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bstract

A specially designed microstructure in the composite membrane with a porous hydrophobic layer and a relatively dense hydrophilic layer is
roposed for lipase immobilization. Firstly, the composite membrane was prepared by coating the cellulose acetate layer with the average pore
ize of 1.40 nm on the hydrophobic PTFE layer with the average pore size of 76.3 nm. Then, enzymes were absorbed in pores of PTFE layer and
eposited on the interface between the two layers by the filtration process. The relatively dense CA layer was used to reject the enzymes controlling
he enzyme loading which prevented enzymes from being dissolved into the aqueous phase. The porous PTFE layer supplied a hydrophobic
nvironment and a large specific surface area for the immobilization of lipases which were propitious to the activation of lipase. The activity of
mmobilized lipase membrane based on hydrolysis of olive oil was assayed in the biphasic membrane reactor and the maximum specific activity
1.20 ± 0.04 �mol-FFA min−1 cm−2) was found to be higher than the value reported in some literature. The kinetic parameters of the immobilized
ipases, Km and kmax were fitted with the Michaelis–Menten equation. The Thiele modulus (ϕ) was used to evaluate the effect of the mass transfer

hrough the membrane on the performance of reaction systems. The optimum enzyme loading (0.020 ± 0.002 mg-protein cm−2) was obtained with
he highest activity and without the diffusion-limited. Furthermore, the immobilized lipases retained 80% residual activity after ten hydrolysis
ycles. The composite membrane was easily regenerated and lipases immobilized in the regenerated membrane remained a high activity.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Lipase (EC 3.1.1.3) is an important enzyme with a broad
ariety of industrial applications due to the multiplicity of reac-
ions it catalyzes. Due to their unique structural characteristics
1], lipases can catalyze reactions including organic substrates
t the interface of organic and aqueous phases and can preserve
heir catalytic activity in organic solvents, biphasic systems [2]
nd in micellar solutions [3]. Application of the lipase can be
chieved more economically and efficiently by immobilization
o enhancing their activity, selectivity and operational stability.
he immobilization of enzymes onto insoluble carriers is an
mportant topic in enzyme technology and is fundamental for
heir application to industrial processes [4]. Numerous efforts
ave been focused on the preparation of lipases in immobilized
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Filtration

orms involving a variety of both support materials and immo-
ilization methods [5].

Membrane-immobilized enzymes may serve as model sys-
ems for enzymes, naturally bound to membranes, or may find
ractical application in enzyme reactors as less expensive, more
table and reusable alternatives to free enzymes [6,7]. Obviously,
he materials of the membranes used in enzyme immobiliza-
ion are important since their interaction with the enzyme may
ave an influence on the stability and kinetics [8,9]. There are
arious membrane materials available for enzyme immobiliza-
ion, which can be classed into three general types: inorganic

aterials, synthetic polymers and natural macromolecules. The
norganic materials, such as porous glass [10], silica [11] and

agnetic iron oxide [12,13], normally exhibit good mechani-
al stability, rigidity and regeneratability but are expensive and

heir biocompatibilities are poor. Consequently, so far inorganic

embranes are rarely applied for enzyme immobilization. On
he other hand, the synthetic polymers such as polypropylene
14,15], PTFE [16], polyacrylonitrile [17] and nylon [18], can

mailto:wangyujun@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.molcatb.2006.06.007
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Nomenclature

A membrane area (cm2)
C1 and C2 triolein concentrations in source and receiver

cells, respectively (mol/L)
C10 and C20 initially triolein concentrations in source and

receiver cells, respectively (mol/L)
CE enzyme loading per unit membrane area (mg-

protein/cm2)
Cp FFA concentration in iso-octane (mol/L)
Cs olive oil concentration in isooctane based on ester-

bond (mol/L)
D diffusion coefficient of the substrate through the

membrane (m2/h)
Km apparent Michaelis constant (mol/L)
kmax the highest possible velocity constant (�mol-

