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ABSTRACT: On the basis of our previous results, where opti-
mal conditions for the lipase-catalyzed hydrolysis of sunflower
oil in a high-pressure batch stirred tank reactor were deter-
mined, some thermodynamic and kinetic properties of lipase
preparation Lipolase 100T (Aspergillus niger lipase) were estab-
lished. Activation energy (32.7 kJ/mol) was determined from an
Arrhenius plot. Activity of the Lipolase 100T increased between
35 and 50°C, but with further temperature increase thermal de-
activation occurred. The thermal deactivation rate constant was
0.40, and the deactivation enthalpy was 123.0 kJ/mol. Because
of the desirability of continuous applications of enzyme-cat-
alyzed reactions, a high-pressure continuous flat-shape mem-
brane reactor (HP CFSMR) was designed. Hydrolysis of sun-
flower oil in this reactor was performed. Maximal conversion in
the HP CFSMR was achieved after 1 h. A polysulfone membrane
was successfully used as a separation unit, and the highest con-
version of FFA was determined at 50°C, 200 bar, and a flow rate
for substrates of 0.1 mL/min (each).
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Enzyme-catalyzed reactions are superior to conventional
chemical methods in the context of mild reaction conditions,
high catalytic efficiencies, the inherent selectivity of natural
catalysts, which result in much purer products, and lower en-
ergy input. Enzymes lower the activation energy for a reac-
tion and make it possible for substrate molecules with smaller
internal energies to react (1). The most important influence
on the position of equilibrium of an enzyme-catalyzed reac-
tion and on the yield of product that can be expected is the
overall free energy change of the reaction (2). On the basis of
the results of our previous research involving the hydrolysis
of sunflower oil in a high-pressure batch stirred tank reactor
(3), it was desirable to determine some thermodynamic prop-
erties (activation energy, free energy change, Gibbs energy,
enthalpy and entropy of formation and deactivation, deacti-
vation constant) of the reaction. Activation energy can be
properly determined from an Arrhenius plot; however, the
temperature range is quite limited (1). In the case when tem-
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peratures significantly higher than the usual biological range
are considered, thermal deactivation occurs and the Arrhenius
rate dependence no longer occurs (4).

Using enzymes in high-pressure batch systems may cause
changes in biocatalyst activity due to the pressurization/
depressurization influence. Continuous reactors employing
supercritical fluids have the advantage over batch reactors in
that they do not require depressurization to feed in the reac-
tants or to recover the products (5). Therefore, a high-pres-
sure continuous stirred tank membrane reactor, where poly-
sulfone membrane was used as a separation unit, was con-
structed and is tested here. The hydrolysis of sunflower oil
was performed in this membrane reactor to compare reactions
in the batch and continuous modes at supercritical conditions.
The influence of substrate flow rates, pressure, and tempera-
ture on the conversion was determined.

EXPERIMENTAL PROCEDURES

Enzyme, chemicals, and membrane. Lipolase 100T, a nonim-
mobilized, dried preparation of Aspergillus niger lipase, was
kindly donated by Novo Nordisk A/S (Bagsvaerd, Denmark).

Sunflower oil was purchased from Oljarica Oil Factory
(Kranj, Slovenia). (The amount of linoleic acid was 64.6%
and the amount of oleic acid was 21.1%; determined by GC.)
Potassium phosphate buffer (0.1 M; pH = 7) and all other
chemicals were from Merck (Darmstadt, Germany).

Carbon dioxide (99.95% volume pure) was supplied by
Messer MG (Ruse, Slovenia).

Polysulfone flat-shaped membrane (10,000 M.W. cutoff)
was supplied by Sartorius (Goettingen, Germany).

Each data point represents the average of at least two mea-
surements (or the average of three measurements, when prob-
lems with operation at high pressure appeared).

Hydrolysis in high-pressure continuous flat-shaped mem-
brane reactor (HP CFSMR). The continuous high-pressure
enzyme membrane reactor is shown in Figure 1. The polysul-
fone membrane was placed between two sintered plates and
fitted in the reactor, which was heated to constant tempera-
ture by an electric heating jacket. The reactor was equipped
with a magnetic stirrer. A certain amount of the catalyst was
put in the reactor, while water, oil, and the gas were separately
pumped in with the high-pressure pumps. A monophasic mix-
ture formed. The products and unreacted reactants were col-
lected in the separator. The reaction progress was followed
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FIG. 1. High-pressure continuous flat-shaped membrane reactor; 1,
CO,; 2, substrates; 3, magnetic stirrer; 4, reactor; 5, separator; P, high-
pressure pump; TIR, temperature regulator and indicator; P, pressure
indicator. The volume of the reactor was 45 mL.

by determination of FFA titrimetrically (6), and the amounts
of free oleic and linoleic acids were determined by HPLC (7).

