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Politécnico, Jardim das Américas, Curitiba, 81531-980 PR, Brazil

This work reports experimental data and kinetic modeling of solvent-free glycerolysis of olive oil

using a commercial immobilized lipase (Novozym 435) in the presence of Triton X-100 surfactant for

the production of monoacylglycerols (MAG) and diacylglycerols (DAG). The experiments were

performed in batch mode evaluating the effects of temperature (30-70 �C), enzyme concentration

(2.5-18 wt %), Triton X-100 concentration (10-20 wt %), and glycerol to oil molar ratio (3:1, 6:1,

and 9:1). Experimental results showed that lipase-catalyzed solvent-free glycerolysis with the

addition of Triton X-100 might be a potential alternative route to conventional organic solvent

methods, as good conversions were obtained with relatively low enzyme concentrations (9 wt %) in

short reaction times (240 min). The glycerolysis and hydrolysis parallel reactions were considered

with rate constants estimated by minimizing a maximum likelihood function. A very satisfactory

agreement between experimental data and model results was obtained, thus allowing a better

understanding of the reaction kinetics.
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INTRODUCTION

Monoacylglycerols (MAG) and diacylglycerols (DAG) are
nonionic, amphiphilic molecules having both hydrophilic and
hydrophobic parts with excellent emulsifying properties (1). They
are widely used in the food industry, with applications in dairy
products, margarines, bakery products, and sauces. In addition,
due to their excellent lubricant and plasticizing properties, MAG
are also used in textile processing, production of plastics, and
formulation of oil for different types of machinery (2-5).

DAG are naturally occurring minor constituents of edible fats
and oils, mainly constituted by triacylglycerols (TAG), and have
attracted much attention in recent years due to their several
important beneficial properties to human health (6,7).Moreover,
DAG are produced by hydrolysis of triacylglycerols in the
intestinal tract, which is catalyzed by pancreatic lipase (7, 8).
One should also note that mixtures of mono- and diacylglycerols
are important emulsifiers widely used in industrially processed
foods (9).

With the establishment of worldwide biodiesel government
programs, huge amounts of glycerol surplus are expected to
occur in the near future, which means an unavoidable driving
force for the development of new technologies devoted to the
transformation of such byproduct from biodiesel industrial
processing.

Commercial food MAG are manufactured by chemical gly-
cerolysis of fats and oils at high temperatures (220-250 �C) with
inorganic alkaline catalysts. Due to the high reaction tempera-
tures involved, dark-colored, burnt-tasting products are formed.
Moreover, the chemical catalysis process is energy intensive and
provides low yields (30-40%), and the product must be purified
by molecular distillation (4).

In contrast to the chemical process, the glycerolysis of fats and
oils using lipases provides higher MAG yields and excellent
product quality. Several glycerolysis systems have been investi-
gated with or without organic solvents, with immobilized or free
enzymes, and in microemulsion or other media (10). However, in
general, MAG yields from enzymatic glycerolysis are low with
long reaction times involved (4, 5, 12).

For the bioconversion of lipophilic compounds, it may be
necessary to introduce organic solvents into the reaction system
to improve the very limited mutual solubility of glycerol-oil
mixtures (5). However, the use of organic solvents may produce
undesirable physicochemical effects on enzyme molecules, lead-
ing to enzyme denaturation, with effects differing depending
upon the kinds of organic solvents and enzymes used, and also
bring additional separation steps with costs associated with
solvent removal (5).

An alternative to the use of organic solvents is the use of
surfactants to promote larger homogeneity for the system oil/
glycerol/enzyme, increasing the interfacial area and enhancing
the efficiency of the biocatalyst, mainly for lipases, which are
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characterized as enzymes that act at the interface (4,14).With the
aim of the production of MAG and DAG, lipase-catalyzed
glycerolysis experiments have been carried out with free or
immobilized lipases (3, 5) in reverse micelle systems and
microemulsions (14-17).

Microemulsion systems offer many advantages as reaction
media for biocatalysis because both hydrophilic and hydrophobic
substances can be dissolved in high concentrations. Besides,
reverse micelles exhibit relatively ordered structure, are charac-
terized by definite diameter, and provide an enormous interfacial
area, which clearly favors lipase-catalyzed reactions. Microemul-
sions are thermodynamically stable, nanometer size droplets
dispersed in an organic phase stabilized by surfactant mole-
cules (18). Thus, it seems to be reasonable to consider the use
of relatively low-cost surfactants, especially food-grade ones, to
conduct enzyme-catalyzed reactions as a promising route to
completely eliminate solvent traces from reaction products,
bringing many advantages in terms of energy consumption and
favorable transport properties.