FFA mg−1 protein min−1)
L thickness of the membrane (�m)
r initial hydrolysis rate (�mol-FFA min−1)
rmax maximum velocity of the reaction (�mol-

FFA L−1 min−1)
S olive oil concentration (g/cm3)
t reaction time (h)
V organic phase volume (mL)
V1 and V2 volumes of the source and the receiver cells

(mL)
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ϕ Thiele modulus

e used for enzyme immobilization because of good mechani-
al stability, availability of reactive functional groups for direct
eactions with enzymes and ease of preparation in different
eometrical configurations. Nevertheless, there are also some
isadvantages for them, including imperfect biocompatibility
nd hydrophobicity. Thus, surface modification to enhance bio-
ompatibility and hydrophobicity of the membrane surface is
potential and interesting subject [19,20]. The natural macro-
olecules, including chitosan [8,21], cellulose [22,23] and

garose [24], with excellent biocompatibility, are non-toxic,
iodegradable and inexpensive. However, the weak mechanical
tabilities of these natural materials have limited their applica-
ions greatly.

A variety of methods have been developed for immobiliza-
ion of enzymes onto membranes. These may be divided into two
ain categories: physical methods based on molecular interac-

ions between the enzyme and carrier, and chemical methods
ased on the formation of covalent bonds. Chemical methods
ncluding covalent attachment [25] and cross-linking [26] are
ighly stable, but have the disadvantage of denaturing the native
nzyme during the binding process. Furthermore, it is difficult

o replenish the denatured enzyme. Therefore, this technique is
nly useful if the initial denaturation step is negligible. Physical
ethods of immobilization include adsorption and entrapment.
dsorption may have a higher commercial potential than other

w
a
C
g
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ethods because adsorption is relatively simple and less expen-
ive, and a high catalytic activity may be retained [27]. The
ethod also offers the reusability of expensive supports after

nactivation of immobilized enzyme. However, adsorption is
enerally not very strong, and some of the adsorbed protein
ill desorb during washing and operation. Thus, immobiliza-

ion via adsorption requires a strong hydrophobic or electrostatic
nteraction between the enzyme and support [28]. Entrapment is
eldom used in membrane-immobilized enzymes due to difficult
nd complicated preparation technique.

In recent years, a new method of retaining the enzyme on the
embrane dense surface or inclusion in sponge layer of asym-
etric membranes by filtration has been used in a number of

nvestigations [29–31]. Due to the simplicity of the immobiliza-
ion procedure and high enzyme loading, this method was used
ommercially for lipase-catalyzed chiral resolution of a pharma-
eutical intermediate [4,31]. Nevertheless, when lipases were
etained on the membrane surface, they can be removed by the
ow of organic or aqueous phase in the biphasic membrane reac-

or because of low binding force and cross-linking often required
o improve their stability [29]. When lipases were embedded
n the sponge layer of asymmetric membranes, the high mass-
ransfer resistance of water through hydrophobic membranes
r organic substrates through hydrophilic membranes can
nduce the reaction system to work in a diffusion-limited
egime.

In the present study, a composite membrane with the porous
ydrophobic layer and the relatively dense hydrophilic layer
as prepared for enzyme immobilization. Polytetrafluoroethy-

ene (PTFE) membrane, an excellent hydrophobic support for
mmobilization, was employed for the porous hydrophobic layer.

biocompatible material of cellulose diacetate (CA) was used
o prepare the hydrophilic layer of the composite membrane.
nzyme molecules were adsorbed and deposited in pores of the
ydrophobic layer and on the interface between the hydrophilic
ayer and the hydrophobic layer by filtration. The structure of
A/PTFE composite membrane was investigated. The activity
f the immobilized enzyme membranes, based on hydrolysis
f olive oil was determined in a biphasic membrane reactor.
he system parameters such as the kinetics parameter, the effect
f enzyme loading, operation conditions, the reuse stability of
mmobilized enzyme, and membrane regeneration were also
tudied.

