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A noninterpenetrating supported carbon membrane was prepared using a resole-type
phenol-formaldehyde resin as precursor. Amine groups were created on the carbon
membrane through nitration using NOx and used to immobilize lipase enzyme by reacting
with glutaraldehyde. To maintain high enzyme activity, surface carboxylic groups were
modified and the immobilized enzyme on the membrane thus obtained was active even
after 3 months of usage. The performance of the biphasic membrane reactor is studied in
terms of amount of free fatty acid produced per unit time based on the volume of aqueous
phase and the effect of operating variables (pH of aqueous phase solution, solvent used
for olive oil, olive oil concentration, and aqueous phase circulation rate) were evaluated.
Experiments show that the activity of lipase increases 1.42-fold upon immobilization. The
maximum reaction rate was 3.6-fold higher, and the base case rate was 1.4-fold higher
than the values reported in the literature for a similar enzyme membrane reactor but with
a different membrane. © 2005 American Institute of Chemical Engineers AIChE J, 52:
1611–1620, 2006
Keywords: carbon-composite membrane, hydrolysis of olive oil, space charge model

Introduction

Enzyme membrane reactors (EMRs) are used for conversion
of fats and oils into acids using an ultrafiltration membrane
having an immobilized enzyme. The reactor has the advantages
of integrating catalytic conversion and product separation into
a single operation.1 There are several immobilization tech-
niques that have been reviewed recently,2-4 in which it was
indicated that a large number of factors influence the perfor-
mance of the immobilized enzyme. Among these, the selection
of support materials and the method of immobilization were
found to be most the most critical factors. Various membrane
materials (hydrophobic and hydrophilic) and membrane reactor
configurations with the enzyme immobilized on internal or
external membrane surfaces have been reported in the litera-
ture.2 Hydrophobic membrane reactors have supports prepared
from polypropylene,5 polyvinyl chloride,6 polyvinyledenedif-

luoride,7 or polyetherimide.8 In these, lipase has been immo-
bilized on the aqueous side of the membrane. In hydrophilic
membrane reactors, the lipase has been immobilized on the
organic side of the membrane, which was made of cellulose,9

polyamide,10 or polyacrylonitrile.11 Advantages of the hydro-
philic system are that the enzyme desorption is reduced be-
cause of its insolubility in the organic phase and catalytic
activity of the enzyme is found to be much higher than that for
the hydrophobic membrane.12

In an effort to assess the effect of supports on the perfor-
mance of EMRs, in our earlier studies we bonded lipase en-
zyme on zeolite13 and poly(methyl methacrylate) (PMMA)14

composite membranes. In this study, we prepared ultrafiltration
carbon membranes as follows.15 The process consisted of car-
bonizing a film of crosslinked resole-type phenol-formalde-
hyde (PF) resin film in the absence of air at 500°C. Herein, we
have devised a nitration technique using NOx, which was
subsequently reduced to amine groups using its reaction with
hydrazine hydrate. The aminated membrane thus formed was
reacted with glutaraldehyde to bond the lipase enzyme chem-
ically to it. We have shown that the enzyme membrane thus
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formed is highly acidic and the enzyme tends to be deactivated
within two cycles of usage. However, on reacting it to 1,4-
phenylenediamine immediately after the nitration step, and
then immobilizing the enzyme after amination, the enzyme
retains its activity for a considerably long time (at least over 3
months) of usage. The performance of the biphasic EMR is
evaluated in terms of the amount of free fatty acid produced per
unit time based on the volume of aqueous phase. The effects of
different organic solvents (pentane, hexane, and heptane) for
the olive oil, the concentration of olive oil, circulation rate of
aqueous phase, and the pH of aqueous phase on the perfor-
mance of the membrane reactor are determined. Based on this
kinetic mechanism for hydrolysis of triglycerides given in the
literature16-22 and the mathematical procedure,13 we showed the
membrane capillaries to be charged having a wall potential of
0.71 mV.

Modeling of Biphasic Enzyme Membrane Reactor

The biphasic EMR represents a continuous microenviron-
ment for the reaction; the two reactants, olive oil and water,
come in contact with the enzyme at the membrane surface
where the reaction and simultaneous separation take place. For
continuous extraction of the fatty acid into the aqueous phase
the aqueous phase is maintained at a basic pH (8–9.5), by
adding an adequate amount of NaOH solution. The pKa value
is about 5 for fatty acids, which are assumed to be completely
ionized. Furthermore, the highly nucleophilic OH� ion com-
bines irreversibly with the carbonyl group (COOH) of fatty
acid to form the resonance-stabilized COO� ions.23-27 Because
the applied pressure is very small, only diffusion resistance to
the mass transfer exists.

