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Feasibility of lipase immobilization in a hydrophilic hollow fibre membrane reactor for oil hydrol-
ysis has been demonstrated. A simple immobilization technique was applied resulting in about 155
mg m~ 2 of immobilized lipase at approximately 40 mass % yield. The immobilized lipase in the
membrane reactor had favourable kinetic properties. The reaction in the membrane reactor was
well approximated by one-substrate first-order reversible kinetics, previously established for a mi-
croemulsion reactor, implying the same reaction mechanism in both systems. Estimation of kinetic
parameters revealed that the immobilized lipase retained activity equivalent to approximately 44 %
of that of the free lipase but the final conversions were higher with the immobilized lipase. At the
enzyme load employed in this study, the loss of activity due to enzyme desorption had only a small
effect on the reactor stability and oil hydrolysis. The membrane reactor operated for up to 137
h with no significant loss in productivity. These results imply that the proposed immobilization
technique and hollow fibre reactor system with immobilized lipase provide a promising solution for
applications of lipase for oil hydrolysis at industrial scale.

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3)
are serine hydrolases of considerable physiological sig-
nificance and industrial potential that can catalyze
numerous reactions such as hydrolysis, interesterifica-
tion, esterification, alcoholysis, acidolysis, and amino-
lysis [1]. The broad substrate specificity makes lipases
usable in a wide field of applications and their market
is still growing [2]. One of the most promising fields of
lipases application is the production of fatty acids and
glycerol via hydrolysis of oils and fats for the food and
pharmaceutical industries [3, 4]. However, lipase reac-
tion systems are complex, usually consisting of two
immiscible phases: an aqueous phase with dissolved
enzyme and an organic phase with dissolved substrate
[5]. Applications of lipase have been deterred in these
reaction systems by high enzyme cost, contamination
of products by residual protein, low reaction rates,
and lack of an ideal emulsion reactor system to carry
out the complex interfacial heterogeneous hydrolysis.
On the other hand, the biphasic membrane reactors
with lipases immobilized in the membranes can be

used to enhance the productivity of enzymatic process
by improving substrate/lipase contact, by providing
a simple and reversible means of enzyme immobiliza-
tion and by effecting the removal of inhibitory reaction
products [6]. In addition, enzyme membrane reactors
offer advantages with respect to conventional enzyme
reactors for the membrane ability to operate simulta-
neously as an enzyme carrier and a phase separation
barrier combining a chemical reaction with a selective
mass transfer through the membrane. Therefore, the
use of biphasic membrane reactors with immobilized
lipase is highly attractive, especially when hollow fi-
bre reactor configuration is used, since it provides the
highest surface to volume ratio without the need for
membrane support.

Several authors studied lipase immobilization and
fat and oil hydrolysis in hollow fibre reactors. Hoq et
al. [7] presented a hydrophobic hollow fibre membrane
system for fat hydrolysis with lipase immobilized at
the water-glycerol side of the membrane. This system
was later used also for oil hydrolysis and ester syn-
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thesis by several groups of authors [8—10]. On the
other hand, Pronk et al. [11] presented a hydrophilic
hollow fibre membrane system for hydrolysis of soy-
bean oil with lipase immobilized at the oil side of the
membrane. This system was also subsequently used in
many studies on lipase catalysis [12—14]. Both mem-
brane systems have advantages and it is not yet de-
termined, which membrane system is preferable for in-
dustrial application. An advantage of the hydrophilic
membrane system could be the reduced enzyme des-
orption because of its insolubility in the organic phase.
In addition, catalytic activity per membrane area is of
the same order of magnitude regardless of the mem-
brane type or thickness. However, if estimated per
amount of immobilized enzyme, catalytic activity is
much higher for hydrophilic membrane systems [15].

In most studies performed in hollow fibre reac-
tor systems with immobilized lipase, reactor operating
regimes and reaction kinetics were not thoroughly in-
vestigated and the Michaelis—Menten approach was
commonly used [11, 13, 14]. However, the reaction ki-
netics is more complex than the commonly assumed
one-substrate one-product irreversible reaction. In ad-
dition, diffusion limitations must be eliminated and
the intrinsic kinetics of enzymatic catalysis in this sys-
tem must be measured.