An understanding of the kinetics of the lipase-catalyzed
glycerolysis reaction is of primary importance to determine the
optimal operational conditions for this kind of process. Despite
the wide application of the products (MAG and DAG) resulting
from the lipase-catalyzed glycerolysis, just a few works can be
found in the literature regarding the kinetic modeling of such a
reaction. In this aspect, the Ping-Pong Bi-Bi model is largely
employed in the literature (19-22) to describe the kinetics of
lipase-catalyzed reactions, although other empirical or semiem-
pirical models (23, 24) have been successfully used for enzymatic
glycerolysis.

The main objective of the present work is to report experi-
mental data and a semiempirical kinetic modeling for a lipase-
catalyzed glycerolysis system. To the best of our knowledge,
experimental kinetic data on the solvent-free lipase-catalyzed
glycerolysis of olive oil in the presence of Triton X-100 surfactant
have not been reported yet. For this purpose, experiments were
performed in a batch reactor in the temperature range of 30-
70 �C,withTritonX-100 concentration varied from10 to 20wt%
and enzyme concentration from2.5 to 18wt%at glycerol to olive
oil molar ratios of 3:1, 6:1, and 9:1.

MATERIALS AND METHODS

Materials. The substrates used in all experiments without any pre-
treatment were commercial olive oil (Arisco, Brazil) and glycerol (Merck,
99.5%). A commercial immobilized lipase from Candida antarctica
(Novozym 435) was purchased fromNovozymes (Arauc�aria, PR, Brazil).
The enzyme was immobilized on a macroporous anionic resin and,
according to the manufacturer, the optimum activity is achieved at
70 �C and the initial esterification activity is about 120 U/g using lauric
acid and n-propanol as substrates (10). Triton X-100 (Supelco) was
employed as surfactant in the solvent-free glycerolysis of olive oil. Acetoni-
trile (99.9%) and acetone (99.8%) were purchased fromMerck. Authentic
standards of 1-(cis-9-octadecenoyl)-rac-glycerol, glycerol-1,2- and 1,3-diole-
ate and glyceryl trioleate were purchased from Sigma-Aldrich.

Experimental Procedure. Enzymatic glycerolysis reactions were
carried out in a mechanically stirred (IKA-RW 20 digital stirrer) jacketed
flask (40 mL) equipped with a sampling pipet and a PT-100 probe (0.1 �C
accuracy) for temperature monitoring. The stirring rate was kept constant
for all experimental conditions at 600 rpm. Precise amounts of the
substrates, enzyme, and Triton X-100 were weighed on a precision scale
balance (Ohaus Analytical Standard with 0.0001 g accuracy) and loaded
into the reaction vessel. Typically, about 25 g of the substrates (vegetable
oil and glycerol) were charged into the reaction vessel, whereas the
amounts of enzyme and surfactant were loaded according to pre-estab-
lished values. At the end of the reaction, the immobilized lipase was
removed by vacuum filtration and the products were recovered for further

analysis. One important issue when dealing with glycerolysis is to ensure
safe sample withdraws of the whole content of the reacting mixture by
preventing phase separation, hence allowing samples to be taken from a
macroscopic homogeneous one-phase system. For this purpose, a set of
preliminary tests were carried out for some experimental conditions with
the actual reaction system (glycerol, oil, and Triton X-100 in the presence
of the enzyme), performing destructive experiments and comparing with
sampling results. In all cases tested, excellent agreement was found, thus
ensuring the reliability of the sampling system (10, 11).

Kinetic Study of Enzymatic Glycerolysis. In a previous recent
work, Valerio et al. (25) determined the optimum conditions forMAGand
DAG production in a solvent-free system at 70 �C, a stirring rate of
600 rpm, a glycerol to olive oil molar ratio of 6:1, 16 wt% of TritonX-100
surfactant, and 9 wt % of Novozym 435. From this optimized condition,
perturbations were performed around it by varying the temperature,
enzyme and surfactant concentrations, and substrates ratio. For this,
the kinetic study of the enzymatic glycerolysis was carried out with a batch
time of 6 h with samples taken from the bulk reactive system at 30, 45, 60,
120, 180, 240, and 360 min. The reaction kinetic experiments were
performed at 30, 50, and 70 �C, with immobilized enzyme concentrations
of 2.5, 9, and 18wt%, TritonX-100 concentrations of 10, 16, and 20wt%
(both enzyme and surfactant based on the total amount of substrate, oil
and glycerol), and glycerol to olive oil molar ratios of 3:1, 6:1, and 9:1.