In a continuous microenvironment, the water molecules are
reported to form a monolayer near the active site of the en-
zyme28 and, if a reservoir of water is present very near to the
active site, then the water concentration can be approximated
as constant, as has been done by Molinari et al.26 The stoichi-
ometric relation can be written as

RCOOH � OH�º RCOO� � H2O (1)

The reaction mechanism and thus the rate expression for the
hydrolysis are quite complex and the reaction kinetics has been
modeled in the literature29,30 using the Michaelis–Menten
model.

Hydrolysis of olive oil occurs at the enzyme located at the
pore mouth of the membrane and it generates fatty acid. The
fatty acid formed is extracted into the aqueous phase at alkaline
pH and, to keep the analysis simple, it is assumed that the fatty
acid formed is the oleic acid alone (as done in the reaction
kinetic analysis). The extraction is facilitated by reaction of the
acid molecule with the OH� ions, assumed to be instantaneous.
Figure 1 shows the mass-transfer phenomenon. In this figure,
AA� represents the reaction front and the oleic acid molecule
formed at the enzyme sites (at the pore mouth) migrates toward
the reaction front. The OH� ions in the aqueous phase at the
righthand side of AA� move toward the reaction front where
they are consumed and RCOO� ions are generated. The
RCOO� ions diffuse toward the bulk of the aqueous phase as
a result of the concentration gradient. To maintain a constant
pH of the aqueous phase, NaOH is continuously added to it,

which leads to a buildup of Na� ions in the bulk, and these ions
diffuse toward the reaction front. The region to the right of the
reaction front thus contains Na� (hereafter referred to as ion 1),
OH� (hereafter referred to as ion 2), and RCOO� (hereafter
referred to as ion 3) ions and the system involves ternary
diffusion of the ions. Because the diffusivity of OH� ions
(5.29 � 10�9 m2/s) is much greater (�1000-fold) than that of
the RCOOH (1.2 � 10�12 m2/s, evaluated using the modified
Wilke–Chang equation31), the reaction front is assumed to lie at
the pore mouth for the short reaction time considered in this
work.

The mass transport phenomenon inside the support of the
membrane is assumed to be similar to that outside it and so the
entire system can be divided into two regions. The first region
consists of an unstirred film from the pore end to the bulk of the
aqueous phase. Figure 1b shows region I, consisting of an
unstirred film of thickness �. For a very small rate of mass
transfer, the film thickness is related to the mass-transfer co-
efficient as

k �
D

�
(2)

and the mass-transfer coefficient can be evaluated using the
following relation for transport through membranes32.

Sh �
kd

D
� 0.023 Re7/8Sc1/4 (3)

Figure 1. The mass-transfer phenomenon inside the
membrane and on the aqueous side of the
membrane.
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Re �
�ud

�
and Sc �

�

�D
(4)

where d is the diameter of the cylindrical compartment, � is
fluid density, � is fluid viscosity, and u is the velocity of water
in the aqueous compartment. The maximum thickness of the
film is obtained from this relation and it will be seen later that
the actual thickness is much smaller than that calculated from
the above expression.

Region II consists of the pore and the ion transport inside the
pores is considered to be at steady state and is assumed to be
described by space charge model and the fluid velocity inside
the pore is zero. The transport of ions is described by the
Nernst–Planck equation as (cylindrical coordinates). The non-
linear differential equation, solved analytically in the form of
an infinite power series, is given in our earlier publication.13

Experimental
Materials

Glutaraldehyde (25%), thionyl chloride, 1,4-phenylenedi-
amine, sodium dihydrogen phosphate, gum arabic, sodium
chloride, calcium chloride, sodium tauroglucate salt, sodium
hydroxide, olive oil, enzyme (pancreatic lipase), and solvents
(toluene, pentane, hexane, and heptane) were procured from
SD Fine Chemicals (Mumbai, India).