. Materials and methods

.1. Materials

Candida Rugosa lipase type VII was purchased from
igma–Aldrich (Dorset, UK). PTFE flat membranes (with pore
ize, thickness and porosity of 0.1 �m, 85 �m and 55%, respec-
ively) were purchased from Beijing Plastic Institute. Highly
efined olive oil was obtained from Shanghai Agent Company

ith a saponification value of 192. Cellulose acetate (CA: 39.6%

cetyl content, average Mw = 50,000) was obtained from Wuxi
hemical Plant. Other solvents and chemicals were of analytical
rade and used without further purification.
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where S (g/cm3) stands for the substrate concentration with the
unit of g/cm3. A series of oil olive concentration (0.05–1.0 M) in
isooctane were used to examine the effect of substrate concen-
J. Xu et al. / Journal of Molecular C

.2. Preparation and characterization of CA/PTFE
omposite membranes

PTFE flat sheet membranes were used as the support layer in
he experiments. Before use, the membranes were rinsed with
.1 M NaOH and 0.1 M HCl, and then washed with de-ionized
ater. Fifteen gram of cellulose acetate was dissolved in 85 g
f DMF, and the casting solution for the hydrophilic layer was
pread on PTEF flat membranes using a tailor-made stainless
teel blade with the thickness of 65 ± 5 �m. After 20 min of
vaporation at 25 ± 2 ◦C and relative humidity of 10 ± 5%, the
ast film was immersed into a de-ionized water bath of 25 ± 2 ◦C
or at least 1 h. The composite membranes were kept in the de-
onized water bath.

Scanning electron microscope (SEM, Hitachi S-450, Japan)
as used to observe both surface and cross-section of mem-
ranes. The composite membrane was treated with liquid nitro-
en to split the two layers. The structure of the CA layer and
he PEFE layer was determined by the BET method (Quan-
achrome Autosorb-1C Chemisorption–Physisorption Ana-
yzer) and the mercury intrusion method (Autopore IV 9510

ercury porosimeter, America), respectively.

.3. Preparation of immobilized enzyme membranes

Lipase solutions were prepared by adding appropriate
mounts of lipase powder to a phosphate buffer solution
0.05 M, pH7.5). The insoluble portion of the enzyme solution
as removed by filtration with a filter membrane (pore size:
.44 �m). The CA/PTFE composite flat membrane was placed
nto the dead-end filtration cell with a magnetic stirring appara-
us. The PTFE layer was placed upward and the enzyme aqueous
olution was filtrated under pressure by the compressed nitro-
en of 0.6 MPa. After filtration, the membrane was taken out
nd rinsed with the phosphate buffer solution for three times.
he original enzyme protein concentration and the concentra-

ion after filtration with the composite membrane were measured
y the Lowry method [32] with UV–vis spectrophotometer (Agi-
ent 8453 UV–vis spectrophotometer). Different volumes of the
nzyme aqueous solution were filtrated to vary the amount of
nzyme loading on membranes.

.4. Activity assay of the free lipase

In order to investigate the effect of pH and temperature, the
ctivity of the free lipase was measured in variety conditions
nd determined by the method of Yamada and Machida [33]
ith some modifications. The measurement was based on the

ction of enzyme on olive oil. The substrate emulsion was pre-
ared by thoroughly mixing 50 mL olive oil with 150 mL of
VA (polyvinyl alcohol) solution (4 wt.%) and stored at 4 ◦C.
sample of 5 mL substrate emulsion was mixed with 5 mL of

hosphate buffer (0.05 M). The emulsion was incubated in a

ater bath at a certain temperature for several minutes, and then
H was adjusted to the desired value with a NaOH solution. One
illiliter of lipase solution was added into the emulsion. The

H was held constant for 10 min by continuously adding 0.01 M
sis B: Enzymatic 42 (2006) 55–63 57

aOH standard solution. The consumed volume of the NaOH
tandard solution was recorded. The blank value was measured
sing the same procedure. One unit corresponded to the release
f 1 �mol of free fatty acid (FFA) per minute under the assay
onditions. In order to compare with the immobilized lipase, the
ssay conditions of the free lipase including temperature and pH
ere the same as those of the immobilized lipase.

