or in a continuous process. However, as the lipase
cost is likely to represent an important contribution to the
overall operating costs,” the low lipase productivity
obtained here is a drawback of this operating mode.

In the simultaneous reaction-extraction mode (B), the larg-
est amount of ethanol make-up was required as this reactant
was continuously extracted from the reactor by the carbon
dioxide flow. This would not necessarily be a disadvantage
in a production scale, as a recycle stream of the extracted
ethanol back into the reaction vessel could be implemented.
A final conversion of 41% was achieved. This was higher
than in mode A because the productivity increased due to in
situ product removal. The total recovery of s-FAEE was con-
sequently higher than in case A. On the other hand, the
extraction selectivity was relatively low, resulting in the low-
est concentration of s-FAEE in the extract (61.3%) from all
the compared processes.

Applying intermediate cycles of reaction products extrac-
tion (C-3 and C-4) caused the maximum increase of lipase
productivity (up to 94%), which at its turn resulted in the
highest final conversion of milk fat, as high as 55% in the
four-cycle process. Considerably higher extraction selectivity
was attained in comparison to mode B, and lower amounts
of ethanol were used. A fairly high concentration of s-FAEE
in the extract at the end of the process was therefore
obtained, nearly as high as in the sequential mode (76.3% in
C-4 vs. 79.7% in mode A). In addition, the total s-FAEE
recovery Ry was doubled in the cyclic process as compared
to the sequential operation.

Comparing the evolution of the overall process selectivity
with the total recovery of s-FAEE gives an interesting
insight on the different operation modes. In Figure 11,
the process selectivity S’ is plotted vs. the total recovery of
s-FAEE, Rg'.

The graph shows that the absolute value of the slope of S’
with Rg was lower in the integrated than in the sequential
process, meaning that higher separation selectivities could be

Table 2. Comparison of Operation Modes

Ethanol CO, Used Final Conversion % SC in Extract
Exp. Mode Used (g) (kg) (mol %) RS N (mol %)
A R+E, sequential 18 7.0 26 0.30 11.9 79.7
B In situ product removal, simultaneous 186 6.7 41 0.69 4.8 61.3
C-3 In situ product removal (3 cycles) 50 5.0 46 0.60 9.4 75.7
C-4 In situ product removal (4 cycles) 66 6.0 55 0.77 9.7 76.3

Final overall recovery (Rg’) refers to the total amount of s-FAEE obtained in the extract over the total amount of s-FA available in the original milk fat. Final

overall selectivity S’ is R’ over Ry/.
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Figure 11. Overall process selectivity (S') vs. total
short-chain recovery (R's) for three opera-
tion modes.

A: sequential reaction and extraction, B: simultaneous
reaction-extraction, and C: four-cycle reaction-extraction.
Extraction conditions were 9.1 MPa and 315 K.

obtained at high recoveries. This increase, particularly high
for the cyclic operation, is the result of exploiting the combi-
nation of lipase selectivity and extraction selectivity. For a
certain targeted value of process selectivity ', higher short-
chain recoveries Ry are obtained when applying in situ prod-
uct removal. For example, for an overall selectivity S = 10,
the short-chain recovery Rgs was ~0.30 in the sequential
operation (A), 0.55 in the simultaneous reaction-extraction
(B), and 0.78 in the cyclic operation (C).

In summary, integration of reaction-extraction proved to
provide significant advantages in the synthesis and extraction
of short-chain FAEE from milk fat. In particular, the cyclic
operation resulted in higher lipase productivity and higher
overall selectivity " at high recoveries. The results presented
here correspond to batch experiments with three and four
extraction cycles. It seems possible to enhance further
the lipase productivity and the separation selectivity by
optimizing the number and length of the extraction cycles.

Conclusions

The use of dense carbon dioxide as reaction co-solvent
during milk fat ethanolysis enhanced the lipase selectivity
for short-chain fatty acids. Supercritical carbon dioxide
extraction experiments on partially converted fat showed that
a good balance between short-chain FAEE recovery and se-
lectivity was obtained at 9.1 MPa and 315 K. The potential
advantages of integrating reaction and extraction by the use
of carbon dioxide were investigated. It was concluded that in
situ removal of FAEE from the reaction mixture clearly
increased the lipase productivity. The integrated reaction-
extraction operated in cycles resulted in an increase of the
overall process selectivity at high recoveries, as a result of
coupling lipase selectivity and extraction selectivity. Using
four reaction-extraction cycles, the lipase productivity was
nearly doubled in comparison to the reference single reac-
tion. The total recovery of short-chain FAEE was 2.6 times
higher than in a sequential reaction-extraction, for a compa-
rable concentration of short chains in the FAEE extract
(76%).

1088 DOI 10.1002/aic

Published on behalf of the AIChE

Acknowledgments

The authors thank Friesland-Campina (Netherlands) for the useful dis-
cussions. SenterNovem (Dutch Ministry of Economic Affairs, Nether-
lands) is gratefully acknowledged for the financial support of this work.

Literature Cited

1. Gunstone FD, Padley FB. Lipid Technologies and Applications. New
York: Marcel Dekker, 1997.

2. Jensen RG, Ferris AM, Lammi-Keefe CJ. The composition of milk
fat. J Dairy Sci. 1991;47:3228-3243.

3. Longo MA, Sanroman MA. Production of food aroma compounds:
microbial and enzymatic methodologies. Food Technol Biotechnol.
2006;44:335-353.

4. Xu Y, Wang D, Mu YQ, Zhao GA, Zhang KC. Biosynthesis of
ethyl esters of short-chain fatty acids using whole cell lipase from
Rhizopus chinesis CCTCC M201021 in non-aqueous phase. J Mol
Catal B Enzym. 2002;18:29-37.