Preparation of carbon–clay composite membrane

To prepare a porous carbon membrane, the resole-type phe-
nolic resin was prepared by condensation polymerization of
phenol (94 g, 1 mol) and 37% aqueous formaldehyde (123 g,
1.5 mol) in the presence of a basic catalyst (5 g, 0.125 mol). For
membrane casting, the clay support is dipped in xylene to
displace air present inside its pores after which it was placed
over a sponge soaked in xylene, thus ensuring that the polymer
does not enter into the pores of the support. A solution of resole
in ethyl alcohol is spread over the clay support. The coated
support is then allowed to dry in air for 1 h followed by curing
for 2 h at 60°C and for 12 h at 120°C in an oven. The
clay–resole composite is heated at the rate of 2.5–30°C/min up
to 500°C and was subsequently carbonized in the absence of air
at 500°C for 0.5 h. It is suggested33 that the carbon film thus
formed is acidic and can be represented by the following

in Figure 2.

Modification of carbon–clay composite membrane

Nitration. The unmodified carbon–clay composite mem-
brane was prepared using the procedure of Kishore et al.15 and
is nitrated (a mixture of NO and NO2) using NOx at 200°C and
1 atm pressure.34,35 The carbon–clay composite membrane is
placed inside the nitration reactor and the NOx (�500 mL) is
introduced through the silicon septum of the reactor by syringe
and is kept in the oven at 200°C for 6 h. The formation of the
nitrated carbon membrane is represented by reaction 1 of

Figure 2. FTIR spectra of the modified carbon membrane were
obtained using a Vector 22 spectrophotometer (Bruker, Rhein-
stetten, Germany) to confirm the covalent bonding of the NO2

functional groups as shown in Figure 3b. The Raman spectra
(Figure 4b) were also obtained by an Ar� laser beam at �ex �
514.5 nm (Perx 1877 triple mass spectrometer).

Neutralization. To remove the acid functional groups, the
nitrated membrane thus formed is neutralized following the
procedure given in Alves et al.36 In this, it is reacted with
thionyl chloride (10 cm3, 0.14 mol) in toluene (80 cm3) and
refluxed at 100°C for 3.5 h. The acyl chloride group is formed
as shown in reaction 2 of Figure 2. After this, it is rinsed with
toluene (�100 cm3), reacted with a solution of 1,4-phenylene-
diamine (210 mg, 1.9 mmol), dissolved in 100 mL of toluene,
and refluxed at 100°C for 3.5 h. The reaction with this reagent
occurs according to reaction 3 of Figure 2 and this way the acid
is converted to its esters. Subsequently, it is removed, rinsed
with toluene (�100 cm3), and dried at room temperature for
16 h and then at 70°C for 24 h.

Amination. The nitrate groups produced by nitration are
reduced with 50% hydrazine hydrate solution at 75°C for 4 h
(see reaction 4 in Figure 2) to position the amine group onto the

Figure 2. Immobilization of enzyme on the membrane
surface.
E stands for enzyme and c� for carbon membrane.
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membrane surface (called aminated membrane). To confirm
the presence of these functional groups on the membrane, we
carried out FTIR (Figure 3c) and Raman spectroscopy (Figure
4c).

Reaction with Glutaraldehyde. To position free aldehydes
group on the membrane surface, the aminated membrane is
reacted with glutaraldehyde reaction mixture (see reaction 5 of
Figure 2). The reaction mixture (5% glutaraldehyde solution)
was prepared by adding 20 mL of a 25% aqueous glutaralde-
hyde solution to 80 mL of a 0.05 M sodium phosphate buffer
at pH 7. The aminated membrane is kept in the reaction
mixture at room temperature for 3 h and stirred gently. After
the reaction, the membrane is removed and washed thoroughly
with 0.05 M sodium phosphate buffer to remove excess glu-
taraldehyde.

Enzyme loading and activity

Pancreatic lipase (supplied by S.D. Fine Chemicals) was
used without further purification. The lipase solution is pre-
pared by dissolving 5 g of lipase powder in 100 mL of 0.05 M
sodium phosphate buffer at pH 7. The glutaraldehyde reacted
membrane, kept in a beaker that contains 100 mL of lipase
solution, is stirred gently for 8 h at 25°C. After the reactions

Figure 4. Raman spectra of (a) unmodified, (b) nitrated,
and (c) aminated carbon membrane.

Figure 3. FTIR spectra of (a) unmodified (UM), (b) ni-
trated (NM), and (c) aminated (AM) carbon
membrane.
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(see reaction 6 of Figure 2), the membrane is removed and
washed with a sodium phosphate buffer (pH � 7) solution.

