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bstract

The enzymatic esterification of fatty acids (mainly oleic acid) and ethanol is studied in this work. The reactions are catalyzed by commercial
mmobilized lipases from Candida antarctica (Novozyme 435) and are carried out in a batch reactor at solvent free conditions. The influence
f several important reactions conditions as temperature, initial molar ratio, initial water percentage, and enzyme percentage on the equilibrium
onversion and the initial reaction rates is carefully analyzed. A non-linear relationship is established between the initial reaction rates and the

nzyme percentage. An optimum value of the initial molar ratio is detected for each enzyme percentage and the effect of inhibition by alcohol is
onfirmed. Under the studied conditions, it is demonstrated that the influence of the external mass transfer resistance on the reaction rate is not
ignificant. Therefore, the experimental data are appropriated for kinetic modeling purposes.

2006 Elsevier Inc. All rights reserved.
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. Introduction

Biotechnological production of fatty acid esters with lipases
as recently received greater consideration with respect to the
raditional methods [1] and is undergoing a rapid development
2–4]. This is due to the mild operating conditions, the degree
f purity of the products, and their acceptability in the food
ndustry.

Immobilized lipases can be easily handled and make easier
he separation of the catalyst from the reaction mixture and its
euse. The main advantages of using immobilized lipases are,
mong others, high yields, easy recovery and reusability of the
atalyst.

Fatty acid esters have been generally produced by lipases
rom various sources in organic solvents. But solvent tox-

city and cost are a problem for many applications. The

ajor advantages of a solvent free system (SFS) are that the
bsence of solvents facilitates downstream processing offer-

Abbreviations: Ac, fatty acid (mainly oleic acid); Al, ethyl alcohol; Es, fatty
cid ester (mainly ethyloleate); SFS, solvent free system; Wa, water
∗ Corresponding author. Tel.: +54 291 4861700; fax: +54 291 4861600.
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ng significant cost saving and minimizing environmental
mpact.

The number of publications referred to enzymatic synthesis
f fatty acid esters in non-conventional media, particularly in
resence of solvents, is numerous [5–9]. On the other hand,
he number of articles published about enzymatic synthesis in
olvent free systems is considerably lower [10,11].

Habulin et al. [12] have studied the enzymatic esterification of
leic acid and several alcohols using an immobilized Rhizomu-
or miehei lipase. The influence of the different alcohols on the
quilibrium conversions and initial reaction rates was evaluated.
eng and Al-Duri [13] investigated the reaction of oleic acid and
ctanol using the enzyme from R. miehei with particular con-
ern to the effects of temperature and octanol concentrations
n the initial reaction rates. The use of an immobilized Candida
ntarctica B lipase as catalyst for the direct esterification of oleic
cid and ethanol in a solvent free system has not already been
eported in the literature, at least to our knowledge.

The purpose of the present study is to investigate the influence

f several operating conditions such as enzyme percentage (E),
nitial alcohol/acid molar ratio (N), temperature (T) and initial
ater percentage (W) on the ethyloleate synthesis using a com-
ercial immobilized lipase from C. antarctica B (Novozyme

mailto:gtrubiano@palpiqui.edu.ar
dx.doi.org/10.1016/j.enzmictec.2006.06.003
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Nomenclature

Ai constant for the component i used in Eq. (6)
Bi constant for the component i used in Eq. (6)
CAc substrate concentration at time t (mol Ac l−1)
CAc(0) initial substrate concentration (at t = 0) (mol

Ac l−1)
Cenz enzyme concentration (gcat l−1)
Ci constant for the component i used in Eq. (6)
Da Damköhler number (dimensionless)
D0

AB coefficient of solute A in solvent B (m2 s−1)
Di constant for the component i used in Eq. (6)
dp particle diameter (m)
E enzyme percentage, mass of immobilized cata-

lyst/initial mass of fatty acid (%)
i component i
kL solid–liquid mass transfer coefficient (m s−1)
M molar weight of the solvent (kg kmol−1)
Mm mixture molecular weight (g mol−1)
N initial molar ratio (mol of alcohol mol of fatty

acid−1)
r0 initial reaction rate (mol of fatty acid min−1 l−1)
r′

0 specific initial reaction rate (mol of fatty
acid min−1 gcat−1)

Re =
[

ρmixvtdp
μmix

]
Reynolds number (dimensionless)