Recently, palm oil hydrolysis by lipase from Can-
dida Tugosa in a biphasic oil/aqueous hollow fibre
membrane reactor was studied [16]. The authors in-
vestigated the reactor operating regime with respect
to flow patterns in reactor zones, lipase desorption,
and hydrolysis rates and determined the optimal re-
actor operating regime for palm oil hydrolysis. In this
work, under the optimal flow conditions, the kinet-
ics of palm oil hydrolysis by immobilized lipase in the
membrane reactor was investigated and compared to
the results obtained for free lipase in the microemul-
sion reaction system. The objective of this work was
to define a kinetic model describing the long-run oil
hydrolysis by immobilized lipase in the membrane re-
actor important for commercial applications. In addi-
tion, hydrolytic activity of the immobilized and free
enzymes was compared and stability of the immobi-
lized enzyme was tested in several hydrolysis batches.

THEORETICAL

In order to interpret and analyze the obtained ex-
perimental results, kinetic model derived for the palm
oil hydrolysis in a microemulsion system was applied
[3]. This model implies that the oil hydrolysis is a one-
substrate two-product first-order reversible reaction
and that the water concentration does not influence
the reaction rate. In such case, the mechanism of oil
hydrolysis may be represented as follows

k1
S+ H,0 == P, + P, (A)
k2
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where S is the ester bond which can be attacked by
lipase, P; and Py are products (free fatty acids and
glycerol residues), and k; and k2 are the rate constants
for ester bond decomposition and formation, respec-
tively. The product concentration, Cp, is given by the
expression

Cp:CpIZCpQZCO_C (1)

where (p is the initial substrate concentration and C
is the substrate concentration at any reaction time ¢.

The rate equation based on mechanism (A) is ex-
pressed as follows

_de
dt

T =

= ki C — ko2 (2)

Eqn (2) may be transformed using eqn (1) as fol-
lows

dc
— =kC =k (Co = C)° (3)

At an equilibrium state, dC/dt = 0 and C = C,
k1Ce — k2 (Co = Ce)* = 0 (4)

Substitution of k; obtained from eqn (4) into eqn
(3) gives
dC  —k1 [C.C? = C (CF - C2) + C.C3]
de B (CO - Ce)2

(5)

where C, is the equilibrium substrate concentration.
Integration of eqn (5), subject to the boundary
condition that C' = Cj when ¢t = 0, gives

Co (C —Ce)

(Xe —2)
(CZ2—CC.)

In =kt (6)

where X, = (Cy — C¢)/Cy is the equilibrium degree of
hydrolysis and ¢ is the time.

The substrate concentration, C, can be then ex-
pressed as a function of the initial, Cy, and equilib-
rium, C,, substrate concentrations

_ Co(Ce+ CoM)
¢= Co+ Co M (7)

where M represents a parameter defined as

kqt(Xe—2)

M=t 8)

It was assumed that the reaction catalyzed by im-
mobilized lipase in the membrane reactor follows the
same kinetics as that determined for free lipase in the
microemulsion system [3]. This assumption is true, if
the immobilization method would not influence the
structure of the lipase. In addition, plug flow of the
substrate mixture in the lumen zone of the reactor
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Fig. 1. Scheme of the two-compartment membrane reactor sys-
tem.

and its ideal mixing in the oil reservoir was expected.
Previous results indicated that the assumption of ideal
plug flow is probably appropriate for modelling of re-
actions taking place in the lumen zone of hollow fibre
modules, taking into account that only active lumen
volume should be considered (=~ 18 % of the lumen
volume was almost stagnant) [16]. Experimental sys-
tem could thus be represented by a two-compartment
model consisting of a plug flow reactor connected in
series with an ideally mixed vessel (Fig. 1). Then,
the substrate concentration at the membrane reac-
tor outlet, C5, can be expressed as a function of the
inlet, C}, and equilibrium, C,, substrate concentra-
tions

~ C1(Ce+ C1 M)

=" rau @

where M is a constant defined as

k17m(Xe—2)

M=e % (10)

and 7 is the mean reactor residence time.

Mass balance for the oil reservoir can be written

as

Ve, — Ve, :V;dd—c;l (11)
where v is the oil phase volumetric flow rate and V;
is the reservoir volume.