Analytical Methods. Quantitative analyses of the products were
conducted using an HPLC system from Agilent, 1100 series, with
refractive index detector. The following instrumentation and conditions
were used: Zorbax C18 column (4.6 m � 250 mm, 5 μm), flow rate of
1.0 mL/min, column temperature of 35 �C, and detector temperature of
40 �C. The mobile phase was acetonitrile/acetone (1:1, v/v), which was
used as a sample-dissolving solvent, and the injection volume was
20 μL (26). The quantification of reaction products was carried out using
authentic standards of MAG, DAG, and TAG. Calibration curves were
built with the following concentrations: 100, 500, 1000, 2000, 5000, 8000,
and 10000 ppm. The content of reaction products was expressed in terms
of the whole amount of MAG, DAG, and TAG, as weight percent of the
total sample in surfactant-free basis. All analyses were replicated at least
three times. Before injection, samples were carefully handled with slight
warming and gentle agitation to avoid phase separation. On the basis of
previous works and experience with the system investigated, experimental
uncertainties are estimated to be<5% in terms ofMAG,DAG, andTAG
contents (10,11). The acid value (mg ofKOH/g) andwater content (wt%)
(Karl Fischer titration method, DL 50, Mettler-Toledo) of olive oil were
determined as 0.2 and 0.04, respectively. The water content in glycerol
samples was monitored during 6 h at ambient conditions, resulting in a
maximum value of 3.0 wt %.

Kinetic Modeling. In this work, an attempt to represent the experi-
mental reaction data obtained from solvent-free glycerolysis of olive oil
with an immobilized lipase as catalyst in the presence of Triton X-100
surfactant, the following glycerolysis and hydrolysis/esterification equa-
tions were adopted (6):

TAGþGlya
k1

k2
MAGþDAG ð1Þ

DAGþGlya
k3

k4
2MAG ð2Þ

TAGþMAGa
k5

k6
2DAG ð3Þ

TAGþH2Oa
k7

k8
DAGþ FFA ð4Þ

DAGþH2Oa
k9

k10
MAGþ FFA ð5Þ

MAGþH2Oa
k11

k12
GlyþFFA ð6Þ
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FFA denotes the content of free fatty acids, Gly stands for the glycerol
content, and H2O is the water content in the reaction medium.

Considering the steps described in eqs 1-6 as elementary reactions, the
reaction rate for each component in the system can be described by the
following differential equations:

dTAG

dt
¼-k1ðTAGÞðGlyÞ þ k2ðDAGÞðMAGÞ- k5ðTAGÞðMAGÞ

þ k6ðDAGÞ2- k7ðTAGÞðH2OÞ þ k8ðDAGÞðFFAÞ ð7Þ

dDAG

dt
¼ k1ðTAGÞðGlyÞ- k2ðDAGÞðMAGÞ- k3ðDAGÞðGlyÞ

þ k4ðMAGÞ2 þ 2k5ðTAGÞðMAGÞ- 2k6ðDAGÞ2 þ k7ðTAGÞðH2OÞ
- k8ðDAGÞðFFAÞ- k9ðDAGÞðH2OÞ þ k10ðMAGÞðFFAÞ ð8Þ

dMAG

dt
¼ k1ðTAGÞðGlyÞ- k2ðDAGÞðMAGÞ þ 2k3ðDAGÞðGlyÞ

- 2k4ðMAGÞ2- k5ðTAGÞðMAGÞ þ k6ðDAGÞ2 þ k9ðDAGÞðH2OÞ
- k10ðMAGÞðFFAÞ- k11ðMAGÞðH2OÞ þ k12ðGlyÞðFFAÞ ð9Þ

dGly

dt
¼-k1ðTAGÞðGlyÞ þ k2ðDAGÞðMAGÞ- k3ðDAGÞðGlyÞ

þ k4ðMAGÞ2 þ k11ðMAGÞðH2OÞ- k12ðGlyÞðFFAÞ ð10Þ

dFFA

dt
¼ k7ðTAGÞðH2OÞ- k8ðDAGÞðFFAÞ þ k9ðDAGÞðH2OÞ

- k10ðMAGÞðFFAÞ þ k11ðMAGÞðH2OÞ- k12ðGlyÞðFFAÞ ð11Þ

dH2O

dt
¼-k7ðTAGÞðH2OÞ þ k8ðDAGÞðFFAÞ- k9ðDAGÞðH2OÞ

þ k10ðMAGÞðFFAÞ- k11ðMAGÞðH2OÞ þ k12ðGlyÞðFFAÞ ð12Þ
The kinetic parameters of eqs 7-12 were considered to be proportional