Determination of Activity. The activity of enzyme is deter-
mined by standard tests, described in the Worthington Enzyme
Manual,37 that are based on reacting enzyme with an emulsion
of olive oil in water stabilized by gum arabic and sodium
chloride (3.0 M), calcium chloride (0.075 M), and sodium
tauroglucate salt (0.027 M). The pH of the reaction mixture is
adjusted to 8 and the volume of titrant (10 mM solution of
NaOH) added is recorded for 3–4 min after a constant rate is
achieved. The blank rate is determined as the volume of titrant
added per minute from the final linear portion of the curve. The
enzyme solution (5 mL) is added to the reaction mixture (15
mL), pH is adjusted to 8, and the volume of titrant required to
maintain the pH 8 is recorded for 5–6 min. The sample rate is
determined as the volume of titrant added per minute from the
linear portion of the curve. The activity of the enzyme is
calculated from the following equation:

Units ��mol/min�

mg
�

	�sample � blank� rate �mL/min�

� normality of base �mmol/L� � 1000

mg enzyme in reaction mixture

(5)

We first determined the activity of an enzyme solution. This
solution was used to immobilize the enzyme on the membrane.
The difference of the activity of the fresh solution and the
supernatant solution would constitute the activity of the en-
zyme if it were in a free state. The activity of immobilized
enzyme was also experimentally described using a similar
procedure.38

Biphasic enzyme membrane reactor

The experimental setup (Figure 5) consists of two cylindrical
compartments each having a capacity of 75 mL with the
membrane (membrane area � 20 cm2) held between these two
compartments. The temperature of the reactor is maintained at
a constant value of 30°C by using a water bath. In the com-
partment (maintained at 30°C) facing the active membrane
surface, 300 mL of substrate (olive oil in organic solvents) is
circulated at a rate of 400 mL/min, maintained constant
throughout the experiments. In the other compartment, 300 mL

of water at basic pH is circulated using a peristaltic pump. The
pH of water is maintained at a constant value by adding 10 mM
NaOH solution; the amount thus added is used to determine the
amount of fatty acid extracted by water and the amount of free
fatty acid produced per unit time.9 The EMR performance is
reported in terms of the amount of free fatty acid produced per
unit time (mmol L�1 h�1) based on the volume of the aqueous
phase. The fatty acid production was calculated from

Amount of fatty acid produced �mmol/L�

�

normality of NaOH �mmol/L�
� volume of NaOH added �mL�

volume of aqueous phase �mL�
(6)

To study the influence of operating conditions, we varied
various parameters pH of aqueous phase (8–9.5), solvent used
for olive oil (pentane, hexane and heptane), substrate (olive oil)
concentration (25–100%), and aqueous phase circulation rate
(200–600 mL/min) around their base case values at a time. The
base case values of the parameters have been taken as pH: 9;
solvent: pentane; olive oil concentration: 50 vol %; aqueous
phase circulation rate: 400 mL/min; temperature: 30°C. For the
entire parameter studies the organic phase circulation rate is
kept at 400 mL/min. To study the effect of all these parameters
the reaction was carried out for 130 min at the base case
conditions.

Results and Discussion
Preparation and modification of carbon membranes

We prepared carbon composite membranes as reported in
Kishore et al.,15 nitrated using NOx, and aminated the carbon
membrane as reported in earlier in the experimental section.
The aminated membrane was reacted to glutaraldehyde and the
lipase was chemically immobilized onto it. On experimenta-
tion, it was found that the enzyme became inactive after two
cycles of operation. Based on the work reported in the litera-
ture36 on activated carbon, the carbon membrane was expected
to have phenyl and carboxylic groups on its surface (see
reaction 1 of Figure 2). Expecting that the immobilized enzyme
may have lost its activity as a result of low pH of the surface,
we neutralized the carboxylic acid functional groups following
the procedure given in Figure 2. In the case of unmodified
carbon membrane (Figure 3a) an aliphatic C–H stretching is
observed at 1441.92 cm�1. Likewise, in the case of nitrated
membrane, its FTIR spectrum (Figure 3b) clearly shows –NO2

asymmetric configuration {weak –C(NO2)3} at 1592.53 cm�1

and –NO2 symmetric stretching {strong –CH2–NO2} at
1381.84 cm�1. A weak-medium type R–CHR–NO2 stretching
is observed at 834.67 cm�1, thus confirming the presence of
chemically bound nitro groups on the carbon membrane sur-
face. Upon amination, no extra peaks for the amine group have
been observed, although the nitro group peak disappeared.
After aminating this membrane with 50% hydrazine hydrate
solution, it is now possible to use this for immobilization of the
enzyme. The enzyme immobilized onto it is found to be active
even after 30 days of usage.