.5. Biphasic enzyme membrane reactor

Fig. 1 shows the experimental set-up of the biphasic mem-
rane reactor. It was made of stainless steel and consisted of
wo identical flat channels which were 0.5 cm deep, 2.0 cm wide
nd 6.0 cm long. The channels were separated by a biocatalytic
embrane. A gasket made of 1.0 mm flat Teflon was used to

eal the assembled membrane element. In order to perform an
nzymatic reaction measurement, 75 mL of olive oil solution in
sooctane was circulated through the PTFE side of the module,
hile 75 mL of a 0.05 M phosphate buffer solution at pH 7.0
as circulated through the CA side using a two channel peri-

taltic pump (NP-D-140, NS, Tokyo, Japan). Two water baths
ith thermostats were used to keep the temperature constant.
nless specified, all experiments were carried out at 37 ◦C and

he flux of both phases was maintained at 15 mL/min. The trans-
embrane pressure from the organic phase to the aqueous phase
as controlled by a valve to prevent the leakage of the buffer

olution. The substrate concentration, based on the ester-bond
oncentration of olive oil and with the unit of mol/L, was calcu-
ated as follows:

s

(
mol

)
= 192S(g/cm3)

(1)
Fig. 1. Scheme of the experimental set-up of the biphasic membrane reactor.
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layer were calculated from the desorption branches using the
Barrett–Joyner–Halenda (BJH) method. Results of the pore size
distribution are shown in Fig. 3 (CA) and Fig. 4 (PTFE). It was
found that the pore size distribution of CA layer (Fig. 3) was in
8 J. Xu et al. / Journal of Molecular C

ration. Samples of 0.5 mL were taken from the organic phase at
ifferent time intervals. The FFA concentration was determined
y the method of Kwon and Rhee [34] with some modifica-
ions: 0.5 mL of the sample dissolved in 5 mL isooctane was
eated at 50 ◦C and stirred. After 15 min, 1 mL of copper reagent
as added (1% solution of copper acetate in water, the pH was

djusted with pyridine to 6.2). The sample was stirred vigor-
usly for 120 s. The absorbance A715 of the supernatant was
easured by UV–vis spectrophotometer. The blank experiment
as carried out with non-hydrolyzed substrate solution.

.6. Determination of diffusion coefficient of triolein
hrough membranes with and without enzymes

In order to study the effect of the membrane enzyme loading
o the diffusion of the substrates, a diffusion coefficient of tri-
lein through the membranes, with and without enzymes, was
etermined. A stirred diffusion cell, composed of a source and
receiver cell, was used to determine the mass transfer coeffi-

ient of triolein through membranes. A PTFE membrane with
n effective area of 7.0 cm2 was inserted into two cells. A mag-
etic stirring bar at 300 rpm was used in each cell to reduce the
oncentration gradient on the membrane surface. The composite
embrane with immobilized enzyme was cross-linked with 5%

lutaraldehyde solution at 50 ◦C for 2 h. The cross-linking fixed
he enzymes on surface and in pores of PTFE membranes. The
omposite membrane was then treated with liquid nitrogen to
plit the two layers of the composite membrane. Unless spec-
fied, these assays were carried out in a water bath maintained
t 37 ◦C. All membranes were immersed in isooctane contain-
ng the required concentration of triolein for 12 h before they
ere used. The triolein concentration was determined by the

pectrophotometric method.
The source cell was filled with 12.5 mL of isooctane con-

aining the desired concentration of triolein. An equal volume
f isooctane without triolein was placed in the receiver cell.
he triolein concentration of each cell was determined 10 h

ater. By assuming a pseudo-steady-state of solute diffusion
hrough the membrane, the mass balance equations for the
wo compartments can be combined and solved to give the

ollowing equation [9]:

n

[
C10 − C20

C1 − C2

]
= DAt

L

[
V1 + V2

V1V2

]
(2)