Substituting eqn (9) into eqn (11) results in a first-
order differential equation, which can be integrated
and solved to get the time required to reduce the sub-
strate concentration from its initial value, Cy, to a
concentration C according to

T C—Cs C
71 (1+M) In —MIn—| (12)

b= Co—C Co

In the proposed kinetic models, adjustable param-
eters are the rate constant, k1, and the equilibrium
degree of hydrolysis, X, which were determined by
least-squares fits to the experimental data (Figs. 2 and
3).
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Fig. 2. Experimental (points) and fitted data (solid lines) of
palm oil hydrolysis in a free enzyme microemulsion sys-
tem obtained for the initial substrate concentration of
0.059 mol dm~3 (m), 0.090 mol dm~3 (e), 0.163 mol
dm~3 (A), and 0.326 mol dm~3 (V).
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Fig. 3. Experimental (points) and fitted data (solid lines) of
palm oil hydrolysis in a membrane reactor obtained for
the initial substrate concentration of 0.059 mol dm~—3
(m), 0.090 mol dm~2 (@), 0.163 mol dm~2 (A), and
0.326 mol dm—3 (V).

EXPERIMENTAL

Candida rugosa lipase (EC 3.1.1.3) from Sigma
Chemical Co. (St. Louis, MO) with a nominal specific
activity of 890 units mg~! was used for experiments
without further purification. Refined Malaysian palm
oil (importer Vital Vrbas, Yugoslavia) with a saponifi-
cation value of 199.5 and a molar mass of 845 g mol !
was used as the substrate for lipase hydrolysis. Bovine
serum albumin (BSA) from Sigma (St. Louis, MO)
was used as the standard for protein analysis. Isooc-
tane of anal. grade was purchased from Merck (Darm-
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stadt, Germany) and used as the organic solvent. All
other chemicals were reagent grade.

Processing equipment consisted of a hollow fibre
reactor, oil and buffer reservoirs, two pumps for recir-
culation of the oil and water phases, and an external
water jacket. Capillary dialysis modules (model E2)
purchased from INEX-Hemofarm (Vrsac, Yugoslavia)
were used as hollow fibre reactors. The reactor module
consisted of approximately 7000 fibres with an inter-
nal diameter of 200 pum, a wall thickness of 8 pm,
and a length of 16 cm. The total membrane area was
1.0 m2. The hydrophilic fibres were made of Cupro-
phane with a narrow relative molecular mass cut-off
(M, CO) of 5000. The detailed specifications of the
membrane, experimental set-up for lipase-catalyzed
hydrolysis of palm oil, operating protocol, and ana-
lytical procedures were essentially the same as those
described previously [16]. In each batch experiment
140 cm? of the oil phase (palm oil solution in isooc-
tane) was recirculated through the lumen side and 200
cm?® of the aqueous phase (0.5 M-phosphate buffer of
pH 7) was recirculated through the shell side of the
reactor. Both phases were recirculated cocurrently up-
wards through the vertically oriented reactor by peri-
staltic pumps. The reactor had an external jacket re-
circulated by hot water to maintain isothermal condi-
tions. During the hydrolysis batches, temperature of
the oil and buffer reservoirs and on the exit of the fi-
bre zone was maintained constant at (30 = 1)°C. All
hydrolysis experiments were conducted at pH of 7.0
+ 0.05. Reactor operating conditions were as follows:
the reactor active volume of 64 cm? and the flow rate
of 16 cm® min~!, thus giving a reactor residence time
of 0.067 h.

Preparation of the lipase solution and immobiliza-
tion procedure was identical to that employed previ-
ously [16]. The reactor lumen was recirculated with an
aqueous lipase solution and subsequently filled with
the organic solvent, which resulted in lipase immo-
bilization on the inner side of fibres. The amount of
immobilized lipase was determined as the difference
between the protein content of the lipase solutions be-
fore and after the immobilization procedure [16]. Li-
pase content in the lipase solutions was estimated us-
ing the Lowry method with BSA as a standard at 550
nm [17].

Concentration of free fatty acids produced was
measured in the emulsion system as well as in the
membrane system. Concentrations of free fatty acids
produced were measured in collected oil samples by
titration with 0.1 M-KOH in ethanol, using phenol-
phthalein as the indicator. All data represent the av-
erages of triplicate samples with the corresponding er-
ror of + 5 %. The degree of hydrolysis was calculated
from the acid value and the saponification value of the
oil in the reaction mixture as described elsewhere [18].

