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In this study, Rhizomucor miehei lipase-coated alginate membrane was prepared and
put in a biocatalytic membrane reactor to produce ethyl lactate from ethyl alcohol and
lactic acid. Effects of the amount of coated lipase, reaction temperature and initial molar
ratio on lactic acid conversion were investigated to evaluate the performance of the sys-
tem. In order to compare the performance of the membrane reactor, the reaction was also
carried out in a classical batch reactor by using lipase-immobilized membrane as a cata-
lyst. The highest lactic acid conversion achieved was 0.63 in the membrane reactor at
50 °C, while the lactic acid conversion was 0.37 in the batch reactor under the same
operating conditions. After six reaction runs, approximately 90 % of the lipase’s catalytic

activity was preserved in the membrane reactor.
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Introduction

Lipases are called “green agents” as they are
able to catalyze numerous of chemical reaction in
mild operating conditions with effective energy us-
age. They provide direct conversion of reactant to
the desired product with less side reaction'?. How-
ever, there are some drawbacks when using lipase
in all reactions. Due to the high costs of producing
lipases from their natural sources, they should be
recovered from the homogeneous reaction media
and reused. Extraction, membrane filtration, and ul-
trafiltration techniques can be used for lipase recov-
ery>*. The viscosity of the reaction media directly
affects efficiency of the enzyme’s recovery?®. Immo-
bilization of lipases on an appropriate support is an-
other way of simplifying the recovery of lipase
from reaction media>®. The immobilization method
facilitates protection of lipase activity’”’. For an ef-
fective immobilization, it is essential to provide the
appropriate immobilization conditions. Tempera-
ture, pH, and solvent concentration of the immobi-
lization media directly affect the efficiency. Besides
the operating conditions, selection of immobiliza-
tion support material is critical. According to the
type of lipase or conditions in the reaction, inorgan-
ic materials such as zeolites or polymers may be
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used. Because of their easily forming ability, poly-
meric materials are frequently preferred as supports.
Polymeric material can easily be produced as li-
pase-encapsulated beads, thin film, or membrane.

In many aspects, immobilization of lipases on a
membrane support contributes to increasing the
overall reaction yield. Lipase can be incorporated
into the spongy structure of an ultrafiltration mem-
brane or it can be encapsulated by a membrane ma-
terial and formed as a thin film®. The membrane
immobilization technique improves the reusability
of lipase under the different operating conditions.
This method prevents the inhibitory effect of reac-
tant or product on lipase by isolating the lipase from
the product-reactant medium. The lipase-immobi-
lized membrane provides a controlled contact of re-
actants with lipase. Therefore, lipase activity can be
preserved®!!. Moreover, it is possible to incorporate
a desired amount of lipase on the membrane sup-
port. Immobilization efficiency is directly related to
determination of appropriate lipase loading. Con-
sidering all of these advantages, it is possible to
achieve an energy-efficient enzymatic reaction by
using the membrane immobilization method.

In the literature, sponge type ultrafiltration and
microfiltration membranes are preferable compared
to inorganic membranes'? 4. Inorganic materials
show high resistance to chemicals and can be used
at high temperatures. However, they are brittle and
the mass transfer rate of the substrate within inor-
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ganic particles can be quite slow. Although poly-
meric membranes are more vulnerable, they are
cheap and can easily be modified. The immobiliza-
tion of lipase on a polymeric membrane is very ef-
fective. Because of the molecular structure of poly-
meric materials, it is possible to orient the lipase in
the desired conformation. For this purpose, natural
and synthetic polymers can be used due to their
good adaptation and biological properties!>1®,

Sodium alginate is a natural polysaccharide
produced from brown seaweed. Because of its
non-toxicity and mild gelling properties, it is fre-
quently preferred as a lipase support material. In the
literature, there are many studies related to sodi-
um-alginate-coated lipase in different forms. In
most of these studies, alginate was used in bead
form'”". It has been reported that the alginate-en-
trapped lipase preserved about 95 % of its activity
after being used 10 times'®. However, it was also
reported that the activity of bead form alginate-coat-
ed lipase is relatively low compared to the free ones
because of the mass transfer limitation. Therefore, it
is important to arrange the coating thickness. Addi-
tionally, it is required to improve the swelling be-
havior of membrane in aqueous reaction media. For
this purpose, a cross-linking procedure is applied"*.
Recently, a thin film polymer-coated lipase on an
ultrafiltration membrane has been reported to elim-
inate the mass transfer limitation®?'.