Fig. 2. SEM micrographs of the surface of PTFE (A)
sis B: Enzymatic 42 (2006) 55–63

here A is the effective membrane area, t is the reaction time,
10, C20, C1 and C2 represent the solute concentrations in the

ource and receiver cells initially, those at the reaction time of t,
is the diffusion coefficient of triolein through the membrane,
is the thickness of the membrane and V1 and V2 are volumes

f the source and the receiver cells.

. Results and discussion

.1. Characterization of the CA/PTFE composite
embrane

The surface structure of the PTFE layer, as well as the sur-
ace and cross-sectional structure of CA layer are presented in
ig. 2(A–C), respectively. From these images, it was observed

hat the structure of PTFE layer was very porous, and the struc-
ure of CA layer was relatively dense.

The structure of PTFE layer and CA layer were determined
y the mercury intrusion method and the BET method, respec-
ively. The average pore size and pore size distribution of PTFE
ayer were calculated by a modified version of the Laplace
quation in pressure range of 25–60,000 Pisa. Those of CA
Fig. 3. Pore size distribution of the CA layer of composite membrane.

and CA (B), and the cross-section of CA (C).
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Fig. 4. Pore size distribution of the PTFE layer of composite membrane.

ange of 1–100 nm. A majority of pore diameters were below
0 nm, and the average pore size was 1.40 nm. The pore size
f CA layer was on the same order of magnitude as the size of
ipase molecule, and therefore the lipase molecules were eas-
ly retained in pores. On the other hand, the pore size of PTEF
ayer showed a wide distribution from 3 nm to 10 �m (shown
n Fig. 4), and the average pore size of 76.3 nm. The specific
urface area of PTEF layer was calculated by the BET method
nd found to be 83 times its exterior surface area. This resulted
n a large external surface area for the immobilization of lipases.

.2. Immobilization of lipase by filtration into a special
icrostructure in the CA/PTFE composite membrane

Lipases were immobilized in this specially designed
icrostructure in the CA/PTFE composite membrane by fil-

ration. The process of lipase immobilization is illustrated in
ig. 5. Pressure was applied using the compressed nitrogen,
orcing the lipase molecules in the phosphate buffer solution
nto the pores of PTFE layer. Due to the action of CA ultrafiltra-
ion layer, the lipase solution was concentrated in pores of PTFE
ayer. This resulted from the concentration polarization, which
ntensified the lipase adsorption on the surface of pores. When

he process of filtration was over, some lipase molecules were
dsorbed and more were deposited on the interface between two
ayers. In this immobilization procedure, pressure used in fil-
ration process forced the enzyme solution through the pores of

A
s
a
a

Fig. 5. Schematic representative for lipases immobilization p
ig. 6. Time-course variations of FFA concentration, Cs = 1.0 mol/L,

E = 0.020 ± 0.002 mg-protein cm−2.

he hydrophobic layer. As a result, the effective area available
or immobilization of the enzymes increased remarkably. Fur-
hermore, enzymes in the pores of membrane were more stable
han those on surface. When this immobilized lipase membrane
as used in biphasic membrane reactor, the relatively dense CA

ayer prevented enzymes from being dissolved into the aqueous
hase. The diffusion resistance of water through a hydrophilic
embrane to immobilized enzymes was lower than that through
hydrophobic membrane. This was favorable to reducing the

ffect of diffusion.
Fig. 6 illustrates the time-course variations of FFA concentra-

ion in the hydrolysis of olive oil catalyzed by the immobilized
ipase membrane. The fatty acid production over time shows a
inear trend and was regressed using linear function (correlation
atio > 0.99 for most cases) to determine the reaction rate. The
inear trend confirms that the system behaved as though it there
as no obvious product inhibition [2]. In this case, the immobi-

ized enzyme activity per unit of membrane area was calculated
o be 1.20 ± 0.04 �mol-FFA/cm2 min. Table 1 presents a com-
arison of the immobilized enzyme activity per unit membrane
rea, where various membranes were used as the carrier for the
ipase and various methods were used to immobilize the enzyme.