Raman spectroscopy is used to measure the degree of sp2 to
sp3 binding in the membrane. Figure 4 shows the Raman
spectra of the unmodified, nitrated, and aminated carbon mem-

Figure 5. Biphasic membrane reactor.
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branes. The normal spectrum of carbon usually consists of a
strong peak in the range of 1580–1600 cm�1 and a weak peak
in the range of 1350–1370 cm�1. The former peak, called
G-mode peak, which represents the graphite structure having
sp2 hybridization and the latter is the D-mode peak having sp3

hybridization.38 From Figure 4, we see the presence of the
G-mode peak at 1591 cm�1 and the D-mode peak at 1367
cm�1. Upon nitration, the peak intensity of both the D- and
G-mode peaks is found to diminish, which is further reduced
by the amination reactions. This reveals that the material is
becoming more amorphous in nature by the chemical modifi-
cation. The C–NO2 bond appears at 1591 cm�1 for the nitrated
carbon39 and its height is considerably decreased for the ami-
nated membranes attributed to C–NH2 formation.

Immobilization of lipase

Lipase is covalently immobilized on the modified carbon
membrane using glutaraldehyde as the bridging molecule be-
tween the enzyme and the membrane. The activity of the
enzyme is determined by following the procedure described
earlier and the rate of hydrolysis of an olive oil emulsion is
determined by potentiometric titration. One unit releases one
micromole of fatty acid per minute from olive oil at 25°C and
pH 8.0 under the specified conditions. The activity of the fresh
enzyme and the remaining solution after immobilization is
found to be 12.27 and 10.01 U, respectively. The difference
between these values gives the units of enzyme immobilized on
the membrane and is determined to be 2.25 U. In a similar way,
the activity of enzyme immobilized on the membrane was also
determined, which was found to have increased to 3.20 U. It is
seen that upon immobilization of enzyme on the modified
carbon membrane, the activity increases 1.42-fold.

Effects of operating variables on the performance of the
biphasic enzyme membrane reactor

The performance of the biphasic membrane has been eval-
uated in terms of the (mmol L�1 h�1) based on the volume of
the aqueous phase used for the extraction of the fatty acid. A
blank run is performed in which a membrane without enzyme
is used and it was found that the pH of the aqueous phase does
not change. When the membrane with the immobilized enzyme
is used, the production of fatty acids shows a linear trend (see
Figure 6) and is regressed using a linear function (with corre-
lation coefficient � 99%) to find the rate. The hydrolysis of
triglycerides is a multistep reaction system with the formation
of diglycerides (D) and monoglycerides (M) reversibly as
intermediate steps. For short times, the concentration of the
products (that is, fatty acid denoted by F) is small and the
Michaelis–Menten kinetics can be used to describe the overall
reaction rate as

	0 �
Vmax	S0


KM � 	S0

(7)

where v0 is the initial rate of formation of products, Vmax is the
limiting initial velocity when the enzyme is fully saturated with
the substrate, KM represents a constant, and [S0] is the initial
substrate concentration at the interface.

Influence of pH. In the case of the enzyme membrane

reactor the NaOH and olive oil come in close contact at the
interface where the reaction occurs because of the enzyme
present at that site. The linear trend in Figure 6 appears to
confirm this and the overall reaction mechanism. From the
slopes of lines in Figure 6a, VR as a function of pH has been
plotted in Figure 6b. It can be seen from this figure that the
amount of free fatty acid produced per unit time increases with
increasing pH. The highly nucleophilic OH� ions have been
reported to attack fatty acid (RCOOH) to form RCOO� ions
that are resonance stabilized.26 Thus an increase in OH� con-
centration would increase the rate of formation of RCOO� and
will thus increase the driving force for the diffusion of fatty
acid from the reaction site to the bulk of the aqueous phase.

Figure 6. Effect of aqueous phase pH on the amount of
free fatty acid produced per unit time (V0) in
biphasic EMR.
(a) Fatty acid concentration vs. time and (b) volumetric reac-
tion rate (V0) vs. pH.
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However, as pH is increased �9, the increase in VR appears to
slow down.