RESULTS AND DISCUSSION

Optimal parameters for the hydrolysis of sunflower oil in a
high-pressure batch stirred tank reactor (3). Optimal reaction
parameters, determined previously for the determination of
thermodynamic parameters, included optimal lipase concen-
tration, 0.0714 g/mL of CO,-free reaction mixture; optimal
pressure, 200 bar; optimal buffer/oil ratio, 1:1 (w/w); and op-
timal temperature, 50°C.

Thermodynamic parameters. Below enzyme-inactivating
temperatures, enzyme-catalyzed reactions generally increase
in rate with increases in temperature. This effect was ob-
served for lipase-catalyzed hydrolysis of sunflower oil in su-
percritical (SC) CO, at 200 bar and was described with an Ar-
rhenius relationship (8). From an Arrhenius plot (Fig. 2) it is
obvious that the activity of the lipase between 35 and 50°C
increased, and that with further temperature increase thermal
deactivation occurred. On the basis of the slope of the straight
lines in Figure 2, the calculated activation energy (E,) was
32.7 kJ/mol. In considering transition-state theory (9), the
Gibbs energy (AGf), enthalpy (AHf), and entropy (ASf) of for-
mation were calculated from equations

AH,=E,—RT (1]

where R is the gas constant, and T is temperature (K);

A-N,-h

—A) -R [2]
RT

where N, is the Avogadro constant, A is the frequency factor,
and £ is Planck’s constant. The Gibbs energy of formation is
given by

ASf= R -1In

AGf = AHf— TASf [3]
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FIG. 2. Arrhenius plot for the hydrolysis of sunflower oil in supercritical
CO, at 200 bar in the presence of Lipolase 100T. Reactions at different
temperatures were performed in the high-pressure batch stirred tank re-
actor; v; = initial reaction rate in g FFA/(g oil phase - h).

Enthalpy and entropy of formation or activation of the chem-
ical reaction provide valuable information about the nature of
the transition state, and hence about the reaction mechanism.
Values for each magnitude are presented in Table 1. The en-
thalpy of formation was positive and relatively low, indicat-
ing that the reaction was slightly endothermic. The entropy
of formation for hydrolysis was low and negative. The reac-
tion was associated with a a large increase in the free energy
of formation, which means that the reverse reaction pro-
ceeded spontaneously.

A large enthalpy of activation indicates that a large amount
of stretching, squeezing, or even breaking of chemical bonds
is necessary for the formation of the transition state. The en-
tropy of activation gives a measure of the inherent probabil-
ity of the transition state, apart from energetic considerations.
If ASfis large and negative, the formation of the transition
state requires the reacting molecules to adopt precise confor-
mations and approach one another at a precise angle (9).

As the temperature increases, the atoms in an enzyme mol-
ecule have greater energies and a greater tendency to move.
At a certain temperature they acquire sufficient energy to
overcome the weak interactions holding the globular protein
structure together, and deactivation follows (1). At tempera-
tures above 50°C, deactivation of lipase was observed here.
Lipolase 100T at 50°C exists in equilibrium between inactive

TABLE 1
Thermodynamic Values for Hydrolysis of Sunflower Oil with Lipolase
100T in Supercritical CO,

Symbols Value
Enthalpy of formation AH, 29.7 = 0.1 kJ/mol
Free energy of formation AG; 107 + 0.1 kJ/mol
Entropy of formation AS; —-0.219 = 0.002 k)/mol-K
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and active forms. At temperatures above 50°C, the deactiva-
tion enthalpy change (AH ) is higher than the energy of acti-
vation. Enzyme deactivation predominates in the system and
causes great activity decrease with further temperature rise.
Thermal deactivation of enzymes may be reversible, irre-
versible, or a combination of the two. A simple model of re-
versible thermal deactivation often suffices to represent ther-
mal activity relationships for enzymes over a wide range of
temperatures (1). We assumed that the lipase existed in inac-
tive and active forms in equilibrium, with equilibrium con-
stant K ;. The slope of the Arrhenius diagram at higher tem-
peratures is equal to (AH,— E /R) (1). The slopes of the lines
were determined using linear regression, and the deactivation
enthalpies, Gibbs free energy of deactivation, and entropy of
deactivation were determined with Equation 4:

-AG -AH AS
K,;= exp( d) = exp( d) . exp( d ) [4]

RT RT R

where K, represents the deactivation constant, the equilib-
rium constant between inactivated and activated enzyme. The
deactivation constant can be written as

E,+RT, ..