The membrane bioreactor is a reactor type in
which a lipase-immobilized membrane is used as a
heterogeneous catalyst. The main function of the
membrane catalyst is to ensure easy separation of
the lipase from the product and keeping the lipase
on the membrane surface**?’. The biocatalytic
membrane reactor is another enzymatic system that
combines the reaction and product purification into
one stage by using a biocatalytic membrane such as
lipase-coated membranes. While the reaction occurs
at the lipase-immobilized layer (catalytic layer) of
the membrane, the selected compound is removed
by the selective layer of the membrane!®, In this
type of reactor, quality and quantity of the driving
force changes according to the structure of the
membrane. If the separation occurs according to the
concentration gradient by using a dense membrane,
then the reactor can be defined as a “pervapora-
tion-aided biocatalytic membrane reactor (PVBC-
MR)™>.

In this study, a lipase-catalyzed esterification
reaction between ethanol and lactic acid was per-
formed in a biocatalytic membrane reactor. In the
literature, several studies related to the enzymatic
synthesis of ethyl lactate have been reported®®>.
Chemically catalyzed ester production in a mem-
brane reactor was also reported in the literature ear-
lier*¥*=%. However, lipase-catalyzed ethyl lactate pro-

duction in a membrane reactor has been rarely
reported®*®. In most of these studies, lipase has been
used as a free catalyst or as immobilized beads in a
classical reactor. Findrik et al. studied the etha-
nol-lactic acid esterification reaction by means of a
commercial immobilized enzyme (immobilized
Candida antarctica B) and obtained 0.59 lactic acid
conversion within 5 hours in a batch reactor’.
Koutinas et al. studied the same reaction with a
Novazyme 435 immobilized enzyme and reported
0.33 lactic acid conversion in a batch reactor?®.

In the present study, a non-porous lipase-im-
mobilized membrane was put in a membrane reac-
tor to produce ethyl lactate. This system can be de-
fined as a green and environmentally friendly
process because of the lower energy consumption,
one-stage reactive separation ability and cost effi-
ciency. This process was selected to obtain a green
solvent by using sustainable chemical agents, reac-
tants, and polymers. Ethyl lactate is known as a
green solvent due to its non-toxicity, non-ozone-de-
pleting and biodegradable properties. It is also pro-
duced from bio-based feedstock®. Sodium alginate
was selected as the polymer due to its well-known
adoption property with lipase*”!”°. Lipases were
immobilized on alginate surface by entrapment and
cross-linking technique reported in the previous
study?®. The reaction capability of immobilized li-
pase was evaluated as a function of lactic acid con-
version. The effect of the lipase amount on the
membrane surface, reaction temperature and initial
molar feed ratio on acid conversion were investigat-
ed. The selective separation properties of the mem-
brane were also investigated as a function of flux
and separation factor. In order to evaluate the effi-
ciency of this system, the reactions were also car-
ried out in a batch reactor with membrane-immobi-
lized lipase (as a heterogeneous catalyst) and free
lipase (as a homogeneous catalyst) under the same
operating conditions.

Materials and methods

Materials

Lipase obtained from Rhizomucor miehei (RM)
was kindly supplied by Novozymes, Turkey. Sodi-
um alginate polymer, glutaraldehyde, lactic acid (80
% purity), ethyl alcohol (97 % purity), ethyl lactate
(99 % purity) were purchased from Aldrich Chemi-
cals.