to the catalyst concentration (enzyme concentration), according to ki =

ki*[Et], (i= 1, ..., 12), where [Et] refers to the enzyme concentration. The

kinetic parameters, k0i and Eai/R, were estimated with the reparametrized
Arrhenius equation (27)

k�i ¼ ki;T ref exp
- Eai

R

1

T
-

1

T ref

� �� �
ð13Þ

where

ki,T ref
¼ k0i exp

- Eai

R

1

T

� �
ð14Þ

with 333.15 K used as the reference temperature (Tref) and R is the

universal gas constant.

Numerical Methods. The parameters of themodel (eqs 7-12), k0 and
Ea, were estimated from fitting the experimental data through minimiza-
tion of the objective function

f ¼
XNOBS

j

XNCAR

k

ðCexptl
jk -Ccalcd

jk Þ
σjk

" #2

ð15Þ

where Cjk
exptl and Cjk

calcd refer to experimental and calculated MAG, DAG,
andTAG contents (surfactant-free basis),NOBS represents the number of

experimental observations (experimental data points), NVAR is the

number of variables considered in the fitting procedure (MAG, DAG,
and TAG), and σjk is the standard error (square root of experimental

variance) of measured MAG, DAG, and TAG contents, with the follow-

ing adopted values: 0.5, 0.85, and 1.0 for MAG, DAG, and TAG,

respectively. A Matlab 7.0 code was developed and implemented for the
parameter estimation step, using the subroutine ode23s (Matlab 7.0

subroutine based on a modified Rosenbrock formula of order 2) (28)

for solving the differential equations system and the Particle Swarm

Optimization algorithm (29) for the minimization of the objective

function.

RESULTS AND DISCUSSION

Determination of Kinetic Parameters. The kinetic constants for
the adoptedmodel, shown inTable 1, were obtained fromaglobal
estimation by regression of all experimental data at 16 wt% fixed
content of Triton X-100 surfactant. On the whole, seven experi-
mental data sets, using the three temperature values investigated,
comprising 56 experimental data points of MAG, DAG, and
TAG contents were used for the kinetic model fitting. The
correlation coefficient (R2) obtained from the fitting procedure
was 0.9899, and the values of root-mean-square deviation (rmsd),
calculated from eq 16, were: rmsdTAG = 3.11, rmsdDAG = 2.53,
and rmsdMAG = 2.81 for TAG, DAG, and MAG contents,
respectively.

rmsdk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNOBS

i¼1

ðCexptl
i -Ccalcd

i Þ
NOBS

2
vuuut

ðk � MAG; DAG; TAG;Þ
ð16Þ

whereCi
exptl andCi

calcd represent the experimental and calculated
content values (wt %) for MAG, DAG, and TAG on a surfac-
tant-free basis.

Effect of Enzyme Concentration. The effect of enzyme concen-
tration (2.5, 9, and 18 wt%) onMAG and DAG production was
evaluated at 70 �C with a 16 wt % Triton X-100 concentration
and a glycerol to olive oil molar ratio of 6:1. Figure 1 shows the
experimental data and kinetic modeling results of enzymatic
glycerolysis for these conditions, where one can observe the good
agreement between experimental andmodel results for all enzyme
concentrations. It can also be noted from this figure that high
MAG and DAG contents were reached with a 9 wt % enzyme
concentration, and fast initial reaction rates were observed at this
condition, resulting in good conversions with relatively short
reaction times.