O (5]
AH,—E,—RT,,,

Kd(Tmax) =

Fora T, of 50°C, values for each parameter are presented
in Table 2. The deactivation enthalpy was relatively high (123
kJ/mol) indicating that the proportion of enzyme in the active
state was quite sensitive to changes in temperature.

Hydrolysis in HP CFSMR. (i) Influence of substrate flow
rate on the rate of lipolysis. Industrial applications of en-
zyme-catalyzed reactions are best conducted in a continuous
mode. For that purpose, a high-pressure continuous stirred
membrane reactor was constructed here. A polysulfone mem-
brane with a nominal M.W. cutoff of 10,000 was used as sep-
aration unit since it should retain the biocatalyst while allow-
ing products as well as unreacted substrates to pass through
the membrane.

Lipase-catalyzed hydrolysis of sunflower oil in SC CO,
was performed in the HP CFSMR at 50°C and 200 bar by
using Lipolase 100T as in the previous experiments. The flow
rate of CO, was 0.8 L/h. Figure 3 shows the dependence of
the amount of liberated FFA on the flow rate of the substrates
and their concentration ratio. Maximum levels of released
FFA were achieved within 60 min of reaction under most con-
ditions examined and remained constant thereafter.

TABLE 2
Values for Deactivation Magnitudes of Lipase Lipolase 100T
in Supercritical CO,

Symbols Values
Deactivation enthalpy AH, 123 £ 0.1 kJ/mol
Deactivation constant Ky 0.405 + 0.002

2.65 + 0.01 k)/mol
0.339 + 0.002 kJ/mol-K

Free energy of deactivation
Entropy of deactivation

AG,
AS,
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FIG. 3. Dependence of FFA release on substrate flow rates and ratios in
the Lipolase 100T-catalyzed hydrolysis of sunflower oil in supercritical
CO, in a high-pressure continuous flat-shaped membrane reactor (HP
CFSMR). Reaction conditions: T = 50°C, p = 200 bar; lipase concentra-
tion = 16.67 g of lipase/L reactor volume. FFA (%) = amount of FFA, as
a percentage, in the product.

The flow rate of substrates must be low enough to allow
them to solubilize in SC CO, and react in that medium. This
may explain why a flow rate for substrates of 0.1 mL/min re-
sulted in a higher extent of lipolysis than higher flow rates. A
greater degree of hydrolysis of sunflower oil by Lipolase
100T was achieved using a high-pressure batch stirred tank
reactor, but not until after 48 h of operation (3). With the HP
CFSMR, steady-state lipolysis was generally achieved within
1 h and subsequently maintained.

Influence of pressure and temperature on the conversion.
Experiments at different temperature and pressure combina-
tions in SC CO, have shown that the greatest activity of Lipo-
lase 100T is at 50°C and 200 bar (Fig. 4), which are the same

C (g linoleic acid/g oil phase)

200 bar

100 bar

TCC)

FIG. 4. Concentration of linoleic acid after 5 h as a function of temper-
ature and pressure in an HP CFSMR. Reaction conditions: flow rate of
oil and buffer = 0.1 mL/min (each), flow rate of CO, = 0.8 L/h, lipase
concentration = 16.67 g lipase/L reactor volume. See Figure 3 for ab-
breviation.
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results as obtained for the reaction performed in the HP
BSTR. Figure 4 shows the concentration of linoleic acid after
5 h as a function of temperature and pressure. Similar results
were obtained for oleic acid and are not shown, because the
trends for release of both fatty acyl groups were identical, i.e.,
both FA are good substrates for lipase.

To obtain higher conversion in HP CFSMR, some other re-
actor parameters need to be optimized, such as lipase concen-
tration, gas flow rate, and the like.
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