Sc =
[

μmix
ρmixDAB

]
Schmidt number (dimensionless)

SFS solvent free system

Sh =
[

kLdp
DAB

]
Sherwood number (dimensionless)

T temperature (◦C)
t time (min)
Tc critical temperature (K)
Tcm critical mixture temperature (K)
vA molar volume of the solute at its boiling temper-

ature (m3 kmol−1)
Vc critical volume (cm3 mol−1)
Vcm critical mixture volume (cm3 mol−1)
vt terminal velocity of the particles (m s−1)
W initial water percentage, initial mass of

water/initial mass of fatty acid (%)
XAc conversion of fatty acid (%)
xi is the molar fraction of component i
1, 2 components 1, 2

Greek symbols

ε =
[

V
2/3
c

(TcM)1/2

]
parameter used in Eq. (7)

εmix =
[

V
2/3
cm

(TcmMm)1/2

]
parameter used in Eq. (7)

η external effectiveness factor (dimensionless)
μi viscosity of component i (cp)
μmix reaction mixture viscosity (cp)
ρi density of component i (kg m−3)
ρmix reaction mixture density (kg m−3)
φ association factor of ethanol (dimensionless)
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35) in a solvent free system. The influence of these variables
n the equilibrium conversion and the initial reaction rates was
arefully studied. The effect of the external mass transfer resis-
ance on the initial reaction rate is also evaluated.

. Experimental

.1. Materials

The catalyst used was Novozyme 435, a commercial C. antarctica B lipase
CALB) immobilized on a macroporous acrylic resin. The product consisted
f bead-shaped particles with the diameter in the range of 0.30–0.90 mm. The
nzyme was delivered with water percentage of 1.0–2.0% (w/w). It was kindly
rovided by Novo Nordisk AS (Copenhagen, Denmark). The activity of the cat-
lytic preparation was 7000 PLU/g. One propyl laurate unit (PLU) is defined as
he number of �mol of n-propyl laurate obtained in the standard test. The activity
etermination is based on a batch ester synthesis assay where the substrates are
-propanol and lauric acid; the temperature is 60 ◦C, and the time at which the
ctivity is reported is 15 min. The ester formation is calculated based on the acid
alues of the reaction mixture before and after the incubation. The acid values
re determined by titration [14].

Alcohols (ethanol: 96.0% (v/v) and 99.8% (v/v)) were purchased from Dor-
il (Buenos Aires, Argentina). Fatty acids (mainly oleic acid) were kindly
rovided by QUIMICAR (Olavarria, Argentina). Standards and other chemi-
als were provided by Sigma (St. Louis, USA).

.2. Experimental apparatus and procedure

The experimental apparatus consisted of a batch stirred tank reactor of 250-
m3 volume equipped with a heat transfer jacket and with an anchor type mixer.
The reactor was specially built by CRIBABB center, Bahı́a Blanca, Argentina.)
o minimize mass transfer limitations the impeller speed was set at 300 rpm
pproximately. To perform a typical experiment, the reactants were introduced
n the reactor where they were heated up to the desired temperature. Once the
eaction temperature was reached, the catalyst was added. Samples of 0.10 cm3

ere taken at given time intervals for analysis. The system volume was assumed
onstant during the reaction because the sampling volume could be considered
egligible. When the reaction was finished, the catalyst was separated by filtra-
ion, washed with a solvent (ethanol 96.0% (v/v)), and dried. In this way, the
ipase was recovered for a next experiment.

.3. Determination of initial reaction rates

The reaction under study can be expressed as follows:

c + Al ⇔ Es + Wa (1)

The initial reaction rates, expressed as the amount of substrate converted per
nit of time per unit of weight of immobilized lipase, were calculated from the
onversion-time profiles corresponding to the first minute of reaction (5.00% or
ess of substrate conversion), conditions for which the profiles were found to be
pproximately linear

′
0 = − 1

Cenz

dCAc

dt

∣∣∣
t=0

∼= �CAc

�tCenz
= C0

Ac − CAc

(t − 0)Cenz
= C0

AcXAc

tCenz
(2)

.4. Analytical procedures

Samples from the reaction mixture were withdrawn periodically. Each sam-
le was dissolved in 20 ml of a mixture of ether/ethanol (50:50, vol.) and analyzed
itrimetrically for the residual fatty acid content using an alcoholic solution of
otassium hydroxide (normality approx. = 0.01) and carried out at 45 ◦C with

henolphthalein (alcoholic solution of 1.0%) as an indicator. The substrate con-
ersion (XAc) was calculated comparing the obtained acid index value with that
f the beginning of the reaction.