lthough experimental conditions of lipase loading, substrate

ource and concentration, reaction temperature, membrane type
nd operation mode were different in all cases, the initial enzyme
ctivity obtained in this study is higher than those of other simi-

rocess in CA/PTFE composite membrane by filtration.
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Table 1
Hydrolysis of lipids by immobilized lipase membranes

Lipase
source

Membrane
material

Immobilization
method

Activity (�mol-
FFA min−1 cm−2)

Reference

C.R. PP Adsorption 0.118–0.189 [14,15]
R.S. PTFE Cross-linking 0.124 [16]
C.R. PSF Adsorption 0.171 [9]
C.R. PVDF Adsorption 0.543
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.R. Modified PP Adsorption 0.657 [20]

.R. CA/PTFE Filtration 1.24 This work

ar studies. In general, the order of magnitude of enzyme activity
er unit membrane area is 0.1–1.0 �mol-FFA/cm2 min at about
7 ◦C by applying various membranes as the carrier for lipases
n lipids hydrolysis.

.3. Effect of substrate concentrations

Fig. 7 shows the effect of substrate concentration on the initial
ydrolysis rate per unit membrane area. Increasing the substrate
oncentration resulted in an enhancement of enzyme activity.
ssuming that the system was in the reaction control, Goto

t al. [35] and Ye et al. [36] analyzed their data by using the
ichaelis–Menten equation to obtain the kinetic parameters of

he immobilized enzymes. Therefore, the data in Fig. 7 were
nalyzed by the following equation [37]:

r

A
= kmaxCECs

Cs + Km
(3)

here the product inhibition was not considered. The parameters
f r/A, Km, kmax, CE and Cs were the initial hydrolysis rate per
nit membrane area, the apparent Michaelis constant, the highest
ossible velocity constant, the enzyme loading per unit mem-

rane area and the concentration of olive oil. The parameters
f Km and kmax were fitted as 0.214 mol/L and 74.05 �mol-
FA mg−1protein min−1 by using a two dimensional curve-
tting program from sigma-plot computer processor. The theo-

ig. 7. Variation of initial hydrolysis rate of olive oil per unit membrane area with
ubstrate concentration (CE = 0.020 ± 0.002 mg-protein cm−2). (—), theoretical
esults.
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ig. 8. Variation of initial hydrolysis rate of olive oil per unit membrane area
ith enzyme loading (Cs = 0.5 mol/L). (—), theoretical results.

etical results presented in Fig. 7 were in good agreement with
he experiments. The standard deviation of the experimental data
rom the theoretical result was less than 2%. Tsai and Shaw
9] have measured Km and kmax of 0.31 mol/L and 13.2 mg-
FA cm h−1 mg−1 for the lipase adsorbed on the polyvinyllidene
ifluoride membrane in a stirred diffusion cell at 200 rpm, where
he adsorption equilibrium of lipase between the membrane and
he enzyme solution existed. Although the reaction operation

odes in both systems are not the same, a comparison of the
arameters implies that membrane materials and immobiliza-
ion method does affect the interaction between the enzyme and
ubstrate.