As presented, an increase in enzyme concentration from 2.5 to
9 wt % led to a considerable enhancement in the production of
MAGandDAG, especially at short reaction times. Increasing the
enzyme concentration from 9 to 18 wt % did not lead to a
significant increase inMAG andDAG contents, due probably to
the poorer mixing of the reaction and, thereby, occurrence of
mass-transfer limitations. This result is in agreement with pre-
vious reports, which cite that an increase in lipase loading above a
certain amount may not increase the yield, showing that high

Table 1. Estimated Parameters of the Kinetic Model

pre-exponential factor

(g mol-1 min-1) energy parameter (K)

k01 115937.55 (Ea/R)1 3356.44

k02 1.21 � 10-10 (Ea/R)2 7.01

k03 285.13 (Ea/R)3 5662.52

k04 16.99 (Ea/R)4 3.22 � 10-10

k05 3729.92 (Ea/R)5 25038.85

k06 2060.15 (Ea/R)6 1378.86

k07 57.70 (Ea/R)7 7557.33

k08 25213.85 (Ea/R)8 1603.70

k09 26.01 (Ea/R)9 1.34 � 10-11

k010 35.97 (Ea/R)10 8354.56

k011 8.65 (Ea/R)11 8597.96

k012 82.76 (Ea/R)12 9834.91
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enzyme concentrations may lead to the formation of aggregates,
thus not making the enzyme active site available to the sub-
strates (30,31). One should also note from Figure 1 that, initially,
the content of the intermediate reaction product, DAG, is higher
than that of MAG but, consistently, as the reaction evolves the
content of DAG is progressively surpassed by the final reaction
product.Here, it isworthmentioning that after each experimental
run, the enzyme activity was measured and no loss of activity was
detected in any tested conditions.

Effect of Temperature.To evaluate the effect of temperature on
MAGandDAGcontents, the glycerol to olive oil molar ratiowas
fixed at 6:1, enzyme concentration was kept constant at 9 wt %,
and the content of Triton X-100 was maintained at 16 wt %.
Figure 2 shows the experimental data and kinetic modeling
results; one can observe very slow reaction rates at 30 �C.
Conversely, when the temperature was increased from 50 to
70 �C, the reaction became much faster, and higher MAG
(22 wt %) and DAG (24 wt %) contents were obtained at 180
and 240 min, respectively.

Figure 1. Effect of enzyme concentration on the solvent-free lipase-
catalyzed glycerolysis of olive oil in the presence of Triton X-100 surfactant.
Enzyme content: (a) 2.5 wt %, (b) 9 wt %, and (c) 18 wt %. Experimental
conditions: 70 �C, glycerol to olive oil molar ratio of 6:1, Triton X-100
concentration of 16 wt %, stirring rate of 600 rpm.

Figure 2. Influence of temperature on the solvent-free lipase-catalyzed
glycerolysis of olive oil in the presence of Triton X-100 surfactant at
(a) 30 �C, (b) 50 �C, and (c) 70 �C. Experimental conditions: glycerol to
olive oil molar ratio of 6:1, enzyme concentration of 9 wt %, Triton X-100
concentration of 16 wt %, and stirring rate of 600 rpm.
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These results are in agreement with other reports available in
the literature. For example, Yang et al. (32) evaluated the effect
of temperature on the enzymatic glycerolysis of sunflower oil in a
solvent-free system constituted by 10 wt% of enzyme (Novozym
435), a glycerol to oil molar ratio of 4.5:1, and 500 rpm of
agitation, without surfactant, at 40 and 70 �C. These authors
observed that after 24 h of reaction, the conversion of MAG
reached 16 wt % at 40 �C, the same value observed with 5 h of
reaction at 70 �C (with 8 wt % Novozym 435), a much faster
reaction rate but still not attractive from a commercial perspec-
tive. Pawongrat et al. (3) studied the effect of temperature (30-
50 �C) on theMAGproduction from tuna oil with IM-AK lipase
enzyme. They observed that in the temperature range of 30-
45 �C, MAG production increased with the temperature.

It is a common sense that temperature presents two important
roles in the reacting system. First, an increase in temperature can
reduce mixture viscosity, enhance mutual solubility, and improve
the diffusion process of substrates, thus reducing mass-transfer
limitations and favoring interactions between enzyme particles
and substrates. Furthermore, enzymes generally have an “opti-
mal working temperature value”, established for each reaction
system under evaluation and, in the case of Novozym 435, it is
situated in the range of 40-65 �C (33-35).

It is worth noting from the results obtained that the reparame-
trized Arrhenius equations (eqs 13 and 14) were capable of
successfully describing the temperature dependence of the kinetic
constants.

Effect of Glycerol to Olive Oil Molar Ratio. To evaluate the
effect of the glycerol to olive oil molar ratio on the glycerolysis
reaction, experiments were accomplished at 70 �C with enzyme
and Triton X-100 at fixed concentrations of 9 and 16 wt %,
respectively. Figure 3 presents the experimental data and model
results for three different values of glycerol to olive oil molar
ratio, 3:1, 6:1, and 9:1. From this figure one can observe that
MAGandDAGcontents were similar up to 180min for all tested
experimental conditions with differences increasing at longer
times for a glycerol to oil molar ratio of 6:1.