Membrane preparation

In this study, a biocatalytic membrane was pre-
pared as two-layered. For the first layer (bottom
layer), a dense sodium alginate membrane was pro-
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duced to separate the water selectively. For the sec-
ond layer, lipase was entrapped with a very diluted
alginate solution and cast onto the first selective
layer to catalyze the esterification reaction between
ethyl alcohol and lactic acid. The solution-casting
technique was used to prepare this two-layered li-
pase-immobilized membrane. With this method, it
was possible to prepare a small amount of mem-
brane for laboratory applications and the procedure
based on the controlled evaporation of polymeric
solution*'. For the preparation of the selective first
layer, a mixture of 3.5 wt. % of alginate and water
was prepared and stirred for 24 hours at room tem-
perature. After a homogeneous solution had been
obtained, it was poured into a glass Petri dish and
allowed to evaporate at room temperature. The av-
erage thickness of this layer was about 50 pm, and
the membrane area was approximately 110 cm?.

For the preparation of the lipase loaded-layer,
the desired amount of RM lipase was encapsulated
with a dilute alginate-water solution and cast onto
the first layer. This layer was prepared as very thin
(approximately 8 pum) to prevent the mass transfer
limitation between the substrate and lipase. The
two-layered membrane was oven-dried in the oven
at 50 °C rapidly for two hours. The membrane was
cross-linked in a bath containing 1 vol. % glutaral-
dehyde, 1 vol. % HCI, 73 vol. % acetone and 25
vol. % water to prevent dissolving of the membrane
in aqueous reaction media. Cross-linking with glu-
taraldehyde also contributed to stabilizing the lipase
on the membrane surface.

Membrane characterization

Lipase distribution on the membrane matrix
was analyzed by means of a JEOL JSM-6335 F
Field Emission Scanning Electron microscope. Sur-
face properties of pristine and lipase-loaded mem-
branes were also analyzed using Quesant EIU Trap-
ping mod AFM device.

Esterification

The biocatalytic membrane reactor (BCMR) is
a combination of a reactor and a pervaporative sep-
aration system in one stage. In the present study, the
biocatalytic membrane was put inside the reactor.
The reactor had 40 mL constant volume with 19.625
cm? effective membrane area. The BCMR was set-
tled inside an oven. The system was kept at constant
temperature. In order to minimize the mass transfer
problem, a mechanical stirrer was connected to the
membrane reactor. The upstream side of the mem-
brane was kept at atmospheric pressure and 30 mbar
pressure was applied on the permeate side. The con-
figuration of the system is given in Figure 1.

BCMR
f Vacuum pump
= | & Il |
_t
s |
Cold traps

—

Fig. 1 — Experimental BCMR set-up

This study focused on the increasing of the lac-
tic acid conversion by simultaneously removing the
water along with ethyl lactate. In the BCMR, when
the reaction occurred on the top surface of the mem-
brane, water was selectively separated from the re-
action media by the bottom layer of the non-porous
biocatalytic membrane.

The effect of lipase loading, alcohol-to-acid
feed molar ratio (M), and operating temperature on
acid conversion were investigated to obtain the cat-
alytic activity of the system. In addition, flux and
separation factor were determined to evaluate the
selective separation character of the membrane. The
amount of lipase to be used for immobilization was
determined as 0.5 g, 1 g and 1.25 g. The lipase
loaded membranes were designated according to
the total amount of lipase on the membrane surface.
For example, RMO0.5 represents 0.5 g of lipase per
110 cm? membrane area.

The reactions were carried out at 30, 40 and 50
°C. The alcohol-to-acid initial molar ratio was des-
ignated as M and the molar ratio was determined as
M =1 (0.3 mol ethyl alcohol and 0.3 mol lactic
acid), M = 3 (0.48 mol ethyl alcohol and 0.16 mol
lactic acid), and M = 6 (0.6 mol ethyl alcohol and
0.1 mol lactic acid). In order to understand the sys-
tem efficiency, the reactions were also carried out
under the same operating conditions in the batch
reactor with free and immobilized lipases. The bio-
catalytic membranes were cut into small pieces and
used as an immobilized catalyst in the batch reactor.
Additionally, the same free lipase was used in the
batch reactor to react with substrate without immo-
bilization under the same operating conditions. In
the case of the BCMR and batch reactor with im-
mobilized enzyme, the conversion results were re-
corded in hourly intervals. In the case of the batch
reactor with free lipase, only the final conversion
was recorded to compare the catalytic activity and
productivity of lipase with the other reactors.
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Calculation

The reactions were carried out for six hours in
all reactors. At hourly intervals, 2uL reaction sam-
ples were taken from the reactor and the traps, ana-
lyzed using gas chromatography (GC) to determine
the compositions of components. In this study, ther-
mal conductivity detector (TCD) and HP-FFAP col-
umn equipped with GC (Agilent 7980) was used.
The carrier gas was nitrogen. Detector temperature
was arranged to 280 °C, oven temperature was 220
°C, and injector temperature was 240 °C. The GC
method was also used to determine the permeate
compositions in cold traps at hourly intervals.