.4. Effect of enzyme loading

The enzyme loading on the membrane was easy to control
y filtration with different volume of enzyme solution. Fig. 8
hows the relation between the initial hydrolysis rate per unit
embrane area and the enzyme loading per unit membrane area.
hen the enzyme loading is less than 0.02 mg-protein cm−2,

he experiment data corresponds to the Michaelis–Menten Eq.
3). With further increasing of the enzyme loading, the initial
ydrolysis rate per unit membrane area decreased. A possible
xplanation for this behavior is that too many enzymes fill in
ores of the PTFE layer which remarkably reduces the pore
ize and porosity of the membrane. Low substrate concentration
nd high FFA concentration in the reaction microenvironment
f the immobilized enzymes inhibited their activity. Therefore,
he enzyme loading must be optimized to adjust the relationship
etween the activity per unit membrane area of immobilized
nzyme and the diffusion of the substrate and product.

When enzymes are within the membrane, in order for the
eaction to occur, the substrate has to be transported through the
embrane to the catalyst and the product has to be transported

rom the reaction site to the other side of the membrane.

n general, it is the mass-transport resistance that primarily
nfluences the performance of these reaction systems. In order
or a reactor to function at its optimal performance, it should
ork in a reaction-limited regime rather than a diffusion-limited
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and regeneration of membranes

Reuse stability for the immobilized enzyme is very important
in economics, and an increased stability can make the immobi-
J. Xu et al. / Journal of Molecular C

egime. The parameter that can give a measure of the condition
s the Thiele modulus [38], which is given by the following
quation [39]:

= L

√
Vmax

DKm
(4)

here ϕ is Thiele modulus, L the thickness of the membrane,
max the maximum velocity of the reaction and D is the diffusion
oefficient of the substrate through the membrane. rmax can be
alculated by following equation:

max = kmaxCEA

V
(5)

here V is the volume of the organic phase. In Eqs. (4) and
5), Km and kmax had been calculated from Eq. (3). The overall
ass transfer coefficients of the substrate in isooctane through

he PTFE layer with different amount of enzyme loading
ere determined in reaction condition and shown in Table 2.
y using Eq. (4), the Thiele modulus was calculated. ϕ has

he physical meaning of a ratio between the reaction rate
nd the diffusion rate. When ϕ is sufficiently large (ϕ ≥ 3),
iffusion of substrate is slow relative to consumption. In such
situation with a diffusion-limited rate, it may be assumed that
ll substrate is utilized in a thin region within the membrane
djacent to immobilized enzymes. When ϕ ≤ 0.3, the system is
ssentially controlled by kinetics and the mass-transfer limita-
ion is negligible [38]. Thiele modulus of immobilized enzyme

embranes was calculated and shown in Table 2. It is found that
he effect of mass-transfer on overall kinetics of immobilized
nzyme membranes was larger and larger with the increasing
f enzyme loading. This could be attributed to the reducing of
ore size and porosity of membranes because of the blocking
ction of enzymes and other macromolecule impurities as well
s the compression action by liquid nitrogen during filtration
rocess. Therefore, the enzyme loading should be optimized
o ensure that the mass-transfer limitation is negligible. In this
tudy, enzyme loading of 0.020 ± 0.002 mg-protein/cm2 was
he optimal value with the highest activity per unit membrane
rea and without any mass-transfer limitation.

.5. Effect of operating variables on performance of the

iphasic enzyme membrane reactor

Fig. 9 shows the effect of the aqueous phase pH on activity
f the free and the immobilized lipases. It was found that the

able 2
ffect of mass transfer on overall kinetics of immobilized enzyme membranes

E (mg-
rotein/cm2)

D × 10−8 m2/h Φ Limiting rate
process

Extent of
mass-transfer
limitation

.002 9.350 0.074 Reaction Negligible

.010 3.995 0.253 Reaction Negligible

.020 2.134 0.490 Both Little

.040 0.3995 1.601 Both Medium

.080 0.09350 4.680 Diffusion Large F
(

ig. 9. Effect of pH on the activity of free and immobilized lipases: (©) free
ipase, (�) immobilized lipases.

ptimum pH for the free lipase was about 7.5, whereas those for
he immobilized lipases shifted to the alkaline region at about
.0. It could be explained as that upon immobilization, the active
ite became more exposed to solvent than that in the globular,
older, dissolved lipase form. Therefore, proton transfer to the
mino acid residues at the active site became less hindered [40].
ut the shift of optimum pH was not great and it implied that

nteraction between enzymes and carries was not strong because
f the physical immobilization method.