The stoichiometry of the reaction requires a molar ratio of
glycerol to oil of 2:1, but MAG production may be favored by
reaction displacement to product formation, increasing the gly-
cerol to oil ratio beyond the stoichiometric value. In the work
published byYang et al. (32), the effect of the glycerol to oil molar
ratiowas investigated in the range of 4.5:1-46:1 for the sunflower
oil glycerolysis at 70 �C, 8 wt % of Novozym 435, stirring of
500 rpm, and 5 h of batch time, in a surfactant- and solvent-free
system, and the authors obtained 17 wt % of MAG with a
glycerol to oil molar ratio of 9:1. These authors argued that the
substrate ratio may have two different behaviors in the reaction
system: an increase in glycerol amount beyond the stoichiometric
valuemay favorMAGproduction through reaction displacement
to product formation. On the other hand, a rise in glycerol
amount, as presented in this work, can affect the system polarity,
influencing the system’s stability and homogeneity.

Cheirsilp et al. (23), when dealing with the glycerolysis of palm
olein using immobilized lipase PS, argued that high concentra-
tions of glycerol might lead to an increase in the initial reaction
rate of MAG production and also in the final concentration
of monoacylglycerols. Coteron et al. (33) evaluated the effect
of glycerol to oil molar ratio (3:1 and 6:1) on the enzymatic
glycerolysis of olive oil without solvents at 75 �C and observed
that, after 4 h, both reacting systems reached steady levels of
MAG concentration and, after 7 h, the excess of glycerol did not
affect the product content. In the present case, the experimental
kinetic data show that the excess of glycerol is not so effective at
the beginning of the reaction but becomes important after a

certain reaction time has elapsed. Again, one should note from
Figure 3 that the employed model was able to satisfactorily
describe the kinetics of the glycerolysis reaction.

Effect of Triton X-100 Surfactant Concentration.The surfactant
plays an important role in the microemulsion formation, provid-
ing a high interfacial area for the enzyme action. The effect of the
surfactant was evaluated by adopting the values of 10, 16, and
20 wt% for TritonX-100 concentration, at 70 �C, with 9 wt% of
immobilized enzyme and a glycerol to olive oil molar ratio of 6:1.
Experimental data and model results are presented in Figure 4,

Figure 3. Kinetics of lipase-catalyzed glycerolysis of olive oil in the
presence of Triton X-100 surfactant at various glycerol to olive oil molar
ratios: (a) 3:1; (b) 6:1; (c) 9:1. Experimental conditions: 70 �C, enzyme
concentration of 9 wt %, Triton X-100 concentration of 16 wt %, and stirring
rate of 600 rpm.
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which shows the MAG, DAG, and TAG content profiles at
different surfactant concentrations.

From these results it can be inferred that the surfactant
concentration did not promote a great difference in the course
ofMAG and DAG reaction yield, possibly due to the concentra-
tion range adopted. This fact was also confirmed by the good
agreement of the predicted results from the kineticmodel, because
the lowest and highest values of surfactant contents were not used
in the parameter estimation. In both cases, after 360 min of
reaction, about 24 wt% ofMAG and 18 wt% of DAG contents
were reached. Stamatis et al. (14) in a review paper cited that
enzymes (particularly lipases) could act in the micellar interface,
interacting with the hydrophilic or hydrophobic parts of the
substrates, corroborating the importance of the surfactant pre-
sence in the reaction medium. According to the authors, lipases
are capable of interacting with the hydrophilic or hydrophobic
parts of the substrates, which means that water-in-oil microemul-
sions (reverse micelles) represent a unique microheterogeneous
system for enzymatic reactions.

Conclusions. In this work, a kinetic modeling approach to-
gether with experimental data of the solvent-free lipase-catalyzed
glycerolysis of olive oil with surfactant is presented. Reaction
kinetics was investigated by varying the temperature, enzyme,
and surfactant concentrations and using different glycerol to
oil molar ratios. Appreciable contents of MAG and DAG
(>35 wt %) were achieved at mild temperatures (around
50 �C), with relatively low enzyme concentrations (9 wt %) in
short reaction times (240 min). The kinetics approach showed
that a very satisfactory agreement between experimental data
and model results was obtained, thus allowing a better under-
standing of the reaction kinetics, pointing to a promising route
to be further investigated and improved for use in process
optimization.
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