The reaction samples were also analyzed by a
titration method for determining the lactic acid con-
version composition. Free acid percentage of lactic
acid in the reaction media was determined, and the
conversion was also calculated as reported in the
literature*>*. For this purpose, 0.1 g reaction sam-
ple was taken from the reactor and titrated with 0.1
molar potassium hydroxide. Before the experiments,
initial free lactic acid purity was also determined.
Although the purity was mentioned as 80 % lactic
acid on the label of the chemical, the acid content
was determined as 73—75 % by using titration meth-
od. Additionally, the water content in the initial lac-
tic acid was determined as 25 wt. % by means of
Karl Fischer Titration. The water content in the ini-
tial lactic acid was determined using TitroLine
7500KF Model Karl Fischer Titration.

Flux (J) (kg m?h™') was calculated from the
measured weight of permeate sample, as shown in
Eq. 1

w
J=—2 1
" (1

The water separation factor (o) was calculated

from Eq. 2

Y, /X,

a=———" 2

Y, /X,

Where w, is the weight value of permeate
stream (kg), ¢ is the time (h), 4 is the effective
membrane area (m?), Y and X are mass fractions of
water in the permeate and the feed respectively. Y,
and X, are the mass fractions of other compounds in
the permeate and the feed respectively* . The
compositions of permeate and retentate streams
were measured by means of GC.

Results and discussion

Morphology and surface characteristics
of the biocatalytic membrane

Figures 2 and 3 represent the morphological
structures of pure and coated alginate membranes.
SEM images are shown in Figure 2. Figure 2a

SEl 10KV —
TUBITAK

SEl  10kV
TUBITAK

Fig. 2 — Surface SEM images of pristine (a) and lipase-loaded
(b) sodium alginate membrane

shows the surface of the pristine sodium alginate
membrane, and in Figure 2b, the light phase shows
the lipase particles.

As can be observed in Figure 2b, the lipases
were well distributed on the membrane surface,
which was proved by the AFM test. The AFM im-
ages are given in Figure 3. While Figure 3a rep-
resents the 3D image of the pristine membrane sur-
face, Figure 3b shows the lipase-immobilized
membrane layer with an equal lipase size. Hence, it
could be concluded that the substrates could be al-
lowed to react effectively on the entire surface of
the membrane.
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88.50nm

87.25nm

Fig. 3 — Pristine (a) and lipase-loaded (b) AFM images of sodium alginate membrane

Table 1 — Pervaporative separation results of membranes
M=1)
Lipase Flux (kg m? h™)
loading
(2) 30°C [ 40°C | 50°C | 30°C | 40°C | 50°C
0.5 0.06 0.09 0.16 1491 496 3.21
1 0.03 0.12 0.18 18.60 5.31 347

1.25 0.10 0.16 0.17 4.32 4.58 3.86

Separation factor

Effect of lipase loading on acid conversion

The total amounts of lipase to be incorporated
into the membrane surface were determined accord-
ing to the lipase-membrane interaction. Before
specifying the total amount of lipase, optimization
tests were applied. Alginate was a bio-based poly-
mer and it was completely compatible with li-
pases*®¥’. As can be seen in Figure 4, the highest
conversion values were obtained with RM1 at all
temperatures when M = 1. A decrement trend was
observed with RM 1.25 due to the overloading li-
pase ratio. Active sites of lipases and reaction capa-
bility might be prevented by the agglomeration?.

According to the lipase ratio, the separation
performance of biocatalytic membrane is given in
Table 1. At all temperatures better flux and selectiv-
ity values were achieved by RM 1 membrane.