5. Xu X. Production of specific-structured triacylglycerols by lipase-
catalyzed reactions: a review. Eur J Lipid Sci Technol. 2000;102:
287-303.

6. Marangoni AG. Lipases: structure, function and properties. In: Kuo
TM, Gardner HW, editors. Lipid Biotechnology. New York: Marcel
Dekker, 2002:357.

7. Lubary M, Ter Horst JH, Hofland GW, Jansens PJ. Lipase-catalyzed
ethanolysis of milk fat with a focus on short-chain fatty acid selec-
tivity. J Agric Food Chem. 2009;57:116-121.

8. Mesiano AJ, Beckman EJ, Russell AJ. Supercritical biocatalysis.
Chem Rev. 1999;99:623-633.

9. Woerlee G. Hydrodynamics and Mass Transfer in Packed Columns
and Their Applications for Supercritical Separations. PhD Thesis.
Delft: Delft University Press, 1997.

10. Nakamura K, Chi YM, Yamada Y, Yano T. Lipase activity and sta-
bility in supercritical carbon dioxide. Chem Eng Commun. 1986;45:
207-212.

11. Temelli F, Guclu-Ustundag O. Supercritical technologies for further
processing of edible oils. In: Shahidi F, editor. Bailey’s Industrial
Oil and Fat Products. Hoboken: Wiley, 2005.

12. Eckert CA, Liotta CL, Bush D, Brown JS, Hallet JP. Sustainable
reactions in tunable solvents. J Phys Chem B. 2004;108:18108—
18118.

13. Kerler B, Robinson RE, Borovik AS, Subramaniam B. Application
of CO,-expanded solvents in heterogeneous catalysis: a case study.
Appl Catal B Environ. 2004;49:91-98.

14. Munuklu P, Wubbolts F, de Loos TW, Jansens PJ. The phase behav-
ior of systems of supercritical CO, or propane with edible fats and a
wax. J Supercrit Fluids. 2006;39:1-5.

15. Venter MJ, Willems P, Kareth S, Weidner E, Kuipers NJM, de
Haan AB. Phase equilibria and physical properties of CO,-saturated
cocoa butter mixtures at elevated pressures. J Supercrit Fluids.
2007;41:195-203.

16. Marty A, Combes D, Condoret JS. Continuous reaction-separation
process for enzymatic interesterification in supercritical carbon diox-
ide. Biotechnol Bioeng. 1994;43:497-504.

17. Weber A, Catchpole O, Eltringham W. Supercritical fluid assisted,
integrated process for the synthesis and separation of lipid deriva-
tives. J Sep Sci. 2008;31:1346-1351.

18. Adschiri T, Akiya H, Cin LC, Arai K, Fujimoto K. Lipase-catalyzed
interesterification of triglyceride with supercritical carbon dioxide
extraction. J Chem Eng Jpn. 1992;25:104-105.

19. Shishikura A, Fujimoto K, Suzuki T, Arai K. Improved lipase-cata-
lyzed incorporation of long-chain fatty-acid into medium-chain tri-
glycerides assisted by supercritical carbon dioxide extraction. J Am
Oil Chem Soc. 1994;71:961-967.

20. Esteban L, Munio MM, Robles A, Hita E, Jimenez M]J,
Gonzalez PA, Camacho B, Molina E. Synthesis of 2-monoacylgly-
cerols (2-MAG) by enzymatic alcoholysis of fish oils using different
reactor types. Biochem Eng J. 2009;44:271-279.

21. Watanabe Y, Shimada J, Sugihara A, Noda H, Fukuda H,
Tominaga Y. Continuous production of biodiesel fuel from vegeta-
ble oil using immobilized Candida antarctica lipase. J Am Oil
Chem Soc. 2000;77:355-360.

April 2010 Vol. 56, No. 4 AIChE Journal



22.

23.

24.

25.

AIChE Journal

Anderson EM, Larsson KM, Kirk O. One biocatalyst—many appli-
cations: the use of Candida antarctica B-lipase in organic synthesis.
Biocatal Biotransformation. 1998;16:181-204.

Staby A, Mollerup J. Separation of constituents of fish-oil using
supercritical fluids—a review of experimental solubility, extraction,
and chromatographic data. Fluid Phase Equilib. 1993;91:349-386.
Guclu-Ustundag O, Temelli F. Correlating the solubility behavior of
fatty acids, mono-, di-, and triglycerides, and fatty acid esters in
supercritical carbon dioxide. Ind Eng Chem Res. 2000;39:4756-4766.
Ismadji S, Bhatia SK. Solubility of selected esters in supercritical
carbon dioxide. J Supercrit Fluids. 2003;27:1-11.

26.

27.

28.

29.

Gupta RB, Shim JJ. Solubility in Supercritical Carbon Dioxide.
Boca Raton: CRC Press, 2007.

Brunner G. Supercritical fluids: technology and applications to food
processing. J Food Eng. 2005;67:21-23.

Nilsson WB, Seaborn GT, Hudson JK. Partition-coefficients for
fatty-acid esters in supercritical fluid CO, with and without ethanol.
J Am Oil Chem Soc. 1992;69:305-308.

Knez Z, Habulin M. Compressed gases as alternative enzymatic-reac-
tion solvents: a short review. J Supercrit Fluids. 2002;23:29-42.

Manuscript received Apr. 6, 2009, and revision received June 23, 2009.

April 2010 Vol. 56, No. 4

Published on behalf of the AIChE

DOI 10.1002/aic 1089