Influence of Solvent. It is known from the literature40 that
the organic solvents used as a medium of reaction with olive oil
substantially affect the enzyme activity. To analyze the effect
of solvent, three homologous nonpolar solvents (n-pentane,
n-hexane, and n-heptane) are used that are known to dissolve
the oil. The fatty acid production with time in a biphasic EMR
using lipase-immobilized membrane is shown in Figure 7,
where the plot is linearly regressed (R � 0.99) to determine the
VR. The amount of free fatty acid produced per unit time is
found to depend heavily on the solvents used and it is higher
for n-pentane and n-heptane than for n-hexane, for which the
value is much lower. Thus, there exists no trend for the vari-
ation of VR with the carbon number of the solvent. It is well
understood that the active sites of the enzyme consist of a set
of nonsequential amino acid [(serine, histadiene, aspartic acid)
or (serine, histadiene, and glutamic acid)] residues19 that pro-
mote hydrolysis. The shape of the enzyme molecule determines
the concentration of these on the surface and the former de-
pends heavily on the medium of reaction. These experiments
suggest that in the medium of the pentane, the membrane
catalyst works the best.

Influence of Olive Oil Concentration. To have an insight
into the effect of concentration of olive oil, four different
concentrations of olive oil (25, 50, 75, and 100 vol %) in the
organic phase with pentane as solvent was used. The circula-
tion rate of both phases is kept at 400 mL/min and the tem-
perature is maintained at 30°C. Figure 8 shows the fatty acid
production with time in the biphasic EMR. The reaction rate of
olive oil hydrolysis increases with substrate concentration in
the range of concentration tested (25 to 100 vol %) because a
higher substrate concentration improves the reaction rate. After
50 vol % of substrate concentration, the increase in reaction
rate is high. The maximum reaction rate was 0.246 mmol L�1

h�1, which was obtained at 100 vol % substrate concentration.
If we assume the entire olive oil concentration up to the

interface the average concentration (�[S0]interface) and the re-
action to be described by Eq. 7, then one has the following:

1

	0,interface
�

1

Vmax
�

KM

Vmax

1

	S0
interface
(8)

Because we have a steady state in the system, the v0 at the
interface, v0,interface, is the same as that determined in our
experiment and this equation can be used to evaluate KM and
Vmax on plotting 1/v0 vs. 1/[S0]. We have thus determined the
value of KM as 3.74 mol/L and the value of Vmax as 3.66 �mol
L�1 min�1 using regression analysis with R2 � 0.654.

Influence of Circulation Rate. Figure 9 shows the data for
the fatty acid production with time for the three different
circulation rates. For this study, the organic phase circulation
rate is kept at 400 mL/ min. It is found that the reaction rate
increases with increasing water circulation rate. A higher water
circulation rate would decrease the boundary layer on the
aqueous side of the membrane, causing a reduction in the mass
transfer resistance and an increase in the mass transfer rate of
the fatty acid.

Figure 7. Effect of organic solvent (used for olive oil) on
the amount of free fatty acid produced per unit
time in biphasic EMR.

Figure 8. Effect of olive oil concentration on amount of
free fatty acid produced per unit time in the
biphasic EMR.
The base case rate is 50 vol % olive oil in n-pentane and
circulation rate of both aqueous and organic phases is 400
mL/min at 30°C.

Figure 9. Effect of aqueous phase circulation rate on the
amount of free fatty acid produced per unit
time in the biphasic EMR.
The organic phase circulation rate is kept at 400 mL/min.
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Determination of mass transfer rate and wall potential

The flux of ion 2 (OH�) can be calculated from the rate of
addition of NaOH because the pH of the aqueous phase is
constant. The experimental data show that for all cases, the rate
of addition of NaOH is constant and thus the flux of ion 2 is
constant and for the base case it is calculated to be 1.365 �
10�11 kmol m�2 s�1. It is found that the penetration of ion 3
into the aqueous phase is less than the film thickness values
determined from the mass transfer coefficient given in the
literature,32 valid for a cross-flow membrane system (Eqs. 6
and 7). The film thickness (equal to the depth of penetration of
ion 3) is therefore determined by the solution scheme previ-
ously given in detail in our earlier publication.13 The various
physical and experimental data required for calculation are
diffusion coefficient of ions (D1 � 1.332e-9, D2 � 5.2964e-9,
D3 � 1.79e-11 m2/s), rate of addition of NaOH (
 � 2.6997 �
10�8 kmol m�3 s�1), area of aqueous compartment (Ac � 20
cm2), volume of aqueous compartment (Vaq � 300 mL), uni-
versal gas constant (� � 8314), and temperature (T � 303 K).
The diffusion coefficients of ions 1 and 2 are evaluated from
infinite dilution equivalent conductance values given in the

Figure 10. Growth of film in region I and variation of
concentration of ion 3 at the boundary of re-
gion I of the aqueous phase.