The results showed in this work are the means of two or more runs. Tripli-
ates were analyzed when it was necessary (specially in the cases where very
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ow conversions were measured). The vertical error bars corresponding to each
xperimental data are indicated on the respective figures.

. Results and discussion

The experiments were selected to study the influence of four
perating variables on the reaction rate and the equilibrium con-
ersion. The experimental conditions under which the reactions
ere carried out are indicated in Table 1.

.1. Effect of temperature (T)

Experiments at five different temperatures were carried out
o analyze its influence on the esterification reaction (Table 1,

xperiments 1–5). The lower temperature chosen was fixed in
5 ◦C. Below this temperature the stirring of the reaction mixture
ecomes difficult because of the high viscosity of the fatty acids.
he upper temperature limit was fixed at 65 ◦C to avoid lipase

able 1
perating conditions for the enzymatic esterification of fatty acids and ethanol

un E (%) T (◦C) W (%) N

1a 10 25 0.20 1.0
2a 10 35 0.20 1.0
3a 10 45 0.20 1.0
4a 10 55 0.20 1.0
5a 10 65 0.20 1.0
6 0.10 45 0.20 1.0
7 0.50 45 0.20 1.0
8 1.0 45 0.20 1.0
9 2.5 45 0.20 1.0
0 5.0 45 0.20 1.0
1a 10 45 0.20 0.12
2a 10 45 0.20 0.25
3a 10 45 0.20 0.50
4a 10 45 0.20 0.75
5a 10 45 0.20 2.5
6a 10 45 0.20 5.0
7a 10 45 0.20 7.5
8a 10 45 0.20 10
9 10 35 0.20 10
0 10 45 0.20 10
1 10 55 0.20 10
2 2.5 45 0.20 0.12
3 2.5 45 0.20 0.25
4 2.5 45 0.20 0.50
5 2.5 45 0.20 0.75
6 2.5 45 0.20 1.0
7 1.0 45 0.20 0.12
8 1.0 45 0.20 0.25
9 1.0 45 0.20 0.50
0 1.0 45 0.20 0.75
1 1.0 45 0.20 1.0
2 1.0 45 4.0 10
3 5.0 45 4.0 10
4 10 45 4.0 10
5 10 45 0.20 1.0
6 10 45 10 1.0
7 10 45 20 1.0

, temperature; E, enzyme percentage; W, initial water percentage; N, initial
olar ratio.
a Operating conditions mentioned in Section 3.5.
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ig. 1. Influence of temperature on the conversion of fatty acids. (�) T = 25 ◦C;
�) T = 35 ◦C; (�) T = 45 ◦C; (�) T = 55 ◦C; (�) T = 65 ◦C. Operating conditions:
= 10%; N = 1.0; W = 0.2%.

enaturalization. Fig. 1 shows the conversion of fatty acids ver-
us time for the five temperatures studied. As it can be seen, the
emperature has a considerable influence on the reaction rate; in
act, the reaction time required to reach 99.0% of the equilib-
ium conversion varies from 45 to 10 min when the temperature
ises from 25 to 65 ◦C.

In agreement with previous esterification studies [15], the
quilibrium conversion was found to increase as the temperature
ncreases. After 60 min under reaction, the conversion increased
rom 69.6% to 80.4% when temperature was increased from 25
o 65 ◦C.

Fig. 2 shows, on a semi-logarithmic scale, the values of Kc

experimental equilibrium constant based on equilibrium con-
entrations) versus the reciprocal of the absolute temperature

(K−1). From the slope of a straight line passing through
hese points, it is possible to calculate the heat of reaction. The

ig. 2. Experimental equilibrium constant as influenced by temperature. Oper-
ting conditions: E = 10%; N = 1.0; W = 0.20%.
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ig. 3. Influence of the enzyme percentage on the conversion of fatty acids.
�) E = 1.0%; (�) E = 2.5%; (�) E = 5%; (©) E = 10%. Operating conditions:

= 1.0; W = 0.20%; T = 45 ◦C.