Palm oil hydrolysis by immobilized lipase was in-
vestigated in the reactor system described above. Four
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oil concentrations in the range of 0.059—0.326 mol
dm~3 based on the ester bond concentration were ex-
amined in kinetic experiments. The ester bond con-
centration was taken as having the value threefold
higher than the triglyceride concentration, assuming
that lipase from Candida rugosa could nonspecifically
release 3 mol fatty acids per 1 mol of triglyceride.
Since the optimum operating conditions were reported
as the flow rate in the reactor lumen side of 16 cm3
min~! and the flow rate in the reactor shell side of
9 cm?® min~!, these conditions were employed in all
hydrolysis experiments in this study. Aliquots of the
oil phase (3 cm®) were taken at time intervals and
dissolved in 6 cm® of ethanol—diethyl ether mixture
(or = 1: 1) for free fatty acids analysis. Titration of
the aliquots of the aqueous phase with 0.1 M-KOH
confirmed that the concentration of fatty acids in this
phase was negligible. After each hydrolysis batch, the
oil and the aqueous phases were withdrawn and sub-
stituted with equal volumes of fresh solutions.

In studies of stability of immobilized lipase, 20 suc-
cessive batches of palm oil hydrolysis were performed
in the same membrane reactor. Each batch lasted for
7—S8 h after which the substrate was substituted with
the fresh one.

The enzyme reaction in the microemulsion sys-
tem was assayed as described previously [3]. 100 cm3
flasks were filled with 12 cm? of 160 mmol dm 3 soya
lecithin solution in isooctane with different concentra-
tions of substrate ranging from 0.059 mol dm—2 to
0.326 mol dm~3 (based on the ester bond concentra-
tion). Hydrolysis experiments were initiated by adding
500 mm? lipase solution in 0.5 M-phosphate buffer of
pH = 7 (containing 13 mg of free lipase) to the sub-
strate reaction mixture, followed by vortexing until
the solution became homogeneous. Reaction was car-
ried out at 30°C using a shaking water bath at 130
strokes per min.

RESULTS AND DISCUSSION

In the experimental reactor, the lipase from Can-
dida rugosa was immobilized on hollow fibre mem-
brane. Immobilization technique used in this work was
based on noncovalent interactions of water-soluble li-
pase and hydrophilic hollow fibres. Although lipases
do not exhibit high affinity for hydrophilic supports
in aqueous solutions, nonpolar environment could im-
prove ionic and other lipase-support interactions [19].
The amount of crude lipase immobilized onto the hol-
low fibres was (155 & 5) mg m~? membrane with ap-
proximately 40 mass % yield. Reproducibility of the
immobilization method was verified in four indepen-
dent immobilization experiments with new hollow fi-
bre modules and the average standard deviation of
immobilized lipase amount was 6.7 %.

For design and operation of enzyme reactor sys-
tems, proper rate equations and kinetic parameters
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Table 1. Optimal Parameters of Kinetic Model for Microemulsion and Membrane System and Standard Deviation of Model Fitted

Data

Z. KNEZEVIC, B. OBRADOVIC

Initial concentration

Microemulsion system, eqn (7)

Membrane system, eqn (12)

Co/(mol dm~3) Xe ky/h™t STD/% Xe ky/h—t STD/%
0.059 0.836 0.648 2.655 0.990 0.339 11.019

0.090 0.741 0.761 0.902 0.910 0.293 8.696

0.163 0.585 0.650 0.601 0.703 0.240 10.639

0.326 0.389 0.508 2.269 0.518 0.260 15.822

are necessary. Kinetic model originally developed for 1.0 —————————T—T—

oil hydrolysis in a free-enzyme microemulsion system
was used to describe the oil hydrolysis in a membrane
reactor system.