Both the reaction and separation results con-
firmed that the RM1 was an appropriate biocatalytic
membrane to determine the effect of other process
parameters on system performance.
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Fig. 4 — Effect of lipase loading on conversion (0.3 mol ethyl
alcohol: 0.3 mol lactic acid)

Effect of temperature on acid conversion
and separation performance

Before the effect of temperature was deter-
mined in the BCMR and batch reactor, many pre-
liminary experiments had been done. Because of
the protein nature of lipase catalyst, a very sharp
decline in conversion results was obtained at the
temperature above 50 °C. Hence, the upper tem-
perature limit was determined as 50 °C for this re-
action. Additionally, it was observed that the pro-
ductivity of lipase in the batch reactor was very low
compared to the BCMR at temperatures below 30
°C. Therefore, the lower temperature limit for this
study was determined as 30 °C.
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The results of the batch reactor 0.7 -
with immobilized lipase catalyst and
the BCMR are presented in Figure 5. 06 -
The figure shows information about
the effect of temperature on lactic acid
: . . 0.5
conversion. According to Arrhenius
equation in an endothermic reaction,
the reaction rate increased with tem- 04
perature. Hence, the conversion in- ><="
creased in the BCMR and the batch 0.3 4

reactor as expected. Compared to the
batch reactor, the results of the BCMR
were higher due to the continuous re-
moval of water from the reversible re-
action medium. This result was ex-
pected according to the “Le Chatelier

0.2

0.1 A

30°C-BCMR
40 °C - BCMR
50 °C - BCMR
30 °C - Batch reactor
40 °C - Batch reactor
50 °C - Batch reactor

OomP>d40C@O@

Principle”. Moreover, the inhibitory 0.0 &
effect of products on lipase could be 0
eliminated by removal of water from
the reaction media. While a conversion
of 0.37 was obtained in the batch reac-
tor, an 0.63 lactic acid conversion was
achieved in the BCMR. Therefore, it

2 4 6
t(h)

Fig. 5 — Effect of temperature on lactic acid conversion (0.3 mol ethyl alcohol:
0.3 mol lactic acid, RM1)

was observed that the reaction yield o0 *

could be enhanced without changing 0.18 1 x  Flux (J) - 20

the reaction conditions of the reactor, — ® Separation factor Lag

without increasing the amounts of cat-

alyst and without the addition of chem- 0.14 ~ 16

icals. Because of the inhibitory effect —~ ,,, | L 44

of water on lipase, the extent of water -

could also negatively affect the li- E, 0.10 4 12

pase-catalyzed reaction. In the BCMR, = . | L 10

the removal of water from the reaction

medium ensured preservation of lipase 0.06 1 -8

activity™4. 0.04 . L s
Flux is the amount of compounds

permeated through the membrane per 0021 M4

time and unit membrane area. In this 0.00 : : i : : 2

study, total flux has been defined in- 25 30 35 40 45 50 55

stead of a single component flux. It is
possible to calculate the partial flux of
each components by using separation
factor data. If the flux is the amount of
permeated component, then it is im-
portant to take into account the effects
of membrane structure, interaction between mem-
brane-component and component-component to de-
termine the flux behavior. Therefore, the flux ex-
change should be examined in terms of the
membrane material and the solution chemistry sep-
arately. The same theory is also valid for the sepa-
ration factor. When the results in Figure 6 are eval-
uated depending on the membrane structure,
temperature is directly associated with membrane
substance.

Membrane permeability enhanced with tem-
perature due to the increasing chain mobility and

Temperature (°C)

Fig. 6 — Effect of temperature on separation performance (0.3 mol ethyl alcohol:
0.3 mol lactic acid, RM1)

free spacing of the polymeric material®**>. More-
over, the diffusion rates and the vapor pressure of
component increased, and the driving force between
the sides of the membrane increased with tempera-
ture®. As a result, flux enhanced as expected. How-
ever, almost all parameters that increased the flux
also decreased the separation factor. For example, a
non-selective separation occurred due to the ex-
panded polymer chain. Hence, large chain structure
allowed the passage of larger molecules, such as al-
cohol and ester together with water and reduced the
separation factor, as shown in Figure 6.