alue obtained by means of the calculus mentioned before is
0.2 kJ/mol. The heat of reaction for this system, calculated
rom experimental data of the enthalpies of formation [16], is
4.2 kJ/mol. As it can be seen, both values are in very good agree-
ent. These results suggest that this way of obtaining the heat of

eaction is appropriate for the conditions in which the reactions
ere carried out. However, when the reaction conditions change

e.g. for N = 10, experiments 19–21) the calculated value of the
eat of reaction also changes significantly (5.48 kJ/mol). This
ispersion in the results indicates that the activity coefficients
f the reactive species strongly depend on the initial molar ratio
N) and therefore the experimental values of Kc are not always
good estimation of the thermodynamic equilibrium constant,
(T). An analogous phenomenon was reported by Sandoval

t al., analyzing a similar reaction but with a different lipase
17]. Consequently, it would be important to develop a ther-
odynamic model capable to predict adequately the chemical

quilibrium within a wide range of operating conditions.

.2. Effect of catalyst concentration (E)

For the synthesis of ethyloleate, the influence of different
mounts of added immobilized lipase on the conversion and the
nitial reaction rates was studied. To analyze the effect of the
atalyst concentration (E = mass of immobilized enzyme/initial
ass of fatty acids), six experiments were carried out with E

arying from 0.1% to 10% (Table 1, experiments 3 and 6–10).
As it is shown in Fig. 3, the equilibrium conversion is not

ffected by the amount of catalyst, which suggests that the activ-
ty of the components in the mixture do not change with the
nzyme percentage.

Before reaching equilibrium conditions, the reaction times

eeded to get a specific conversion level tend to decrease as
he value of E increases. This result is clear within the range
.0% < E ≤ 5.0%. However, it has no sense to employ higher
uantities of enzyme than 5.0% due to curves corresponding

a
u
l
t

ig. 4. Influence of the initial molar ratio on the conversion of fatty acids. (�)
= 0.5; (�) N = 1.0; (�) N = 2.5; (�) N = 10. Operating conditions: E = 10%;
= 45 ◦C; W = 0.20%.

o E = 5.0% and 10% in Fig. 3 are almost coincident. This
esult could be explained taking into account the phenomenon of
nzyme agglomeration which was experimentally verified when
= 10% was selected. When initial reaction rates expressed per

nit of volume r0 are plotted versus the enzyme percentage, it is
etermined a non-linear relationship in the range of study (data
ot shown).

An analogous behavior was observed from experiments
2–34 (Table 1), carried out for different initial water percent-
ges (W) and initial molar ratios (N).

.3. Effect of initial alcohol/acid molar ratio (N)

To determine the influence of the initial molar ratio (N = mol
lcohol/mol of fatty acids) on the ethyloleate synthesis, two
roups of experiments were selected. A first group was devel-
ped at stoichiometric conditions and excess of fatty acids
N ≤ 1, experiments 3 and 11–14). The second group was carried
ut in an excess of alcohol (N > 1, experiments 15–18). Fig. 4
hows the fatty acids conversion profiles for different N values.
s N is increased, it is clear that the conversion of fatty acids
rogresses more slowly and higher equilibrium conversions are
eached.

If the initial reaction rates expressed by unit of catalyst mass
re plotted versus N (from 0.10 to 1.0) and for enzyme percent-
ges of E = 1.0% and 2.5%, maximum values of initial reaction
ates are found around N = 0.80. After these values a successive
ecrease on the initial reaction rates appears. The presence of
hese maximum values around N = 0.80 suggests the existence
f an optimal initial molar ratio. Others authors [5,13] have
eported a similar behavior that has been attributed to inhibi-
ion effects caused by the alcohol on the catalyst. Firstly, when

lcohol is added to the system and due to its high polarity, it
ndergoes hydrophilic interactions with the aqueous boundary
ayer on the lipase surface causing modifications of the protein
ertiary structure and therefore enzyme inhibition. On the other
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and, inhibition phenomenon is given by the formation of binary
omplexes between the free enzyme and the alcohol (or ester)
s well as the formation of inactive ternary complexes between
he fatty acid or the ester and the enzyme acid-complex [18].