Under previously determined optimal flow condi-
tions, the kinetics of palm oil hydrolysis in the mem-
brane reactor was investigated and compared with
that of the free enzyme in the microemulsion system.
The amount of free lipase corresponded to the amount
of the immobilized lipase. Figs. 2 and 3 show a reaction
kinetic profile at different initial substrate concentra-
tions (0.059—0.326 mol dm~3) in microemulsion and
membrane reactor systems, respectively. Results show
that the degree of hydrolysis generally decreased as
the initial substrate concentration was increased. The
highest degree of hydrolysis of approximately 99 %
was achieved for the lowest initial substrate concentra-
tion in the membrane reactor. Nevertheless, the time
necessary to achieve the chemical equilibrium was gen-
erally longer for the immobilized lipase compared with
that of the free enzyme. It appears that the enzyme
hydrolysis of palm oil in microemulsion system was
fast at the initial stage and then slowed down. On
the other hand, in the membrane reactor system, the
continual removal of glycerol from the membrane by
the aqueous phase reduced the back reaction rate and
allowed for higher conversion.

Figs. 2 and 3 show the averaged experimental
data for microemulsion and membrane systems, re-
spectively. Solid lines represent the best fit of experi-
mental data by the proposed model for different sub-
strate concentrations. Table 1 lists the kinetic parame-
ters obtained from both microemulsion and membrane
system experiments. It appears that the reaction rate
with immobilized lipase was lower than that observed
for free lipase. However, the maximum degree of hy-
drolysis estimated at four chosen substrate concentra-
tions was always higher compared to the conversion
obtained in the presence of free lipase. Goodness of fit
for the palm oil hydrolysis in the membrane reactor is
shown in Fig. 3. It was shown that the model some-
what overestimated the reaction rate at the beginning
of hydrolysis in the membrane reactor (average stan-
dard deviation was 11.54 %). Based on the average
values of the rate constants at 30°C (0.64 h™! and
0.28 h™! for the free and the immobilized enzyme,
respectively) it was determined that the immobilized
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Fig. 4. Palm oil hydrolysis by immobilized lipase in a mem-
brane reactor. Comparison of the first four (m) and the
last three (®) experiments of 20 successive runs.

enzyme retained around 44 % of the free enzyme ac-
tivity.

Main objective of this study was to develop an im-
mobilized membrane system capable of operating for
extended period of time with minimum loss of enzyme
activity. Stability of the immobilized lipase was as-
sessed in 20 successive batches of palm oil hydrolysis
in the same membrane system. Results of the first four
and the last three experiments performed in this ex-
perimental series at the same experimental conditions
are presented in Fig. 4. Observed specific rates in the
first four hydrolysis runs were only slightly higher than
those obtained after 20 cycles (137 h) despite the con-
siderable loss of the immobilized enzyme [16, 20]. The
overall decrease in activity of the immobilized lipase
was approximately 15 %.

Factors that contribute to poor reactor perfor-
mance include enzyme desorption and enzyme inac-
tivation. In this study, the amount of the immobilized
lipase ranged from (154.8 + 5.2) to (62.9 £+ 2) mg
m~? due to enzyme desorption [16, 20]. Observed loss
of enzyme activity due to desorption and enzyme inac-
tivation had only a small effect on the reactor stability
and the oil hydrolysis rate (Fig. 4). These results sug-
gest that lipase was initially immobilized in multiple
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layers such that the large portion of enzyme was not
accessible to the substrate. This portion was also eas-
ily desorbed. These results agree well with findings
of Van der Padt et al. [12] who found that the opti-
mum amount of immobilized lipase was about 75 mg
of crude lipase per m?, the value only two- or threefold
higher than the calculated value for the monolayer of
pure lipase. In this study, approximately (62.9 + 2)
mg m~?2 of immobilized active lipase stable for 137 h
of operation was prepared.

SYMBOLS

C substrate concentration mol dm—3
C1 substrate concentration at the membrane

reactor inlet mol dm~3
Cy substrate concentration at the membrane

reactor outlet mol dm~—3
Ce equilibrium substrate concentra-

tion mol dm~—3
Co initial substrate concentration mol dm—3
Co product concentration mol dm~3
k1 rate constant for ester bond decomposi-

tion h—!
ko rate constant for ester bond formation h~!
M dimensionless parameter (M = e%:m)
r reaction rate mol dm—3 h~!
t reaction time h
Ve contactor volume cm?
Ve reservoir volume cm?
X degree of hydrolysis (X = (Cy — C)/Co)
Xe equilibrium degree of hydrolysis (X, =

(Co — Ce)/Co)
Greek Letters
T mean reactor residence time h
v oil phase volumetric flow rate cm? min~!
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