Separation factor
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® M1_BCMR Figure 7 indicates the effect of
0.7 7 v M3_BCMR feed molar ratio on acid conver-
<'> nggtlc\:ﬂr? reactor sign. Experiments were caryied out
0.6 1 A M3_Batch reactor T with RM1 at 30 °C. While 0.58
O M6_Batch reactor = ¥ ; lactic acid conversion was obtained
05 4 ¥ ¢ with M = 3 feed molar ratio in
BCMR, 0.35 conversion was
04 \Z ¢ achieved in the batch reactor. As
—~ seen in Figure 7, a significant de-
< / - % é cline was observed with M = 6 mo-
03 1 » o lar ratio. This could be explained
p ¢ & & _ . by the inhibitory effect of substrate
0.2 4 / - < 2 N on lipase. Therefore, it was import-
D ant to determine the optimum mo-
o1d 4 gy lar ratio in order to enhance reac-
' tion yield.
Flux and separation factor
0'0(6 é "‘ 6‘ changes can be seen in Figure 8.

t (h)

Fig. 7 — Effect of feed molar ratio on lactic acid conversion (30 °C, RM1)

Flux was an important factor for
defining the membrane productivi-
ty. In pervaporation-aided BCMR,
a non-porous membrane was used.

0.030

x  Flux (J)
® Separation factor

0.028

0.026 -

J(kgm?Zh™)

0.024

0.022

50 Therefore, the importance of flux

became a critical parameter to de-
| 45 termine the system efficiency. As
mentioned previously, the alginate
was a hydrophilic polymer and, the
existence of water caused a swell-
ing through the intermolecular
spaces of the polymeric mem-
brane’*%. Hence, flux values in-
creased with increasing water con-
tent in the reaction medium. Flux
was directly related to the reaction
yield and the conversion. As the
- 20 conversion increased in the reactor,
water was generated, the space be-

- 40

- 35

- 30

Separation factor

F 25

0.020 T T
0 2 4

Alcohol : Acid molar ratio

Fig. 8 — Effect of feed molar ratio on separation performance (30 °C, RM1)

Effect of feed molar ratio on acid conversion
and separation performance

The initial feed molar ratio was another deter-
minant factor for the performance of this reaction.
Before the appropriate initial molar ratios were se-
lected, some preliminary experiments had been
done. Better results were obtained when the alco-
hol-to-acid molar ratio was three. After that point
(M =4, M =5), conversion slightly decreased, and
a drastic decrement was observed when the molar
ratio was six in all operating conditions. Hence, the
three significant points were selected: minimum re-
action limit (M = 1), maximum conversion (M = 3),
and significant decrement (M = 6).

15 tween the polymer chains expand-
ed and flux increased again. Mean-
while, flux and conversion were
dependent on each other.

As can be seen in Figure 8,

higher flux was obtained when the

alcohol-to-acid molar ratio was one. The initial lac-

tic acid included approximately 20-25 wt. % of wa-

ter (measured by Karl Fischer Titration). The water

concentration of M = 1 was higher than M = 3 and

M = 6. Although conversion values and produced

water amount of M = 3 were higher than the result

obtained with M = 1, the total water content of M =
3 was lower than M = 1.

The same explanation was also valid for M = 6.
Therefore, flux values rating could be shown as M1
> M3 > M6.

The separation factor is another major value for
defining the selective character of the membrane.
However, separation factor and flux values show a
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Table 2 — Comparison of conversions of all reactor types

. Batch reactor ¥mm0bili'ze'd Batch reactor Free .lipase
Temperature | Alcohol: A_c1d En;yme conversion lipase activity conversion activity BCMR
(°C) molar ratio loading (g) (Imlrinoblhzed (mql EL g (Free lipase) (mql EL g conversion
pase) lipase) lipase)
30 1 1 0.32 0.64 0.32 0.63 0.53
40 1 1 0.34 0.69 0.33 0.67 0.60
50 1 1 0.37 0.74 0.36 0.71 0.63
30 3 1 0.35 0.70 0.37 0.72 0.58
30 6 1 0.23 0.44 0.23 0.46 0.40
reverse effect on one another fre- 0.7
quently. Because of the flexible poly- 7 -
h h ded b :
El%nira?:: S.S\;[veeﬁinagr,e ﬂeu)g)ainncerease}s] °° % %
paration fgctor.decreases. The 05 4 / /
degree of swelling is a necessary % /
property for membrane material. / /
However, the excess amount of ~ 0 % %
swell.ing causes a non-selective per- ¢ / /
meation of compounds®*>3, 0.3 / %
In this study, sodium alginate % %
was used as membrane matrix, which 0.2 % /
is known as a quite hydrophilic mem- / %
brane; material. When the water con- 01 4 % %
d h fi f
e mempne e svetioe dooe | 04 0