.4. Effect of water initial concentration (W)

The effect of the initial water percentage on the equilibrium
onversion is analyzed in experiments 35–37. The maximum
nitial water percentage was fixed at 20% and the minimum was
.20% (corresponding to the water percentage of the absolute
lcohol). Commonly, lipases are activated when exposed to an
nterphase between oil and water [19,20]. However, based on a
hree-dimensional structure study [21], no interfacial activation
as been demonstrated for CALB. The fact that CALB does not
equire the presence of an oil/water interface to show higher
ctivities is in line with the absence of an optimum value of
ater concentration found in the present work for the studied

ange of operating conditions. The presence of water has only an
nfavorable effect on the equilibrium conversion. As the initial
ater percentage increases from 0.20% to 20%, the equilibrium

onversion decreases monotonically from 74.4% to 61.0%.
On the other hand, the water is one of the products gener-

ted by the reaction. For that reasons and based on the previous
esults, it seems reasonably to seek different alternatives in
rder to eliminate the water produced during the esterification.
embrane reactors, reactive distillation, as well as the use of
olecular sieves as media of eliminating water from the reac-

ion mixture are promising [22–25].

.5. External mass transfer effects

The aim of this part of the work is to evaluate the importance
f the external mass transfer on the measured initial reaction
ates. The Damköhler number was analyzed as an index of which
s the controlling mechanism in the system (Da = chemical reac-
ion rate/mass transport rate). For some selected operating con-
itions (indicated by ‘footnote a’ in Table 1), Da was evaluated
o calculate the external effectiveness factor (η) by assuming a
eversible second order reaction.

The external effectiveness factor, η, was calculated through
he following equation [26]:

=
[

1

2Da

√
1 + 4Da − 1

]
(3)

.5.1. Damköhler number (Da)
The Damköhler number, Da, is defined by the following

xpression:

a = (chemical reaction rate)max

(mass transport rate)max

measured initial reaction rates
=
kLaC0

Ac

(4)

he Da number was calculated considering the measured ini-
ial reaction rates due to these have their highest values at the
eginning of the reaction.

t
a
t

t

al Technology 40 (2007) 716–722

.5.2. Mass transfer coefficient (kL)
The solid–liquid mass transfer coefficient required in Eq. (4)

s calculated by means of the Frössling correlation [27]

h = 2.0 + 0.6(Rep)0.5(Sc)0.33 (5)

here

h = kLdp

DAB
, Sc = μmix

ρmixDAB
and Rep = ρmixvtdp

μmix

.5.2.1. Density of the reaction mixture (ρmix). The density of
he reaction mixtures is calculated from the values of the pure
omponents (i.e. ethanol and oleic acid) and its dependence on
emperature is evaluated through the following correlation [28]:

i(T ) = Ai

Bi[1 + (1 − (T/Ci))Di ]
(6)

.5.2.2. Viscosity of the reaction mixture (μmix). The viscosity
f the solution is calculated by means of the method of Teja and
ice [29]. These authors proposed the following expression:

n(μmixεmix) = x1 ln(με)1 + x2 ln(με)2 (7)

.5.2.3. Diffusivities of the components (DAB). For binary mix-
ures of solute A in solvent B, the diffusion coefficient D0

AB of
diffusing in an infinitely dilute solution of A in B implies that

ach A molecule is in an environment of essentially pure B. D0
AB

s assumed to be a representative diffusion coefficient even for
oncentrations of A up to 10 mol% (xA ≤ 0.10).

The diffusivity of the components in the reaction mixture is
valuated through the method proposed by Wilke–Chang [30].
hese authors proposed the following equation:

0
AB = 1.17 × 10−13(φBMB)0.5T

μmixv
0.6
A

(8)

or N = 0.1 (excess of fatty acids) it is considered that the solute
s ethanol and it diffuses in fatty acids and for N = 10 (excess of
thanol) the solute is fatty acid and it diffuses in ethanol. For the
ntermediate compositions, that is from N = 0.25–7.5, the fol-
owing lineal relationship between mutual diffusion coefficient
nd the composition of the mixture was assumed

AB = D0
ABxB + D0

BAxA (9)

.5.2.4. Terminal velocity of the catalyst particles (vt). With
he aim of obtaining the Reynolds number for the different con-
itions of reaction, it is necessary to determine the terminal
elocity (vt) of the catalyst particles. It is calculated assuming
hat the catalyst particles are moved at their highest velocity rel-

tive to the fluid, that is the terminal velocity of the particles in
he reaction system.