Figure 11. Concentration profiles of the ions in region I at three different times: t � 0, t � 52 min, and t � 122 min.
The profiles were determined using the base case experimental data.
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literature and that of ion 3 is assumed to be equal to the
diffusion coefficient of oleic acid.

Figure 10 shows the growth of film thickness with time for
the base case. The time zero is taken as the instant when the ion
3 concentration at x � 0 is (0.01 mmol/m3) such that the film
thickness is more than 10-fold the approximate ion size (�0.6
nm). The film thickness after 2 h is about 70 nm and is
considerably smaller than the value obtained from the mass
transfer correlation (�2.05 �m). Figure 10 also shows the
variation of ion 3 concentration at x � 0 with time and it may
be seen from the figure that it follows a trend similar to that of
film thickness. It increases rapidly at the beginning and then
levels off with time.

Figure 11 shows the concentration profile of the three ions at
three different times. It may be seen that the ion concentration
varies in such a way that the sum of concentrations of ions 2
and 3 is equal to the concentration of ion 1. It may also be
noticed that, although initially, the ion 1 and 2 concentrations
are almost the same, as the time increases the difference
between the two increases as the result of an increase in the
concentration of ion 3. The value of electric field calculated
from the simulation is about 8 � 103 V/m. This corresponds to
a value of (C1 � C2 � C3) (deviation from electro-neutrality)
of nearly 10�14 kmol/m3, which is �0.001% of the average ion
concentration prevailing inside the film. Thus, the film (region
I) may be assumed to be electro-neutral.

It may also be noticed that the fluxes of these ions are
extremely small compared to their concentrations in the film
(�10�6 kmol m�2 s�1) and so the pseudo-steady-state assump-
tion at the boundary of regions II and I can be made. For the
determination of wall potential and mass-transfer rate in region
II, the pore radius of the membrane is taken as equal to the
average of the pore size range (4 nm) of the membrane that is
determined in a previous work.15 The pore length is determined
from the cross-sectional view of the membrane and is found to
be 40 �m, whereas the porosity of the membrane is determined
to be 0.4. The wall potential, determined this way, is found to
be 0.71 mV for the various sets of experimental data of this
work. This was calculated using the solution scheme already
described in an earlier work.13The space charge model uses the
potential of the double layer in the aqueous phase and the low
value of the wall potential is therefore attributed to the ex-
tremely low concentration of the ions in the aqueous phase.
The wall potential value is found not to change significantly
within 20% change in pore radius.

Conclusion

A noninterpenetrating supported modified carbon membrane
is prepared for the immobilization of lipase using glutaralde-
hyde as the bridging molecule between the enzyme and the
membrane. The membrane was modified so as to neutralize the
acid functional groups using 1,4-phenylenediamine, which en-
sured a better immobilization and longer life of the enzyme.
Experiments show that the activity of lipase increases 1.42-fold
upon immobilization. Hydrolysis of olive oil was carried out in
a biphasic enzyme membrane reactor and its performance was
evaluated in terms of the amount of free fatty acid produced per
unit time based on the volume of aqueous phase used for
extraction of fatty acids. The effect of various operating pa-
rameters (pH, solvent, olive oil concentration, and circulation

rate of aqueous phase) was evaluated. The maximum reaction
rate was 3.6-fold higher, and the base case rate was 1.4-fold
higher than the values reported in the literature for a similar
enzyme membrane reactor but a different membrane. The im-
mobilized enzyme was found to be highly stable for a period of
30 days without much change in the activity of the enzyme. A
model is proposed to describe the mass transfer of ions on the
aqueous side of the reaction sites. Film theory was used to
describe the transport of ions in the first region and a space
charge model for the second region; the wall potential deter-
mined from the model was 0.71 mV.
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