As shown in Fig. 10, the immobilization made the optimum
emperature for lipase activity shift from about 35 ◦C of the free
nzyme to 40 ◦. It could be attributed to a low restriction in
he diffusion of the substrate and products at higher reaction
emperature. In addition, the improved resistance of protein to
hermal denaturation was also an important factor.

.6. Reuse stability of the immobilized enzyme membrane
ig. 10. Effect of temperature on the activity of free and immobilized lipases:
©) free lipase, (�) immobilized lipases.
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Fig. 11. Reuse stability of the immobilized lipases.

ized enzyme more advantageous than its free counterpart. To
nvestigate the reuse stability, the enzyme-immobilized mem-
ranes were washed with phosphate buffer solution (0.05 M, pH
.5) after one catalysis run and reintroduced into a fresh substrate
olution for another hydrolysis at default operation conditions
or 5 h. The results of the reuse stability of the immobilized lipase
re shown in Fig. 11. After being used 10 times, 80% of activity
emained. These results could be explained by the inactivation
f the enzyme by the denaturation of the protein and the leakage
f protein from the support upon use.

When immobilized enzymes were deactivated after a half-life
ime operation, cleaning the membrane to regenerate the mem-
rane reactor was needed. A backwash process with ethanol and
e-ionized water was carried out to take away inactive enzymes,
nd the regenerated membrane was used to immobilize lipases
gain. A comparison of immobilized lipases activity on a fresh

embrane and a regenerated membrane is shown in Fig. 12. It

ould be found that the activity on the regenerated membrane
as lower than on the fresh membrane but still remained at a
igh level. This indicated that a long-term use of this composite

ig. 12. Time-course variations of FFA concentration, Cs = 0.5 mol/L,

E = 0.020 ± 0.002 mg-protein cm−2: (©) for a regenerated membrane, (�) for
fresh membrane.
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embrane for immobilization of the lipases, while maintaining
igh activity, was possible.

. Conclusion

In the present study, a specially designed microstructure in the
omposite membrane composed of porous PTFE layer and rel-
tively dense CA layer was prepared. Lipases were successfully
mmobilized on the composite membrane by the filtration pro-
ess. The relatively dense CA layer rejected enzymes controlling
he enzyme loading which prevented enzymes from being dis-
olved into the aqueous phase. The porous PTFE layer supplied
hydrophobic environment and a large specific surface area for

he immobilization of lipases which were propitious to the acti-
ation of lipase. High activity (1.20 ± 0.04 �mol-FFA/cm2 min)
as obtained from lipase immobilized in the CA/PTFE compos-

te membrane. The kinetic parameters of the immobilized lipases
ere calculated from the experiment data which was in good

greement with the Michaelis–Menten equation. Thiele modules
ere used to evaluate the effect of the mass transfer through the
embrane with different enzyme loading. An optimum enzyme

oading of 0.020 ± 0.002 mg-protein cm−2 obtained the highest
ctivity without being diffusion-limited. Effects of tempera-
ure and pH on the immobilized lipase were investigated and
ompared with those of free lipase. The immobilized lipase
etained 80% residual activity after 10 hydrolysis cycles. We
onclude that the composite membrane with this structure was
n effective carrier of the enzyme immobilization. However, the
erformance of the reactor with a flat membrane is not very
ood because of the small surface area. In subsequent work,
his technology will be incorporated into a hollow fiber reactor
o increase the surface area, which is more suited for industry
pplications.
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