Viscosity, density, and diffusivity are reported in Table 2 for
he experimental conditions selected.
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Table 2
Physical properties of the system at selected conditions

Experimental
conditions

Viscosity of
mixture (cp)

Density of
mixture (kg m−3)

Diffusivity
(m2 s−1)

N = 0.12 (T = 45 ◦C) 12.9 861 2.59E−10
N = 0.25 (T = 45 ◦C) 10.1 850 2.87E−10
N = 0.50 (T = 45 ◦C) 7.49 836 3.06E−10
N = 0.75 (T = 45 ◦C) 6.00 826 3.20E−10
N = 1.0 (T = 45 ◦C) 5.03 819 3.31E−10
N = 2.5 (T = 45 ◦C) 2.79 796 3.61E−10
N = 5.0 (T = 45 ◦C) 1.83 784 3.78E−10
N = 7.5 (T = 45 ◦C) 1.48 779 3.85E−10
N = 10 (T = 45 ◦C) 1.30 777 4.02E−10
T = 25 ◦C (N = 1.0) 8.07 835 1.96E−10
T = 35 ◦C (N = 1.0) 6.32 827 2.56E−10
T
T

v

r

I
o
m
i

3

m
f
l

(

F
r

F
p

(

(

(

4

= 55 ◦C (N = 1.0) 4.06 811 4.22E−10
= 65 ◦C (N = 1.0) 3.33 803 5.32E−10

Figs. 5 and 6 shows the intrinsic initial reaction rate (r0
true)

ersus the apparent (measured) initial reaction rates (r0
obs), where

0
true = r0

obs

η
(10)

t can be seen that values of η between 0.874 and 0.968 are
btained for all the conditions analyzed. Therefore, the external
ass transfer effects are not important and could be neglected

n order to obtain a kinetic model of the enzymatic reaction.

.6. Optimal range of operating conditions

As a result of the parametric analysis carried out on the enzy-
atic esterification of fatty acids in solvent free systems the

ollowing optimal range of operating conditions could be out-
ined:
1) The temperature should be kept as high as possible (65 ◦C)
in order to get higher reaction rates and higher equilibrium
conversion and considering the possibility of thermal deac-
tivation after several reuses.

ig. 5. Influence of the external mass transfer effects for different initial molar
atios. Operating conditions: T = 45 ◦C; E = 10%; W = 0.20%.
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ig. 6. Influence of the external mass transfer effects for different reaction tem-
eratures. Operating conditions: N = 1.0; E = 10%; W = 0.20%.

2) The optimal enzyme percentage should be in the range of
1.0–2.5%. E values higher than 5.0% could lead to the
agglomeration phenomenon already mentioned. Enzymes
percentages below 1.0% would reduce the enzyme costs
but it could lead to reactions times excessively high.

3) The initial molar ratio N should be around the stoichiometric
value (N = 1.0). Higher values of N lead to higher equilib-
rium conversions but lower reactions rates (lower reactor
capacities).

4) The water percentage should be kept as low as possible
during the reaction time considering its unfavorable effect
on the equilibrium conversion.

. Conclusions

The enzymatic esterification of fatty acids in a solvent free
edia is carried out using an immobilized lipase as catalyst.
he influence of several operation conditions on the reaction
erformance was analyzed. The experimental results allowed
etermining the effect of the temperature, initial molar ratio,
nitial water percentage, and enzyme percentage on the initial
eaction rates and the equilibrium conversion.

A non-linear relationship was established between the ini-
ial reaction rates and the enzyme percentage in the range of
tudy. An optimum value of the initial molar ratio was detected,
hich confirms the existence of an inhibition effect. In addi-

ion, the water percentage showed an unfavorable influence on
he equilibrium. Shifting the chemical equilibrium to maximize
he production rate makes necessary the exploration of novel

ultifunctional reactor designs.
Under the range of operating conditions studied the external

ass transfer limitations show a slight influence on the initial
aximum reaction rates. Therefore, the measured reaction rates

re appropriated to obtain a kinetic model of the enzymatic sys-

em.

Accordingly to the parametric analysis, a range of optimal
perating conditions for a large-scale synthesis has been sug-
ested.
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To conclude, the enzymatic esterification in a solvent free
edia is a feasible and interesting way of obtaining fatty acid

sters due to the mild operating conditions, and the final product
uality. This knowledge will be a useful tool for further kinetic
tudies and design purposes.
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