increased and separation factor de-
creased. It is clear from Figure 8
those of the separation factor values
of M = 6 were higher than the others.
While the initial alcohol ratio in the
reaction increased, the total water

T f
1 2

3

T
4 5 6

Numbers of experiments

Fig. 9 — Reusability experiment of lipase-coated membrane in BCMR (50 °C,

RM1,

percentage decreased. Hence, as mentioned previ-
ously, the swelling degree of the membrane was

M=1)

Productivity was calculated from the produced
amount of ethyl lactate per amount of enzyme. In

lower in M = 6 mixture than that of M = 1 and M
=3.

Comparison of lactic acid conversion
and reactor productivity results

Table 2 shows brief conversion results and pro-
ductivity of free and immobilized enzymes in the
significant operating parameters. The highest con-
version result in the BCMR was achieved as 0.63
by using RM1 membrane when the molar ratio was
three and the temperature 50 °C.

At the same conditions, 0.36 and 0.37 conver-
sion results were obtained in the batch reactor with
the free and immobilized lipase, respectively. After
six hours, almost the same conversion and enzyme
productivity were obtained by free and immobilized
catalyst.

fact, the conversion obtained by immobilized lipase
was higher, since the membrane simultaneously ab-
sorbed the produced water during the reaction.
Thus, the idea of reducing the lipase productivity
using the immobilization technique could not al-
ways be accurate. Immobilization of lipase on a thin
membrane film prevented the possible agglomera-
tion, which was proved by SEM and AFM analysis.
Moreover, it was easy to recycle and reuse the im-
mobilized lipase without significant activity loss
during the six experiments.

Figure 9 presents the reusability tests of lipase-
coated membrane in BCMR. The same RM1 mem-
brane was used about six times to produce ethyl lac-
tate at 50 °C when the alcohol-to-acid molar ratio was
one. When the catalytic activity of firstly used mem-
brane in BCMR was defined as 100 %, after six ex-
periments it preserved its catalytic activity about 90 %.
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Conclusions

This study focused on the efficient ethyl lactate
production in an innovative BCMR system and the
results were compared with the batch reactor data.
In the BCMR, better conversion results were ob-
tained as 0.63 at 50 °C when the alcohol-to-acid
molar ratio was one. Under the same operating con-
ditions, conversion of the batch reaction with im-
mobilized enzyme was 0.37. When the alco-
hol-to-acid molar ratio increased from one to three,
and temperature decreased from 50 °C to 30 °C,
obtained conversion was 0.58 in BCMR. These re-
sults are very promising for an lipase-catalyzed eth-
yl lactate reaction. In the literature, relatively low
conversion values were obtained under the same
operating conditions, as mentioned earlier.
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Nomenclature

Abbreviations

BCMR — Biocatalytic membrane reactor

RM — Rhizomucor miehei lipase

PV — Pervaporation

PVBCMR - Pervaporation biocatalytic membrane re-

actor

VOC — Volatile organic compound

AFM — Atomic force microscope

GC — Gas chromatography

Symbols

A — Effective membrane area, m?

J — Flux, kg m?h!

M — Alcohol-to-acid mole ratio

Mp — Weight of permeate sample, kg

n, n, — Initial and final mole of lactic acid respec-
tively, mol

t — Reaction time, h

/4 — Weight of analyzed sample, g

X — Lactic acid conversion

X, — Mass fraction of water and other components
in the permeate

Y, — Mass fraction of water and other components
in the permeate

a — Separation factor
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